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Abstract. In typical EGS fracturing projects, the fracture network is denser in the re-
gion close to the fracturing wells. The distribution of fractures has a significant impact
on the heat extraction performance of enhanced geothermal system (EGS). In order to
avoid premature thermal breakthrough and improve the thermal extraction efficiency,
this paper studies the heat extraction performance of EGS in heterogeneous fractured
reservoirs under different injection-production methods. First, a heterogeneous dis-
crete fracture network generation method based on relative pressure distribution is
developed. A thermo-hydraulic-mechanical (THM) coupling model is established to
simulate the fluid flow and heat transfer in reservoirs. The heat extraction performance
under different production and injection modes is compared with different fracture
densities. The results show that injection in the dense side of the anti-parallel well
configuration will be more efficient for heat extraction. Under the condition of same
injection mass flow rate, the heat extraction performance is positively correlated with
the fracture density. Although sparse-side injection is not conducive to fluid flow, un-
der the condition of same injection mass flow rate with anti-parallel well configuration,
it will improve the thermal extraction performance.
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1 Introduction

As one of the most potential sustainable energy sources [1,2], geothermal energy has large
reserves and is widely distributed in the world [3–5]. More than 90% of the available
geothermal resources are stored in the hot dry rock (HDR) [6,7]. To facilitate heat extrac-
tion from HDR, the enhanced geothermal system (EGS) fractures HDR to obtain inter-
connected fracture networks. The fracturing methods include hydraulic fracturing [8, 9],
gas fracturing [10–12], thermal stress fracturing [13–15] and chemical stimulation [16].
During the fracturing process, the newly generated fractures will interact with the origi-
nal fractures to produce complex fracture structures [17–19]. Because the HDR is located
deep in the formation and the environment is complex, the experimental study of frac-
tured reservoir is difficult [20]. Therefore, numerical simulation of geothermal reservoir
plays an important role in the design and planning of geothermal projects. There are still
some difficulties in the description of actual fractured reservoirs [21]. Especially, most
literatures adopt homogeneous fracture network to represent the fractured reservoirs.

In fact, in the fracturing process, the distribution of fractures in the reservoir is highly
heterogeneous. The density of the fracture network is higher in the region near the frac-
turing well. The performance of thermal recovery in EGS depends significantly on the
distribution of the fracture network in the reservoir. Additionally, an efficient well layout
can improve HDR resource extraction. Optimizing thermal recovery in fractured reser-
voirs with heterogeneous fracture networks is crucial for the development of geothermal
resources. Therefore, this paper studies the thermal extraction performance of heteroge-
neous fractured reservoirs under different injection and production methods (different
well layout).

In order to improve the heat extraction efficiency of EGS, researchers have carried
out many interesting studies on well layout and fracture structure. The geometric struc-
ture of fracture network has a great impact on the performance of fractured reservoir.
The appropriate well layout is also helpful to improve the heat recovery efficiency of hot
dry rock. Ma et al. studied the effects of different well layout schemes with a specific
injection-production ratio on the EGS thermal recovery performance [22]. They found
that longer production and injection well spacing was conducive to the thermal recovery
of reservoirs, and the production temperature had a greater competitiveness when one
injection and one production pattern was used. Li et al. conducted probabilistic research
on the heat extraction performance of EGS under discrete fracture network [23], and the
results showed that probabilistic performance evaluation was helpful to design and op-
timize the efficient heat recovery of deep geothermal reservoir. Zhang et al. studied fluid
driven fracture propagation in naturally fractured rock mass [24]. The results show that
due to the highly inhomogeneous of natural fractured rock mass, hydraulic fracturing
stimulation in this medium may lead to complex fracturing system rather than simple
planar fractures. Xu et al. studied the joint effects of fracture geometry and thermal
stress on the THM behavior of EGS [25]. The results show that the geometric connectiv-
ity of fracture network plays a leading role in determining the THM process and thermal
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performance of EGS. When the connectivity of fracture system ranges from 15 to 35, sat-
isfactory thermal performance is often obtained. Yu et al. studied the heat extraction
efficiency of eight different complex fracture geometries, and compared the contribution
of primary and secondary fractures to EGS heat extraction in multilateral-wells [26]. They
found that the establishment of a fracture network with long fractures and less fractures
near the well is more conducive to the improvement of EGS efficiency of multilateral
wells. Liao et al. studied the heat extraction of EGS in a fracture–wells system [27], in
which injection wells and production wells are connected through horizontal fractures.
The results showed that the outlet temperature decreased rapidly from 260◦C to 100◦C
within 2 months after the thermal breakthrough. Although the above research discussed
the influence of different well layout and fracture parameters from different perspectives,
it did not consider the nonuniformity of fracture spatial distribution. In practice, the spa-
tial distribution of fracture network is non-uniform, the fracture network is denser and
the size of fracture is larger in the region close to the fracturing wells [28]. Previous stud-
ies have shown that the fracture network is the main heat transfer channel for fluid, and
its geometric structure has a great impact on the performance of heat extraction in frac-
tured reservoirs [29]. In addition, the heat extraction process of HDR reservoir involves
fluid flow, heat transfer, rock mass deformation, and the coupling between physical fields
is complex. Hence, it is important to comprehensively understand the influence of dif-
ferent production and injection methods on the thermal performance of heterogeneous
fractured reservoirs under thermo-hydraulic-mechanical (THM) coupling.

In this paper, a heterogeneous discrete fracture network generation method based on
pressure distribution is developed, and a two-dimensional thermo-hydraulic-mechanical
coupling model is established to study the influence of different injection-production
methods on thermal extraction of heterogeneous fractured reservoirs. Furthermore, the
evolution of the stress field during the heat extraction process was analyzed and sensi-
tivity analysis on key parameters was conducted. Extensive simulations show that, the
dense-side injection for the anti-parallel well configuration is more efficient for heat ex-
traction. Under the condition of same injection mass flow rate, the heat extraction perfor-
mance is positively correlated with the fracture density. For the anti-parallel well config-
uration with the same mass flow rate, the thermal extraction performance of the reservoir
can be effectively improved by using sparse-side injection or increasing fracture density.
It is evident that an excessive mass flow rate and injection pressure are not conducive to
thermal extraction of the reservoir. These results can sharpen the understanding of the
flow and heat transfer in the heterogeneous fracture network and provide reference for
Geothermal Engineering.

The rest of this paper is organized as follows. Section 2 introduces the fracture gen-
eration method and the thermo-hydraulic-mechanical coupled model. Section 3 presents
the parameter setting of simulation. The results are presented and discussed in Section 4.
Finally, Section 5 summarizes the work.
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2 Thermo-hydraulic-mechanical coupled model for
heterogeneous fractures

In this section, the enhanced geothermal system (EGS) is described and a numerical
thermo-hydraulic-mechanical coupled model for simulating fluid flow and heat trans-
fer processes in fractured reservoirs is presented.

Fig. 1 shows the schematic diagram of two different doublet designs of EGS sys-
tem [30]. The parallel doublet system (Fig. 1(a)) means that the injection well and the
production well are drilled in the same plane and direction. In the anti-parallel doublet
system (Fig. 1(b)), the direction of injection well and production well is opposite. In both
systems, the spacing between the wells remains constant.

Figure 1: Schematic of different doublet EGS systems: (a). Parallel well doublet system. (b). Anti-parallel well
doublet system.

2.1 Heterogeneous fracture networks model

Because the real fractured reservoir is located in the deep formation and the geometric
structure of fractures is complex, it is difficult to obtain the geometric information of the
fracture network in the whole reservoir. Most literatures assumed that the fracture net-
work is uniform. Little attention has been paid on the effect of heterogeneous fracture
networks. In real fracturing process, the distribution of fracture network is non-uniform
due to the pressure distribution in the fracturing process. In this paper, the concept of
relative pressure distribution in reservoir is first introduced in the generation process of
discrete fracture networks. By coupling the relative pressure distribution of reservoir to
the generation process of discrete fracture network, the heterogeneity of fracture distri-
bution in fractured reservoir can be better characterized.
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Figure 2: Relative pressure distribution in the reservoir during fracturing.

Without loss of generality, it is assumed that, in the fracturing process, the pressure
is higher and the fracture size is larger in the region close to the fracturing wells. Typi-
cal distribution of relative pressure in the reservoir is shown in Fig. 2. Assuming that a
fracturing well is located at the left side of the reservoir, the pressure distribution can be
simplified so that its value remains constant in the y-direction and is inversely propor-
tional to x-coordinate:

Pr =
L

(x+2L/3)
, (2.1)

where x is the distance from the fracturing well, and L is the scale of the model domain.
In order to facilitate subsequent calculation, the value of relative pressure is controlled
around 1.

The specific flowchart for generating heterogeneous discrete fracture networks is
shown in Fig. 3. As in previous studies [31–33], it is reasonable to use probabilities to
characterize the fracture network from the perspective of statistics. In this paper, we as-
sume that the direction of the fractures obeys uniform distribution. Since fracture density
is expressed as the total length of fractures per unit area, increasing fracture density can
be achieved either by increasing the number of fractures or by increasing the length of
fractures in the area. Here, the location of the fracture has a higher probability of occur-
ring in the region near the fracturing wells, while the trace length of the fractures obeys
power-law distribution. The density function of the power-law statistical model is shown
as follow [34]:

n(l)=bl−a, l∈ [lmin,lmax], (2.2)

where l is the fracture length; a is the power-law length exponent, which is ranged be-
tween 1 and 3 ; and b is the density term. The intrinsic characteristic lengths in this model
are the minimum and maximum fracture lengths, lmin and lmax. In numerical simulations,
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Figure 3: Flowchart for generating heterogeneous discrete fracture networks.

it is usually satisfied as lmin�L� lmax, where L is the scale of the model domain. Finally,
to reflect the effect of relative pressure, after obtaining the fracture trace length using the
power-law distribution above, the final trace length of the fracture is obtained by mul-
tiplying it with the relative pressure at the corresponding position. With this treatment,
we can generate fractures with longer trace lengths with a high probability at locations
of high relative pressure.

The fracture intensity γ (denotes fracture density) is the total length of fractures per
unit area [25, 34]

γ=
1
L2

∫
n(l,L)l′dl, (2.3)

where l′ denotes the length of fractures in region, L2 is size of the region.

2.2 Thermal-hydraulic-mechanical model

2.2.1 Basic assumptions

From the above description, we can make the following assumptions for the thermo-
hydraulic-mechanical model.
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(1). The reservoir consists of a fracture network and a rock matrix. The rock matrix
can be described as a continuous porous medium whose physical properties are
homogeneous and isotropic, and the deformation conforms to linear elastic model.
The permeability of rock matrix is much lower than that of fracture, and fracture is
the main channel of fluid flow.

(2). The working fluid is water, and the pressure in the reservoir is high enough that no
phase transition occurs in the simulation process.

(3). The fluid flow follows Darcy’s law [7,20,28,35], and the heat exchange between the
reservoir and the fracture network is realized by heat conduction and heat convec-
tion [36–38], which can be described by local heat balance.

(4). All fractured reservoirs and wells are in the xy plane, where the gravity effect can
be ignored.

(5). No new fractures will be generated during the heat extraction process.

Based on the above assumptions, the control equations for the thermo-hydraulic-
mechanical coupling model can be derived in the fractured reservoir.

2.2.2 Conservation of mass equation

By calculating the mass conservation equations for the rock matrix and fractures, the
seepage velocity field of the fluid flow in the model can be obtained.

Controlling equations in the rock matrix can be described by mass conservation equa-
tion and Darcy’s law as follow [22, 26]

Sm
∂p
∂t

+∇um+Qm =0, (2.4)

where p denotes the hydraulic pressure, Pa; t is the time of simulation, s; Sm denotes the
specific storage of the rock matrix, 1/Pa; ∇ represents the spatial gradient operator; um
denotes the flow velocity in the rock matrix, m/s ; Qm is the fluid source and sink term
in the rock matrix, 1/s. According to the assumptions, the flow velocity of the fluid can
be described by Darcy’s law:

um =−κm

η

(
∇p+ρ f g∇z

)
, (2.5)

where κm denotes the permeability of the rock matrix, m2; η denotes the dynamic viscos-
ity of the fluid, Pa·s; ρ f indicates the density of the fluid, kg/m3; g is the gravitational
acceleration, m/s2.
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The controlling equation for the flow in the fracture can be described as follows [22,
26]:

d f S f
∂p
∂t

+∇τ

(
d f u f

)
+Q f =0, (2.6a)

u f =−
κ f

η

(
∇τ p+ρ f g∇τz

)
, (2.6b)

where d f denotes the aperture of the fracture, m; S f denotes the specific storage of the
facture, 1/Pa ; ∇τ denotes the gradient operator restricted to the fracture’s tangential
plane; u f denotes flow velocity in the fracture, m/s; and can be described by Darcy’s
law; Q f denotes the source and sink term on the fracture plane, m/s. And κ f denotes the
permeability of the fractures.

The dynamic viscosity of water is affected by temperature, η = vρ f in which v is the
kinematic viscosity of water. The commonly used empirical formula for kinematic vis-
cosity is [39, 40]

v=
1.775

1+0.0337Tf +0.000221T2
f

. (2.7)

Where Tf is the fluid temperature. In this work, the dynamic viscosity of water is de-
scribed by the following empirical formula [41]:

η
(
Tf
)
=


1.38−0.0212Tf +1.3605×10−4T2

f −4.6454×10−7T3
f +8.9043×10−10T4

f

−9.0791×10−13T5
f +3.8457×10−16T6

f , 273.15K≤Tf ≤413.15K,

0.004−2.1075×10−5Tf +3.8578×10−8T2
f −2.3973×10−11T3

f ,

413.15K≤Tf ≤553.15K,

(2.8)

the dynamic viscosity of water is directly related to temperature, coupling the fluid flow
and heat transfer process in the reservoir.

2.2.3 Conservation of energy equation

The temperature field of the solution domain can be obtained by solving the energy con-
servation equation in the rock medium and fractures.

In geothermal reservoirs, the transfer of heat is achieved by heat conduction and heat
convection, heat convection occurs mostly in fractures, while heat conduction is the main
heat transfer process between rock matrix and fractures. In this study, the theory of lo-
cal thermal equilibrium is introduced to simplify the calculation. It is assumed that the
thermophysical properties of the rock matrix, fractures and fluids in a computational cell
can be expressed by effective values. The effective heat capacity and effective thermal
conductivity are weighted averages of the water and rock matrix values [23, 42](

ρCp
)

eff = ϕ
(
ρ f C f

)
+(1−ϕ)(ρmCm), (2.9a)

λeff = ϕλ f +(1−ϕ)λm, (2.9b)
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where
(
ρCp

)
eff denotes the effective heat capacity; λeff denotes the effective thermal con-

ductivity, W/(m·K); ϕ denotes porosity; C f and Cm denote the heat capacity of water and
rock matrix respectively, J/(kg·K); ρ f and ρm denote the density of water and rock ma-
trix respectively, kg/m3; λ f and λm denote the thermal conductivity of water and rock
matrix respectively, W/(m·K).

According to the energy conservation theorem, the controlling equation for the tem-
perature field in the rock matrix and fracture can be described as following [23, 42]:(

ρCp
)

eff
∂T
∂t

+C f um∇T−∇·(λeff∇T)+qh,m =0, (2.10a)

d f
(
ρCp

)
eff

∂T
∂t

+d f C f u f∇T−∇·
(
d f λeff∇T

)
+qh, f =0, (2.10b)

where qh,m is heat source and sink in the rock matrix, W/m3; qh, f is heat source and sink
in the fracture, W/m2; T is the temperature, K; u is the flow velocity, m/s. The subscripts
m and f represent rock matrix and fracture, respectively.

2.2.4 Stress balance equation

According to Hooke’s law, the governing equation of linear elastic model can be de-
scribed as following [43]:

3(1−v)
1+v

∇2σtotal +∇·G−
2(1−2v)

1+v
(
αB∇p+3αTK∇2T

)
=0, (2.11)

where v is Poisson’s ratio, σtotal is the mean total stress, G denotes the body force, αB is
the Biot’s constants, αT is the thermal expansion coefficient and K is the bulk module for
rock matrix.

The mechanical processes in EGS will cause the permeability of pores and fractures
in rock matrix to change with stress and strain. In a dense fracture network, fractures
act as the main channel of fluid flow, changes in stress and strain can bring considerable
changes to the permeability of the fractures and thus alter the fluid flow behavior in the
reservoir.

In this work the porosity of the fracture is considered as a constant and the perme-
ability can be expressed as following [44]:

κ f =κ f 0exp
[
−
(

σ′n
γ

)]
, σ′n =σn−αB p, (2.12)

where κ f 0 is initial permeability, σ′n and σn are effective normal stress and total normal
stress of fractures, respectively. γ is set as 10MPa.

2.3 Model verification

Due to the complex and coupled physical processes of fluid flow, heat transfer, and reser-
voir deformation involved in numerical simulation in reservoirs, the accuracy of numeri-
cal models for Multiphysics field coupled numerical simulation is crucial. In this section,
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Figure 4: Schematic diagram of single fracture model.

model validation was conducted on the coupling process of thermo-hydraulic (TH) and
thermal-hydraulic-mechanical (THM), respectively. In this work, the commercial soft-
ware COMSOL is used to solve the coupling model.

In order to verify the reliability and accuracy of the TH coupling model, the simu-
lation results of single fracture model were compared with analytical solution. The an-
alytical solution proposed by Lauwerier et al. [45] and Barends et al. [46] describes the
temperature variation within a single fracture. The schematic diagram of single fracture
model is shown in Fig. 4. The model consists of a fracture and a rock matrix. In the
derivation of analytical solution, it is assumed that the model extends infinitely along
the x and y directions. The initial temperature of the reservoir is constant. A fluid with
a constant temperature is injected at a constant rate from the left side of the fracture.
Fracture aperture keeps constant, and the rock matrix is considered to be homogeneous
and isotropic. Under the above assumptions, the analytic solution can be described as
following:

T=T0+(Tin−T0)erfc

(
λmx

ρ f c f d f

√
ρmcm

u f λm
(
u f t−x

))U
(

t− x
u f

)
, (2.13)

where T0 denote the initial temperature; Tin denotes the injection temperature; d f is the
fracture aperture; erfc is the complementary error function and U is the unit step function;
λ denotes the thermal conductivity; ρ is the density; c is the heat capacity; u is the flow
velocity. The subscripts m and f represent rock matrix and fracture, respectively.

In numerical simulation, a rock matrix area with size 100m×100m is generated and
the horizontal fracture is located in the middle of the matrix. The parameter values for
the analytical solution and the numerical simulation are listed in Table 1 [35,36,38,47,48].
The total simulation period is 3000 days, and each time step is 1 day. Fig. 5 shows the
comparison of analytical and numerical solutions. Fig. 5(a) describes the variation of
temperature at different locations (x=20m, x=40m and x=60m) in the fracture. Fig. 5(b)
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Figure 5: Comparison of analytical and numerical solutions for temperature in the fracture.

shows the temperature distribution in the fracture at different time steps (t=100d, t=500d
and t=1500d). The good agreement between the numerical and analytical solutions, with
errors within acceptable limits, indicates the accuracy of numerical model. The small
discrepancy between numerical and analytical solutions may be due to the fact that in the
analytical solution the geometric region is assumed to be infinitely extended in the x and
y directions, whereas in the numerical model the geometric region is finite. Moreover,
errors in the meshing of the numerical model and discretization during the numerical
simulation may also lead to errors in the calculation of numerical results.

The THM coupling model is validated by simulating the linear elastic column model
as shown in Fig. 6. The analytical solution proposed by Bai et al. [49] describes the vari-
ation of temperature, pore pressure and displacement. In the numerical model, the ini-
tial temperature and the pore pressure are set to 283.15K and 0.1MPa, respectively. The

Table 1: Parameters for TH model validation [35, 36, 38, 47, 48].

Parameters Unit Value
Rock density ρm kg/m3 2700
Rock heat capacity cm J/(kg·K) 1000
Rock heat conductivity λm W/(m·K) 2.8
Water density ρ f kg/m3 1000
Water heat capacity c f J/(kg·K) 4200
Water viscosity η Pa·s 0.001
Fracture aperture d f m 0.001
Flow velocity u f m/s 0.01
Initial temperature T0

◦C 80
Injection temperature Tin

◦C 30
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Figure 6: Schematic diagram of linear elastic column model.

Figure 7: The verification of THM coupling model.

upper boundary is subjected to an external pressure of 0.1MPa, and the temperature
and hydraulic conditions of the upper boundary are 333.15K and 0MPa, respectively.
Other boundary conditions are adiabatic, no flow and zero displacement boundary con-
ditions. The material parameters used in the numerical model are listed in Table 2. Fig. 7
shows the variation of displacement, pore pressure and temperature at different posi-
tions (y = 0.1m, y = 0.6m, y = 0.8m). The results of the numerical solution are in good
agreement with those of the analytical solution, and the difference between the two is in
an acceptable range, indicating the accuracy and reliability of the numerical model.

3 Model setup

3.1 Discrete fracture networks

A discrete fracture network is established in a square domain of L=600m. The left side
of the domain is set to fracture wells, and the relative pressure distribution is shown
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Table 2: Parameters for THM model validation [50].

Parameters Value
Bulk modulus of solid 2×1010Pa
Bulk modulus of water 5×109Pa
Elastic modulus 60 MPa
Biot coefficient 1
Poisson ratio 0.4
Thermal expansion coefficient 3×10−71/K
Porosity 0.4
Solid heat conductivity 0.5W/K/m
Solid heat capacity 800J/kg/K

in Fig. 2. The fracture length follows a power-law distribution with minimum length
lmin = L/50= 12m and maximum length lmax = 50×L= 3×104m. The spatial and direc-
tional distributions of fractures are assumed to be random. We studied a typical hetero-
geneous discrete fracture network at fracture power-law length exponent a=2.1, fracture
intensity γ=0.05m−1 and three heterogeneous fracture networks with fracture intensity
γ=0.25,0.05,0.075m−1

3.2 Numerical model design and boundary conditions

Due to the high permeability of the fracture network, the structure of the fracture net-
work has a significant effect on the heat extraction performance of fractured reservoirs.
In this study, the relative pressure distribution in the reservoir during the fracturing pro-
cess is coupled with the generation of the discrete fracture network. The generated dis-
crete fracture network can reflect the heterogeneity of the actual fracture network in the
whole simulation domain. Meanwhile, different well layouts will also impact the ther-
mal recovery performance of the reservoir. In this work, we study the difference of heat
extraction in heterogeneous fractured reservoirs under different injection modes to find
the optimal thermal extraction.

Fig. 8 is the schematic diagram of four production and injection modes, where the
orange area is the fractured reservoir, the red line represents the injection well, the blue
line indicates the production well. Figs. 8(a) and (b) are parallel well configurations with
injection on the dense fracture side and the sparse fracture side, respectively. Figs. 8(b)
and (c) are anti-parallel well configurations with injection on the dense fracture side and
the sparse fracture side, respectively.

The basic reservoir model setup and boundary conditions are shown in Fig. 9. The
numerical simulation area is a 600×600m fractured reservoir composed of a rock matrix
and a fracture network. As consistent with the fracturing process, the injection and pro-
duction wells were specified as pipelines with different inlet and outlet on two sides of
the reservoir. The remaining boundaries were set as impermeable and adiabatic condi-
tions.
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Figure 8: Schematic diagram of numerical model for different production and injection modes.

Figure 9: Illustration of basic reservoir model setup and boundary conditions.

The initial temperature of the reservoir is 200◦C, and the temperature of the injection
water is 20◦C. The initial pressure of the reservoir is set as 50MPa. Impermeable and
adiabatic conditions are applied to the perimeter boundaries of the reservoir. As for
the mechanical field, all the outside surfaces are constrained at the normal direction. The
relevant parameters for the numerical simulations are listed in Table 3 [29,35,36,38,45,46].

3.3 Definition of assessment parameters

In order to evaluate the production performance of the EGS, the corresponding evalu-
ation parameters need to be defined. In this study, outlet average temperature, outlet
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Table 3: Parameters for the simulations [29, 35, 36, 38, 47, 48].

Parameters Unit Value
Rock density ρm kg/m3 2700
Rock heat capacity cm J/(kg·K) 1000
Elastic modulus Pa 2.5×10−10

Poisson ratio v 0.25
Biot-Wills coefficient αB 1
Thermal expansion coefficient αT 1/K 5×10−6

Rock porosity 1%
Rock heat conductivity λm W/(m·K) 3.0
Rock permeability κm m2 1×10−18

Rock specific storage Sm 1/Pa 1×10−8

Water density ρ f kg/m3 1000
Water heat capacity c f J/(kg·K) 4200
Fracture aperture d f m 0.001
Fracture specific storage S f 1/Pa 1.0×10−9

Fracture porosity 99%
Fracture initial permeability κ f 0 m2 1×10−11

average thermal power and heat extraction ratio are adopted to assess the heat extraction
performance in the geothermal reservoir.

The outlet average temperature is the key parameter for calculating the outlet average
heat power, which can be defined as follow [48]:

Tout =

∫
L T(t)dl

L
, (3.1)

where L is the total length of production well outlet and T(t) denotes the outlet temper-
ature of the production well at time t.

The outlet average thermal power P can be calculated by the following equation [47,
51]:

P= c f Q(Tout −Tin ), (3.2)

where c f is the heat capacity of water; Q is the outlet flow rate and Tin is temperature of
the injected fluid.

The heat extraction ratio η is defined as the ratio of the cumulative thermal energy
extracted to the extractable thermal energy of the geothermal reservoir, which can be
described by the following equation [47]

η=

∫∫
S [T0−Tr(t)]dS∫∫
S (T0−Tin)dS

, (3.3)

where T0 is initial temperature of the reservoir and Tr(t) denotes temperature of the reser-
voir at time t.
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The accumulative extracted thermal energy ξ represents the total energy extracted
during the production period. It can be calculated by the following equation [47]:

ξ=
∫ t

0
c f Q(Tout −Tin )dt. (3.4)

4 Results and discussion

4.1 Effect of different production and injection modes on thermal
performance

This part discusses the thermal recovery differences of the heterogeneous fractured reser-
voir under the same injection pressure (60MPa) with four different production and injec-
tion modes: parallel wells with fracture dense side injection, parallel wells with frac-
ture sparse side injection, anti-parallel wells with fracture dense side injection, and anti-
parallel wells with fracture sparse side injection. Here the fracture density of reservoir is
set to be 0.05m−1.

Fig. 10 show the temperature distribution at 3 years (first row) and 10 years (second
row) with parallel well dense side injection (Fig. 10(a)), parallel well sparse side injection
(Fig. 10(b)), anti-parallel well dense side injection (Fig. 10(c)) and anti-parallel well sparse
side injection (Fig. 10(d)). In Figs. 10(a) and (c), for dense side injection, the anti-parallel
well configuration has a longer fluid flow path through the reservoir compared to the
parallel well configuration, a larger reservoir cooling zone, and a later time to thermal
breakthrough than the parallel well configuration. With the parallel well configuration,
the fluid inlet and outlet are located on the same side of the reservoir, and the pressure
difference on the inlet-outlet sides is greater than anti-parallel well configuration, so that
the fluid flows faster near the inlet-outlet side and the thermal breakthrough occurred
earlier. This uneven distribution of flow results in that the heat extraction occurs mainly
around the inlet-outlet side, and little thermal extraction occurs at other locations. On the
contrary, thermal heat extraction is more uniform for the anti-parallel well configuration.
In Figs. 10(b) and (d), the above phenomenon is also more obvious when injecting from
the sparse side, so we can draw a conclusion that the anti-parallel well configuration is
more favorable for reservoir heat extraction.

Figs. 10(c) and (d) show the temperature distributions for the anti-parallel well con-
figuration. When injecting from the dense side of the fracture network (Fig. 10(c)), there
are more fluid flow paths at the inlet, the resistance of fluid flow is smaller, the flow rate
is faster, and the fluid distribution is more dispersed, so in the early stage of thermal ex-
traction in the fracture density area of thermal extraction is faster, but in the later stage
due to thermal breakthrough of the outlet temperature drop is also faster. When inject-
ing from the sparse side of fracture network (Fig. 10(d)), because there are fewer fluid
flow paths at the inlet, the resistance of fluid flow is higher, the temperature propagates
along only a few fractures at the beginning, and the spread of low temperature zone is
slower, and the heat extraction effect is poor. After that, as the low temperature zone
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Figure 10: Temperature distribution in a typical heterogeneous fractured reservoir at 3 years (first row) and 10
years (second row) with different production and injection modes.

expands to the fracture intensive area, the fluid distribution in the fracture intensive area
is more uniform, so the heat extraction conditions are better in the later stage, and the
outlet temperature drops slowly after the thermal breakthrough.

Fig. 11(a) shows the variation of outlet temperature over the production time with the
four injection-production modes. Parallel well configurations injecting on the dense or
sparse side of the fracture have little difference in average outlet temperatures in the first
two years, and the outlet temperature is slightly higher than that at the dense side in the
later stage. For the anti-parallel well dense side injection, the outlet average temperature
remains high for the first two years, and slowly decreases to 85◦C after 20 years. With
anti-parallel well sparse side injection, the average outlet temperature remains high for
a longer period and then decreases more slowly to 130◦C after 20 years. In general, the
average outlet temperature of the anti-parallel well configuration is higher than that of
the parallel well configuration, and the average outlet temperature is higher than that of
the dense side when injecting from the sparse side of the fracture under the same well
configuration.

Fig. 11(b) shows the evolution of outlet mass flow rate of parallel and anti-parallel
well configurations with different injection modes. The mass flow rate of all injection-
production modes increases rapidly in the early stage of production and then slowly
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Figure 11: Variation of outlet average temperature (a) and outlet mass flow rate (b) over the production time.

decline. The outlet mass flow rate of the anti-parallel well sparse side injection config-
uration is significantly lower than other configurations. Under the same well configu-
ration, the mass flow rate of dense side injection is significantly higher than that of the
sparse side injection, which is mainly due to the fact that the dense fracture network can
provide more flow paths for the fluids and conducive to fluid flow. As a result, the flow
distribution in the area with dense fractures in the reservoir is more uniform. The overall
mass flow rate is high in parallel well configuration, mainly because the distance between
the inlet and outlet is close, and the shorter the distance under constant inlet and outlet
pressure, the greater the pressure gradient, which is conducive to fluid flow.

Fig. 12 shows the variation of the outlet average thermal power and the heat extrac-
tion ratio over the production time. In Fig. 12(a), compared with the anti-parallel well
configuration, the average thermal power at the outlet of the parallel well configuration
remained at a high value in the first two years, and then decreased rapidly to be lower
than that of the anti-parallel well configuration after four years. Under the same well con-
figuration, the average thermal power at the outlet of dense side injection is higher than
that of sparse side injection in the early stage, and lower than that of sparse side injection
in the late stage. The main reason for this phenomenon is that the heat extraction at the
dense fracture is better. Although the average outlet thermal power of the sparse side
injection in the anti-parallel well configuration was the initially the lowest, its average
outlet thermal power was the most stable and exceeded that of the other well configu-
rations after 10 years. In Fig. 12(b), it can be seen that the heat extraction rate of dense
side injection is generally higher than that of sparse side injection. Due to the premature
thermal breakthrough, the heat extraction rate of the anti-parallel well configuration is
higher than that of the parallel well configuration under the same injection conditions.
The heat extraction rate of the reservoir is highest for the anti-parallel well configuration
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Figure 12: Variation of outlet average thermal power (a) and heat extraction ratio (b) over the production time.

with dense side injection and lowest for the parallel well configuration with sparse side
injection. For anti-parallel well sparse side configurations, although the outlet average
temperature remains stable, the heat extraction ratio is lower than dense side injection
because its mass flow is lower.

In general, under the condition of same injection pressure, the thermal extraction per-
formance of anti-parallel well configuration is better than parallel well configuration, and
injection from the dense side of the fracture network is better than the sparse side for het-
erogeneous fractured reservoir. In Fig. 13, the accumulative extracted thermal energy and
the heat extraction ratio of the reservoir after 20 years are the largest in the anti-parallel
well configuration dense side injection. Under the same injection pressure, the heat ex-
traction ratio and accumulative extraction thermal energy of the reservoir are the largest
under the condition of dense side injection in the anti-parallel well configuration, so the
heat extraction performance of the reservoir is the best when the dense side injection in
the anti-parallel well configuration.

At the same time, we also analyzed the thermal extraction performance of the reser-
voir at a constant injection flow rate of 6kg/s, and the model parameters were set as
above.

In Fig. 14(a), the average outlet temperature of the anti-parallel well configuration is
generally higher than that of the parallel well configuration under constant injection flow
and the time of thermal breakthrough occurs later, with the average outlet temperature
being highest when the antiparallel well is injected on the sparse side. From the inlet
pressure (Fig. 14(b)), it can be seen that the inlet pressure when injecting from the sparse
side is generally higher than that from the dense side, and the inlet pressure when inject-
ing from the sparse side of the anti-parallel well is the largest, so more energy is required
for the same injection flow. In Figs. 14(c) and (d), the average outlet thermal power of the
anti-parallel well configuration is higher than that of the parallel well configuration at
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Figure 13: Accumulative extracted thermal energy and heat extraction ratio after 20 years of different production
and injection modes.

the late stage of thermal extraction, and the anti-parallel well configuration has the most
accumulative extracted thermal energy when injecting on the sparse side.

In general, the average outlet temperature is the highest, the accumulated extracted
heat energy is the highest and the heat extraction effect is the best in the anti-parallel
well configuration with sparse side injection, but the required inlet pressure is also the
largest. However, the inlet pressure required for dense side injection in the anti-parallel
well configuration is much lower, and a better heat extraction effect can be achieved.
Therefore, we can draw the same conclusion under constant injection flow, that is, dense
side injection in anti-parallel well configuration is the most conducive to reservoir heat
extraction.

4.2 Influence of different fracture densities on thermal extraction
performance of heterogeneous fractured reservoirs considering
different injections

This section discusses the thermal recovery performance of heterogeneous fractured
reservoirs with fracture densities of 0.025, 0.05 and 0.075m−1 under the anti-parallel well
configuration. To avoid the effect of different mass flow rates on thermal recovery, here
the mass flow rate of the injection well is set to be a constant value of 6kg/s.

Fig. 15 shows the temperature distribution of heterogeneous fractured reservoirs with
different fracture densities over 10 years. It can be seen that the thermal extraction perfor-
mance of the reservoir is significantly different under different fracture densities. When
the fracture density is low (0.025m−1, Fig. 15(a)), the thermal extraction of the reservoir
occurs around a few connected fractures. As the fracture density increases (Figs. 15(b)
and (c)), the thermal extraction of the reservoir becomes more and more uniform.
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Figure 14: Outlet average temperature (a), inlet pressure (b), outlet average thermal power (c) and accumulative
extracted thermal energy (d) of reservoir at constant injection flow rate (6kg/s).

Figs. 16(a) and (b) shows the variation of outlet average temperature and inlet pres-
sure during EGS operation. Both dense side and sparse side injection are investigated
under different fracture densities. One can see that the average outlet temperature is di-
rectly proportional to the fracture density, and the inlet pressure is inversely proportional
to the fracture density. At the same injection flow rate, the average outlet temperature of
sparse side injection is higher than that of dense side injection. Although the sparse-side
injection is not conducive to fluid flow, the thermal extraction performance will be better
with the same injection mass flow rate.

Figs. 16(c) and (d) shows the outlet average thermal power and the thermal extraction
ratio for the dense-side and sparse side injections under different fracture densities. One
can also see that, the outlet average thermal power and the thermal extraction ratio will
be larger with higher fracture density. Moreover, the outlet average thermal power and
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Figure 15: Temperature distribution in heterogeneous fracture networks at 10 years with various fracture inten-
sities γ, considering both dense-side and sparse-side injection.

the thermal extraction ratio will be larger with the sparse-side injection than dense-side
injection under the condition of same mass flow rate.

In general, the higher the fracture density, the better the thermal extraction effect of
the reservoir. Under the same fracture density, the thermal extraction effect of the sparse
side injection in the anti-parallel well configuration is better than that of the dense side
injection. At the same injection flow rate, the disadvantage of injection from the sparse
fracture side is that it requires a large injection pressure. In Fig. 17, when the fracture
density is 0.075m−1 fracture sparse side injection, the cumulative extracted heat energy
and heat extraction rate of the reservoir are the largest, which are 2.3×109MW and 0.172,
respectively. When the fracture density is 0.025m−1 fracture sparse side injection, the
cumulative extracted thermal energy and thermal extraction rate of the reservoir are the
lowest, which are 1.1×109MW and 0.088, respectively.

4.3 Stress field evolution and sensitivity analysis

This section employs the numerical model of an anti-parallel well configuration with
fracture dense side injection, as presented in Section 4.1, to illustrate the stress evolution
of a fractured reservoir during the heat recovery process. Furthermore, the effect of key
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Figure 16: Variation of outlet average temperature (a), inlet pressure (b), outlet average thermal power (c) and
heat extraction ratio (d) over the production time.

parameters (including injection pressure and mass flow rate) on the heat recovery process
is conducted.

4.3.1 Stress evolution during thermal recovery

The parameter settings of the numerical model in this section are identical to those in Sec-
tion 4.2, and the mass flow rate at the inlet is 6kg/s. Low temperature fluid is injected into
the reservoir from the upper-left corner inlet and extracted from the lower-right corner
outlet. The evolution of stress field is primarily influenced by two factors: pressure dif-
fusion caused by fluid flow, and thermal stress caused by temperature difference in heat
transfer. Pressure diffusion is primarily demonstrated in the preceding years, while the
thermal stress will affect the stress distribution of rock matrix in the long run of thermal
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Figure 17: Accumulative extracted thermal energy and heat extraction ratio after 20 years.

exploitation.
Fig. 18 illustrates the evolution of stress field in a typical fractured reservoir at differ-

ent time. In the initial phase of thermal exploitation (Fig. 18(a)), high stress is primarily
observed near the fractures at the entrance. The high permeability of fracture allows fluid
pressure to propagate along the fracture network from the inlet to the outlet. But the low-
temperature region is primarily situated in close proximity to the inlet. Consequently, the
thermal stresses are mainly concentrated in the vicinity of the inlet.

As thermal exploitation progresses, the low-temperature region gradually extends
along the fracture network towards the outlet. Therefore, as illustrated in Fig. 18(b), the
stress field gradually propagates along the fracture network. In the subsequent long-term
thermal exploitation, the temperature field evolves gradually towards a state of stability,
with the low-temperature region spreading from the vicinity of the fracture to the interior
of the rock matrix. Similarly, the thermal stress caused by temperature difference evolutes
towards the interior of matrix, as shown in Fig. 18(c). Finally, after 20 years (Fig. 18(d)),
followed by a gradual stabilization of temperature field, the stress field reaches a state of
equilibrium.

4.3.2 Effect of key parameters on heat recovery

In this section, we investigated the effects of two key parameters, injection pressure and
mass flow rate, on the thermal extraction performance.

Fig. 19 shows the thermal extraction performance of the reservoir under different
injection pressures. As the injection pressure increases, the outlet mass flow rate of the
fluid also increases (Fig. 19(a)). The increase in flow rate results in an increase of heat
transfer efficiency, meanwhile leading to a decline in outlet temperature (Fig. 19(b)). The
outlet average thermal power increases with the increase of injection pressure. However,
as the heat recovery continues, the increase in pressure difference has a smaller effect
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Figure 18: Evolution of stress field in a typical heterogeneous fractured reservoir at different time.

Figure 19: Thermal extraction performance under different injection pressures (outlet pressure 50Mpa).

on the outlet average thermal power, as shown in Fig. 19(c). Consequently, excessive
injection pressure will result in a shortened lifespan of EGS and a rapid decline in the
average outlet thermal power. This is in agreement with the simulation results presented
of Zhang [38].

Fig. 20 shows the thermal extraction performance of the reservoir under different
mass flow rates. As the injection mass flow rate increases, the injection pressure of the
fluid also increases (Fig. 20(a)). The increase in flow rate leads to insufficient heat transfer
of the fluid, resulting in a decrease in outlet temperature (Fig. 20(b)). The outlet average
thermal power increases with the increase of injection mass flow rate, but as heat recov-
ery progresses, the increase in injection flow rate leads to a smaller increase in the outlet
average thermal power, while the injection pressure requirement becomes higher, as il-
lustrated in Figs. 20(a) and (c). Consequently, an excessive inlet mass flow rate can also
result in a shortened lifespan of EGS and a rapid decline in the outlet average thermal
power.
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Figure 20: Thermal extraction performance under different mass flow rate.

5 Conclusions

In this work, the thermal extraction performance of geothermal reservoirs with hetero-
geneous fracture network is investigated under different injection-production schemes.
First, a heterogeneous discrete fracture network generation method is proposed based on
the relative distribution of pressure in reservoir. A thermal-hydraulic-mechanical (THM)
coupling model is established to simulate the fluid-flow and heat-transfer processes in
fractured reservoirs. The accuracy of the proposed model is verified by comparing the
simulation results of a single fracture model and a linear elastic column model with the
analytical results. Then, the model is applied to EGS to study the thermal extraction
performance of different injection-production methods of heterogeneous fractured reser-
voirs to find a better heat extraction method. By coupling the THM process, methods
to improve the thermal extraction efficiency of heterogeneous fractured reservoirs were
studied. The evolution of stress field during the heat extraction process, and the effects
of key parameters are also presented.

The following conclusion can be obtained:

(1). Under the same injection pressure, anti-parallel wells are less susceptible to thermal
breakthrough than parallel wells. The mass flow rate of injection on the sparse side
is lower than that on the dense side. The maximum accumulative extracted thermal
energy and heat extraction ratio of 1.86×109MW and 0.151 for anti-parallel wells
with dense side injection are 16.56% and 14.30% higher than those for parallel wells
with dense side injection, respectively.

(2). Under the constant injection flow rate, the reservoir outlet average temperature is
higher with the anti-parallel well configuration, and requires a higher inlet pres-
sure when injecting from the fracture sparse side. The maximum cumulative heat
extracted with the sparse side injection for the anti-parallel well is 1.84×109MW,
which is 22.33% higher than the dense side injection with parallel wells. Consider-
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ing the injection pressure, the dense-side injection for the anti-parallel well config-
uration is more efficient for heat extraction.

(3). For the anti-parallel well configuration with the same mass flow rate, the heat
recovery performance of reservoir (i.e., outlet temperature, outlet thermal power
and heat extraction ratio) is positively correlated with fracture density of reservoir.
Sparse-side injection yields better heat recovery performance than dense-side injec-
tion for different fracture densities.

(4). For the anti-parallel well configuration with the same mass flow rate, when the frac-
ture density is 0.075m−1, the sparse side injection yields an accumulative extracted
thermal power of 2.3×109MW and a heat extraction ratio of 0.172. These values
are 12.86% and 5.56% higher than those of dense side injection, respectively, and
95.65% and 84.97% higher than those with a fracture density of 0.025m−1, respec-
tively. Thus, the thermal extraction performance of the reservoir can be effectively
improved by using sparse-side injection or increasing fracture density at the same
injection flow rate.

(5). The stress field of the reservoir during thermal exploitation exhibit the character-
istics of rapid propagation in the early stage and slow stabilization changes in the
later stage. Sensitivity analysis of mass flow rate and injection pressure indicates
that excessive mass flow rate and injection pressure are not conducive to thermal
extraction of the reservoir.

The research results can provide reference for the design and planning of Geothermal
Engineering. In the future, three-dimensional model can be developed to fully capture
the intricacies of geothermal reservoirs.
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