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The complex thermal-hydraulic-mechanical (THM) coupling is the key issue to the energy extraction from a geothermal reservoir,
where fractures are the main channels for ﬂuid circulation and heat transfer. However, the eﬀects of matrix deformation-induced
aperture variation and fracture roughness on heat recovery eﬃciency are unclear. In this paper, a fully coupling THM model based
on a discrete fracture network is proposed to explore these coupling eﬀects. First, the fracture roughness and the fracture aperture
variation with eﬀective stress are introduced. Second, the water ﬂow and heat transfer in the matrix and fractures as well as the
deformation of the geothermal reservoir are individually formulated for a fractured geothermal reservoir. Third, the model is
validated with analytical solution for its thermal-hydraulic (TH) coupling eﬀect and literature data for its hydraulic-mechanical
(HM) coupling eﬀect. Finally, the features of heat transfer and ﬂuid ﬂow in the fractured geothermal reservoir are comparatively
analyzed through four scenarios. The simulation results indicate that the discrete fracture network severely impacts the pressure
distribution and temperature advance. The aperture variation induced by solid deformation can enhance heat transfer eﬃciency,
and the fracture roughness can reduce the heat transfer eﬃciency.

1. Introduction
A general operation method for energy extraction from geothermal reservoirs is to inject cold ﬂuid in and to pump hot
ﬂuid out [1]. The ﬂuid circulation and heat exchange are
the key processes in energy extraction. The rock matrix in
geothermal reservoirs is usually dense and nearly impervious;
thus, natural or artiﬁcial fractures or joints are the main
channels for ﬂuid circulation and heat exchange [2–4]. This
energy extraction process involves the interactions among
thermal (T), hydro (H), and mechanical (M) processes [5,
6]. The injection and pump of working ﬂuid will redistribute
in situ stress, resulting in the variation of fracture aperture
and directly impacting the transmissivity of the fractured
geothermal reservoir. This may aﬀect the energy extraction
eﬃciency. Therefore, the THM coupling in a fractured geo-

thermal reservoir is the key issue to the heat extraction performance of this reservoir.
Diﬀerent models have been proposed for the THM coupling in an enhanced geothermal system (EGS). First, TH
coupling models were developed for the forced convection
in geothermal exploitations. They investigated the heterogeneity of porous media [7, 8], the system parameter optimization [9, 10], the heat exchange mechanism [11–13], and the
eﬀects of reservoir fracture treatments [14]. These TH coupling models can well evaluate the heat extraction in a rigid
reservoir because they ignore the impact of reservoir deformation in the heat extraction process. Second, THM coupling models were developed based on continuum porous
media [15–18]. Recent THM coupling models for geothermal
reservoirs consider the impact of several isolated discrete
fractures on heat extraction performance [19–21]. The ﬂuid
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circulation in a complex fracture network is still unknown.
The ﬂuid circulation and heat transfer in a complex fracture
network may heavily aﬀect the extraction eﬃciency from a
fractured geothermal reservoir, but such a study has rarely
been observed in public literature.
A fractured geothermal reservoir can be modeled by
either continuum-based models (CM) or discrete fracture
models (DFM) [22, 23]. In the CM, the fractured reservoir
is treated as a continuum composed of the fractures and
matrix. Typical continuum-based models include an equivalent porous medium model [11, 12, 17] and dual-porosity
model [24, 25]. These continuum-based models cannot
explicitly express the fractures and thus cannot include the
details of fracture characteristics such as location, length,
and orientation. In the DFM, the geothermal reservoir is
composed of the discrete fracture network (DFN) and rock
matrix [6, 26, 27]. These DFM models consider the seepage
properties of fractures in a diﬀerent way from the rock
matrix. The complex features of discrete fractures can be
individually considered within geothermal reservoirs. However, the complexity of the fracture network largely increases
the diﬃculty in both fracture description and computational
cost. A real geothermal reservoir is fractured, and the properties of fractures may play a key role in energy extraction.
Thus, the THM coupling analysis is necessary to include
the discrete fracture network in the fractured geothermal
reservoir.
The heat extraction performance of a geothermal system
has been evaluated based on DFN models [13, 14, 28]. These
models mainly focused on the heat exchange process but
overlooked the eﬀect of solid deformation and the fracture
roughness. The impacts of aperture evolution and fracture
roughness on heat extraction eﬃciency are still unknown.
Hence, a DFN-based THM coupling model is necessary. This
model can include the aperture evolution and the fracture
roughness in the heat extraction from a geothermal system.
This paper develops a THM coupling model to consider
the eﬀects of aperture variation and fracture roughness for
the heat energy extraction from a geothermal reservoir.
Firstly, the discrete fracture network is generated through
the Monte Carlo method. The fracture characteristics such
as location, length, and orientation are included. Secondly,
the aperture variation is described by a function of fracture
aperture with eﬀective stress. Further, a roughness factor is
introduced into Darcy’s law to describe the eﬀect of fracture
roughness on ﬂuid ﬂow in a fracture. Thirdly, a full THM
coupling model is established for the heat extraction process
from a fractured geothermal reservoir and is validated by two
degraded submodels. Finally, the distribution of pressure and
temperature in the fractured reservoir is numerically simulated. Their coupling eﬀects are comparatively analyzed.

2. Generation of the Fracture Network
2.1. Monte Carlo Method for Fracture Generation. A fracture
network is constructed by randomly generating fractures
through the algorithm of the Monte Carlo method. The trace
length, orientation, and location of fractures are the three key
parameters to a two-dimensional fracture network. Com-
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pared with trace length, fracture aperture is too tiny to be
expressed on the graph of the fracture network although it
severely impacts the ﬂuid seepage. These three key parameters are determined through the following procedure.
2.2. Fracture Trace Lengths. Previous studies have shown that
the trace length of fractures in geothermal reservoirs obeys a
power-law distribution [29, 30]. This study expresses the
trace length of each fracture by


−1/D
−D
−D
l = l−D
,
min + F f l max − l min

ð1Þ

where lmin and lmax are the minimum and maximum trace
lengths, D is the fractal dimension of length distribution of
fractures, and F f is a random number uniformly distributed
in the range of 0 to 1.
2.3. Orientations of Fractures. The fractures in the geothermal reservoir can be grouped into diﬀerent sets according
to their orientations [29]. A fracture network may have
one, two, or three sets of fractures. Each set of fractures has
a mean orientation angle γμ and a standard deviation γσ .
The orientation angle of fractures follows a Gaussian distribution. This fracture orientation angle after the Box-Muller
transform can be generated by
γ = γμ + γσ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
−2 ln F 1 cos ð2πF 2 Þ,

ð2Þ

where γ is a fracture orientation angle in a set of fractures and
F 1 and F 2 are random numbers uniformly distributed in the
range of 0 to 1.
2.4. Location of Fractures. The midpoint of a fracture is used
to indicate the location of a fracture. The coordinates of the
fracture center is ﬁxed by generating random numbers based
on uniform distribution. The fracture centers are sequentially
generated. If one fracture is too close to other fractures (<2 m
in the domain of 300 m × 300 m), the fracture center will be
regenerated. The coordinate generation function for the midpoints of fractures is expressed as
x = LF f ,
y = WFf ,

ð3Þ

where L and W are the length and width of the generation
domain, respectively.
2.5. Generated Fracture Networks. Two types of fracture networks are generated in Figure 1. Table 1 lists the parameters
used for the generation of these DFNs. Type (a) consists of a
set of horizontal fractures and a set of vertical fractures. The
fracture density of (a-1) is much larger than that of (a-2), and
the connectivity of (a-1) is better than that of (a-2). Type (b)
has two sets of oblique fractures, and each set has a ﬁxed orientation. The fracture density of (b-2) is half of that of (b-1).
All the four DFNs are imported into the COMSOL Multiphysics for numerical simulation. The simulation results of the
four DFNs are discussed in Section 5 of this paper.
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tion (4) is
∂
∂p
ð ρf ϕ Þ = ρ f S :
∂t
∂t

ð6Þ

The porosity dilation-induced ﬂuid variation is treated as
the source term Qs which is shown as
Qs = −ρf α
(a-1)

(a-2)

(b-1)

(b-2)

3.2.2. Fluid Flow in Fractures. The continuity equation of
ﬂuid ﬂow in discrete fractures is

3. Coupling Model for Energy Extraction from a
Geothermal Reservoir
3.1. Basic Assumptions. This fully coupling model has ﬁve
separate yet interacting governing equations: a thermoelastic mechanical equation, two ﬂow equations (for the fractures and rock matrix), two heat transfer equations in the
fractures and rock matrix. This model is mainly based on
the following assumptions: (1) The rock matrix is continuous, isotropic, and homogeneous. (2) Surrounding rocks are
impermeable. The ﬂuid loss is not considered. (3) Both the
matrix and fractures are saturated with single-phase liquid.
(4) The ﬂuid ﬂow in both the matrix and fractures follows
Darcy’s law. (5) The local thermal equilibrium is assumed
at the interface between the rock matrix and the working
ﬂuid.
3.2. Governing Equations for Fluid Flow
3.2.1. Fluid Flow in the Matrix. In the saturated porous
matrix, the mass conservation of ﬂuid is
ð4Þ

where ρf is the ﬂuid density, ϕ is the porosity of the matrix, t
denotes time, us is the ﬂow velocity of the Darcy seepage, and
Qs is the source or sink term.
The seepage velocity us is expressed by Darcy’s law as
k
us = − ∇p:
μ

ð7Þ

where k is the intrinsic permeability of the rock matrix, μ is
the dynamic viscosity of water, S is the storage coeﬃcient of
the porous matrix, p is the water pressure, α is Biot’s coeﬃcient of the porous matrix, and εv is the volumetric strain.
Thus, the governing equation of water ﬂow in the matrix
is


∂p
∂εv
k
ρf S
+ ρf α
ð8Þ
+∇ ⋅ −ρf ∇p = 0:
∂t
μ
∂t

Figure 1: Four fracture networks generated by the MATLAB code.

∂
ðρ ϕÞ+∇ ⋅ ðρf us Þ = Qs ,
∂t f

∂εv
,
∂t

ð5Þ

Furthermore, the storage term at the ﬁrst term of Equa-

b

∂ρf
+ ∇T ⋅ ðbρf uf Þ = ρf Qf ,
∂t

ð9Þ

where b is the fracture aperture, uf is the ﬂow velocity in the
fracture, ∇T denotes the gradient operator restricted to the
tangential plane of a fracture, and Qf is the source or sink
term.
A fracture consists of two smooth parallel plates; thus, the
volumetric ﬂow rate Q is
Q = uf w b = −

wb3
∇ p,
12μ T

ð10Þ

and the permeability of a single fracture is then obtained as
kf =

b2
,
12

ð11Þ

where w is the fracture width and b is the fracture aperture.
∇T p is the pressure gradient along the fracture.
We introduce f σ of the roughness factor to consider the
eﬀect of fracture roughness on ﬂow:
kf =

b2
:
12f σ

ð12Þ

The following empirical expression is used in our computation:
σ 1:5
fσ =1+a r
,
b

ð13Þ

where σr is the standard deviation of the fracture surface
height and a is a constant (a = 17 by Lomize [31] and a =
8:8 by Louis [32]). Single fracture ﬂow found that f σ varies
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Table 1: Geometric parameters used for DFN generation.

DFN
(a-1)

(a-2)

(b-1)

(b-2)

Parameter
Distribution

Fracture length
Power-law distribution

Fracture number
Designated

Orientation
Gaussian distribution

Center point
Uniform distribution

Set 1

40-200 m

120

0°/02

300 × 300 m

Set 2

20-150 m

150

90°/02

300 × 300 m

Set 1

40-200 m

60

0°/02

300 × 300 m

°

2

300 × 300 m

Set 2

20-150 m

75

90 /0

Set 1

40-200 m

120

20°/02

300 × 300 m

150

°

130 /0

300 × 300 m

60

°

300 × 300 m

Set 2

20-150 m

Set 1

40-200 m

Set 2

20-150 m

b2
∇ p:
12μf σ T

°

75

ð14Þ

In this study, fractures are treated as the internal boundaries of the matrix seepage model. The ﬂuid pressure in fractures is the Dirichlet boundary condition of ﬂuid ﬂow in the
matrix, while the pore pressure of the matrix is the motivation of the source/sink term of fracture ﬂow. The source or
sink term in the governing equation for fracture ﬂow is
Qf = −

k ∂p
k ∂p
−
,
μ ∂nu μ ∂nd

!

b

∂ρf
ρ b3
ρ k ∂p
ρ k ∂p
+ ∇T ⋅ − f
∇ p =− f
− f
: ð16Þ
μ ∂nu
μ ∂nd
∂t
12μf σ T

3.3. Governing Equations for Heat Transfer in the Matrix and
Fractures. As a kind of porous media, the rock matrix has a
higher speciﬁc surface area. Fluid can exchange heat with
the matrix instantly. Hence, the temperature of pore water
is assumed to be identical to that of the rock matrix. Then,
the heat transfer equation in the matrix can be written as

2

130 /0

300 × 300 m

The heat ﬂux q can be expressed through Fourier’s law as
q = −λeff ∇T,

ð18Þ

where λeff = ð1 − ϕÞλs + ϕλf is the eﬀective heat conductivity,
λs is the heat conductivity of the rock matrix, and λf is the
heat conductivity of ﬂuid.
The heat transfer equation in discrete fractures is
bρf C f

∂T
+ bρf Cf uf ⋅ ∇T T − ∇T ðbqf Þ = QTf ,
∂t

ð19Þ

where qf is the heat ﬂux in the fracture and is
qf = −λf ∇T T:

ð15Þ

where nu and nd are the normal direction of up and down
surfaces of the fracture, respectively.
Finally, the governing equation for fracture ﬂow is
obtained as

2

20 /0

from 1.04 to 1.65 [33]. Hence, the fracture ﬂow velocity uf is
uf = −

2

ð20Þ

QTf is the source or sink term in fracture heat transfer. It
is the heat exchange between the matrix and fracture. Based
on the local thermal equilibrium assumption, QTf can be
expressed as
QTf = −ρf Cf

k ∂p
∂T
k ∂p
∂T
T − λeff
− ρf C f
T − λeff
:
μ ∂nu
∂nu
μ ∂nd
∂nd
ð21Þ

3.4. Mechanical Equilibrium. The constitutive equation of
poroelasticity for THM coupling is
σ = 2Gε +

2Gν
ðε : IÞI − αpI − KαT ðT − T 0 ÞI:
1 − 2ν

ð22Þ

The Navier equation for displacement v can be expressed
as

ðρC Þeff

∂T
+ ρf C f us ⋅ ∇T+∇ ⋅ q = 0,
∂t

ð17Þ

where ðρCÞeff = ð1 − ϕÞρs Cs + ϕρf C f is the eﬀective heat
capacity, ϕ is the porosity of the rock matrix, ρs is the matrix
density, Cs is the speciﬁc heat capacity of the matrix, C f is the
speciﬁc heat capacity of ﬂuid, T is the matrix temperature,
and q is the heat ﬂux in the rock matrix.

G∇ ⋅ ð∇vÞ +

G
∇ð∇ ⋅ v Þ − α∇p − KαT ∇T + F = 0, ð23Þ
1 − 2ν

where σ is the stress tensor (positive for tension), G is the
shear modulus, ε is the strain tensor, ν is Poisson’s ratio,
and I is the unit tensor. α is Biot’s coeﬃcient, which depends
on the compressibility; p is the pore pressure (negative for
suction); K = 2Gð1 + νÞ/3ð1 − 2νÞ = E/3ð1 − 2νÞ is the bulk
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and fracture network. The rock matrix is usually of low
porosity and low permeability. The slight change of porosity
has little eﬀect on water ﬂow and heat transfer; thus, the rock
matrix is assumed to have constant porosity. The fracture
network is the primary channel for ﬂuid ﬂow. Any change
of fracture aperture may severely aﬀect water ﬂow. The fracture aperture is related to eﬀective normal stress as [34]

90 MPa

Initial temperature: 180°C

90 MPa

Initial pressure: 70 MPa

Production well 66 MPa

Injection well 30°C 80 MPa

300 m

Impermeable and thermally insulated

Impermeable and thermally insulated
300 m

Figure 2: FEM mesh model of the geothermal reservoir with initial
and boundary conditions.

modulus of porous media, and E is Young’s modulus. αT is
the coeﬃcient of thermal volumetric expansion of porous
media. T 0 is the initial temperature of the rock mass. F is
the body force.
3.5. Multiphysical Couplings
3.5.1. Variation of Fracture Aperture with Eﬀective Normal
Stress. A geothermal reservoir is composed of a rock matrix

δ=

σ n δm
,
σn + kn0 δm

ð24Þ

where δ = b0 − b is the fracture closure, where b0 is the initial
aperture with zero eﬀective normal stress; σn is the normal
component of the eﬀective stress tensor σ + αpI; δm is the
maximum possible fracture closure; and kn0 is an empirical
parameter representing the initial normal stiﬀness. δm and
kn0 can be determined with the tested samples under the speciﬁc testing conditions. Baghbanan and Jing [35] found that
the above two parameters are diﬃcultly evaluated for a set
of fractures. They presented some empirical expressions for
use: σnc ðMPaÞ = 10kn0 δm = 487 b0 ðmmÞ + 2:51, δm = 0:9 b0 .
3.5.2. Change of Fluid Property with Temperature. The ﬂuid
property includes water density ρf and dynamic viscosity μ
and aﬀects water ﬂow and heat transfer. It is found that pressure change does not signiﬁcantly modify water density, but
temperature severely modiﬁes both water density and
dynamic viscosity. A piecewise function is used for water
density and dynamic viscosity as [36]

!
8
T + 283
ðT − 3:98Þ2
>
>
>
1000 × 1 −
, 0° C ≤ T ≤ 20° C,
×
>
>
T + 67:26
503570
<
ρf =


>
996:9 × 1 − 3:17 × 10−4 × ðT − 25Þ − 2:56 × 10−6 × ðT − 25Þ2 , 20° C < T ≤ 175° C,
>
>
>
>



:
1758:4 + 103 × ðT + 273:15Þ −4:84 × 10−3 + ðT + 273:15Þ 1:09 × 10−5 − ðT + 273:15Þ × 9:85 × 10−9 ,



8
exp −0:033 + 1:962 × 10−4 × T × T × 1:787 × 10−3 , 0° C ≤ T ≤ 40° C,
>
>
<
μ = ð1 + 0:015512 × ðT − 20ÞÞ−1:572 × 10−3 , 40° C < T ≤ 100° C,
>
>
:
−4
0:2414 × 10ð247:8/ðT+133:15ÞÞ×10 , 100° C < T ≤ 300° C:

175° C < T ≤ 300° C,

ð25Þ

4. Simulation Implementation and
Model Validation
4.1. Numerical Simulation Procedure. These governing equations with the initial and boundary conditions formulate a
complete THM coupling model. Generally, these partial differential equations are too complex to derive analytical solutions. This study uses a ﬁnite element method (FEM) to solve

this problem. Particularly, the FEM solutions are numerically
obtained through the COMSOL Multiphysics, a powerful
solver for partial diﬀerential equations. The solution procedure has four steps. Firstly, rock fractures are generated with
the Monte Carlo algorithm. Then, the geometric model of
fractured rock mass is imported into COMSOL Multiphysics.
Thirdly, both governing equations and boundary conditions
are assigned to the geometric model, and model parameters
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Table 2: Parameters of the coupling model.

Variable

Parameter

Value

Unit

ρs

Rock matrix density

2700

kg·m-3

Cf

Speciﬁc heat capacity of water

4200

J·kg-1·K-1

Cs

Speciﬁc heat capacity of the rock matrix

1000

J·kg-1·K-1

λf

Thermal conductivity of water

0.7

W·m-1·K-1

λs

Thermal conductivity of the rock matrix

3

W·m-1·K-1

ϕ

Porosity

0.05

1

k

Matrix permeability

1:0 × 10−18

m2

E

GPa

Young’s modulus

30

ν

Poisson’s ratio

0.25

1

α

Biot’s coeﬃcient

1

1

αT

Coeﬃcient of volumetric expansion

5:0 × 10−6

S

−8

1:0 × 10

Storage coeﬃcient of the matrix

1/K
1/Pa

b0

Initial aperture of fractures

0.18

mm

σr

Standard deviation of the fracture surface height

0.005

mm

y

Tin = 30°C

Thermal insulation

Observation line (y = 3)
0

pin = 3.6 MPa

Fracture (y = 0)

x

Tinitial = 90 °C

Observation point (15, −2.5)

D=5m

pout = 3 MPa

H = 40 m

Figure 3: Geometric model of heat transfer in a single fractured rock.

and initial conditions are set. Finally, the distributions of
temperature and pressure are solved and visualized.
4.2. Model Parameters. A realistic geothermal reservoir usually has a three-dimensional (3D) fracture network. A complex 3D fracture network is extremely diﬃcult in
implementation and largely increases computation cost. In
this study, a 2D fracture network in Figure 2 is used to model
a geothermal reservoir. This geothermal reservoir is at
3500 m deep and has a computational domain of 300 m ×
300 m. The simulation time is 50 years from the beginning
of cool water injection. Working ﬂuid of water is injected into
the geothermal reservoir. The left side boundary of the reservoir is the injection well, and the right side boundary is the
production well. The initial and boundary conditions are
described below.
For the reservoir seepage, the hydraulic pressure is kept
as 80 MPa at the injection well and as 66 MPa at the right
boundary. The top and bottom boundaries are impermeable.
The initial pressure of this reservoir is 70 MPa. For the heat

transfer in the reservoir, the water temperature is 30°C at
the injection well. The top and bottom boundaries are thermally insulated. The initial temperature of the reservoir is
180°C. For the mechanical equilibrium model, the top and
right boundaries are applied a constant normal compression
of 90 MPa, which is equivalent to the overburden stress at
3500 m deep. The other two boundaries have zero normal
displacement and free tangential displacement. Table 2 lists
the model parameters used in simulations.
4.3. Model Validation. This fully coupling THM model is
divided into two submodels: a TH coupling model for the
heat transfer in a single fracture and an HM coupling model
for the variation of fracture aperture. Figure 3 is the geometry
model for the heat transfer in a single fracture. Cool water is
injected into the fracture and heated by the impermeable
rock matrix. For a problem similar to Figure 3 but with diﬀerent boundary conditions, Ye and Wang [37] derived an analytical solution through the Laplace transform and Stehfest
method. Following the same method, the temperature
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90

Temperature (°C)

80

70

60

50

40

30
0

5

10

15
20
25
Flow distance x (mm)

30

35

Analytic solution (y = 0)

Analytic solution (y = 3)

Present simulation (y = 0)

Present simulation (y = 3)

40

(a) Temperature at the 100th day

90

Temperature (°C)

80

70

60

50

40

30
0

50

100

150

200

250

300

Time (d)
Analytic solution (40, 0)

Analytic solution (15, −2.5)

Present simulation (40, 0)

Present simulation (15, −2.5)

(b) Temperature at ﬁxed points

Figure 4: Comparison between analytical solution and present simulation.

distribution of heat transfer in a single fracture can be
obtained analytically. The deduction process is presented in
the appendix, which is used for model validation.
The distribution of fracture temperature and the observation line at the 100th day are plotted in Figure 4(a), and the
variation of temperature at the ﬁxed points is plotted in
Figure 4(b). The temperature distribution obtained from
the current numerical simulation is in good agreement with
the analytical solution. Only small deviation is observed at
the observation point, but within the acceptable range.

Figure 5 presents a geometry model with two horizontal
wells and four fractures. The domain size and boundary conditions are marked. The two wells are located at the left and
right boundaries. The four fractures are located inside the
domain: fracture (a) has a length of 200 m and is connected
with two wellbores, fracture (b) has a length of 100 m and is
only connected with the injection wellbore, fracture (c) has
a length of 100 m and is only connected with the production
wellbore, and fracture (d) has a length of 100 m and is isolated from the two wellbores.
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20 MPa

(c)

20 MPa

Inlet pressure: 20 MPa

400 m

(b)

Outlet pressure: 10 MPa

(a)

(d)
200 m

Figure 5: Fracture distribution diagram between two horizontal
wells.

Under the same parameters, both the simulation results
in this study and those from Moradi et al. [38] are plotted
in Figure 6. Generally, both solutions are in good agreement.
Our numerical model can correctly describe the variation of
fracture aperture induced by the HM coupling eﬀect.

5. Simulation Results and Discussion
5.1. Pore Pressure Distribution. The distribution of pore pressure has similar characteristics in the four fracture networks.
Thus, only the pressure of the fracture network (a-1) is plotted for discussion. As shown in Figure 7, the pressure distribution is mainly along the fractures. That is because fractures
are the main channels for ﬂuid seepage. In the initial stage of
water injection (before 3 years), the fractures beside the injection well have higher pressure than the matrix around the
fracture. The fractures beside the production well have lower
pressure than the matrix around the fracture. When the pressure of fracture water reaches a stable state, the pressure of
matrix water is still changing continuously. After 15 years
of water injection, the pore pressure of the reservoir tends
to be stable. The area with connected fractures has a lower
pressure gradient. That is, the water pressure decreases gently
(the dash circle area of Figure 7). The area with nonconnected fractures has a higher pressure gradient, and the water
pressure decreases sharply (the solid circle area of Figure 7).
5.2. Reservoir Temperature Distribution. The temperature
distributions of the four fracture networks at the 30th year
are presented in Figure 8. After cool water is injected into
the geothermal reservoir, the water as working ﬂuid is immediately heated by the rock matrix. At the same time, the temperature of the rock matrix decreases quickly. The ﬂow
velocity is much higher in fractures than in the matrix. Frac-

ture temperature ﬁrst decreases and then extends to the
matrix. As more and more heat is extracted, the cooling area
gradually expands from the injection well to the production
well. However, the temperature at the production well does
not decrease sharply before 30 years. This implies that the
geothermal system can maintain a steady heat production
for a quite long period.
If the fractures form a network which connects the injection well with the production well, the cooling area will
advance faster along these fractures than in other zones
(the dash circle area of Figure 8). Higher fracture density
increases the probability of fracture intersection, resulting
in better connectivity. Thus, the connectivity of (a-1) and
(b-1) is better than that of (a-2) and (b-2). Actually, fracture
networks (a-2) and (b-2) only have one cluster of fractures
that connected both injection and production wells (dashed
arrow line in Figure 8). Thus, their thermal front propagation
is much slower than that of (a-1) and (b-1). The connected
fractures are the main ﬂow channels for ﬂuid circulation.
Their fracture ﬂow ﬂux is high, carrying away a majority of
heat energy.
5.3. Temperature and Flow Velocity at the Outlet. The temperature and ﬂow velocity at the production well are two
important parameters to measure EGS performance. Based
on the simulation results of the fracture network (a-1), the
water temperature in the matrix and fractures along the production well is plotted in Figure 9(a). The line markers are for
the matrix, and the scatter markers are for fractures. Since the
permeability of fractures is much higher than that of the
matrix, the ﬂow in fractures is much faster than that in the
matrix. The ﬂow velocity in the matrix (lines) and fractures
(scatter markers) along the production well is plotted in
Figure 9(b).
The temperature at the production well is basically kept
at about 180°C in the ﬁrst 15 years of water injection. During
this period, the EGS can maintain a high-eﬃciency heat production. After 30 years of cool water injection, the outlet temperature could remain above 140°C. Then, the cooling area
gradually expands to the production well. The temperature
drop along the production well is not uniform. It is faster in
the zones with dense fractures where the faster ﬂow of working ﬂuid can more quickly transfer the thermal heat of the
reservoir.
Under THM coupling, the aperture of fractures is in the
range of 60 μm to 90 μm. Thus, the permeability in fractures
is several orders of magnitude higher than that in the matrix.
As shown in Figure 9(b), the outlet ﬂow velocity in fractures
(scatter markers) is about 7 orders of magnitude higher than
that in the matrix (line markers). At the initial stage of heat
extraction (before 1 year), the ﬂow velocity in the matrix
away from fractures is greater than that near fractures. The
water in the matrix near fractures ﬁrstly ﬂows into the fractures and continues to ﬂow into the production well.
5.4. Comparison of Diﬀerent Coupling Models. The TH coupling is the core for heat extraction. In the EGS operation,
solid deformation and some other factors aﬀect the TH coupling, thus modifying the heat extraction eﬃciency. In this
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Figure 6: Comparison of fracture apertures at diﬀerent locations.

section, four scenarios in the fully coupling THM model are
investigated to comparatively analyze the diﬀerent coupling
eﬀects on the outlet temperature and ﬂow velocity. Table 3
lists the coupling eﬀect in each scenario.
The initial stress equilibrium refers to the initial state of
ﬂuid-solid static coupling before cool water injection. Hence,
the ﬁrst step is to calculate the initial stress equilibrium.
Then, the four models with diﬀerent couplings are implemented to investigate their diﬀerent coupling eﬀects on heat
transfer.
Based on the simulation results, the temperature distributions of the four scenarios at 30 years are presented in
Figure 10. The temperature diﬀerence of the four scenarios
mainly lies in the locations of thermal fronts. The thermal
front of the THM model is more ahead than that of the other
three models. This is mainly due to the increase in heat transfer eﬃciency caused by the enlargement of fracture aperture.
Since fracture roughness results in the decrease in reservoir
permeability, the thermal front of the TH+roughness model
is in the most lag behind place.

The outlet temperature and ﬂow velocity are plotted in
Figure 11. Compared to the TH model, the THM model with
smooth fracture has higher ﬂow velocity but lower temperature at the production well. This implies that solid deformation can enhance reservoir permeability and ﬁnally increases
heat transfer eﬃciency. If the fracture roughness is considered, the outlet velocity decreases but the outlet temperature
increases. Hence, the fracture roughness leads to a decrease
in reservoir permeability and ﬁnally decreases the heat transfer eﬃciency.
The average outlet temperature is calculated by
Ð
∑uf bT+ us Tdy
Ð
T out =
:
∑uf b+ us dy

ð26Þ

The summation term refers to the fractures while the
integration term refers to the rock matrix. The average outlet
temperature is a comprehensive indicator for the evaluation
of EGS performance. The outlet temperatures at 25 years
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Figure 7: Pressure distribution of the reservoir at the 3rd year and 30th year.
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Figure 8: Temperature distributions of the four fracture networks at the 30th year.
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Table 3: Diﬀerent coupling factors in four scenarios.

Coupling factor
HM
TH
HM for the matrix
HM for the
fracture
TM
Fracture roughness

Scenario 1
(TH)

Scenario 2
THM)

Scenario 3 (TH
+roughness)

Scenario 4 (THM
+roughness)

√

√

√

√

√

√

√

√

ρf αð∂εv /∂t Þ
−α∇p

✗

√

✗

√

δ = σn δm /ðσn + kn0 δm Þ
−α∇p

✗

√

✗

√

−KαT ∇T

✗

√

✗

√

f σ = 1 + 8:8ðσr /bÞ1:5

✗

✗

√

√

Formula term
Initial stress
equilibrium
ρf C f us ⋅ ∇T
bρf C f uf ⋅ ∇T T
ρf ðT Þ, μðT Þ

TH

THM

180
160
140

100

ºC

120

80
60
40

TH + roughness

180
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ºC
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80
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40
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Figure 10: Temperature distributions of the four scenarios at the 30th year.

are plotted in Figure 12 for the four scenarios. It is observed
that the TH model with fracture roughness has the highest
average outlet temperature. The THM model with smooth
fracture has the lowest average outlet temperature. The variation of fracture aperture induced by matrix deformation

leads to the enhancement of heat transfer eﬃciency. However, fracture roughness leads to a decrease in heat transfer
eﬃciency. It is observed that the average outlet temperature
of the fully coupling model is similar to that of the simple
TH model in this case.
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Figure 11: Outlet temperature and ﬂow velocity under diﬀerent scenarios.
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6. Conclusions
This study developed a fully coupling thermal-hydromechanical model based on a discrete fracture network.
The eﬀects of deformation-induced aperture variation and
fracture roughness on heat transfer eﬃciency in geothermal
reservoirs were numerically investigated. Both TH and HM
coupling eﬀects in this coupling model were validated by
either analytical solution or literature data. The diﬀerent coupling eﬀects on the distributions of pressure and temperature
and heat recovery eﬃciency were comparatively analyzed
through four scenarios. Based on these investigations, the following conclusions can be drawn.
(1) The pressure distribution and temperature advance
in the geothermal reservoir are severely impacted by
the discrete fracture network. The lower pressure gradient and faster temperature advance usually occur in
the zone with denser interconnected fractures
(2) The deformation of the matrix induced by cooler
water increases the aperture of the fracture and its
permeability. This will enhance the heat transfer eﬃciency. However, the fracture roughness reduces the
fracture ﬂow velocity, thus reducing the heat transfer
eﬃciency
(3) The simple TH model can predict the similar outlet
temperature to the fully coupling THM model in
our calculation case. This may be due to the fact that
the combining coupling eﬀects of deformation and
roughness are ignorable in that case. On this sense,
a TH model is a simple and practical tool for heat
extraction prediction

Appendix
A. Analytical Solution for Heat Transfer in a
Smooth Fracture
A.1. TH Coupling Model for Heat Transfer in a Single
Fracture. The conceptual geometric model is shown in
Figure 3. All the properties of rock and water are kept as constants, and the heat conduction of water is omitted. For the
convenience of symmetrical derivation, the fracture aperture
b is equivalent to 2bs .
Based on the cubic law of fracture ﬂow, the ﬂow velocity
in the fracture is
uf =

b2
ðp − p 2 Þ:
12μ 1

ðA:1Þ

Since all the parameters in Equation (A.1) are kept constant, the ﬂow velocity is constant in this context. The heat
transfer in the fracture can be described as
bρw C w

∂T w
∂T
∂T
+ bρw Cw uf w = λr r
∂t
∂x
∂y

+ λr
y=bs

∂T r
∂y

:
y=−bs

ðA:2Þ
As the fracture rock geometry model is symmetrical on
the midline and bs is too tiny compared to D, Equation
(A.1) can be expressed as
b s ρw C w

∂T w
∂T
∂T
+ bs ρw C w uf w − λr r
∂t
∂x
∂y

= 0:
y=0

ðA:3Þ
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Further, the heat transfer equation in rock can be rewritten as
ρr C r

∂T r
∂T
− λr 2r = 0,
∂t
∂y
2

ψ=
ðA:4Þ

where T r and T w are the temperatures of rock and water,
respectively.
The initial conditions are
T w ðx, t = 0Þ = T initial ,
T r ðx, y, t = 0Þ = T initial :

ðA:6Þ

ðA:12Þ

The dimensionless initial conditions are
T Dw ðxD , t D = 0Þ = 0,

ðA:13Þ

T Dr ðxD , yD , t D = 0Þ = 0:

ðA:14Þ

The dimensionless boundary conditions are
T Dw ðxD = 0, t D > 0Þ = 1,

T w ðx = 0, t > 0Þ = T in ,

ðA:7Þ

T w ðx, t Þ = T r ðx, y = 0, t Þ,

ðA:8Þ
ðA:9Þ

= 0:

T Dw ðxD , t D Þ = T Dr ðxD , yD = 0, t D Þ,
∂T Dr
∂yD

ðA:15Þ

= 0:
yD =1

The time-domain variables are transformed into the
Laplace domain as

y=D

The governing equations of Equations (A.3) and (A.4),
combining the initial conditions of Equations (A.5) and
(A.6) and boundary conditions of Equations (A.7), (A.8),
and (A.9), form the simpliﬁed heat transfer model of the fractured rock. Its analytical solution can be obtained after variable dimensionless and Laplace transform.
A.2. Analytical Solution in the Laplace Domain. The following dimensionless variables are deﬁned as
T Dw =

λr H
,
bs ρw C w uf D

λr H
:
ϑ=
ρr C r uf D 2

ðA:5Þ

The boundary conditions are

∂T r
∂y

where

L½T Dw ðxD , t D Þ = U Dw ðxD , sÞ,
L½T Dr ðxD , yD , t D Þ = U Dr ðxD , yD , sÞ:

Combining the dimensionless initial conditions of Equations (A.13) and (A.14), the governing equations in the
Laplace domain are
sU Dw +

T w − T initial
,
T in − T initial

T r − T initial
,
T in − T initial
x
xD = ,
H
y
yD = ,
D
u
t D = f t:
H

ðA:10Þ

∂T Dr
∂2 T Dr
−ϑ
= 0,
∂t D
∂y2D

∂2 U Dr
= 0:
∂y2D

U Dw ðxD = 0, sÞ =

ðA:17Þ

ðA:18Þ

1
,
s

U Dw ðxD , sÞ = U Dr ðxD , yD = 0, sÞ,
∂U Dr
∂yD

ðA:19Þ
ðA:20Þ
ðA:21Þ

= 0:
yD =1

It is clear that Equation (A.18) is a second-order homogeneous linear diﬀerential equation. Its general solution is

= 0,
yD =0

= 0,
yD =0

The boundary conditions in the Laplace domain can be
expressed as

Thus, the governing equations can be expressed through
these dimensionless variables as
∂T Dw ∂T Dw
∂T
+
− ψ Dr
∂t D
∂xD
∂yD

∂U Dw
∂U
− ψ Dr
∂xD
∂yD
sU Dr − ϑ

T Dr =

ðA:16Þ

ðA:11Þ
U Dr = C 1 exp

rﬃﬃﬃ !
s
y
+ C2 exp
ϑ D

rﬃﬃﬃ !
s
− yD :
ϑ

ðA:22Þ
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Substituting Equation (A.22) into (A.21) yields
rﬃﬃﬃ!
s
C 2 = C 1 exp 2
:
ϑ

ðA:23Þ

Substituting Equation (A.22) into (A.20) yields
U Dw = C 1 + C 2 :

ðA:24Þ

Solving Equations (A.23) and (A.24) yields
C1 =

U Dw
 pﬃﬃﬃﬃﬃﬃ ,
1 + exp 2 s/ϑ

 pﬃﬃﬃﬃﬃﬃ
U Dw exp 2 s/ϑ
 pﬃﬃﬃﬃﬃﬃ :
C2 =
1 + exp 2 s/ϑ

ðA:25Þ

∂U Dr
∂yD

yD

A.3. Stehfest Method of Numerical Inverse Transform. The
Stehfest method is a numerical approximation for inverse
transform to derive the original function in time domain. If
the function f ðtÞ has an image function FðsÞ in the Laplace
domain, the Stehfest method expresses the transform of Fðs
Þ back to f ðtÞ as


ln 2 N
ln 2
〠 ViF
×i ,
t i=1
t

ðA:34Þ

kN/2 ð2kÞ!
,
N/2
−
k
ð
ð
Þ
Þ!k!
ðk − 1Þ!ði − kÞ!ð2k − iÞ!
k=m



i+1
,
2


N
n = min i,
:
2

ðA:26Þ

With Equations (A.25) and (A.26), taking partial diﬀerentiation on both sides of Equation (A.22) gets
rﬃﬃﬃ
s
,
= ξU Dw
ϑ
=0

Thus, the analytical solutions of temperature distribution
are derived as Equations (A.32) and (A.33) in the Laplace
domain. These analytical solutions should be inversely transformed back to the time domain to obtain their physical
meaning. However, Equations (A.32) and (A.33) are too
complex to perform Laplace inverse transform. In this study,
a numerical inverse transform is performed to derive the
solution in the time domain.

ðA:27Þ

f ðt Þ ≈
where
n

V i = ð−1ÞðN/2Þ+i 〠

m = int

ðA:35Þ

where
 pﬃﬃﬃﬃﬃﬃ
1 − exp 2 s/ϑ
 pﬃﬃﬃﬃﬃﬃ :
ξ=
1 + exp 2 s/ϑ

ðA:28Þ

Generally, N is taken as an even number between 10 and
18.

Data Availability
Substituting Equation (A.27) into (A.17) yields
sU Dw +

∂U Dw
∂xD

rﬃﬃﬃ
s
= 0:
− ψξU Dw
ϑ

The general solution of Equation (A.29) is
"
rﬃﬃﬃ ! #
s
U Dw = C 3 exp
− s xD :
ψξ
ϑ

Data is available on request.
ðA:29Þ
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ðA:30Þ

Substituting Equation (A.30) into (A.19) yields
C3 =

1
:
s

ðA:31Þ

Hence, the analytical solutions in the Laplace domain are
obtained as
"
rﬃﬃﬃ ! #
1
s
U Dw = exp
ψξ
− s xD ,
ðA:32Þ
s
ϑ

U Dr =

exp
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