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Abstract
Understanding fluid flow in fractured porous media under coupled thermal–hydrological–mechanical (THM) conditions is 
a fundamental aspect of geothermal energy extraction. In this study, we developed a fully coupled THM model, incorporat-
ing porosity and permeability variations, to scrutinize the process of geothermal energy extraction within fractured porous 
reservoirs. Moreover, we accentuated the significance of natural fracture orientation and hydraulic fracture permeability on 
fluid trajectories and heat extraction efficiency. Simulation results revealed that hydraulic fractures predominantly govern 
fluid channels and thermal exchange between injected water and the reservoir. Interconnected natural fractures bolster water 
migration into the reservoir, while detached fractures exert minimal influence on fluid dynamics, underscoring the crucial 
role of fracture connectivity in optimizing heat extraction efficiency. The sensitivity analysis indicated that larger fracture 
angles marginally hinder pressure and cool-water dispersion into the fractured reservoir, resulting in subtle enhancements 
in heat extraction rates and average production temperatures. An upsurge in hydraulic fracture permeability augments fluid 
velocity and thermal exchange, thereby fostering heat extraction efficiency. The THM model developed in this study offers 
a comprehensive insight into fluid flow within fractured porous media and its implications on geothermal energy extraction.

Keywords Geothermal energy · Coupled THM modeling · Fractured reservoir · Numerical simulation · Stress-dependent 
permeability model

List of symbols

Latin letters
Cs   Specific heat of matrix, J  kg−1  K−1

Cw   Specific heat of water, J  kg−1  K−1

E   Young’s modulus, Pa
G   Shear modulus of porous media, Pa
hr   Heat exchange rate, %
ht   Cumulative heat extraction, J
km0   Initial permeability of matrix,  m2

km   Permeability of matrix,  m2

Ks   The bulk modulus of rock skeleton, Pa
p   Pore pressure, Pa
q   Average flow rate,  m3  s−1

S�   Storage coefficient, 1  Pa−1

t   Time, s
T0   Initial temperature, K
T    Temperature, K
Ta   Average production temperature, K
Tinj   Temperatures at the injection well, K
Tpro   Temperatures at production well, K

Greek letters
�   Biot’s coefficient
�T   Thermal expansion coefficient, 1/°C
�v   Volumetric strain
��   Thermal conductivity, W  m−1  K−1

�w   Viscosity of water, Pa s
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�s   The density of matrix, kg  m−3

�w   Density of water, kg  m−3

Δ��   Effective stress change, Pa
�m0   Initial fracture porosity
�m   Fracture porosity

Introduction

Geothermal energy is a promising source of renewable 
energy that can be used to generate electricity and heat. In 
deep subsurface reservoirs, the geothermal resources are 
present in the form of hot, dry rock (Kazemi et al. 2019). 
However, the permeability of these rocks is usually low, 
which limits the extraction of the geothermal energy (Li and 
Lior 2015; Han et al. 2020; Zhang et al. 2020). To overcome 
this limitation, an Enhanced Geothermal System (EGS) is 
used, which involves the injection of cold water into the 
reservoir at high pressure (Blackwell et al. 2006; Feng et al. 
2014; Lu 2018). The water is circulated through the reservoir 
to extract the geothermal energy and then, returned to the 
surface for reheating and recirculation.

Heat extraction from porous or fractured porous res-
ervoirs is believed to be a coupled Thermal–Hydraulic-
Mechanical (THM) process (Jeanne et al. 2014; Zhao et al. 
2015; Song et al. 2018; Aliyu and Chen 2018). Over the 
past few decades, numerous simulation models have been 
developed to investigate and comprehend the coupled THM 
phenomenon in the process of heat extraction (Ma et al. 
2020a, 2021). Chen et al. (2014) presented a discrete frac-
ture modeling strategy for examining flow and heat transmis-
sion in fractured reservoirs, while Bower et al. implemented 
a dual-porosity model into the FEHM finite element code 
to study groundwater flow dynamics in a saturated reser-
voir with thermal sources. Pandey et al. (2017) extended 
the FEHM code to three-dimensional numerical simula-
tion cases, focusing on the reservoir deformation-induced 
hydraulic transmissivity during heat extraction. Gutierrez 
and Makurat (1997) presented a THM modeling approach 
for analyzing cold water injection into the fractured reser-
voir, and Koh et al. (2011) simulated cold water injection 
into the fractured reservoir using a thermo-poroelastic model 
that considers the closure and opening of fractures due to 
the effective stress. Ghassemi and Zhou (2011) proposed a 
three-dimensional coupled poro-thermo-chemo-mechanical 
model, where FEM and boundary integral equation methods 
are utilized to represent flow and heat transfer in fracture and 
matrix, respectively. The model was expanded by Rawal and 
Ghassemi (2014) to include reactive solute transport in the 
fracture. De Simone et al. (2013) performed a coupled THM 
model to investigate the cold water injection-induced seis-
micity in a fractured zone within a multi-layer system, while 

Taron and Elsworth (2009) developed a new approach and 
TOUGHREACT-FLAC simulator to model coupled THMC 
processes in dual-porosity geothermal reservoirs.

Recent experiments conducted by Shu et  al. (2022) 
investigated the heat transport properties of a single geo-
thermal fracture at varying reservoir temperatures and 
in situ stress conditions, while Zhang et al. (2022) inves-
tigated the evolution of fractures in EGS using fractal the-
ory. Additionally, numerous researchers employ random 
methods to construct a fracture network and then, con-
duct numerical simulation research to examine fluid flow 
and heat transfer in the fracture network (Yao et al. 2018; 
Guo et al. 2019; Nadimi et al. 2020). (Ma et al. 2020b) 
developed a two-dimensional random fracture model 
to investigate the relationship between the optimal well 
layout and fracture parameters. The results indicate that 
increasing the number of fractures could improve the per-
formance of heat extraction, but excessive fractures could 
exacerbate the interference between fractures, resulting 
in negative impacts. (Ma et al. 2020c) investigated the 
influence of intersecting fractures with different angles 
on the heat extraction of a three-dimensional EGS model. 
The results indicate that the heat transfer rate of the fluid 
increases according to the uniformity of fracture distribu-
tion in the reservoir. Overall, these simulation models and 
experiments provide valuable insights into the complex 
THM processes involved in heat extraction from fractured 
porous reservoirs, which can inform the design and opti-
mization of EGS.

Previous studies on heat extraction from fractured 
porous reservoirs have mainly focused on the effect of fluid 
flow in a single fracture or a random fracture network on 
heat extraction performance, while ignoring the impact 
of hydraulic fractures. However, hydraulic fractures are 
crucial pathways for seepage and heat transmission, and 
their properties are essential for successful exploitation 
of Hot Dry Rock (HDR) resources (Legarth et al. 2005; 
Julian et al. 2010; Li et al. 2021). To simulate heat energy 
extraction from fractured porous reservoirs in a coupled 
Thermo-Hydro-Mechanical (THM) model, this study con-
structs an Enhanced Geothermal System (EGS) model 
with a random fracture network. The study aims to exam-
ine the influence of hydraulic fractures on heat extrac-
tion performance. By considering hydraulic fractures, this 
study can provide a more comprehensive understanding of 
the complex THM processes involved in heat extraction 
from fractured porous reservoirs.

The paper is structured as follows: Firstly, we present 
the governing equations of the coupled THM model. Next, 
we describe the model setup, including details about the 
geometry, initial and boundary conditions and other rele-
vant factors. Then, we present the simulation results of the 
base case and investigate the influence of natural fracture 
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orientations and fracture permeability on heat extraction. 
Finally, we provide a summary and conclusion.

Governing equations of coupled THM model

To obtain mathematical models that describe the coupled 
process during heat extraction from fractured reservoirs, 
the following assumptions are made(Tian et al. 2023):

(1) The strains of the reservoir are infinitesimal.
(2) Water viscosity remains constant.
(3) The influence of gravity is neglected.
(4) The effect of solid deformation on fracture aperture and 

permeability is ignored.

The governing equations for the coupled Thermo-Hydro-
Mechanical (THM) model in the matrix and fracture systems 
are described by Rutqvist et al. (2001) and Lei et al. (2021). 
These equations take into account the coupled processes of 
fluid flow, heat transfer, and rock deformation, providing 
a comprehensive understanding of the complex THM pro-
cesses involved in heat extraction from fractured reservoirs. 
By utilizing the aforementioned assumptions, this study can 
derive a mathematical model for simulating heat extraction 
from fractured reservoirs, which is described as follows: 
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The mass and energy balance equations are represented 
by Eqs. (1) and (2), respectively. Equation (3) represents 
the solid deformation equation, where �w and �w denote 
the density and viscosity of water. Subscripts � = m and 
f  represent the variables in matrix and fractures, respec-
tively. S� is the storage coefficient, � is thermal compressi-
bility, � is Biot’s coefficient, (�C)b is the bulk specific heat, 
T0 is initial temperature, �� is the thermal conductivity, G 
is the shear modulus of porous media, u is displacement, � 

(3)Gui,kk +
G

1 − �
uk,ki − �TKtT,i − �p,i + fi = 0

Fig. 1  Geometric configurations for the two cases. In Case A, hydraulic fractures are shown in the left figure, while in Case B, the natural frac-
tures are also considered, as shown in the right figure

Table 1  Parameters for the simulation of heat extraction in fractured 
porous reservoirs

Parameter Value Unit

Young’s modulus, E 20 GPa

Poisson’s ratio, � 0.30 1
The density of matrix, �

s
2700 Kg  m−3

Dynamic viscosity of water, � 0.001 Pa s
Initial porosity, �

0
0.01 –

Initial permeability of matrix, k
0

1 ×  10–18
m2

The bulk modulus of rock skeleton, Ks 16.60 GPa

Thermal expansion coefficient, �T 2 ×  10–6
1 K

−1

Specific heat of matrix, C
s

1000 J  (Kg−1  K−1)
Specific heat of water, Cw 4200 J  (Kg−1  K−1)
Thermal conductivity coefficient of matrix, 
�
s

2 W  m−1  K−1

Storage coefficient of matrix, Sm 1 ×  10–8
Pa−1

Storage coefficient of fracture, Sf 1 ×  10–9
Pa−1
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is Poisson’s ratio, p is the pore pressure, T  is the tempera-
ture, and �v denotes for volumetric strain.

The model presented in this study disregards variations 
in fracture porosity and assumes that the fracture poros-
ity is a constant value of 1. Additionally, the aperture and 
permeability of the fracture are assumed to be constant 
throughout the process of thermal extraction. However, 
solid deformation induced by pore pressure and tempera-
ture can lead to changes in the structures of pores, result-
ing in variations in the porosity and permeability of the 
matrix. To account for these changes, a stress-dependent 
porosity model is adopted in this study, which is expressed 
as follows:

where �m0 represents the fracture porosity at the 
initial stress condition; Δσ� represents the effective 
stress difference between the current average effective 
stress σ�

=
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The effective principal stresses, with compression stress 
being represented as a negative quantity, can be expressed 
as follows(Tian et al. 2022):
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Fig. 2  Distributions of pressure 
for the two cases at different 
time intervals of t = 5, 10, and 
20 years. The simulation results 
for Case A are displayed in the 
left figure, while those for Case 
B are displayed in the right 
figure

Fig. 3  Temporal evolution of pore pressure at the monitoring points 
A1, A2, and A3
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where the total principal stresses are denoted by �1 , �2 , and 
�3 , respectively.

(7)�
�

3
= �3 + �pm

The relationship between matrix porosity and permeabil-
ity in this study is assumed to follow the cubic law, which is 
expressed as follows (Ma et al. 2017):

where km0 represents the initial permeability of the matrix 
system.

Model setup

To investigate the influence of discrete fracture networks on 
heat recovery, two cases are considered in this study: one 
with randomly distributed natural fractures, and the other 
without. The geometry of both cases is depicted in Fig. 1, 
with the simulation domain measuring 500 m by 300 m in 
size.

Figure 1b shows two types of fractures: hydraulic frac-
tures and randomly distributed natural fractures. Nine cracks 
are evenly dispersed in the vertical direction, with a spac-
ing of 50 m between them. The lengths of natural fractures 
adhere to a normal distribution with an expected value and 
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Fig. 4  Temperature distribu-
tions for the two cases at t = 5, 
10, and 20 years. The simula-
tion results for Case A are dis-
played in the left figure, while 
those for Case B are displayed 
in the right figure

Fig. 5  Temporal evolution of temperature at the monitoring points 
B1, B2, and B3
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variance of 25 and 1, respectively. The aperture and per-
meability of the hydraulic fractures are set to 2 mm and 
3 × 10−13  m2, respectively. The width and permeability of the 
natural fractures are adjusted to 0.5 mm and 7.5 × 10−14  m2, 
respectively. These parameters are chosen to represent a 
typical fractured reservoir, and the two cases are used to 
analyze the impact of natural fractures on heat recovery in a 
hydraulic fracture-dominated system.

To obtain the initial pore pressure, temperature, and 
stress state at the start of thermal extraction, a steady-state 
model is simulated. It is assumed that the reservoir is ini-
tially saturated with water, with an initial temperature and 
pressure of 420 K and 2 MPa, respectively. The upper and 
lower boundaries of the simulation domain are assigned 
as injection and production wells, respectively, with Dir-
ichlet boundary conditions. The pressure and temperature 
of the injection well are set to 8 MPa and 290 K, while the 
production well has the same pressure and temperature val-
ues as the initial conditions. The remaining boundaries are 

enforced by thermal insulation and no-flow conditions. For 
the mechanical boundaries, the left and upper boundaries of 
the domain are subjected to boundary loadings of 10 MPa, 
while the lower and right boundaries are constrained with 
zero-displacements. The specific simulation parameters are 
listed in Table 1. These conditions are chosen to represent 
a typical geothermal reservoir, and the steady-state model 
is used to provide the initial conditions for the subsequent 
thermal extraction simulations.

The final governing equations for fluid flow, heat transfer, 
and solid deformation are represented by Eqs. (1)–(3). To 
solve these equations, we employ the finite element software 
COMSOL Multiphysics. We utilize a preconfigured COM-
SOL porous media and subsurface flow module to address 
the flow component in Eq. (1). Meanwhile, Eqs. (2) and (3) 
are computed using the heat transfer in solids and geome-
chanics modules, respectively. For solving the differential 
equations, we opt for the Time-Dependent Solver technique, 
which incorporates implicit time-stepping methods based on 

(a) (b)

(c)

Fig. 6  a Average production temperature, output thermal power, and heat extraction rate for the two cases
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the backward differentiation formula (BDF). The BDF order 
ranges from 1 to 5, and we assign the default value of 2. The 
nonlinear solver implements a dampened version of New-
ton's method, which manages parameters for a fully coupled 
approach to the solution. The convergence criterion is verified 
when the damping factor for the current iteration equals 1. 
Consequently, the solution proceeds as long as the damping 
factor does not equal 1, even if the estimated error is less than 
the specified relative tolerance. To enhance the accuracy of 
our results, we establish a relative tolerance of 0.001.

Results and discussion

Figure 2 displays the pressure distribution after 5, 15, and 
20 years for both cases. The simulation results reveal that 
pore pressure generally propagates along the hydraulic 

fractures, leading to higher pressure in their vicinity com-
pared to areas further away. Consequently, hydraulic frac-
tures predominantly influence the flow path due to their 
higher permeability and porosity compared to the surround-
ing matrix. A noticeable pressure change is observed around 
natural fractures connected to hydraulic fractures in Case 
B, indicating that connected fractures significantly impact 
fluid flow, while isolated fractures have a negligible effect 
on flow channels.

Figure 3 illustrates the temporal evolution of pore pres-
sure at monitoring points A1, A2, and A3 along the y-direc-
tion. After 20 years of extraction, the pressures at Points 
A1, A2, and A3 are approximately 2.25 MPa, 3.02 MPa, 
and 4.60 MPa in Case B, while the pressures at Points 
A1, A2, and A3 are approximately 2.27 MPa, 3.07 MPa, 
and 4.76 MPa in Case A. The simulation results indicate 
that pore pressure increases as high-pressure water is 

Fig. 7  Fractured reservoirs with different fracture configurations: a � = 30
◦ , b � = 60

◦ , and(c) � = 90
◦

Fig. 8  Distribution of pressure after 20 years of heat extraction in the reservoirs with different fracture configurations

Fig. 9  Temperature distribution after 20 years of heat extraction in the reservoirs with different fracture configurations
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continuously injected into the reservoir. In the early stages, 
the pressures at monitoring points in Case A are lower due to 
isolated fractures, which reduce the amount of fluid entering 
the hydraulic fractures. Case A exhibits higher pressures at 
points than Case B because non-isolated natural fractures 
impact flow patterns.

Figure 4 presents the temperature distribution after 5, 15, 
and 20 years for both cases. As cold water is injected, heat 
exchange occurs between the reservoir and water, lower-
ing the temperature within the fracture. Along the hydraulic 
fractures, their high thermal conductivity coefficient causes 
significant temperature fluctuations. Furthermore, heat in the 

area surrounding a fracture is transferred into the fracture, 
resulting in the cooling of the adjacent area.

Figure  5 illustrates the evolution of temperature at 
Points B1, B2, and B3. The results indicate a temperature 
decrease for both cases, with Case B exhibiting a lower 
temperature than Case A due to the increased heat con-
ductivity of the fracture in Case A. The temperatures are 
approximately 325 K in Case A and 322 K in Case B, 
respectively.

Figure 6 displays the evolution of average production 
temperature, output thermal power, and heat extraction rate 
for the two cases. The average production temperature ( Ta ) 
is defined as follows:

where T(t) represents the temperature on the well surface at 
different times, and A is the production well surface area.

The output thermal power pout is calculated by:

where q is the average flow rate through the production well, 
and Tinj and Tpro are the temperatures at the injection and 
production wells, respectively.

The heat exchange rate hr is defined as follows:

where �1 is the output thermal energy, and �2 is the total 
stored thermal energy.

At the early stage, the average production temperature in 
Case A is similar to that in Case B. After 8 years of injec-
tion, the average production temperature in Case B becomes 
greater than that in Case A, which can be attributed to the 
natural fractures that increase flow velocity and enhance heat 
extraction efficiency. Case B offers higher output thermal 
power due to its increased permeability, which provides 
more flow channels. The heat extraction rate is slightly larger 
in Case B than in Case A, which can be explained by the fact 
that considerable portions of natural fractures are separated. 
This demonstrates that the connection of fractures has a sig-
nificant effect on improving heat extraction rate efficiency.

Influence of the orientations of natural fractures 
on heat extraction

In this section, we conduct three cases to examine the impact 
of natural fracture orientations on heat extraction. Figure 7 
displays the fracture configurations for each case, where the 
angles � between natural fractures and hydraulic fractures 

(9)Ta =
∫ T(t)dA

A

(10)pout = q�wcw(Tpro − Tinj)

(11)hr =
�1

�2
=

∫
Ω
�sCs

(

Tini − T(t)
)

dΩ

∫
Ω
�sCs

(

Tini − Tinj
)

dΩ

Fig. 10  Evolution of pressure at the monitoring points A1, A2, and 
A3 in the cases with different fracture angles

Fig. 11  Evolution of temperature at the monitoring points B1, B2, 
and B3 in the cases with different fracture angles
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are set to 30°, 60°, and 90°, respectively. The length and 
aperture remain consistent across all cases.

The distributions of pressure and temperature for the five 
cases with different fracture angles after 20 years of coal-
water injection are shown in Figs. 8 and 9. The simulation 
results demonstrate that the orientation of natural fractures 
influences fluid flow routes and temperature fields across 
the entire region.

Figure 10 displays the evolution of pressure at Points A1, 
A2, and A3, while Fig. 11 illustrates the changes in tem-
perature at Points B1, B2, and B3. As the fracture angle 
increases, both pressure and temperature at the monitoring 

points decrease. Fluids tend to flow along the x-direction, 
leading to reduced pressure and heat propagation into the 
fractured reservoir. Among the cases, the one with a fracture 
angle of 30° exhibits the highest pore pressure values, reach-
ing 2.08 MPa, 2.48 MPa, and 3.08 MPa at Points A1, A2, 
and A3, respectively, after 20 years of thermal extraction.

Figure 12 illustrates the average extraction temperature and 
heat rate for cases with different fracture angles. In cases where 
fracture angles are 30 degrees, heat extraction is least effec-
tive. As the fracture angles increase, the heat extraction rate 
and average production temperature experience a slight rise. 
From these results, it can be inferred that isolated fractures 

(a) (b)

Fig. 12  a average production temperature and b heat extraction rate for the cases with different fracture angles

Fig. 13  Pressure distribution 
after 20 years of heat extraction 
for the four cases with different 
hydraulic fracture perme-
ability of a 5 × 10

−14m2 , b 
1 × 10

−13m2 , c 2 × 10
−13m2 , and 

d 4 × 10
−13m2
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do not significantly contribute to enhancing heat extraction 
performance.

Influence of the permeability of hydraulic fractures 
on heat extraction

This section examines the effect of hydraulic fracture per-
meability on heat extraction through four different cases. 
The permeabilities of hydraulic fractures in these cases 
are 5 × 10−14m2 , 1 × 10−13m2 , 2 × 10−13 and 4 × 10−13 , 
respectively. Figures 13 and 14 display the distribution of 
pore pressure and temperature after 20 years of injection 
for each case. As the permeability of hydraulic fractures 
increases, fluid migration into the reservoir accelerates, 
leading to enhanced heat exchange between cold water and 

hot rock. This causes the heat exchange zone to expand 
gradually toward the production well. It is noteworthy 
that as the permeability increases from 2 × 10−13m2 and 
4 × 10−13m2 , the expansion trend of the pressure range 
slows down.

Figure 15 displays the relationship between water pres-
sure and time at Point A1. An increase in permeability 
leads to a rise in water pressure. Figure 16 illustrates the 
evolution of average production temperature, heat extrac-
tion rate, and cumulative heat extraction for the four cases. 
The cumulative heat extraction ( ht ) is calculated using the 
following equation:

After 20 years of extraction, the maximum and mini-
mum pressure values are approximately 5.94 MPa and 
3.50 MPa for fracture permeabilities of 4 × 10−13m2 and 
5 × 10−14m2 , respectively. An increase in fracture perme-
ability tends to raise the pore pressure within the reservoir. 
A significant reduction in average production temperature 
is observed with increasing hydraulic fracture permeabil-
ity, facilitating heat exchange and enhancing both the heat 
extraction rate and cumulative heat extraction. As fracture 
permeability increases from 5 × 10−14m2 to 4 × 10−13m2 , 
the heat extraction rate rises from 40.1 to 78.0%, and heat 
extraction grows from 1.0 × 1012 to 3.1 × 1013 J.

(12)ht = ∫
t

0

hrdt = ∫
t

0

q�wcw(Tpro − Tinj) dt

Fig. 14  Temperature distri-
bution after 20 years of heat 
extraction for the four cases 
with different hydraulic fracture 
permeability of a 5 × 10

−14m2 , 
b 1 × 10

−13m2 , c 2 × 10
−13m2 , 

and d 4 × 10
−13m2

Fig. 15  The evolution of temperature at point A1 for the four cases
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Summary and conclusions

In this study, we explored the extraction of geothermal 
energy from fractured porous reservoirs using a coupled 
thermal–hydrological–mechanical (THM) model, where 
porosity and permeability relate to effective stress changes. 
We focused on the impact of natural fracture orientation and 
hydraulic fracture permeability on fluid pathways and heat 
extraction efficiency. The following conclusions are derived:

(1) The influence of hydraulic fracture is significant on the 
fluid pathway and the thermal interchange between the 
injected water and the reservoir. Augmented by natu-
ral fractures intersecting the primary fracture, the area 
available for fluid migration expands, while isolated 
fractures exert minimal influence on fluid dynamics. 
This observation underscores the premise that fracture 

connectivity enhancement optimizes both heat extrac-
tion efficiency and overall performance.

(2) Fluids exhibit a propensity to flow along the x-axis as 
the fracture angle enlarges, thereby attenuating pres-
sure and thermal propagation into the fractured reser-
voir. Subtle improvements in the heat extraction rate 
and mean production temperature are observed with 
escalating fracture angles. Enhanced hydraulic fracture 
permeability amplifies the fluid velocity and thermal 
exchange between cool water and heated rock strata. 
This surge in permeability results in a decrease in reser-
voir temperature, facilitating increased heat extraction 
efficiency and overall performance.

This current investigation utilized a two-dimensional 
geometry model, but future research will concentrate on 
heat extraction and water migration efficiency using a 

(a) (b)

(c)

Fig. 16  a Average production temperature, b heat extraction rate, and c cumulative heat extraction for the four cases
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more realistic three-dimensional geometry model during 
geothermal energy extraction.
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