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Abstract

The operation of a geothermal system is a highly complex process, which is
deeply influenced by multiple factors such as the complex multi-field coupling
effect between heat conduction, fluid flow and rock mechanical deformation
and the non-uniform distribution of the fracture network. On this basis, con-
sidering the thermo-hydro-mechanical (THN) coupling effect, this paper sys-
tematically studies the evolution of the geothermal reservoir heat energy ex-
traction process based on a two-dimensional discrete fracture network. The
results show that the low temperature area shows obvious non-uniform expan-
sion from the injection well area to the surrounding area, and the fracture has
a controlling effect on the diffusion of the low temperature area. The high value
distribution of pore pressure appears in the injection well area, while the pro-
duction well area shows a low value distribution. The high value distribution
area of pore pressure near the injection well shows an expansion trend with
time. The high permeability area is mainly distributed near the injection well,
while the permeability of the reservoir rock near the production well is rela-
tively low, and the permeability of the measuring point near the injection well
is higher than that far away from the injection well. The research results can
provide a theoretical basis and reference for the production and operation of
geothermal engineering.

Keywords
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1. Introduction

With the continuous growth of the global economy and the continuous expansion

of the population, the world’s energy demand is showing a trend of continuous
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increase. This trend has led to the large-scale exploitation and consumption of
traditional fossil energy, such as coal, oil and natural gas (Mahmoodpour et al.,
2022). As the pillar of the current energy system, the exploitation and use of fossil
energy not only brings about the problem of resource depletion, but also releases
a large amount of harmful gases and particulate matter such as carbon dioxide
(COy), sulfides and nitrogen oxides during combustion. These emissions pose a
serious challenge to the global climate system, exacerbating the greenhouse effect,
leading to a series of environmental problems such as rising global temperatures,
frequent extreme weather events, and rising sea levels (Zhou et al., 2024). In ad-
dition, air pollution and acid rain are also the direct consequences of fossil energy
combustion, which seriously threaten human health and ecosystem balance.

Therefore, the search and development of renewable, clean and efficient green
energy has become the focus of global scientific research, government and all sec-
tors of society (Zayed et al., 2023). Green energy, including solar energy, wind en-
ergy, water energy (hydropower, tidal energy, wave energy), biomass energy, ge-
othermal energy, etc., has the essence that they can be continuously obtained from
nature, and in the process of using almost no or only produce a very small amount
of harmful substances, with minimal impact on the environment. Compared with
fossil energy, green energy not only helps to reduce dependence on natural re-
sources, but also significantly reduces greenhouse gas emissions, combats global
climate change, and promotes the achievement of sustainable development goals
(IPCC, 2022).

Geothermal energy, as a clean and renewable energy with great development
prospects, has attracted much attention in the global energy field because of its
wide distribution, almost infinite reserves, stable and reliable energy supply, and
almost no pollutant emissions during the whole utilization process. In particular,
the hot dry rock resources located at a depth of 3 - 10 km below the surface have
extremely large energy reserves and are regarded as an important cornerstone of
future energy supply (Jiang et al., 2024; Li et al., 2023; Falcone et al., 2018). In
order to solve these challenges, the research pioneers of the Alamos National La-
boratory in the United States creatively proposed the concept of Enhanced Geo-
thermal Systems (EGS) in the 1970s.This is a revolutionary method that aims to
artificially create or expand the fracture network in the rock through advanced
hydraulic fracturing technology, thereby effectively extracting thermal energy in
hot dry rock. The proposal of this technology has opened up a new way for the
commercial development of deep geothermal energy (Lu, 2018; Pandey et al.,
2018).

However, it is worth noting that in previous studies on enhanced geothermal
systems, many scholars tend to focus on thermodynamic analysis or direct appli-
cation of hydraulic fracturing technology, while ignoring the far-reaching impact
of mechanical action on fracture propagation, rock stability and thermal fluid flow
efficiency (Song et al., 2022). In addition, the complexity of rock fractures, includ-

ing the shape, direction, connectivity and distribution of fractures, is also a key
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factor affecting the efficiency and sustainability of geothermal resource exploita-
tion. These complex factors have not been fully recognized and considered in pre-
vious studies (Aliyu & Chen, 2017; Gao et al., 2021; M.D. Aliyu & Chen, 2018). There-
fore, by establishing a geothermal reservoir containing a two-dimensional discrete
fracture network and considering the influence of thermo-hydro-mechanical
(THM) coupling effect, this study systematically studies the evolution of the tem-
perature field and seepage field in the process of EGS thermal energy production.
The research results can provide a theoretical basis and reference for the produc-

tion and operation of geothermal engineering.

2. Theoretical Part

2.1. Temperature Field

The evolution of the temperature field is described by the energy conservation

equation. For rocks containing pore fluid, the specific expression is:
oT,
(1—¢m)memFm=V~((l—¢m)kaTm)+qm| (T,-T,) (1)

Among them, 7, and T;are the rock matrix temperature and fluid temperature
in porous media, respectively. p,, denotes the density of rock matrix; C, represents
the specific heat capacity of rock matrix; A,, represents the thermal conductivity
of rock matrix; ¢, represents the porosity of rock matrix; ¢, represents the heat
transfer coefficient of the interface between the matrix and the pore fluid. The left
side of the above equation represents the change of temperature with time. The
first term on the right side represents the thermal diffusion of the rock matrix,
and the second term on the right side represents the temperature effect caused by
the fluid in the pores.

For fractured reservoirs, it is necessary to further consider the temperature field
changes of fractures. At this time, the energy conservation equation is modified

to:
(1_¢f )pfcf %ZVT '((1_¢f )vaTTm)"_qfl(Tl_Tm)"_ n-q, (2)

Among them, 7;, and 7; are the matrix temperature and fluid temperature in
the porous medium, respectively; prdenotes the fracture density; Crrepresents the
specific heat capacity of the fracture; A\rdenotes the thermal conductivity of the
crack; ggrepresents the heat transfer coefficient between fracture and fluid; e is
the hydraulic width of the fracture; n-g, =n-(—(1-¢,)A,VT,) denotes the
heat flux exchange between the fracture and the rock matrix.

For the fluid in the pore, the energy conservation equation has a similar struc-
ture, but the influence of thermal convection needs to be considered at the same

time, which is expressed as follows:
T,
Oy Ple;E"' dipCp iUy -ViT, =V, (¢f MV, )"‘ aa (Tm - ) (3)

where G, denotes the heat capacity of the fluid at a constant pressure; Asrepre-
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sents the thermal conductivity of the fluid; u,, =—k,/uVp represents the Darcy
velocity in rock matrix. The second term on the left side of the equation represents
the temperature field change caused by fluid motion (thermal convection). Simi-
larly, the relationship between the fluid heat fluxes between the fractures satisfies

the following equation:
oT,
¢fehp1CPvla_tl+¢fehpICp,1uf VT =V, '((I)feh?\‘lVTTl ) + ehqA(Tm -T )+ n-g, (4)

u; =—k; / uVy, represents the fluid velocity in the fracture, and
n-g,=n -(—d)m?ulVTl) represents the heat flux exchange between the reservoir

rock matrix and the fracture.

2.2. Fluid Field

The mechanical field is based on the momentum conservation equation. For po-

rous elastic media, it is simplified to the equilibrium equation:

op oT O p,k
Cpn——p.Con—+p,Csy —==V:| -2V 5
P1im ot P1%2m ot Piam at [ " p (5)

Among them, P, 7, ¢, represent the fluid pressure, fluid temperature and
pore volume strain in the rock matrix, respectively.

C,, =f,S + (1— f, ) S, denotes the storage coefficient of rock matrix;

C,,=0, (¢m[31 +(1-¢, )Bm) denotes the thermal expansion coefficient of rock

matrix; C,, =0, represents the Biot coefficient of rock matrix; ¢, represents

m m

reservoir porosity, p, and p represent fluid density and dynamic viscosity; B,
and B, represent the thermal expansion coefficients of fluid and rock matrix,
respectively.

The fracture in the rock is regarded as the internal boundary. Considering that
the length of the fracture is often much larger than the width of the fracture, the
flow of fluid along the width of the fracture can be ignored. The fluid flow in the

fracture can be expressed as:

p or oeV e.p,k
plleeha_PlcﬂehE"‘Plefeh?:VT'[ L

VT p\J+n'Qm (6)

where, C;; =¢,S +(1—¢f )Sf represents the storage coefficient of the crack;
C,, =a, (c])f[?), +(1—(])f )Bf) denotes the thermal expansion coefficient of the
crack; C;; =a,; denotes the Biot coefficient of the crack; ¢, is the porosity of

the crack; S; denotes the storage coefficient of fracture; B; denotes the ther-
mal expansion coefficient of the crack; N-Q,, = n-(—pkm / qu) represents the
fluid mass flux exchange between rock matrix and fracture; V; represents the

gradient operator in the tangential direction of the fracture.

2.3. Mechanical Field

The mechanical field is based on the momentum conservation equation. For po-

rous elastic media, it is simplified to the equilibrium equation:
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o, +f =0 (7)

1],] 1

where ©; denotes the total stress; f; denotes external stress. The constitutive
equation (stress-strain relationship) associated with it, taking into account linear

elasticity, pore fluid stress and thermal stress, is expressed as follows:

o; = 2Gg; +1g;6; —a, pd; — KB, T 5; (8)

i~ij

where G and ) denote the Lame constant; K'=2G(1+V) / 3(1-2v) denotes
the bulk modulus of rock matrix; B; =¢,B, +(1-¢,)B, denotes the thermal ex-

pansion coefficient of rock matrix; o, (: o, =0 ) represents Biot coefficient;
ol = G, +0,Pd; represents the effective stress.

2.4. Numerical Method

The numerical simulations in this study were conducted using COMSOL Mul-
tiphysics, a finite element method based simulation platform. The fully coupled
thermo-hydro-mechanical equations were solved simultaneously using the fully
implicit Multifrontal Massively Parallel Sparse direct Solver to ensure numerical
stability and accuracy. A variable time-stepping scheme was adopted, with an in-
itial time step of 0.1 day and a maximum time step of 30 days. The time step was
automatically adjusted based on the local truncation error tolerance. The conver-
gence criterion for the nonlinear solver was set to an absolute tolerance of 1 x 107¢

and a relative tolerance of 1 x 107 for all dependent variables.

3. Model Introducing

In this study, a two-dimensional model of size 300 m x 300 m was established,
containing a discrete fracture network with 100 randomly distributed fractures.
The specific characteristics are shown in Figure 1. The model includes one injec-
tion well and one production well, each with a radius of 2 m, located at the left
and right boundaries, respectively. The initial reservoir temperature was set to
120 °C, and the initial pore pressure was assumed to be hydrostatic at 48 MPa,
corresponding to a depth of approximately 4.8 km. The initial horizontal stress
was uniformly set to 212 MPa to represent the far-field in-situ stress. The outer
boundaries of the model were assumed to be thermally insulated, while the injec-
tion fluid temperature was fixed at 50°C. The injection well was operated under a
constant pressure condition of 55 MPa, and the production well was maintained
at a constant bottom-hole pressure of 48 MPa. The outer boundaries were as-
sumed to be no-flow boundaries for fluid. The outer boundaries were constrained
by roller supports (normal displacement fixed, tangential free), and the internal
well boundaries were free to deform. The detailed input parameters for the THM
model are summarized in Table 1.

The 2D assumption was adopted to significantly reduce computational cost
while capturing the primary coupled THM responses, as the dominant fluid flow

and heat transport occur along the fracture plane in enhanced geothermal
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The production well

I

N PA

The inje::tion well

Figure 1. THM coupling model diagram.

Table 1. Input parameter settings of THM model.

Parameter Value Parameter Value
. Thermal diffusion coefficient of
Elastic modulus (Pa) 1x10° 5
rock (W/(m-K))
. . Thermal expansion coefficient
Poisson ratio 0.25 2.8x107°
of rock (1/K)
Matrix porosity (m?*s) 1x10° Rock specific heat rate 1

systems. The 300 m x 300 m domain represents a typical EGS reservoir scale, bal-
ancing computational feasibility with the ability to capture long-term thermal
drawdown and pressure propagation. The inclusion of 100 random fractures en-
sures a sufficiently complex fracture network to investigate the control of fracture
distribution on heat and pressure evolution. Fracture lengths follow a power-law
distribution with an exponent of 1.8, ranging from 10 m to 80 m; orientations are
uniformly distributed between 0° and 180°; apertures are assigned based on a log-
normal distribution with a mean of 1 mm and a standard deviation of 0.5 mm;
connectivity is defined by the average number of intersections per fracture, which
is approximately 1.2. The fractures were generated using a Poisson disk sampling

algorithm to ensure spatial randomness without clustering.

4. Result Analysis

The evolution characteristics of reservoir temperature field are shown in Figure
2. The distribution of Figures 2(a)-(d) shows the temperature distribution with
fluid injection for 1 year, 5 years, 20 years and 40 years. As shown in the figure,
after 40 years of production, the low-temperature region (<80°C) expands non-

uniformly from the injection well to a distance of approximately 120 m toward
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the production well, with a maximum temperature drop of 70°C at the injection
well area. The fracture channels exhibit a temperature decrease of 30°C - 50°C
within the first 5 years, which is about twice that of the surrounding rock matrix.
First, the temperature in the area where the fracture is located first decreases, and
then gradually spreads rapidly to the rest of the area. This is due to the fact that
the fracture is the main dominant seepage channel, and the intensity of its thermal
convection is higher than that of the reservoir matrix. At the same time, due to
the injection of fluid, the internal water pressure of the fracture is further in-
creased, which will affect the width of the fracture to a certain extent. At the same
time, the decrease of temperature has a cold shrinkage effect on the matrix, which
will further affect the fracture width. In summary, the distribution of fractures is
an important factor affecting the temperature distribution during reservoir pro-
duction. Figure 3 shows the temperature evolution of different measuring points,
and the results are consistent with the results of Figure 2. Firstly, the temperature
of measuring point A near the injection well decreases first, while the distance
between the three points of BCD and the injection well is similar, but the overall
temperature change evolution trend is different. This is because the existence of

cracks leads to the non-uniform seepage of the reservoir, which in turn affects the

distribution of temperature.

(a) 1 year (b) 5 year

(c) 20 year (b) 40 year

Figure 2. Evolution characteristics of reservoir temperature field.
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Figure 3. Evolution characteristics of temperature field at different measuring points.

The distribution of reservoir pore pressure is shown in Figure 4. Figures 4(a)-
(d) distribution shows the pore pressure distribution with fluid injection for 1
year, 5 years, 20 years and 40 years. As shown in the figure, the distribution of
reservoir pore pressure in 1 year, 5 years, 20 years and 40 years shows obvious
high value distribution area near the injection well, while the production well
shows obvious low value distribution area. By further comparing the distribution
of pore pressure at different times, it can be found that from Figures 4(a)-(d), that
is, the production time from 1 year to 40 years, the pore pressure near the injection
well increases from 48 MPa to 55 MPa, and the high-pressure region expands from
a 20 m radius at year 1 to a 65 m radius by year 40, primarily along the fracture
orientations. The high value distribution area of pore pressure obviously expands
along the fracture. At the same time, it can be found that except for the area near
the injection well, the pore pressure of the reservoir as a whole shows a significant
upward trend. This is due to the fact that with the injection of fluid, the internal
pore pressure of the reservoir matrix and fracture part increases, which further
reduces the effective stress of the matrix and fracture part. At the same time, the
temperature drop caused by fluid injection also has a certain impact on the matrix
and fracture. The above reasons lead to the further expansion of pore pressure
distribution with the increase of injection time.

The evolution of reservoir porosity often involves the evolution characteristics
of reservoir permeability, which is also an important parameter of main concern
in oil and gas production. Figures 5(a)-(d) distribution shows the porosity dis-
tribution of reservoir matrix with fluid injection for 1 year, 5 years, 20 years and
40 years. First of all, from the perspective of reservoir matrix porosity distribution,
the porosity distribution has a certain similarity with the pore pressure part. Both

of them show a high-value distribution area near the injection well, and the
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OV AL ,

0 0

(c) 20 year (b) 40 year

Figure 4. Evolution characteristics of pore pressure distribution.

production well shows obvious low-value distribution area. This is because the
injection of fluid will lead to the change of reservoir pore pressure. At the same
time, the diffusion of low temperature region will also induce the corresponding
thermal stress, which will lead to the change of effective stress and the change of
reservoir matrix porosity. The production time is from 1 year to 40 years. The
high porosity distribution area near the injection well shows a certain expansion
trend, and shows obvious fracture control characteristics. The high porosity dis-
tribution area obviously expands along the fracture. At the same time, it can be
found that except for the area near the injection well, the porosity of the reservoir
as a whole shows a significant upward trend. The above situation shows that the
permeability of the reservoir matrix is in a complex evolution process during the
injection process, which is affected by pore pressure, temperature, original rock
stress and other aspects.

Reservoir rock permeability is one of the most concerned rock physical prop-
erties in the production process. The evolution characteristics of reservoir rock
permeability after fluid injection for 1 year, 5 years, 20 years and 40 years are
shown in Figure 6. The high permeability area of the reservoir rock is mainly
distributed near the injection well, while the permeability of the reservoir rock near

the production well is relatively low. By comparing the permeability evolution of
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(a) 1 year (b) S year

(c) 20 year (b) 40 year

Figure 5. Evolution characteristics of porosity distribution of reservoir rock.

reservoir rock in 1 year, 5 years, 20 years and 40 years, it can be roughly found
that the high permeability area has a certain expansion trend, and the expansion
trend is related to the distribution of fractures. The evolution of reservoir rock
permeability is obviously related to its stress state. With the injection of fluid, the
permeability around the injection well increases. This is due to the change of tem-
perature and pore pressure caused by fluid injection, which in turn affects the ef-
fective stress, deformation characteristics and porosity evolution of reservoir rock,
and ultimately leads to the change of reservoir rock permeability.

Figure 7 shows the evolution characteristics of permeability at different meas-
uring points, and the overall characteristics are consistent with the law shown in
Figure 6. The permeability of the five measuring points shows an increasing trend,
and the permeability of the measuring points near the injection well will be higher
than that of the measuring points far away from the injection well. This is due to
the higher pore pressure in the area near the injection well, which leads to a change
of the effective stress. In addition, the thermal stress caused by the temperature
change of the adjacent injection well leads to the permeability of the measuring
point. The above results show that the rock permeability is affected by many fac-
tors, such as fluid, temperature and stress.

The results presented in this study are based on a single realization of the

discrete fracture network. Due to the inherent randomness in fracture distribution,
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Figure 6. Evolution characteristics of reservoir rock permeability distribution.
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different realizations may lead to variations in temperature evolution, pressure

propagation, and permeability enhancement. However, the main physical trends
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observed, such as the dominant control of fractures on thermal convection and
pressure diffusion, and the positive correlation between injection-induced pres-
sure and permeability, are expected to be general. Future work should consider

multiple realizations to statistically quantify the uncertainty in EGS performance.

5. Conclusion

In this study, a geothermal reservoir containing a two-dimensional discrete frac-
ture network was established. Considering the influence of the THM coupling ef-
fect, the evolution of the temperature field and seepage field in the process of EGS
thermal energy production was systematically studied. The following conclusions
are obtained:

1) The low temperature area shows obvious non-uniform expansion from the
injection well area to the surrounding area. As the main dominant seepage chan-
nel, the intensity of thermal convection is higher than that of the reservoir matrix.
The temperature of the fracture area first decreases, and then gradually diffuses
rapidly to the rest of the area.

2) The distribution of reservoir pore pressure shows an obviously high value
distribution area near the injection well, while the production well shows an ob-
viously low value distribution area. The distribution area of high pore pressure
near the injection well shows an expansion trend with time.

3) There is a certain similarity between the porosity distribution and the pore
pressure part. Both of them show the characteristics of a high-value distribution
area near the injection well and a low-value distribution area near the production
well. There is a clear correlation between them.

4) The high permeability area of reservoir rock is mainly distributed near the
injection well, while the permeability of reservoir rock near the production well is
relatively low. At measuring point A, permeability increases by a factor of 2.5 from
1.0 x 107 m? to 2.5 x 107> m? after 40 years, while at point E, the increase is only
20%.
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