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Abstract: This paper presents a numerical study on thermal energy mining from hot dry rock
(HDR) using an enhanced geothermal system (EGS). In these simulations, the thermal-hydraulic—-
mechanical (THM) coupling model is employed on the basis of the embedded discrete fracture model.
The evolution of physical fields of the fractured reservoir, including temperature field, pressure
field, and stress field is studied over time, and the effects of different controllable factors, such as
fracture morphology, fluid injection rate, and the distances between the injection well and producing
well on the heat recovery capacity are investigated. The results show that the fracture morphology
significantly influences heat extraction performance. The working fluid mainly flows along with the
fracture networks, which causes locally low temperatures and low mean effective stress near fractures.
The porosity and permeability increase due to the decrease in mean effective stress. For reservoir
models with inclined fractures, there will be a significant decrease in the extraction temperature. In
the 30th year, the decline in the heat recovery rate is 46.6%, which is much higher than the model
without inclined fractures. Moreover, the increasing injection temperature barely influences the
production temperature, while it significantly decreases the heat recovery of the EGS. When the
injection and production well spacing is small, increasing the well spacing is an effective way to
improve the thermal extraction performance of the EGS. In the model in the paper, the heat production
increases up to 13.7% when the injection-production well spacing is increased from 150 m to 450 m.
The results of this work could provide guidance for the optimization and operation of EGS.

Keywords: enhanced geothermal system; fracture networks; thermal-hydraulic-mechanical;
heat extraction

1. Introduction

In the past few decades, the shortage of fossil energy and the environmental pollution
caused by the utilization of fossil energy have become the focus of attention all over the
world. Seeking renewable and clean energy sources, therefore, becomes imperative. The
geothermal resource of hot dry rock (HDR) has aroused broad concern because of its rich
reserves and its renewable, high-temperature, stable, and pollution-free characteristics.
However, rocks in HDR reservoirs without natural groundwater flow are dense, having
low porosity and low permeability, making it challenging to extract the stored heat [1,2].
Enhanced geothermal systems (EGS) are currently regarded as one of the most promising
technologies for effectively exploiting the thermal energy of HDR [3].

The principle of EGS is to use the hydraulic fracturing process to create an artificial heat
reservoir for extracting the thermal energy from low-permeability and high-temperature
HDR [4]. In EGS, the cold working fluid (typically water or supercritical CO,) circulates
through the natural or engineered fractures in hot dry rocks and extracts thermal energy
from reservoirs. The high-temperature fluids are returned to the surface through reinjection
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wells, and then the heat energy is converted into electrical energy by power generation
equipment [5,6]. The heat transfer processes that occur in the subsurface may involve
heat transfer (thermal), fluid flow (hydraulic), rock deformation (mechanical), and all
these physical processes are interdependent [7,8]. In addition, the geometric parameters of
fractures, including the length and number of fractures, fracture orientation, and fracture
connectivity in the reservoir, play a vital role in heat extraction because these internal
fractures provide passageways for the working fluid [9,10].

Because of the multi-physical coupling phenomena and many parameters involved,
numerical simulations have always been considered to be the most suitable method to
describe this process. In the past few years, numerous numerical studies have been carried
out to investigate the heat extraction process in EGS. For instance, Jiang et al. [11] established
a 3D transient model with a thermo-hydraulic (TH) coupling process by considering the
reservoir an equivalent porous medium and studying the influences of well arrangement
on thermal recovery performance. Luo et al. [12] numerically studied the influences of
the perforation locations and the permeability of the fractured region on heat extraction
using the TH coupling model. Aliyu et al. [13] developed a TH model for simulating
the thermal recovery process in naturally fractured HDR. To determine the influence of
rock deformation, Yin et al. [14] numerically simulated the evolutionary processes of
the temperature, flow, and stress fields of the reservoir based on a thermal-hydraulic—
mechanical (THM) model using commercial software COMSOL Multiphysics. Their results
indicate that the temperature field variation would lead to a long-term deformation of the
reservoir. Vik et al. [15] numerically investigated the thermo-elastic interactions between
multiple fractures in EGS based on the THM model. They pointed out that the deformation
of the matrix would increase the interactions between adjacent fractures.

Since the internal fractures of the reservoir are important for the heat extraction from
HDRs, a reasonable description of the fractures is therefore indispensable for numerically
modeling this process accurately. The discrete fracture (DFM) model, as an explicit method,
has been extensively employed for precisely describing the fractures in EGS. Yao et al. [16]
and Sun et al. [17] used DFM to investigate the thermal exploitation process in 2D and
3D EGS reservoirs, respectively. Their results indicate that interconnected fractures make
up the main flow channels, and the fracture displacements could change the transmission
characteristics of reservoirs. Gan and Elsworth [18] conducted a numerical simulation
on the thermal exploitation of the fractured geothermal reservoir based on DFM. The
findings demonstrate that the connectivity between the production and injection wells
seriously improves thermal sweep efficiency, and reservoirs with fractures oriented at 45°
and 120° exhibit the highest fracture permeability. Shi et al. [19] investigated the influence
of the fracture’s length, orientation, and numbers on multilateral-well EGS performance
under the coupling of THM by using DFM. They pointed out that rock deformation in-
creases the permeability of fracture and thermal breakthrough. Although DFM can describe
fractures in reservoirs with a certain degree of accuracy, many unstructured grids in this
method significantly increase computational costs. The embedded discrete fracture model
(EDEM) provides high precision and high efficiency, which has attracted much attention
since it was proposed [20,21]. In the embedded discrete fracture model, the reservoir is
divided by orthogonal structured grids, and then the fracture network is embedded in
the structured grids, which could dramatically improve calculation efficiency and avoid
complex unstructured grids. Therefore, it is considered to be an efficient model for the
simulation of large-scale and real-field fractured geothermal reservoirs. Moreover, frac-
tures exhibit significantly thinner geometries and higher permeabilities relative to the
surrounding matrix rock. As a result, lower-dimensional representations are employed to
model fractures. For instance, in a three-dimensional reservoir, fractures are represented
by two-dimensional planes. Praditia et al. [22] and Wang et al. [23] carried out 2D and
3D numerical simulations on fluid flow and heat transfer in fractured geothermal reser-
voirs based on EDFM, respectively. Their results show that the EDFM could reasonably
describe the fluid flow and heat transfer characteristics of fractured reservoirs. However,
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systematic studies on the thermal recovery performance of 3D reservoirs dominated by
large-scale fracture networks based on EDFM with the THM coupling model are barely
available [24,25]. In addition, there are few studies on the influence of some parameters,
such as fracture network structure, on energy mining performance.

In summary, there are fewer numerical simulation studies of enhanced geothermal
systems under large-scale fracture models. In addition, the influence mechanisms of
the fracture distribution, injection temperature, injection rate, and injection—production
well distance on the EGS heat recovery performance are not clear. Therefore, this paper
investigates the heat recovery performance and the evolution of each physical field of
the HDR reservoir dominated by large-scale fractures using the EDFM model and fully
coupled THM model. The emphasis of this study is to explore the influence of different
controllable factors, including fracture morphology, injection temperature, injection flow
rate, and distance of injection and production wells, on thermal recovery performance. The
results of this work will provide helpful guidance for the practical exploitation of HDR.

2. Physical and Mathematical Models
2.1. Physical Model and Boundary Conditions

In this study, we will conduct a numerical study on the thermal recovery perfor-
mance of an idealized EGS model. The configuration of the injection and production wells
utilized in the model is depicted in Figure 1. Due to the periodicity of the well distribu-
tion, a region with the length and width of 600 m, respectively, is selected, as shown in
Figure 2. The region described by the physical model (see Figure 2) is 3500-5200 m under-
ground, and the depth of the top and bottom surfaces of this physical model is 3500 m and
5200 m, respectively. The height of the fractured reservoir is 600 m, shown as the green
region in Figure 2. Furthermore, considering that the surrounding strata may affect the
numerical results, a cap region and a base rock with a height of 300 m and 800 m, respec-
tively, are adopted. The depth of the injection well and production well are 4000 m and
4500 m, respectively.

§ &
o o # Producion

P P 7 Inection well
g g

1200 m

Figure 1. The arrangement of injection—production wells.

Cap rock
600m

Reservoir

600m

Base rock

600m

Figure 2. Reservoir model and well arrangements.



Energies 2023, 16, 3758

40f19

The temperature and pressure in the hot dry rock reservoirs increase as the depth
increases. The temperature and the pressure at 3500 m are 150 °C and 36 MPa, respectively,
while these at 5200 m are 201 °C and 53 MPa, respectively. Due to the periodicity of this
physical model, periodic boundary conditions are adopted for the sidewalls in Figure 2. For
the heat transfer process, the top and bottom of this model are set as constant temperatures.
For the mass transfer process, the top surface is set as constant pressure, and the bottom
surface is set as an impermeable boundary. In addition, for the deformation process, the
top and bottom of this model are set as constant normal stress. The temperature of the
injected fluid is 25 °C, and the operating time of the system is assumed to be 30 years.

2.2. Governing Equations

In this study, the TOUGH2-EGS program is used for geothermal numerical simulations.
TOUGH?2 uses the integral finite difference method (IFDM) to discretize the spatial domain.
Time is discretized fully and implicitly as a first-order backward finite difference. The
general form of mass, energy, and geomechanics equations in the EGS reservoir can be
given as [26]:

d k k k
E/Mdvn:/Fde‘n—i—/qun (1)
Vi Ty \Z
where k=1, ..., Kis the number of the components; n =1, ..., N is the number of the grid;

V,, represents the volume of the micro-unit. I';, is the boundary of the micro-unit, and n
represents the normal vector of dI'; on the surface of the micro-unit; MF denotes mass or
energy for every unit volume; F¥ represents mass or heat flow; g is the source item.

For the mass balance equation, M¥ in Equation (1) can be expressed as [26]:

M* =Y ¢Sp0pX; )

where =1, ..., Ng represents the phase number of the component; ¢ is the porosity; pg
and Sg are the density and the phase saturation of § phase, respectively; X ﬁk represents the
mass fraction of the k component in the § phase.

The mass flow in reservoirs can be calculated using the multi-phase Darcy law [26]:

F¥ago = Y X5 Fp 3)
B

ky
b ) il (VP — ppg) 4)

where ko represents absolute permeability; ks represents the relative permeability of
B phase; jig and Py are the dynamic viscosity and phase pressure of f, respectively; g
represents the acceleration of gravity. b represents the gas slippage factor, if b = 0, it means
the liquid phase;

For the energy equation, M* in Equation (1) can be calculated with

MK = (1 - ¢)prCrT + ¢Y_ Spopug ()
B

where Cy is the specific heat of the rocks, and pr is the density of the rocks. T is the
temperature, and ug is the internal energy of  phase.

Heat transfer in EGS includes conduction, convection, and radiation heat transfer, and
F¥ in Equation (1) can be expressed as

Fle—|(1=¢)Kn+¢ ), SpKp|VT+fooaVT + 3 gFy (©)
p=1.23 p=12
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where Ky indicates the thermal conductivity of rocks; f; is the surface radiation factor; hﬁ
denotes the specific enthalpy of § phase; 7y indicates the Boltzmann constant.

This study assumes that the deformation of the boundary follows generalized Hooke’s
law, and the equations of geomechanics can be expressed as [27]:

MK =0 7)
3(1-v) = 2(1-2v) 2 2y

where E and & represent the linear thermal expansion coefficient and Biot coefficient,
respectively. 0y, denotes the mean normal stress; K represents the bulk modulus; F and v
represents the body force and the Poisson’s ratio, respectively.

The hydraulic characteristics of EGS reservoirs, such as porosity, permeability, and
capillary pressure, will change due to the influence of geomechanics. Therefore, when
performing simulations on the flow and heat transfer in the reservoir, the dynamic changes
in these parameters should be taken into account.

For stress-induced changes in porosity and permeability, Rutqvist et al. [28] presented
the following function for porosity:

¢ = dr+ (¢ — pr)e ™ )

where ¢ is zero effective stress porosity, ¢, is effective stress porosity, and a is a parameter
related to a specific rock. ¢ is the effective stress defined as [29]:

o =c—aP (10)
where P is pressure, ¢ is the normal stress, and « is the Biot coefficient.
An associated correlation for permeability in terms of porosity also is given as [28]:
9 _
k = koe20 (11)

For the fracture network, Rutqvist et al. [28] defined the aperture width b; in the
direction i as function of effective stress:

b= bO,i + Ab = bO,i + bmax (e—dtr/_g_dgo/) (12)

where subscript 0 refers to initial conditions, Ab is the aperture change, which is function of
maximum “mechanical” aperture bmax, initial and current effective stress oy and ¢/, and
fracture specific parameter d. Fracture porosity is correlated to the aperture b as

b1+ by + b3

=¢pp— " 13
P = b0 + by +b3p (13)

and permeability in direction 7 is correlated to fracture aperture of other directions j and k as

b]3+b,§

ki = ki,O 3 3
bj,O + bk,O

(14)

The change in porosity and permeability will change the capillary pressure in the
reservoir. The calculation formula for capillary pressure can be given as follows [30]:

_ (k/)o
Pc—Pcogk/(P* (15)
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2.3. Embedded Discrete Fracture Model

In the embedded discrete fracture model (EDFM), fracture and matrix grids are gen-
erated individually. The grids are then coupled to each other via source/sink relations.
Due to this modeling method, EDFM is adaptable and simple to utilize. The connection
between the matrices in the EDFM model is determined using the discretized version of
the mass flux term [23].

n+1
= ntl
/rn Fp -l = jg. (Pﬁ)\ﬁ)ijﬂ/z%] {CDZJ' bi } 1o
k
)\ﬁ _ Lﬁ (17)
Hp

where 7; represents the adjacent elements directly connected to element i; g; represents
the potential energy of beta in node j; A4 is the transition rate.
The conductivity of the flow term is expressed as follows:

~_ Aijkijae a8)
i = d; + d]
where A;; represents the contact area between the fracture and the matrix; d; denotes the
average perpendicular distance from each point in the matrix grid to the fracture; d; is the
perpendicular distance from the fracture grid center point to the contact surface between
the fracture and matrix; k;j,1/» represents the effective permeability. Pluimers et al. [31]
provided analytical solutions for the values of d;, d;, and A;; in the above equation.

2.4. Method and Model Verification

To examine the accuracy of the simulation program, the heat conduction process in an
impermeable rock column subjected to uniaxial strain in the vertical direction, as shown in
Figure 3, is conducted. Initially, the temperature is 80 °C, then a lower temperature of 10 °C
is applied on the top surface. When heat conduction occurs, there will be a displacement
on the top surface of the column. Detailed parameters required for this case, including
initial conditions and physical properties, are listed in Table 1. The analytical solutions
of temperature distributions and displacement can be obtained using the finite Fourier
transform [32]. Figure 4a,b shows the evolution of temperature with depth and the top
surface deformation at different times, respectively. It indicates that the present numerical
results are consistent with the analytical ones, which verifies the accuracy of the program
and the numerical implementation.

Constant temperature (T,) at 10 °C

7AN

Non-permeable column

%> -
B

ANNNNNNNNANN

80°C o .
Adiabatic on two sides

7AN

Figure 3. One-dimensional heat conduction in a deformable rock column.
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Table 1. Parameters for heat conduction problem [33].

Parameters Value
Elastic modulus (GPa) 14.40
Poisson ratio 0.20
Porosity 0.01
Conductivity (W/m-K) 2.34
Heat capacity (J/kg-K) 690
Thermal expansion (K1) 1.5 x 107
Initial mean stress (MPa) 3.0

Day 12

Day 1180

Day 3545

Temperature/°C

20

O Analytical solutions
Numerical results

0 10 20 30 40 50
Depth/m

(@)

0.004

o
=3
S
@

Displacement at the top/m
(=] =]
1= =)
= S

0.000

O Analytical solutions

Numerical results

1000

2000 3000
Time/day

(b)

Figure 4. Comparison between present results and analytical solutions: (a) temperature curve;

(b) top displacement curve.

The second test case is the heat transfer process in a single straight fracture (see
Figure 5), in which the width of the fracture is 0.03 m, and the length of the matrix is
10 m. In addition, the rock matrixes are assumed to be homogeneous and isotropic and
maintained at 80 °C. The water with a temperature of 30 °C and a flow rate 0.001 kg /s will
transport across the fracture and absorb heat from the rock matrixes. Table 2 denotes the

parameters used in this case.

l_> x Matrix rock
Ll

——  Fracture dy

[RAl

Matrix rock

Figure 5. A single fracture heat transfer model.

Table 2. Parameters used in the second test case.

Parameters Value
Rock density (kg/m?) 14.40
Heat capacity (J/kg-K) 1000
Conductivity (W/m-K) 3.0
Matrix porosity 0.01
Fracture porosity 1.0
Matrix permeability (m?) 32 x 10718
Fracture permeability (m?) 32 x107°
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Figure 6 compares the calculated temperature fields in the fracture with the analytical
solutions [34]. The excellent consistency between present numerical results and analytical
solutions in Figure 6 again proves the reliability of the program.

80+
9 70 -
S
3]
5
£ 60
=
) 500 d
E sof
=
O Analytical solution
40 F Numerical results
1 n 1 n 1 n 1 n 1 n 1

0 2 4 6 8 10
X coordinate/m

Figure 6. Temperature distribution in the fracture at different times.

3. Results and Discussion

In this section, the evolution of pressure, temperature, effective stress, and porosity—
permeability properties of the EGS embedded with fracture networks are firstly investigated
using the THM coupling model. Then, the impact of some controllable factors, such as
the fracture morphology, well distance, and injection rate, on EGS mining performance is
analyzed and discussed.

3.1. Thermal-Hydraulic-Mechanical Characteristics of EGS with Fracture Networks

In order to investigate the thermal-hydraulic-mechanical characteristics of EGS using
the THM coupling model, a physical model embedded with fracture networks is established,
as shown in Figure 7. In this model, the total volume of fractures is 6656.25 m?3, in which
the vertical fractures and the horizontal fractures account for 55% and 45%, respectively.
To explore the parameter variations at different locations in the reservoir, three locations
a, b and c are taken as reference points, and the positions are shown in Figure 7b. The
porosity and permeability of these cracks are 0.3 and 3.2 x 10~? m?, respectively. The width
of fractures is 3 cm, and the other parameters of fractures are listed in Table 3. It should
be noted that it is challenging to obtain the physical properties of the reservoir for actual
geothermal fields. Therefore, the values of these parameters are chosen according to their
ranges published in the available literature [24,35-37].

NNTIREAN

DI
(@) (b)

Figure 7. Physical model of fractured reservoir: (a) 3D physical model; (b) distribution of injection
and production wells.
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Table 3. Main parameters of the reservoir and fractures.

Parameters Value Parameters Value
Rock density (kg/m?) 2600 Young’s module (GPa) 14.4
Heat capacity (]%kg-K) 1000 Poisson ratio 0.2
Thermal conductivity (W/m-K) 2.0 Coefficient of Biot 1
Matrix porosity 0.1 Linear thermal expansion (°C™!) 4.14 x 107
Fracture porosity 03 Productivity index 1.03 x 10712
Matrix permeability (m?) 32 x 10714 Water injection rate (kg/s) 8
Fracture permeability (m?) 32x10"°  Bottomhole production pressure (MPa) 33.25

3.1.1. Evolution of Pressure Field

Figure 8 shows the evolution of the pressure in the reservoir. Figure 8 demonstrates
that the pressure of the reservoir changes significantly in first five years.. This is because
the pressure of the producing well is lower than the initial reservoir pressure, and the
difference in pressure between the initial reservoir and the producing well causes the
reservoir pressure to drop rapidly. Then, the stable pressure difference between the injection
well and production well impels the reservoir pressure to reach equilibrium with a different
temperature distribution. After that, there is no apparent change in the pressure field of
the reservoir. This is because the pressure difference between the injection well and the
producing well changes little within the production time. The slight differences in the
pressure field at five years and 30 years are mainly attributed to the reservoir permeability
change caused by the stress variation.

(c) (d)

P(Pa). 3.4E+07 3.5E+07 3.6E+07 3.7E+07 3.8E+07 3.9E+07 4E+07 4.1E+07 4.2E+07 4.3E+07 4.4E+07 4.5E+07

Figure 8. Pressure field distributions of the EGS at different times: (a) 0 years, (b) 5 years, (c) 10 years,
and (d) 30 years.
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3.1.2. Evolution of Temperature Field

Figure 9 displays the temperature distribution of Model 1 at 5, 10, 20, and 30 years fol-
lowing operation. The results reveal that as time increases, the temperature near the
injection well drops to the injection temperature of 25 °C rapidly, and then the low-
temperature region gradually expands from the injection well to the production well.
The low-temperature region mainly extends along the fracture networks, and the tempera-
ture change outside the fracture region is tiny. This phenomenon can be attributed to the
fact that the cold working fluid predominantly flows through the fractures, which offer
substantially lower flow resistance than the rocks.

-
—
(a) (b)
i,
B i
\
(0) (d)

T(°C) 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

Figure 9. Temperature field distributions of the EGS at different times: (a) 5 years, (b) 10 years,
(c) 20 years, and (d) 30 years.

3.1.3. Evolution of Effective Stress Field

Figure 10 shows the evolution of the effective stress field of Model 1 at the mining
time of 5, 10, 20, and 30. It is found that the injection of cold fluid results in the reduction in
effective stress near the injection well. As time goes by, the low effective stress predomi-
nantly spreads along the fracture networks between the injection well and the production
well, which is similar to the evolution of the temperature distribution. Figure 11 plots the
local effective stress of points #a, #b, and #c (see Figure 7b) as a function of time. It indicates
that the effective stress of these three locations increases at an early time and then decreases
as time goes by. This phenomenon occurs because the pressure field propagation during
the initial mining stage causes a rapid decline in pore pressure, which elevates the effective
stress. Subsequently, the reservoir is cooled by the injection fluid, and the thermal stress
comes to play a dominant role, thus leading to a decrease in the effective stress.
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Effstr(Pa). 5E+07 5.1E+07 5.2E+07 5.3E+07 5.4E+07 55E+07 56E+07 5.7E+07 5.8E+07

Figure 10. Evolution of effective stress field: (a) 5 years, (b) 10 years, (c) 20 years, and (d) 30 years.

56

Effective stress/MPa
Wi i
N EAN

T T

W
S
T

Time/year
Figure 11. Evolution of local effective stress as a function of extraction time.

3.1.4. Evolution of Porosity and Permeability Properties

The change in the effective stress results in the change in reservoir porosity and
permeability parameters. Figure 12 shows the evolutionary process of porosity at different
times. It can be seen from Figures 10 and 12 that the decrease in effective stress results in
an increase in porosity.
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(a)

a
r Modell © Modell
(c) (d)

I I .

PHI: 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

Figure 12. Evolution of porosity field: (a) 5 years, (b) 10 years, (c) 20 years, and (d) 30 years.

Figures 13 and 14 depict the changes in porosity and permeability, respectively, at
specific locations (#a to #c) over time due to mining activities. The results of Figure 13
indicate that the porosity displays almost a contrary tendency with effective stress (see
Figure 11), i.e., as time increases, the local porosities firstly decrease and then increase.
Within the first two years of mining, the porosities of the three points (#a to #c) decrease
from 0.3 to 0.248, 0.216, and 0.207, respectively, and then finally increase to 0.586, 0.543, and
0.391, respectively. In addition, it can be found that the porosity near the water injection
well is larger. This is because the lower temperature around the injection well leads to
lower effective stress. The evolution of local permeability shows similar trends of local
porosity, i.e., as time increases, the local permeability firstly decreases and then increases.

0.60

0.55
0.50
0.45
0.40 -

Porosity

0351
030F =
0.25

0.20 L - L L L
0 10 20 30

Time/years

Figure 13. Evolution of porosity of points #a to #c with extraction time.
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Figure 14. Evolution of permeability of different locations with extraction time.

3.2. Parametric Study of the Thermal Recovery Capacity
3.2.1. Effect of the Fracture Morphology

In order to investigate the impact of the fracture morphology, two different fracture
networks are also established, as illustrated in Figure 15. The initial boundary condition
of Model 2 and Model 3 is the same as Model 1 (See Figure 7a), and only the direction of
the fractures is different. The comparison between the parameters of fractures in various
models is listed in Table 4. These three models have almost the same volume of total
fractures, while the fracture morphology is different. In physical Model 1 (see Figure 7),
there are no inclined fractures, and the horizontal fractures dominate in volume, accounting
for 55%. In physical Model 2 (see Figure 15a), the horizontal fractures and vertical fractures
account for 45% and 55%, respectively. In physical Model 3 (see Figure 15b), the vertical
fractures, horizontal fractures, and inclined fractures each account for 1/3.

i_/ N /~\\ / \\
\\ \\ )
/_\///—/_// ;\\\\\ '\_\\/4/_//_/\\\\
(a) (b)
Figure 15. Physical models of reservoirs with different fracture networks: (a) Model 2 and
(b) Model 3.

Table 4. The parameters of different fracture networks.

Models The Volume of the The Fraction of The Fraction of The Fraction of
Total Fractures Vertical Fractures Horizontal Fractures Inclined Fractures
Model 1 6656.25 m3 45% 55% 0.0%
Model 2 6712.50 m3 55% 45% 0.0%
Model 3 6434.61 m3 33.3% 33.3% 33.3%

Figure 16 plots the average production temperature of the above models as a function
of time. It can be seen that, as exploitation time increases, the average production tempera-
ture of Model 3 drops rapidly. At the 30th year after the operation of the EGS, the average
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production temperature in Model 3 decreases from 164 °C to 101.5 °C, and the average
production temperature reduction is up to 38.1%. Correspondingly, the final average pro-
duction temperatures in Model 2 and Model 1 are 133 °C and 142 °C, respectively. Thus, at
the 30th year after the operation of the EGS, Model 1 exhibits the best performance with
the highest production temperatures. Moreover, it is observed that, unlike in Model 3, the
production temperatures in Model 1 only change slightly within 10 years, indicating that
Model 1 is relatively stable in a short time. This is because the vertical fractures and inclined
fractures in Model 2 and Model 3 make it easier for cold fluid to flow directly between the
injection and the production wells without performing sufficient heat exchange with the
rock matrix. In contrast, the dominant horizontal fractures in Model 1 lead the cold fluid
to move horizontally, thereby increasing the path for the heat exchange between flow and
rocks, and consequently leading to a gradual rise in production temperatures.
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Figure 16. Average production temperature of EGS with different fracture morphologies.

To evaluate the heat recovery capacity, the heat recovery of the system is defined
as follows:

W, = q(hpro — hinj) (19)

where hyy, indicates the specific enthalpy of the produced fluid, KJ/kg; hjy;; is the specific
enthalpy of the injected fluid with a temperature of 25 °C, and the corresponding specific
enthalpy is about 146 KJ/kg; g denotes the flow rate of the produced fluid, kg/s.

Figure 17 shows the heat recovery of different models as a function of the exploita-
tion time. It can be seen that, with the increase in the running time, the heat recovery
of these three models decreases monotonously. At 30 years after the EGS has begun
running, the reductions in heat recovery are 17.3%, 23.3%, and 46.6% for the different
models, respectively.
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Figure 17. Evolution of the heat production power of different models with time.
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3.2.2. Effect of the Injection Temperature

Given that Model 1 demonstrated superior performance in Section 3.2.1, in the follow-
ing section, we will mainly focus on the performance of Model 1. The injection temperatures
of 25 °C, 35 °C, 45 °C, and 55 °C are selected to study the influence of the injection temper-
ature and the thermal recovery potential of the EGS. The average production temperatures
are plotted as a function of time in Figure 18. Notably, the production temperatures remain
almost constant within the first 10 years of operation, regardless of the injection tempera-
ture. Subsequently, with the increase in injection temperature, the production temperature
increases slightly. At 30 years after the operation, when the temperature of the injected
fluid increases from 25 °C to 55 °C, the production temperature increases from 142.2 °C
to 144.0 °C, with an increment of 1.2% only. This means the injection temperature barely
influences the production temperature.
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Figure 18. Influence of the injection temperature on the production temperature.

The heat recovery with different injection temperatures is shown in Figure 19. It is
observed that, with the increase in the injection temperature, the heat recovery decreases.
This outcome is attributed to the fact that decreasing the injection temperature enhances
the temperature disparity between injection and extraction fluids, thereby increasing heat
recovery. In the first 5 years, the heat recovery at different injection fluid temperatures is
relatively stable, and the heat recovery with injection temperatures of 25 °C, 35 °C, 45 °C,
and 55 °Cis 13.5 MW, 11.7 MW, 9.7 MW, and 7.7 MW, respectively. Then, as time goes by,
the heat recovery begins to decrease gradually. From 5 to 30 years, the heat recovery at
the injection temperature of 25 °C gradually decreases from 13.5 MW to 11.4 MW. Thirty
years after the operation, as the injection temperature increases from 25 °C to 55 °C, the
heat recovery decreases from 11.4 MW to 5.8 MW, with a decrease of up to 49%. That
means that reducing the injection temperature is an effective way to increase the heat
recovery capacity.
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Figure 19. The influence of the injection temperature on heat recovery.
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3.2.3. The Effect of the Injection Flow Rates

To investigate the influence of injection flow rates on the heat recovery capacity, five
different injection flow rates, i.e., 6.0, 7.0, 8.0, 9.0, and 10.0 kg/s, are selected. Figure 20
shows that the average production temperatures vary with time at different injection
flow rates. It can be found from Figure 20 that the production temperatures with different
injection rates in the first 3 years are almost 164 °C, which is relatively stable. Then, the value
of the production temperature with different injection flow rates begins to decrease with
the increase in operation time, and the production temperature decreases monotonically as
the flow rate increases. At 30 years after the operation, the production temperatures with
the flow rates of 6.0, 7.0, 8.0, 9.0, and 10.0 kg/s decrease from 164 °C to 149.8 °C, 145.8 °C,
142.2 °C,138.7 °C and 135.5 °C, respectively.
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Figure 20. Effect of the injection flow rates on the production temperature.

Figure 21 shows the variation of the heat recovery with different injection flow rates. It
indicates that the heat extraction of the system increases as the injection flow rate increases,
but the growth rate decreases with the increase in the operation time. In addition, with the
increase in time, the heat recovery with different injection flow rates decreases monotoni-
cally. This is because, as time goes by, the temperature of the rock decreases, resulting in
reduced heat transfer between fluid and rock.
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Figure 21. The influence of injection flow rates on heat recovery.

3.2.4. The Effect of the Injection-Production Well Spacing

In order to analyze the influence of the injection—production well spacing on heat
extraction performance, four different cases with injection—production well spacing of
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150 m, 250 m, 350 m, and 450 m are selected for simulations. Figure 22 plots the average
production temperatures as a function of time for different well spacing. It can be seen
from Figure 22 that, as the distance between the injection well and the production well
increases, the production temperature increases, while the growth rate becomes gradually
inconspicuous. When the distance between injection and production wells is 150 m, the
production temperature begins to decrease after the system has been running for about
2 years, and the production temperature drops from 164 °C to 137.5 °C after 30 years.
Correspondingly, the production temperature drops for the well spacing of 250 m, 350 m,
and 450 m are 21.8 °C, 17.8 °C, and 12.2 °C, respectively, in 30 years. This can be attributed
to the fact that, with the increase in the injection—production well spacing, the path that the
working fluid travels becomes longer, and the working fluid can be continuously heated.
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Figure 22. The influence of the injection—production well spacing on the production temperature.

The heat recovery of EGS with different injection—production well intervals that varies
with time is similar to the production temperature, as shown in Figure 23. It can be
seen that, at the 30th year after mining, increasing the injection—-production well spacing
from 150 m to 450 m results in a heat production increase from 10.9 MW to 12.4 MW,
representing a significant increase of 13.7%. Therefore, it is necessary to choose the well
spacing appropriately for economic benefits and mining stability.
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Figure 23. The influence of the injection—production well spacing on heat recovery.

4. Conclusions

This paper presents numerical simulations to investigate the heat extraction perfor-
mance and each physical field’s evolution of EGS by taking into account the THM coupling
effect based on the EDFM model. The influences of fracture morphology, injection tem-
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perature, injection flow rates, and injection—production well intervals on the heat recovery
temperature are examined. The key findings are as follows:

(1) The fracture networks form the main flow channels in the reservoir. At the mining
stage, the low temperature and the low mean effective stress caused by the low
temperature in reservoirs extend mainly along the fracture networks between the
injection well and the production well. The effective stress increases mainly under the
influence of pore pressure at the initial stage of mining and decreases at the later stage
due to the effect of thermal stress. As the mining time increases, the local porosity and
permeability parameters first decrease and then increase.

(2) Inthe present studied cases, the vertical fractures and inclined fractures are not conducive
to geothermal exploitation because they could accelerate thermal breakthrough.

(3) The production temperature is not sensitive to the injection temperature of the
cold flow, while the heat recovery capacity drops dramatically with the increase in
injection temperature.

(4) Within the first 10 years of mining, the effect of the injection flow rates on the pro-
duction temperature is insignificant. As time goes by, the production temperature
decreases with the increase in injection flow rates. Because the heat recovery capacity
is proportional to the flow rate, the heat recovery capacity in this study increases as
the flow rate increases within 30 years.

(5) Injection and production well spacing is one of the most critical factors that sig-
nificantly influence the production temperature. In the test cases, the production
temperature and heat recovery amount increase as the well spacing increases.
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