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Abstract:

Previous research has shown that interchange-fracture enhanced geothermal systems show
desirable heat extraction performance. However, their parameter sensitivity has not been
systematically investigated. In this study, a three-dimensional, unsteady flow and heat
transfer model for an enhanced geothermal system with an interchange-fracture structure
was established. The influences of pivotal parameters, including stimulated reservoir
volume permeability, fracture spacing, fracture aperture, and injection flow rate on the
thermal extraction performance of the interchange-fracture enhanced geothermal system
were systematically researched. In addition, the economics of this system were evaluated.
The results show that the heat extraction performance of the interchange-fracture system is
significantly affected by a change of stimulated reservoir volume permeability and injection
flow rate. Increasing permeability reduces electricity costs and improves economic income,
while increasing the injection flow rate increases output power but hinders the long-term
running stability of the system. Our research provides guidance for the optimal design of

an interchange-fracture enhanced geothermal system.

1. Introduction

As a clean and sustainable energy source, geothermal
energy has attracted increasing attention (Ding and Wang,
2018; Abdel-Salam and Zaidi, 2021; Habibzadeh-Bigdarvish
et al.,, 2021). Compared with solar energy and wind energy,
geothermal energy possesses many advantages, including be-
ing unaffected by weather, stable performance, small ecolog-
ical effects, abundant reserves, and high thermal efficiency
(Li et al.,, 2015). A hot dry rock (HDR) source with a
temperature of over 150 °C is a deep, geothermal energy
source which has broad development prospects (Zhao et al.,
2015). The enhanced geothermal system (EGS) is a high-
efficiency method for developing and utilizing HDR sources.
Since the first test, carried out by the Los Alamos National
Laboratory in the United States in 1972 (Pollack and Mukerji,
2019), many countries in the world have devoted significant
resources to the research of EGS (Zaigham and Nayyar, 2010;
Bujakowski et al., 2015; Anyim and Gan, 2020; Zhou et al.,
2020). The fracture-well system constitutes the preferential
flow conduits and heat exchange zones for the underground

heat transfer system of EGS, and the rationality of its spatial
arrangement has a great impact on heat-mining performance.

To achieve efficient exploitation of HDR geothermal en-
ergy, various well-fracture systems for EGS have been pro-
posed. These include the single horizontal well-fracture sys-
tem (Wang and Wu, 2019), double horizontal well-fracture
system (Xu et al., 2018), vertical well-fracture system (Lei
et al., 2020), multi-well-fracture system (Ma et al., 2020),
multilateral well-fracture system (Song et al., 2018), and U-
shaped closed loop system (Sun et al., 2018). The effects of ge-
ological parameters, geometrical parameters, and operational
parameters on EGS thermal recovery capability have also been
investigated.

Wang et al. (2020) proposed a new type of single, horizon-
tal well-fractured EGS, and studied the effects of injection flow
rate, injection well length, injection-production well distance,
production well length, and initial reservoir temperature on
system heat mining. Their results indicate that the production
temperature of the system is most sensitive to the reservoir
temperature, followed by the injection-production well spacing
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and injection flow rate, and is least sensitive to other factors.
Zeng et al. (2013) studied the thermal extraction of a double
horizontal well-fracture system based on the actual geological
data of the Desert Peak geothermal field. Their results show
that the output thermal power of the system depends mainly
on the water production rate and water injection temperature,
while flow impedance depends mainly on stimulated reservoir
permeability. Lei et al. (2019) studied the effects of the injec-
tion rate, well spacing, and injection temperature on a vertical
well-fracture system based on the geological conditions of the
Qiabugia geothermal field in northwest China. The results also
show that the injection flow rate and injection temperature
have a great influence on impedance and output power. The
larger the flow rate, the larger the impedance; and the larger the
injection temperature, the smaller the output thermal power.

In addition to the traditional well-fracture systems men-
tioned above, some special cases have also been investigated.
Aliyu and Archer (2021) established a three-dimensional
thermo-hydro-mechanical model of a double-tilted well-
fracture system and studied the effects of fracture number,
fracture spacing, and other parameters on heat mining capacity.
Their results show that increasing the number of fractures con-
tributes to a higher production temperature, while decreasing
the fracture spacing leads to faster production temperature
depletion. Ma et al. (2020) established a two-dimensional
(2D) model for a multi-well-fracture system and studied the
effects of different well layouts and fracture schemes on heat
recovery. The results show that there is a negative correlation
between thermal output power and fracture aperture, and that
a moderate increase in the number of fractures can improve
heat recovery, while an excessive increase will aggravate the
thermal interference between fractures. Song et al. (2018)
established a mathematical model for a multilateral well-
fracture system, and Shi et al. (2018) further studied the
parameter sensitivity of the system using supercritical CO,
as a working medium. Their results show that increasing the
number and length of lateral wells can improve the heat-
mining performance of the system, while the influence of
lateral well diameter on heat mining is insignificant.

Besides studying geothermal systems with fracture struc-
tures, some researchers have also studied closed-loop systems
without fractures. Liao et al. (2021) established a three-
dimensional model of a multi-U-shaped well system without
fractures and studied the influence of geothermal gradient,
injection rate, horizontal well interval length, and other factors
on the heat recovery capacity of the system. They also carried
out an economic analysis. It was found that the heat generation
of the system first increases and then decreases with a decrease
of the injection rate. Thus, there is an optimal injection rate.
When the injection rate exceeds the optimal injection rate,
the cost of per-unit generation increases significantly with the
increase of the injection rate. Wang et al. (2021) proposed a
novel, multilateral-well, coaxial closed-loop geothermal sys-
tem and analyzed the effects of the injection flow rate, number
of side wells, wellbore size, reservoir temperature, and other
parameters on the heat generation of the system. Their results
indicate that a small lateral well diameter is more conducive to
heat extraction. Increasing the injection flow rate can increase
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the output thermal power but will reduce the production
temperature.

In summary, the heat extraction process of EGS is a
complex multi-field coupling process, which is affected by lots
of parameters (Chen et al., 2019). However, different geother-
mal systems have different sensitivities to various parameters.
Therefore, targeted parameter sensitivity analysis is needed
for different systems. In our previous work, an enhanced
geothermal system with two sets of a 90° interchange-fracture
structure was proposed, but the influence of key parameters
on its heat recovery performance was not analyzed. In this
paper, the influence of different factors on the performance of
the proposed 90° interchange-fracture EGS is systematically
studied.

In this present research, a three-dimensional unsteady flow
and heat transfer model of the 90° interchange-fracture EGS is
established. The effects of stimulated reservoir volume (SRV)
permeability, fracture spacing, fracture aperture, injection flow
rate, and well spacing on the heat mining of the system are
studied, and an economic analysis is carried out. This study
can guide the formulation of a fracturing scheme of the 90°
interchange-fracture EGS at the macro level, and provides an
important theoretical basis for the development and utilization
of hot dry rock resources.

2. Physical descriptions
2.1 Physical process

Fracture propagation is influented by stress anisotropy,
hydraulic fracturing strategy, rock properties, and drilling
techniques. The propagation of fracture can be controlled by
directional hydraulic fracturing technology (Bai et al., 2020).
Combined with directional drilling technology and directional
fracturing technology, EGS with a 90° interchange fracture
structure can be obtained; its working principle is shown in
Fig. 1(a). Unlike conventional, double-horizontal well EGS,
there is a crossing-angle of 90° between the injection and the
production wells. Each of the two wells has a set of fractures,
which are not connected. The vertical spacing between the
fracture groups is approximately 1 m. This is called an
“unfractured thin layer”. The details within the stimulated
reservoir volume are shown in Fig. 1(b). When the system is
running, the low-temperature fluid enters the reservoir through
the injection well and flows through the upper fractures, the
unfractured thin layer and the lower fracture successively.
After a thorough heat exchange with the hot dry rock, the high-
temperature working medium returns to the geothermal power
station through the production well to generate electricity, and
is then again injected into the injection well, completing a
working cycle.

2.2 Physical model

In this current research, we established a three-dimensional
discrete fracture network model for a 90° interchange-fracture
EGS after referring to existing studies (Sun et al., 2017; Ijeje,
2019; Gong et al., 2020; Ma et al., 2020; Bongole et al., 2021),
as shown in Fig. 2. This is a conceptual model as there is no
engineering precedent for a 90° interchange fracture EGS. The
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(a)

Fig. 1. Schematic of heat mining for the interchange-fracture EGS.
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Fig. 2. Schematic of the physical model.

computational domain is a cube with sides of 1500 m located
at a depth of 4250 ~ 5750 m underground, composed of an
overburden layer, the HDR, the SRV, and an underburden layer.
Both the overburden and underburden layers are 100 m thick,
and the SRV is at the center of the HDR with a dimension
of 500 mx500 mx400 m, including one injection well, one
production well, and 10 fractures distributed equally into two
groups. There is an intersection angle of 90° between the
injection well and the production well, and the well length
is 360 m. The width and height of the fracture are 300 m
and 149.5 m, respectively. As for the reference case used for
comparison, the fracture spacing is 80 m and the vertical well
spacing is 300 m. The geological parameters are referenced
mainly from the studies of Song et al. (2018) and Ma et al.
(2020). The key geometric and geological parameters are listed
in Tables 1 and 2, respectively. In addition, since the objective
of this paper is to compare the influence of different geological
and operating parameters on heat mining performance, the
variable parameters used in different cases are listed in Table
3.
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3. Computational model

Based on existing research (Song et al., 2018; Gong et
al., 2020; Ma et al., 2020), the following assumptions for the
underground system were made: (1) we ignore the elasticity
of the rock, and thus the overburden layer, the underburden
layer, the SRV, and the HDR are considered as homogeneous
and isotropic continuous porous media; (2) compared with the
SRYV, the permeability of the overburden and the underburden
layer is very small, thus they are regarded as impermeable
boundaries; (3) there is a local thermal balance between the
solid rock and the working fluid; (4) the effect of proppant on
the fracture is not considered, and the fracture is assumed to be
completely open; (5) the fracturing fluid is water, which does
not evaporate under running conditions, and so the reservoir
is initially filled with saturated liquid water, and the working
medium flow in the rock and fractures follows Darcy’s law. In
addition, the density and viscosity of water are obtained from
the work of Holzbecher (1998):

Table 1. The geometrical parameters of the simulation model.

Value
1500 mx 1500 mx 1500 m

—4250 ~ —5750 m

Description

Computational domain size

Computational depth

SRV size 500 mx500 mx400 m
SRV depth —4800 ~ —5200 m
Well diameter 0.1 m

Well length 360 m

Fracture aperture 1 mm

Fracture width 300 m

Fracture height 149.5 m

Fracture spacing 80 m

Well spacing 300 m
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Table 2. The geological parameters of the simulation model.

Description Overburden layer ~HDR layer SRV Underburden layer  Fracture
Grain density (kg/m3) 2600 2700 2700 2800 2000
Heat conductivity (W/(m-K)) 2 2.8 2.8 2 2.8
Heat capacity (J/(kg-K)) 1000 1000 1000 1000 850
Porosity (%) 1 8 15 1 100
Permeability (mD) 0.001 0.05 1 0.001 50000

Table 3. The variable parameters used in different cases.

Description SRV permeability (mD)  Fracture aperture (mm)

Base 1.0 1.0
Case 1 0.5

Case 2 2.0

Case 3 5.0

Case 4 - 0.5
Case 5 - 1.5
Case 6 - 2.0
Case 7

Case 8

Case 9

Case 10

Case 11

Case 12

Case 13

Case 14

Case 15

Fracture spacing (m)  Injection flow rate (kg/s)  Well spacing (m)

80 30

50 -

60 -

70 -

- 20

- 40

- 50

- - 240
- - 270
- - 330

996.9 [1—3.17 x 10~*(T —298.15)
256 % 107°(T — 298.15)2]

for 298.15 K < T < 373.15 K
Pw=
1758.4 — 4.8434 x 107°T 4+ 1.0907 x 107872
—9.8467 x 1071273

for 373.15 K< T <593.15 K

1073[140.015512 (T —293.15)] 17

for 273.15 K< T < 373.15 K

K= 2478 _5
2.414 x 10710
for 373.15 K < T < 593.15 K

3.1 Governing equations

6]

2

The flow of water in the rock matrix follows Darcy’s law,

which is described by the mass conservation equation:

d (Pw®s)

o +V- (PWUS) =—Qr

3)

where p,, is the water density, ¢, is the rock porosity, ¢ is
the time, and Qf is the mass exchange between rock and
fracture. us is the Darcy velocity, which can be derived by
the momentum equation:

ks
us =——(Vp+pugVz) 4)
Hr

where k; is the rock permeability, {1y is the viscosity, p is the
water pressure, p,,gVz is the gravity term, and g and z are the
gravity acceleration and vertical coordinate, respectively.

The mass conservation equation in the discrete fracture
network is:

d (pw
df% +Vr - (drpwuy) =dpQy ©)

where dy is the fracture aperture, @y is the fracture porosity,
and Vr is the gradient operator on the fracture’s tangential
plane. u ¢ represents the Darcy velocity in the fractures, which
is expressed as:

k
uf = *‘7’; (Vrp+puwgVrz) (6)

where k; is the fracture permeability.
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For the heat exchange process, based on the assumption of
a local heat balance, the energy conservation in the reservoir
rock is given by Eq. (7):

oT
(pcp)effg +Pwepwtes VT =V (AesfVT) = =Qsp  (7)

where T is the temperature of the rock, ¢, is the heat capacity
of the water, (pc,)esy is the effective volume heat capacity,
and A.ss is the effective thermal conductivity, which can be
described by the following equations:

(pcﬂ)gff: (1*(P)Pcp+(PPpr,w (8)

Aepr=(1—@)A+ oA, ©)

where p is the density of the solid part, p,, is the density of
water, ¢p, is the heat capacity of solid part, and A and A,, are
the thermal conductivity of solid part and water, respectively.

The energy conservation equation in the fractures is de-
scribed as follows:

aT
df(pcp)effy +dfpwcp,wuf VT —Vrp- (df/’LeffVT)

=dsQrE

where Qfr is the heat exchange between the rock and
fracture.

(10)

3.2 Initial and boundary conditions

The initial temperature and pressure of the reservoir are
assumed to increase linearly from the top to the bottom, with
a temperature gradient of 0.04 K/m and a pressure gradient
of 8500 Pa/m. The top temperature is 463.15 K, and the top
pressure is 42.875 MPa. Because the calculation domain is
large enough, the boundary effect and water loss are ignored.
The injection and production flow rates are both fixed, and
the initial water temperature is 323.15 K. The permeability of
the overburden and underburden layers is very small compared
with that of the SRV, so the zero-flow and thermal insulation
conditions are exerted on the top and bottom boundaries. As
for the lateral boundaries, the Dirichlet boundary is applied
based on the initial pressure and temperature distribution.
Detailed descriptions of the initial and boundary conditions
are shown in Table 4.

3.3 Solution method and mesh-convergence test
3.3.1 Solution method

The equations are solved using the finite element solver
COMSOL Multiphysics® 5.4. A two-dimensional model with
a single-fracture is first used to verify the mathematical model

Table 4. Detailed descriptions of the initial and boundary conditions.

Description Value
Temperature gradient 0.04 K/m
Top boundary temperature ~ 463.15 K
Pressure gradient 8500 Pa/m
Top boundary pressure 42.875 MPa
Initial water temperature 323.15 K
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established in Section 3.1. As shown in Fig. 3, for this 2D
model, the rock matrix and fracture are considered infinite
in the horizontal and vertical (x and y) directions. The initial
temperature of the rock is 7;, and the injection temperature and
velocity of water are T;, and u;,, respectively. The temperature
distribution in the fracture can be solved according to the
analytical solution proposed by Barends (2010):

Ty =T+ (T;n — T;) erfc

Aex/ (pwepowdy) U <t x
\/um Uint — X) As/PsCp s
(11)

Uin
where Ty is the temperature along the fracture, erfc is the
complementary error function, and U is the unit step function.

N } Rock matrlx

LYK\/

X Fracture

=
avat

Rock matrix

-

/

Fig. 3. Conceptual diagram of the 2D single-fracture model.

Table 5. The geological and boundary parameters used for validation.

Description Value

Rock density ps 2700 kg/m>
Rock heat capacity ¢, 1000 J/(kg-K)
Rock heat conductivity A 2.8 W/(m-K)
Rock permeability kg 1 mD

Rock porosity ¢ 0.15

Initial rock temperature 7; 353.15 K
Water density p,, 1000 kg/m3
Water heat capacity ¢, 4200 J/(kg-K)
Water viscosity fy 0.001 Pa-s
Injection velocity u;y, 0.01 m/s
Injection temperature T;, 303.15 K
Fracture aperture dy 0.001 m
Fracture density p; 2000 kg/m?
Fracture heat capacity ¢, ¢ 850 J/(kg-K)
Fracture heat conductivity As 2.8 W/(m-K)
Fracture permeability k¢ 8.33x107 mD
Fracture porosity @ 1

Injection and production pressure difference Ap ~ 1.2x10* Pa

)
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Fig. 4. Verification of the mathematical model.

Fig. 5. Numerical meshing schemes.

In the computation domain of the 100 mx 100 m rectangle,
the numerical solution of the 2D model is calculated from
the governing equations within the extraction time span of
200 days. The data and parameters used for validation are
taken from the work of Song et al. (2018), and the detailed
descriptions of the geological and boundary parameters are
shown in Table 5. Fig. 4 shows the results of the comparison
between the numerical solutions in this paper and the data in
the reference (Song et al., 2018). The temperature distributions
along the fracture at different moments (at the end of the
20" d, 100™ d, and 200%™ d) are shown in Fig. 4(a), and the
temperatures at different locations of the fracture (20 m, 40
m, and 60 m) are shown in Fig. 4(b). The numerical results
of our model strongly agree with the numerical data of Song
et al. (2018) as well as the analytical solutions.

3.3.2 Mesh-convergence test

The grid system exerts an important influence on the accu-
racy and efficiency of the numerical calculation. Increasing the
number of grids can upgrade calculation accuracy but requires
more calculating time. The grid system used in our work is

355
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345

Temperature (K)
w w w w
N W w S
(&2} o (5] o
1 1 1 1

320

= Analytical solutions
3154 A Numerical results in Ref. (Song et al., 2018)| x=20m
Numerical results in this work
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T T T T T
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(b) Temperature evolution with time at three different loca-
tions in the fracture.
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Fig. 6. Average production temperature with different grid numbers.

shown in Fig. 5. Because the SRV is the main area for heat
and mass exchange, the grids in this zone are refined.

The average production temperatures at the end of the 30™
yr with different grid numbers are calculated for the mesh-
convergence validation. As shown in Fig. 6, when the number
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of grids exceeds 250, 000, the temperature changes only mini-
mally. Therefore, to reduce computational load, the subsequent
numerical simulation is carried out with the number of grids at
about 250, 000. In the solver COMSOL Multi physics® 5.4, the
backward difference method is used to discrete the transient
term.

4. Results and discussions

Our previous work has shown that the thermal extraction
performance and economic efficiency of 90° interchange-
fracture EGS are better than those of conventional double-
horizontal well systems. The main objective of this work is
to clarify the influence of stimulated reservoir volume per-
meability, fracture spacing, fracture aperture, water injection
flow rate, and well spacing on the thermal extraction capacity
of the 90° interchange-fracture EGS. First, two horizontal
planes (Z = —4950 m and Z = —5050 m, which are at the
upper and lower half of the stimulated reservoir, respectively)
and a vertical plane (Y = 0 m, which connects the injection
well and the production well) were selected to analyze the
distribution of the temperature field inside the stimulated
reservoir volume. Then the thermal extraction capacity is
compared. The evaluation indexes of heat mining performance
are the average production temperature, output thermal power,
and production pressure difference. In order to compare the
effect of the change in production pressure difference and
output thermal power on cost and income, a brief economic
analysis is carried out in this paper, which focuses on the cost
of electricity and income from thermal energy.

The average production temperature is defined as the
average temperature of the production well, which can be
described by:

szT(t)dl

T =
out Lz

(12)
where L, is the production well length and T(¢) is the
temperature of a certain position along the production well
at time 7.

The output thermal power directly reflects the heat gener-
ation capacity of the system, which can be described by:

P= qmCp.w (Tout =T ) (13)
where g, is the mass flow rate of the working fluid.
0.5mD 1.0 mD

2.0mD

A.AA.%
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The average production pressure difference is the differ-
ence between the average pressure of the injection well and
the production well, which can be described by:

= le pin(1)d! B sz Pour (t)dl

A
P L I

(14)

where L; is the injection well length, and p;,(z) and p(t)
are the pressure of the injection well and the production well
at time 7, respectively.

The power cost of the system is mainly the cost of the
electric energy consumed by the pump. According to the
research of Pollack et al. (2019), the electric cost can be
described as follows:

Esys = Lpump = tPeqmAp (15)

where p, is the unit price of electric energy, 0.138 $/(KW-h)
in this paper.

The heat energy produced by the system can be applied to
power generation and heating. The heat energy income can be
described by:

!
Qu= 77/0 qmCp,f (Tout - Tin)dt (16)

I, =D, Qut (17)

where O, denotes the heat energy generated by the system, i
is the heat-exchange efficiency and takes 80%, and p, is the
unit price of heat energy, 0.083 $/(KW-h) in this paper.

4.1 Influence of stimulated reservoir volume
permeability

In this section, the influence of stimulated reservoir volume
permeability on the thermal extraction performance of the
90° interchange-fracture EGS is analyzed. Fig. 7 shows the
temperature distributions in the SRV at different permeabilities
at the end of the 30" year. As shown in the figure, the range
of the cooling zone on the two horizontal sections increases
with the increase in permeability. This means that a higher
stimulated reservoir volume permeability helps to increase the
area of heat transfer between the fluid and the rock, allowing
more heat to be mined from the SRV. In the vertical section, the
temperature of the rock around the production well increases
with the increase of permeability. This suggests that a higher

Temperature

500 K
480
460
440
420
400
380
360
340

5.0mD

Fig. 7. Temperature distributions at different stimulated reservoir volume permeabilities at the end of the 30" year.
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stimulated reservoir volume permeability has the potential for
obtaining a higher production temperature.

Fig. 8 shows the average production temperatures and
output thermal powers at different stimulated reservoir volume
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Average production temperatures and output thermal powers at different stimulated reservoir volume permeabilities.

permeabilities. Fig. 9 shows production pressure differences.
As shown in Fig. 8, the average production temperature
increases with the increase in permeability; the trend of
output thermal power is similar to that of temperature. This
is consistent with the analysis in Fig. 7. Fig. 9 shows that
the higher the stimulated reservoir volume permeability is, the
smaller will be the pressure difference required for production.
This is because a higher permeability correlates to a lower flow
resistance, and lower resistance helps the fluid flow through
a larger area, which is beneficial for increasing heat transfer
efficiency and the heat extraction rate. It is worth noting that
when the permeability is 0.5 mD, the production temperature
increases by 5.4 K for each doubling of permeability, while
when the permeability is greater than 2 mD, the production
temperature will increase by less than 2.4 K for each doubling
of permeability. This indicates that with the increase of stimu-
lated reservoir volume permeability, the impact on heat mining
performance is gradually weakened. Moreover, compared with
the production temperature, the pressure difference is more
sensitive to permeability change.

Fig. 10 shows the electricity costs and heat incomes of
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Fig. 10. Electricity costs and heat incomes at different stimulated reservoir volume permeabilities.
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Fig. 11. Temperature distributions at different fracture spacings at the end of the 30 year.
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Fig. 12. Average production temperatures and output thermal powers at different fracture spacings.

90° interchange-fracture EGS at different stimulated reservoir
volume permeability levels. As shown in Fig. 10(a), there is
a significant difference in electricity costs between different
permeability levels, and a larger permeability is conducive to
significant cost savings. Fig. 10(b) shows that heat income
increases with the increase of permeability. Therefore, mea-
sures should be taken to increase stimulated reservoir volume
permeability, reduce electricity costs, and increase thermal
energy return.

4.2 Influence of fracture spacing

In this section, the influence of fracture spacing on the
thermal extraction performance of the 90°interchange-fracture
EGS is analyzed. Fig. 11 shows the temperature distributions
in the SRV at different fracture spacings at the end of the
30t year. As can be seen, fractures are the main channels
for fluid flow, and the heat transfer area (cooling area) is
also mainly concentrated around the fractures. In the figure,
the heat transfer zone increases with the increase of fracture
spacing. It is worth noting that, when the fracture spacing is
80 m, we see not only the largest heat transfer area, but also a
distinct fracture profile in the section Z = —4950 m. However,
when the fracture spacing is only 50 m, not only is the heat
transfer region reduced, but also the fracture profile is no
longer obvious. This means that a small fracture spacing will
aggravate the thermal interference between fractures, which is
not conducive to heat mining.

Production pressure differences (MPa)

0 5 10 15 20 25 30
Time (years)

Fig. 13. Production pressure differences at different fracture spacings.

Fig. 12 shows the average production temperatures and
output thermal powers at different fracture intervals. With an
increase in fracture spacing, the average production temper-
ature and output thermal power of the system are improved.
This is because fractures are the main channel for the working
medium flow, and larger fracture spacing helps the fluid
within the fractures radiate to a wider area and increases
the heat transfer area. However, in Fig. 13, by comparing
the production pressure difference corresponding to different
fracture spacing, we find that with the increase of spacing, the
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Fig. 16. Average production temperatures and output thermal powers at different fracture apertures.

required production pressure difference also increases. This
is because the resistance loss of fluid flow will also increase
with the increase of the heat transfer area. However, when
the fracture spacing is less than 60 m, the effect of changing
the fracture spacing on production temperature and pressure
difference is not significant.

The electricity costs and thermal energy incomes at differ-
ent fracture spacings are shown in Fig. 14. Both the income
and the cost increase with the increase of spacing. However,
when the fracture interval is 80 m, the total electricity cost

over 30 years is $45.71 million and the total heat income is
$392.36 million, which increases only $1.49 million and $2.90
million, respectively, compared with a spacing of 70 m. This
suggests that the 90° interchange-fracture EGS is less sensitive
to changes in fracture spacing than SRV permeability.

4.3 Influence of fracture aperture

In this section, the influence of fracture aperture on the
thermal extraction performance of 90° interchange-fracture
EGS is analyzed. Fig. 15 shows the temperature distributions
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in the SRV at different fracture apertures at the end of the
30" year. As can be seen, the range of the cooling zone on
the two horizontal sections decreases with the increase of the
fracture aperture, while the temperature of the rock around the
production well is the opposite. This means that increasing the
fracture aperture results in more fluid arriving at the production
well through the fracture, rather than through the hot dry rock
porous media. That is, increasing fracture aperture will lead
to a heat short circuit.

The average production temperatures and output thermal
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powers at different fracture apertures are shown in Fig. 16.
Both the average production temperature and the output ther-
mal power decrease with an increase of fracture aperture,
and the smaller aperture can obtain a larger heat output.
This is consistent with the analysis in Fig. 15. A larger
aperture will lead to thermal short circuits, which is not
conducive to the full extraction of reservoir heat. However,
as shown in Fig. 17, the smaller the fracture apertures, the
greater the flow resistance loss, resulting in a larger production
pressure difference. Therefore, it is necessary to combine the
magnitude of temperature difference and economic analysis to
see whether a small fracture aperture is desirable or not.

Fig. 18 shows the economic analysis under different
fracture apertures. Both electricity cost and thermal income
increase with a decrease of the fracture aperture. Each 0.5
mm reduction in fracture aperture increases electricity costs by
approximately $2 million and economic incomes by approx-
imately $7 million. In contrast, the smaller fracture aperture
has more economic advantages.

4.4 Influence of injection flow rate

In this section, the influence of the injection flow rate on
the thermal extraction performance of the 90° interchange-
fracture EGS is analyzed. Fig. 19 shows the temperature
distributions in the SRV at different injection flow rates at
the end of the 30" year. As shown in the figure, the range of
the cooling zone increases with the increase of the injection
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Fig. 18. Electricity costs and heat incomes at different fracture apertures.
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Fig. 19. Temperature distributions at different injection flow rates at the end of the 30" year.
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flow rate, and at the same time the temperature around
the production well decreases. On one hand, increasing the
injection amount of working medium can extract more heat
from the SRV. On the other hand, as the heat stored in the
SRV is extracted in large quantities, the area of the cold zone
expands, and when the cold zone reaches the production well
earlier, thermal breakthrough is more likely to take place.
The average production temperatures and output thermal
powers at different injection flow rates are shown in Fig. 20.
It can be seen from Fig. 20(a) that as the injection flow rate
increases, the average production temperature drops faster. At
the end of 30" year, the production temperature with a flow
rate of 20 kg/s is 482.82 K, while the output temperature with
50 kg/s is only 438.9 K, 43.93 K lower than the former. Fig.
20(b) shows that the greater the injection flow rate, the greater
the output thermal power of the system. However, a small
injection flow rate can ensure a stable output thermal power of
the system in the long term, and the larger the injection flow
rate, the faster the output thermal power decreases with the
extension of heat extraction time. As shown in Fig. 21, with an
increase of the injection flow rate, the pressure loss increases
rapidly. A smaller flow rate is more conducive to obtaining a

stable production pressure difference, while a larger flow rate
increases production pressure difference year by year. This
is because the larger flow rate also accelerates the cooling
of the reservoir in addition to extracting more heat from the
reservoir, reducing the heat transfer temperature difference and
increasing flow resistance. This eventually leads to an earlier
thermal breakthrough of the system, which is not conducive
to the long-term stable operation of the system.

Fig. 22 shows electricity costs and heat incomes at different
injection flow rates. We found that, as the injection flow
rate increases, both electricity cost and heat income increase.
The difference is that the cost increases by $27.19 million,
$37.82 million, and $51.76 million for each increase of 10
kg/s, showing an increasing trend, while income increases
by $118.78 million, $105.56 million, and $94.27 million,
respectively, showing a decreasing trend. This is because the
higher the flow rate is, the faster the reservoir cools, resulting
in a smaller heat transfer temperature difference and greater
fluid viscosity and flow resistance. However, overall it is still
economical to increase the flow rate. Moreover, heat income
is more sensitive to a change of the injection flow rate than
to the other three influencing factors.

4.5 Influence of well spacing

In this section, the influence of well spacing on the thermal
extraction performance of the 90° interchange-fracture EGS is
analyzed. Fig. 23 shows the temperature distributions in the
SRV at different well spacings at the end of 30" year. As can
be seen, the temperature of the rock around the production well
increases with the distance between the injection well and the
production well. The well-fracture system is the primary path
for fluid flow, and the longer the distance between two wells,
the longer the path. This in turn helps delay the arrival of
the cold zone to the production well, and delays the thermal
breakthrough. Moreover, when the size of the SRV is constant,
a larger well spacing results in the production well being
closer to the edge of the SRV, helping to gain more heat
compensation from the surrounding HDR layer.

Fig. 24 shows the average production temperatures and
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output thermal powers at different well spacings. Similarly to
the analysis in Fig. 23, the average production temperature and
output thermal power of the system increase with the increase
in well spacing. Increasing well spacing helps to extend the
flow path of the working fluid and increases the heat transfer
area. However, the flow resistance loss increases with the
increase in well spacing, as shown in Fig. 25. Therefore, the
electricity cost is compared with thermal energy income to
evaluate the gain and loss of both.

The electricity costs and thermal energy incomes at differ-
ent well spacings are shown in Fig. 26. Both the income and

the cost increase with the increase in well spacing. However,
for each 30 m increase/decrease in well spacing, the cost
increase/decrease due to pump power consumption is no more
than $2 million, while thermal income increased/decreased by
at least $6 million. In their review of previous work, Pollack
and Mukerji (2019) noted that the drilling costs increase by
approximately $16,230 to $50,430 per 30 m of vertical well
depth increase, which is a small change compared to thermal
income. Therefore, a larger well spacing helps increase ther-
mal income.
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5. Conclusions

In this paper, a three-dimensional, unsteady thermal and
hydraulic model for a 90° interchange-fracture EGS is estab-
lished, and the effects of pivotal parameters on the heat mining
performance of this proposed system are studied. The main
findings are as follows:

1) The 90° interchange-fracture EGS is most sensitive to
stimulated reservoir volume permeability and injection
flow rate, while fracture spacing, fracture aperture, and
well spacing show less influence on the system.

2) Improving stimulated reservoir volume permeability leads
to higher output thermal power and a smaller production
pressure difference for the 90° interchange-fracture EGS,
which saves power costs and gives higher economic
benefits.

3) Increasing fracture spacing, decreasing fracture aperture,
and increasing well spacing are beneficial to improving
the output thermal power of the 90° interchange-fracture
EGS, but require a larger production pressure difference,
leading to an increase of power costs.

4) Increasing the injection flow rate is conducive to obtain-
ing higher-output thermal power and increasing economic
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income, but leads to a greater production pressure dif-
ference, which is not conducive to the long-term stable
operation of the system.

This study has definite guiding significance for the de-
velopment and utilization of interchange-fracture EGS. It is
worth mentioning that the influence of formation stress and
anisotropy of rock properties on the system are not considered
in this work. In future studies, formation stress should be taken
into account, and a more complete economic analysis will be
carried out.
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