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ARTICLE INFO ABSTRACT

Keywords:

We explore an enhanced geothermal system (EGS) reservoir with horizontal wells connecting multiple hydraulic
fractures. In particular we follow the implications of complex thermal-hydraulic-mechanical on the thermal
unloading of rock matrix on the permeability evolution. The accuracy and reliability of the proposed model is
validated/verified against an existing analytical solution and the Fenton Hill demonstration project. Then, the
effect of the fracture number on the heat extraction process is discussed. Results show that matrix permeability
enhancement induced by the thermal unloading should be considered in the coupling model. Compared with the
results from the traditional model, the maximum temperature difference at the production well can reach 20 K.
More fractures in the EGS are advantageous for expanding the cooling range along the production well and have
a great impact on the temperature. Generally, an EGS with more fractures is prone to obtain a higher production
temperature. In the EGS, fracture number plays an important role in considering both the heat transportation rate
and the cooling range in a geothermal exploration process. Per the consideration of geothermal exploitation in
the matrix and fracture, there is only a slight difference in the heat extraction ratio for the four numerical cases.

Thermal-hydraulic-mechanical coupling
Matrix permeability enhancement
Thermal unloading

Heat extraction

Temperature evolution

Reservoir fracture

1. Introduction

Geothermal resources provide an attractive source of low/zero-
carbon energy due to their cleanliness and significant reserves [1,2].
Non-hydrothermal resources are found in the subsurface where mod-
erate/high temperature (150-650 °C) are co-located with low porosity
and therefore little native water content. Generally, this type of hot dry
rock (HDR) resource exhibits ultralow porosity and permeability
(>microDarcy) which results in difficulty in geothermal energy pro-
duction by heat transfer fluids [3]. Thus, reservoir manipulation to
enhance the permeability of HDR is crucial to enable effective and
economically viable heat extraction [4]. Since the demonstration of
Fenton Hill as a potentially viable geothermal site, the extensive
development of massive hydraulic fracturing for the recovery of shale
gas has meant that this is a transferrable technology provided the issue
of thermal short circuiting may be solved [5].

Although the feasibility of commercial heat extraction from EGS
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reservoirs has been confirmed by several demonstration projects [1],
many difficulties remain unresolved with regard to commercial pro-
duction. One critical issue is insufficient understanding of the full heat
extraction process [6] and the strong and positive feedbacks. The re-
covery of geothermal resources from HDR resources involves several
interactive physical processes, including heat exchange and transfer,
fluid flow in the rock matrix and fractures, and rock deformation and
failure. Furthermore, these processes are strongly coupled, typically
described through thermal-hydraulic-mechanical coupling (THM)
processes [1]. Once a fractured reservoir is created by hydraulic frac-
turing of hydraulic shearing, the interaction among the components of
the THM process intrinsically controls the efficiency of heat extraction.
Numerical simulation is one effective method to analyze the full heat
extraction process. Coupled models have been used to study the char-
acteristics of fluid flow, heat transfer and mechanical response in EGS
reservoirs [6,7] and reservoirs below oilfields [8].

To further understand the factors affecting the efficiency of heat
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extraction, various studies have investigated the issue to understand the
relative impact of geological factors versus operating parameters. With
regard to geological factors, the impacts of natural fractures have been
explored [9,10] to define the impacts of permeability on heat recovery
[11] and to understand the evolution of the SRV [12]. Conversely,
operational are shown to have a nonnegligible role in thermal exploi-
tation and are controllable. Principal controls are on well patterns, se-
lection of working fluids and design of the injection schedule [1,13]. In
addition, the impact on heat recovery of multilateral well EGS systems
has been explored [11,14-17] as well as the impact of different well
types and number of wells, alignment and placement on energy pro-
ductivity. These impacts include the effect of the aperture, height,
number, and spacing of artificial fractures on the heat extraction process
[15,18-20]. Additionally, the selection of working fluids (water—based
fluids and gas fluids) has also been studied. Taking CO5 as the working
fluid, several numerical simulations of heat extraction have also been
performed [10,21-23], including both water and CO; as the working
fluid in the numerical model [8,24]. The results showed that compared
to using water in EGSs, utilizing CO as the working fluid could improve
heat recovery efficiency.

Currently, a series of numerical studies on heat extraction have been
carried out. These models, to a degree, exhibit a complicated THM
process. However, it is still a challenge to comprehensively consider the
interactions between different physical processes. As cryogenic fluid is
injected into HDR, the temperature difference between the rock matrix
and the fluid can reach 100 °C or higher [1], thus generating thermal
stress. Once the stress exceeds the critical value, thermal damage occurs
in the rock matrix. In HDR, thermal damage has a great influence on its
properties, especially its permeability [25-31]. For example, when a
rock sample was cooled from 325 °C to 25 °C by cold water, its
permeability was enhanced by more than one order of magnitude [28].
By evaluating cases with different constant permeabilities in the ther-
mal-hydraulic numerical model, Han et al. [18] found that the perme-
ability increasing of a stimulation reservoir favour reducing the
injection pressure and increasing the mining efficiency. Additionally,
the variation in permeability generates a heterogeneous seepage field in
the local zone. The heterogeneous permeability may increase the
reservoir impedance and shorten the lifetime of an EGS [12]. Therefore,
in the process of heat extraction in HDR, the permeability enhancement
and variation significantly affect the exploitation performance [32].
Unfortunately, most of the numerical models mentioned above ignore
the dynamic matrix permeability variation in the whole heat extraction
process. Only the variation of fracture permeability is considered in the
seepage field. In rare researches [9], the matrix permeability variation is
described by stress field, in which the thermal stress is induced by
thermal unloading. Then, the impact of thermal unloading on the rock
permeability is indirectly described. The stress—permeability model is
developed based on some assumption. For example, the rock is treated as
a homogeneous material. However, one of the critical reasons for the
matrix permeability enhancement induced by thermal unloading is the
inhomogeneity of materials in rock [1]. The current models cannot
consider the key factor. Thus, it is necessary to develop a direct rela-
tionship between the thermal unloading and the matrix permeability
variation in the coupling numerical model. However, to our knowledge,
there is no work reported about the relationship in any numerical
models. To further discuss the thermal-seepage-stress coupling field, the
matrix permeability variation induced by thermal unloading should be
considered in the numerical model. Then, a more reliable numerical
model can be employed to study the geothermal exploitation
performance.

This study develops a thermal-hydraulic-mechanical coupled
three-dimensional model in COMSOL software, where the matrix
permeability evolution induced by thermal unloading is emphasized.
Unlike the traditional method, the matrix permeability enhancement is
directly expressed by the thermal unloading, and the relationship be-
tween the two physical parameters is established according to the
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previous experiment conducted by Cheng [33]. Then, the accuracy and
reliability of the numerical model is validated by an existing analytical
solution and a field measurement. Thereafter, the effect of the fracture
number on geothermal exploration is discussed in the EGS. Generally,
this work should help to analyze the heat exchange performance when
multiple fractures are designed in an EGS.

2. Relationship between the matrix permeability enhancement
and thermal unloading of rock

When a cryogenic fluid is injected into HDR, the abrupt change in the
temperature of the rock surface leads to tensile stress, which can lead to
rock damage. Certainly, a variation in the mechanical properties occurs
to some extent. The permeability, which may change by more than one
order of magnitude [28], should be considered in the process of heat
extraction. To investigate the effect of thermal unloading on perme-
ability enhancement, a series of experiments were conducted by Cheng
[33]. The experiments were performed at a confining pressure of 7 MPa
and a pore pressure of 3 MPa. The initial permeability of the specimen at
room temperature was 0.0068 mD. In the process of heat treatment, the
specimens were slowly heated to high temperature at a rate of 5 °C/h.
Six high temperatures were considered: 100 °C, 200 °C, 300 °C, 400 °C,
500 °C and 600 °C. Then, the specimens were quickly cooled by cryo-
genic water at temperatures of 20 °C, 60 °C and 100 °C. The volume ratio
of the cooling water to the specimen was 1000. After a sufficient cooling
time, the rock temperature was regarded as equal to the temperature of
the corresponding cooling water. The experimental results are shown in
Table 1.

The experiments involved thermal loading and unloading. When the
specimen was heated at high temperature, damage occurred due to the
expansion of the particles. However, when the specimen was cooled
quickly, the particles contracted, resulting in tensile damage. Compared
to that induced by thermal loading, the permeability enhancement by
thermal unloading is far greater [34]. Therefore, the role of heat treat-
ment with a very slow rate in permeability enhancement is ignored, and
the initial permeability before heat treatment is considered as the rock
permeability under the high temperature conditions. Based on this
assumption, the permeability enhancement induced by the temperature
difference between the heated rock and the cryogenic water (AT) is
studied. The parameter R is defined as the ratio of the permeability after
water cooling (kc) to the initial permeability (ki). Combined with the
experimental results (Table 1), a relationship between R and AT is ob-
tained (as shown in Fig. 1). The matrix permeability enhancement is
directly expressed by the thermal unloading, and the relationship be-
tween the two physical parameters is established according to the ex-
periments. The curve is fitted with an exponential function with a
correlation coefficient of 0.85. The expression is written as:

R:k(-/k[ — 60'0045AT (1)

Table 1
Permeability of granite after thermal unloading [33].

Rock temperature Rock permeability after cooling treatment (mD)

ce Cooling water at Cooling water at Cooling water at
20°C 60 °C 100 °C

100 0.0088 0.0083 /

200 0.0137 0.0099 0.0115

300 0.0240 0.0202 0.0226

400 0.0628 0.0387 0.0484

500 0.1670 0.1106 0.1671

600 0.7231 0.6487 0.7068
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3. Mathematical description of the THM model
3.1. Model assumptions

Heat extraction in an EGS is a complex process that involves THM
coupling interactions. To develop a numerical model, the following as-
sumptions are adopted to describe the processes of fluid seepage, heat
transfer and rock deformation [7-18].

(1) The EGS reservoir is simplified to be consisted of a continuous
rock matrix and discrete artificial fractures. The porous matrix is
assumed as a homogenous and isotropic material, except the
permeability.

(2) Under reservoir and operating conditions, water in the pores and
fractures is assumed to be in the state of liquid.

(3) The reservoir is assumed to be fully saturated with water. The
fluid flow in the rock matrix and fractures is described by Darcy’s
law and cubic law, respectively.

(4) Local thermal equilibrium is assumed between the solid rock and
the fluid. Then the temperatures of the rock and fluid are equal at
any point. The heat transfer process is described by Fourier’s law.

(5) Itis assumed that only the influence of temperature on the matrix
permeability is considered. The effect of other factors is ignored.
When the cryogenic fluid is injected into HDR, the matrix
permeability enhancement is considered as a result of the abrupt
change in the temperature of the rock surface. The relationship
between the matrix permeability and the temperature decrease is
shown in Fig. 1. The matrix permeability is modified by Eq. (1).

(6) The chemical reaction is not considered in the coupling process.

3.2. Governing equations

Based on the assumptions expressed above, the governing equations
of the THM model during heat extraction are as follows:

3.2.1. Mechanical deformation equations

The HDR is a type of rock with high strength. In the numerical model,
the reservoir rock is treated as an elastic material during heat extraction.
The mechanical deformation of a rock block is induced by in situ stress,
thermal stress and fluid pressure. The total strain can be defined as [35].
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where u is the normal displacement, m; K* is the stiffness of the fracture,
Pa/m; and o and ¢’ are the total stress and the effective stress acting on
the fracture, respectively, Pa. The subscripts n and s represent the
normal and tangential directions to the fracture surface, respectively.

3.2.2. Fluid flow equations
The fluid flow in the rock matrix and the fracture is described by the
mass conservation law [37], in which the effect of the rock matrix
deformation and the fractures are considered.
dp

S—+Vqg=
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where S is the storage coefficient of the rock matrix, Pa~! ; tisthe time, s;
q is the Darcy velocity, m/s; dy is the fracture aperture, m; Sy is the
storage coefficient of the fracture, Pa™}; gy is the Darcy velocity in the
fracture, m/s; &, is the volume strain; and Qyis the mass transfer between
the rock matrix and the fracture, 1/s.

According to Darcy’s law, q and gy are described by the following
equations

k
g=——V-(p+p,8) C))
Ky

k,
%:*imw+mﬁ) ©)
f

where k is the matrix permeability, m2. k is related to the temperature
change and is calculated by Eq. (1). kris the fracture permeability, m?. ks
is determined by the fracture width and is calculated by 12/d§2. uris the
dynamic fluid viscosity, Pa-s; py, is the fluid density, kg/m”; g is the
gravitational acceleration, m/s% and z is the unit vector in the vertical
direction.

The dynamic fluid viscosity us is determined by the temperature,
which is written as:

1 1 1 a, arT
&= Eﬂu - <E - 9?> 64l + %&I + %&vl 2)
1.3799 — 0.02127 + 1.3604 x 1074T% — 4.6454 x 107T> + 8.9043 x 10717
Hp =19 —9.0791 x 107°T° + 3.8457 x 107'°T° 273.15K < T < 413.15K

0.004 — 2.1075 x 107°T + 3.8577 x 10787% — 2.3973 x 107! 7?

where ¢y is the strain component; G = E/(2+2v) is the shear modulus,
Pa; K = E/3(1-2v) is the bulk modulus, Pa; E is the Young’s modulus, Pa;
v is Poisson’s ratio; oy is the stress component, Pa; 644 is the normal
stress component, Pa; 8k is the Kronecker symbol; a is the Biot coeffi-
cient; p is the water pressure; and aris the thermal expansion coefficient,
1/K.

Combined with the equilibrium equation and the strain—deformation
relation equation, the governing equation of the stress field is written as

G
Gugy+~——u —apy — KarTy +fi =0

1—-2v ®

where fi is the volume force component, N.
The deformation of the embedded fracture is written as [36].
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(10)

413.15K < T <573.15K

3.2.3. Heat transportation equations

Between the rock matrix and the injected fluid, the local thermal
equilibrium is adopted to describe heat exchange. Then, in any position,
the temperatures of the solid and the liquid is the same as those in the
EGS. The energy conservation equations in the matrix and the fracture
are written as [17].

dev

ot an

ar
(Per) g + V- (PurndT) =V - (V1) + Kar TS = — Or

oT 0
& (pey) 5+ V - (dpucpuasT) = Ve (d4VT) +diKarT % =4 Osr
12)

where T is the temperature, K; ¢, is the heat capacity of the fluid, J/
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Fig. 1. Variation in R due to water cooling.

(kg-K); Qs is the heat exchange between the rock matrix and the frac-
ture, W/m3; (pcp)m and (pcp)rare the effective volumetric heat capacities
of the matrix and the fracture, respectively, J/ (m® ‘K); and A, and Ay are
the effective thermal conductivities of the matrix and the fracture,
respectively, W/(m-K).

(pcy),, = (1= @)p,Cps + P Cpoe (13)
(pcp)f =(1=05)pCps + PPuCpme 14)
Im= (1= @) + @Ay, (15)
Ar=(1— )+ @dy 16)

where ¢ and ¢y are the porosities of the matrix and the fracture,
respectively; p;s is the solid density, (kg/m3); Cp,s is the solid heat ca-
pacity, J/(kg-K); and 4, and 1, are the thermal conductivities of the solid
and the fluid, respectively, W/(m-K).

The heat capacity (c,), the thermal conductivities (1,) and the
density (py) are related to the temperature, which are written as follows:

Cpw = 12010 — 80.4T +0.37% — 5.4 x 107*T° +3.6 x 107'T* 273.15K
< T <573.15K

an
A =7.9754 x 107°T3 — 1.5837 x 107°T? 4 0.0089T — 0.8691 273.15K
< T <573.15K
18)
P, =838.4661 + 1.4005T — 3 x 107°T> —3.7182 x 107'T% 273.15K < T
< 573.15K
19

3.3. Coupling relationships

The numerical simulation involves the complicated coupled THM
process, as shown in Fig. 2. The interaction between different processes
is expressed as follows:

1) Relationship between the stress field and the seepage field. With
fluid injection, the pore pressure (p in Egs. (2)-(4)) in the EGS is
disturbed, which affects the effective stress (¢’ in Eq. (2) and Eq. (4))
acting on the rock. Rock deformation (¢, in Egs. (6) and (7)) results in
changes in the pore pressure (p in Egs. (6) and (7)) and fracture
permeability (ks in Eq. (9)).

2) Relationship between the stress field and the temperature field. The
variation in the reservoir temperature (T in Egs. (2) and (3)) induces

36
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Thermal stress

Temperature
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Fig. 2. Coupled THM relationship.

thermal stress, which can disturb the stress field (¢ in Eq. (2)) and
displacement field (u in Eq. (3)). Rock deformation (¢, in Egs. (11)
and (12)) generates strain energy acting as a type of heat source in
the heat transfer process (T in Egs. (11) and (12)).

Relationship between the seepage field and the temperature field.
The properties of the fluid (47 in Egs. (8) and (9); cpw, 4w and py, in
Egs. (11) and (12)) and the matrix permeability after cooling (k. in
Eq. (1)) are affected by the temperature variation (T in Egs. (1), (10)
and (16)—(18)). The fluid flow (q in Egs. (11) and (12)) leads to heat
exchange (T in Egs. (11) and (12)) between the cryogenic fluid and
the rock at high temperatures, which affects the temperature
distribution.

3

-

The coupled THM process, as well as the governing equations is
realized in the COMSOL Multiphysics solver.

4. Validation of the coupled THM model

To validate the coupled THM model developed in the paper, the
existing analytical solution and field measurement are adopted as

Pore pressure: 0 Pa
Temperature: 333 K
Compression load: 1x10*Pa

L]

i

z=T7 my |

insulated and impervious

N
.

Initial pore pressure: 1 x10* Pa
Initial temperature: 283 K

\

insulated and impervious

z=0 my

Fig. 3. Description of the thermoelastic consolidation model.



P. Zhao et al.

simulation examples.

4.1. Validation of the analytical solution

The thermoelastic consolidation problem of a saturated soil column
is utilized to demonstrate the accuracy of the coupled THM model [10].
Based on the finite Fourier transform and its inverse transform, Bai [38]
deduced the analytical solutions of the thermal elastic consolidation
model under nonisothermal conditions. The one-dimensional model is
described in Fig. 3. In the numerical model, the height of the soil column
is 7 m. The initial pore pressure and temperature are set to 1 x 10* Pa
and 283 K, respectively. At the top surface, the compression load is 1 x
10* Pa. In addition, a pore pressure of 0 Pa and a temperature of 333 K
are also applied. The other three boundaries are considered thermally
insulated and impervious, and the displacement is constrained in the
normal direction. The numerical parameters are listed in Table 2.

The comparison between the analytical solution and the numerical
results is shown in Fig. 4. The results include the temperature, pore
pressure and displacement at different positions. The results obtained
from the numerical model are identical to the analytical solution. Thus,
the accuracy of the coupled THM model is verified.

4.2. Validation of the field measurement

Field measurements obtained from the Fenton Hill Phase I site were
employed to validate the numerical model developed in the study. A
conceptual description of the EGS is shown in Fig. 5 [39]. The diameter
of the artificial fracture was 120 m. The injection well was located at a
depth of 2750 m and connected 25 m from the bottom of the fracture.
The production well was located at a depth of 2670 m and connected 15
m from the top of the fracture. The heat extraction performance of HDR
was evaluated with 75 days of closed-loop operation [39]. At the loca-
tion of the injection well, the rock temperature was 185 °C. The
geothermal gradient was 100 °C/km under a depth of 2300 m. During
the 75-day circulation test, the injection rate in the first 25 days was 7.5
kg/s. Then, the rate gradually increased to 15 kg/s between days 26 and
36, and remained constant in the following 36 days (Fig. 6a). Because of
heat exchange between the injection water and borehole wall, the water
temperature at the entry point was variable. The injection temperature
variation with time is show in Fig. 6b [40]. During the process, the
pressure at the extraction point ranged from 25 MPa to 26.5 MPa. In the
numerical model, a constant pressure of 25 MPa was employed for the
production well. In addition, the minimum horizontal stress, the
maximum horizontal stress and the vertical stress were 37 MPa, 53 MPa
and 74 MPa, respectively [15,39]. The rock was treated as linear elastic,
homogeneous and isotropic. Some of the properties of the reservoir rock
are shown Table 3 [40].

The measured injection pressure (at a depth of 2750 m) and pro-
duction temperature (at a depth of 2670 m) are utilized to validate the
reliability of the developed numerical model. Before heat extraction in
the field, an abundant of fluid had been injected into the reservoir to
form a hydraulic fracture. During the fracturing process, the reservoir
had been cooled to a certain degree. As shown in Fig. 7b, the production
temperature decreased once the cryogenic fluid was injected into the
reservoir. However, in the numerical simulation, it takes a period time
for the injected fluid to reach the production well. Hence, the extraction

Table 2

Parameters of the thermoelastic consolidation model.
Parameter Value Parameter Value
Density of soil 2000 [kg/m>] Storage coefficient 2e-9 [1/Pa]

Elastic modulus 6e7 [Pa] Thermal conductivity 30 [W/(m-K)]
Poisson’s ratio 0.4 Heat capacity 100 [J/(kg-K)]
Biot coefficient 1 Expansion coefficient 3e-7 [1/K]
Porosity 0.2 Hydraulic conductivity 4e-6 [m/s]
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temperature decreases slowly in the early stage. In the numerical results,
after fluid injection with a period time, the extraction temperature de-
creases to 173 °C which is equal to the initial extraction temperature in
the field measurement. To better compare the numerical results and the
experimental results, we choose the time when the extraction temper-
ature is 173 °C as the initial injection time. Within the injection of 75
days, the injection pressure and production temperature curves obtained
from the numerical simulation and the field measurement are shown in
Fig. 7. The variation trends of the curves are similar. In general, the
simulation results exhibit an acceptable agreement within the field
measurements to a certain degree. Therefore, the coupled THM model is
reliable for predicting the heat extraction performance in an EGS.

5. Multifracture EGS model
5.1. Description of the conceptual model

A schematic of the conceptual numerical model is illustrated in
Fig. 8. The reservoir is located at a depth of 4500-5300 m with the di-
mensions of 500 m x 500 m x 400 m. The EGS is in the centre of the
reservoir with the dimensions of 300 m x 300 m x 200 m (Fig. 8a). The
horizontal wells consist of one injection well and one production well
and are 400 m below the top of the reservoir. The well length, well
diameter and well spacing are 300 m, 280 m and 0.2 m, respectively. In
the EGS, vertical artificial fractures are designed to connect the injection
well and the production well. To analyze the effect of the fracture
spacing (Sp) and number (N) on the heat extraction performance,
different numerical cases are designed in the study. As shown in Fig. 8b,
four types of fracture numbers are employed, namely, N = 2 (Sp = 100
m),N=3(Sp=75m), N=4(Sp =60m),and N =5 (Sp = 50 m). The
relevant physical parameters are listed in Table 4.

5.2. Initial and boundary conditions

The initial and boundary conditions of the THM model are listed as
follows:

(1) Stress field. The vertical stress (o;) applied to the top surface is
based on the overlying rock weight. At a depth of 4500 m, o, is set
to 122 MPa. The lateral pressure coefficients used to calculate the
horizontal stresses are 0.8 and 0.7, and the maximum horizontal
stress (0y) and the minimum horizontal (sy) stress are 98 MPa and
85 MPa, respectively.

(2) Seepage field. The mass flow rate of the injection well maintains a
constant value of 30 kg/s. The production pressure is fixed at 30
MPa. The initial pressure of the reservoir is 40 MPa, and the
pressure gradient is ignored. The surrounding boundaries are
permeable, with a constant pressure of 40 MPa. The upper and
lower boundaries are impermeable.

(3) Temperature field. The initial temperature (Tp) is 573.15 K, and
the temperature gradient is ignored in the model. The injection
temperature (Ty;) of the fluid is fixed at 303.15 K. The sur-
rounding boundaries are set to 573.15 K, and the upper and lower
boundaries are thermal insulation.

6. Results and discussion

6.1. Effect of matrix permeability evolution on heat extraction
performance

6.1.1. Temperature variation in the intersection point of fracture and
production well

To analyze the effect of the matrix permeability evolution on the heat
extraction performance, the temperature variation of the production
well is discussed. The numerical model with two fractures (N = 2) is
taken as an example. Herein, the point which is in the intersection point
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Fig. 5. Conceptual arrangement of the reservoir.

of fracture and production well is selected to discuss the temperature
variation. Noted that the numerical model that considers the matrix
permeability evolution is referred to as the modified model, and the

numerical model that does not consider the matrix permeability evolu-
tion is referred to as the traditional model. As shown in Fig. 9, regardless
of whether the matrix permeability evolution is considered in the nu-
merical model, the variation trends of the curves are similar. In the early
injection stage (0-1000 days), the temperature difference can be
ignored. With more cryogenic fluid arrives at the production well, the
decline rates of the temperature are different. The temperature obtained
from the modified model is lower than the traditional temperature. The
maximum temperature difference can reach 20 K after 2000 days. Due to
the limited heat exchange area in the fracture, the recovery rate de-
creases, and the temperature variation becomes gentle for the two
models. After 6000 days, the values of the temperature difference can be
ignored. Finally, the temperature decreases from 573.15 K to 370 K after
water injection of 10000 days for the two models. Thus, if the matrix

Table 3
Properties of the reservoir rock.
Parameter Value Parameter Value
Density 2700 [kg/m°%] Thermal conductivity 2.9 [W/(m-K)]

Elastic modulus 25e9 [Pa] Heat capacity 900 [J/(kg-K)]
Poisson’s ratio 0.25 Expansion coefficient 3e-6 [1/K]
Fracture aperture le-5 [m] Permeability le-18 [m?]
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Fig. 6. Boundary conditions at the fracture injection point: (a) water injection rate and (b) water temperature.
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Fig. 7. Comparison between the field measurement and numerical simulation: (a) injection pressure at a depth of 2750 m and (b) extraction temperature at a depth
of 2670 m.
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Fig. 8. Conceptual model of the EGS: (a) schematic diagram of the reservoir and (b) EGS design for different cases.
Table 4 permeability evolution is ignored in the numerical model, the produc-
able . . .
. . . tion temperature is overestimated from 1000 to 6000 days.
Reservoir physical properties.
Parameter Value Parameter Value 6.1.2. THM coupling ﬁeld
Matrix density 2700 [kg/ Fracture density 2700 [kg/ The heat exchange in the EGS involves complex THM coupling
) ) m’] ) m’] process. The effect of the matrix permeability evolution on coupling
Matrix porosity 01 Fracture porosity ! physical field, namely temperature field, seepage field and stress field, is
Matrix elastic modulus 25e9 [Pa] Fracture stiffness 2el2 [Pa/ . . .. . . .
m] discussed. Fig. 10 shows the distribution of the physical variates after
Matrix Poisson’s ratio 0.2 Fracture initial aperture  Se-4 [m] the injection of 2000 days. The production pressure (30 MPa) is lower
Matrix permeability le-17 [m?] Fracture heat capacity 850 [J/ than the initial pressure (40 MPa). During the injection process, the
Matrix h . 1 E hermal ;kg'K)] pressure in the fracture is lower than the pore pressure in the matrix.
atrix heat capacity (]?;;)[]J/ c;ifjtzfiéi;rma (HEVIX)/] Due to the pressure gradient, fluid is transported from the matrix into
Matrix thermal 2.5 [W/ Expansion coefficient 5e-6 [1/K] the fracture. As the rock around the fracture is cooled by cryogenic
conductivity (m-K)] water, the matrix permeability becomes higher in the modified model.
Fluid compressibility 3e-8 [1/Pa] Biot coefficient 1 Then, compared with the traditional model, more water flow from the
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Fig. 9. Temperature variation curves with time at the point which is located at
the intersection point of fracture and production well.
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matrix into the fracture. Fig. 10a shows the pressure distribution in the
fracture. When the matrix permeability evolution is considered in the
model, the pressure and the pressure gradient are slightly higher. For
example, the highest values of the pressure are 32 MPa (the modified
model) and 31 MPa (the traditional model), respectively. The fracture
width difference for the two models can be ignored. However, the values
of the fluid velocity in the fracture are different. Along the straight line
connecting the two wells, the average velocity in the modified model is
2.5 times that of the traditional model. Hence, the heat extraction is
quicker in the modified model. Under the influence of the seepage
condition, the temperature decreases quickly along the fracture length
direction (Fig. 10b). Additionally, the variation in the seepage field
explains why the temperature obtained from the modified model is
lower than that obtained from the traditional model from 1000 to 6000
days (Fig. 9). Based on the relationship between the matrix permeability
and the temperature decrease (Fig. 1), the permeability variation of the
fracture surface is shown in Fig. 10c. The variable permeability can be
up to 3.5 times the initial permeability. According to the coupling
relationship, the stress evolution is affected by the pressure and the
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@

Fig. 10. Distribution of the physical variates after 2000 days: (a) fluid pressure
in the fracture; (b) temperature in the fracture surface; (c) matrix permeability
of the fracture surface; and (d) effective stress along the direction which is
perpendicular to the fracture. Note that the results of the left column consider
the matrix permeability evolution, while the right column does not consider the
matrix permeability evolution.

temperature variation. Hence, with the injection of cryogenic water, the
stress field is obviously disturbed around the fractures. The effective
stress (negative represents compressive stress) along the direction which
is perpendicular to the fracture is shown in Fig. 10d. The pressure
around the fractures is smaller than 40 MPa. Smaller pressure leads to
higher compressive stress. However, thermal unloading generates ten-
sion stress, and the effective stress around the fracture is smaller than
other region. Thus, it can be concluded that compared with the pressure,
the temperature variation plays an important role in the stress field.
When the matrix permeability evolution is considered in the model, the
stress distribution is similar for the two models. As analyzed above, the
heat exchange process in the fracture exhibits a quicker rate in the
modified model. The more quickly the temperature drops in the rock,
the greater the tensile stress is generated. As shown in Fig. 10d,

40

Renewable Energy 203 (2023) 33-44

compared to the traditional model, the effective stress around the frac-
ture is smaller in the modified model. Generally, with the injection of
cryogenic water, the temperature field, the seepage field and the stress
field are all disturbed. During the coupling process, the effect of the
matrix permeability evolution induced by thermal unloading can affect
the coupling field to a certain extent.

6.2. Effect of fracture number on heat extraction performance

6.2.1. Temperature evolution in the production well

The temperature distribution along the production well is shown in
Fig. 11. Due to the existence of the artificial fractures, the temperature
distribution presents a wavelike change along the production well rather
than an approximate straight line. The troughs are located at the frac-
ture, and the peaks are located between the fractures or at the EGS
boundary. In the early stage, the cooling area is mainly located around
the fractures. More fractures are advantageous for expanding the cooling
range along the production well (Fig. 11a). After 10000 days, the tem-
peratures at the curve troughs are similar for the four numerical cases.
However, more wells result in a lower temperature at the curve peaks
(except for the EGS boundary).

The fracture and matrix are the two seepage channels for the fluid in
geothermal exploitation. To discuss the effect of the fracture number on
the temperature in the production well during the whole heat exchange
process, three points are selected (Fig. 12), namely, the point located at
the intersection of the fracture and the well (IF), the point located be-
tween two fractures (BF), and the point located between an EGS
boundary and a fracture (OF).

As shown in Fig. 13, the temperatures of both the fracture (IF) and
the matrix (BF and OF) are greatly affected by the fracture number. The
fracture permeability is greater than the matrix permeability. When the
fracture number increases from 2 to 5 in the EGS, the flow rate of the
water decreases in a single fracture. This difference leads to a smaller
amount of heat exchange between the cryogenic fluid and the rock at
high temperatures. Therefore, the temperature at the IF point decreases
more slowly for the EGS with more fractures (Fig. 13a). For example,
after 2000 days, the temperature drop values are 61 K (N = 5), 87 K (N
=4),103 K (N = 3) and 120 K (N = 2). At the IF point, the temperature
difference (AT) between the case with 5 wells and the other three cases
exhibits the following characteristics: (1) In the first stage, the efficiency
of heat exchange is high, and AT keeps increasing once the injected
water arrives at the production well; (2) In the second stage, the effi-
ciency of heat exchange is low, especially for the EGS with fewer wells.
Then, AT begins to decrease after the maximum value is reached.
Finally, at the IF point, the values of T are nearly the same after 10000
days for the four numerical cases.

Unlike the temperature variation at the IF point, the temperature at
the BF point or OF point exhibits different variations. Due to the small
pressure difference between the two wells, the flow rate of the fluid in
the matrix is affected by the permeability. Thus, the permeability evo-
lution induced by thermal unloading is very important. Artificial frac-
tures are the main seepage channels for fluids. The thermal unloading of
the rock in the EGS is mostly induced by the cryogenic fluid in the
fracture. When there are more fractures in the EGS, the fracture distance
is shorter. Under the condition of heat exchange between the fracture
and the rock surface, the cooling degree of the matrix is greater. As
shown in Fig. 14, the effect of the fracture number on the rock cooling
degree is especially exhibited in the fracture length direction. Given the
relationship between the matrix permeability and thermal unloading, an
EGS with more fractures is advantageous for the matrix permeability
enhancement, resulting in a larger amount of water being transported
from the injection well to the production well. During the process, the
efficiency of heat exchange is higher. Hence, the temperature at the BF
point or the OF point is lower for the EGS with more fractures, which is
different from point IF (Fig. 13b). For the points in the matrix, the
temperature at the BF point decreases more rapidly than that at the OF
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Fig. 11. Effect of fracture number on the temperature distribution along the production well: (a) after 2000 days and (b) after 10000 days.
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Fig. 12. Section view of the EGS (e.g., the EGS with four fractures).

point. This is mainly for two reasons: (1) compared with the BF point,
the OF point is closer to the unstimulated reservoir, and (2) the degree of
thermal unloading in the region between two fractures is greater than
that in the region between an EGS boundary and a fracture, resulting in
different seepage fields of the two regions. With more fractures in the
EGS, the temperature difference between the BF point and the OF point
(ATgg.oF) is greater. For example, after 10000 days, the values of ATgg.op
are 62 K(N=5),55K(N=4),44 K (N =3)and 20 K (N = 2).

To evaluate geothermal exploration, the production temperature

Temperature/K.

2000 4000

Time/d

6000

(@)

600

(Toup) is an important index. T,y relates to the coupled field in the rock
matrix and the fracture. Thereby, Ty, is defined as

Tam _ Z MfdfT + IQMTdQ (20)
> updy + [LudQ

where uy and u are the fluid velocities in the fracture and the matrix,

respectively, m/s; Q represents the wellbore.

According to the numerical results, ) uwds is much greater than
JudQ. Compared with the matrix channel, the fracture channels play a
major role in determining the variation in Ty, Thus, the effect of the
fracture number on T, is similar to that of the temperature at the IF
point (Fig. 13a and c). Due to the different temperature variation
characteristics in the matrix (e.g., T at the BF or OF point is higher with
fewer fractures in the EGS), T, decreases more quickly (N = 5 and 4) or
slightly slower (N = 3 and 2) compared with the temperature at the IF
point. For example, after 2000 days, the temperature drop values are 70
KN =5),94K(N=4),100 K (N =3) and 118 K (N = 2). Through the
above analysis, the artificial fractures can significantly improve heat
exchange in the EGS. More importantly, for the same amount of injected
water, an EGS with more fractures is prone to obtain a higher production
temperature.
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Fig. 13. Temperature variation curves with time at different locations of the production well: (a) IF and (b) BF and OF. (c) Production temperature of the pro-
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Fig. 14. Effect of fracture number on the temperature distribution in the section plane between two fractures after 10000 days: (a) N = 2; (b) N = 3; (¢) N = 4 and (d)

N=>5.

6.2.2. Temperature evolution in the EGS

The temporal and spatial evolution of the temperature in the x-y
plane (at a depth of 4700 m) and x-z plane (y = 250 m) is shown in
Fig. 15. In the EGS, as the cryogenic fluid is continuously injected into
the reservoir, heat transportation occurs in the fracture and the rock
matrix. In the fracture length and height directions, heat transportation
is much faster in the fracture than in the matrix. However, the cooled
rock affected by the fracture channel is limited to the narrow zone
surrounding the fracture. On the other hand, the zones with low tem-
perature in the rock matrix form slowly. Compared with the narrow zone
affected by heat exchange in the fracture, the range of the cooled zone in
the rock matrix is much wider. Due to the existence of the fractures, heat
transportation in the rock matrix is categorized into two types: heat
transportation (1) between fractures (region A) and (2) far from frac-
tures (region B). As Fig. 15 shows, the cooling region between the
fractures is greatly affected by the fracture number. For example, when
the fracture number is two, the heat transportation rate in region A is
similar to that in region B. When the fracture number increases to five,
the cooling zone in region A forms much more quickly in the directions
of the fracture height and length. In geothermal exploration, the ideal
process is that heat exchange occurs at a wider range in the EGS. Ac-
cording to the analysis, the fracture number plays an important role in
considering both the heat transportation and the cooling range in a
geothermal exploration process.

To further discuss the temperature evolution in the EGS, the heat
extraction ratio 7 is defined as the heat recovery divided by the total heat
stored in the EGS:

[pcps(Ty — T)dV
Vs

"~ lU/)sCP-A'(TO - T’"J)dv (21)
Vs
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where Vg is the heat extraction zone in the EGS.

The effect of fracture number on the heat extraction ratio is shown in
Fig. 16. According to Equation (17), n is affected by the temperature
decrease in the fracture and in the matrix in the whole EGS, not just the
production well. Fig. 15 displays the temperature distribution in the EGS
after 10000 days. More fractures are beneficial for heat exchange in the
fracture and region A. The total amounts of cryogenic fluid injected into
the reservoir are equal for the four cases. When less water is transported
from the injection well to the production well through the fracture
channel, it is inevitable that more water flows in the matrix. Thus, the
cooling zone, as well as the temperature decrease in region B, is larger
when there are fewer fractures. Based on geothermal exploration in the
matrix and in fracture, there is only a slight difference in the heat
extraction ratios for the four numerical cases.

7. Summary and conclusions

In this paper, a conceptual EGS numerical model combining hori-
zontal wells and multiple fractures is developed. The novel model con-
siders the relationship between the matrix permeability enhancement
and thermal unloading of rock. Then, the effect of fracture number on
the heat extraction performance is analyzed. The conclusions are sum-
marized as follows:

(1) At the intersection point of fracture and production well, the
variation trends of the temperature curves obtained from the two
models are similar. However, the decline rate is affected by the
matrix permeability evolution. Within 1000-6000 days, the
temperature obtained from the modified model is lower and the
maximum temperature difference can reach 20 K. When
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Fig. 15. Effect of fracture number on the temperature distribution: (a) in the x-y plane (at a depth of 4700 m) and (b) in the x-z plane (y = 250 m).

cryogenic water is injected into the reservoir, the coupling field is
distributed. The effect of the matrix permeability evolution
induced by thermal unloading can affect the coupling field to a
certain extent.

More fractures are advantageous for expanding the cooling range
along the production well. The temperatures of both the fracture
(IF) and the matrix (BF and OF) are greatly affected by the frac-
ture number. The temperature at the IF point decreases more
slowly for the EGS with more wells. However, the temperature at
the BF point or OF point exhibits different variations. Addition-
ally, the temperature at the BF point decreases more rapidly than
that at the OF point. In general, an EGS with more fractures is
prone to obtain a higher production temperature.

(3) In the fracture length and height directions, heat transportation

occurs more quickly in the fracture than in the matrix. However,
the cooled rock affected by the fracture channel is limited to the
narrow zone surrounding the fracture. The fracture number plays
an important role in considering both the heat transportation and
the cooling range in a geothermal exploration process. Based on
geothermal exploration in the matrix and in the fracture, there is
only a slight difference in the heat extraction ratios for the four
numerical cases.
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