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Effect of Low-temperature Induction on Heat Mining
Performance of EGS in Hot Dry Rocks
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Abstract—As high temperature in hot dry rocks(HDR), the
process of injecting cold fracturing fluid to form fractures and
circulating working fluid to extract heat energy from enhanced
geothermal  system(EGS) all inevitably involve the
low-temperature induction imposing on hot dry rocks.
Considering the temperature-dependent parameter changes of
matrix and fluid, we establish thermal-hydraulic-mechanical
full coupling model to investigate the effect of low-temperature
induction on heat mining performance of EGS. This paper
begins with experimentally study to obtain the possible
distribution of sub-fractures in EGS caused by the thermal
stress cracking induced by thermal drawdown; Then we discuss
the heat mining performance in terms of whether the
sub-fractures are considered and whether the thermal stress
aroused by low-temperature fluid circulation is taken account
during mining process. We find that thermal stress induced by
low-temperature circulation brings contraction of matrix and
influences seepage capacity of fractures by changing effective
stress in EGS mining.

Index Terms—Low-temperature induction, heat mining
performance, thermal-hydraulic-mechanical(THM) coupling,
hot dry rocks(HDR)

Geothermal energy has attracted worldwide attention due
to its stableness, cleanness, sustainability and large
abundance of storage. HDR was deemed as one of the most
promising new energy resources because of its high
temperature (150-650°C) and rich in resources [1]. However,
the HDR matrix is impervious as it is located within
subsurface of 3-10km depths, making it tough to mine the
high temperature heat energy by conventional hydrothermal
exploitation method. Therefore, fracturing techniques are
used to create artificial fractures or to improve the existing
cracks in order to form the enhanced geothermal
system(EGS), then the working fluids can be circulated in
EGS to extract heat effectively.

The process of injecting low-temperature fracturing fluid to
form fractures and circulating the working fluid to extract heat
energy are all related to the variation of reservoir stress
induced by thermal drawdown because of high temperature in
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HDR. Fracture morphologies are affected by thermal stress
cracking induced by thermal drawdown during the formation
of EGS, then the variation of fracture morphology will
influence the heat mining performance. Previous studies have
shown that low-temperature induction is more conducive to
the formation of fracture networks. Tomac.l et al (2014)
certified the temperature contrast between the reservoir and
injection fluids played an important role in the fracture
initiation and propagation in EGS [2]. Julio Garcia et al (2015)
and Jonny Rutqvist et al (2015) adopted micro seismic and
pressure monitoring techniques in Geysers, which proved that
the cooling thermal shock, injection pressure and the reopen
of cracks existing initially created the wide range of fracture
networks [3]. Guo LL (2016) used the ambient (20 °C)
temperature fracturing fluid to fracture the heated rock (90°C),
several fractures are formed [4].

Fractures are main flow path and heat transfer area after
formation of EGS. Many scholars have launched related
Multi-physical coupling research on heat mining of EGS.
Yangsheng Zhao et al (2015) studied the evolution of
reservoir temperature, fracture aperture, flow impedance and
permeability in Teng Chong geothermal field by a THM
coupling model [5]. Wieslaw Bujakowski et al (2015)
considered that the volume and permeability of the fractured
area have significant influence on the development of EGS by
using TOUGH2 and a sedimentary thermal reservoir in
central Poland was taken as an example [6]. Yan-Jun Zhang et
al (2015) proved that it’s possible to improve the economic
efficiency of geothermal by staged fracturing of horizontal
wells [7]. Zhan-ging Qu et al (2017) simulated the influence
of possible artificial fracture morphology on heat mining
performance of EGS [8]. However, the above studies have
neglected the stress changes of matrix caused by thermal
stress. Though researches by S. N [9] and Guo [10]. have
taken thermal stress into account, they ignored the diversity of
fractures in EGS. Zhi-xue Sun et al (2017) simulated the 2D
fracture network in EGS, but they only studied the output
temperature for different model parameters [11].

Therefore, it’s necessary to carry out development
characteristics research considering thermal stress during heat
mining based on the fracture morphology fractured by
low-temperature  induced  cracking,  which  have
comprehensive indicators including production temperature,
mass flow rate, heat mining rate and the alteration of fracture
permeability.
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Il. INTERACTIONS OF THM COUPLING

A. Basic Assumptions

(1) The flow seepage of fluid both in matrix and fractures
obeys the Darcy's law; (2) No chemical reactions occur
between fluids and rocks; (3) The heat transfer accords with
the Fourier’s law of heat conduction without taking the effects
of thermal radiation into account; (4) There is no phase
transformation because the reservoir temperature is below the
boiling point of water; (5) The matrix is considered to be
thermal elastic based on small strain assumption; (6) We
consider the porous media to be isotropic.

B. Governing Equations

Based on above assumptions, the governing equations of
THM coupling model considering low-temperature induction
in EGS development can be expressed as follows:

Mass conservation equation

op
S—+V-(pv)=
PS o (pv)=Q,

(2-1)

The flow of liquid in the porous elastic medium of matrix is
depicted by the mass balance equation in 2-1. Where, p is the
matrix density, kg/m®; S is the storage coefficient of matrix
rock; t is the develop time; Qy, is the term of seepage source,
kg/(m*:s); v is water flow velocity in matrix rock, m/s; The
liquid flow in matrix follows Darcy's law:

V:_Kv. p
# (2-2)
op
dfpfsfa+vr'(dfpfvf):Qf (2-3)
kf
Vf =__V‘r. p
H (2-4)

The mass balance equation in 2-3 describes the flow of
liquid in the porous elastic medium of discrete fractures.
Where, d; is the fracture thickness, m; psis the fracture density,
kg/m?®; Sy is the storage coefficient in fracture; Q; is the flow
exchange between matrix and fractures; k¢ is the fracture
permeability, m% Vzt is the tangential gradient along the
fracture.

Energy balance equation

oT
(pCp)eff E-f-pwchV‘VT +Vq = CDT
(2-5)
oT
df(pcp)eff E+dfpwcpwV'VT+v'qf :Q
(2-6)

The equation 2-5 describes the heat transfer in porous
matrix, where, (pCp)er; is the effective heat capacity obtained

by volume average, (pCp )eﬁ = pCp (1—¢) +o,Cod;
C is the specific heat capacity; 0 =—K.; VT and Ke is the

effective thermal conductivity obtained by volume average,
Kt = A, (1—@)+A,9; v is the fluid velocity in matrix,
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when the fluid obeys Darcy’s law, it satisfies equation 2-2;
@ is the term of heat source, J/(m? s). The subscript s and w

respectively corresponding matrix and water; ¢is matrix
porosity.

The equation 2-6 describes energy exchanges between
matrix and fluid in fractures, temperature of matrix and fluid
are different on the fracture surface, so heat transfer between
rock matrix and fluid occurs in fractures. Q is the energy that
the flowing fluid in fractures absorbs from matrix. It is
assumed that the heat transfer between flowing fluid and
matrix obeys the Newton's heat transfer law, the heat transfers
from matrix to flowing fluid is depicted in equation 2-7.

Q=h(T,-T)

Mechanical field equation

(2-7)

Gu'v” +1_2Vu],jl _aB pyi - K 'aTT,i + |:I :0

(2-8)

where, u; is displacement component; G, v is the Shear
modulus and Poisson ratio, G = E/2(1+Vv); Eis Young's

modulus; F

. is the body force per unit volume in the

—g P;

pressure(seepage force under porous pressure), where o is

i-direction; presents the action of water

Biot coefficient; —K "¢ T; denotes the function of thermal

stress, where & is matrix thermal expansion coefficient,

K" is the Bulk Elastic Modulus, K'=E/(1-2v).

In order to represent the fracture stiffness, the internal
boundary of fractures is described in a weak form [5]. The
fractures are approximately depicted by a pair of normal and
shear displacement surfaces; the deformation equation of
matrix as following:

u,=o',/k

U, =o' /K, (2-9)

(2-10)

n

1 _ 1 _
Gn_o-n_aBp y O 5 =0

where, U, 0,0, K respectively indicate the displacement,
total stress, effective stress and stiffness, the subscript n and s
denote the normal and shear directions of fracture surface.

C. Interaction of THM Coupling

(1) Influence of seepage field on temperature field: with the
flowing of cold fluid, heat exchange between fluid and hot
matrix causes the change of balanced temperature filed,;

(2) Influence of temperature field on seepage field: the
physical characteristics of fluid flowing both in matrix and
fractures are no longer constant, and change with temperature
due to high temperature and high pressure in HDR [8].

(3) Influence of temperature field on stress field: the
change of temperature affects the inherent physical and
mechanical properties of matrix; besides, thermal stress
created by temperature change lead to the alteration of
original stress field. The young's modulus at different
temperature obtained by experiment [12].
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(4) Influence of stress field on temperature field: heat will
be generated during deformation caused by stress field
variation, meanwhile the thermal conductivity will be affected
by matrix deformation.

(5) Influence of seepage field on deformation field: the
effective stress will be impacted by porous pressure evoked
by fluid injection.

(6) Influence of stress field on seepage field: the change of
stress filed leads to the contraction and expansion of matrix
porous and the aperture of the fractures, so the permeability of
matrix and fractures changes.

The permeability of matrix is extremely low against with
fractures, so the variation of matrix permeability is neglected.

K, =K,exp(-ac",) (2-11)

where, K is fracture permeability, K0 is the initial value of

fracture permeability, o', denotes the effective stress

imposing on fracture surface, & is a normalized constant
related to the deformation of fractures.

I1l. MODEL DESCRIPTION AND CALCULATION CONDITIONS

A. Hot Rock Cracked Experiment under the
Low-temperature Induction Conditions

The existence of thermal stress cracking induced by
injection of low-temperature fracturing fluid and its important
role in the EGS heat mining have been confirmed by many
scholars. However, the possible formation of fracture
morphologies remains unclear. In order to conclude the
distribution of sub-fractures around the main fracture due to
the thermal stress cracking, hot core specimens are used to
conduct the experiment of thermal stress cracking induced by
low-temperature. Specific schemes are as follows: (D the core
with 25mm diameter was sliced and observed under
microscope to observe if there were any cracks on the surface;
() then heat the specimens at 200°C with 6h (the drying box is
heated by air convection, so the cracks created by sharply
heated is ignored) @ take out the heated core specimen
(200°C) then make sure it contacts the normal temperature
water(20°C) immediately; @ after the interaction of hot core
and low temperature water we use microscope observe if there
are any cracks on surface. This procedure is considered as one
time of thermal stress cracking induced by thermal drawdown.
We observe the development of fracture morphology by
duplicate the cracking experiment (repeat 1-4 steps).

Repeated cracking experiment was conducted by using the
core buried 3650m depth in Jiangsu oilfield (the density is
2.56Kg/m® and the compressive strength is 176MPa under the
confining pressure 30MPa). The 1st thermal stress cracking
induced by thermal drawdown emerges the narrow aperture
fracture(stagel) as shown in Figl. Then we repeated the
cracking procedure (2nd time), the aperture degree of stagel
fracture increases and the stage2 fracture appears in the
vicinity of large particles, which aperture is narrower than
stagel fracture. The stage3 fracture emerges after 3rd time
thermal cracking as expected. Therefore, the fracture
morphology is related to the times of cooling thermal cracking,
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and the difference in fracture permeability at different fracture
stages cannot be neglected.

s
Fracture

s

Fig. 1. Experimental results of thermal stress cracking induced by
low-temperature under microscope (a, initial state; b, after 1st thermal stress
cracking; c, after 2nd time cracking; d, after 3rd time cracking).

B. Model Description

Currently, studies of THM coupling in EGS heat mining
hardly consider the function of thermal stress cracking
induced by injection of low-temperature fracturing fluid,
while it’s impractical to adopt a single fracture model for EGS
development simulation. Meanwhile, the spacing between
injection and production is the key factor that determines the
duration of EGS, which needs more than 300m in order to
guarantee the duration of heat mining long enough. However,
hydraulic fracturing can only make fractures 150-200m at
present, which requires the fracturing stimulation in both
injection and production wells separately. As the important
flow channel in EGS, connectivity of artificial fractures is
critical. Accordingly, a 2D description of sub-fractures
around the main fracture created by thermal drawdown during
the injection of low-temperature fracturing fluid in a 300
m>300m thermal reservoir is depicted based on experiment,
as shown in Fig2(b). Then this model will be compared with
the single fracture model(Fig2(a)) for heat mining
performance.

C. Calculation Conditions

The above model is used to simulate the whole heat
extraction process in EGS. THM coupling analysis starts with
the water injection, each time step is 1d and the total
simulation time is 40 years. The initial and boundary
conditions are as follows: (1) Seepage field: To ensure the
fluid circulation in system, a given pressure boundary is
adopted. Assuming the injection well gives a pressure of
37MPa and the production well gives a pressure of 30MPa,
the other conditions are impermeable boundaries. The well
diameter is 0.2m. Due to almost no fluid exists in the hot dry
rock the initial pressure in reservoir is considered 33MPa. (2)
Temperature field: The injection temperature is 20°C. Model
boundaries are set as open boundaries to simulate the heat
transfer between the surrounds matrix and EGS. For matrix
and water in reservoir, the initial temperature is both 200°C.
(3) Stress field: The in-situ stress in y-direction is 40MPa and
in x-direction is 55MPa, the other conditions are fixed
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boundaries. Besides, the research emphasizes on the influence
of pressurized fluid injection and thermal stress evoked by
exploitation on stress field and their coupling.

3007 300 b 81.6m from the injection well and
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Fig. 2. EGS heat mining model (a) single fracture, modell;(b) fracture
network considering the sub-fractures around main fracture caused by
thermal stress cracking, model2; the permeability probes are also shown in a
and b.

In this work, the full coupling of solid deformation, fluid
seepage and heat transfer is realized by COMSOL
Multiphysics, and the 2D models are solved. Specifically, the
mesh of single fracture(modell) is divided into 642 domain
elements and 78 boundary elements; the mesh of fracture
network(model2) is divided into 1946 domain elements and
248 boundary elements, model parameters are shown in
TABLE I.

TABLE |I: MODEL PARAMETERS

pml(kg/m?®) kn/(M?) Al (WIM/K) Eo/(GPa)
2700 1x10Y 3.1 40
S/(1/Pa) os ar/(1/K) pil (kg/m®)
1x108 1 3.6x10° 1200
dr1/(m) dso/(m) drs/(m) Sil(1/Pa)
0.004 0.002 0.001 1107
Kfl/(mz) Kfz/(mz) Kf3/(m2) AY
5x10 3x10 2x10! 0.25
o/(1/Pa) Ci/(I/kg/K) kq/(GPa/m) Ks/(GPa/m)
0.1x10°® 950 100 30

IV. RESULTS AND DISCUSSION

In order to comparatively analyze the heat mining
performance of EGS, we set permeability probes on the
fractures as shown in Fig2, which describe the evolution of
fracture permeability. In addition, the production mass flow
rate, production temperature and heat mining rate are also
used as evaluating indicators in this work [7], [8].

A. Influence of Thermal Stress Cracking During EGS
Formation

In this part, we investigate the exploitation difference of
M2 and M1 due to different flow channels, only considering
difference of fracture morphology caused by thermal stress
cracking in the formation of EGS without regard for the
thermal stress imposing on matrix during heat mining and
temperature-dependent parameters. Output mass flow
rate(Fig3b) in M2 increased by nearly 2 times compared with
M1 due to both the communication of sub-fractures and the
flowing pressure induced by  difference  of
permeability(Fig3d). Compared with single fracture,
increasing of flow path enlarges the heat transfer area of
working fluid, which elevates the temperature of output
liquid(Fig3a). While at later development stage the
temperature reduction scope in matrix around the fractures in
M2 is larger than M1, as shown in Fig4, resulting in
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production temperature in M2 lower than M1 after 33-year
development. The formation of sub-fractures increases the
heat mining rate by 3AMW(Fig3c).
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Fig. 3. Heat mining performance of EGS ‘2’ denotes the fracture network
model considering thermal stress cracking (Fig2b); ‘1° denotes the single
fracture model formed under the conventional fracturing(Fig2a); ‘TS’
represents the thermal stress aroused by low-temperature fluid circulation
during EGS exploitation; ‘E’ represents the influence of temperature on
Young's modulus is taken into account (position of permeability probes in
Fig. 3d are shown in Fig. 2);
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Fig. 4. Spatial distribution of temperature field at 20-year only
considering difference of fracture morphology caused by thermal stress
cracking induced by low-temperature fracturing fluids a. M1; b. M2

B. Influence of Thermal Stress Imposing on Matrix During

Heat Mining

During heat mining, thermal stress induced by
low-temperature fluid circulation changes the effective stress
field, as shown in Fig5. The matrix around the fracture is still
compressed when only under the action of water flowing
pressure due to the presence of in-situ stress(Fig5a); while
when the thermal stress is taken into account during water
circulation, the stress field changes as the cooling of
matrix(Fig5b). Variation of stress field creates the
displacement of matrix(Fig6), fracture permeability advances
under the combined function of water flowing pressure. As
seen in Fig3d, the fracture permeability improves enormously
against that neglecting the thermal stress both in M1 and M2,
but the increment is different. The fracture permeability
increase about 2 times at 1-year in M2, reaches 40x10?m?
and increase about 3times at 10-year, reaching 62><10™"m?,
but in M1 the fracture permeability only increase 2 times at
10a. It can be interpreted that the cooling scope of matrix is
enlarged by the influence of fluid flowing through
sub-fracture networks. The amplifying of cooling contraction
range in matrix (Fig. 6) leads to the more dramatically
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improvement of fracture permeability.

With the increase of fracture permeability caused by
thermal stress during water circulation in HDR, the output
mass flow rate raises from 8kg/s to 12kg/s in M1 and from
15kg/s to 24kg/s in M2 (Fig3b). However, the increase of
fracture permeability and mass flow rate makes heat transfer
in fracture insufficiently, resulting in the production
temperature decrease(Fig3a). In particular, this mechanism is
more pronounced in M2, which explains the faster
temperature drawdown in M2. At early stage of development,
due to the enormously raised mass flow rate, the heat mining
rate grow dramatically; but with decrease of production
temperature the increment of heat mining rate drawdown.

C. Influence of the Temperature-dependent Young's
Modulus

The young's modulus at different temperature obtained by
experiment [12]. The high reservoir temperature results in the
reduction of Young's modulus. Under the same temperature
difference between matrix and injection water the effective
stress imposing on the matrix surface raises due to the
reduction of Young's modulus (causing by thermal stress),
which making the matrix deformation more serious and
increasing the fracture permeability(Fig3d); meanwhile the
small increment leads to a slight increase in output mass flow
rate(Fig. 3b) and a slight decrease in output temperature (Fig.
3a).
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Fig. 5. Spatial distribution of stress field at 10-year in M1 a. without
considering thermal stress aroused by low-temperature circulation b.
considering thermal stress aroused by low-temperature circulation
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Fig. 6, Spatial distribution of displacement at 10-year a.M1; b. M2.

V. CONCLUSIONS

Considering the temperature-dependent parameter changes
of rock and fluid, a full coupling of solid deformation, fluid
seepage and heat transfer is established; then the 2D model is
solved by COMSOL Multiphysics in order to clarify the
influence of low-temperature induction on heat mining
performance and its mechanism.

(1) Experiments prove that thermal stress cracking induced
by thermal drawdown is beneficial to the construction of
fracture networks during the formation of EGS, besides, the
times of cooling treatment is critical to the fracture
morphology.

(2) Fracture

morphology  difference caused by
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low-temperature fracturing during formation of EGS lead to
the change of flow channels and alteration of thermal transfer
area; Matrix contraction caused by thermal stress evoked by
water circulation during heat mining transforms effective
stress field, and promote the fracture permeability further;
The stress field is also affected by temperature-dependent
rock parameters.

(3) Through the above research, existence of sub-fractures
plays an important role in EGS heat mining. Especially, high
temperature environment in HDR is beneficial for the
formation of sub-fractures caused by thermal stress cracking
induced by low-temperature injection. So the accurate
description of fracture morphology in EGS will be of
significance in future research.
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