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Abstract:

CO; enhanced shale gas recovery technology can effectively promote gas production and
achieve CO; storage. The coupling relationship among the thermo-hydro-mechanical fields
within the reservoir exhibits dynamic evolution during CO, injection. Additionally, the
geochemical interactions between shale and CO, cause mineral dissolution and mechanical
weakening, significantly influencing the shale reservoir characteristics. However, the impact
mechanism of this coupling effect on CO; enhanced shale gas recovery is still unclear.
This study first establishes and validates a thermo-hydro-mechanical-chemical coupling
model. Then, the impacts of CO; injection on the reservoir physical characteristics and
gas recovery under different influencing factors are investigated. The findings indicate that
the relative permeability of the matrix and fractures in shale demonstrates an initial rapid
increase, followed by a gradual decline during CO; injection. This complex behavior
is governed by the comprehensive impacts of effective stress evolution, competitive
adsorption, chemical dissolution, and mechanical weakening. During the initial injection
period, gas production and CO; storage increase rapidly as CO» injection pressure increases
and injection temperature decreases, primarily governed by the effective stress and disso-
lution effect. During the middle and late injection periods, competitive adsorption-induced
swelling and mechanical weakening effects are dominant, rendering the process highly
sensitive to reservoir stress. At this stage, excessive injection pressure and excessively
low temperatures accelerate permeability reduction. Consequently, when evaluating the
efficacy of CO; enhanced shale gas recovery, it is essential to incorporate the coupling
relationship between the chemical dissolution-mechanical weakening effect and thermo-
hydro-mechanical fields of shale reservoir.

1. Introduction

The development of shale gas as a significant global natural
gas resource is of great importance for the optimization of the
energy structure. Recently, CO, enhanced shale gas recovery
(CO,-ESGR) technology has garnered significant attention

(Mansi et al.,, 2024; Yi et al.,, 2024). In this technology,
supercritical CO; (ScCO,) is injected into the reservoir to
achieve shale reservoir fracturing. The high diffusivity and
strong adsorption capacity of ScCO; are beneficial in replacing
CHy, greatly improving gas recovery (Bekeshov et al., 2023;
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Meng et al.,, 2024; Zhao et al.,, 2024). Additionally, CO,
storage in the reservoir can achieve greenhouse gas emission
reduction (Wang et al., 2024a, 2024b). The process of CO,
injection induces coupled alterations in the thermo-hydro-
mechanical-chemical (THMC) fields within the shale reservoir
(Zhao et al., 2020a; Zhou et al., 2022), accompanied by
physicochemical reaction (e.g., matrix adsorption swelling,
mineral dissolution) and mechanical weakening effects (e.g.,
strength and elastic modulus reduction) (Fatah et al., 2022a;
Khosravi et al.,, 2023; Li et al.,, 2023b), which can affect
gas production and reservoir stability. As a result, for the
optimization of engineering parameters, it carries significant
theoretical and engineering implications to establish a multi-
physical field coupling model incorporating the mechanical
weakening effect.

The continuous injection of CO; disrupts the geomechani-
cal equilibrium of the reservoir during the CO,-ESGR process.
This gradual pressure increase reduces effective stress on the
reservoir, thereby enlarging the pore apertures and conse-
quently enhancing the permeability of shale (Song et al., 2024;
Yang et al.,, 2022). Additionally, CH4 in the reservoir is
partially mixed with the injected CO; (Liu et al., 2015; Sun et
al., 2025), which involves the competitive adsorption behavior
of binary gas on shale. CH4 desorption in shale induces shrink-
age, while CO, adsorption causes swelling, which result in
differential swelling, ultimately reducing both shale pore width
and permeability (Klewiah et al., 2020; Wang et al., 2025).
Due to the injection temperature of CO, being different from
that of shale reservoir, heat convection and conduction also
exist in the reservoir (Kim et al., 2017; Liu et al., 2021). This
process involves thermal deformation, and alterations in the
gas properties and adsorption characteristics, and ultimately
affects shale permeability (Li et al., 2023a). To investigate
the dynamic evolution of shale reservoir parameters under
multiphysics coupling conditions, several theoretical models
have been developed (Chen et al., 2025; Tang et al., 2023;
Wan et al., 2024). These models typically conceptualize the
shale as a dual-porosity system, with the gas within these
structures existing predominantly in free and adsorbed states
(Li and Elsworth, 2019; Mohagheghian et al., 2019; Zhang
and Mehrabian, 2022). Based on this assumption, a coupling
model incorporating multiple flow mechanisms during the
CO,-ESGR process was established (Kuang et al., 2024; Wang
et al.,, 2025). Zhao et al. (2020a) incorporated temperature
effects and developed a thermo-hydro-mechanical coupling
model, which revealed that the relative position of injection
wells and production wells both significantly affect the effi-
ciency of CO,-ESGR. Besides, the distribution of fractures
significantly impacts fluid transport within the reservoir. Zhao
et al. (2023) utilized a discrete fracture equation to analyze
fluid transport within shale and investigated the impact of CO,
injection parameters and reservoir parameters on shale gas
production. While prior studies have predominantly focused on
the coupling relationship between multi-physics fields within
the reservoir during the CO2-ESGR process and discussed the
impacts of various injection parameters on this basis, they did
not consider the influences of CO,-shale interactions on the
shale reservoir characteristics.
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The injection of CO, into shale formations facilitates its
transition to a supercritical state, given the reservoir conditions
(pressure > 7.38 MPa, temperatures > 304.25 K) (Fatah et
al., 2022b). This ScCO, interacts with shale during migration,
triggering a series of geochemical reactions. These in turn
dissolve the inorganic minerals within shale, thereby altering
its pore structure (Memon et al., 2022; Ozotta et al., 2022;
Qin et al.,, 2022a; Yang et al.,, 2024). Qin et al. (2022b)
observed a decrease in the carbonate content of shale, and
that the porosity after ScCO, exposure increased, which was
triggered by the coupling impacts of extraction and dissolution
effects. The mechanical properties of shale are also influenced
by these chemical processes. Relevant studies have shown that
ScCO, can weaken the mechanical characteristics of shale,
decreasing its strength and elastic modulus (Choi et al., 2021;
Zhou et al.,, 2021; Tan et al., 2022). Mineral dissolution
and mechanical weakening effects caused by geochemical
reactions synergistically influence shale permeability evolution
(Cai et al., 2024). After ScCO, exposure, the permeability of
shale increases under the influence of chemical effect (Deng
et al., 2017; Zou et al., 2018). However, if the mechanical
weakening effect is considered, it can be found that stress
further compresses the pores increased by mineral dissolution,
and the permeability decreases instead (Yang et al., 2022;
Tian et al., 2023a, 2023b). The chemical dissolution and
mechanical weakening effects of ScCO, on shale are also
influenced by pressure and temperature. Prior studies have
found that the dissolution degree of inorganic minerals in
shale increases as CO, pressure rises and temperature declines,
leading to both the expansion of pores and the weakening of
mechanical properties (Yang et al., 2022, 2023, 2024). The
above research results demonstrate that the permeability of
shale is significantly influenced by the effects of chemical
dissolution and mechanical weakening, and this process is also
affected by the coupling impacts of reservoir stress, pressure
and temperature. Current numerical simulations of CO,-ESGR
predominantly focus on hydro-mechanical or thermo-hydro-
mechanical coupling. Although numerous THMC coupling
models have been developed in other research fields, they
primarily emphasize mineral dissolution effects, with limited
consideration of the mechanical weakening induced by dis-
solution processes (Zhang et al., 2023). Besides, there is a
lack of coupling models specifically tailored for CO,-ESGR
scenarios that integrate the physical and chemical interaction
mechanisms between CO, and shale, the impact mechanism
of this coupling effect on CO,-ESGR is still unclear.

This study establishes and verifies a fully coupled THMC
model incorporating the mechanical weakening effect, which
comprehensively incorporates the impacts of effective stress,
competitive adsorption, thermal expansion, chemical disso-
lution, and mechanical weakening on the permeability of
shale. Furthermore, the impacts of CO, injection on shale
gas production and reservoir physical characteristics under
different influencing factors (reservoir stress, injection pres-
sure, injection temperature, chemical dissolution-mechanical
weakening effect) are analyzed. The findings provide valuable
insights for optimizing CO,-ESGR strategies.
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2. Governing equations

The CO,-ESGR process involves complex THMC coupling
interactions. The continuous injection of CO, leads to partial
mixing with CHy4, disrupting the stable state between stress
and pressure in the shale reservoir. Additionally, CO, that is
not in thermal equilibrium engages in heat transfer with the
reservoir and the shale gas, altering the reservoir temperature
distribution (Zhao et al., 2020a). Concurrently, the interaction
of injected ScCO; with the shale triggers physical and chemi-
cal effects (such as differential adsorption-induced swelling of
shale, chemical dissolution effect, etc.), significantly altering
the pore structure and mechanical characteristics of shale
(Zhou et al., 2021; Tan et al., 2022). These coupled THMC
alterations collectively influence the CH4/CO; fluid character-
istics and shale deformation behaviors, thereby regulating gas
transport capacity and ultimately affecting the efficiency of
CO,-ESGR (Fig. S1 in Supplementary file).

The CO,-ESGR model established in this work mainly
includes the deformation and stress of the reservoir, multi-
component gas diffusion and seepage, heat conduction, chem-
ical dissolution, and mechanical weakening control equations.
Given that the primary focus of this study is to analyze the
response laws of shale reservoirs under THMC coupling, one
of the important steps is to study the impact of coupled
chemical dissolution-mechanical weakening effects on the
reservoir parameters. Therefore, the model incorporates the
following simplifying assumptions (Zhao et al., 2020b; Wang
et al., 2025): (1) The stress-strain relationship of the shale
reservoir is consistent with the generalized Hooke’s law, as
it is an isotropic linear elastic body. (2) Shale has a dual-
porosity structure, where the primary mechanism of gas flow
within the matrix is diffusion, and the flow in the fractures is
governed by Darcy’s law. (3) The two primary forms of gas
that exist in shale are free and adsorbed. (4) CH4 adsorption
in shale reaches a state of equilibrium before CO; injection,
following the Langmuir isotherm for adsorption. Initially, the
shale reservoir only contains CHy4. The gas-rich shale reservoir
generally exhibits ultra-low water saturation, which is mainly
bound water (Wang, 2010; Fang et al., 2014); therefore,
the migration of gas-water two-phase flow within the shale
reservoir is not considered.

2.1 Chemical dissolution-mechanical weakening
equation

2.1.1 Porosity change in shale caused by chemical
dissolution

The chemical dissolution of CO;-shale interaction on in-
organic minerals increases the pore space and decreases the
matrix width. The chemical dissolution damage (D, ) is defined
to characterize the dissolution degree (Kachanov, 1999):

_ A¢.
where ¢y denotes the initial porosity of shale before chemical
dissolution; A¢@, denotes the change of shale porosity before
and after chemical dissolution, which can be expressed as
(Tang et al., 2023):

x 100% (D
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Aq)c = % =—& (2
where AV, denotes the shale volume change caused by chem-
ical dissolution; V denotes the shale volume; €. denotes the
volumetric strain caused by the chemical dissolution.

After combining Egs. (1) and (2), & and D, can be
expressed as:

& =—D:(1—¢) (3)

Previously, it was found that ¢, increases after CO; ex-

posure, influenced by the synergistic effects of CO, pressure

and reservoir temperature (Yang et al., 2023, 2024). There is

a quantitative relationship between D, and CO, pressure and
temperature, which can be expressed as:

:acp+bCT+cC—¢o @
1—¢o

where a., b, and c. can be calculated according to the

variation law of shale porosity under different CO, pressures

and temperatures (Yang et al., 2023); p represents the gas

pressure; T is the gas temperature.

D,

2.1.2 Mechanical weakening of shale

Chemical dissolution can deteriorate the mechanical char-
acteristics of shale, and the damage degrees of elastic modulus
(Dg) and Poisson’s ratio (D,) are defined to analyze the
mechanical weakening degrees (Zhou et al., 2022):

E.
Dp=1--°

Eo 5)
D,=1--=

Vo

where Ey and vy denote the initial elastic modulus and Pois-
son’s ratio, respectively, and E. and v, are the corresponding
values after dissolution effect. The mechanical weakening
was discovered to be further influenced by variations in CO,
pressure and temperature (Yang et al., 2023), and its Dg and
D, can be expressed as:

D =d.p+e T+ f, (6)

D, :gcp+th+ic @)
where d., ec, fc, g¢, he, and i, can be derived from the changes
in E. and v, with varying CO; pressure and temperature
conditions (Yang et al., 2023). By substituting Eqgs. (6) and
(7) into Eq. (5), E; and v, can be expressed as:

E.=Ey(1—d.p+e.T+f) ®
ve=vo(1—gep+hT+i;)
Substituting Eq. (8) into the shale deformation equation
quantitatively characterizes the deformation resulting from the
mechanical weakening of shale.

2.2 Governing equation of shale deformation

The primary factors that influence shale deformation are as
follows: 1) Deformation caused by changes in effective stress
(Kuang et al., 2024); 2) deformation caused by competitive
adsorption-induced swelling (Wang et al., 2025); 3) defor-
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mation caused by thermal expansion (Zhao et al., 2020a); 4)
deformation caused by chemical dissolution. The shale strain

o

EIZLGI— L_L Gkk51+7pf61+£
77267V \6G 9K Y G Y ¢

where ¢;; denotes the total strain tensor; o;; denotes the total
stress; G and K are the shear modulus and bulk modulus,
respectively, G=E./2(1+v.), K=E./3(1—2v.); Oy denotes
the volumetric stress; 5,-]- denotes the Kronecker delta function
((i=j, 6j=1i#j, 6;j=0)); pm and py denote the total
pressure in the matrix and fracture respectively; o and 3 are
the Biot coefficients, « = 1—K/K;, B =1—K/(K, X a); a de-
notes the size of matrix; K denotes the skeleton bulk modulus;

G
Gu; jj+ ——ujji— (00 +K-A)pmi— (€ +K-B—aK)pm,i—Bpsii— (B —acK)ppi—K(or —b.)T;+F =0

1-2v

where F; denotes the volume force in the i-direction; u;; and
uj; denote the displacement component in the i-direction and
Jj-direction; py,1 and p,;» denote the pressure of CH4 and CO,
in the matrix, respectively; A and B can be expressed as:

A eabi(1+bapmn) €12b1b2pmo (11
(14+b1pm +bapm2)*>  (1+b1pm +bapm)?
er2b2(1+b1pm1) er,1b1bapm

B— _
(14+b1pmi +b2pm2)* (1 +b1pmi +bapm)?

2.3 Governing equation of binary gas transport

12)

2.3.1 Porosity and Permeability Model

It is assumed that shale is an ideal fracture body composed
of matrix and fracture networks (Liu et al., 2021; Kuang et
al., 2024). In this dual-pore system, a and b represent the size
of matrix and fracture, respectively. The matrix volumetric
strain (€,,), which incorporates the impacts of effective stress,
competitive adsorption, thermal expansion, and chemical dis-
solution on shale deformation, is given using Eq. (9):

En=E t+tE&+tErt+E =
_ Aoy, n €L,1Pm1b1 + €L 2pmab2 (13)
K, 1+b1pml +b2pm2
+arAT —D.(1 — ¢p)
where &, &, €r, and €. represent the matrix strains caused
by effective stress, competitive adsorption deformation, ther-
mal expansion, and chemical dissolution effects, respectively;
o, represents the effective stress applied to the matrix; K,
represents the matrix stiffness.
Both fracture and matrix contribute to the strain of shale
bulk (Wu et al., 2011), that is:

(14)

where €, and €; represent the volumetric strains of shale bulk
and fractures, respectively.

Considering the influence of stress on shale fracture strain,
assuming Ac,, = Aoy, the following relationship is derived by

b
&= ¢ + &
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can be expressed as:
1 & e 1 &
Pm5ij + 3 Z 71"](2 KDk 5ij + gaTT&'j + 55,']' )

U1+ Y bepak
=1

K, denotes the fracture stiffness; a7 is a thermal expansion
coefficient; & and by represent the maximum adsorption
strain and Langmuir coefficient, respectively; the subscript &
represents CHy (k = 1) and CO; (k = 2), respectively; & is
the shale strain caused by chemical dissolution effect.

By substituting Eq. (3) into (9), the equation that governs
shale deformation can be obtained:

(10)

substituting Eq. (13) into (14):

& =— (flgf—FI;)Aaer
+arAT —D.(1 — ¢p)
where o denotes the effective stress applied to the fracture;
Ky denotes the fracture stiffness; by denotes the initial size
of fracture. Let by/aK;+ 1/K,, = N, then Eq. (15) can be
deduced as:

€L.1Pm b1 +EL2pm2b2
1+ blpml + b2pm2

(15)

€1,1Pm1b1 + €L 2pm2b2
1+b1pm1 +b2pm2

Aom—N_l[ +06TAT—DC(1—¢0)—£V]

(16)
Then, the porosity (¢,,) of the shale matrix is differentiated
to (Yuan et al., 2019):

dd’md(Vp> W Vg Ve (dvp dv’”)
Vin Vi Vi Vin \Vp  Vu /) A7)

= ‘Pm (gm - ep)
where V,, and V, represent shale matrix volume and pore
volume, respectively; &, and pore volumetric strain (g,) can
be expressed as:

1 €L 1Pmib1 + €L2pmb
EmZ(l— )[L,IPI 1+ L’2p22+(XTAT
NK, 1+b1pm1+b2pm2 (18)
| 1
_Dc(l_(bO) "’st
n m
1 g b1+ €Lapmab
£, = <1_ ) { L1Pm101 + EL2Pm2 2+ocrAT
NKP 1 +b1pm1 +b2me (19)
1 1
—D(1—¢o) +N7£v
P

where K, is the modulus of pores.
Substituting Eqgs. (18) and (19) into Eq. (17), the porosity
model of shale matrix is obtained:
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o
¢m = ¢m0 - KmN

—Dc(1—¢o>—ev]

where ¢,,0 denotes the initial matrix porosity.

If shale is assumed to have a dual-porosity structure, the
initial porosity (@) and fracture porosity (¢s0) can be obtained
(Wang et al., 2025):

£ bi+¢€ b
{ L,1Pm101 + EL2Pm2b2 + arAT

L+b1pm +b2pmo 20)

(a+b)y—d® 3bo

O (a+b)3 ag @h
Ab
O =0, +AQr =y, ( 1+ Do (22)
Next, the £; can be obtained (Wu et al., 2011):
Ab Ao A
__ 205 _ AO0m (23)

by Ky Ky
By substituting Eqgs. (16) and (23) into Eq. (22), the porosity
model of shale fractures can be obtained:

+ ar AT

_ Os, [€L1Pmib1+ €L pmaba
O =05 —

KfN 1+blpml +b2pm2

—Dc(1—¢o) —54

Combined with Egs. (20) and (24), according to the cubic
law (Wang et al., 2025), the permeability of matrix (k,,) and
fractures (ky) within shale can be obtained:

(24)

o €1.1Pm1b1 + €L 2pmab>
Koy = mo{l [ ' T apAT
" I(mN(PmO 1 +b1pml +b2pm2 ’
3
PR
(25)
1 | & 1pmibi +€L2pmabo
kr=k 1— ; : + ar AT
! fo{ KyN [ 1+b1pm1 +b2pm2 ’
3 (26)

D1-g)-e] }
where k,, and k,o represent shale matrix permeability and
initial matrix permeability, respectively; ks and kry denote
shale fracture permeability and initial fracture permeability,
respectively.

2.3.2 Gas transport in shale matrix

Given that flow within the shale matrix is primarily diffu-
sive, the mass balance equation is derived from the principle
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of mass conservation (Zhao et al., 2020a):

% — V- (D Vi) = A;Ié{fv (Pfx—pmk)  (27)
where Dy denotes the diffusion coefficient of k-component
gas; K, denotes the material exchange rate of k-component
gas; R denotes the gas molar constant; # denotes time; M
denotes the molar mass of k-component gas; m,,; denotes the
gas content of k-component gas, which can be obtained as
(Kuang et al., 2024):

M, VL kbk Pk

pmk‘Pm k + PPk L, p

RT 1+ pm1b1 + pmaba
where p. and pg represent the density of shale and k-
component gas in the standard state, respectively; Vy ; is the
maximum adsorption volume of k-component gas in shale.

The partial differential equation governing CHy4 and CO;
flow in the matrix is derived by substituting Eq. (28) into Eq.
27):

(28)

Mk =

M <pml;>t+¢m §t1)+CC1 gtl —Dp; Stz
29
—V-Di (M6, Vpm1 +Cc1Vpmi —DpiVpum) 29
= MK, (pfl_pml)
O oPm 9 pm 9 Pm
M, <Pm2;; +¢m§tz) +Ccz% *Dm%
(30)

—V-Dy (M2¢,V pim2 +Cc2V Pz — Dpa Vi)

= MK, (sz _me)
where Cc1, Cc2, Dpy, Dpy are the component terms of the
derivative form of the adsorbed gas content model in shale,
which can be expressed as:

Ve1b1 (14 pmab2)

C, =
€1 = Pepst (14 pmibi + pmb2)?
Viaba(1+ pmibr)
Cor = :
2 pcps2(1+pm1b1+pmzbz)2
3D
Dp1 = pepur Vi1b1Pm1b2
T (14 pmibi + pmab2)?
VL 2b2pmabi
Dpy = 2
D2 = PePs2 (14 pm1b1 + pmab2)?

The continuity equations for binary gas flow within the
matrix can be derived by substituting Eq. (20) into Egs. (29)
and (30):

MipmiOlA 8pm,» Mipmia(B—acRT) 8pmj M,»pmia(RTaT 7acRpm/'7RTbc) oT
Migm+Cei — - — |Dpi - ' vy
RTK,,N ot RTK,,N ot RTK,,N ot (32)
M;pict d€
L L — V- D;[(Mi@n +Cci)V pmi — DpiV pmj) = MK, (p i — pmi)
K,.N ot
2.3.3 Gas transport in shale fracture can be obtained (Zhao et al., 2020a):
Considering that flow within the shale fractures primarily d(my) MK,
occurs in the form of Darcy flow, and the gas mainly exists in ot +V-(ppvi) = RT (Pmk — P k) (33)

a free state, the mass balance equation within shale fractures
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where pg; denotes the k-component gas density within the
fracture; v denotes the k-component gas flow rate within the
fracture; my; denotes the k-component gas content within the
fracture and is defined as (Kuang et al., 2024):

DMy
= PAOrT 34
RT (34)

The flow in the fracture is mainly in the form of Darcy flow,
and its flow velocity v can be obtained (Zhao et al., 2023):

mfk

Vi =——"-Vpg (35)

M

where U represents the dynamic viscosity of k-component

Ipsi | Mipsi®p 9&,  Mipyi@roA dpmi

185

gas.

Combined with the Egs. (33)-(35), the flow of CHy and
CO; within the fracture is governed by the following partial
differential equations:

9 Ipsi k
PflTZ+¢f 8; -V {Pfl 'NJ;'fol] = Ky(pm1 —ps1)
(36)
Aoy dpr k¢
szaftf+¢f7;— : {Pﬂ'“j;'vpfz] = Kv(pm2 — Ps2)
(37)

Substituting Eq. (24) into Eqs. (36) and (37), the continuity
equation governing flow in shale fractures can be obtained:

Mipsi®ro(B—acRT) dpmj  Mipsi¢so(RT 0y — acRpmj— RTbc) IT

M. .
05 T KN ot

k .
Mipyi- Ef : foi:| = MK, (pmi — pyi)
1

RTK;N 01

_vV.

2.4 Governing equation of thermal field

It is assumed that the shale system satisfies the thermal
equilibrium state. In the reservoir injected with CO,, the
internal energy change, the strain energy of shale, the heat
conduction, and convection will all produce energy exchange,
which can be given by (Liu et al., 2021):

a(C.T ¢
(a; )+neVT—V~ (AVT)+KorT af” (39)
where C, represents the effective specific heat constant; A,
denotes the heat conductivity coefficient; 1, is the heat con-

vection coefficient, C,, 1. and A, can be respectively defined
as (Liu et al., 2021):

=0

2
Ce=(1=0m—07) pCe+ Y (01011 Cok + OmpPmiCor) (40)
k=1

2 PriCoiks o,
Ne k; T Dk
)ve:(1_¢n1_¢f)ls+(¢m+¢f)lg (42)
where C. denotes the specific heat constant; Cg; denotes the
specific heat constant under k-component gas, A, and A, are the
heat conductivity coefficient of reservoir and gas respectively;
Pmi denotes the k-component gas density within matrix.

2.5 Multifield coupling

By combining Egs. (10), (32), (38) and (39), the THMC
coupling equations incorporating mechanical weakening ef-
fects for CO,-ESGR are derived. The impacts of effective
stress, competitive adsorption, thermal expansion, chemical
dissolution, mechanical weakening, and other factors on shale
porosity and permeability are comprehensively considered
(Eq. (20) and Eqgs. (24)-(26)), with the coupling relationship
illustrated in Fig. 1.

The numerical solution of the above equations is com-
putationally addressed via the Solid Mechanics and PDE
modules in COMSOL Multiphysics software. Utilizing the
finite element method, the software facilitates the simulation
of coupled multiphysics processes.

(41)

RTK;N o1

RTK;N ZRP,

3. Model verifications

To validate the effectiveness of the fully coupled model,
cylindrical shale sample was used to conduct CO,-CHy dis-
placement tests, and a comparison was performed between
the experimental and simulation results. The test sample was
collected from the Wufeng Formation in the Sichuan Basin
and machined into cylindrical sample with dimensions of 100
mm in diameter and 200 mm in height. To simulate the CO,-
ESGR processes, a circular hole was drilled along the center
end face of the sample as the wellbore. After processing,
fracturing pipes were inserted and sealed with a blend of
epoxy resin and hardener. Displacement tests were performed
using a self-developed experimental setup (Zhou et al., 2016).
The shale sample was first saturated with CH4 under stress
conditions, followed by constant-pressure CO, injection, to
quantitatively measure the outlet flow rate and variations in
gas molar composition at the opposite end of the sample. The
initial conditions were set as follows: CHy pressure at 5 MPa,
CO; injection pressure at 9 MPa, and axial/confining pressures
at 15 MPa, with a constant temperature of 338 K.

The numerical simulation employed consistent experimen-
tal conditions as the model’s boundary conditions. Given the
assumption of isotropy and homogeneity in the shale sample,
a two-dimensional simplification of the model was adopted (Li
and Elsworth, 2019). The model dimensions exactly matched
the diameter and height of cylindrical samples. A schematic
diagram of model geometry and boundary conditions is pre-
sented in Fig. S2 (Supplementary file). The initial temperature
of the shale sample was set at 338 K. The sample was
subjected to a constant 15 MPa stress on its top and sides. A
CO, pressure of 9 MPa was maintained at the bottom surface
and the fracturing holes, with an initial condition of zero CHy
presence. The shale sample interior maintained a CH, pressure
of 5 MPa with no CO, present. Zero-flux boundary conditions
were imposed at both ends, while atmospheric pressure was
set for the top surface. The parameters used in the model
are presented in Table S1 (Supplementary file), and the key
physical parameters of the shale were independently measured
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prior to laboratory testing.

To validate the numerical model, a comparison between
the simulation results and experimental data was conducted
(Fig. 2). The simulation results can generally well represent
the trends of the molar ratio and flow rate changes of CH4 and
CO,, which validates the applicability of the proposed model.
It should be noted that some deviations occurred between
the simulation results and the experimental results during the
middle stage of CO, displacement. The analysis suggested
that this is mainly due to the errors caused by the adsorption
parameters of CHy and CO, within the shale matrix, which
were calculated based on the results of isothermal adsorption
experiments conducted on powder samples. Compared with

cylindrical samples, powder samples have a larger specific
surface area and are not subject to external stress, so their
adsorption capacity is stronger. Therefore, this deviation leads
to the overestimation of shale adsorption capacity. Du et
al., 2019 asserted that the adsorption of gases in shale causes
the breakthrough curves of CO, and CH4 to be asymmetric
with a long tail. Due to the deviations in this shale adsorption
test, the tailing phenomenon of the calculated breakthrough
curves was more pronounced, and the time for the molar
ratio and flow rate values to reach the inflection point was
prolonged. However, this did not affect the final values of
CH4 and CO; after they reached equilibrium.
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4. Numerical simulation on CO,;-ESGR

4.1 Simulation case

To investigate the flow evolution of binary gas during CO»-
ESGR and to evaluate CHy production and CO, storage under
various factors, the study area located in the northeastern
Sichuan Basin was investigated using a fully coupled model
for numerical simulations. A completed exploration well (Well
WQ?2) in this study area was selected for analysis. The explo-
ration well results (Zhao et al., 2020a; Liu et al., 2021) showed
that the area has huge potential for shale gas production. The
simulation model for the target layer of Wufeng formation
shale (burial depth: 1,200-1,300 m, thickness: 100 m) utilized
a standard five-point pattern, featuring one injection well and
four corner production wells with an axisymmetric geometry
(Li and Elsworth, 2019; Liu et al., 2021). In this simulation, a
two-dimensional cross-section was selected, incorporating the
symmetry of the model, and one-quarter of the study area was
simulated (Fig. 3).

The model size was 50 x 50 m?2, with a well radius of
0.1 m, according to the logging curve of WQ2 well (Zhao et
al., 2020a; Liu et al., 2021), the boundary conditions were as
follows: (1) The in-situ stress magnitudes were 30 MPa in the
horizontal direction (o},) and 36 MPa in the vertical direction
(0,). Therefore, the stress was set to 30 and 36 MPa at the
right and upper ends of the shale reservoir, respectively, and
the roller support was set at the bottom and left ends of the
reservoir. (2) Based on the burial depth of shale reservoir and
the pressure gradient in the Sichuan Basin (Yin et al., 2016),
the shale reservoir was initialized with a CHy pressure of 8
MPa. Both the injection and production wells had a radius of
0.1 m, with the former located in the bottom-left corner and the
latter in the top-right corner of the model. The injection CO,
pressure in the injection well was set to 10 MPa. Constant-
pressure production was assigned to the production well, with
the outlet pressure set to atmospheric pressure. To isolate
the study area and eliminate interference from far-field fluid
exchange, all other model boundaries except the injection well
and production well were defined as zero-flux boundaries. (3)
The model’s thermal boundary conditions were defined with
an initial reservoir temperature of 309 K and an injection
temperature of 323 K for CO; in injection well. To isolate
the system and accurately model the thermal effects of CO,
injection and its interaction with shale, all other external
boundaries were specified as thermally insulated, designed to
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preclude any heat exchange with the surroundings.

The parameters for this simulation, detailed in Table S2
(Supplementary file), were primarily based on field test data
from the study area and references (Zhao et al., 2020a;
Liu et al., 2021). The target reservoir formation selected for
this simulation was consistent with that investigated in these
referenced studies. Zhao et al. (2020a) and Liu et al. (2021)
conducted detailed characterizations of this specific reservoir
and measured its key physical properties. The parameters for
chemical dissolution and mechanical weakening were calcu-
lated from previous experimental studies, using shale from the
Wufeng Formation in the Sichuan Basin (Yang et al., 2023,
2024). The simulation duration was set to 10,000 days, with
intercept line AB and observation points C (10,10), D (20,20),
E (30,30), and F (40,40) added to monitor the shale reservoir
parameters at these points.

4.2 Evolution of shale reservoir parameters

To reveal the evolution of reservoir parameters during CO»-
ESGR processes, a conventional recovery group was added for
comparison. This group was set to have no CO» injection, and
the initial reservoir CHy pressure was 8 MPa. The reservoir pa-
rameters and boundary conditions were consistent with those
under CO» injection conditions. Comparative analyses were
performed on CH4/CO, content variations, matrix/fracture
permeability evolution, as well as CH4 production and CO,
storage under both scenarios.

(1) Permeability variation and gas concentration distribu-
tion

The variation in relative permeability in the shale matrix
is shown in Fig. 4(a). For conventional recovery without
CO; injection, the relative permeability at each monitoring
point within the shale matrix exhibits an increasing trend
over time, with more pronounced variations observed at points
closer to the production well. This phenomenon is primarily
driven by the progressive desorption of matrix-adsorbed CHy
following the gradual displacement of free CH4 from the
fractures. The resultant matrix shrinkage leads to a subsequent
increase in the pore size of the matrix, which in turn results
in higher permeability (Zhou et al., 2022). The closer to
the production well, the faster the rate of discharge and
desorption of CHy4, and thus the rate of increase in permeability
is also correspondingly higher. For CO, enhanced recovery,
the relative permeability at each monitoring point within the
shale matrix initially increases rapidly and then gradually
decreases over time. A rapid increase in CO; pressure occurs
during the initial injection period into the shale reservoir, and
the chemical dissolution effect and the effective stress effect
gradually strengthen (Yang et al., 2024), causing a rapid in-
crease in the shale matrix’s relative permeability. However, as
the injection time progresses, the adsorption-induced swelling
effect of shale on CO, gradually becomes dominant (Khosravi
et al., 2023). Simultaneously, the chemical dissolution effect
of CO, progressively weakens the mechanical characteristics
of shale, resulting in a gradual reduction of the elastic modulus
and an increase in Poisson’s ratio (Yang et al., 2023). Conse-
quently, a rapid decrease in the matrix permeability occurs as
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a result of additional pore compression under the same stress
state (Yang et al., 2022).

The variation in relative permeability in the shale fractures
is shown in Fig. 4(b). For conventional recovery without
CO» injection, the relative permeability at each monitoring
point within the shale fractures initially increases and then
gradually decreases over time. During the initial period, matrix
desorption-induced shrinkage plays a dominant role, while
during the middle to late periods, as CHy4 is discharged,
the shale fractures gradually compress under reservoir stress,
leading to a gradual reduction in fracture permeability. For
CO; enhanced recovery, the relative permeability within the
shale fractures also shows an initial rapid increase, followed
by a gradual decrease over time. This change is a result
of the coupling influences of chemical dissolution, effective
stress, mechanical weakening, and differential swelling. Due
to elevated CO, pressure around the injection well, relative
permeability varies more markedly in these regions, which
intensifies the chemical dissolution and effective stress effects,
causing a rapid increase in permeability near the gas injection
point.

Furthermore, a comparative analysis of CHs and CO;

concentration distribution was conducted to evaluate the per-
formance of the CO, enhanced recovery method, and the
results are presented in Appendix B (Supplementary file).

(2) CHy4 recovery and CO; storage

The dynamic interplay between the gas production rate,
CH4 production and CO; storage is critical for evaluating the
process efficiency. This relationship is detailed in Fig. 5. CO;
injection significantly increases CHy production, with cumu-
lative gas exhibiting rapid initial growth that gradually slows.
Within 10,000 days, the CH4 production under conventional
recovery is 1.65 x 10° m3, and it is 2.33 x 10° m? under CO,
enhanced recovery, with an increase of 40.70%. Defining CHy
recovery efficiency as the ratio of CHy production to the initial
reservoir content. After 100, 1,000, 5,000, and 10,000 days of
production, the recovery efficiencies for conventional produc-
tion are 1.85%, 10.93%, 31.81%, and 47.65%, respectively,
while the recovery efficiencies for CO, enhanced recovery
are 4.34%, 20.99%, 49.67%, and 67.04%, respectively, which
indicating higher recovery efficiencies at all time intervals
with CO; injection. In addition, the trend of CO, storage
is consistent with that of CHy production. Within 10,000
days, the cumulative storage of CO» in shale reservoir reaches



Yang, K., et al. Advances in Geo-Energy Research, 2025, 18(2): 180-194

Table 1. Simulation sche

189

me of influencing factors.

Reservoir Injection Injection .
Scheme stress (MPa) pressure (MPa)  temperature (K) Chemical effect
1 oy, 0, =30,36,42 10 323
2 o, 0y =36 10, 15, 20 323 With C-M effect
3 oy, 0y =36 10 323, 338, 353
With C-M effect,
4 o, 0y =36 15 323 Without M effect,
Without C-M effect
2.2 1.45
@ | _ —o— 0, =30 MPa (b) i
20F Decreased rapidly o‘i - 36 MPa sl Decreased slowly
03— (5 1.35F
1.8F : ‘ —o— g, =42 MPa
- L.6F) | 125k
& &
S 1.4 > —o—g,, =30 MPa
1.2 LISF —o— 0, =36 MPa
1.04 —— g, =42 MPa
1.05
0.8 J
0.6 ——— ' ' ' : 0.95 T ' ' :
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (day) Time (day)
2.7 ; 3.0 3.6 2.5
(c) : = @ .
24} | Major stages affects MQ i Major stages affects CO, storage S
r*'g 21k CH, production 125 mE ;é\ 3.00 N 2.0"2
=l = o
S 1.8r 12.0 T & 24} =
~—' Q - - ~
= 15t . g < 1.5 P
£ |l Pz '1‘58 501.8— s
. Z . [
'!:Js A 2 ; 5 2 - 0, = 30 MPa —— Storage - Rate 11.0 %D
2 09 ¥ 5, =30 MPa —o— Prodiiction Rae 110 5 % 12F N\ A i g
oY & B [ S O A\ Gj,, = 36 MPa —@— Storage ——+ Rate =
= 0.61 S EBMID=C= Prod%xctron K 105 a o 06k ~ 5, = 42 MPa —— Storage —— Rate 10.5 o)
Q 03} , = 42 MPa —— Prodiiction Rate . z" . \s‘_\ ) O
. ; TRy ) @) : R 3
0.0 ‘ - - ‘ ! —10.0 0.0t~ ' - ; “ 0.0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (day) Time (day)

Fig. 6. Impact of reservoir stress on the shale reservoir’s (point
and (d) CO; storage.

2.64 x 10® m3®. The comprehensive results indicate that it is
advantageous to carry out CO,-ESGR in this reservoir.

4.3 Analysis of influencing factors during the
CO;,-ESGR process

Multiple factors exert a combined influence on the ef-
ficiency of CO,-ESGR. This work discusses the impact of
reservoir stress, CO, injection pressure, injection temperature,
and the chemical dissolution-mechanical weakening (C-M)
effect. The sensitivity of individual factor influencing the
CO,-ESGR simulation results was evaluated using the control
variable method. Table 1 is the simulation scheme of the
influencing factors, and the initial CHy pressure is set at 8
MPa.

D) (a) matrix and (b) fracture permeability, (¢) CH4 production

4.3.1 Reservoir stress

The monitoring point D was utilized to analyze the impact
of reservoir stress on the permeability of shale matrix (Fig.
6(a)) and fractures (Fig. 6(b)). An initial increase followed
by a gradual decrease in relative permeability was observed
over time for both the shale matrix and fractures. For matrix
permeability, a higher stress resulted in a lower rate of relative
permeability increase in the shale matrix during the initial
period of CO; injection, which indicates that high stress can
inhibit the chemical dissolution effect. The matrix relative
permeability during the middle and late injection periods
decreased more rapidly under lower stress conditions, primar-
ily due to the more pronounced adsorption-induced swelling
effect in shale under such conditions (Zeng et al., 2023). For
fracture permeability, the relative permeability of shale fracture
during the initial injection period was higher under lower
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stress conditions, primarily due to the coupling impacts of
chemical dissolution and effective stress. The fracture relative
permeability during the middle and late periods of injection
decreased more rapidly under higher stress conditions, mainly
due to the gradual dominance of mechanical weakening effect
at this stage. The shale fractures were further compressed
under high stress conditions, leading to a further decrease in
permeability. In addition, the gas distribution within the reser-
voir is fundamentally controlled by reservoir stress conditions.
Therefore, the impact of reservoir stress on gas concentration
in shale reservoirs was further analyzed, and the results are
presented in Appendix C (Supplementary file).

The impact of reservoir stress on CHy recovery and CO;
storage are shown in Figs. 6(c) and 6(d). The results suggest
that CH4 production and CO, storage are lower under higher
stress. Under different stress conditions (30, 36, 42 MPa),
CH, production after 10,000 days was 2.48 x 10°, 2.34 x 10°,
and 2.25 x 10® m?, respectively. The CO, storage capacity
was 3.30 x 10°, 2.99 x 10°, and 2.73 x 10® m3, respectively.
Combined with the permeability curve, it can be found that
the inhibitory impact of stress on the efficiency of CO,-ESGR
is mainly during the middle period.

4.3.2 Injection pressure

The monitoring point D was utilized to analyze the impact
of CO; injection pressure on the permeability of shale matrix
(Fig. S3(a) in Supplementary file) and fractures (Fig. S3(b)
in Supplementary file). The results show that, compared with
the reservoir stress conditions, the relative permeability of
shale has a more pronounced increasing trend with higher
injection pressure during the initial injection period. The key
mechanism is the enhanced dissolution effect on shale, driven
by increased CO; injection pressure, triggering a substantial
dissolution of both clay and carbonate minerals, thereby
increasing shale porosity and pore size (Yang et al., 2022,
2023). The relative permeability of shale during the middle
and late periods decreases more rapidly as the injection
pressure increases, primarily caused by the coupling impacts
of adsorption swelling and mechanical weakening. It is also
observed that the relative permeability of fracture exhibits a
smaller magnitude of change compared to that of the matrix,
indicating that chemical effects and adsorption swelling have
a more significant influence on the matrix permeability. Next,
the impact of injection pressure on gas concentration in shale
reservoirs was further analyzed, and the results are presented
in Appendix C (Supplementary file).

The impact of CO; injection pressure on CHy recovery
and CO; storage are shown in Figs. S3(c) and S3(d) in
Supplementary file, respectively. The results suggest that the
CHy4 production and CO, storage are higher under higher
CO, pressure. Under different injection pressure conditions
(10, 15, 20 MPa), the CH4 production after 10,000 days was
2.34 % 10°, 2.46 x 10° and 2.88 x 10° m>, respectively, and
the CO, storage capacity was 2.99 x 10°, 4.99 x 10° and
6.78 x 10° m?>, respectively. It can be found that the impact
of CO; injection pressure on the efficiency of CO,-ESGR is
mainly during the initial and middle periods of injection.
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4.3.3 Injection temperature

The monitoring point D was utilized to analyze the impact
of injection temperature on the permeability of shale matrix
(Fig. S4(a) in Supplementary file) and fractures (Fig. S4(b) in
Supplementary file). The increase rate of the relative perme-
ability of shale during the initial period of injection decreases
as injection temperature increases. The chemical dissolution
effect is strongly influenced by temperature, and previous
studies have also found that the dissolution capacity of ScCO;
on inorganic minerals in shale decreases as the temperature
increases, resulting in a limited increase in shale porosity
and pore size (Yang et al., 2022, 2023). When the injection
time exceeds 2,000 days, the relative permeability of shale
gradually decreases, the rate of which becomes higher as the
injection temperature decreases, primarily caused by the grad-
ual enhancement in the promoting effect of low temperature on
the competitive adsorption and mechanical weakening effects
during the middle and late periods, causing permeability to
decrease rapidly. Next, the impact of injection temperature on
gas concentration in shale reservoirs was further analyzed, and
the results are presented in Appendix C (Supplementary file).

The impact of injection temperature on CHy recovery
and CO; storage are shown in Figs. S4(c) and S4(d) in
Supplementary file. The results suggest that lower injection
temperature can significantly increase CH4 production and
CO, storage capacity. Under different temperature conditions
(323, 338 and 353 K), the CHy production after 10,000 days
was 2.34 x 10°, 2.22 x 10° and 2.07 x 10° m3, respectively,
and the CO, storage capacity was 2.99 x 10°, 2.59 x 10° and
2.14 x 10° m?, respectively. Combined with the rate curve,
it can be found that the impact of injection temperature on
the efficiency of CO,-ESGR is mainly during the initial and
middle periods.

4.3.4 Chemical dissolution-mechanical weakening effect

The monitoring point C was selected to analyze the impact
of C-M effect on the permeability of shale matrix (Fig.
7(a)) and fractures (Fig. 7(b)). The shale relative permeability
calculated by the model incorporating the C-M effect and the
model not incorporating the M effect both exhibits a consistent
trend of initial increase, followed by subsequent decrease over
time. In contrast, the relative permeability calculated by the
model not incorporating the C-M effect shows a decreasing
trend. These results indicate that chemical dissolution primar-
ily enhances shale permeability, while mechanical weakening
reduces it significantly. Compared to the effective stress effect,
adsorption-induced swelling has a stronger impact on perme-
ability. Next, the impact of C-M effect on gas concentration
in shale reservoirs was further analyzed, and the results are
presented in Appendix C (Supplementary file).

The impact of C-M effect on CHy recovery and CO;
storage are shown in Figs. 7(c) and 7(d). In different situa-
tions (with C-M effect, without M effect, and without C-M
effect), the CHy4 production after 10,000 days was 2.46 X 100,
2.56 x 10° and 2.31 x 10° m3, respectively, and the CO;
storage capacity was 4.98 x 10%, 4.71 x 10° and 4.46 x 10°
m?, respectively. For CH4 production, the CH4 production
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calculated by the model without C-M effect and the model
without M effect was significantly lower and higher than the
calculation values incorporating the C-M effect, respectively.
For CO, storage, the C-M effect model calculated the highest
storage capacity.

4.3.5 Sensitivity analysis of various influencing factors

A sensitivity analysis was carried out for various influenc-
ing factors under chemical dissolution-mechanical weakening
conditions, with the aim to determine the relative influence of
key parameters on the simulation results, including the final
values of CHy production and CO; storage. The sensitivity of
these results is shown by a Tornado plot (Fig. 8). The baseline

parameters are set as reservoir stress = 36 MPa, injection pres-
sure = 10 MPa, injection temperature = 323 K. The analysis
of Fig. 8 reveals that when chemical dissolution-mechanical
weakening coupling is considered, injection pressure emerges
as the most influential parameter. Furthermore, reservoir stress
demonstrates a greater impact on CHy4 production than in-
jection temperature, whereas injection temperature exhibits a
more pronounced effect on CO, storage compared to reservoir
stress.

4.4 Implication for CO;-ESGR

During the CO,-ESGR process, the injection of CO, into
shale formations facilitates its transition to a supercritical state
in the shale reservoir environment. As CO, is continuously
injected, changes occur in the reservoir’s THMC fields (Liu
et al., 2021; Yang et al., 2022), further affecting the perme-
ability characteristics of shale. In this work, it was found that
effective stress, chemical dissolution, competitive adsorption,
and mechanical weakening effects are all significant factors
affecting the shale permeability.

The analysis of different influencing factors in the CO»-
ESGR process is shown in Fig. 9. Through simulation, it
is found that during the initial injection period, the efficacy
of CO,-ESGR is predominantly governed by the effects of
chemical dissolution and effective stress. To maximize both
CH,4 displacement efficiency and CO; storage capacity during
this phase, the implementation of elevated injection pressures
coupled with moderately reduced injection temperatures is
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recommended. Through this combination, CO, density is
enhanced and displacement efficiency is improved while fa-
vorable conditions for chemical interactions are maintained.
During the middle and late injection periods, the competitive
adsorption and mechanical weakening effects are increasingly
dominated. Excessively high injection pressures should be
avoided, since permeability reduction may be accelerated
through enhanced mechanical compression. Instead, a con-
trolled pressure reduction strategy with moderate temperature
maintenance is demonstrated to be more effective for sustain-
ing long-term injectivity.

Furthermore, it is emphasized that the consideration of
CO;-shale chemical interactions throughout the entire project
lifecycle is crucial. These simulation insights, derived from the
coupled THMC model, provide a scientific basis for designing
efficient and sustainable CO,-ESGR field implementations.

5. Conclusions

To analyze coupling relationships and identify the main
control factors in the CO,-ESGR process, this paper presents
a fully coupled THMC model that incorporates mechanical
weakening. Main findings include:

1) As the production time progresses, the permeability of
shale matrix decreases gradually under conventional re-
covery methods, and the permeability of fracture in-
creases slightly first and then decreases gradually. The
shale matrix and fracture permeability both increase
first and then decrease gradually under CO, enhanced
recovery methods. Compared to conventional recovery
methods, the injection of CO, for recovery leads to a
faster decrease in CHy concentration within the shale
matrix and fractures, with a higher CH4 production.
Nevertheless, the rate of CH4 production increase exhibits
a gradual deceleration as time progresses.

2) As the reservoir stress increases, the CH4 production and
CO; storage of the reservoir both decrease. The impact of
high stress on the reduction of CH4 production and CO,
storage is mainly observed during the middle injection
period, and it is primarily due to the coupling impacts
of competitive adsorption and mechanical weakening. As
the CO, injection pressure increases, CHs production
and CO, storage capacity significantly increase. The
promoting effect of high injection pressure on CHy4 pro-

duction and CO; storage is mainly observed during the
initial and middle periods, primarily due to the coupling
impacts of chemical dissolution and pressure-driven me-
chanical weakening. As the injection temperature rises,
CHy4 production and CO; storage capacity decrease, and
the impact of injection temperature is mainly during the
initial and middle periods.

3) The coupling effect of chemical dissolution-mechanical
weakening caused by CO, injection in shale reservoirs
is a crucial factor influencing shale gas recovery and
CO, storage. The CHs production calculated by the
model without incorporating the chemical dissolution-
mechanical weakening coupling effect and that with only
incorporating the chemical dissolution effect is signifi-
cantly lower and higher, respectively, than the calculated
value incorporating the coupling effect. Since CO,-ESGR
is a long-term process, it is essential to comprehensively
incorporate the coupling impacts of chemical dissolu-
tion and mechanical weakening, competition adsorption-
induced swelling, temperature effects, and effective stress.
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