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ABSTRACT

During COz-enhanced shale gas recovery (CO,-ESGR), the competitive adsorption and flow character-
istics of binary CO,/CHy in shale reservoirs significantly influence both CH4 production and CO; storage.
However, the coupled mechanisms involving competitive adsorption-induced swelling and slippage
effect, and their impact on the evolution of reservoir permeability, remain poorly understood. This study
investigated variations in deformation and permeability of shale induced by the adsorption of pure and
binary gases (CHg, CO,, CO/CH4 = 1:2, 2:1). A permeability model incorporates the coupling influences
of competitive adsorption, slippage effect and effective stress was developed, and the factors influence
shale permeability were analyzed. As the gas pressure increased, the CH4/CO, competitive adsorption-
induced swelling strain of shale showed two stages variation trend of increased rapidly and slowly.
Correspondingly, the permeability showed a trend of rapid decreased first and then gradual increased.
This process was also affected by the CO, molar fraction and the stress. Using the developed perme-
ability model, it can be revealed that the impact of the shale permeability increase caused by the
slippage effect gradually weakened as the pressure increased, while the impact of the shale perme-
ability decrease induced by the competitive adsorption-induced swelling typically initially intensified
and then subsequently weakened. Furthermore, the impact of the shale permeability decrease induced
by the effective stress and competitive adsorption-induced swelling to permeability weakened as
increasing confining pressure or decreasing CO, molar fraction, whereas the slippage effect's impact
intensified. The flow behavior of a variety of gas molecules within shale is primarily influenced by
variations in pore size that are the result of competitive adsorption and effective stress, as well as the
differences in the average free path of different gases. These findings provide a theoretical foundation
for optimizing CO,-ESGR.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

2024; Zhang et al., 2025). The rising global energy demands, along
with the intensified global warming caused by CO, emissions, has

As a significant unconventional resource, shale gas has signif- positioned CO,-ESGR technology as a vital strategy for promoting
icant global development potential (Chen et al., 2025; Huang et al., sustainable energy development and mitigating greenhouse gas
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emissions (Chang et al., 2024; Kasala et al., 2025; Xu et al., 2024).
Firstly, supercritical CO; (ScCO>) can replace water for improving
shale reservoir productivity, offering advantages such as lower
breakdown pressures and the formation of more complicated
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2024). Meanwhile, the preferential adsorption of CO; by shale over
CHy4 facilitates the effective displacement of adsorbed CH4 within
shale during CO,-ESGR process (Kasala et al., 2025). Additionally,
shale is considered both the source rock and cap rock, with its
structural seal and integrity ensuring effective storage of injected
CO, (Yang et al., 2024). Thus, the combination of CO, storage with
the CO,-ESGR technique, which offers both economic and envi-
ronmental benefits, has gained significant attention.

The shale gas reservoir mainly forms three regions during CO,
injection into the reservoir: CO; burial zone, CO,/CH4 mixture zone
and CHy4 distribution zone (Sun et al., 2023a; Du et al., 2020). As
CO, is continuously injected, the CO,/CH4 mixture zone gradually
expands, and the CO; content increases. Consequently, the prop-
erties of the binary gas (density, viscosity, and compressibility
factor, etc.) are significantly altered. These changes significantly
influence the CO,/CH4 flow dynamics and the CO, displacement
effectiveness (Cao et al.,, 2025; Du et al,, 2020; Liu et al., 2025).
Meanwhile, the adsorbed CHy4 constitutes 20%-85% of the total
pore shale gas resources (Mudoi et al., 2022). CO; injection induces
competitive adsorption with adsorbed CH4 within the shale ma-
trix, and this process triggers matrix differential swelling and
modify the effective flow channel space (Lalji et al., 2022).
Furthermore, the low-permeability of shale promotes a pro-
nounced slippage effect during gas flow, particularly in micro-to
nano-scale pores, where this effect significantly enhances the
apparent permeability (Mukherjee and Vishal, 2023). The slippage
effect is predominantly affected by various parameters, including
pore diameter and fluid characteristics (Li et al., 2024; Hatami
et al., 2022). Therefore, understanding the impacts of competi-
tive adsorption of binary gases (CO2/CH4) and slippage effect on
shale permeability is critical for accurately evaluating shale gas
production and CO, storage stability.

To clarify the evolution of matrix differential swelling and
permeability, it is essential to investigate the adsorption of binary
gases within shale (Gao et al., 2023; Wan et al., 2024). Currently,
research in this area primarily employs molecular simulations and
isothermal adsorption tests using shale powder samples
(Babatunde et al., 2022; Mudoi et al., 2022; Xia et al., 2024). The
results indicate that the adsorption process of binary CO,/CH4 in
shale is governed by multiple interrelated factors, including gas
pressure, temperature, and shale properties (Yang et al., 2022a; Xie
et al.,, 2022; Zhang et al., 2025). The preferred adsorption of CO;
initially decreases and subsequently increases as gas pressure in-
creases (Liao et al.,, 2023). Furthermore, shale's adsorption is
greatly affected by its pore structure, where increases in specific
surface area led to enhanced CO; preferential adsorption (Xie et al.,
2022). However, most current studies utilize powdered shale
samples and neglect the influence of external stress, failing to
simulate the pore and fracture structure under actual stress
environment of shale reservoirs. Stress significantly influences the
adsorption capacity of adsorbents (Skoczylas et al., 2023).
Currently, research on shale swelling deformation induced by gas
adsorption remains relatively limited. Most studies rely primarily
on molecular simulations (Yu et al., 2021; Song et al., 2023; Gong
et al., 2024), which are based on hypothetical theories that ideal-
ized kerogen and clay structural models, thereby limiting the
reliability of findings. Chen et al. (2018) and Lin et al. (2024) carried
out adsorption-induced swelling deformation tests shale using
pure CO,, CH4, and Nj, and revealed that the swelling strain
induced by CO, absorption was significantly higher than that
resulting by CH4 and N,. However, the studies consider the impact
of differential swelling in the CO,/CH4 system are also limited.
Hence, further investigation is required to analysis the swelling
deformation caused by adsorption of binary CO,/CH4 in shale
under triaxial stress conditions.
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Shale permeability, as a key parameter in CO,-ESGR and CO,
storage, can be directly investigated through experimental studies
to relatively intuitively reveal the transport mechanisms of CO;
and CHy4 in artificial fractures of shale under specific controlled
conditions (Bandara et al., 2022; Tan et al., 2018; Yang et al.,
2021a,b). The shale permeability is governed by both fluid prop-
erties and the coupling effects of effective stress, competitive
adsorption, and slippage effect (Afagwu et al., 2022; Hatami et al.,
2022). Research has demonstrated that the gradual increase in gas
pressure within shale gas reservoirs leads to an expansion of pore
size during CO, injection, thereby enhancing shale permeability
(Cai et al.,, 2024; Hatami et al.,, 2022; Li et al., 2023). Higher gas
pressure or lower external stress enhances the adsorption capacity
of shale by binary CO,/CHy4 (Kamali-Asl et al., 2022), which reduces
the permeability (Hou et al., 2020; Liu et al., 2021). The slippage
effect is concurrently governed by the interplay of external stress,
fluid pressure, pore size (Zeng et al., 2023; Hatami et al., 2022). The
type of gas also significantly affects competitive adsorption-
induced swelling and slippage effect within shale (Yang et al,,
2021a,b; Sun et al., 2023b). Variations in molecular weight, vis-
cosity, and kinetic diameter between gas molecules all affect the
competitive adsorption and slippage effect of shale in the CO,/CHyg
system (Li et al., 2023; Zeng et al., 2023). However, the synergistic
interactions among these three effects in binary CO,/CH4 systems
remain incompletely understood.

This study carried out a series of tests on shale samples to
elucidate adsorption-induced deformation and permeability evo-
lution under different stress conditions for pure and binary gases
(He, CHg4, CO,, COy/CH4 = 1:2, 2:1). Then, a permeability model
incorporates the influences of effective stress, competitive
adsorption, and slippage effect was developed. Furthermore, the
impact of competitive adsorption-induced swelling and slippage
effect on shale permeability under varying stress conditions was
analyzed, and the contributions of effective stress, competitive
adsorption-induced swelling, and slippage effect to shale perme-
ability were discussed under different confining pressure, pore
pressure, and pore sizes. The findings provide a theoretical foun-
dation for optimizing CO,-ESGR.

2. Samples and methods
2.1. Preparation of samples

The samples were obtained from outcrops of the Wufeng For-
mation shale in the Changning area of the Sichuan Basin (Fig. 1).
The basin is situated on the northwestern margin of the Upper
Yangtze Platform, with the Changning area located on its southern
edge, belonging to the South Sichuan Low-steep Fold Belt. The
structure is characterized by a gentle syncline within an anticlinal
framework, distal from major fault zones (Nie et al., 2019). The
shale in this region is in the overmature stage and belongs to the
better-grade Paleozoic marine source rocks. The shale samples
exhibit relatively high contents of quartz and clay minerals. The
total organic carbon content ranges between 2.89% and 3.53%. The
vitrinite reflectance values fall within the range of 2.15%-2.76%.

The samples were taken from shale block with intact surfaces.
The core was drilled along the shale block in the direction of
parallel laminations and processed into a cylindrical sample that
was 100 mm in diameter and 200 mm in height. A 14 mm diameter
and 140 mm deep cylindrical hole was drilled along the sample's
central axis to simulate the wellbore during the CO,-ESGR process.
A high strength injection pipe was inserted, and the epoxy was
uniformly mixed with the curing agent and sealed. The specific
steps of the sample preparation process can be found in reference
(Zhou et al., 2016).



K. Yang, Y.-B. Sun, J.-P. Zhou et al.

Petroleum Science 23 (2026) 4461-4475

Mountains

200 Isoline, m

Structural
-~

. Collect location

Fig. 1. Location of the shale sample.

The sample was fractured using ScCO, to create an artificial
fracture before test. The fracturing process was carried out using
the constant flow rate injection method. Fig. 2 shows the three-
dimensional images of shale sample before and after fracturing
using CT scan data. It can be seen that the shale sample before
fracturing has good cross-section homogeneity, smooth wall sur-
face, no obvious cracks. After ScCO, fracturing, an irregular multi-
fracture network was shown to be formed in the shale. The
propagation of primary fractures was accompanied by the

generation of secondary fractures. Quantitative analysis indicates
that the pore size distribution in the shale after fracturing pri-
marily ranged from 10.84 to 321.21 um, with an average pore
diameter of 8.42 pm.

2.2. Experimental equipment and procedure

The alterations in deformation and permeability of shale have
been investigated using ScCO; fracturing and fluid flow system.

Fig. 2. Three-dimensional reconstruction images of shale. (a) and (b) are the three-dimensional reconstruction images of shale before and after fracturing, respectively; (c) and (d)
are the top view and front view of pore-fracture distribution of fractured shale, respectively.
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This system can carry out the fracturing, permeability and
displacement experiments under multi-field coupling conditions
(Fig. 3), and its experimental system consists of gas supply system,
gas pressure cell, a triaxial cell, gas detection system and control
and acquisition system. The gas supply system primarily consists
of a gas source (high purity CHg, CO, He, N») and a booster pump.
The gas pressure cell is primarily composed of an upstream tank
and a downstream tank. To ensure constant experimental tem-
peratures, the pressure tank is wrapped in the heating belt capable
of maintaining temperatures up to 90 °C (0.5 °C). The triaxial cell
is mainly composed of a triaxial chamber and an oil bath. The gas
detection system is mainly composed of gas chromatograph,
which can quantitatively detect the gas components of CHy/CO/
N>, and the quantitative repeatability is less than 1.5%. The control
and acquisition system are mainly used for experimental control
and data acquisition. The shale permeability is mainly calculated
by the pulse decay method.

The fractured shale sample was selected to carry out the
adsorption deformation and permeability tests of pure/binary
gases (He, CHy, CO,, CO5/CH4 = 1:2, 2:1) in shale under different
stress conditions (oc = 10, 15, and 20 MPa). Pore pressures of 0.5,
1.5, 3, 4.5, 6, 7.5, and 9 MPa were applied, the temperature was
maintained constantly at 65 °C. These parameters refer to the
reservoir pressure and temperature gradient of the Sichuan Basin
to simulate the reservoir environment of shallow shale formations
(Yin et al., 2016). The helium was selected in this study to serve as a
non-adsorbing reference gas for comparative analysis of the
impact of competitive adsorption-induced swelling on shale
permeability.

To eliminate the effect of stress hysteresis that arises from the
history of stress and pressure loading on shale permeability, pre-
stress is required before permeability measurement (Sun et al.,
2020). In this study, shale sample was subjected to three cycles
of stress (o6 = 5, 10, 15, 20 MPa), and CO; (pore pressure = 3 MPa)
was selected to test the permeability variation of shale during
cyclic loading. In the first cycle, the relative deviation of perme-
ability under the same loading and unloading conditions ranged

Mixing tank

Valve 1

Valve 4
Valve 2

CH, CO, He

Valve 3

ISCO 260D

Experimental gas booster pump

Gas supply system

Downstream tank

Temperature
? Valve 5
‘ <t

Gas pressure cell
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between 11.37% and 14.98%. In the second cycle, the relative de-
viation of permeability under the same loading and unloading
conditions ranged between 1.55% and 4.22%. In the third cycle, the
relative deviation of permeability under the same loading and
unloading conditions ranged between 0.63% and 1.77%. Stress
hysteresis and adsorption hysteresis were found to have negligible
effects on permeability.

3. Results

3.1. Shale deformation under various stress and gas types
conditions

For non-adsorbed gases (such as He), when gas is injected into
shale, its deformation is largely a result of pressure variations. For
adsorbed gases, the deformation results from a combined effects
of pressure variations and swelling deformation caused by
competitive adsorption. Therefore, the swelling strain (¢} ) of shale
caused by competitive adsorption for adsorbed gases can be
expressed as (Lin et al., 2024):

8?2:‘:;}*6\]{[& (1)

where ¢ is the swelling strain of shale, and i denotes the adsorbed

gas species: CHy, CO2, and the binary CO»/CH4 mixture. &} and &},

are the volumetric strains under gas i and gas He respectively.
The Langmuir model can be used to calculate (Gao et al., 2023):

s eLiD
s__cLib 2
TP+ DL 2)

where ¢; is the maximum swelling strain, p; is the Langmuir
pressure, MPa.

Fig. 4 shows the swelling strain of shale caused by competitive
adsorption under various gas conditions. The competitive
adsorption-induced swelling strain exhibits a two-stage behavior,
characterized by a rapid increase followed by a slower growth as

Axial pressure
Valve 6

Electro-hydraulic

Shale servo pump
i ; sample Confining
Differential ~ oressure
(X) pressure sensor
Constant temperature - |
onbain L
Control and
Pressure sensor acquisition system

[ ]

Gas detection system

Triaxial cell

Fig. 3. Schematic of CO, fracturing and displacement shale gas experimental system.
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Fig. 4. Competitive adsorption-induced swelling strain of shale in various gas types.
(a) 6c = 10 MPa; (b) 6. = 15 MPa; (c) oc = 20 MPa.

pore pressure increases. In the rapid increase stage, competitive
adsorption-induced swelling strain increases rapidly as pore
pressure increases. When the pressure exceeds 4.5 MPa, the
change of swelling strain reaches an increased slowly stage. It can
also be found from Fig. 4 that shale exhibits varying swelling strain
responses depending on the type of gas adsorbed. The swelling
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strain measured are ranked, from largest to smallest, as follows:
£€5,C0, > €5,CH,/CO,(1:2) > €5,CH, /CO,(2:1) > €5,CHy This indicates that
shale has a preferred for CO, adsorption, The swelling of shale is
more apparent as CO, molar fraction increases. Since adsorption-
induced swelling strain exhibits a positive correlation with
adsorption capacity (Chen et al., 2018), it can be inferred from our
findings that the competitive adsorption capacity of shale in-
creases with CO, mole fraction. The stronger adsorption affinity of
CO; to shale can be attributed to its higher boiling point and
critical temperature, as well as the presence of a quadrupole
moment (Liao et al., 2023).

The shale adsorption deformation parameters can be obtained
using Eq. (2), with an accuracy ranging from 0.9504 to 0.9974 and
an average accuracy of 0.9801. Fig. 5 shows the adsorption defor-
mation parameters of shale in various gases types. As o increases,
the adsorption parameter ¢ for various adsorptive gases in shale
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Fig. 5. Adsorption deformation parameters of shale in various gas types. (a)
6. = 10 MPa; (b) 6. = 15 MPa; (c) 6. = 20 MPa.
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exhibits a decreasing trend. This indicates that the stress inhibits
the adsorption of gas by shale. The closure of shale pores under
high stress reduces the availability of adsorption sites. This process
releases free gas from pores and fractures, while the compression
of fractures further restricts migration of gases into the shale pores
(Zeng et al., 2023). It should be noted that the inhibition effect of
stress on the adsorption swelling effect also shows a decreasing
trend as o increases. For different adsorbent gases (CH4, CH4/CO>
(2:1), CH4/CO; (1:2), COy), when the o is increased from 10 to
15 MPa, the average reduction in g is 33.94%. When o is further
increased from 15 to 20 MPa, the average decrease in e[ is 21.97%.
This observation indicates that increasing stress results in a
reduced significance of fracture compression and a progressive
decrease in the compressibility of shale fractures.

The inhibitory influence of stress on the adsorption of various
adsorbed gases by shale is also different. For different adsorbent
gases (CHg, CH4/CO; (2:1), CH4/CO3 (1:2), COy), the reduction rates
of e are 50.03%, 49.17%, 47.92%, and 46.84% respectively as oc
increased from 10 to 20 MPa. This suggests that stress has the most
significant effect on the adsorption of CH, in shale, and its inhib-
itory influence on adsorption weakens as the CO, molar fraction
increases. As the stress increases, the pores and fractures within
the shale gradually close, which restricts the diffusion of both CO,
and CHy into the matrix. The smaller kinetic diameter of CO; al-
lows it to diffuse more easily through smaller pores compared to
CHy, leading to an increased transport selectivity coefficient and
adsorption selectivity coefficient of CO, to CH4 as the pore size
decreases (Zhou et al., 2022), the stress has a lesser inhibitory ef-
fect on CO, adsorption under higher stress conditions.

3.2. Shale permeability under various stress and gas types
conditions

Fig. 6 shows the permeability curves for various gases in shale.
The results indicate a general decline in shale permeability of
various gas as o increases. Specifically, increasing o. from 10 to
15 MPa results in average permeability reductions of 54.11%,
49.01%, 51.69%, 50.15% and 49.25% for He, CH4, CH4/CO3 (2:1), CH4/
CO; (1:2) and COo, respectively. A further increase in the o from 15
to 20 MPa leads to average permeability decreases of 36.59%,
29.11%, 26.97%, 18.14%, and 21.17% for the respective gases. The rate
of permeability decline tends to slow down as increasing stress,
attributable to the finite closure capacity of pores in shale, as the
continuous application of stress leads to a gradual reduction in the
pore compressibility (Yang et al., 2022b).

The permeability of shale to non-adsorptive gas (He) is gener-
ally higher than that of adsorptive gases under identical stress and
pressure conditions, with the order of permeability from highest
to lowest being: kHe > kCH4 > kCH4/COg(2:1) > kCH4/C02(l:2) > kcoz. This
ordering is primarily ascribed to the competitive adsorption effect
on shale, and it becomes more pronounced as increasing molar
fraction of CO,. Fig. 7 shows the variation in the molar fractions in
binary gases under stress conditions. It is observed that the molar
fraction of free CH4 exceeds its initial value during injection after
achieving adsorption equilibrium. Furthermore, the molar fraction
of free CH4 exhibits a trend of first rapidly decreasing and then
becoming gradually flat as pressure increases. The molar fraction
of free CHy in the system under high-pressure conditions approach
its initial value during injection. Conversely, the molar fraction of
CO, in binary gases remains consistently below its initial value
during injection and follows the opposite trend to CH4 as pressure
increases. Analysis indicates that this phenomenon is due to the
shale adsorbing binary gases. Under low pressure, the shale ex-
hibits stronger adsorption capacity for adsorptive gases, particu-
larly CO,. Consequently, the free CO, molar fraction decreases
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Fig. 6. The permeability curves of various gases in shale under stress conditions. (a)
6. = 10 MPa; (b) 6. = 15 MPa; (c) o = 20 MPa.

while the free CH4 molar fraction increases, reflecting the shale's
preferential adsorption of CO,. This leads to rapid adsorption-
induced swelling deformation and a significant decrease in
permeability. As pressure increases, the adsorption rate slows
down, the preference for CO, weakens, resulting in a decrease in
free CH4 molar fraction and an increase in free CO, molar fraction.
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Fig. 7. Molar fraction of free CH4 to CO, in binary gas under stress state. (a) and (c) are the mole fraction of CH4 under different binary gas conditions; (b) and (d) are the mole

fraction of CO, under different binary gas conditions.

Once the pressure exceeds 4.5 MPa, shale adsorption is close to
saturation state, and the molar fraction of CH4/CO, remains close
to the initial injection ratios. The permeability is mainly affected
by effective stress, and it increases progressively as pressure in-
creases. From Figs. 4 and 6, it is evident that the changes in the
mole fraction of CH4/CO, demonstrate a strong consistency with
the adsorption deformation and permeability variations of the
shale.

4. Discussion

4.1. Permeability model considering effective stress, competitive
adsorption and slippage effect

4.1.1. Shale deformation model

The deformation of shale under variable pressure is mostly
influenced by effective stress and swelling caused by competitive
adsorption. The strain variations in both the shale bulk and frac-
ture resulting from these effects are defined as (Gao et al., 2023):

(3)
(4)

Aep = ASE + ASE

Agp = Aef + Agg
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where e and ef are the shale bulk and fracture strain, respectively;
ep and &f are bulk and fracture strain caused by effective stress,
respectively; & and ¢ are bulk and fracture strain caused by
adsorption swelling, respectively.

The expressions for e} and ¢, influenced by effective stress, are
provided as (Zeng et al., 2023; Detournay, 1993):

AVE 1 1 1 1
e_ _“"'b__~ _ — Ao — -
Agp = V., K (Ao — aAp) KAO' (K Km) Ap (5)
AVE 1 1 1 1
e_ " f_ ° _ — Ao | ——
Agf = v K (Ao — BAD) KfAO' <Kf Km> Ap (6)

where Vp, Vr and Vy, are the pore volume of shale bulk, fracture,
and matrix respectively, m3, where Vb= Vf+ Vpp; AV§ and Aer are
the volume change of shale bulk and fracture caused by effective
stress, m>: K, K¢ and Ky, are the modulus of the shale bulk, fracture
and matrix, respectively, GPa; « and g are the Biot's coefficient and
effective coefficient of fracture, respectively; Ac and Ap represent
changes in stress and pressure, respectively, MPa.

Since K>Kj, the relationship between Aef and Aef can be re-
expressed as:
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1
Aef — Aef = — (Ao — Ap (7)

b A = g )

The Langmuir model can be used to define the swelling strain
(Li and Elsworth, 2019; Li et al., 2023):

s €L,Pi

m,i X
w(1+5(%)
i=

where &} ; represents the matrix adsorption swelling strain for gas
i; k denotes the number of components in the multi-component
gas; p; represents the partial pressure of gas i, MPa, the relation-
ship between the partial pressure and the total pressure is given by
the following expression:

&

(8)

Pi =YiD

k
9)
yi=1

where y; is the mole fraction of gas i in the free phase.
The expressions for ¢} and &} are as follows (Guo et al,, 2014):

peg— AV (L of)Vmaeh,
b Y Vo

—(1-H(1=¢)Ae, (10

CAV;  fUmAeh (1 —)Ach,

Agd
f Ve Ve ¢

(11)

where AV} and AV} are respectively the volume changes of shale
bulk and fracture caused by adsorption swelling, m>; f is the in-
ternal swelling partition, 0 < f < 1; ¢ is the porosity of the shale,
¢ = Vi/Vb.

Since ¢<1, the relationship between Aef and Aej can be re-
expressed as:

f

Aeg — Ae? = ffAeﬁn

¢ (12)

4.1.2. Permeability model
The formula linking porosity and strain is as follows (Zeng et al.,
2023):

£f

/ des

£f0

€p
joew| [
=ex dep, —
b0 p €p

(13)

€b0

where ¢ and ¢g is the porosity and initial porosity of shale,

respectively.
Integrating Eqs. (3)-(5) and (12) and (13) yields:
¢ 1 fas
—=exXp| — (Ao — Ap) —=A¢ 14
b p[ g (80— 8p) = ach (14)

If Kn>K and a ~ 1 (Zeng et al., 2023), K= ¢K, Eq. (14) can be re-
expressed as:

i:exp

o (15)

1
[Kf(AaAerﬂ(Aefn)

Since K = E/3(1-2v)C; = 1/K;, and combining Egs. (8) and (15),
the permeability and porosity of shale can be expressed by cubic
law:
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k

= —3Cs| (6 —00) — (P —DPo)
0

3
()~

E k

eL,;Pi
e

; k
DL (1 + 1; (pi/pL,i>>

s
~€mo

(16)

where Ct is the fracture compressibility, it can be expressed as
(Chen et al., 2015):

Cf(] ( _ e*ﬁ(Aapr))

~ 5(Ac — Ap) 1 (17)

G

where § represents the rate of change in Cr with effective stress.
Considering the influence of the slippage effect, Eq. (16) under
constant o, conditions can be rewritten as follows:

k=ky (1 +§) =kgexp{ —3C;| —(p—Do)

E k

3(1-2v)

€L,;Di

; k
PLi (1 +i§ (pi/pL,i)>

+f

~€mo

(1+5)
(18)

where kq is the shale permeability which is not affected by slip-
page effect, m?; b is the slippage factor, MPa~l.

The test data are employed in the established shale perme-
ability model (Eq. (18)) to validate its accuracy. The model pa-
rameters are obtained by this study. Fig. 5 shows the adsorption
deformation parameters (er, pr). The E and v are determined to be
13.62 GPa and 0.1147, respectively. The initial permeability (ko) of
shale under different stress conditions (¢c = 5, 10, 15, 20 MPa) is
0.031 x1071°,0.016 x 10~ 1> and 0.011 x 10~ 1> m?, respectively. The
Cr, b and f are primarily determined by numerically fitting the
model to laboratory-measured permeability data. Fig. 8 shows the
comparison between the test data and the results obtained from
the permeability model. Table 1 summarizes fitting parameters for
the model.

The proposed permeability model allows for a more accurate
characterization of shale permeability characteristics of various
gas flows under different stress conditions, and its fitting accuracy
is distributed in 0.9508-0.9968. It can be found from the model
parameters that as o. increases, the kg decreases, while the b
shows an overall increase, which is mainly due to the gradual
closure of shale pores during the stress loading. As the pore size
gradually decreases, the slippage effect of various gases within the
shale intensifies, and the proportion of slippage flow gradually
increases (Sun et al., 2023b). In addition, it can also be found from
Table 1 that the model parameter b generally decreases under the
influence of the stronger the adsorbable gas, indicating a weak-
ened impact of the slippage effect on the permeability of shale. The
analysis believes that as CO, mole fraction increases, competitive
adsorption-induced swelling of shale is gradually enhanced, thus
leading to a lowered contribution of slippage effect. Furthermore,
the parameter f exhibits an overall increasing trend with higher



K. Yang, Y.-B. Sun, J.-P. Zhou et al.

(a) 056
B He (Test date) —— He (Modeled date)
A CH, (Test date) ——— CH, (Modeled date)
048 1 @ CH,:CO,=2:1 (Testdate) ——— CH,CO;, = 2:1 (Modeled date)
@ CH.:CO,=1:2 (Testdate) ——— CH4;CO; = 1:2 (Modeled date)
¥ CO, (Test date) —— CO; (Modeled date)
o~ 0.40
1S
S
~— 0324
=
T_EE 24
3 0.24 -
£
=
(O]
& 016 -
0.08
0 T T T T
0 2 4 6 8 10
Pore pressure, MPa
(b) 020
W He (Test date) —— He (Modeled date)
A CH; (Test date) ——— CH, (Modeled date)
® CH,:CO,=2:1(Testdate) ——— CH,:CO, =2:1 (Modeled date)
@ CH.:CO,=1:2 (Testdate) ——— CH,:CO, = 1:2 (Modeled date)
0.15 4 ¥ CO, (Test date) —— CO; (Modeled date)
o
1S
0
N
o
-~
2 0104
5
[
[0}
£
=
(0]
o
0.05
v
0 T T T T
0 2 4 6 8 10
Pore pressure, MPa
(c) 012
W He (Test date) —— He (Modeled date)
A CH, (Test date) ——— CH, (Modeled date)
® CH,:CO,=2:1(Testdate) ——— CH,:CO, =2:1 (Modeled date)
@ CH.CO,=1:2 (Testdate) ——— CH,:CO, = 1:2 (Modeled date)
0.09 1 ¥ CO, (Test date) —— CO; (Modeled date)
o
£
©
T
o
= A
= 0.06
=
3
I A
=
(5]
o
0.03 A \{
0 T T T T

Pore pressure, MPa

Fig. 8. Verification of shale permeability model. (a) 6. = 10 MPa; (b) 6. = 15 MPa; (c)
e = 20 MPa.

CO; content under low-stress conditions (6. = 10 and 15 MPa). This
is primarily attributed to the stronger adsorption affinity of shale
for CO, compared to CHy, resulting in stronger matrix swelling and
greater impacts on fracture deformation under identical condi-
tions (Rong et al., 2022). However, the influence of gas type on f
gradually diminishes under high-stress conditions (¢ = 20 MPa).
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This is attributed to the progressive closure of pores and fractures
with increasing stress, which restricts the transport of both CO,
and CH4 within the fracture network and matrix, leading to a
reduction in overall matrix swelling and a corresponding decrease
in the f value.

4.2. Effect of competitive adsorption-induced swelling and slippage
effect on shale permeability

4.2.1. Permeability variations

Under constant o, conditions, shale permeability is predomi-
nantly governed by a combination of factors including competitive
adsorption-induced swelling, slippage effect, and effective stress
in response to changes in pressure and can be expressed as (Zeng

et al., 2023):
k=ko + Ake + Aky, + Aks (19)

According to Eq. (18), permeability variation induced by slip-
page effect (Akp) is defined as:

Akb:k1 (1 +§) —k] :ko exp —3Cf

E k £ ,lpl S b
T DL (1 +i§ (pi/pL,i)>
(20)

Under non-adsorbing gas conditions, slippage effect and
effective stress collectively govern shale permeability. The
permeability variation (Ak.) caused by effective stress can be
represented:

Ake = kHE — ko — Akere (21)

Combined with Egs. (19)-(21), permeability variation caused by
the competitive adsorption (Aks) is formulated as follows:

Aks,i = ki — kpe + Akb,He - Akb,i (22)

Fig. 9 shows the influence of competitive adsorption-induced
swelling on shale permeability. It can be found that Aks is nega-
tive. This is primarily attributed to internal swelling deformation
resulting from continuous adsorption of gases by shale matrix.
Consequently, the shrinking flow pathways within the shale
gradually lead to reduced permeability. In addition, Aks decreases
as pore pressure increases under constant s conditions, and the
variations are more pronounced particularly under low-stress
conditions, reflecting the continuous impact of competitive
adsorption on shale permeability. This influence persists even as
the rate of adsorption decreases over time. Importantly, the type of
gas is also a critical factor influencing competitive adsorption-
induced swelling effect. In the CH4/CO, system, the gradual
decrease in Aks as increasing CO, molar fraction, which further
illustrates the preferential adsorption of CO, by shale. As confining
pressure increases, Aks decreases, indicating that the stress can
inhibit the adsorption swelling ability of shale, which also corre-
sponds to the research results in Fig. 4.

The slippage effect's impact on the permeability of shale is
shown in Fig. 10. The results show that Aky exhibits an initial rapid
decline, which is followed by a steady increase as increasing pore
pressure. Analysis reveals that the density of gas rises during the
initial stages of increasing pore pressure, leading to higher
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Table 1
Permeability model parameters.
Stress condition Gas type Cro, MPa™! a, MPa~! b, MPa~! f R?
oc = 10 MPa He 0.0747 0.0312 3.22 - 0.9508
CHy 0.0472 0.1332 2.73 0.21 0.9702
CO, 0.0397 0.2177 2.12 0.52 0.9939
CH4:CO;, = 2:1 0.0569 0.1084 2.58 0.45 0.9961
CH4:CO5 = 1:2 0.0135 03178 2.31 0.13 0.9735
oc =15 MPa He 0.0459 0.0958 3.45 - 0.9948
CHy 0.0404 0.1180 2.80 0.24 0.9740
CO, 0.0176 0.3070 2.14 0.84 0.9900
CH4:CO;, = 2:1 0.0217 0.2166 2.91 0.31 0.9932
CH4:CO, = 1:2 0.0090 0.3706 233 0.46 0.9968
oc = 20 MPa He 0.0534 0.0120 3.92 - 0.9937
CHy 0.0575 0.0002 3.67 0.44 0.9766
CO, 0.0262 0.0892 2.27 0.54 0.9811
CH4:CO;, = 2:1 0.0469 0.0008 3.32 0.15 0.9815
CH4:CO5 = 1:2 0.0458 0.0056 2.87 0.26 0.9801

intermolecular collision probabilities (Li et al., 2020). This results
in a reduction of the average free path of gas, thereby weakening
the slippage effect. The effective stress of the shale decreases
continuously as pore pressure increases, and the pore size grad-
ually increases, resulting in an increase in k. Therefore, even if the
influence of the slippage effect gradually weakens at this stage,
there is a noticeable increase in the change in permeability.
Additionally, Fig. 10 shows that gas type is a critical factor influ-
encing the slippage effect. For non-absorbing gas (He), its Akp, are
consistently higher than those observed for absorbing gases. This
is primarily due to the fact that He has a higher dynamic viscosity
coefficient and the lowest molecular weight compared to CH4 and
CO, (Yang et al., 2021a,b), so its average free path is higher,
resulting in a more obvious slippage effect. As the CO, molar
fraction gradually increases, it can also be found that the Aky, curve
shows a decreasing trend. The higher the CO, molar fraction in the
CH4/CO; system, the more obvious the swelling effect is, which
inevitably affects the contribution of slippage effect. In addition, a
larger gas molecular weight also led to a lower average free path,
which contributes to the reduction of slippage effect.

4.2.2. Contribution of effective stress, competitive adsorption-
induced swelling and slippage effect

The contribution rate of effective stress, swelling caused
adsorption and slippage effect to shale permeability (G;) is defined
as (Sun et al., 2020):
Ak

k

Fig. 11 shows the contribution of these three effects to
permeability, the findings indicate that the effective stress (Ce) and
slippage effect (Cy) contribute positive rates to shale permeability,
while the contribution rate of competitive adsorption-induced
swelling (Cs) is negative. During the initial stage of pore pressure
increases, G, is significantly greater than C. and G, and the slip-
page effect has the greatest influence on shale permeability. As the
pore pressure continues to increase, Ce rapidly increases while Cy,
gradually decreases, and the effective stress effect has the greatest
contribution to shale permeability.

In addition, it can be seen that o also affects the contributions
of the three effects to shale permeability. As o increases, the Ce
curve exhibits a downward trend, while the C, shows an upward
trend as a whole. Combined with Fig. 10, it can be explained that
although Akp decreases under high stress conditions, pore
compression also intensifies slippage effect of gas molecules (Sun
et al., 2023b), which results in an increased contribution of

G x 100% (23)
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slippage effect and a reduced contribution of effective stress to
permeability. The effect of 6. on C; exhibits greater complexity. The
effect of swelling caused by competitive adsorption on perme-
ability weakens as increasing oc. At o values of 10 and 15 MPa, C;s
declines initially and subsequently rises as pore pressure in-
creases. At a o of 20 MPa, C; generally gradually decrease as pore
pressure increases. It is considered that the degree of pore closure
is lower and the adsorption capacity is stronger under lower stress
loading, at this stage, variations in Cs are primarily associated with
the shale's competitive adsorption-induced swelling deformation
rate (Fig. 4). The negative growth trend of Cs gradually increases
during the rapid swelling stage, while the negative growth trend of
Cs gradually decreases during the slow swelling stage due to the
gradual weakening of swelling caused by competitive adsorption.
However, the degree of pore closure in shale is greater under
higher stress loading, and the impact of stress on permeability is
weakened (Yang et al.,, 2022b). Therefore, the negative growth
trend of Cs is still increasing even during the slow swelling stage.

It is important to highlight that the type of gas plays a crucial
role in influencing the contribution of three effects. In contrast to
non-adsorbed gas (He), C. is larger and G, is smaller under the
condition of adsorbed gas, and this phenomenon is more obvious
with higher CO, molar fraction. This is attributed to gradually
strengthened competitive adsorption-induced swelling effect on
shale permeability. It can also be found that the negative growth
trend of Cs gradually increases as the CO, molar fraction increases,
which indirectly leads to the increase of Ce. The reduction in G is
primarily attributable to the properties of the gas molecules (Yang
et al,, 2021a,b), as detailed in the analysis of the previous section.
Furthermore, Fig. 11 reveals that the impact of effective stress on G,
gradually decreases as increasing CO, molar fraction.

4.3. Transport mechanisms for different gases under various stress
conditions

The total mass flow through a slit-shaped pore is assumed on
the sum of viscous flow and an empirical constant, which is then
multiplied by Knudsen flow. For a single slit this yields (Randolph

et al., 1984):
M
zRT

where G denotes the total mass flow, kg/s; d is the pore size, m; u
refers to the viscosity, m/s; L is the sample length, m; c is the
Adzumi constant. In combination with Darcy's law, the subsequent
equation can be derived (Sun et al., 2020):

1/2,)2
L

__ & Mp
“12uL RT

4

; (24)
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. ) The mathematical structure of Eq. (26) aligns with that of the
Combining Egs. (24) and (25) yields: linear Klinkenberg equation:
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For the viscous fluid, d can be expressed as:

d=(12Aky)'3

The gas flow regime in shale is usually defined according to the
Knudsen number (Kn):
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Kn:i

g (29)

where / is the mean free path, m. The gas flow regimes are divided
(Huang et al., 2022): Kn > 10, free molecular flow; 10~! < Kn < 10,
transition flow; 10~ < Kn < 1071, slip flow; Kn < 10~3, Darcy flow.

As shown in Fig. 12, the main transport mechanisms for
different gases within the shale are identified as slip flow and
Darcy flow. The primary factors influencing the variation in the Kn
are the pore size and mean free path (Yang et al., 2021a,b; Sun
et al., 2023b). As pore pressure increases and o. decreases, the
previously closed pores within the shale begin to open up, which
decreased the Kn, and the flow regime shifts from slip flow to
Darcy flow. The impact of gas types on the fluid flow regime is
intricate and primarily governed by the interplay of pore size and
mean free path (Yang et al., 2021a,b).

In addition, Fig. 12 shows that Kn in non-adsorbing gas (He)
condition is higher than that of other adsorptive gases (CH4 and
COy), with its flow regime dominated primarily by slip flow. This is
mainly because He has a significantly larger mean free path
compared to CH4 and CO,. Despite the larger pore size in non-
adsorbing gas (He) condition, the variations in the mean free
path have a greater impact on the Kn, which also explains that
although shale permeability is greater in non-adsorbing gas (He)
condition, its Kn is higher. For the adsorbed gas (CH4 and CO5), the
Kn decreases as increasing CO, molar fraction during the initial
stage of pore pressure increase. This phenomenon is primarily
attributed to the decreasing mean free path in the CH4/CO, system
as increasing CO, molar fraction. At this stage, the influence of a
reduced mean free path on the Kn is greater than the that of a
decrease in pore size. Continuously increasing pore pressure in-
tensifies the influence of pore size reduction resulting from
competitive adsorption-induced swelling on the Kn. Consequently,
the Kn in the CH4/CO, system increases as the pore pressure in-
creases with a higher CO, molar fraction in the later stage.

4.4. Implication for CO,-ESGR in shale formation

The high reservoir pressures and temperatures (p > 7.38 MPa,
T > 304.25 K) make it easy for the injected CO, to reach a super-
critical state during CO; injection into the shale reservoir. ScCO;
fracturing during reservoir reconstruction can form complex
fracture networks within the shale reservoir, effectively enhancing
the shale's permeability by 3-4 orders of magnitude (Liu et al.,
2017), with the flow primarily consisting of slip flow and Darcy
flow (Zhou et al., 2016; Zhang and Wang, 2018). The continuous
injection of CO, into the shale gas reservoir not only causes a
redistribution of reservoir stress and pressure, but also combines
with CHy in the reservoir to form binary CO,/CHa.

In this study, it has been found that the effective stress,
competitive adsorption, and slippage effect controlling shale
permeability are significantly influenced by external stress, pore
pressure, and CO, molar fraction, ultimately resulting in differ-
ences in shale permeability. Although numerous prior in-
vestigations have found that shale has a priority adsorption of CO,
compared to CH4, hence efficiently displacing CH4 within shale
pores (Du et al., 2020; Liao et al., 2023; Zhang et al., 2025). How-
ever, the differential deformation caused by competitive
adsorption-induced swelling can reduce the pore size, thereby
reducing the permeability, and this phenomenon becomes more
pronounced as CO, concentration increases. Therefore, efficient
shale gas exploitation requires carefully managing the volume and
pressure of CO; injection. External stress is generally considered to
primarily influence shale permeability by compressing the rock
and altering pore size. In addition to this mechanism, our study
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also reveals that an increase in external stress leads to a weakening
of competitive adsorption-induced swelling effect for CO/CH4 and
an enhancement of slippage effect in shales. Interestingly, these
stress-induced changes actually promote fluid flow, particularly in
high-stress reservoirs where this phenomenon may be more
obvious. In addition, the changes in the properties of the binary
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CO,/CHg, especially the mean free path, should be fully considered
in the study of CO,-ESGR. The results of this study also show that
the flow regimes of various types of gases in shale are different.
Due to differences in the binary CO,/CH4 properties (gas molecular
dynamic diameter, viscosity, molecular weight, etc.), the contri-
butions of effective stress, competitive adsorption, and slippage
effect to shale permeability are inconsistent even under the same
pore size condition.

In this study, a systematic investigation was conducted into the
transport mechanisms of binary CO2/CH4 in shale through inte-
grated experimental analysis, model development, and theoretical
discussion. However, it should be noted that the shale samples
selected for the experimental research in this study were of rela-
tively small size, which may not fully represent the true internal
structure of shale reservoirs. Subsequently, we will carry out
further experimental and model validation tests on larger-sized
shale samples.

5. Conclusions

In this work, the deformation and permeability changes of
shale induced by pure and binary CO,/CH4 adsorption under
triaxial stress conditions were measured, and the evolution
mechanism of shale permeability considering competitive
adsorption-induced swelling and slippage effect of binary CO2/CH4
was obtained. The primary results are as follows:

(1) The competitive adsorption-induced swelling strain of shale
exhibits a two-stage evolution (rapid followed by slow in-
crease) with pore pressure and is enhanced by higher CO,
molar fraction. Confining pressure inhibits this swelling,
with a more pronounced effect on CH4 adsorption. This
implies that in deeper reservoirs, the preferential adsorp-
tion of CO;, is likely to be more significant, which is favorable
for CO, geological storage.

(2) The shale permeability exhibits a consistent trend of an
initial decrease followed by a steady increase as pore pres-
sure in the CH4/CO, system increases. As the CO, molar
fraction and o increase, the shale permeability curve moves
downward as a whole, which is due to the combined effect
of effective stress, swelling caused by competitive adsorp-
tion and slippage effect. This permeability evolution pro-
vides critical insight for predicting field-scale gas
production behavior and optimizing the timing and pres-
sure of CO, injection.

(3) The established permeability model incorporating compet-
itive adsorption and slippage effect can better describe the
test results. The slippage effect's contribution to shale
permeability decreases gradually as pore pressure increases,
while the effective stress's contribution increases gradually.
The contribution of competitive adsorption induced
swelling to shale permeability generally increases first and
then decreases. In addition, the contributions of the three
effects are also significantly influenced by o and gas types.
These findings suggest enhancing slip flow in low-pressure
reservoirs improves recovery, whereas managing swelling-
induced permeability loss becomes critical in high-
pressure or CO,-rich environments.

(4) As pore pressure increases and confining stress decreases,
the Kn gradually decreases, driving a transition in gas flow
regimes within shale from slip flow to Darcy flow. This
transition is governed by changes in pore geometry due to
effective stress and adsorption swelling, as well as by mo-
lecular mean free path. Therefore, accurately capturing this
flow regime transition is essential for designing injection/
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production strategies. A comprehensive consideration of the
coupled effects of stress, pore pressure, and CO, molar
fraction in the CH4/CO; system on the permeability of shale
reservoirs is required to accurately estimate shale gas pro-
duction and CO, storage potential.
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