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Abstract Regarding CO2 enhanced shale gas recovery,
this work focuses on changes in the multiphase (free/
adsorbed) CH4 in the process of CO2 enhanced shale gas
recovery, by utilizing a rigorous numerical model with real
geological parameters. This work studies nine injection
well (IW) and CH4 production well (PW) combinations of
CO2 to determine the influence of IWand PW locations on
the dynamic interaction of multiphase CH4 during 10000 d
of CO2 injection. The results indicate that the content of
both the adsorbed CH4 and free CH4 is strongly variable
before (and during) the CO2-CH4 displacement. In
addition, during the simulation process, the proportion of
the adsorbed CH4 among all extracted CH4 phases
dynamically increases first and then tends to stabilize at
70%–80%. Moreover, the IW-PWs combinations signifi-
cantly affect the outcomes of CO2 enhanced shale gas
recovery – for both the proportion of adsorbed/free CH4

and the recovery efficiency. A longer IW-PW distance
enables more adsorbed CH4 to be recovered but results in a
lower efficiency of shale gas recovery. Basically, a shorter
IW-PWs distance helps recover CH4 via CO2 injection if
the IW targets the bottom layer of the Wufeng-Longmaxi
shale formation. This numerical work expands the knowl-
edge of CO2 enhanced gas recovery from depleted shale
reservoirs.

Keywords CO2-CH4 displacement, free gas, Longmaxi
shale, CH4 desorption, numerical simulation

1 Introduction

As a well-known clean energy source, so-called shale gas
with CH4 as the main component is lauded as having a
significant supply to meet the increasing energy consump-
tion worldwide (Hou et al., 2018; Cui et al., 2019; Li et al.,
2019a; Li et al., 2019b; Gao et al., 2020), making the
improvement in gas recovery from tight shale reservoirs a
popular topic of study in the petroleum and natural gas
exploration domains worldwide (Liu et al., 2016; Zhang
et al., 2017; Li et al., 2018; Guo et al., 2020b; Li et al.,
2020a; Mazumder et al., 2020). Against this background,
the injection of CO2 into shale reservoirs has received
widespread public attention because it enables simulta-
neous CO2 sequestration and enhanced gas recovery (CS-
EGR) as a result of CO2/CH4 interactions in the shale (Chi
et al., 2017; Fan et al., 2018; Zhou et al., 2019a; Klewiah
et al., 2020; Li et al., 2020b). Therefore, the shale-based
CS-EGR technique has been researched in numerous
studies, which clarify that it is feasible in theory but
difficult in practice because this technique includes
strategy optimization, site characterization/monitoring,
hazard assessment and management, etc. (Abidoye et al.,
2015; Pan et al., 2018; Luo et al., 2019; Zhang et al., 2019;
Chen et al., 2020; Iddphonce et al., 2020; Wang et al.,
2020). In other words, CS-EGR in shale has been
popularized, but full deployment worldwide requires
more research to deepen the knowledge of this promising
technique.
Basically, in the investigation of shale-based CS-EGR

operation, the approaches adopted in the existing literature
vary, but some sound achievements are as follows
(Iddphonce et al., 2020; Klewiah et al., 2020; Li et al.,
2020c). Experiments with low-field NMR scanning have
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exhibited the desorption of adsorbed CH4 and CO2/CH4

competitive adsorption behavior after CO2 is injected into
shale samples (Liu et al., 2017b; Liu et al., 2019). Another
self-designed experiment has confirmed that the prefer-
ential adsorption ratio of CO2 over CH4 varies between
1.66 and 8.32 (Zhou et al., 2019c). In addition, numerical
simulations have been used to accurately characterize the
effectiveness of shale-based CS-EGR. For example, a
numerical approach was used to show that the proportion
of CO2 in a CO2-N2 mixture significantly affects the
improved recovery efficiency of shale gas (Li and
Elsworth, 2019). For example, the results of grand
canonical Monte Carlo simulations have indicated that a
higher water content is helpful in trapping more CO2

during the shale-based CS-EGR process (Zhou et al.,
2019b). The majority of interest in CS-EGR in shale has
focused on mainly the CH4 in the adsorbed phase (Wang
et al., 2018; Zhang et al., 2020; Liu et al., 2021a; Liu et al.,
2021b), causing research on free CH4 during the CS-EGR
process to be lacking to some extent. However, free CH4

inevitably emerges in the inner spaces (e.g., pores and
fractures) of shale during CS-EGR (Fathi and Akkutlu,
2014). Therefore, compared with the considerable atten-
tion paid to adsorbed CH4, the relatively insubstantial
attention paid to free CH4 tends to limit the awareness of
the coordinated behavior of CH4 in multiple phases
(adsorbed/free) and thus the comprehensive understanding
of shale-based CS-EGR.
Recently, in some investigations on CO2-enhanced shale

gas recovery, how free CH4 interacts with adsorbed CH4 in
shale has been studied. For example, the proportion of free
CH4 to adsorbed CH4 during shale-based CS-EGR was
explored and the influence of free CH4 on CO2 sequestra-
tion in shale was investigated by performing numerical
work (Tao et al., 2014; Mohagheghian et al., 2019).
Nevertheless, existing numerical simulations relating to the
interaction between free CH4 and adsorbed CH4 are mainly
organized using a plain mathematical model with only a
single layer or/and isotropic conditions considered, in the
process of CO2 enhanced shale gas recovery. This
phenomenon does not conform with the fact that field
shale reservoirs is always characterized as multilayer and
heterogeneous (Su et al., 2007; Pan et al., 2015; Liu et al.,
2017a). Under such circumstances, more attention should
be paid to the dynamic interaction of free CH4 and
adsorbed CH4 in shale after CO2 is injected, helping
promote the development of this CS-EGR technique,
which is what this work focuses on.
This work develops an advanced thermal-hydraulic-

mechanical (THM) coupled model, where the rock
deformation, competitive binary gas sorption, gas and
water two-phase flow and thermal expansion in the dual-
porosity system are comprehensively considered, using the
modeling software COMSOL Multiphysics. This novel
model is used to reflect the vertical heterogeneity of the
porosity, permeability, Poisson’s ratio, Young’s modulus

and Langmuir volume/pressure (CH4 and CO2) of a
depleted shale formation from the Upper Ordovician
Wufeng formation to the lower Silurian Longmaxi
formation (WL, for short), ensuring that the model matches
the real reservoir conditions as accurately as possible, to
focus on the scenarios of most interest. Herein, the WL
shale is chosen as the representative example case because
of its promising potential for shale gas exploration and
exploitation in the Sichuan Basin (Liu et al., 2017a; Liu
et al., 2017c; Shan et al., 2017). Accordingly, the dynamic
variation in and the outputs of multiphase CH4 (free/
adsorbed) during the CS-EGR process are investigated
under nine different arrangements of CO2 injection well
(IW) and CH4 production well (PW). Furthermore, the
implications of this work for CO2-enhanced shale gas
recovery are also suggested. Through these efforts, this
work offers a new modeling concept and a novel
perspective on CS-EGR in shale and further deepens the
understanding of CS-EGR in shale reservoirs.

2 Numerical model description

In this work, the simulated reservoir represents the WL
shale as observed from a shale gas exploration well (Well-
WQ2) located in north-eastern Sichuan Basin at the
intersection of Sichuan Province, Shaanxi Province,
Hubei Province and Chongqing municipality (Fig. 1(a)).
In this region, the geological background is complicated,
as described in previous works in detail (Liu et al., 2016;
Liu et al., 2017a; Shan et al., 2017; Zhao et al., 2020).
Basically, the thickness of the WL shales is approximately
100 m (in which the Wufeng Formation occupies ~10 m),
and the WL shales are located in the burial depth range of
1200–1300 m, according to the drilling and logging
information. Accordingly, the depleted pressure is esti-
mated to be approximately 1.7 MPa (Zhang et al., 2015).
Moreover, strong vertical heterogeneity of many of the WL
shale reservoir parameters (Liu et al., 2017a; Zhang et al.,
2018), including permeability, porosity, Poisson’s ratio,
Young’s modulus and Langmuir volume/pressure, is
observed (Table 1).
Referring to a typical IW-PW arrangement (Li and

Elsworth, 2019), the simulation model contains one IW in
the center and four PWs in the corners, which is an
axisymmetric pattern in geometric space (Fig. 1(b)). A
two-dimensional section is selected for this simulation
work, in which the anisotropic permeability is considered,
and each layer is embedded with the particular parameters
shown in Table 1, ensuring that the simulated reservoir
reflects the real WL shales as accurately as possible
(Fig. 1(b)). To avoid the potential influence from the right
boundary (Li et al., 2017), for example, the influence of
formation overpressure, the width of the model reservoir is
set to 300 m. Herein, the 100 m� 300 m rectangular area is
divided into 5085 elements, where the gas pressure at the
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right boundary is set as the initial gas pressure and the rest
of the boundaries do not allow flux. For this simulation
work, the temperature is 305 K, the initial pressure of the
CO2 and CH4 is 0.3 MPa and 1.7 MPa (same as the
depleted pressure), respectively. During CS-EGR, a
constant pressure of 7 MPa and 0.1 MPa is applied to
the IW and the PWs, respectively. Other basic parameters
(Table 2) adopted in this numerical work refer to existing
work (Sun et al., 2013; Fathi and Akkutlu, 2014; Li and

Elsworth, 2015; Fan et al., 2019a; Fan et al., 2019b; Li and
Elsworth, 2019; Guo et al., 2020a; Liu et al., 2020; Zhao
et al., 2020).
Based on the simulated reservoir, nine IW-PW combina-

tions are studied to determine how the relative locations of
IW and PWs affect the dynamic interaction of multiphase
CH4 during CO2-enhanced gas recovery from depletedWL
shales. When the IW targets the lower layer and has a
horizontal distance from the PWs of 50 m, this case is

Fig. 1 Schematic diagram of the geological settings, model description and THM coupling process (Liu et al., 2017a; Zhao et al., 2020).
(a) regional overview of Well-WQ2; (b) schematic diagram of the IWand PWs; (c) the dual-porosity modeling system; (d) THM coupling
relations.
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labeled L50. Similarly, the remaining cases are L100,
L150, M50, M100, M150, H50, H100 and H150
(Fig. 1(b)). Herein, the operation conditions for all cases
are identical, except the IW-PWs locations. In this work,
the candidate IW is only set in layer 3, the transition zone
of layers 5–6, and layer 8 to represent the upper, middle
and lower shale reservoirs, respectively. In addition, for
each simulated case, the CS-EGR operation is indepen-

dent, and the continuous run time is set to 10000 days
(approximately 30 years).

3 THM coupling process and governing
equations

Referring to previous achievements based on numerical

Table 1 Vertical heterogeneity of the WL shales at Well-WQ2

Layer No. Depth/m E/GPa v/10–1
φ/% K/(10–18 m2) VL/(m

3$t–1) PL/MPa

φm φf kh kv VL-CH4
VL-CO2

PL-CH4
PL-CO2

1 1200–1210 44.4 2.27 3.54 0.51 4.2 1.44 1.26 10.68 4.12 10.68

2 1210–1220 45.6 2.7 2.78 0.32 1.82 0.72 1.57 8.75 3.84 8.75

3 1220–1230 51.5 2.52 2.07 0.43 3.2 1.1 1.57 8.69 3.58 8.69

4 1230–1240 63.8 2.08 2.84 0.66 4.6 0.86 2.46 9.5 3.04 9.5

5 1240–1250 62.4 2.13 1.36 0.44 1.68 0.58 2.17 11.75 2.28 11.75

6 1250–1260 60.7 2.19 2.88 0.42 6.4 2.06 2.01 8.79 3.16 8.79

7 1260–1270 60.9 2.18 1.72 0.53 5 1.14 2.78 13.99 2.6 13.99

8 1270–1280 61.3 2.17 5.54 0.66 8.1 2.11 2.49 10.09 3.21 10.09

9 1280–1290 58.6 2.26 1.26 0.51 3.8 1.28 3.01 9.11 2.87 9.11

10 1290–1300 57.8 2.29 2.59 0.78 3.6 1.36 3.59 6.01 4.01 6.01

Note: E—Young’s modulus; v—Poisson’s ratio; φ—Porosity; φf—Fracture porosity; φm—Matrix porosity; k—Permeability; kh—Horizontal permeability;
kv—Vertical permeability; VL—Langmuir volume; PL—Langmuir pressure

Table 2 Key parameters for CS-EGR in this numerical simulation

Parameter Value Parameter Value

Langmuir strain coefficient of CH4 (εL1) 8.1e-4 Endpoint relative permeability of gas (krg0) 0.875

Langmuir strain coefficient of CO2 (eL2) 3.6e-3 Endpoint relative permeability of water (krw0) 1.0

Dynamic viscosity of CH4 (mg1, Pa$s) 1.34e-5 Biot coefficient of matrix (am) 0.8

Dynamic viscosity of CO2 (mg2, Pa$s) 1.84e-5 Biot coefficient of fracture (af) 0.1

Dynamic viscosity of water (mw, Pa$s) 8.9e-4 Density of the shale skeleton (rc, kg/m3) 2470

Diffusion coefficient of CH4 (D1, m
2/s) 3.6e-12 Initial fracture width (b, m) 5e-4

Diffusion coefficient of CO2 (D2, m
2/s) 5.8e-12 Initial fracture stiffness (Knj, GPa/m) 10

Thermal coefficient of gas sorption (c1, 1/K) 0.021 Maximum fracture aperture (Dvmax, m) 0.001

Thermal coefficient of gas sorption (c2, 1/MPa) 0.071 Thermal expansion coefficient (aT, 1/K) 2.4e-5

Capillary pressure (pcgw, MPa) 0.035 Specific heat capacities of shale (Cs, J/(kg$K)) 1380

Initial density of saturated vapor (rfv0, kg/m3) 0.13 Specific heat capacities of CH4 (Cg1, J/(kg$K)) 2220

Latent heat of vapor (Rv, J/(K$kg)) 461.51 Specific heat capacities of CO2 (Cg2, J/(kg$K)) 844

Klinkenberg factor (bk, MPa) 0.76 Specific heat capacities of water (Cw, J/(kg$K)) 4187

Desorption time of CH4 (t1, d) 0.221 Specific heat capacities of vapor (Cv, J/(kg$K)) 1996

Desorption time of CO2 (t2, d) 0.334 Thermal conduction coefficient of shale (ls, W/(m$K)) 0.1913

Henry’s coefficient of CH4 (Hg1) 0.0014 Thermal conduction coefficient of CH4 (lg1, W/(m$K)) 0.0301

Henry’s coefficient of CO2 (Hg2) 0.0347 Thermal conduction coefficient of CO2 (lg2, W/(m$K)) 0.0137

Residual gas saturation (sgr) 0.05 Thermal conduction coefficient of water (lw, W/(m$K)) 0.5985

Irreducible water saturation (swr) 0.42 Isosteric heat of CH4 adsorption (qst1, kJ/mol) 16.4

Reference temperature for test (Tref, K) 300 Isosteric heat of CO2 adsorption (qst2, kJ/mol) 19.2
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works (Vega et al., 2014; Hu et al., 2019; Li and Elsworth,
2019), the simulated shale reservoir is treated as a dual-
porosity medium (Fig. 1(c)). In this dual-porosity medium,
the injection of CO2 tends to activate a very complicated
process due to a series of feedbacks controlled by the THM
coupling effect, as exhibited by Fig. 1(d). Basically, the
pivotal equations involved in the numerical modeling of
this work refer to previous achievements (Fan et al., 2019a;
Fan et al., 2019b; Li and Elsworth, 2019; Zhang et al.,
2020; Zhao et al., 2020), mainly describing the following
seven aspects
I. Mechanical field:

Guk,ll þ
G

1 – 2�
ul,lk – αmpm,k þ αfpf ,k

� �
–KαTTk

–K
εL1b1pmg1 þ εL2b2pmg2

1þ b1pmg1 þ b2pmg2

� �
,k

þ fk ¼ 0, (1)

where the subscript i represents the gas component (1 for
CH4 and 2 for CO2); uk is the deformation in the k
direction; G = E/(2+ 2ν) is the shear modulus, Pa; K = E/3
(1 – 2ν) is the bulk modulus, Pa; E is Young’s modulus, Pa;
ν is Poisson’s ratio; αm and αf are the Biot effective stress
coefficients of the matrix and fracture, respectively; pm is
the total gas pressure in the matrix, Pa; pmgi is the gas
pressure in the pore system, Pa; pf is the fluid stress in the
fracture, Pa; αT is the thermal expansion coefficient, 1/K; T
is the temperature of gas, K; bi = 1/PLi; PLi is the Langmuir
pressure constant, Pa; εL1 and εL2 are the Langmuir strain
coefficients of CH4 and CO2; and fk is the volume force
component, N.
II. Hydraulic field:

∂
∂t

φm
Mgi

RT
pmgi þ

VLibipmgi
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�c�gsi
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where Mgi is the gas molar mass, g/mol; φm is the porosity
of the shale matrix; R is the gas molar constant, J/(mol$K);
ρc is the density of the shale skeleton, kg/m

3; ρgsi is the gas
density under standard conditions, kg/m3; pfgi is the gas
pressure in the fracture system, Pa; VLi is the Langmuir
volume constant, m3/kg; c1 and c2 are the thermal
coefficients of gas sorption; Di is the diffusion coefficient,
m2/s; Tref is the reference temperature, K; and τi is the
desorption time, s.
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where φf is the fracture porosity; sg is the gas saturation; sw
= 1 – sg is the water saturation; ρfgi is the gas density,
kg/m3; Hgi is Henry’s coefficient of gas; k is the absolute
permeability, m2; krg and krw are the relative permeabilities
of the gas and water; mgi and mw are the dynamic viscosities
of the gas and water, Pa$s; bk is the Klinkenberg factor, Pa;
pfw = pfg – pcgw is the water pressure in the fracture, Pa; pfg
is the total gas pressure in the fracture, Pa; pcgw is the
capillary pressure, Pa; ρw is the density of water, kg/m3;
ρfv0 is the density of saturated vapor, kg/m

3; Rv is the latent
heat of vapor, J/(K$kg); sgr is the residual gas saturation;
and swr is the irreducible water saturation.
III. Thermal field:

∂
∂t

ð�CpÞef fT
� �þ ηef frT –r$ lef frTð Þ þ KαTT

∂εV
∂t

þ
X2

i¼1
qsti

�s�gsi
Mgi

∂Vsgi

∂t
¼ 0, (5)

where (ρCp)eff is the effective heat capacity, J/(m
3$K); ηeff

is the effective heat convection transfer coefficient,
J/(m2$s); leff is the effective thermal conductivity,
W/(m$K); qsti is the isosteric heat of gas adsorption,
kJ/mol; εV is the volume strain; and Vsgi is the absorbed gas
content, m3/kg.
IV. Matrix porosity:

φm ¼φm0 þ
ðαm – φm0Þðεe – εe0Þ

1þ εe
, (6)

where εe = εv+ pm/Ks – αTT – εs; and the subscript 0
represents the initial value of the parameters.
V. Fracture porosity:
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where the subscript j represents the direction; Dsnj is the
normal stress on the fracture, Pa; Knj is the initial normal
stiffness, Pa/m; s nj is the normal effective stress, Pa; Dvmax

is the maximum fracture aperture as applied normal
effective stress goes to infinity, m; bj0 is the initial fracture
width, m; and N represents the dimension – for two
dimensions N = 2, and for three dimensions N = 3.
VI. Permeability evolution

kj ¼kj0 1þ Δbj
bj0

�3

,

�
(8)

where Dbj is the change of the fracture width, m.
VII. Relative permeability

krg ¼ krg0 1 –
sw – swr

1 – sgr – swr

� �� �2

1 –
sw – swr
1 – swr

� �2� �
, (9)

krw ¼ krw0
sw – swr
1 – swr

� �4

, (10)

where krg0 and krw0 are the endpoint relative permeabilities
of the gas and water, respectively; sgr is the residual gas
saturation; and swr is the irreducible water saturation.

4 Results and discussion

Depending on the rigorous model, this work outputs the
multiphase CH4 content in the depleted WL shales just
before external CO2 is injected into the reservoir. Then,
after CO2 is injected, how the free CH4 and adsorbed CH4

dynamically vary during the CS-EGR process is explored.
Following this issue, the influence of relative IW-PWs
locations on the resulting interaction of multiphase CH4 is
also clarified. On this basis, this work further discusses the
implications for CO2-enhanced gas recovery in depleted
WL shales. In addition, it should be noted that the
thickness of the simulated reservoir is set to 1 m when the
free/adsorbed CH4 content is calculated.

4.1 Original characteristics of multiphase CH4 before CO2

involvement

Controlled by the heterogeneous parameters shown in
Table 1, the residual content of CH4 in each layer of
depleted WL shales differs (Fig. 2), where the content of
the adsorbed CH4 is mainly determined by the reservoir
pressure and Langmuir volume/pressure, while that of the

free CH4 is calculated based on the reservoir pressure and
fracture/matrix porosity. With regard to the total CH4

content in the depleted WL shales, the greatest content of
residual CH4 occurs in the layer at a depth of ~1275 m
(layer 8) and is ~4604 kg, which is roughly two times the
residual content (~2334 kg) of CH4 in the layer at ~1225 m
(layer 3). By contrast, the adsorbed CH4 tends to occupy a
greater proportion than the free CH4 (excluding the
situation in layer 1), where the average percentages of
adsorbed CH4 and free CH4 are ~71% and ~29%,
respectively (Fig. 2). Nevertheless, the proportion of
multiphase CH4 is variable among the layers with different
burial depths, and the deeper layer generally has a higher
proportion of adsorbed CH4 in the total residual CH4

(Fig. 2).
In particular, the situation of multiphase CH4 in the

depleted WL shales exhibits the following rules: 1) the
Langmuir pressure/volume determines the content of
adsorbed CH4, and 2) the matrix/fracture porosity controls
the content of free CH4, under the condition that all layers
in the vertical profile exhibit the same depleted pressure,
before CO2 injection. Therefore, in the depleted WL
shales, the original contents of the CH4 phases in the
multiphase CH4 are independent; in other words, the
original content and proportion of adsorbed CH4 shows no
relationship with those of free CH4 (Fig. 2). It seems
almost inevitable that the vertical variability in the content/
proportion of multiphase CH4 among the layers, resulting
from the CO2-CH4 displacement that occurs when the

Fig. 2 Original content of multiphase CH4 in each layer before
CO2 injection.
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injected CO2 enters the layers at different times, tends to
increase the complexity of the dynamic interaction
between adsorbed CH4 and free CH4.

4.2 Dynamic variation in multiphase CH4 during the
CS-EGR process

Current knowledge supports that the CH4 content in shale
reservoirs decreases after CO2 is injected (Sun et al., 2013;
Iddphonce et al., 2020; Klewiah et al., 2020; Zhao et al.,
2020). Herein, the dynamic decrease in the free CH4 and
adsorbed CH4 during 10000 days of CS-EGR is obtained
from this simulation work. As shown in Fig. 3, the
decrease in multiphase CH4 is activated by CO2 injection
and increases with time in the process of CS-EGR in WL
shales. Meanwhile, the decrease in adsorbed CH4 is always
greater than that in free CH4 during the CO2-CH4

displacement for all IW-PW combinations. Nevertheless,
in the whole WL shale, the decreases in adsorbed CH4 and
free CH4 differ due to the different IW-PWs arrangements.

For example, case H50 (Fig. 3(a)) allows more CH4 to be
driven out from the WL shales than case M150 (Fig. 3(b)).
During the decrease in the free CH4 content in the WL

shales after CO2 injection, the reduction in multiphase CH4

varies with time. Basically, this variation is j a two-step
process, with a dynamic stage (Stage I) and stable stage
(Stage II), illustrated by the two representative cases
(Fig. 4). In the early phase, the sudden injection of CO2

forces the CH4 that is originally in the adsorbed phase to
convert to free CH4, and the CH4 released from the PWs is
limited due to the short extraction time, together enabling
the relative proportion of the decrease in adsorbed CH4 to
increase and that of free CH4 to decrease, i.e., Stage I.
Furthermore, the CO2-CH4 displacement occurs in a larger
area with continued CO2 migration, exhibiting a dynamic
change with the continual decrease in free CH4 at the PWs,
resulting in the decrease in a stable proportion of free/
adsorbed CH4 among the total CH4 during the continuous
CO2 injection into the WL shales, i.e., Stage II. By
contrast, Stage I tends to cover a longer period with a

Fig. 3 Dynamic decrement of multiphase CH4 in representative cases (a) H50 and (b) M150.

Fig. 4 Variation in the rate of decrease in multiphase CH4 during the CS-EGR process of representative cases (a) H50 and (5) M150.
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longer IW-PWs distance (Fig. 4). In this work, according to
statistics, the resulting proportions of adsorbed CH4 among
all the extracted CH4 under different IW-PWs combina-
tions are similar (that is, 70%–80%).
With the decrease in CH4 caused by CO2 injection, the

proportion of the residual multiphase CH4 in theWL shales
varies dynamically. Figure 5 shows that the relative IW-
PWs location significantly affects the variation in the
proportion of free CH4 in the modeling reservoir. For the
“50” series (H50, M50 and L50), the proportion of free
CH4 first slowly increases and then decreases linearly with
CO2 injection because the insufficient CO2-CH4 displace-
ment due to limited CO2 migration (a short IW-PW
distance) is unable to compensate for the free CH4 released
from the PWs. With regard to the “150” series (H150,
M150 and L150), CO2-CH4 displacement occurs in a large
area (a long IW-PW distance) and thus generates massive
free CH4 that is converted from the adsorbed CH4,
overshadowing the free CH4 extraction from the PWs,

ultimately enabling a roughly linear increase in the
proportion of residual free CH4 in the WL shales. For the
“100” series (H100, M100 and L100), the results are
between those of the “50” series and the “150” series,
suggesting a Langmuir-like variation in the proportion of
residual free CH4, which first increases and then tends to be
stable (Fig. 5).
In addition, adsorbed CH4 exists on the surface of the

shale skeleton, while free CH4 appears in both the fractures
and the matrix pores in this dual-porosity system of
modeling shale reservoirs (Fan et al., 2019a; Li and
Elsworth, 2019). Accordingly, it is meaningful to discuss
the dynamic variation in free CH4 in fractures and matrix
pores, helping enhance the understanding of the change in
free CH4 during the shale-based CS-EGR process.
Generally, CO2 injection enables a roughly linear decline
in the free CH4 content in both fractures and matrix pores
(Fig. 6). Therein, the content of free CH4 in the matrix
pores is always greater than that in the fractures, controlled
by the fact that φf is less than φm (Table 1). However, Fig. 6
also states that the ratio of the free CH4 in the fractures to
that in the matrix pores differs during CS-EGR operation
under variable IW-PWs combinations. According to Fig. 7,
the variation range of the relative content of CH4 in the
fractures to that in the matrix pores is not significant and is
only between 12.1% and 12.6%. To describe this
phenomenon in detail, the variation in this ratio (see
Fig. 7) can be divided into three types, corresponding to
the “50” series, “100” series and “150” series, where the
change law is similar to that shown in Fig. 5.

4.3 Outputs of multiphase CH4 after 10000 d of CO2

injection

The vertical nonuniform distribution of multiphase CH4 in
the modeling reservoir, accompanied by the complex/
dynamic variation in multiphase CH4 during CS-EGR
operation, varies the outputs of multiphase CH4 after

Fig. 5 Percentage variation of free CH4 in whole reservoir of
each operation condition.

Fig. 6 Dynamic variation of free CH4 in the matrix and in the fracture of representative cases (a) H50 and (b) M150.
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10000 d of CO2 injection under nine IW-PWs combina-
tions. For example, the residual adsorbed CH4, the residual
free CH4 and their ratio (relative content) resulting from
case H50 (Fig. 8(a)) are totally different from those
resulting from case M150 (Fig. 8(b)). Nevertheless,
regardless of where the IW and PWs are located, the
adsorbed CH4 content is always higher than the free CH4

content (Fig. 8) throughout the process of CO2-enhanced
shale gas recovery from the WL shales. This phenomenon
is determined by the reservoir parameters, even though the
local pressure of the modeling reservoir is variable after
CO2 injection (Zhao et al., 2020).
In fact, the residual CH4 content in the whole reservoir

(or in each layer) is the difference between the original
CH4 content and the decreased CH4 content in the whole
reservoir (or in each layer). Thus, in this work, the final
decrease in multiphase CH4 is introduced to analyze the
CS-EGR outcomes in the whole modeling reservoir or in
each independent layer. The resulting decrease in free/
adsorbed CH4 under different IW-PW combinations differs

(Fig. 9), revealing the significance of IW-PWs location in
shale-based CS-EGR operation. Briefly, the vertical
variability in the decrease in free/adsorbed CH4 is strong,
but a gradual increasing tendency roughly exists with
burial depth (Fig. 9). For all the IW-PWs combinations, the
bottom layer, with the most favorable sections for in situ
shale gas development (Liu et al., 2017a), is the main
contributors to the CH4 recovery during the CS-EGR
progress. According to Fig. 9, for every layer, a shorter IW-
PW distance enables a greater decrease in CH4 in the WL
shales, in which the proportion of adsorbed CH4 is lower,
and vice versa. In addition, when the PWs are fixed, it
seems that the IW location only slightly affects the
decrease in CH4 and the corresponding ratio of the
adsorbed/free CH4.

4.4 Implications for CO2 enhanced shale gas recovery

From the perspective of the whole modeling reservoir, the
injection of CO2 partly recovers the residual CH4 from the
depleted WL shales (Fig. 10). When the IW location is
fixed, the “150” series cases (H150, M150 and L150) have
more CH4 remaining in the reservoirs, lowering the
corresponding proportion of adsorbed CH4 relative to all
the residual CH4 in the WL shales (Fig. 10). That is, the
“50” series generates a greater content of recovered CH4

(only cases H50, M50 and L50 have CH4 recoveries of
more than 5000 kg), while the “150” series is not beneficial
for CO2 shale gas recovery (cases H150, M150 and L150
force only ~4000 kg CH4 to be recovered) after 10000 d of
CS-EGR operation in the WL shales (Fig. 11(a)). More-
over, under different IW-PW combinations, although the
total recovered CH4 contents differ, the proportions of
adsorbed CH4 relative to all the recovered CH4 are close
and vary in the range of 75%–78% (Fig. 11(a)).
Comparing the residual CH4 contents in the WL shales

before and after 10000 d CO2 injection, the shale gas
recovery efficiency is obtained (Fig. 12). Influenced by the
variable interaction of multiphase CH4 after CO2 is

Fig. 7 Relative content of CH4 in the fracture to that in the
matrix during the CS-EGR process for each operation case.

Fig. 8 Residual content of multiphase CH4 in the whole reservoir of representative cases (a) H50 and (b) M150.
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injected into the modeling reservoir, the resulting shale gas
recovery efficiency is different under different IW-PWs
combination. Basically, the efficiency of CO2-enhanced

shale gas recovery varies from 11% to 16%, with an
average of 13.3%. Herein, the greatest efficiency of 15.6%
emerges for case L50, while the lowest (~11.7%)
corresponds to the “150” series (H150, M150 and L150)
(Fig. 12). Accordingly, it could be speculated that a shorter
IW-PWs distance is needed to obtain a higher efficiency of
CO2-enhanced shale gas recovery from the WL shales if
the IW targets the bottom layer. Moreover, this speculation
might be suitable for all the WL shales in the Sichuan
Basin, assuming that the WL shales in the north-eastern
Sichuan Basin are representative (Liu et al., 2017a; Su
et al., 2007; Shan et al., 2017).

5 Conclusions

According to a novel numerical model with THM coupling
and the measured reservoir parameters of the depleted WL
shales located in the north-eastern Sichuan Basin, the
dynamic variation in free CH4 and adsorbed CH4 during/
after 10000 days of CS-EGR deployment is investigated

Fig. 9 Decrease in multiphase CH4 from each layer in all simulation cases after 10000 d of CS-EGR operation.

Fig. 10 Final residual CH4 in whole reservoir under each IW-
PWs combination at the end of CS-EGR operation.
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under nine combinations of IW and PWs. The main
conclusions are as follows.
1) As revealed by the numerical simulation, the residual

CH4 content in the depleted WL shales varies in the
vertical direction, and the adsorbed CH4 tends to occupy a
greater proportion than the free CH4. The residual CH4

content and the corresponding ratio of adsorbed/free CH4

vary in a complicated manner after CO2 is injected into the
shale reservoir.
2) For the decreased CH4, this variation in the

proportion of the multiphase CH4 contains two stages, a
dynamic stage and stable stage, in which the resulting
proportions of adsorbed CH4 among all extracted CH4

phases under different IW-PWs combinations are similar
(that is, 70%–80%).
3) The relative locations of the IW and PWs signifi-

cantly affect the predicted CS-EGR outcomes in the WL

shales, where the dynamic interaction of adsorbed CH4 and
free CH4 differs under different IW-PWs combinations,
resulting in the variable efficiency of CO2-enhanced shale
gas recovery. Basically, a shorter IW-PWs distance seems
to be helpful in increasing the CH4 recovery efficiency if
the IW targets the bottom layer of the WL shales.
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