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ABSTRACT

The utilization of coalbed methane (CBM) cannot only alleviate the energy crisis, but also reduce
greenhouse gas emissions. Gas injection is an effective method to enhance CBM recovery. Compared to
single-gas injection, the injection of CO,/N; mixtures can balance the sharp decline in permeability
caused by pure CO, and the premature breakthrough by pure Nj. In this study, a more comprehensive
thermo-hydro-mechanical (THM) coupled mathematical model was developed, incorporating processes
such as ternary gas non-isothermal adsorption, gas dissolution in water, gas—water two-phase flow,
energy exchange, and coal deformation. After experimental validation, the model was applied to simulate
the entire process of gas mixtures for enhanced CBM recovery (GM-ECBM). Results indicate that the
permeability near the production well (PW) initially decreases due to increased effective stress, then
increases as a result of CH4 desorption. Near the injection well (IW), the permeability first increases due
to reduced effective stress and later stabilizes under the combined effects of effective stress and CO,/N;
adsorption. The initial CH4 pressure and coal seam permeability have the most significant impact on CHg
production, while the coal seam permeability and temperature significantly affect CO,/N; injection. As
the coal seam permeability increases, the optimal CO,/N; ratio also increases accordingly. These findings
provide important theoretical guidance for improving GM-ECBM efficiency in coal seams with varying
permeabilities.
© 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Although traditional hydraulic fracturing is effective in
enhancing CBM recovery to some extent, its wide application is

Coalbed methane (CBM), as a significant unconventional energy
source due to its high energy and low pollutant, has great potential
in alleviating the energy crisis (Du et al., 2023; Fang et al., 2023).
However, CBM is also a major contributor to coal mine gas in-
cidents, the greenhouse effect is 25 times greater than that of CO,
posing a serious environmental threat (Li S. et al., 2023; Mukherjee
and Misra, 2018; Pan et al.,, 2020). Additionally, the low recovery
ratio commonly observed in CBM production seriously hinders its
commercialization and scale development (Nie et al., 2023; Zhang
C.L. et al,, 2023).
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limited by high cost and potential environmental impacts (Fan
et al., 2023a; Sun et al., 2023). In contrast, the use of gases such
as COy, Ny, or their mixtures CO,/N2 enhanced CBM recovery (G-
ECBM), has attracted significant interest due to its lower cost and
environmental friendliness (Fujioka et al., 2010; Sun et al., 2016;
Vishal et al., 2015; Zhou et al., 2022). G-ECBM increases pressure
within the coalbed, accelerates CH,4 flow, and reduces CH,4 effective
partial pressure, thereby promoting desorption of CH4 (Fang et al.,
2024; Ma et al., 2022; Shukla et al., 2010). This method not only
effectively addresses the low recovery rates associated with
declining reservoir pressure in late-stage of regular production, but
also provides sustained momentum and stable migration pathways
for fluid movement within the coalbed (Sun et al., 2018; Zarrouk
and Moore, 2009). Moreover, G-ECBM offers the added environ-
mental benefit by geological sequestration of greenhouse gases (Li
Z.W. et al., 2023). Specifically, the gas mixtures (CO2/Nz) effectively
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prevent the rapid decrease in permeability around injection well
(IW) caused by pure CO, injection, and avoids premature break-
through by pure N injection, thereby achieving efficient and stable
CBM recovery (Fan et al., 2024).

In the GM-ECBM process, the injection gases enter the coalbed
fractures through the IW, forming a two-phase flow with CH4 and
water within the fractures, exchanging mass transfer with the coal
matrix, and diffuses into the matrix pores to displace adsorbed CH4
(Asif et al., 2024; Zhang et al., 2023). The desorbed CH4 then dif-
fuses into the fractures and is driven by injected gas to the pro-
duction well (PW) (Liu et al., 2024; Mwakipunda et al., 2023). This
process involves competitive adsorption, diffusion, and seepage
among CHy4, CO, and N,. This dynamic evolution represents a
complex interaction among coal, gas, and water (Liu X.D. et al.,
2023a, 2023b). Research on GM-ECBM primarily focuses on labo-
ratory experiments, field tests, and numerical simulations. Nu-
merical simulation has been widely used for its advantages of low
cost, fast results and repeatability. However, its accuracy largely
depends on the quality of the mathematical model (Fan et al., 2024;
Fang et al., 2024; Fujioka et al., 2008; Zhao et al., 2019).

The GM-ECBM mathematical model involves complex multi-
physics coupling. Gas flow induces changes in pore pressure,
affecting effective stress in the matrix (Fan et al., 2019a; Tupsakhare
and Castaldi, 2019). Adsorption processes cause matrix swelling or
shrinkage, altering porosity (Fan et al., 2021, 2023a; Sayyafzadeh
et al., 2015). Gas adsorption/desorption and seepage together in-
fluence the temperature field (Masoudian, 2016; Xu et al., 2023).
Conversely, increasing temperature accelerates gas desorption and
flow, and changes gas density (Fan et al., 2020; Huo et al., 2019; Lin
et al,, 2018; Ren and Wang, 2015). The coal deformation energy al-
ters the temperature field distribution, while thermal stress induced
by temperature changes modifies the coal stress state (Ma et al.,
2017; Shen et al., 2022; Wei et al., 2022). These factors collectively
influence gas transport during GM-ECBM (Ma et al., 2023). Although
these studies have established a solid theoretical foundation G-
ECBM recovery, they have not fully addressed several key factors, as
detailed in Table 1. Therefore, developing a fully coupled model that
incorporates a more comprehensive range of interactions holds
significant practical value for GM-ECBM recovery.

In addition, this technology is influenced by both geological
parameters and injection CO;/N; ratio. In this paper, an improved
THM coupled mathematical model is established and applied to
GM-ECBM simulations. By analyzing the influence of key geological
parameters on GM-ECBM and the optimal injection ratio of CO»/N;
under different permeability conditions. The aim is to provide new
insights and methods for the optimization of GM-ECBM technol-
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2. THM model for GM-ECBM recovery

The schematic of the GM-ECBM process is shown in Fig. 1(a). To
simplify the GM-ECBM process, we make the following assump-
tions before establishing the THM coupling model:

(1) The coal seam is homogeneous and isotropic, as a linear
elastic material. The coal mass consists of a dual-porosity
medium formed by the matrix, matrix pores, and fractures.

(2) CHg, COy, and N, are predominantly adsorbed onto the inner
surfaces of matrix pores, a portion of gases exists as the free
phase within the pores and fractures (Fang et al., 2024). A
small amount of gas dissolved in the water within the frac-
ture system, water vapor is present in the fractures (Fan et al.,
2021).

(3) Free gases follow the ideal gas law (Li ZW. et al., 2023).

(4) Gas diffusion and adsorption in fractures are neglected, and
fluid seepage in the matrix is considered negligible.

(5) The transport of gas from matrix pores to the fracture system
involves two processes (Fig. 1(b)): desorption and diffusion
(Fan et al., 2023b). Adsorption and desorption are reversible
processes that follow the extended Langmuir law (Huo et al.,
2019). The desorbed free CH4 transports from the matrix
pore wall to fracture governed by a concentration gradient
and following Fick's law (Fan et al., 2020). The CHy in the
fractures flows into the PW according to Darcy's law. The
transportation process of CO2/N> is opposite to that of CHy
(Shen et al., 2022).

(6) The effective stress exerted by gas on the coal framework is
calculated using the modified Terzaghi effective stress prin-
ciple (Zhou et al., 2022).

(7) The effective stress and gas adsorption-desorption alters the
size of the pores and fractures (Liu Z.D. et al., 2023) (Fig. 1(c)).

(8) It is assumed that the temperature within the coalbed is
continuous, and at any given point, the temperature of the
water, gas, and coal mass are equal.

2.1. Porosity and permeability model

The matrix porosity is the ratio of the coal matrix volume to the
matrix pore volume, and the change in matrix porosity is primarily
influenced by matrix strain. The evolution equation of matrix
porosity can be described as (Fan et al., 2024):

1- Pm0
S . S R = exp|———Ae 1
ogy, promoting its widespread application and maximizing its $m = $mo p( ®mo m (1)
benefits.
Table 1
Comparison of different coupling models.
Model source Key factors
Double porosity Two Coal deformation Heat Ternary (binary) gases Dissolved Water
phase flow transfer non-isothermal adsorption gas vapor
Fan et al. (2020) v 4 v Ternary gas, isothermal
Fang et al. (2024) v 4 v Binary gas, non-isothermal
Li ZW. et al. (2023)
Lin et al. (2018) v v Binary gas, isothermal
Liu Z.D. et al. (2023) 4 v 4 Binary gas, non-isothermal
Liu X.D. et al. (2023a) v 4 4 v Binary gas, non-isothermal v
Ma et al. (2017) v 4 Binary gas, isothermal
Sayyafzadeh et al. (2015) 4 v Ternary gas, isothermal
Sun et al. (2016) v 4 4 Binary gas, isothermal
Vishal et al. (2015) v 4 Binary gas, isothermal
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Fig. 1. GM-ECBM recovery diagram. (a) Schematic of GM-ECBM process; (b) Gas migration process; (¢) Changes in fractures.

where ¢ is the initial matrix porosity; Aen, is the total strain of
coal matrix, which is primarily determined by effective stress,
temperature, and gas adsorption/desorption.

Aem = Aan + As}rn + Asfn (2)

The mechanical strain caused by changes in effective stress is
related to the matrix shear modulus Ky, as follows (Fan et al,
2019a):

_Ao'em
Km 3)
A(Tem = AE - amApm - aprf

E _
Aer, =

where Acen, is the effective stress of the matrix, MPa; Ky, is the
matrix shear modulus, MPa; @ is the average effective stress, MPa;
am is the matrix pore Biot coefficient; pm = Pm1 + Pm2 + Pm3 is the
matrix gas pressure, MPa, where 1, 2 and 3 represent CHg, CO», and
Ny, respectively; ar is the Biot coefficient of fracture; ps = pay* Sw+
Drg*Sg is the fracture fluid pressure, MPa; pry = Pgg1 + Prg2 + Prg3 —
Pcgw is the pressure of water in the fracture, MPa; s,y is the water
saturation; pegw is the capillary pressure, MPa; pg, = Pg1+ Prga+
Drg3 is the gas pressure in the fracture, MPa; sq is the gas saturation;
Sg+ Sw = 1; subscript O represents the initial value of the variable.

The matrix strain resulting from temperature variations is rep-
resented by the following:

Ael = —apAT (4)

where o is the thermal expansion coefficient of coal skeleton, 1/K.

Matrix strain induced by gas competitive adsorption is repre-
sented by the following (Fan et al., 2019a; Liu X.D. et al., 2023a,
2023b; Liu et al., 2019; Meng et al., 2019):

3
Affn = Z(‘??m' - Sf'nio)
=
) V1iPmgi €xp( — da(T — Tt) /(1 + d1pm) )
1
Py + Py (bLlpmgl + br2Pmer + bL3ng3)
(5)

where ¢ is the strain coefficient of the coal adsorbed gas; Vi is the
adsorption amount of gas in the matrix, m>/kg; Pmgi is the pressure

S
emi = €LiVsgi = €

of gas component i in the matrix, MPa; T is the temperature of coal
reservoir, K; Tt is the laboratory adsorption reference temperature,
K; Vi is the Langmuir volume constant of gas, m>/kg; d; is the
pressure coefficient of non-isothermal adsorption, 1/MPa; d, is the
temperature coefficient of non-isothermal adsorption, 1/K; Pyj is the
Langmuir pressure constant of gas, MPa.

The fracture strain is caused by matrix/fracture effective stress,
gas adsorption/desorption, and temperature, as shown in Fig. 2. The
volume strain of the representative element volume (REV) by the
following (Fang et al., 2024; Li ZW. et al., 2023):

3 3 _ 43 3 3
a s —a a a
Aey = ———Abem + >—=——Ader — — Aeyy — —apAT 6
VTS TSk e 3T m 3T ©)
where a is the matrix width, m; s is the width of the REV, m; Kr is
equivalent fracture stiffness, GPa.
Assuming r,s represents the ratio of coal matrix width to REV
width, the change of the fracture effective stress can be derived

from Eq. (6) as shown (Zhou et al.,, 2022):

3
A KK (ﬁamApm A, 13 apAT + Aev>
S

el = Ker3. 1 Km — Kmr 35 \Km
(7)

The fracture porosity is defined as the sum of the initial porosity
and its subsequent increase (Zhang Q. et al., 2023):

Ab
@f = @fp + b0 g

b
Ab = mAG’ef

(8)

where ¢g is the initial fracture porosity.
Substituting Eq. (7) into Eq. (8), the evolution equation for
fracture porosity as (Fan et al., 2024; Liu Z.D. et al., 2023)

K r3
o = ¢r0 + o”m (ﬁamAPm + r;’sA*‘ffn
3 (Kfrg»S + K — 1<mrgs) m
+ 3. a7AT + Agv) (9)

The relationship between coalbed permeability and fracture
porosity follows the cubic law:
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Fig. 2. Schematic diagram of the RVE deformation. (a) Physical model of dual-porosity medium; (b) Matrix effective stress effect; (c) Fracture effective stress effect; (d) Gas

adsorption/desorption effect; (e) Thermal effect.

Km 3

3 (Kfrgs + K — Kim rgs)

k=ko[1+

Km

where kg is the initial permeability of coalbed, mD.

2.2. Governing equation of fluid transport

2.2.1. Gas transport equation in matrix
The total gas mass in the matrix is composed of both adsorbed

.
(ﬁamApm + 13 Aed + r3arAT + Asv>

(10)

gas and free gas. Free gas follows the ideal gas law, while the non-
isothermal competitive adsorption of multicomponent gases is
characterized by the extended Langmuir equation. The gas mass
per unit volume of the matrix is (Fan et al., 2019a)
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M.
Mmatrixi = ¢mR7rIg~lpmgi + VsgiPcPagsi (11)
where My; is the gas molar mass, g/mol; R is the gas molar constant,
JJ(mol-K); pc is the coal density, kg/m?; pesi is the gas density under
standard conditions, kg/m>.

The variation in gas content per unit volume of matrix is

OMmatrixi —F o
ot matrixi

(12)
where Fhatrixi iS the mass source of the gas in the matrix.

The exchange of ternary gases between the matrix and fractures
is primarily governed by diffusion. The source term of gas mass
within the matrix is (Fan et al., 2021, 2023b)

M,;
Fatrixi = — —TRg% <pmgi - pfgi) (13)
i

where pgg; is the gas pressure in the fractures, MPa; 7; is the
desorption time of gas, d.

Substituting Egs. (11) and (12) into Eq. (13), the gas diffusion
governing equation in GM-ECBM process can be derived

0

5 (14)

M,; M,;
gt gt
{@m‘RTpmgi + ngipcpgsi} = - T.RT (pmgi *pfgi)

2.2.2. Fluid transport governing equation in fracture

The CH4 desorption from the surface of the matrix pores pro-
vides a mass source for CH4 within the fractures, while the injection
gas functions as a mass sink for gas adsorption within the matrix.
The fracture system contains multiple gas, water, dissolved gas and
water vapor, its seepage process satisfies Darcy's law. Based on the
principle of mass conservation, the transport equation of gas-water
mixture within fractures is obtained (Liu X.D. et al., 2023a, 2023b)

a(sg(prfgi) N a(SW(/’fpdgi) . Mgi
at ot - TIW

0(sworpw)  9(sworpy)
at T ot

3

Ugi)
1

where pg; is the density of gas in the fracture, kg/m?>; py is the
density of water under standard conditions, kg/m?; pdgi and py are
the densities of dissolved gas and water vapor, kg/m>; which can be

=V (pwiw) + V- <pv

i=

a<5g(l’fpfgi> N a(SW(Pngipfgi) B Mg,'

<pmgi - pfgi) + V- (pfgi"gi) +

Mg,' (pfgi + bk) kkrg
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obtained according to Henry's law and Kelvin Laplace's law (Fan
et al.,, 2024):

Pdgi =

{

Py = pysh = pys €Xp (ngW/PwRVT>

e
e (16)

where Hg; is the Henry coefficient of gas; pys is the density of
saturated steam, kg/m?; h is relative humidity; Ry is the latent heat
of steam, J/(K-kg).

The seepage velocity of both gas and water phase within frac-
ture is (Sun et al., 2016)

Ugi:—

Vw = —

kkrg

1+
Mgi
kkrw

VDtw
w

b k
pfgi) fei

(17)

where k¢ is the relative permeability of gas; by is Klinkenberg
factor, MPa; k;y is the relative permeability of water; ug; is the
dynamic viscosity of gas, MPa-s; u is the dynamic viscosity of
water, MPa-s.

The relative permeability of gas and water is influenced by the
saturation of the gas and water flow (Ren and Wang, 2015; Shen

et al.,, 202

kl‘g = krgO |:1 - (

Sw — $
Krw = Koo (u

2):

s [ ()

1 — Swr — Sgr

)

(18)

1 —Swr

where kg is the endpoint relative permeability of the gas; ko is

the endpoint relative permeability of the water; sy is the satura-

tion of bound water; sg; is the residual gas saturation.
Substituting Egs. (16)—(18) into Eq. (16), the transport equation

at o =7 RT (Pmgi — Prgi) + V- (
(sworra)

9 Drgw
at ot

RT g

V- (pdgiVW>
(15)
of gas—water mixture in fractures can be derived
Hoipsoikk
VDggi | + V- (7@%1 = Vwa)
M
(19)

_ . (Pwkkew .
(sg(ﬂfpvs €xp (prvT) ) =V ( ™. fow) +V <pvs €xp (prvT) Z
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2.3. Temperature field governing equation

In the GM-ECBM process, different components within the coal
mass, such as the coal matrix, multi-phase gases, water and water
vapor interact, leading to complex energy exchange phenomena.
The thermodynamic interactions and changes among these com-
ponents play a significant role in the GM-ECBM recovery. Specif-
ically, the energy exchange during this process involves several
factors: the internal energy change induced by temperature vari-
ations, the strain energy resulting from the volume deformation of
coal, isosteric heat induced by gas adsorption, and the heat con-
vection and conduction between the solid phase and fluid phase.
Assuming the system reaches thermal equilibrium, the energy ex-
change in the GM-ECBM process can be expressed as (Durucan
et al,, 2013; Fan et al., 2021; Rutqvist et al., 2002)

0
= ((pcp)HfT) Mg fVT —V - (/\HfVT) + 1<aTT¥
PcPgsi ngl -0 (20)
+Zl 19sti Mg ot

where (pCp)5+f is the effective specific heat capacity of coal, ]/
(m3-K); ns.s is the effective convection coefficient of the fluid, J/
(m?-s); As.¢ is the effective thermal conductivity of coal, W/(m-K);
sti is the isosteric heat of gas adsorption, kj/mol.

The effective specific heat capacity of coal is determined by the
density and specific heat capacities of its internal components
(Zhou et al., 2022):

(PCP)s+f = (1 —of— Qom)PsCS

3
+> (Sgwpfgi +®mPmgi +3w<ﬂfpdgi> Cgi +SworpwCw +Sgoepy Gy
i=1
(21)

where G, Cgj, Cw, Cy are the specific heat capacities of coal skeleton,
gas, water and water vapor respectively, J/(kg-K).

The effective heat convection coefficient of the fluid mixture is
related to the convective heat transfer between the gas and water
in the fractures (Fan et al., 2024):

3
PrgiCaikkrg bk Hygiprgi Cgikkrw
— S (FHeeiThE (g Ok ) gp, . 8 ey
Ns+f ; ( g Drai Dfgi + L Dtw
3
—( v ZiCWkkrg 142K VDfgi LGl
7 Mg Drgi Mo

(22)

The effective thermal conductivity of the coal mass is a linear

combination of the thermal conductivities of each component (Liu
X.D. et al., 2023a):
As+f = ( 1— 9 —om )/Is + (/’mlmg + Q’fsg)tfg + oeSwiAfw (23)
where As, Amg, Afg, Afw are the thermal conductivity of coal skeleton,
mixed gas in matrix, mixed gas and water in fracture, W/(m-K),
respectively.

For the gas mixture, the thermal conduction coefficient is
defined as follows (Fan et al., 2019a):

-1 (ﬁ:x,}i+ (ﬁ;""/h)])

where 1 is the heat conduction coefficient of the gas mixture, W/

(24)
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(m-K); x; is the mole fraction of the gas; 4; is the thermal conduc-
tivity of the gas, W/(m-K); M is the number of components of a gas.

2.4. Governing equations for coal deformation

Based on the assumption that the coal mass is a linear elastic
material, it will undergo elastic deformation under the influence of
geostress and fluid pressure. The stress equilibrium equation in this
process, also known as the Navier equation, can be expressed in
tensor form (Dai et al.,, 2024; Wu et al., 2011; Yang et al., 2023):
0'ij+sz0 (25)
where ¢ is the stress exerted on the coal, MPa; Fis the body force, N;
k and j denote the x, y, and z directions.

In the Cartesian coordinate system, the relationship between
the strain components and displacement components satisfies the
Cauchy equation, which can be expressed in tensor form (Liu Z.D.
et al., 2023; Zhou et al., 2013):

Ekj =% <U/<,j + uj,k) (26)

The strain caused by the adsorption of gas in the coal seam is
volumetric strain and is spatially uniform. Based on the theory of
elastic mechanics for porous media, considering the effects of
geostress, gas pressure, thermal strain, and adsorption strain, the
total strain of the coal body can be expressed as follows (Fan et al.,
2019b; Li and Elsworth, 2019; Vishal et al., 2018):

‘Tk]7<

where G is the shear modulus of coal, GPa; K is the bulk modulus,
MPa; 0y is the Kronecker delta with 1 for k = j and O for k=j.

Substituting Eqgs. (26), and (27) into Eq. (25), the governing
equation for the elastic deformation field of the coal body can be
obtained as follows (Li et al., 2016; Zhou et al., 2023):

1

1 1 Toclus OmPm + &P
6G 9K) <k

arT e
Ej = 3K 6kj Jr%ékj +

S
i
(27)

1
2G

G 3
GukJ-j + 1_—zvujjk — I{CITT‘k — OmPm k — O¢Pfk — K Zl €§Hi7 k+ Fk
i=
=0
(28)

where v is poisson's ratio of coal.
2.5. THM model validation

2.5.1. Coupling relation of THM model

Egs. (14), (19), (20) and (28) form a THM multi-field coupling
mathematical model of GM-ECBM. These equations can quantita-
tively characterize the spatiotemporal evolution of the physical
fields in the GM-ECBM process. Changes in both the matrix and
fracture systems lead to variations in fracture porosity, gas
adsorption/desorption, and diffusion. The fluid migration causes
variation in effective stress, which in turn affects the coalbed's
stress state and the temperature. The alteration in the coalbed
stress state, in turn, induces changes in matrix porosity, fracture
porosity/permeability, and generates strain energy that affects the
temperature field. Similarly, the variation in coalbed temperature
induces thermal stress and alters the gas adsorption/desorption
rates. The coupled relationship is shown in Fig. 3, and is coupled
through Egs. (1), (9) and (10).

Considering the complexity of the THM coupling model,
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Fig. 3. The coupling relation of the proposed THM model.

obtaining an analytical solution is challenging. Therefore, we used
COMSOL Multiphysics finite element software to solve it. First, the
solid mechanics module was utilized to solve the mechanical field
equations, capturing the deformation and stress distribution of the
coal mass. Body forces were incorporated into the mechanical
equations to describe the effects of fluid pressure, adsorption stress,
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and thermal stress on coal deformation. The governing equations
for fluid migration and temperature fields were modeled using the
PDE module. Variables such as porosity, permeability, and relative
permeability were defined and implemented through custom var-
iable programming in COMSOL. An implicit coupling method was
adopted, solving all coupled equations simultaneously, and the
Newton-Raphson iterative algorithm was employed to ensure
convergence among the physical fields.

2.5.2. THM model validation

The multi-field coupling experimental system for CHy
displacement by gas injection in loaded coal was used to conduct a
CO,/N; displacement CH4 experiment, as shown in Fig. 4(a). During
the experiment, the axial stress was maintained at 8 MPa, and
confining stress of 4 MPa, to test permeability. The system was
vacuumed, and the CH4 was injected into the core holder to be
adsorbed in coal sample, followed by CO,/N; (50%:50%) injection,
the experimental flow is shown in Fig. 4(b). The CH4 adsorption
equilibrium pressure was 0.55 MPa (First, inject CHg into the
adsorption tank using the CH4 gas cylinder. After completing the
injection, open the pressure regulator valve of the adsorption tank
and adjust it until the pressure sensor displays a pressure of
0.55 MPa. Then allow the system to reach adsorption equilibrium).
While the CO»/N; injection pressure was maintained 0.7 MPa, the
pressure at the outlet is standard atmospheric pressure. The
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Fig. 4. (a) Multi-field coupling experimental system for CH,4 displacement by gas injection in loaded coal; (b) Experimental flow chart; (¢) Geometric grid division and boundary

condition; (d) Result comparison.
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Table 2

Key parameters used in model validation.
Parameter Value Source Parameter Value Source
Elastic modulus of coal E, GPa 2.8 Experiments Langmuir constant of CH4 adsorption strain ¢;;  0.0128 Zhou et al. (2013)
Poisson's ratio of coal v 0.32 Experiments Langmuir pressure constant of CO, P;5, MPa 0.83 Experiments
Coal density p, kg/m3 1480 Experiments Langmuir volume constant of CO, Vi, m?/kg 0.0384 Experiments
Initial permeability ko, mD 0.4 Experiments Dynamic viscosity of CO, ug, Pa-s 134 x 10> Fan et al. (2024)
Initial matrix porosity ¢mo 0.04 Wu et al. (2011) Langmuir constant of CO, adsorption strain ¢,  0.0362 Zhou et al. (2013)
Initial porosity of fracture ¢g 0.018 Experiments Langmuir pressure constant of N, P35, MPa 1.61 Experiments
Langmuir pressure constant of CHy P 1, MPa 1.21 Experiments Langmuir volume constant of N V3, m?/kg 0.0180 Experiments
Langmuir volume constant of CHy Vi3, m*/kg  0.0256 Experiments Dynamic viscosity of Ny g3, Pa-s 1.84 x 10> Fan et al. (2019a)
Dynamic viscosity of CHy ug1, Pa-s 1.03 x 107>  Fanetal. (2019a) Langmuir constant of N, adsorption strain &3 0.0058 Zhou et al. (2013)

permeability is 0.4 mD, and the porosity is 0.018. Based on the
results of the physical experiment, a core-scale GM-ECBM numer-
ical simulation was conducted, with the geometric model and
boundary conditions specified in Fig. 4(c), and key parameters lis-
ted in Table 2.

Fig. 4(d) illustrates the variations in the concentrations of CHy,
CO,, and N, at the outlet, as observed in both simulation and
experimental data. Initially, the gas composition at the outlet
consisted of pure CH4. Over time, the concentration of CH4 began to
decline, while the proportions of CO, and N correspondingly rose.
N, broke through the coal sample first, followed by CO,. The overall
trends observed in the numerical simulation were consistent with
those measured in the experiment.

3. Numerical simulation of GM-ECBM recovery
3.1. Geometry model and boundary conditions

A traditional five-point well pattern was implemented, a geo-
metric model with size of 200 m x 200 m was established, as
shown in Fig. 5. The diameter of the wells is 0.1 m. Roller boundary
conditions were applied to the model's surrounding boundaries,
with no fluid inflow or outflow on all sides. The initial conditions
within the coalbed were specified as follows: CH4 pressure is
5.24 MPa, CO; and N, pressures are 0.15 MPa, water saturation is
0.82, and temperature is 305.5 K. The injection conditions are as
follows: CO,/N; injection pressure is 8 MPa, injection temperature
is 323 K, the ratio of CO; to Ny is 20:80, and the PW pressure is
0.15 MPa. The triangular mesh can better handle complex
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geometric structures and supports local adaptive mesh refinement,
thereby improving simulation accuracy and computational effi-
ciency. The model was divided into 1092 triangular grid elements
and 140 edge elements, with an average element quality of 0.86.
Reference line AB and point (P;, P») are designated to monitor GM-
ECBM variations. Key parameters for the simulation are listed in
Table 3.

3.2. Results of GM-ECBM numerical simulations

3.2.1. Evolution of reservoir parameters

Fig. 6 presents the dynamic changes in coalbed key parameters
along line AB in the GM-ECBM process. Fig. 6(a) details the evolu-
tion of gas content over time, revealing an expanding gradient of
CO,/N, migration within the coalbed as the duration of injection
increases. The gas content is higher near the IW and diminishes
towards the PW. Overall, gas content shows a decreasing trend with
time. Fig. 6(b) shows reservoir pressure evolution, which is higher
around the IW and lower near the PW. Initially, reservoir pressure
near the PW decreases due to extraction effects, then gradually
recovers as the injected gases reach the area. While the variation
and causes of reservoir pressure near the IW are opposite to those
near the PW. Fig. 6(c) indicates that reservoir temperature near the
PW gradually decreases due to CH4 desorption, whereas the tem-
perature near the IW rises but within a limited range. Fig. 6(d)
shows that permeability ratio near the PW decreases to about 0.90
within the first 1000 d, then gradually increases to reach 1.10 by
around 3000 d. In contrast, the permeability ratio near the IW
initially rises but then falls, influenced by the injected gases.
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Table 3

Key parameters for numerical simulation.
Parameter Value Source Parameter Value Source
Poisson's ratio of coal v 0.35 Fan et al. (2019a) Desorption time of N; 73, d 4 Zhou et al. (2023)
Initial permeability ko, mD 1.0 Field data Equal heat of adsorption of N; g3, kJ/mol 12.8 Fan et al. (2019a)
Specific heat capacity of coa G, J/(kg-K) 1350 Li et al. (2016) Specific heat capacity of N, Cg3, J/(kg-K) 1040 Fan et al. (2019a)
Thermal conductivity of coal skeleton A5, W/(m-K) 0.1913 Li et al. (2016) Thermal conductivity of N Ag3, W/(m-K) 0.0262 Fan et al. (2019a)
Thermal expansion coefficient of coal skeleton ar, 1/K 2.4 x 10> Pan et al. (2020) Dynamic viscosity of water ., 10> Pa s 1.01 Pan et al. (2020)
Desorption time of CHy4 71, d 4.0 Zhou et al. (2022) Specific heat capacity of water Cy, J/(kg-K) 4187 Pan et al. (2020)
Equal heat of adsorption of CHy g1, kJ/mol 15.3 Zhou et al. (2022) Relative permeability of water kywo 1.0 Yang et al. (2023)
Specific heat capacity of CHy Cg1, J/(kg-K) 2220 Zhou et al. (2023) The saturation of bound water sy, 0.32 Fan et al. (2019a)
Thermal conductivity of CHy Ag1, W/(m-K) 0.0371 Zhou et al. (2023) Relative permeability of gas kg 0.875 Fan et al. (2019b)
Desorption time of CO; 75, d 3.5 Zhou et al. (2023) Klingberg factor by, MPa 0.76 Fan et al. (2019b)
Equal heat of adsorption of CO; gs2, kj/mol 19.2 Wang et al. (2015)  Temperature coefficient of gas c;, 1/K 0.021 Zhou et al. (2023)
Specific heat capacity of CO; Cg, J/(kg-K) 844 Fan et al. (2019b) The pressure coefficient of a gas ¢, 1/MPa  0.071 Zhou et al. (2023)
Thermal conductivity of CO; g, W/(m-K) 0.0168 Fan et al. (2019b) Capillary pressure pegw, MPa 0.035 Li et al. (2016)
Initial matrix porosity ¢mo 0.045 Fan et al. (2024) Initial matrix fracture ¢g 0.011 Fan et al. (2019b)
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3.2.2. Permeability evolution mechanism

Fig. 7 depicts the strain evolution and permeability-dominant
mechanisms at points P; and P, during the GM-ECBM process.
Positive strain represents coal mass shrinkage, while negative
strain indicates expansion. As revealed in Fig. 7(a) and (b), coal
deformation is chiefly influenced by gas adsorption/desorption and
effective stress, with temperature having a relatively minor impact.
At point P; (near the PW), the strain is largely due to CH4 desorp-
tion, causing coal to shrinkage initially. During later stages, CO»/N;
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g. 6. Reservoir parameters in section A-B under GM-ECBM recovery conditions. (a) Gas content; (b) Gas pressure; (¢) Temperature; (d) Permeability ratio.

adsorption gradually counteracts the shrinkage caused by CHy
desorption, resulting in a slow increase in strain. Effective stress
contributes to initial strain increases but stabilizes thereafter. At
point P, (near the IW), gas adsorption/desorption strain is also
initially dominated by CH4 desorption. In the later stage, the strain
gradually decreased due to CO2/N; adsorption. The effective stress
gradually decreases with the injection of gas, resulting in an in-
crease in strain. However, during later stages, production-induced
pressure depletion slightly raises effective stress, causing a minor
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Fig. 7. Evolution of strain and permeability mechanism in GM-ECBM with time.

decrease in strain. The permeability evolution mechanisms at
points P; and P, can be divided into two stages, with differences in
dominant factors and timing, as shown in Fig. 7(c). At point P,
permeability in the initial phase (0—1000 d) is mainly influenced by
the effective stress increase, which leads to decreased permeability.
In the later stage, CH4 desorption gradually leads to permeability
increase. At point P,, the early stage is divided into two phases:
0—100 d, there is no significant change in permeability because it is
far from both the PW and the IW. 100—1000 d, the permeability
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increases mainly due to the reduction in effective stress. While in
the later phases, permeability remains relatively stable, influenced
by a combination of competitive adsorption and effective stress
reduction.

3.2.3. Gas production and injection characteristics

Fig. 8(a) is the gas production/injection rates during conven-
tional production and GM-ECBM. The CH4 production rate shows
an increasing-decreasing-increasing-decreasing trend. The first

(b) 16
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Fig. 8. Gas production and injection during conventional production and GM-ECBM. (a) Gas production and injection rate; (b) Cumulative gas production and injection.
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peak production rate may result from the rapid release of free gas in
the coal seam near the PW with the second liberated by dewater-
ing. During GM-ECBM, the CH4 production rate significantly in-
creases compared to conventional production, and the peak
production period lasts longer. The CH4 production peak during
conventional production occurs on the 664 d, with a value of
2528.7 m>/d. During GM-ECBM, the CH4 production peak occurs on
the 1132 d, with a value of 2895.7 m>/d, an increase of 16.63%
compared to conventional production. CO; and N, break through
on the 3920 and 960 d, respectively. After breakthrough, the N;
production rate increases rapidly, while the CO, production rate
stays consistently low. The main reason is the relatively low in-
jection ratio of CO; and its strong adsorption capacity on coal. The
injected CO, is primarily adsorbed in the coal matrix, while the CO,
content in the fractures is relatively low. The injection rate of the
CO,/N, mixture initially increases and subsequently decreases.

Fig. 8(b) presents the cumulative gas production/injection dur-
ing conventional production and GM-ECBM. The cumulative CHy4
production and the CO,/N, injection both exhibit a linear upward
trend, with the cumulative CH4 production during GM-ECBM being
significantly greater than during conventional production. After
6000 d of operation, the cumulative CHy4 production is
9.36 x 10° m® during conventional production, while the cumula-
tive CH4 production is 12.45 x 10® m? during GM-ECBM, an in-
crease of 32.98% compared to conventional production. The
cumulative CO,/N; injection volume is 15.69 x 10® m> during GM-
ECBM.

3.3. Influence of geological parameters on GM-ECBM

The sensitivity of CH4 production and mixed gas injection rates
to geological parameters s in the GM-ECBM process is crucial for
optimizing injection strategies and enhancing CH4 recovery effi-
ciency. In this study, we define the time at which CO,/N; produc-
tion rates reach 50% of the CH4 production rate as the operating
duration, with a maximum operating duration of 6000 d within this
study scale. The CH4 production and CO3/N; injection achieved
within this operating duration are considered effective CH4 pro-
duction and CO3/N3 injection.

3.3.1. Gas production rate under different geological parameters

As the permeability increases, the CH4 production rate also rises,
with the peak occurring earlier, but the later decay is also more
rapid. Similarly, the CO,/N, mixture production rate increases, as
present in Fig. 9(a). When the permeability is 0.6, 0.8, 1.0, and 1.2
mD, the peaks of CH4 production rate reach 1978.9, 2473.1, 2895.7,
and 3262.9 m’/d, respectively. At higher coal seam temperature,
the CH,4 production rate decreases, and the peak appears earlier,
whereas CO,/N, mixture production rate tends to increase, as
shown in Fig. 9(b). This is mainly because elevated temperatures
reduce gas adsorption capacity and increase molecular mobility.
Greater matrix porosity promotes CH4 desorption and diffusion and
enhances CO,/N; adsorption and diffusion. Consequently, higher
matrix porosity leads to an increase in CH4 production rate and a
reduce in CO2/N, mixture production rate, as illustrated in Fig. 9(c).
Initial water saturation primarily affects early stages of GM-ECBM.
Fig. 9(d) shows that higher water saturation prolongs the coal
seam dewatering phase, causing a gradual decline in the gas pro-
duction rate. The higher initial CH4 pressures increase CH4 pro-
duction rate and cause earlier peak appearances. The effect on the
production rate of CO,/N, mixture is small, mainly because the CO,/
N, production rate decreases in the later period due to the rise in
initial CH4 pressure, as shown in Fig. 9(e).
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3.3.2. COy/N; injection rate under different geological parameters

As the permeability increases, the CO,/N; injection rate signif-
icantly improves, as shown in Fig. 10(a). This indicates that higher
permeability facilitates gas seepage and injection, achieving in-
jection targets more effectively. Under all permeability conditions,
there is no noticeable decline in the injection rate with time. In
contrast, as the temperature increases, the CO,/N; injection rate
gradually decreases, as illustrated in Fig. 10(b). Elevated tempera-
tures reduce coal seam permeability and gas adsorption capacity,
making it more difficult to sustain high CO/N, injection rate in
high-temperature environments. With increasing matrix porosity,
the CO,/N; injection rate also increases, as shown in Fig. 10(c).
Higher matrix porosity provides more storage space, facilitating gas
injection and diffusion. Water in the coal seam occupies fracture
spaces, obstructing gas seepage and reducing injection rate, espe-
cially during the early stages. As the initial water saturation in-
creases, the CO,/N; injection rate gradually decreases, as present in
Fig. 10(d). The variation in initial CH4 pressure has a minimal impact
on the CO;/N; injection rate, as shown in Fig. 10(e).

3.3.3. Sensitivity analysis

The operating duration of GM-ECBM under different geological
parameters, as well as the cumulative CH4 production and CO3/N,
injection over this period, were statistically analyzed, as shown in
Fig. 11. Overall, as the coal permeability and temperature increase,
the operating duration of GM-ECBM gradually shortens, while it
extends with increases in matrix porosity, initial water saturation,
and CH4 pressure. With the increases in coal permeability, tem-
perature, and initial CH4 pressure, the cumulative CH4 production
gradually increases, but declines with the rises of coalbed tem-
perature and water saturation. The cumulative CO,/N; injection
increases with the rises of coal permeability, matrix porosity and
initial CH4 pressure, but decreases as the coalbed temperature and
initial water saturation increase.

A sensitivity analysis is conducted on the impact of key
geological parameters in GM-ECBM. The analysis method is as
follows: By calculating the ratio of the adjacent independent vari-
ables (dimensionless) to the corresponding dependent variables
(cumulative CH4 production or cumulative CO,/N; injection), the
corresponding score points are obtained, and the average score
points for each geological condition is calculated. The influence of
different geological parameters on cumulative CH4 production or
cumulative CO,/N; injection is assessed using the average score
points, as shown in Fig. 12. The impact of geological parameters on
cumulative CH4 production is ranked as follows: initial gas pres-
sure, coalbed permeability, coalbed temperature, initial water
saturation, matrix porosity. The influence on cumulative CO/N,
injection are ranked as follows: coalbed permeability, coalbed
temperature, initial water saturation, initial gas pressure, matrix
porosity.

4. Discussion
4.1. Variation of coalbed permeability with depth

Sensitivity analysis reveals that permeability significantly im-
pacts GM-ECBM. Therefore, the injection ratio of CO/N, under
varying permeability conditions in the GM-ECBM process requires
further investigation. The Qinshui Basin and Ordos Basin are
important CBM production areas in China. The relationship be-
tween coalbed depth and permeability in these regions was
analyzed, as shown in Fig. 13. It was observed that the permeability
decreases linearly with increasing coalbed burial depth. The
permeability in the study areas was categorized into three levels:
low permeability (kg < 0.5 mD), medium permeability (0.5
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Fig. 9. Gas production rates under different geological parameters. (a) Coal permeability; (b) Coal temperature; (c) Coal matrix porosity; (d) Initial water saturation; (e) Varying

initial CH4 pressure.

mD < kg < 1.0 mD), and high permeability (ko > 2.0 mD). The
appropriate CO2/N; injection ratio for the GM-ECBM was investi-
gated for different permeability category.

4.2. Optimization composition determination

Fig. 14(a)—(c) shows the CH4 and CO3/N; mixture production
rate under different permeability and CO,/N, injection composi-
tion. As the permeability increases, the CH4 and CO»/N, mixture
production rate decreases. At a constant injection composition,
higher permeability results in an earlier occurrence of CH4 pro-
duction rate peak. Under high permeability conditions, injecting a
higher N, composition results in an excessively short operating
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duration for GM-ECBM, while low permeability conditions more
suitable for injecting a higher composition of N».

The operating duration of GM-ECBM under different perme-
ability and CO, composition is shown in Fig. 14(d). As the perme-
ability and N, composition increase, the operating duration also
gradually increases. This is primarily because the injection CO,/N,
is more easily transport from the IW to the PW under the high
permeability, and N, has weaker adsorption in the coalbed
compared to CH4 and CO,, making a higher N, composition more
likely to break through.

Cumulative CH4 production under different permeability and
CO;, composition is shown in Fig. 14(e). Under low and medium
permeability conditions, the cumulative CH4 production initially
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increases and then decreases as the CO, composition increases.
Under high permeability conditions, the cumulative CH4 produc-
tion shows a rapid initial increase followed by a slower one. For low
and medium permeability coalbeds, a high N, composition
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relatively small, which restricts gas flow. The high CO, composition
leads to a more pronounced matrix adsorption swelling effect,
which further compresses the fracture width, resulting in even
lower permeability and limiting the flow of CO,/N, mixed gases
into deep coal seam regions, thereby reducing CH4 replacement
rates and suppressing production. In contrast, when injecting high
CO, composition into high-permeability coal seam, although CO,
adsorption leads to matrix swelling and local permeability reduc-
tion, the naturally high permeability of the coal seam mitigates
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rapid CO2/N, gas breakthrough to some extent, as shown in
Fig. 15(b). Under low-permeability and low CO, composition con-
ditions, the adsorption swelling effect of CO; is relatively weak. The
width of fractures increases under the effective stress action,
indirectly enhancing the displacement effect of the mixed gas, as
illustrated in Fig. 15(c). In high-permeability and low CO, compo-
sition conditions, due to the lower dynamic viscosity and weaker
adsorption properties of N,, and the high N, composition can
further increase the permeability, leading to the rapid break-
through of N; into PW, as in Fig. 15(d).
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5. Conclusions

An improved THM coupling model was proposed by considering
non-isothermal ternary gases adsorption, dynamic evolution of
matrix and fractures, gas dissolution in water, gas—water two-
phase seepage. The model was initially validated and subse-
quently utilized in GM-ECBM simulation. The analysis covered the
impact of key geological parameters on GM-ECBM performance,
and revealed the influence mechanism of permeability on the CO,/
N> injection ratio. The key conclusions are as follows:
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(1) During the GM-ECBM process, the permeability is mainly
influenced through the dual effects of gas adsorption/
desorption and effective stress, which generally shows an
increase trend. Near PW, permeability initially decreases due
to effective stress increases, and subsequently rises due to
CH4 desorption. Near the IW, permeability initially increases
due to reduced effective stress and later stabilizes under the
combined influence of CO,/N, adsorption and effective
stress.

(2) Higher permeability and matrix porosity promote CH4 pro-
duction and CO/N; mixture injection. Higher temperature
and water saturation reduce CH4 production and CO3/N,
injection. Higher CH4 pressure aids in improving CH4 pro-
duction but has a minimal impact on the CO,/N; injection.
Increases in temperature and permeability shorten the
operating duration of GM-ECBM, while increases in matrix
porosity, water saturation, and CHy pressure extend the
operating duration.

(3) The influence of geological parameters on cumulative CHyq
production is ranked as follows: CH, pressure, permeability,
temperature, water saturation, and matrix porosity. The in-
fluence on cumulative CO;/N; injection is ranked as follows:
initial permeability, temperature, water saturation, CHy
pressure, and matrix porosity.

(4) Under low-permeability conditions, injecting a high CO,
composition tends to induce matrix swelling, limiting
permeability. Thus, a higher N, composition should be
injected to improve coal seam permeability and displace-
ment efficiency. In high-permeability coal seams, the matrix
swelling effect induced by high CO, composition helps to
moderate the rapid breakthrough of CO,/N, mixed gases,
allowing sufficient CH4 displacement and enhancing CH4
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production. Within this research, the optimal CO, composi-
tion in low, medium, and high permeability coal seams was
found to be 20%, 40%, and 100%, respectively.

The established THM coupling model is based on that the coal
seam is assumed as a homogeneous and isotropic media, and the
chemical reactions of minerals, e.g. dissolution and precipitation,
are ignored. Additionally, the geometry of fractures, including
fracture length and direction, plays a significant role in gas flow.
Future studies will explore the integration of these factors into the
THM coupling model to address the current limitations. The above
aspects will be the focus of upcoming research.
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