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Abstract Injection of gas (CO,) into coal seams is an
effective method to benefit from both CO, geological
storage and coalbed methane recovery. Based on the dual
pore structure of coal mass, and the Weibull distribution of
fracture permeability, a thermal-hydraulic-mechanical
(THM) coupling mathematical model is proposed
involving the non-isothermal adsorption of binary gases,
dynamic gas diffusion between matrix and fractures,
multiphase seepage, coal deformation, heat conduction and
heat convection. This mathematical model is applied to
study the process of CO,-enhanced coalbed methane
recovery (CO,-ECBM). Results show that the CH, content
of CO,-ECBM in coal seam decreases significantly when
compared with that of regular drainage, and decreases
rapidly in the early stage but slowly in the later stage. Coal
seam permeability evolution is triggered by changes in gas
adsorption/desorption, temperature and effective stress. For
regular drainage, the early permeability shows a decreasing
trend dominated by the increase of effective stress, while
the later permeability shows an increasing trend dominated
by the CH, desorption caused shrinkage of coal matrix.
For CO,-ECBM, the permeability in coal seam generally
shows a downward trend due to both matrix swelling
induced by gas adsorption and thermal expansion,
particularly near injection well. There appears an increased
and delayed peak production rate of CH,. The CH,
production rate of CO,-ECBM is always higher than that
of regular drainage. The CH, cumulative production and
CO, cumulative storage linearly increase with time, and
the CH, cumulative production of CO,-ECBM increased
by 39.2% in the duration of 5000 d compared with regular
drainage. Reasonable CO, injection starting time can
overcome the issue of early CO, breakthrough and
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ineffective increase of CH, production. In the studied case,
the optimal injection starting time is 2500 d. Compared
with the simultaneous CH, extraction and CO, injection,
the CH, cumulative production of optimal time has
increased by 30.1%. The research provides a reference for
determining the reasonable CO, injection time under
similar conditions.

Keywords CO, sequestration, coalbed methane,
reasonable injection start time, thermo-hydro-mechanical
coupling model, numerical simulation

1 Introduction

Coalbed methane (CH,) is a greenhouse and disastrous
gas, which holds 25 times greenhouse effect of the carbon
dioxide (CO,) and may cause gas explosion, coal and gas
outburst during coal mining (Liu etal., 2021a). Mean-
while, coalbed methane is also an unconventional gas
resource. The low permeability and the complex occur-
rences of China’s coal seams greatly limit the efficiency
of coalbed methane recovery (Zhu et al., 2022). Under the
goal of carbon neutrality and carbon peaking, injecting
CO, into the coal seam to enhance coalbed methane
recovery (CO,-ECBM) cannot only improve the recovery
rate of coalbed methane, but also help reduce carbon
emissions (Liu et al., 2019).

Since proposed the concept of CO, injection to improve
coalbed methane extraction efficiency, scholars have
carried out a large number of experiments and numerical
simulations on CO,-ECBM. The United States carried out
the first CO,-ECBM field test in the San Juan Basin.
Since then, Canada and China have carried out tests in the
Alberta and Qinshui Coalfields, along with the similar
tests conducted in Japan, Poland and Australia (Fang
et al., 2019a). Zhang et al. (2021) conducted experiments
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on core injection of N, and CO, to displace coalbed
methane, and found that the recovery rate of coalbed
methane with CO, injection is higher (Zhou et al., 2013).
Zheng et al. (2020) obtained that the injected CO, will
compete with CH, on the adsorption site to replace the
CH, in the coal seam due to the stronger sorption affinity
of CO, on coal, by means of nuclear magnetic resonance
(NMR) test (Liu et al., 2017). This process is affected by
factors such as injection pressure, confining pressure,
temperature, permeability and adsorption capacity (Sun
etal., 2018; Liu et al., 2022). And coal permeability and
sorption affinity are the determinants of CO, injection
capacity and sequestration capacity, respectively (Niu
et al., 2020). The CO, sequestration and CH, production
of high-rank coal are higher than those of low-rank coal
(Zhang and Ranjith, 2019; Zheng et al., 2022). Numerical
simulations of CO,-ECBM have been extensively studied
in order to provide reference to field tests. Fan etal.
(2019a) established a thermo-hydro-mechanical (THM)
model including the governing equations of coal
deformation, fluid seepage, diffusion and heat transport,
and solved by the finite element method to simulate the
CO,-ECBM recovery. Based on the mathematical model,
the effects of adsorption time (Vishaletal., 2015),
injection pressure and temperature (Mu et al., 2019; Hou
et al., 2020) and diffusion coefficient (Sun et al., 2018) on
gas production during CO,-ECBM process have been
explored. Similarly, studies have proven that coal permea-
bility is the dominant factor affecting CO, injection and
CH, production (Liu et al., 2011), and changes in matrix
expansion, contraction and effective stress are the key
factors on permeability (Fang etal., 2019b). The have
improved the theoretical level of CO,-ECBM and
promoted its technological progress. However, the
existence of water in the coal seam will reduce the
relative permeability of gas and hinders the extraction of
coalbed methane (Wangetal.,2022). In addition,
premature CO, injection will cause premature break-
through and reduce the calorific value in the extracted
gas, and the appropriate CO, injection time needs to be
further studied.

In this paper, coal mass is considered as a dual-porosity
(pores and fractures) material, and Weibull distribution
based permeability. A thermo-hydro-mechanical coupled
mathematical model is proposed by considering non-
isothermal adsorption of binary gases (CH,, CO,),
dynamic diffusion between matrix and fracture, multi-
phase seepage, coal deformation, heat conduction and
heat convection. On the background of Qinshui Basin in
China, numerical solution of the mathematical model by
COMSOL Multiphysics software is obtained. The CO,-
ECBM recovery process is studied and the reasonable
time of CO, injection was determined. It provides a
reference for improving the efficiency of CO,-ECBM in
coal seams.
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2 Mathematical model for CO,-ECBM in
coal seam

2.1 Basic assumptions

Based on the basic characteristics of gas and water
existing in coal seam, the following assumptions are
made (Chengetal., 2021; Liuetal., 2021b; Xiao et al.,
2021; Zhao et al., 2022). 1) The coal mass is an elastic
medium with dual porosity (pore-fracture) and single
permeability structure, and the initial permeability
satisfies the Weibull distribution. 2) Gas (CH, and CO,)
transport in the matrix satisfies Fick’s diffusion law,
while the gas transport in the fracture satisfies Darcy’s
seepage law. 3) Water only transports in fracture. 4) Both
CH, and CO, are regarded as ideal state gases, satisfying
the ideal gas state equation. 5) The gravity of gases is
ignored. 6) The tensile stress is positive and the
compressive stress is negative.

2.2 Governing equations for fluid transport field

2.2.1 QGas transport with in coal matrix

According to the ideal gas state equation, the gas density
of each component under standard conditions is (Fang
et al., 2019a)

My,

— 1
RTSp87 ( )

Pgsi =
where i = 1 represents CH,, i = 2 represents CO,; M, is
the molar mass of gas component 7, g/mol; R is the gas
molar constant, J/(mol-‘K); T is the coal seam
temperature, K; 7 is the standard temperature; p, is the
standard atmospheric pressure, kPa.

The modified Langmuir adsorption equation is adopted
to express the adsorbed gas content per unit coal matrix at
variable temperature is (Huo et al., 2019)
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where V; is the Langmuir volume constant of gas
component i, m/kg; P, is the Langmuir pressure
constant of component i, Pa; b, = 1/P; Pmgi is the
pressure of component i in the matrix, Pa; ¢, is the
temperature coefficient, 1/K; ¢, is the pressure coeffici-
ent, 1/Pa; p,, = pigi + Pmg 18 the gas pressure in the
matrix, Pa; T, is the reference temperature in the
adsorption/desorption experiment, K.

The gas content per unit volume of coal matrix is the
sum of free gas content and adsorbed gas content (Fan
etal., 2018):

Mg, Mg;
Mmgi = ém ﬁpmgi + ngipc R—Tsps, 3)

where ¢ is the initial matrix porosity; V, is the

sgi
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adsorbed gas content of component i, m3/kg; p, is the true
density of coal, kg/m3.

At beginning, gas (CH,) in coal seam is dynamically
balanced between adsorption and desorption, and the gas
pressure in the matrix is equal to the gas pressure in
fracture. The original equilibrium will be broken under
the action of extraction and gas injection, and the gas in
the coal matrix transport by means of diffusion driven by
the concentration gradient. According to Fick’s diffusion
law, the gas mass conservation equation in the matrix can
be obtained as (Fan et al., 2017)

6mmg,~ Mg,

o~ TRT (ngl Pfgi), “)

where 7, is the desorption time of gas component i; py,; is
the pressure of gas component 7 in the fracture, Pa.

Substituting Egs. (1)—(3) into Eq. (4), the gas transport
equation in the matrix can be obtained as

0 My; V0LibiPmgi [ 1 ]
XpP|— (T -T f)
ar [¢m RT - Pmgi + It 21-2:1 biPrmgi p 1+ capm re
My; 1 Mg,
ﬁpcpe 7. RT (pmgz Pfgi)- (3)

2.2.2 Gas and water transport in fracture

In the process of CO, displacing CH, in coal seam, the
fluid migration is in the state of gas-water two-phase
flow. The adsorbed CH, on the pore surface of coal
matrix desorbs, providing a mass source for the CH,
migration in the fractures. The CO, transport in the
fractures acts as a mass sink for the adsorption of CO, in
the matrix. Therefore, the mass conservation equation of
the gas-water two-phase flow in coal seam is defined as
follows (Fang et al., 2019c¢):

8(Sg¢fpfgi) M,;
8
ot +V- (pfgngi) = (1 _¢f) TRT (pmgi _pfgi),
0 (swoepw)
—F—+V- =0
where s, is the gas saturation in fracture; s, is the water
saturation in fracture, s, + s, = I; ¢ is the fracture
porosity; 9gi is the velocity of gas component i, m/s; g, is
the water velocity, m/s; p,, is the density of water under
standard conditions, kg/m?3.
Incorporating with the gas slippage effect and gas-
water two-phase, the fluid transport speed can be obtained

according to the generalized Darcy’s law (Fan et al.,
2021a):

kk by
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where £ is the absolute permeability in coal, m?; krg is the
relative permeability of gas; b, is the Klinkenberg factor,
Pa; k., is the relative permeability of water; u,; is the
dynamic viscosity of gas component i, Pa‘s; u, is the
dynamic viscosity of water, Pa-s, py, is the pressure of
water in the fracture, pg, = P Peews P25 Pogy 18 the
capillary pressure, Pa.

The relative permeability model of gas-water two-phase
flow is (Luo et al., 2022)
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where k,, is the relative permeability at the gas phase
endpoint; s, is the water saturation; s, is the irreducible
water saturation; S 18 the residual gas saturation; koo 18
the relative permeability at the water phase endpoint.

By substituting Eqs. (7) and (8) into Eq. (6), the
governing equation of gas and transport in fracture can be

obtained:
0
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2.3 Governing equations for stress field

Considering the thermal expansion/shrinkage strain, the
strain caused by the change of pore and fracture pressure,
the shrinkage/expansion strain caused by the adsorption/
desorption of CH, and CO,, the total strain of the coal
mass is (Xia et al., 2015)

arT
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where ¢;; is the Kronecker symbol; G = D/2(1 + v) is the
shear modulus of coal, Pa; D = 1/[(1/E) + 1/(a°K,)] is the
effective elastic modulus, Pa; E elastic modulus of coal,
Pa; a is the initial matrix width, m; K is the fracture
stiffness, Pa; v is the Poisson’s ratio of coal; a, is the
pore Biot coefficient, a,,, = 1-K/K; K = D/3(1-2v) is the
bulk modulus of the coal, Pa; Ks = Es/3(1-2v) is the bulk
modulus of the coal skeleton, Pa; £ is the elastic modulus
of the coal skeleton, Pa; a; is coal skeleton thermal
expansion coefficient, 1/K; p_, is matrix gas pressure, Pa,

(10)
bij»
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P = Pmg1 T Pmgos Py 18 fracture fluid pressure, Pa, p, =
SwPrw T SgPrg 0 = 1-KNa'K)) is the fracture Biot
coefficient; ¢, = &, + &,, is the expansion/shrinkage strain
caused by the adsorption/desorption of gas in the coal
matrix.

The strain of matrix expansion/shrinkage induced by
gas adsorption/desorption in coal can be expressed as
(Ren et al., 2017)

eLibiPmgi
2 b
(1 + Z,‘;] bipmgi)
where ¢, is the strain constant of the adsorbed gas
component i in coal matrix.
According to elastic mechanics, the geometric

relationship and static equilibrium relationship of coal
reservoir are respectively (Fan et al., 2022):

{ Ejj = %(ui’j+uj,i)

(11)

Eai =

, (12)
O'ij,j+Fi =0

where F; is the body force, Pa; u; is the displacement in
the 7 direction, m; i = x, y, z.

By combining Eqs. (10)—(12), the governing equation
of stress field of coal mass can be obtained (Fan et al.,
2021b):

Gu,-,jj+ —KaTAT,,-—ampm,,'—afpf,i—Ksa,,-+F,- =0.

(13)

(e

2.4 Governing equations for heat transport field

In the coal seam, coal skeleton, CH,, and water coexist in
a unit volume system. The temperature change causes the
internal energy to change. The system exchanges heat
with the outside world through thermal convection and
heat conduction. The volumetric strain of the coal mass
produces deformation. The CH, and CO, adsorption/
desorption process is accompanied by heat release/absorp-
tion. According to the law of heat conservation, the
governing equation of the heat transport field can be
obtained as (Zhou et al., 2022)

Fig.1 Physical model of double-porous single-permeability
distribution of coal; (c) representative element volume.
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where (pC,) is the effective specific heat capacity of the

coal, J/(m3-K); 7. is the effective convection coefficient
of the fluid, J/(m?'s); A, is the effective thermal
conductivity of the coal, W/(m-K); g, is the isosteric heat
of gas adsorption of component i, J/mol; C,, C,, and C,,
are the specific heat capacities of the coal skeleton,
coalbed methane and water, respectively, J/(kg-K); 4, /lg,
and A, are the thermal conductivity of coal skeleton,
coalbed methane and water, respectively, W/(m-K).

2.5 Porosity and permeability evolution

Coal seam is a dual-porous and single-permeable
medium, as shown in Fig. 1. Matrix pores are the main
storage space for CH, and CO,, and the fracture change
affects the change of permeability. Therefore, the changes
of pores and fractures are the key factors in the process of
injection of CO, to enhance CH, drainage. The coal
matrix porosity model can be expressed as (Fanetal.,
2019b)

_ (I+80)¢mo+am (S —So)
" (1+5S8) ’

(15)

where ¢, is the initial matrix porosity; § = g, +
P/K—oT—e,; Sy = 64 + poo/Ki—arly—e,0; €, is the
volumetric strain; the subscript ‘0’ represents the initial
value of the parameter.

Considering the effective stress on the coal matrix and

(b) (©)

Fracture

b2 ~u . A

medium. (a) Simplified model of coal; (b) equivalent fracture
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fractures, the volumetric strain of the representative
element volume (REV) can be defined as (Wang et al.,
2018):

3 3 3 3 3

a ST —a a a
Agy, = —— Ao + s3—K'fA0-ef_ s—3A8a— S—SQ'TAT. (16)

3K,
where s = a + b, is the width of the REV, m; K, is the
matrix shear modulus, Pa; K; is the equivalent crack
stiffness, Pa; K = bK,, b is the initial crack width, m; o, =
—o—(a,, P, T orPy), is the effective stress of coal matrix;
—o = (0, + 0, + 03)/3, is the average effective stress; 6, =
—c—ayp, is the effective stress of coal fracture.
Assuming 7, = als, the effective stress on fracture can
be obtained from Eq. (16) as

K, K
Kfrgs + K — Kmrgs

Aoer =

(17)

rﬁ A 3 3
. K—a/m D+ 1 Aeq +17,,a7AT + Ag, |.

m
The deformation of the fracture dominated by the
effective stress can be expressed as

b
Ab = — Aot 18
3K; Tef (18)

The evolution of fracture porosity can be defined as

¢ roKm
3(Kpriy+ Kn— Knrdy)

Ab
or = ¢fo(1 + 7) = o +
(19)

3
. (ﬁamApm + rgsAea + risa/TAT +Ae,
m

According to the cubic law, the relationship between
fracture porosity and permeability is

k ¢\
Ry L 20
ko (¢fo) (20)

§ o =18MPa
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where £, is the initial permeability of coal seam, m?.
Substitute Eq. (19) into Eq. (20) can be obtained the
dynamic evolution equation of permeability:
K
3(Kpriy+ Kn— Knrdy)

k:ko(l +

. . @
. (%amApm + rgsAsa + rg’saTAT + Az—:v))

The Egs. (5), (9), (13), and (14) are assembled together
to establish the THM coupling mathematical model of
CO,-ECBM. The solid mechanics module and PDE
module of COMSOL Multiphysics are used to jointly
solve it numerically.

3 Simulation of CO, sequestration and CH,
enhanced recovery

3.1 Geometry model and definite conditions

Qinshui Basin is one of the coalbed methane basins
successfully developed in China. In 2002, the Ministry of
Commerce of China and the Canadian International
Development Agency (CIDA) jointly conducted a CO,-
ECBM experiment (Wu et al., 2011). In the experiment,
the traditional five-point well arrangement with a central
injection well (IW) located in the middle and four
production wells (PW) at the vertex of an approximate
rectangle was adopted. To facilitate numerical simulation,
a 150 m x 150 m area between PW and IW was selected
for research, as shown in Fig. 2. The No. 3 coal seam in
the Qinshui Basin is characterized by a thickness of 5 m,
initial CH, pressure of 5.24 MPa, water saturation of 0.8,
initial temperature of 305.5 K, and initial permeability of
5.14 x 10716 m2, The diameter of both gas injection and
production wells is 0.1 m. The surrounding of the model

Fig. 2 Geometric model for CO,-ECBM simulation.
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are set as roller boundary condition. The gravity of the
overlying rock layer is 18 MPa. There is no flow for both
fluid and heat with the outside at the surrounding
boundary. The gas pressure on injection well is set as 8
MPa, the pressure in production well is 0.15 MPa. The
temperature of the injection flux is 323 K. The reference
line A-B and the reference point P are set. The parameters
used in the numerical simulation are obtained from the
geological data of the No. 3 coal seam in the Qinshui
Basin and literature (Fan etal., 2019a), as shown in
Table 1.

The Weibull distribution function is introduced to
characterize the heterogeneity of the coal permeability
(Fan et al., 2017):

fw) = o)™ expl=efuo)"], (22)
where m is the homogeneity index, and larger homoge-
neity index corresponds to better uniformity of permea-
bility; u,, is the average permeability of the REV; u is the
permeability of the REV.

The Weibull function based permeability distribution
was first generated by MATLAB code, and then imported
to COMSOL Multiphysics to calculate the CO,-ECBM
process. Figure 3 is probability distribution of average
permeability (k, = 5.14 x 1071® m?) in coal seam with

Table 1 Parameters related to numerical simulation
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varying homogeneity index. When the value of homo-
geneity index is small, the permeability distribution is
more discrete and distribution range is wider. When the
value of homogeneity index is large, the permeability
distribution is more concentrated, mainly around the
average permeability. The homogeneity index was set as
6 in the following research.

3.2 Results of numerical simulation

3.2.1 Gas content evolution

In Fig. 4, the CH, content begins to decrease near the
production well, and gradually expands to whole coal
seam during regular gas drainage. Under the action of
suction pressure caused by drainage, the pressure gradient
between reservoir and production well is generated. CH,
gradually transports to the production well driven by the
pressure gradient. Hence, the CH, content decreases with
time. The closer to the production well, the greater the
pressure gradient. Therefore, the CH, content decreases
more rapidly near the production well. Figure 5 illustrates
the evolution of CH, content on the reference line AB
during regular drainage. The CH, content on the
reference line AB gradually decreases with time, with
faster decreasing rate near the production well.

Parameter Value Parameter Value
Initial CH, pressure in fracture (py,(, MPa) 524 Specific heat capacity of coal (C,, J/(kg-K)) 1350
Initial CH, pressure in matrix (p,,;,, MPa) 5.24 Specific heat capacity of water (C,,, J/(kg'K)) 4187
Initial CO, pressure in fracture (pp,,, MPa) 0.2 Specific heat capacity of CH, (C,;, J/(kg'K)) 2220
Initial CO, pressure in matrix (p,,,,, MPa) 0.2 Specific heat capacity of CO, (Cyp, J/(kg'K)) 844
Young’s modulus of coal seam (£, MPa) 2815 Density of coal (p,, kg'm™) 1470
Young’s modulus of coal skeleton (£, MPa) 8469 Klinkenberg factor (b,, MPa) 0.76
Poisson’s ratio of coal (v) 0.32 Relative permeability of water (k) 1.0
Fracture stiffness (K, GPa/m) 2.8 Relative permeability of gas (krg()) 0.875
Langmuir volume constant of CH, (V7 , m*>kg™) 0.0256 Capillary pressure (Pegws» MPa) 0.035
Langmuir pressure constant of CH, (P, MPa) 2.07 Adsorption time of CH, (z,, d) 0.221
Langmuir volume constant of CO, (V7 ,, m*>kg™) 0.0447 Adsorption time of CO, (z,, d) 0.334
Langmuir pressure constant of CO, (P, ,, MPa) 1.38 Initial temperature in coal seam (7}, K) 305.5
Dynamic viscosity of CH, (4, 10-pa-s) 1.34 Gas molar constant (R, J-mol !-K1) 8.314
Dynamic viscosity of CO, (), 10-%pa-s) 1.84 Initial porosity of matrix (¢,,,,) 0.045
Dynamic viscosity of water (i, 10pa-s) 1.01 Initial porosity of fracture (¢g) 0.011
Adsorption strain constant of CH, (g ) 0.0128 Initial permeability of fracture (k, m?) 5.14 x 10716
Adsorption strain constant of CO, (& ,) 0.0237 Thermal conductivity of coal (4, W/(m-K)) 0.1913
Temperature coefficient (c;, 1/T) 0.021 Thermal conductivity of CH, (44, W/(m'K)) 0.0301
Pressure coefficient (c,, 1/MPa) 0.071 Thermal conductivity of CO, (/Igz, W/(m-K)) 0.0137
Isosteric heat of CH, adsorption (g, kJ/mol) 16.4 Initial water saturation (s,) 0.8
Isosteric heat of CO, adsorption (g, kJ/mol) 19.2 Irreducible water saturation (s.,) 0.42
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Fig.3 Probability distribution of coal permeability with various homogeneity index m.
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Fig.4 CH, content in coal seam during regular drainage.

In Fig. 6, the CH, content of CO,-ECBM decreases
more dramatically than that of regular drainage, caused
by the persistent injection of CO,. At point P, CH, of
regular drainage decrease by 27.8%, from the initial 18.0
m3/t to 13.0 m3/t. While, the CH, content of CO,-ECBM
decreases by 50.0%, from 18.0 m3/t to 9.0 m3/t. The
decrease of CH, content slower at the later stage

18 o

16_“,_“_,,__,_,__,,,__,_,_,_,__;.,_,“;.:_:,\\,,
L = R T BEREA Y
o - \_\4
T _—
B 10 [ 3
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. 6 —--=-CH,-3000 d- - - - CH,-5000 d|
5

i I

2_,

0 1 1 1 1

0 50 100 150 200

Distance from injection well/m

Fig.5 CH, content on the reference line AB during regular drainage.

compared with the early stage. CH, content decreases
more dramatically near the injection well than the
production well. When CO, is injected into coal seam, the
reservoir pressure increases, enlarging the pressure
generated between and production well. This drives CH,
to diffuse and seepage toward production well. Because
the sorption affinity of CO, is stronger than that of CH,,
the injected CO, will competitively adsorb with CH,,
replacing CH, on the adsorption site. Besides, the injected
CO, with higher heat source will accelerate the transport
rate of gas molecules, making the gas molecules move
toward production well faster. After CO, transports to the
production well, the pressure gradient between injection
well and production well gradually decreases with time.
The CH, content in coal seam changes relatively slow in



Chaojun FAN et al. Optimization of start time for CO, injection

m/t
18.0

16.0

14.0

12.0

Time/days

10.0

e 150
100

‘Q;,, 3 o —-
GC[- 50 R i 50
2 L on/m
% x—d’\\’ect‘o“l

Fig. 6 CH, content in coal seam during CO,-ECBM.

the later stage as the most of CH, is extracted. Figure 7
presents the evolution of CH, content on the reference
line AB during CO,-ECBM recovery. Overall the CH,
content shows a decreasing trend. In the early stage, the
CH, content on the reference line AB reduces greatly.
The slope of the curve of CH, content becomes small at
later stage, indicating the small change of CH, content at
this stage.

In Fig. 8, CO, continuously transports from the
injection well toward the production well forced by the
injection pressure. At 3000 day, the CO, content around
the production well is significantly low, indicating that
CO, has broken through the production well at this
moment. In Fig. 9, the change of CO, content from
injection well to production well shows a decreasing
slight increasing decreasing trend. Overall, the CO,
content increases gradually with time, e.g. it increases
from 1.8 m3/t to 16 m3/t with an increasement of 8.9
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Fig. 7 CH, content on the reference line AB during CO,-ECBM.
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Fig. 8 Contour of CO, content during CO,-ECBM.
times at point P.

3.2.2 Permeability evolution

For regular drainage, the permeability on the reference
line AB decreases in the early stage, but appears an
overall upward trend with time, as shown in Fig. 10. The
closer to the production well, the higher increase of the
permeability. In the early stage, CH, pressure in coal
seam gradually decreases leading to gradual increase of
the effective stress which dominates the decrease of
permeability. In the later stage, CH, concentration in the
fractures becomes low, causing CH, desorption and
matrix shrinkage, so as to increase the permeability in
coal seam.

For CO,-ECBM recovery, the permeability on the
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Fig.9 Evolution of CO, content on the reference line AB during
CO,-ECBM.
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Fig. 10 Evolution of permeability on the reference line AB during
regular drainage.

reference line AB shows a downward trend, with a faster
variation near injection well, as shown in Fig. 11. This is
because the arrival of CO, and heat flux brings adsorption
swelling and thermal expansion of coal matrix, which
occupies the fracture space and results in decrease of coal
permeability. The range of permeability reduction
gradually spreads over time.

3.2.3 CH, production and CO, sequestration

Figure 12 gives the gas rate of CH, production and CO,
sequestration in a duration of 5000 d. The CH, production
rate first increases rapidly and then decreases slowly.
There are two peak points on the curve, with the first at
the initial time caused by the rapid influx of free CH,
from the fracture space in coal seam, and the second
caused by the end of dewatering stage. For regular
drainage, the highest production rate is 1555.3 m3/t
occurring at 680 d, while for CO,-ECBM, the highest
production rate is 1913.2 m3/t occurring at 940 d. Due to
the injection of CO,, the peak CH, production is
increased and delayed. The CH, production of CO,-
ECBM is always greater than that of regular drainage in
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Fig. 11 Evolution of permeability on the reference line AB during
CO,-ECBM.
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the whole process. The injection rate of CO, also shows a
first increasing - then decreasing trend, with a peak point
of 2940.3 m3/t at 1200 d. The breakthrough of CO,
occurs at 1460 d, and then the CO, rate starts to increase
gradually.

In Fig. 13, the CH, cumulative production of both
regular drainage and CO,-ECBM increases linearly. At
5000 d, the CH, cumulative production of CO,-ECBM is
7.1 x 10® m3, comparing with 5.1 x 10 m3 of regular
drainage, with an increasement of 39.2%. This implies
that CO, injection can effectively improve the CH,
production from the coal reservoir. The cumulative CO,
sequestration also increases linearly, reaching 11.7 x 107
m3 at 5000 d. It can be concluded that the technology of
CO, sequestration in the coal seam is feasible.

4 Optimization of start time for CO,
injection

4.1 Injection/drainage scheme

In the CO,-ECBM process, the premature start of CO,
injection will lead to early CO, breakthrough in the
production well, and reduce the calorific value in the
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produce gas flow due to intrusive CO, mixture. And
higher injection pressure is required to overcome the
water resistance as the coal seam has not been dewatered.
When the CO, injection is delayed, the fluid pressure in
coal seam will be depleted, as a result the required
injection pressure is reduced. In this case, high-calorie
coalbed methane has already been recovered for a period
of time until CO, breaks through. But, if the start time of
CO, injection is too late, the CH, production cannot be
improved, which is similar to regular drainage. Therefore,
reasonable start time of CO, injection should be
determined. In this section, the following scenarios are
designed by changing the start time while keeping
constant for other parameters. The injection well is also
used for production during the CBM stage, and is
modified to be an injection well at the appointed CO,
injection start time. The injection/drainage scheme for
optimizing of CO, injection start time is shown in Table 2

4.2 Result analysis

The CH, and CO, production rates for different injection
start times is shown in Fig. 14. The production rate of
CH, first increases and then decreases during the CBM
stage, and it decreases sharply when CO, injection starts
to operate, which is caused by the change of gas
production from two wells to a single well. After that, the
production rate of CH, will enter a second small increase
stage followed by a slow decrease. The first peak
production rate is 3188.8 m3/t occurring at 292 d. The
CH, production rate shows a second peak after CO,
injection, indicating that CO, injection can enhance the
CH, production. When CO, injection starts, CO, migrates
from the injection well to the production well. After a
while of injection, the CO, breaks through at the
production well, followed that the production rate of CO,
gradually increases. The earlier the injection time of CO,,
the faster the production rate after the breakthrough.
When the production rate of CO, reaches a certain value,
the production well should be shut down considering the
economic effect. To facilitate comparison with single-

Table 2 Scheme for gas injection time optimization

Number Specific measure

Case 1 IW injection CO,, PW gas drainage

Case 2 Stagel (CBM): IW + PW drainage 500 d, Stage 2 (ECBM):
ase IW injection CO,, PW drainage

Case 3 Stagel (CBM): IW + PW drainage 1000 d, Stage 2 (ECBM):
ase IW injection CO,, PW drainage

Casc 4 Stagel (CBM): IW + PW drainage 1500 d, Stage 2 (ECBM):
ase IW injection CO,, PW drainage

Case 5 Stagel (CBM): IW + PW drainage 2000 d, Stage 2 (ECBM):
ase IW injection CO,, PW drainage

Case 6 Stagel (CBM): IW + PW drainage 2500 d, Stage 2 (ECBM):
ase IW injection CO,, PW drainage

Case 7 Stagel (CBM): IW + PW drainage 3000 d, Stage 2 (ECBM):

IW injection CO,, PW drainage
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Fig. 14 Gas production rates at different injection start times.

well production, in this paper, we define the threshold as
the ratio of CO, recovery rate to CH, production rate of
15%. In the above 7 schemes, the time to shut down the
production well are 4320, 4839, 5604, 6236, 6840, 7465,
and 7676 d, respectively.

Figure 15 shows the cumulative CH, production curves
at different injection start times. When the production
well is shut down, the cumulative CH, production for
injection start time of 0, 500, 1000, 1500, 2000, 2500, and
3000 d are 6.42, 6.80, 7.45, 7.80, 8.10, 8.35, and 8.31 x
109 m3, respectively. The cumulative CH,, production also
increases gradually with the prolong of injection start
time, except for Case 7, which slightly decreases
compared to Case 6.

Figure 16 shows the cumulative CO, sequestration for
different injection start times. When the production well
is shut down, the cumulative CO, sequestration is 10.35,
11.11, 11.38, 11.40, 11.39, 11.44, and 10.66 x 10° m3,
respectively. Figure 17 shows the variation law of CH,
production/CO, sequestration and breakthrough time with
the CO, injection start time. The breakthrough time
increases gradually with the delay of injection time. The
cumulative production of CH, continues to increase until
slightly decreases at 2500 d. The cumulative CO,
sequestration first increases slowly with the injection
time, and remains stable from 1000 to 2500 d, and finally
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Fig. 15 Cumulative CH, production at different injection times.
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shows a decreasing trend after 2500 d. In summary, when
the injection start time is 2500 d, the CH, cumulative/and
CO, sequestration reaches the maximum before shut
down. Hence, the optimal injection starting time in this
research is 2500 d. Compared with the simultaneous start
of drainage and injection, the scheme has improved the
CH, drainage effect by an increment 30.1% of the
cumulative CH,, production.

5 Conclusions

The dual pore structure of coal mass, and the Weibull
distribution of fracture permeability are assumed to
propose an improved THM coupling mathematical model
for CO,-ECBM simulation. The model considers the non-
isothermal adsorption of binary gases, dynamic gas
diffusion between matrix and fractures, multiphase
seepage, coal deformation, heat conduction and heat
convection. The simulation on CO,-ECBM recovery
process is carried out by solving mathematical model via
COMSOL Multiphysics software, and the following
conclusions can be drawn.

1) The CH, content of CO,-ECBM is significantly

Front. Earth Sci. 2023, 17(3): 832—843

lower than that of regular drainage at the same time. The
injected CO, competes adsorption with CH, by displacing
the adsorption site, meanwhile drives CH, to diffuse and
seepage more rapidly toward the production well. In
addition, the CH, content in coal seam during CO,-
ECBM decreases rapidly in the early stage, but slowly in
the later stage.

2) Coal seam permeability evolution is triggered by
changes in gas adsorption/desorption, temperature and
effective stress. For regular drainage, the early
permeability shows a decreasing trend dominated by the
increase of effective stress, while the later permeability
shows an increasing trend dominated by the CH,
desorption caused shrinkage of coal matrix. For CO,-
ECBM, the permeability in coal seam generally shows a
downward trend due to superposition of matrix swelling
induced by CO, adsorption and thermal expansion,
particularly near injection well.

3) For both regular drainage and CO,-ECBM, CH,
production rate first rapidly increases and then slowly
decreases. For CO,-ECBM, an increased and delayed
peak production rate of CH, appears, and the CH,
production rate is always higher than that of regular
drainage. The cumulative CH, production and CO,
sequestration linearly increase with time, and the
cumulative CH, production of CO,-ECBM has increased
by 39.2% in the duration 5000d compared with regular
drainage.

4) A reasonable CO, injection start time can overcome
early CO, breakthrough and ineffective increase of CH,
production. In this study, the optimal injection start time
is 2500 d, which has an increment of 30.1% for CH,
cumulative production compared with the simultaneous
injection.
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