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a b s t r a c t

We explore the fully coupled thermo-hydro-mechanical-chemical (THMC) response of CO2 enhanced
CBM recovery (CO2-ECBM) considering the coupling relationships of competitive sorption of binary gas
and dissolved gas in water (C), gas and water transport in two phase flow (H), thermal expansion and
non-isothermal gas sorption (T), and coal deformation (M). The THMC model is developed, validated
then applied to simulate CO2 enhanced recovery. Parametric studies are completed, systematically
switching-off components of the thermal (T) and hydraulic (H) coupling, to provide insights into key
processes controlling ECBM recovery and key factors. The evolution of permeability is strongly depen-
dent on coal matrix swelling/shrinkage induced by gas adsorption/desorption, expansion by thermal
effects, and compaction by effective stress. Reservoir permeability first decreases, then rebounds before
continuously decreasing to low magnitude. Ignoring the impact of water migration overestimates CH4

production, and ignoring heat transfer underestimates. The high injection pressure and initial perme-
ability will promote fluid mixture transport, resulting in an increase in production and sequestration;
conversely, high injection temperature and water saturation will result in a decrease. Delaying injection
start time is shown to counter the low average production rate and early CO2 breakthrough resulting
from early injection (beginning at ~2500 days for this case).

© 2019 Published by Elsevier Ltd.
1. Introduction

Coalbed methane (CBM) is an important unconventional hy-
drocarbon resource that has significantly gained popularity in
recent decades with fuel substitution for coal resulting in signifi-
cant reductions in CO2 emissions [1e5]. Geological storage of CO2 in
unmineable coal seams is one effective way to reduce greenhouse
gas emissions and enhance CBM production - utilizing CO2
displacement and sweeping [2,6e8] leading to the popularity of
CO2 enhanced coalbedmethane (CO2-ECBM) recovery [9e11]. Since
the first field trial of CO2-ECBM in the San Juan Basin (1993), a
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number of field pilots of CO2 injection in coal seams have been
conducted worldwide, such as in America, Europe, China, Japan,
New Zealand, and India [12e19]. These demonstrations have been
constrained by parallel experimental efforts to define key controls
on ill-constrained in situ processes [20e23]. However, CO2-ECBM
recovery is not yet a mature technology, in spite of the growing
number of pilot and field tests worldwide that have shown its
potential and highlighted its difficulties [24]. The enhanced effects
observed in pilot wells and those in experiments differ - largely due
to the varied effects of coal reservoir properties and injection pa-
rameters, such as reservoir/injection pressure, initial/injected
temperature, moisture, mineral content, pore microstructures and
permeability [25e28]. Because of the lack of repeatability apparent
between observations and experiments and the innate complexity
of both field and laboratory tests, physics-based models that
incorporate all key processes involved in the thermo-hydro-
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mechanical-chemical (THMC) response in a clear and transparent
manner are particularly important [29,30].

A variety of mathematical models are available to provide the
necessary physics-based insight into primary and CO2 enhanced
CBM recovery [31e55]. The coal seam is typically assumed as a
dual-porosity systemwith micro-porous matrix and macro-porous
cleats/fractures containing adsorbed and free gas where the coal-
gas interactions may be investigated [31e33]. The varying of in-
situ stress, gas pressure and binary gas (CH4, CO2) sorption
changes the porosity and permeability within the coal seam, which
in turn impacts the evolution of binary gas diffusion and transport
[34e40]. Based on these assumptions, models coupling gas flow
and geomechanical processes were first proposed for enhanced
coal seam methane recovery through CO2 sequestration, in which
the modified Langmuir equation is adopted for competitive sorp-
tion of binary gases, and Fick's law and Darcy's law are applied for
gas diffusion and seepage in the dual-porosity system [41,42].
These include the Klinkenberg effect on gas flow [43]. Field
demonstration projects have indicated the role of preexisting for-
mation water, heterogeneous permeability and thermal effects on
gas sorption e identifying a large deviation in gas production from
CO2-ECBM where these effects are not accommodated
[2,25,44e48]. Hence, additional mechanistic couplings, for
example gas water two-phase flow and poromechanics [3,49,50],
non-isothermal gas sorption on coal [51,52] and heat transfer
within fractured porous media [53] are also accommodated in
representing primary and enhanced CBM recovery. In addition,
studies have observed a significant reduction in the elastic modulus
and permeability of coal after adsorbing carbon dioxide, demon-
strating the complex couplings among the chemical, flow and
mechanical properties during CO2-ECBM recovery [54,55]. In gen-
eral, these couplings provide a useful theoretical foundation for
CO2-ECBMmodeling. But, these establishedmodels were either not
fully coupled or one or more critical interactions were ignored.
These include the incorporation of temperature dependent vis-
cosity of gas mixtures, the role of binary gas transport and sorption
between matrix and fractures, thermal effects on binary gas sorp-
tion, dissolved gas in water, and two-phase flow in water rich
reservoir. A more comprehensive model coupling all these re-
sponses should be proposed to explore CH4 production and the
potential for CO2 sequestration in enhanced CBM recovery.

We present an improved THMC coupling model for CO2-ECBM
recovery, that includes dual porosity non-isothermal interactions of
binary gas competitive sorption, gas and water two-phase flow,
thermal expansion that impact the dynamic evolution of porosity
and permeability. This model is first validated against historic
experimental data, and then applied in a parametric analysis of CO2
enhanced recovery in situ. We examine a variety of models with
different coupling relationships and identify key factors that con-
trol response. Finally, the impact of the start time of CO2 injection is
explored, relative to the initiation of dewatering and CH4 draw-
down, to optimize cumulative recovery. Together, these in-
vestigations provide a better understanding of the roles of mass
transport and especially of heat transfer during the entire process
of CO2-ECBM recovery.
2. Development of mathematical model for CO2 enhanced
CBM recovery

CO2 enhanced CBM recovery involves intense feedbacks in
thermo-hydro-mechanical-chemical (THMC) coupling phenome-
non. The hydraulic and chemical fields involve the complex mass
transport of binary gases (CO2, CH4) with gas-water represented as
concurrent two-phase flows superposed on competitive non-
isothermal adsorption and dissolved gas in water. When non-
thermally equilibrated CO2 gas is injected into the coal seam, heat
transfer (e.g. thermal conduction and convection) occurs among
the coal skeleton, binary gases and water mass, accompanied by
energy release/adsorption associated with gas sorption/desorption,
in turn impacting the thermal field. The changes in the hydraulic,
chemical and thermal fields also have an impact on coal deforma-
tion, affecting porosity and permeability and influencing the
convective fluxes of water, gas and energy.

Models for CO2 enhanced CBM recovery includes governing
equations representing binary transport of the gas and water
mixtures, coal deformation, and thermal conduction and convec-
tion. The following assumptions are typically incorporated in the
governing equations [3,10,47,48,51e53]: (1) Coal is represented as a
poroelastic material with single-permeability and dual-porosity
(fractures and matrix pores); (2) CH4 and CO2 exist and migrate
simultaneously in both pores and fractures - the dry gases conform
to the ideal gas law and the dissolved gases to Henry's law; (3)
Water only exists andmigrates in fractures, with any water vapor in
the gas mixture satisfying the Kelvin-Laplace law; (4) The fracture
system is saturated by the binary gas and water mixtures; (5)
Transport of CH4 and CO2 gases in the coal seam are treated in
tandem as two sequential steps: CH4 first diffuses from the matrix
to the fractures according to Fick's law, and is then transported in
the fractures according to Darcy's law; conversely, CO2 migrates in
the opposite direction, first transported in the fracture network
according to Darcy's law then diffusing into the matrix according to
Fick's law; (6) Competitive adsorption between CH4 and CO2 in the
coal matrix satisfies the modified Langmuir equation. A schematic
of these processes representingmass transport of the gas andwater
mixtures during CO2-enhanced CBM recovery is shown in Fig. 1.
2.1. Governing equations of binary gas and water transport

The free binary gas in both the fracture and matrix pore is
assumed to satisfy the ideal gas law. The relationship between
density of the gas mixture and gas pressure can be defined as
[48,51]:

rgi ¼
Mgi

RT
pgi (1)

where the subscript i represents the gas component (i¼ 1 for CH4,
and i¼ 2 for CO2);Mgi is the molar mass of gas component i, g/mol;
pgi is the gas pressure of component i, Pa; R is gas molar constant, J/
(mol$K); and T is the temperature of gas, K.

The gas content of CH4 and CO2 in the coal matrix consists of
both free and absorbed gas components with the mass in a unit
volume of matrix, is defined as [52]:

mmgi ¼ fmrgi þ Vsgircrgsi (2)

where 4m is the porosity of the coal matrix; rgi is the density of gas
component i, kg/m3; Vsgi is the absorbed gas content of component
i, m3/kg; rs is the density of the coal skeleton, kg/m3; rgsi is the
density of gas component i under standard conditions, kg/m3; and
ps and Ts are the atmospheric pressure and temperature under
standard conditions.

The gas volume adsorbed per unit coal mass under variable
temperature can be evaluated from the modified Langmuir volume
equation [47,52]:
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Vsgi ¼
VLibipmgi

1þP2
i¼1bipmgi

exp
�
� c1
1þ c2pm

�
T � Tref

��
(3)

where c1 and c2 are the thermal coefficients of gas sorption; VLi is
the Langmuir volume constant of gas component i, m3/kg; pLi is the
Langmuir pressure constant of gas component i, Pa; bi¼ 1/PLi; pmgi

is the gas pressure of component i, Pa; Tref is the reference tem-
perature for the adsorptionmeasurement, K; and pm¼ pmg1þpmg2 is
v
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CCCCCCCA
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Gas to ðor fromÞ fracture

(7)
the total gas pressure in the matrix, Pa.
Binary gas transport in the coal matrix is a diffusion-dominated

process. According to the basic assumptions aforementioned, CH4

and CO2 in the coal seam are initially in the state of dynamic
sorption/desorption equilibrium. When the equilibrium state is
disturbed by gas extraction or injection, the adsorbed CH4 desorbs,
and diffuses from the coal matrix to the fractures, driven by the
concentration gradient. Accordingly, the injected CO2 gas counter
8>>>>>>>>>>>>><
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v
�
sgff rfgi

�
vt

þ V,
�
rfgiqgi

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Gas phase in fracture

þ
v
�
swff rfgdi

�
vt

þ V,
�
rfgdiqw

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Dissolved gas in water phase in fracture

¼ 1
ti

Mgi

RT

�
pmgi � pfgi

�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Gas from ðor toÞ matrix

v
�
swff rw

�
vt

þ V,ðrwqwÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Water phase in fracture

þ
v
�
sgff rf v

�
vt

þ V,
�
rf v
X2

i¼1
qgi
�

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Water vapour in gas phase in fracture

¼ 0

(8)
diffuses from the fractures to the matrix pores, and adsorbs to the
pore surface. In this manner, the low pressure of the CH4 in the
fractures is compensated for by flow driven from the high pressure
of CO2 in the fractures. Based on Fick's law, mass transport in coal
matrix is defined as [56]:

Qsi ¼ �3p2Di

L2
Mgi

RT

�
pmgi � pfgi

�
(4)

where pmgi is the gas pressure of component i in the matrix, Pa; pfgi
is the gas pressure of component i in the fracture, Pa; Di is the
diffusion coefficient of gas component i, m2/s; and L is the cleat
spacing, m. Typically, the coefficients on right hand side of the
above formula can be lumped together as [48]:

ti ¼
L2

3p2Di
(5)

where ti is the desorption time of gas component i, which reflects
the time taken for diffusion to progress between coal matrix and
fractures to desorb 63.2% of the total adsorbed gas.

Applying mass conservation to the gas contained in the coal
matrix, we obtain [52]:

vmmgi

vt
¼ Qsi (6)

Substituting Eqs. (1)e(5) into Eq. (6), the governing equations
for CH4 and CO2 gas migration in the coal matrix are defined as:
Formation water, CH4 and CO2 gas coexist in the coal reservoir
with the gas-water mixture within the fractures transported as a
two-phase flow. Desorption of adsorbed CH4 in the coal matrix
provides a mass source term for the CH4 gas migration in the
fractures. Accordingly, the sorption of CO2 in the matrix represents
a mass sink for CO2 migration in the fractures. The mass conser-
vation equation for the fracture system can be expressed as [3,52]:
where sw is thewater saturation; sg¼ 1-sw is the gas saturation; 4f is
the porosity of fracture; qgi is the velocity of gas component i, m/s;
qw is the velocity of the water, m/s; rw is water density, kg/m3;
pfw¼ pfg-pcgw is water pressure in the fractures, Pa; pcgw is the
capillary pressure, Pa; and t is time, s.

Henry's law assumes a dynamic thermal equilibrium between
the dissolved gas and the dry gas, the density of the dissolved gas
may be obtained from Henry's law as:

rfgdi ¼ Hgirfgi (9)

where Hgi is the Henry's coefficient of gas component i.
Vapor is assumed to be in equilibrium with the liquid water.

According to the KelvineLaplace law, the vapor density is given as
[57]:

rf v ¼ rf v0h ¼ rf v0 exp
�

pcgw
rwRvT

�
(10)

where rfv0 is the density of saturated vapour, kg/m3; h is the relative
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humidity; Rv is the latent heat of vapor, J/(K$kg).
Fluid transport during CO2 enhanced recovery involves gas-

water transport as two-phase flow. By considering the Klinken-
berg effect within the porousmedium, the velocity of gas andwater
flows in the fracture can be defined by the generalized Darcy's law
[3,58] as:
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mgi
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(13)
where k is the absolute permeability of the coal seam, which is
defined by Eq. (31), m2; krw is the water relative permeability; and
krg is the gas relative permeability; mw is the dynamic viscosity of
water, Pa$s; mgi is the dynamic viscosity of gas component i, Pa$s;
and bk is the Klinkenberg factor, Pa.

The relative permeability of the porous medium is largely
dependent on the existing and residual components of the gas
mixture and water. The relative permeability for gas and water
(Corey) is expressed as [59e61]:
8>>>>><
>>>>>:

krg ¼ krg0

�
1�

�
sw � swr

1� swr � sgr

��2
 
1�

�
sw � swr

1� swr

�2
!

krw ¼ krw0

�
sw � swr

1� swr

�4
(12)

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

Substituting Eqs. (9)e(12) into Eq. (8), the governing equations
for binary gas and water mixture migration in fractures can be
obtained:
enabling mass transport of all components to be followed.

2.2. Governing equations of coal mechanical deformation

Fractured coalbeds are typical dual-porosity materials, with
mechanical properties significantly influenced by the interior pores
and fractures. Accommodating the expansion induced by thermal
stress, the compaction induced by fluid pressure of the mixture
within the matrix and fractures (effective stress), and the
shrinkage/swelling resulting from gas sorption/desorption, the to-
tal strain for coal seam can be defined as [3,47,52,62]:
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εkl ¼
1
2G

skl �
�

1
6G

� 1
9K

�
sdddkl þ

ampm þ af pf
3K

dkl þ
aTT
3

dkl

þ εs

3
dkl

(14)

where G¼D/2(1þn) is the shear modulus, Pa; n is Poisson's ratio;
D¼ 1/[1/Eþ1/(a∙Kn)] is effective elastic modulus, Pa; Kn is the
normal stiffness of the fracture, defined as the rate of change in
normal stress with respect to fracture closure, Pa/m; a is the
spacing between fractures, m; E is the elastic modulus, Pa; K¼D/
3(1-2n) is the bulk modulus, Pa; Ks¼ Es/3(1-2n) is the skeletal bulk
modulus, Pa; Es is the skeletal elastic modulus, Pa; am¼ 1-K/Ks is
the Biot effective stress coefficient for the coal matrix, and af¼ 1-K/
(a∙Kn) is the Biot effective stress coefficient for fractures [63];
pm¼ pmg1þpmg2 is the gas mixture pressure within the matrix
(Dalton's law), Pa; pf¼ swpfw þ sg (pfg1þpfg2) is the water-gas
mixture pressure within the fracture, Pa; aT is the thermal expan-
sion coefficient, 1/K; εs¼ εs1þεs2 is the volumetric strain of matrix
swelling/shrinkage induced by gas sorption/desorption; T0 is initial
temperature within the coal seam, K; dij is the Kronecker delta with
1 for i¼ j and 0 for isj.

The gas sorption/desorption in the coal matrix is usually
accompanied by swelling/shrinkage within the matrix [64e66].
Experimental evidence supports the use of the extended Langmuir
isotherm equation in representing the sorption of the gas mixture.
By analogy, the sorption induced volume strain, in terms of each gas
component, can be defined as [48,51,52]:

εsi ¼
εLibipmgi�

1þP2
j¼1bjpmgj

� (15)

where εLi is the Langmuir-type strain coefficient, which represents
the maximum swelling capacity.

The strain-deformation relation may be expressed as:

εkl ¼
1
2
�
uk;l þ ul;k

�
(16)

where uk is the deformation in the k direction, m; k,l¼ x, y, z.
The stress equilibrium relations can be defined as:

skl;l þ fk ¼ 0 (17)
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where Fk is the body force in the k direction, N.
Substituting Eqs. (14)e(16) into Eq. (17), the Navier-type equa-

tion can be obtained as:
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(18)

representing the constitutive relation for both the matrix and
fracture network system.

2.3. Governing equations of energy conservation

The coal skeleton, binary gas and water coexist within an REV.
During the process of CH4 extraction and CO2 injection, energy
exchange occurs due to the variation of internal energy caused by
temperature change, strain energy produced by volume deforma-
tion of the coal, isosteric heat induced by gas adsorption, as well as
the heat convection and conduction among the solid and fluid
phases. The state of thermal equilibrium is assumed to be satisfied
in this volume system, which can be expressed as [3]:
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¼ 0

(19)

where (rCp)eff is the effective specific heat capacity of the coal mass,
J/(m3$K); heff is the effective heat convection coefficient of the fluid
mixture, J/(m2$s); leff is the effective thermal conductivity, W/
(m$K); and qsti is the isosteric heat of gas adsorption of component
i, kJ/mol.

The effective specific heat capacity is determined by the density
and the specific heat capacity of all components within the coal
mass:
where Cs, Cg1, Cg2, Cw, Cv are the specific heat capacities of coal
skeleton, CH4, CO2, water, and vapor, J/(kg$K), respectively.

The effective heat convection coefficient of the fluid mixture is
related to the convective heat transfer of CO2, CH4 and water in the
fracture:
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The effective thermal conductivity of coal mass is a linear
combination of the thermal conductivity of each component:

leff ¼
�
1� ff � fm

�
ls þ fmlmgm þ ff

�
sglfgm þ swlfw

�
(22)

where ls, lmgm, lfgm, lfw are the thermal conduction coefficients for
the coal skeleton, gas mixture (CO2 and CH4) in the matrix, gas
mixture in the fractures, and water in fractures, respectively, W/
(m$K).

For the gas mixture, the thermal conduction coefficient is
defined as:

lm ¼ 1
2

�XN

i¼1
xili þ

�XN

i¼1
xi=li

��1
�

(23)

where xi and li are the molar fraction and thermal conduction co-
efficient of gas component i, respectively; N is the number of gas
components in the mixture - for the matrix N¼ 2 (CO2 and CH4),
while for the fractures N¼ 3 (CO2, CH4 and vapor).
2.4. Porosity and permeability evolution

The coal seam is assumed to be a dual-porosity and single-
permeability medium with matrix pores and fractures, as shown
in Fig. 2. The matrix pores provide the principal reservoirs for gas
storage, while the fracture porosity controls permeability and
therefore significantly affects the migration of the binary gas and
water mixture. Therefore, porosity and permeability exert the key
controls on the entire process of CO2-ECBM recovery, viz the
coupling of the solid stress, gas pressure, binary gas sorption,
thermal response and mechanical properties of the coal seam.
Fig. 2. Dual-porosity and single-perm
A general model of porosity in the coal matrix can be expressed
as [3]:

fm ¼ fm0 þ
ðam � fm0Þðεe � εe0Þ

ð1þ εeÞ (24)

where εe¼ εv þ pm/Ks-aTT-εs; εv is the volume strain of the coal, and
the subscript ‘0’ represents the initial value of all parameters.

The effective stress of the coal matrix and fracture are defined as
[63,67]:

(
sem ¼ s�

�
ampm þ af pf

�
sef ¼ s� af pf

(25)

where s ¼ ðs11 þ s22 þ s3Þ=3 is the average principal stress.
Considering the effective stress acting upon the coal matrix and

fractures, the volumetric strain of the REV is expressed as [68]:

Dεv ¼ a3

s3Km
Dsem þ s3 � a3

s3Kf
Dsef �

a3

s3
Dðεs1 þ εs2Þ �

a3

s3
aTDT

(26)

where s¼ aþb is the length of the REV, m; a is the spacing between
parallel fracture sets, m; and b is the facture aperture, m.

Substituting Eq. (25) into Eq. (26), we obtain:
eability model for a coal seam.



Fig. 3. Coupling relations of the proposed model for CO2-ECBM recovery.
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Fig. 4. Geometric and boundary conditions for model validation.
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Dεv ¼ a3

s3Km
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�
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D
�
s� af pf

�
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(27)

Assuming ras¼ a/s as the ratio of matrix width to the REV length
enables the effective stress on the fractures is expressed as:

Ds� afDpf ¼
KmKf

Kf r3as þ Km � Kmr3as

�
r3asDðεs1 þ εs2Þ þ r3asaTDT

þ Dεv þ r3as
Km

amDpm

�
(28)

The fracture deformation caused by the change in effective
stress is defined as:

Db ¼ b
3Kf

Dsef ¼
b

3Kf

�
Ds� afDpf

�
(29)

Therefore, the evolution of fracture porosity can be expressed
as:

ff ¼ ff0

�
1þ Db

b

�

¼ ff0 þ
ff0Km

3
�
Kf r3as þ Km � Kmr3as

��r3asDðεs1 þ εs2Þ þ r3asaTDT

þ Dεv þ r3as
Km

amDpm

�
(30)

The cubic law between fracture porosity and permeability is
adopted,
k ¼ k0

0
@1þ Km

3
�
Kf r3as þ Km � Kmr3as

��r3asDðεs1 þ εs2Þ þ r3asaTDT þ Dεv þ r3as
Km

amDpm

�1A3

(31)
where 4f0 is the initial fracture porosity; and k0 is the initial fracture
permeability, m2.

2.5. Coupling relation for the THMC model

We assemble governing Eq. (7), (13), (18), (19), (24), (30) and
(31) to establish the THMC model for CO2-ECBM recovery. The
coupling relations are shown in Fig. 3. The bidirectional interactions
between the coal deformation, binary gas (CO2, CH4) sorption and
transport, water transport and heat transfer fields illustrate the full
coupling of the proposed model. The equations are complex
nonlinear second-order partial differential equations (PDEs) that,
due to their spatio-temporal nonlinearity, are difficult to solve
analytically [3]. COMSOL Multiphysics provides a powerful PDE-
based modeling environment that we utilize to obtain a numeri-
cal solution using the finite element (FE) method. The solid me-
chanics module is applied to evaluate mechanical deformation, and
several general PDE modules are applied to calculate hydraulic,
thermal and chemical fields e two PDE modules are for CH4 and
CO2 migration in the matrix system, three PDE modules for the
migration of the gas-water mixture in the fracture system, with a
final PDE module accommodating energy transport.

3. Model validation

3.1. Parameter setting and geometry model

Results are available for a set of core flooding experiments
representing CO2-ECBM recovery [22] at a variety of injection
pressures. Large coal blocks collected from the C1 coal seam of the
Baijiao coal mine, south Sichuan basin, China, were shaped into
cylindrical samples (48.3mm in diameter and 98.2mm in height).
The tests were performed using a high pressure triaxial
servoecontrolled core holder at Chongqing University. This appa-
ratus comprises three parts - a triaxial cell, a temperature control
unit and a gas injection and recovery unit. The coal sample is first
loaded into the apparatus and the temperature set to 15 �C. After
removing the residual air, the sample is saturated with CH4 at
1.5MPa under confining stress of 6MPa. Following equilibrium
sorption (no volume change), CO2 is then injected into the sample
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and the flooding experiment conducted at CO2 injection pressures
of 2, 2.5, 3, and 3.5MPa.

This laboratory experiment is followed using the THMC model
described in the previous. The coal sample is represented as shown
in Fig. 4 under a constant confining stress of 6MPa and vertical
stress of 8MPa. CO2 injection pressures (2, 2.5, 3, and 3.5MPa) are
applied to the top boundary with the CO2 and CH4 pressures at the
outlet set to atmospheric pressure with no water nor gas flow
across the boundaries. The initial CH4 pressure, water saturation,
permeability, and temperature in the coal sample are set to 1.5MPa,
0.6,1.2� 10�17m2, and 15 �C, respectively. The key parameters used
in modelling are listed in Table 1, with all other parameters
congruent with those of the simulation of CO2-ECBM recovery in
situ (Table 2 in Section 4.1). The results of both experiment and
modelling are shown in Figs. 5 and 6.

3.2. Results comparison

Fig. 5 shows the volume composition of CH4 and CO2 at the
outlet relative to injection pressure for both models and mea-
surements. The produced gas at the outlet is initially pure CH4 with
the volume composition of CH4 successively decreasing and that of
CO2 increasing - indicating the breakthrough of CO2. Post break-
through, the CH4 composition decreases and the CO2 composition
increases continuously over time. Finally, the CO2 composition
Table 2
Related parameters used in the numerical simulation.

Parameter Value

Density of coal (rc, kg/m3) 1.47� 103

Porosity of matrix (4m) 0.045
Porosity of fracture (4f) 0.011
Dynamic viscosity of CH4 (m1, Pa$s) 1.34� 10�5

Dynamic viscosity of CO2 (m2, Pa$s) 1.84� 10�5

Dynamic viscosity of water (mw, Pa$s) 1.01� 10�3

Capillary pressure (pcgw, MPa) 0.035
Thermal coefficients of gas sorption (c1, 1/T) 0.021
Thermal coefficients of gas sorption (c2, 1/MPa) 0.071
Isosteric heat of CH4 adsorption (qst1, kJ/mol) 16.4
Isosteric heat of CO2 adsorption (qst2, kJ/mol) 19.2
Initial temperature in coal seam (T0, K) 305.5
Young's modulus of coal seam (E, GPa) 2.713
Young's modulus of coal skeleton (Es, GPa) 8.469
Fracture stiffness (Kn, GPa/m) 2.8
Poisson's ratio of coal (n) 0.35
Specific heat capacity of coal (Cs, J/(kg$K)) 1350
Specific heat capacity of water (Cw, J/(kg$K)) 4187
Specific heat capacity of CH4 (Cg1, J/(kg$K)) 2220
Specific heat capacity of CO2 (Cg2, J/(kg$K)) 844
Specific heat capacity of vapor (Cv, J/(kg$K)) 1996
Thermal expansion coefficient of coal (aT, 1/K) 2.4� 10�5

Reference temperature for adsorption test (Tref, K) 300
Density of saturated water vapor (rfv0, kg/m3) 0.13
Henry's coefficient of CH4 (Hg1) 0.0014
Henry's coefficient of CO2 (Hg2) 0.0347

Table 1
Key parameters used in model validation.

Parameter Value

Porosity of matrix (4m) 0.06
Porosity of fracture (4f) 0.01
Dynamic viscosity of CH4 (m1, Pa$s) 1.03� 10�5

Dynamic viscosity of CO2 (m2, Pa$s) 1.38� 10�5

Dynamic viscosity of water (mw, Pa$s) 1.01� 10�3

Initial water saturation (swi) 0.6
Irreducible water saturation (swr) 0.42
reaches to ~90%when the outlet is closed. For injection pressures of
2, 2.5, 3, 3.5MPa, the average relative errors of CH4 composition are
23, 13.5, 14.2 and 24.3%, and those of CO2 composition are 11.8, 5.4,
6.1 and 3.6%, respectively. The breakthrough time for the CO2
shortens with an increase in the injected gas pressure e an
increased CO2 pressure gradient results in an increased CO2 flow
velocity and earlier breakthrough. For the experiments, the break-
through time for the CO2 under the injection pressures of 2, 2.5, 3,
and 3.5MPa are 16, 10, 6, and 4min, respectively. For the simula-
tions, the corresponding values are 13, 9, 5, and 4min, respectively
- indicating that the simulated results adequately match the
experimental observations.

Fig. 6 compares the flow rates of CH4 and CO2 at the outlet be-
tween the modelling and experimental data. As anticipated, an
increased injection pressure results in an increased CO2 flow rate at
the outlet and a shorter duration for the flow rate to reach peak
magnitude. The CH4 flow rate at higher injection pressures usually
exhibits a relatively higher value at beginning, but drops dramati-
cally over time. Compared to the experimental results, the CH4 flow
rate in the simulation is characterized by a process of initial tran-
sient increase, followed by a rapid decrease. This is because the gas
transport in the coal sample is affected by the combined effects of
competitive sorption, water seepage, heat transfer and effective
stress on coal. For injection pressures of 2, 2.5, 3, 3.5MPa, the
average relative errors of CH4 flow rate are 23.8, 24.6, 35.5 and
Parameter Value

Initial permeability of fracture (k0, m2) 5.14� 10�16

Langmuir volume constant of CH4 (VL1, m3/kg) 0.0256
Langmuir pressure constant of CH4 (PL1, MPa) 2.07
Langmuir volume constant of CO2 (VL2, m3/kg) 0.0447
Langmuir pressure constant of CO2 (PL2, MPa) 1.38
Langmuir constant of CH4 induced strain (εL1) 0.0128
Langmuir constant of CO2 induced strain (εL2) 0.0237
Endpoint relative permeability of water (krw0) 1.0
Endpoint relative permeability of gas (krg0) 0.875
Initial water saturation (swi) 0.82
Irreducible water saturation (swr) 0.42
Residual gas saturation (sgr) 0.05
Klinkenberg factor (bk, MPa) 0.76
Initial CO2 gas pressure in fracture (pfg20, MPa) 0.1
Initial CO2 gas pressure in matrix (pmg20, MPa) 0.1
Initial CH4 gas pressure in fracture (pfg10, MPa) 5.24
Initial CH4 gas pressure in matrix (pmg10, MPa) 5.24
Adsorption time of CH4 (t1, d) 0.221
Adsorption time of CO2 (t2, d) 0.334
Thermal conductivity of coal (ls, W/(m$K)) 0.1913
Thermal conductivity of CH4 (lg1, W/(m$K)) 0.0301
Thermal conductivity of CO2 (lg2, W/(m$K)) 0.0137
Thermal conductivity of water (lw, W/(m$K)) 0.5985
Gas constant of water vapor, (Rv, J/(K$kg) 461.51
Langmuir-type strain coefficient of CH4 (εL1) 0.0128
Langmuir-type strain coefficient of CO2 (εL2) 0.0237

Parameter Value

Initial permeability of fracture (k0, m2) 1.2� 10�17

Langmuir volume constant of CH4 (VL1, m3/kg) 0.02
Langmuir pressure constant of CH4 (PL1, MPa) 2.07
Langmuir volume constant of CO2 (VL2, m3/kg) 0.0314
Langmuir pressure constant of CO2 (PL2, MPa) 1.38
Langmuir-type strain coefficient of CH4 (εL1) 0.0128
Langmuir-type strain coefficient of CO2 (εL2) 0.0237



Fig. 5. Volume composition histories of CH4 and CO2 at output for various relative injection pressures.

Fig. 6. Comparison between simulated and experimental flow rates: (a) CH4 flow rate, (b) CO2 flow rate.
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15.6%, and those of CO2 flow rate are 11.7, 3.3, 9.9 and 13.2%,
respectively. A slight deviation of the CO2 flow rate is apparent
between observations and model results in the high rate stage, but
the modelling and experimental results are generally in good
agreement.
4. Numerical simulation on CO2 sequestration and enhanced
CBM recovery

4.1. Simulation case and conditions

Qinshui Basin, one of the earliest and most commercially viable



Fig. 8. Relative permeability curves for gas and water.

Fig. 9. Variation of adsorbed gas content of CO2 and CH4 relative to gas pressure and
temperature.
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areas for CBM exploration and development in China. With an
estimated methane reserve about 3.28� 1012m3 at standard con-
ditions, it is located in the southeast of Shanxi Province, ~210 km
south of Taiyuan, and ~60 km northwest of Jincheng. The primary
target zone is coal seam #3 in the Shanxi Formation of uniform
thickness (5e6m), high permeability (0.01e10 mD), high gas con-
tent (8.27e21.54m3/t) and shallow burial depth (~600m). A pilot
CO2-ECBM recovery demonstration project began in 2002 [13] with
wells in a traditional five-spot pattern (Fig. 7a) [51,52], comprising a
central injection well surrounded by four production wells. We
simulate the upper right (NE) quadrant (~1/4) of this near-regular
five-spot pattern as a 150m� 150m� 5m block as shown in
Fig. 7b. Actually, the simulated distance between adjacent pro-
ductionwells is 300m. The injection and productionwells (0.1m in
diameter) are arranged at the lower left and upper right corners of
the geometric model, respectively.

The basal boundary is for zero deformation with slip conditions
applied to the surrounding boundaries and overburden loading on
the upper boundary. For the fluid flow (CH4, CO2, and water), a
constant pressure of 0.15MPa is applied to the production well and
8MPa to the injection well (no gas flow to the injection well in the
primary recovery). An injection temperature of 323 K is applied to
the injection well with all the other external boundaries insulated
for both fluid and heat flow.

The initial reservoir pressure is 5.24MPa, initial reservoir tem-
perature is 305.5 K, initial water saturation is 0.82 and initial
permeability is 5.14� 10�16m2. Other parameters used in the
simulations are listed in Table 2 as recovered from the public
domain [3,48,51,52,69,70]. The solution grid comprises 4860 ele-
ments and 67435� of freedom using tetrahedral elements and with
simulation extended over 5000 days (~14 years). The reference
section (Line A-B) and three points (P1, P2, P3) are used to report
the evolution of reservoir parameters.

According to Eq. (12) and the parameters in Table 2, we plot the
relative permeability in Fig. 8. The gas relative permeability is
relatively low when the water saturation is larger than 0.6, indi-
cating that the gas is transported slowly in the water rich reservoir.

Fig. 9 shows the change in adsorbed gas content in the coal seam
with reservoir temperature and gas pressure. The adsorbed gas
content of CO2 is significantly larger than that of CH4, implying that
CO2 has a stronger adsorption capacity when competing with CH4.
With an increase in reservoir temperature, the adsorbed gas con-
tent of both CO2 and CH4 decrease. For example, the gas contents of
CO2 under a gas pressure of 5.24MPa are 0.0483, 0.0352, and
0.0259m3/kg at temperatures of 285.5, 305.5, and 325.5 K,
Fig. 7. (a) Configuration of five-spot pattern well for CO2-ECBM p
respectively. While, the corresponding gas contents of CH4 are
0.0248, 0.0183, and 0.0134m3/kg, respectively. This indicates the
ilot test and (b) geometric model for CO2-ECBM simulation.



Fig. 10. Reservoir pressure in coal seam during primary recovery and CO2 enhanced recovery.

Fig. 11. Distribution of gas content in the coal seam during primary recovery and CO2 enhanced recovery.
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significant impact of temperature on gas content in coal reservoirs
and cannot be ignored.
4.2. Results of numerical simulations

4.2.1. Distribution of reservoir pressure
We simulate the process of both primary CBM recovery and CO2
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enhanced CBM recovery, for comparison. The reservoir pressure is
defined by the gas pressure in the fractures, which is equal to the
gas pressure of CH4 in the fractures for primary recovery and the
sum of gas pressures of CH4 and CO2 in the fractures for enhanced
recovery. The distribution of reservoir pressure is presented in
Fig. 10. For primary recovery without CO2 gas injection, the reser-
voir pressure continuously drops until reaching the bottom pres-
sure in the production well (Fig. 10a). After production for 5000
days, the reservoir pressure in the entire coal seam has decreased to
<2.5MPa. In the case of enhanced recovery with CO2 injection, the
reservoir pressure near the injection well increases rapidly while
the reservoir pressure at the production well first gradually de-
creases, then rebounds (Fig. 10b). Due to the stronger adsorption
capacity, injected CO2 will displace absorbed CH4 within matrix,
accelerating CH4 desorption, then diffusing into the fractures to
increase CH4 pressure in fractures [71,72].

4.2.2. Distribution of gas content
Fig.11 shows the variation of gas content in the coal reservoir for

both primary and enhanced recovery. For primary recovery, the gas
content around the production well gradually decreases and ex-
pands to fill the entire reservoir (Fig. 11a). For enhanced recovery
the CH4 content decreases at both production well and injection
well with the duration of injection. The competitive adsorption
effect of CO2 causes the CH4 content near the injection well to drop
and the desorbed CH4 increases the gas pressurewithin the fracture
to drive CH4 towards the productionwell (Fig. 11b). Compared with
primary recovery, the CH4 content of enhanced recovery first in-
creases slightly and then sharply decreases. In Fig. 11c, the gas
content of CO2 in the coal seam increases with production time,
particularly near the injection well.

4.2.3. Reservoir temperature
The reservoir temperature is closely related to the heat transfer

in the coal seam. Fig. 12 shows the reservoir temperature along the
reference section A-B during both primary recovery and CO2
enhanced recovery. For primary recovery, the temperature within
the coal reservoir gradually decreases with production time - from
an initial temperature of 305.5 K to the final temperature of
~302.5 K at 5000 days (Fig. 12a). The gas desorption consumes en-
ergy, causing a drop in reservoir temperature. Therefore, the tem-
perature near the production well decreases faster than that in the
interior of the coal reservoir. In Fig. 12b, the reservoir temperature
Fig. 12. Reservoir temperature along the referen
during CO2 enhanced recovery increases with production timewith
the variation being more complex. The reservoir temperature is the
competitive result of the cooling induced by CH4 desorption, and
the heating by the injection temperature and CO2 adsorption. Close
to the injection well, the injected high temperature flux, together
with the energy released by adsorption of CO2, strengthens the heat
transfer within the reservoir. Hence, warming dominates near the
injection well, leading to a rapid temperature increase, from
305.5 K to 323.15 K. Proximal to the production well, the reservoir
temperature is greatly influenced by both CH4 desorption and CO2
adsorption. Before the arrival of the injected CO2 (~1000 days), the
reservoir temperature decreases slightly with CH4 desorption.
Following this, CO2 adsorption dominates to elevate reservoir
temperature.

4.2.4. Permeability ratio
Fig. 13 illustrates the permeability ratio at reference points P1

(50, 50, 2.5), P2 (100, 100, 2.5), and P3 (125, 125, 2.5). In Fig. 13a, the
permeability at the primary recovery points P1, P2 and P3 first
decreases due to the depletion of reservoir pressure, and then re-
bounds due to the desorption of CH4. The minimum permeability
ratio at point P1 is ~0.99 at 800 days, and this reaches a maximum
value of ~1.055 at 5000 days. The permeability closer to the pro-
duction well exhibits an earlier decrease and rebound leading to a
more significant impact on gas production. In Fig. 13b, the perme-
ability variation due to the enhanced recovery (utilizing CO2) be-
comes more complex. CH4 desorption and the induced cooling will
increase the fracture permeability, with this countered by the
adsorption of CO2 which raises temperature and decreases the
permeability. The resulting permeability is the combined result of
these two opposing effects. Near the production well (P2, P3), the
permeability first decreases due to the increase of effective stress
(reservoir pressure decrease), but before it rebounds to the initial
value, the arrival of CO2 impacts the permeability. As a result, the
permeability ratio continuously decreases to a very low magnitude
(~0.713 for P3, ~0.7 for P2) at 5000 days. Near the injection well
(P1), due to the low relative gas permeability at initiation, the CH4
pressure drops slightly and CO2 pressure increases slowly. There-
fore, the permeability remains stable over the first 300 days of
production (dewatering stage). After that, the relative gas perme-
ability at P1 increases, leading to a rapid increase of the mass of
injected CO2. The permeability ratio decreases dramatically over
time, from 0.997 (300 days) to 0.659 (5000 days).
ce section A-B relative to production time.



Fig. 13. Evolution of permeability ratio at the three reference points (P1, P2, P3) within the coal reservoir.
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4.2.5. CH4 production and CO2 storage
Fig. 14 presents the gas production during primary and

enhanced recovery. As shown in Fig. 14a, both CH4 production rate
and CO2 recovery rate first increase in early time then reduce at late
time. The peak production rate for primary recovery is 1670.1m3/
d (420 days) and for enhanced recovery is 1919.3m3/d (780 days).
Compared with primary recovery, the peak production rate for
enhanced recovery is both elevated and delayed. In the dewatering
stage, a similar variation of the production rate is found between
primary and enhanced recovery. However, after this stage, the
injected CO2 within the coal seam dominates response via
competitive adsorption - this promotes the transport of CH4 to the
production well, finally raising the CH4 production rate. The
extended duration of dewatering, combined with the low initial gas
relative permeability proximal to the injectionwell, delays the peak
injection rate of CO2. CO2 breakthrough appears at 1620 days when
the CO2 recovery rate begins to increase, ultimately reaching
249.4m3/d (5000 days) at a CO2 concentration of ~20.28% in the
produced gas flow. Fig. 14b shows the variation of cumulative CH4
production and CO2 storage over time. At 5000 days, the cumulative
CH4 production for primary recovery is 5.1 million m3, and the
Fig. 14. Gas production and storage duri
cumulative CH4 production for enhanced recovery is 7.38 million
m3 - an increase of 44.6%. The recovery ratio is defined as the
proportion of the cumulative CH4 production to the initial amount
of CH4 in the coal reservoir. For primary recovery, the recovery
ratios at 500, 1500, 3000, and 5000 days are 6.2%, 18.8%, 32.1% and
43.8%, with the corresponding values for enhanced recovery of
6.5%, 22.6%, 43.1% and 63.3%, respectively. The injection of CO2
effectively increases the recovery ratio. Meanwhile, we define the
enhancement factor as the proportion of recovery ratio of enhanced
recovery to that of primary recovery. Accordingly, the enhancement
factor due to ECBM is 1.05, 1.2, 1.35, and 1.45 respectively at the
incremented times. The cumulative CO2 storage approaches 12.84
million m3 at 5000 days, indicating a significant CO2 storage ca-
pacity and the potential viability for CO2 sequestration within the
coal seam.
5. Discussion on coupling relations and sensitive factors

5.1. Coupling relations

In order to gain insight into the key THMC process that control
ng primary and enhanced recovery.



Table 3
Simulation schedules of different coupled models.

Models Coupling relationships (see Fig. 3) Remark

Scenario Ⅰ __MC model Relations (1)e(8) No heat, no water
Scenario Ⅱ T_MC model Relations (1)e(8), and (15)e(18) With heat, no water
Scenario Ⅲ _HMC model Relations (1)e(12) No heat, with water
Scenario Ⅳ THMC model Relations (1)e(18) With heat and water
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response, we compare the response of four separate models
(Table 3) with different coupling relationships. We represent these
couplings, either incorporating or absent heat transfer (T) and/or
two phase flow (water transport (H)) and gauge their impact with
respect to the resulting CO2-ECBM recovery. Scenario Ⅰ (no heat, no
water e __MC model) incorporates the interactions of gas migra-
tion, competitive sorption (C) and coal deformation (M) but ignores
the impacts of water migration and heat transfer. Scenario Ⅱ (heat,
no water e T_MC model) incorporates heat transfer on the basis of
scenario Ⅰ but ignores watermigration. ScenarioⅢ (water, no heate
_HMC model) incorporates water migration but ignores heat
transfer. And, ScenarioⅣ (heat, watere THMCmodel) incorporates
all coupling relations, including water and gas migration, compet-
itive sorption, coal deformation, and heat transfer. The resulting
evolution of gas content, permeability ratio, CH4 production, and
CO2 storage are compared.
5.1.1. Gas content
Fig. 15 shows gas content along section A-B. As illustrated in

Fig. 15a, the CH4 content decreases gradually over time. Due to the
displacement effect of CO2 and thermal effect on gas sorption, the
CH4 content near the injection well decreases more rapidly than at
the interior. The CH4 content along section A-B shows a “saddle”
shape. The CH4 content of the T_MC model decreases most rapidly,
followed by the __MC, THMC and _HMC models, respectively.
However, an abnormal situation occurs around the CO2 injection
well - the CH4 content of models incorporating heat transfer reduce
more drastically. The gas desorbed bywarming is transported to the
inner region to compensate for the reduction in CH4 content.
Fig. 15b presents the change of CO2 content along section A-B
where the CO2 content increases with injection time. With a low
initial gas relative permeability, the CO2 content of the models
Fig. 15. Variation of gas content along the referen
(_HMC, THMC) considering water transport increases much faster
than that of models where dewatering is ignored (__MC, T_MC).
The high temperature of the injected CO2 reinforces heat transfer
within the coal seam, elevating reservoir temperature. Hence, the
CO2 content of the models considering heat transfer (T_MC, THMC)
increases more slowly than that of models where it is ignored
(__MC, _HMC).
5.1.2. Reservoir permeability
Fig. 16 shows the permeability evolution along section A-B and

point P2 for the different coupled models. In Fig. 16a, the perme-
ability decreases rapidly over time. The permeabilities along sec-
tion A-B are in the order: _HMC model > THMC model> __MC
model> T_MC model. The permeability of models considering
water migration (_HMC, THMC) reduces more slowly than that of
models where it is ignored (__MC, T_MC). Conversely, the perme-
ability of models considering heat transfer (T_MC, THMC) decreases
more rapidly than that in models where it is ignored (__MC, _HMC),
especially in areas recording significant change in reservoir tem-
perature. Due to the impact of matrix shrinkage induced by gas
desorption, a rapid increase in permeability is observed proximal to
the production well. In Fig. 16b, before the arrival of the CO2 front,
the permeability at point P2 of all four models differs only slightly.
Without the participation of CO2, the evolution of permeability is
the competitive result of the matrix shrinkage induced by CH4
desorption and the compaction by the increasing effective stress
(gas pressure depletion) - the permeability first decreases, then
increases. This phenomenon is also apparent in Fig. 13. The models
consideringwatermigration (_HMC, THMC) showa delayed change
in permeability. After the arrival of the CO2 front, the matrix
swelling induced by CO2 adsorption dominates the response,
leading to a sharp decrease in permeability for all four models.
ce section A-B for different coupled models.



Fig. 17. CH4 production for different coupled models.

Fig. 16. Evolution of reservoir permeability for different coupled models.

Fig. 18. CO2 storage for different coupled models.
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5.1.3. CH4 production and CO2 storage
As shown in Fig. 17a, the CH4 production rate of the __MC and

T_MC models decreases with production time, while the CH4 pro-
duction rate of the _HMC and THMCmodels first increases to peaks
of 1917.6m3/d (~680 days) and 1941.4m3/d (~780 days), respec-
tively, before reducing. This peak results from the relatively low
initial gas relative permeability during the dewatering stage. The
presence of water blocks the migration of CH4 from the reservoir
resulting in an increasing process of gas production rate, as
observed in situ [21]. The adsorption of CO2 and the associated high
heat flux elevates the reservoir temperature and further enhances
CH4 desorption. From this perspective, the gas production rate of
models considering heat transfer is greater than that of models
where thermal impacts are ignored. In Fig. 17b, the cumulative CH4
production in the order of highest to lowest is: T_MCmodel> __MC
Table 4
Simulation schedules of sensitive factors.

Parameter Basic value Variation Remark

Injection pressure (pinj) 8.0 4.0, 6.0, 8.0, 10.0 MPa
Injection temperature (Tinj) 323 283, 303, 323, 343 K
Initial water saturation (sw0) 0.8 0.5, 0.6, 0.7, 0.8 e

Initial permeability (k0) 5.14 1.14, 3.14, 5.14, 7.14 10�16m2

Fig. 19. Variation of recovery, storage and permea
model> THMC model> _HMC model. The cumulative production
of CH4 over 5000 days for these four models (__MC, T_MC, _HMC
and THMC) are 8.18, 8.58, 7.11, and 7.47 million m3, with corre-
sponding recovery ratios of 70.2%, 73.6%, 61%, and 63.3%, and with
enhancement factors of 1.6, 1.68, 1.39 and 1.46, respectively.
Therefore, ignoring the impacts of water migration clearly over-
estimates gas production, and ignoring the impacts of heat transfer
underestimates gas production.

Fig. 18 compares the resulting volume of CO2 sequestered for
these four models. In Fig. 18a, similar with CH4 production rate, the
CO2 storage rates for the __MC and T_MC models decrease with the
progress of injection, and the CO2 storage rates for the _HMC and
THMC models first increase to peaks of 3232.3m3/d (~920 d) and
2998.7 (~940 d), respectively, before decreasing. The average stor-
age rate for models considering water migration (_HMC, T_MC) is
smaller than that of models where it is ignored (__MC, T_MC). The
warming of the reservoir inhibits CO2 adsorption and promotes CH4
desorption. Hence, the impact of thermal effects on CH4 production
is opposite its impact on CO2 storage - the models ignoring heat
transfer (__MC, _HMC) have a larger CO2 storage rate than the
models considering heat transfer (T_MC, THMC). Cumulative CO2

storage increases with injection time (Fig.18b) with CO2 cumulative
storage increasing in the order: __MC model > T_MC
model> _HMC model> THMC model. The corresponding CO2
bility relative to different injection pressures.
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cumulative storage over 5000 days is 16.01, 14.68, 13.59, 12.54
million m3, respectively. Taking the proposed THMC model as a
reference, the other three models (__MC, T_MC, _HMC) will over-
estimate the cumulative storage with a deviation of 27.6%, 17%, and
8.3%, respectively.

5.2. System sensitivity

We discuss the effects of key factors influencing CH4 production
rate, CO2 storage rate, CH4 content, and permeability in coalbed
reservoirs. These factors include the injection pressure (pinj), in-
jection temperature (Tinj), initial water saturation (sw0), and initial
permeability (k0). This method of controlling variables is used to
explore the sensitivity of factors to the simulated results of CO2-
ECBM recovery. The simulation schedules for these various sensi-
tive factors are listed in Table 4.

5.2.1. Injection pressure
Fig. 19 shows the variation of recovery, storage and permeability

during CO2-ECBM recovery for different injection pressures. CH4
content is controlled by CH4 desorption andmigration. This, in turn,
depends on drainage activity driven by suction pressure and by CO2

displacement prompted by injection pressure and temperature. The
CH4 content along section A-B decreases with time, especially near
the production and injection wells (Fig. 19a). In general, higher
Fig. 20. Variation of recovery, storage and permeabi
injection pressure results in greater reduction of CH4 content than a
lower injection pressure, despite permeability under high injection
pressure decreasingmore rapidly (Fig. 19b). After injection for 5000
days, the permeability ratio for an injection pressure of 10MPa
decreases to ~0.654. In Fig. 19c and d, the CH4 production rate and
CO2 storage rate both increase with injection pressure. The peak
production rates for injection pressures of 4, 6, 8, and 10MPa are
1752, 1816, 1941, and 2297m3/d at 500, 580, 780, and 1280 days
respectively - illustrating that higher injection pressure results in a
greater and successively more delayed peak rate. The correspond-
ing peak storage rates are 889, 1761, 3011, and 4791m3/d, respec-
tively. The increase of injection pressure increases the pressure
gradient between injection well and coal reservoir, which greatly
promotes CO2 migration, and thus the displacement effect. As a
result, the CH4 production rate and CO2 injection rate increase.

5.2.2. Injection temperature
Fig. 20 shows the variation of recovery, storage and permeability

during CO2-ECBM recovery for different injection temperatures.
Apparent in Fig. 20a is that a notable region near the injection well
develops where CH4 content differs from the remainder of the
reservoir. In this region, thermal effects on gas sorption dominate
the response. Low temperature CO2 flow enhances the sorption of
CH4 and CO2. The increased gradient of reservoir pressure resulting
from the rapid sorption of CO2 promotes the transport of CO2 and
lity relative to different injection temperatures.
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results in early breakthrough at the production well. However,
remote from the injectionwell the adsorption rate of CH4 decreases
more rapidly due to the reduced thermal effect on gas sorption.
Permeability at low injection temperatures decreases more rapidly
(Fig. 20b). After production for 5000 days, the permeability ratio for
the injection temperature of 283 K drops to ~0.674. As apparent in
Fig. 20c and d, the CH4 production rate and CO2 storage rate both
decrease with increasing injection temperature. The peak produc-
tion rates for injection at 283, 303, 323 and 343 K are 1998, 1967,
1941 and 1919m3/d, respectively. The warming of the reservoir
reduces the adsorption capacity of CO2, and thus the displacement
effect. This illustrates that lower injection temperatures result in
improved cumulative production via increases in incremental in-
jection rates.
5.2.3. Initial water saturation
High initial water saturation corresponds to only a small

reduction in CH4 content (Fig. 21a). In reservoirs with high initial
water saturations, gas production is preceded by a relatively long
period of dewatering. Initial low gas phase relative permeability
results in only a small reduction in CH4 content. Higher initial water
saturation leads to a slower decrease in reservoir permeability
(Fig. 21b). At 5000 days, the permeability ratios for initial water
saturations of 0.5, 0.6, 0.7, and 0.8 decrease to 0.687, 0.692, 0.696
Fig. 21. Variation of recovery, storage and permeabil
and 0.701, respectively. Water production increases with initial
water saturation, but both CH4 production and CO2 storage rates
decrease, as apparent in Fig. 21c and d. The corresponding peak
production rates are 2399, 2065,1987, and 1941m3/d at 0, 420, 660,
and 780 days, respectively. This indicates that a higher initial water
saturation results in a reduced and more delayed peak production
rate. In addition, late stage gas production and storage rates
decrease more slowly, for higher initial water saturation, due to a
slower drop in reservoir pressure and a larger pressure gradient
between production well and reservoir. Overall, water blocks the
migration of the binary gas, and delays the arrival of both peak
production and injection rates, finally reducing the capacities for
CH4 production and CO2 storage.
5.2.4. Initial coalbed permeability
Coalbed permeability determines the rapidity of gas migration

from fractures to the production well during CO2-ECBM recovery. A
higher initial permeability greatly promotes mass transport, lead-
ing to greater reduction in CH4 content (Fig. 22a). When the initial
permeability is relatively high, the reservoir permeability decreases
more rapidly (Fig. 22b). For example, the permeability ratio at point
P2 for an initial permeability of 7.14� 10�16m2 continuously de-
creases to a ratio of ~0.631. Although the permeability ratio de-
creases drastically with the initial permeability, the absolute
ity relative to different initial water saturations.



Fig. 22. Variation of recovery, storage and permeability relative to different initial permeability.
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permeability increases, leading to an increase in the resulting
permeability. This increases the rate of transport of the fluid
mixture, and thus gas production and storage rates, as shown in
Fig. 22c and d. For initial permeabilities of 1.14, 3.14, 5.14, and
7.14� 10�16m2, the peak production rates are 487, 1242, 1941 and
2530m3/d respectively, with corresponding peak storage rates of
787, 1933, 3011 and 3998m3/d.

6. Optimization of CO2 injection start time

For CO2-ECBM recovery may be optimized for the timing of the
initial CO2 injection. The timing of this injection may be immedi-
ately upon the initiation of production or it may be delayed. For the
case of immediate initial injection, CO2 is injected into the target
coal seam as early as possible and will achieve maximum emission
reduction. Associated challenges with this format are the risk of an
early breakthrough of injected CO2 in the production well, thereby
decreasing the calorific value of produced gas and maybe necessi-
tating cleaning, and the need for a high injection pressure to
overcome water hindrance in the coal seam that is not yet dewa-
tered [6]. Delayed injection of CO2 can potentially resolve these
issues, where the formationwater is already depleted. Additionally,
the possibility of CO2 breakthrough is postponed until after the
peak production rate when the majority of the high calorific CBM
has already been recovered. Gas production will typically
ultimately cease because when an uneconomically high CO2 con-
centration results at production. Similarly, CH4 production can not
be significantly improved when CO2 injection is significantly
delayed during primary recovery, where the reservoir pressure and
average production rates have already been dramatically reduced.
From this perspective, a rational timing of the initiation of injection
should be defined.

Fig. 23 shows the simulated CH4 production rates and CO2
recycled rates for different injection start times. Compared to pri-
mary recovery alone, the CH4 production rates for enhanced re-
covery are improved for all injection start times. For successively
delayed injection, two peaks occur in the CH4 production rates,
with the first peak caused by primary recovery and the second peak
resulting from CO2 injection. When the injection start time
is< 1000 days, the peak production rate due to enhanced recovery
is larger than that due to primary recovery. Subsequent to this, the
drop in the reservoir pressure gradient, decreases peak production
rate over that of primary recovery. The production well should be
shut down when the CO2 concentration reaches a uneconomical
magnitude. Here, we define this threshold as the ratio of CO2 re-
covery rate to CH4 production is 15%. Accordingly, for the studied
case, the times to cease production for injection start times of 0 and
3000 days are 4320, and 7400 days respectively.

In Fig. 24, CH4 cumulative productions progressively increase for
the earlier application of CO2 injection. When the production



Fig. 25. Maximum cumulative production and ceasing times for different injection
start times.

Fig. 26. Relationship between the recovery ratio, average production rate and injection
start times.

Fig. 23. CH4 production and CO2 recovery rates for different injection start times.

Fig. 24. CH4 cumulative production for different injection start times.
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reaches the time for cessation, the maximum cumulative produc-
tion for injection start times of 0, 500, 1000, 1500, 2000, 2500, and
3000 days are 6.67, 6.73, 6.88, 7.06, 7.22, 7.36, and 7.51 million m3

respectively. Taking the ceasing time of 4320 days as a reference,
the corresponding cumulative production of primary recovery is
4.61millionm3. Fig. 25 shows that cumulative production increases
with an increasing delay in the injection start time e with a quasi-
linear form.

The recovery ratio and average production rate are calculated
and plotted in Fig. 26. This illustrates that the recovery ratio in-
creases with an increased delay in the injection start time, but
conversely decreases the average production rate. Postponing the
initiation of injection returns a higher recovery ratio and also a
lower average production rate. Considering the economic benefits,
we define the optimum injection start time as the critical time
when the average production rate is greater than that of primary
recovery at the time of cessation. Here, the cessation time of the
initial injection is 4320 days, and the corresponding recovery ratio
and average production rate for primary recovery are 39.6% and
1068m3/d. The average production rate for injection start times of
2500 and 3000 days are 1077 and 1016m3/d, respectively. There-
fore, the optimum injection start time is 2500 days for this
particular demonstration project. The corresponding recovery ratio
is 63.2%, increased by 10.3% of initial injection.
Note that the optimum injection start timewill vary for different

sites and geological conditions, well spacing, CO2 injection pres-
sures and temperatures and other parameters, including the defi-
nition of economic conditions controlling the recovery. Regardless,
an optimal start time for CO2 injection may be both defined and
determined, depending on the desired imposed constraints.
7. Conclusions

In this study, a thermo-hydro-mechanical-chemical model
coupling the responses of non-isothermal competitive sorption of
binary gas (CO2, CH4), two phase flow, thermal expansion and
permeability evolution is developed. The model is first validated,
then applied to analyze the coupling relations and key factors
controlling CO2-ECBM recovery. Finally, the model is used to opti-
mize the injection start time that maximizes CH4 recovery. The
following conclusions are drawn:

(1) Injection of CO2 is confirmed to have a net positive impact in
promoting CBM recovery. The injected CO2 indeed displaces
CH4 through competitive sorption and promotes CH4
migration from the coal reservoir to the productionwell. The
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peak production rate for enhanced recovery is both elevated
and delayed compared with primary recovery, alone. For the
modeled and extended case of this demonstration project,
the recovery ratio (5000 d) for primary recovery is 43.8% of
total inventory (GIP) relative to 63.3% for enhanced recovery
- an enhancement of 1.45.

(2) Permeability evolution is shown to be the competitive result
of matrix shrinkage/swelling induced by CH4/CO2 de/
adsorption, expansion by temperature increase and
compaction by the change in effective stress. During CO2-
ECBM recovery, the permeability first decreases due to the
increase of effective stress (pressure depletion), rebounds
through the initial value due to desorption of CH4, before the
arrival of CO2 results in the continuous decrease to a very low
magnitude.

(3) Four-way THMC couplings, either incorporating or absent
heat transfer and/or two phase flow, are shown to signifi-
cantly impact CO2-ECBM recovery. The presence of formation
water initially blocks CH4 migration, leading to an increase in
production rate at the reservoir is dewatered. The effect of
warming by the high temperature of the injected CO2 flux,
together with the energy released by CO2 adsorption, pro-
motes CH4 desorption, and conversely decelerates CO2
adsorption. As a consequence, ignoring the impact of water
migration (H) overestimates gas production, and ignoring
the impact of heat transfer (T) underestimates gas
production.

(4) The production behavior of CO2-ECBM is largely controlled
by several key factors. Higher injection pressure and/or
initial permeability greatly promotes the transport of the
fluid mixture, leading to an increase in CH4 production and
CO2 sequestration. However, the warming effect reduces the
adsorption capacity of CO2, and coal seams with high water
saturations take an extended period to dewater, and thus
greater injection temperature and/or initial water saturation
will result in a decrease in both CH4 production and CO2
sequestration.

(5) The selection of an optimal (delayed) start time for CO2 in-
jection can overcome the negative impacts of early break-
through of CO2, water hindrance and low average production
of CH4. For studied case, the optimum injection start time is
2500 days, with corresponding recovery ratio of 63.2%.
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Nomenclature

a: width of coal matrix
b: facture aperture
bk: Klinkenberg factor
c1: thermal coefficient of gas sorption
c2: thermal coefficient of gas sorption
Cg1: specific heat capacity of CH4
Cg2: specific heat capacity of CO2
Cs: specific heat capacity of coal skeleton
Cv: specific heat capacity of vapor
Cw: specific heat capacity of water
D: effective elastic modulus
Di: diffusion coefficient of gas component i
E: elastic modulus
Es: skeleton elastic modulus
Fk: body force in the k direction
G: shear modulus
h: relative humidity
Hgi: Henry's coefficient of gas component i
k: absolute permeability of coal seam
K: bulk modulus
k0: initial fracture permeability
Kn: normal stiffness of fracture
krg: gas relative permeability
krg0: endpoint relative permeability of gas
krw: water relative permeability
krw0: endpoint relative permeability of water
Ks: skeleton bulk modulus
L: cleat spacing
Mgi: molar mass of gas component i
mmgi: gas mass in one volume of coal matrix
N: number of gas components in mixture
pcgw: capillary pressure
pf: water-gas mixture pressure in fracture
pfgi: gas pressure of component i in fracture
pfw: water pressure in fractures
pgi: gas pressure of component i
pLi: Langmuir pressure constant of gas component i
pm: gas mixture pressure in matrix
pmgi: gas pressure of component i in matrix
ps: atmospheric pressure
qgi: velocity of gas component i
qsti: isosteric heat of gas adsorption of component i
qw: velocity of water
R: gas molar constant
ra: ratio of matrix width to the REV length
Rv: constant of vapour
s: length of the REV
sg: gas saturation
sgr: residual gas saturation
sw: water saturation
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swr: irreducible water saturation
T: temperature of coal seam
t: time
T0: initial temperature in coal seam
Tref: reference temperature for adsorption test
Ts: temperature under standard condition
uk: deformation in the k direction
VLi: Langmuir volume constant of gas component i
Vsgi: absorbed gas content
xi: molar fraction of gas component i
af: Biot effective stress coefficient for fractures
am: Biot effective stress coefficient for pressure in coal matrix
aT: thermal expansion coefficient
dij: Kronecker delta with 1 for i¼ j and 0 for isj
εLi: Langmuir-type strain coefficient
εs: volumetric strain induced by gas sorption
εv: volume strain of coal
(rCp)eff: effective specific heat capacity of coal mass
heff: effective heat convection coefficient of mixture fluid
leff: effective thermal conductivity of coal mass
lfgm: thermal conduction coefficients for gas mixture in fracture
lfwm: thermal conduction coefficients for liquid mixture in fracture
li: thermal conduction coefficient of gas component i
lmgm: thermal conduction coefficients for gas mixture in matrix
ls: thermal conduction coefficients for coal skeleton
mgi: dynamic viscosity of gas component i
mw: dynamic viscosity of water
n: Poisson's ratio
rfv0: density of saturated vapour
rgi: density of gas component i
rgsi: density of gas component i at standard condition
rs: density of coal skeleton
rw: water density
ti: desorption time of gas component i
4f: porosity of fracture
4f0: initial fracture porosity
4m: porosity in coal matrix

Subscript

0: initial value of the variable
m: matrix
f: fracture
i: gas component, i¼ 1 for CH4, i¼ 2 for CO2
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