
Fuel 135 (2014) 509–521
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel
Effect of CO2 injection on heterogeneously permeable coalbed reservoirs
http://dx.doi.org/10.1016/j.fuel.2014.07.002
0016-2361/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Present address: Chevron-ETC, Houston, TX, USA.
E-mail address: Hemant.Kumar@Chevron.com (H. Kumar).
Hemant Kumar a,⇑, Derek Elsworth a, Jonathan P. Mathews a, Jishan Liu b, Denis Pone c

a John and Willie Leone Family Department of Energy and Mineral Engineering, EMS Energy Institute and G3 Center, Pennsylvania State University, University Park, PA 16802, USA
b School of Mechanical and Chemical Engineering, The University of Western Australia, WA 6009, Australia
c ConocoPhillips, Houston, TX, USA

h i g h l i g h t s

� The recovery is rapid at higher CO2 injection pressures.
� However, CO2 breakthrough occurs earlier at higher injection pressures.
� The homogenizing influence of CO2-swelling is outpaced by CH4-shrinkage.
� This leaves the reservoir open to short-circuiting and earlier breakthrough.
� The cumulative CO2 produced and stored is proportional to the injection pressure.
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a b s t r a c t

Enhanced coalbed methane (ECBM) can be recovered by injecting a gas such as carbon dioxide into the
reservoir to displace methane. The contrast between density, viscosity, and permeability of the resident
and displacing fluids affects the efficiency of ECBM recovery. The prediction of earlier breakthrough
becomes complex as the permeability may vary by orders of magnitude during gas injection and methane
recovery. Predominantly, the reservoir permeability is modulated by the pore pressure of the sorptive gas
(CH4 and CO2) and effective stresses. Here we explore the possibility of early breakthrough and its impli-
cations for managing coalbed reservoirs during CO2 assisted ECBM. A coupled finite element (FE) model of
binary gas flow, diffusion, competitive sorption and permeability change is used to explore the effect of
CO2 injection on net recovery, permeability evolution and injectivity in uniform and homogeneously per-
meable reservoirs. This effect is evaluated in terms of dimensionless pressure (pD), permeability (kD) and
fracture spacing (xD) on the recovery of methane and permeability evolution for ECBM and non-ECBM
scenarios. We have considered two scenarios (4 MPa and 8 MPa) of constant pressure injection of CO2

for ECBM. The increase in production rate of CH4 is proportional to kD but inversely proportional to xD.
Further, a reservoir with initial permeability heterogeneity was considered to explore the effect of CO2

injection on the evolution of permeability heterogeneity – whether heterogeneity increases or decreases.
The evolution of permeability heterogeneity is investigated for the same two CO2 injection scenarios. For
the specific parameters selected, the model results demonstrate that: (1) The injection of CO2 in coalbed
reservoirs increases the production nearly 10-fold. (2) At higher injection pressures the recovery is rapid
and the production increases dramatically – the production increases 2-fold on increasing the CO2 injec-
tion pressure from 4 MPa to 8 MPa. (3) However, CO2 breakthrough occurs earlier at higher injection
pressures. (4) The permeability heterogeneity in the reservoir is reduced after a threshold time
(�500 days) although the overall heterogeneity is increased relative to the initial condition and is overall
increased for both non-CO2 and CO2 injection scenarios. This indicates that the homogenizing influence of
CO2-sorption-swelling is outpaced by CH4-desorption-shrinkage and effective stress influences. This
leaves the reservoir open to short-circuiting and earlier breakthrough of CO2 rather than having this
effect damped-out by the homogenizing influence of swelling. (5) The cumulative volume of CO2

produced and stored in the reservoir is proportional to the injection pressure.
� 2014 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic representation of coal-fracture dual continuum system [35].
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1. Introduction

Enhanced coalbed methane (ECBM) recovery may be promoted
by the injection of carbon dioxide as CO2-ECBM. The lower physi-
sorption affinity of CH4 in coal promotes its desorption on injection
of CO2 in coal seams [1,2]. The enhanced recovery of CH4 with
injection of CO2 can be as high as 90% as compared to conventional
pressure depletion methods (50%) [3]. There is potential for CO2

sequestration in deep unminable coal seams ranging from 6% to
20% of the total sequestration capacity worldwide [3].

Coalbed reservoirs are self-sourcing with the majority of the
CH4 stored in the adsorbed state in the coal matrix [4]. Some lab-
oratory investigations for pure gas adsorption on pulverized coal
indicated that the adsorption of CO2 on a molar basis may be
approximately two times that of CH4 in American bituminous coals
[5]. The volumetric adsorption capacity ratio of CO2/CH4 on coal
ranges from one on anthracite coal to ten for low-rank coals [3].
This ratio may be larger at higher pressures for all ranks coal
[6,7]. The permeability of coalbed reservoirs is principally deter-
mined by the fracture network (cleats) while the coal matrix is
considered relatively impermeable [8]. The cleat permeability is
controlled by the dynamic effective stress regime and by the
adsorption/desorption induced swelling/shrinkage of the matrix
during continued production [9–13]. Gas adsorption and related
swelling is influenced by sorption capacity, coal rank, maceral
composition and the composition of the permeating gas [10,14–
16]. The dynamics of swelling/shrinkage becomes more complex
if the coalbed methane production is assisted by CO2 injection.
The presence of sorptive gases (CH4 and CO2) swells the matrix
resulting in reduction of cleat aperture while desorption promotes
cleat dilation for constrained coals under in situ conditions. CO2-
injection for ECBM often results in net swelling of the coal matrix
[12,14,16–19] and the additional matrix strain will reduce the frac-
ture aperture leading to porosity and permeability loss [20,21]. The
competitive adsorption, sorption capacity, matrix shrinkage/swell-
ing and permeability transformations are among the important
factors affecting CO2 assisted ECBM. With continuous production
of methane from a bituminous coal, the permeability increases
one-hundred fold and the rate of increase accelerates [22]. The dis-
placement of CH4 with CO2 injection in laboratory experiments
causes significant changes in the stress/strain fields [23] and
decreases the permeability which is partly attributed to swelling.
There have been many experimental studies exploring the effect
of coal rank [24,25], maceral composition [25], moisture content
[26], sorption [27] and in situ stress on the strain dilation
[12,15,28], stiffness [29], porosity loss [8], permeability transfor-
mations [10,26], sorption capacity [23,30,31] and transport
characteristics.

There are multiple demonstration sites around the world
exploring both CBM and ECBM. The Allison unit in the San Juan
basin (US), for example explored CO2-ECBM. The CH4 production
data on CO2 injection in coal seams indicated various phenomena
e.g. matrix shrinkage/swelling leading to permeability enhance-
ment/loss [32]. Up to a one-hundred fold increase in permeability
was observed in some wells [32–34]. Reservoir simulation studies
for production forecast and history matching have been conducted
for various CBM and ECBM fields [34–37]. Various models have
been proposed to predict these permeability transformations
[8,14,36,38–49]. An existing single well for CO2-ECBM micro-pilot
test in anthracite coals of South Qinshui basin, Shanxi Province,
China was successfully simulated for the production of CH4 [50].
ECBM recovery and CO2 storage in Appalachian thin seams was
simulated for horizontal wells and it was recommended that the
mixture of flue gas and CO2 would yield better recovery than the
pure CO2 injection [36]. The observations from a CO2-ECBM test
project in a 6 m thick coal seam at Yubari, Northern Japan were
found to be consistent with CO2 sorption induced swelling in coal
[51].

These observations from experimental, pilot plant, and simula-
tion studies may be exploited for optimizing CO2-ECBM recovery.
The model implemented here includes the dynamics of gas flow,
diffusion, competitive sorption and permeability change to explore
the effect of CO2 injection on net recovery, permeability evolution,
and injectivity in a homogeneous reservoir. The cleats in the coal
have a wide range of apertures therefore the permeability of the
fractures may vary over a similarly wide range. To explore and
quantify permeability evolution under such practical constraints
we extended our FE model to examine the impact of permeability
heterogeneity.
2. This study

The objective of this study is to develop a dual porosity FE
model for binary gases (CH4 and CO2) where coal matrix and frac-
tures are represented by dual continua. This model may be used for
explicitly quantifying the interactions between the binary gases
and sorbing solid media during CO2 assisted ECBM recovery. We
have implemented a general porosity model for matrix and frac-
tures together with a general permeability model for the matrix.
A new model for fracture permeability, under conditions of
in situ stress and constrained displacement has been implemented
[10]. The FE model implemented here presents insights into the
non-linear response of CH4 depletion, CO2 injection, porosity trans-
formation, permeability evolution for the matrix and fracture sys-
tem during continued production of CH4 with concomitant
injection of CO2. A logical sequence of this model extends to a
model which has initial fracture permeability heterogeneity in
the coalbed reservoir. This FE model assumes a Gaussian normal
distribution of permeability at the beginning of the production
and predicts the change in permeability during the life span of
the reservoir. The behavior of the CO2-ECBM system is governed
by a set of field equations consisting of coal deformation, multi-
gas adsorption, and gas transport. These equations are coupled
with porosity and permeability transformations in both matrix
and fractures within an FE solver. We have made some assump-
tions to allow the solving of these highly non-linear constitutive
and field equations simultaneously.
2.1. Assumptions

The coal is conceptualized as component solid blocks (coal
matrix) attached together with springs as fractures, as shown in
Fig. 1. Here fracture spacing and fracture aperture are referred to
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as a and b respectively. More details may be found in previous
publications [10,35,39,52,53].

The following assumptions were implemented for the develop-
ment of the FE simulator.

(1) The CBM reservoir consists of a dual elastic continuum
representing matrix and fracture. They are homogeneous,
isotropic and isothermal.

(2) The water in the reservoir is immobile and the gas flow
obeys Darcy’s Law for a single phase.

(3) The gas present in the pores of the reservoir is ideal and its
viscosity is a function of pressure but not temperature as the
reservoir is isothermal.

(4) A zero strain condition exists in the reservoir.

2.2. Field equations

2.2.1. Binary gas adsorption
A coalbed methane reservoir often contains more than 80% CH4,

together with a mixture of other higher hydrocarbons and CO2

[54]. This study assumes that the CBM reservoir contains primarily
CH4 (85%) and minor amounts of CO2 (15%). This gas mixture gov-
erns the reservoir characteristics. The remaining gas components
are ignored. The equation of state for an ideal gas holds the follow-
ing relation between pressure, volume and temperature in both
matrix and fractures (Eq. (1))

pV ¼ nRT ð1Þ

If the concentration C is represented as number of moles per
unit volume, C ¼ n

V then Eq. (1) can be rewritten as,

p ¼ CRT ð2Þ

where p [Pa] is pressure, V [m3] is volume, R [m3 Pa/K/mol] is gas
constant, n is number of moles, T [K] is temperature.

The gas adsorbed in the coal matrix follows the Langmuir
sorption relation and the gas volume adsorbed per unit of coal
mass can be calculated using the Langmuir equation [55] as given
in Eq. (3)

V ¼ VLpm

pm þ pL
ð3Þ

where VL is the adsorbed volume per unit of coal at infinite pressure,
pm is the equilibrium pressure of gas in the matrix, pL is the Lang-
muir pressure and V is the volume adsorbed per unit of coal mass
at pressure pm.

The adsorption of two (binary) or more than two gases in an
adsorbent may be expressed by the Extended Langmuir Isotherm
(ELI) as follows (Eq. (4)):

Vk ¼
Vk0Ckb0k

1þ
PN

j¼1Cjb
0
j

ð4Þ

where Vk0 is the adsorbed volume of pure species per unit of coal at
infinite pressure, Ck is the equilibrium concentration of gas in the
matrix, b0k is 1/(pL � R � T) and V is the volume adsorbed per unit of
coal mass at concentration cm for species k. Similarly, the contribu-
tion of an individual species in an n-species mixture towards sorp-
tion induced volumetric strain may be expressed as [35]

ek ¼ eLk
Ckb0k

1þ
Pn

j¼1Cjb
0
j

ð5Þ

The total sorption induced strain can be calculated by summing
the strain caused by each species as, [35]

es ¼
Xn

k¼1

ek ¼
Xn

k¼1

eLk
Ckb0k

1þ
Pn

j¼1Cjb
0
j

ð6Þ
where eLk is the strain developed by a pure species at infinite pres-
sure, ek is the strain developed at concentration of gas Ck in the
matrix for species k and es is the total strain developed by all species
in the coal. Note that k = 1 and 2 are for CH4 and CO2 respectively in
the formulation.

2.2.2. Binary gas transport
Typically a CBM reservoir is partially dewatered first to produce

gas. The onset of water removal occurs when the seam pore pres-
sure is below a critical pressure usually corresponding to satura-
tion pressure [10]. The pressure depletion in the reservoir
triggers various transport process on different length scales. These
are:

(1) The primary porosity system i.e. coal matrix where the per-
meability is negligible and the diffusion (majorly Fickian) is the
dominant mode of flow. (2) The secondary porosity system, i.e. face
or butt cleat system (fractures), where the flow is laminar and
obeys Darcy law. (3) Transfer of mass between matrix and frac-
tures where the matrix may act as both source or sink depending
upon the pressure head. The mass balance equation implemented
here is based on the premise that gas is flowing under the simulta-
neous influence of a pressure field (Darcy’s Law) and a concentra-
tion field (Fick’s Law), therefore the velocities are additive [56].

A detailed analysis may be found in previous publications
[35,52]. The mass balance equation incorporating the above men-
tioned convective, diffusive and transfer flux flow may be
expressed as,

@mk

@t
þr � ð~m � qgkÞ þ r � ð�Dk � rmkf Þ ¼ Q sk ð7Þ

where the gas content of a component gas k is mk which includes
both free-phase and adsorbed gas. The mass of each component
of gas present in a unit of the coal-matrix and fracture system can
be written as,

For fracture; mfk ¼ uf � Cfk �Mfk ð8Þ

For matrix; mmk ¼ um � Cmk �Mmk þ ð1�um0Þ � qc � qsg

� VLkb0kCmk

1þ Cm1b01 þ Cm2b02
ð9Þ

The convective velocity ~m is determined by the concentration
gradient in the fracture or matrix and can be expressed as,

~mf ¼ �
kf RT
l
rCfk ð10Þ

~mm ¼ �
kmRT
l
rCmk ð11Þ

where qgk is the gas density, qsg is the gas density at standard con-
ditions, qc is the coal density, Mk is the molar mass of component k,
Qsk is the gas source or sink, and Qk is the hydrodynamic dispersion
coefficient defined as Eqs. (12) and (13),

Dfk ¼ bc �~mf þ Dfk0 ð12Þ

Dmk ¼ bc �~mm þ Dmk0 ð13Þ

where Dk0 is the coefficient of molecular diffusion of component k
and bc is the dynamic dispersivity.

The transfer flux xk between matrix and fracture for a compo-
nent of gas k may be written as [57]

xk ¼ �
3P2

a2 ð14Þ

where a is the fracture spacing in a cube block model [58].
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2.3. Constitutive equation

2.3.1. Porosity model for matrix and fracture
The porosity for the coal matrix can be defined [35,38,40,50,59]

as a function of single gas adsorption,

um ¼ um0 �
a
K

1
b0

aKf
þ 1

K

eLPm

PL þ Pm
� em

� �
ð15Þ

where um0 is the initial matrix porosity, a is the Biot coefficient for
the coal matrix, K is the matrix bulk modulus, Kf is the modified
fracture stiffness, Kn = Kf/b0 is the fracture stiffness, b0 is the initial
fracture aperture and um is the matrix porosity.

If the sorption is caused by a binary mixture of gases then the
volumetric strain term in Eq. (15) can be replaced by Eq. (6) and
the matrix porosity equation yields,

um ¼ um0 �
a
K

1
b0

aKf
þ 1

K

X2

k¼1

eLk
Cmkb0k

1þ
Pn

j¼1Cmjb
0
j

� em

 !
ð16Þ

Similarly, the porosity of the fracture system can be expressed
as [35]

uf

uf 0
¼ 1þ Db

b0
¼ 1� 3

uf 0 þ
3Kf

K

X2

k¼1

eLk
Cmkb0k

1þ
Pn

j¼1Cmjb
0
j

� em

 !
ð17Þ

where uf0 is the initial fracture porosity, Db is the differential
change in aperture and uf is the fracture porosity. The subscript f
and m are for fracture and matrix respectively in each parameter.

2.3.2. Permeability model for matrix and fracture
The permeability of the matrix can be expressed as [35],

km

km0
¼ 1� a

um0K
1

b0
aKf
þ 1

K

X2

k¼1

eLk
Cmkb0k

1þ
Pn

j¼1Cmjb
0
j

� em

 !0
@

1
A

3

ð18Þ

where km0 is the initial matrix permeability and km is the perme-
ability of matrix.

Based on our previous work [10] the permeability of the frac-
ture network in coal may be expressed as a function of gas pres-
sure, effective stress and moisture content as,

kfk

kf 0k
¼ 1þ Ckpmk

pmk þ pLk

� �3

þ e�bkr0
( )

� e�dkSw ð19Þ

where kf0 is the initial permeability of the fracture system, pm is the
gas pressure in the matrix, pL is the Langmuir pressure constant, r0

is effective stress, Sw is the moisture content of the coal and kf is the
permeability of the fracture system. The fitting parameters are C, b
and d in this model. Note that subscript k = 1 or 2 is for CH4 and CO2

respectively.

3. Analysis of permeability

3.1. Flow instability in CO2 sweep

In the context of ECBM recovery, a high viscosity fluid (CO2)
displaces a low viscosity fluid, i.e. interstitial CH4. The high vis-
cosity fluid CO2 exhibits lower permeability than CH4 at the
same pore pressure under similar confining conditions [10].
The possible flow instability is investigated using the Saffman–
Taylor instability criterion [60]. The velocity of the displacing
and displaced fluid is assumed to be the same on either side
of the sweeping front. The perturbations grow with time in an
unstable front. This can be formulated as follows after ignoring
the gravitational effects.
l1u1
k1
� l2u2

k2

� �
U

l1u1
k1
þ l2u2

k2

� �
0
@

1
A � 0 ð20Þ

Here l1, l2 are viscosities, u1, u2 are porosities and k1, k2 are
permeabilities for CH4 and CO2 respectively. The velocity of the
sweeping front is represented by U.

If the porosity is assumed to be equal on both side of the sweep-
ing front then Eq. (20) may be rewritten as,

k1

k2
6

l1

l2
ð21Þ

The maximum viscosity ratio for CH4 and CO2 is �3/4. However the
permeability ratio on the left hand side of the Eq. (21) is more than
1 at any given pore pressure for both gases. This indicates that the
sweeping front is unconditionally stable and the amplitude of
perturbations would dampen leading to a stable sweeping front.

3.2. Dimensionless analysis

In a unit volume of fracture, the mass of the species and its rate
of change is the net result of advection of the species into the

volume which is governed by Darcy flow r � � kf

l pfr � pf

� �
and

addition or removal of the species from the volume due to

exchange with the matrix � 3P2

a2
km
l pf ðpf � pmÞ. The mass balance

of the unit volume is defined as

½uf 	
@pf

@t
þr � � kf

l
pfr � pf

� �
¼ �3P2

a2

km

l
pf ðpf � pmÞ ð22Þ

Eq. (22) can be rearranged as

1
pf
½uf 	

@pf

@t
þr � � kf

l
r � pf

� �
¼ �3P2

a2

km

l
ðpf � pmÞ ð23Þ

Dividing Eq. (23) by pm, km/l and 1/a2 the resulting form may be
expressed as

la2

kmpf pm
½uf 	

@pf

@t
� a2 kf

km
r � r � pf

pm

� �
¼ 3p2 1�

pf

pm

� �
ð24Þ

For simplicity the one dimensional form may be written as

la2

kmpf
½uf 	

@ðpf =pmÞ
@t

� kf

km

@

@ðx=aÞ2
pf

pm

� �
¼ 3p2 1�

pf

pm

� �
ð25Þ

The dimensionless variables in Eq. (25) are pressure pD, perme-
ability kD, characteristic length xD and time tD. They can be
expressed as

pD ¼
pf

pm

� �
; kD ¼

kf

km

� �
; xD ¼

x
a

� �
; tD ¼

t
la2

kmpf

The dimensionless form of the mass conservation relation can
be written as

uf
@pD

@tD
� kD

@pD

@x2
D

¼ 3p2ð1� pDÞ ð26Þ

Eq. (26) indicates that the dimensionless pressure, permeability,
and characteristic length may play an important role in the produc-
tion of CH4. This has been investigated by varying pD, kD and xD

parameters in the later sections.

4. Model implementation

The physics implemented in this study simulates the behavior
of CO2 assisted ECBM. The case presented here simulates a
dewatered coalbed reservoir so the production of water is not



Fig. 3. Schematic of a one-quarter section (shown with red dotted boundary in
Fig. 2) of a five-well pattern. The grid has been laid over the geometry using
COMSOL Multiphysics.

Table 1
The values of modeling parameters used in simulations [10,35,63].
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considered. We use a five well pattern where an injection well (IW)
lies at the center of a square array of four production wells (PW) as
shown in Fig. 2. A similar configuration has been used in the past
for ECBM multi well pilot testing [61] and has been simulated
using various approaches [35,62]. The configuration presented
here is a proxy of a five well pattern deployed in a ECBM field in
the South Qinshui Basin, Shanxi, China [61]. All the wells are
assumed to be vertical.

We have utilized conservation of mass for each gas together
with flux transfer between matrix and fracture depending on the
pressure difference. The exchange of gases (CH4 and CO2) under
the phenomenon of adsorption/desorption, governed by the
extended Langmuir isotherm, triggers transformations in porosity
and permeability in the matrix-fracture system. The transforma-
tions in porosity and permeability affect the flow of fluid in the
fracture network which is governed by Darcy’s law. Darcy and
diffusion driven flow are implemented in the matrix however, dif-
fusion is the dominant transport mode. The CH4 residing in the
matrix is released as the gas pressure reduces and results in
matrix-shrinkage. The fracture network receives the released
CH4. With the continued production of CH4 and injection of CO2,
the permeability changes with time due to matrix shrinkage/swell-
ing effects. Presumably, a higher rate of CO2 injection would
staunch the reservoir permeability quickly and the permeability
drop-rate would be higher.

Also, permeability heterogeneities are employed in the model
with mean permeability defining behavior indexed to that of the
homogeneous system. The range of the permeability varies from
very low (same as that of matrix) to very high (equal to one Darcy).
This allows us to investigate the effect of CO2 injection on the
evolving heterogeneity of the reservoir.

4.1. Model description

For the sake of simplicity only a one-quarter section, as outlined
with the red dotted line in Fig. 2, is simulated. This one-quarter
section of the reservoir is represented by a two dimensional block
of sides 160 m 
 160 m (Fig. 3). The lower left corner has a one-
quarter section of the CO2 injection well (IW) and the upper right
corner of the geometry has a one-quarter section of a CH4 produc-
tion well (PW), (Fig. 3). The diameter of the wells is assumed to be
0.1 m. The model has no flow conditions for all the boundaries
except the well boundaries where a constant pressure condition
has been assumed at the well boundaries. It was also assumed that
the production well produces at 0.1 MPa or 1 atm bottom-hole
pressure. We have considered three scenarios of CO2 injection:
namely no injection, and injection at pressures of 4 MPa and
8 MPa, respectively. The initial pore pressures of CH4 and CO2 in
Fig. 2. A typical five well patterns with four production wells (PW) and one
injection well (IW) at the center.
the reservoir have been assumed as 3.0 MPa and 0.5 MPa,
respectively.

All boundaries of the simulated area are fixed. The unique
values of the properties used in this model are taken from the lit-
erature [35] and are presented in Table 1. The total simulation time
was for 30 years (�109 s). The model has been implemented in an
adaptive mesh mode for fluid dynamics. All the results obtained in
this study are independent of mesh size and time step. The model
was benchmarked with our previous studies [35,52].

4.2. Homogeneous system

The initial permeability of the fracture network is assumed
homogeneous i.e. all the mesh elements in the reservoir have the
same permeability at time zero. Unique values of the properties
used in this section are presented in Table 1. As the CBM reservoir
starts producing with or without the injection of CO2 the perme-
ability of the reservoir changes. The total production, the transfor-
mation of concentration ratio (CH4/CO2) and the rate of production
are investigated for varying injection pressures, fracture-matrix
permeability ratios, and fracture spacing under three scenarios of
CO2 injection. These injection scenarios are those of no injection,
and injection at 4 MPa and 8 MPa discussed earlier.

4.2.1. Effect of injection pressure
The total cumulative production from the CBM reservoir in

30 years is shown in Fig. 4a under three scenarios. It is clear from
Symbol Parameter Value Unit

E Young’s Modulus of coal 2.71 GPa
ES Young’s Modulus of coal grain 8.13 GPa
N Poisson’s ratio of coal 0.34 –
qc Density of coal 1.25 
 103 kg/m3

lCH4
CH4 dynamic viscosity 1.15 
 10�5 Pa s

lCO2
CO2 dynamic viscosity 1.60 
 10�5 Pa s

PL;CH4 CH4 Langmuir pressure constant 2.07 MPa
PL;CO2 CO2 Langmuir pressure constant 1.38 MPa
VL;CH4 CH4 Langmuir volume constant 0.0256 m3/kg
VL;CO2 CO2 Langmuir volume constant 0.0477 m3/kg
eL;CH4 CH4 Langmuir volumetric strain constant 0.0128 –
eL;CO2 CO2 Langmuir volumetric strain constant 0.0237 –
um0 Initial porosity of matrix 0.0423 –
uf0 Initial porosity of fracture 0.001 –
km0 Initial permeability of matrix 3.0 
 10�17 m2

kf0 Initial permeability of fracture 3.0 
 10�15 m2

a Fracture spacing 0.01 m
b Average aperture of the fracture 1 
 10�3 m



Fig. 4b. Rate of production of CH4 for two CO2 injection (8 MPa and 4 MPa) and the
one no CO2 injection scenarios.

Fig. 5. The average permeability of the matrix and fracture for no injection, 4 MPa
injection and 8 MPa injection scenarios. The solid and dashed lines represent matrix
and fracture permeability respectively.
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Figs. 4a and 4b that the injection of CO2 at 8 MPa yields the highest
cumulative production (2.5 
 105 m3) with the maximum rate of
recovery (peak rate 175 m3/day) in �30 years. Also, a spectacular
increase in the rate of production is observed in the case of CO2

injection as compared to no injection. The rate of production
decreases almost exponentially with injection pressure. The high-
est production rate occurs with 8 MPa injection while no injection
yields the minimum production rate (Fig. 4b). It is important to
note that the ‘‘no-injection’’ scenario yields significantly less
production in �30 years than that of the 8 MPa injection case
(�1/10th). It indicates that the injection of CO2 increases the net
CH4 production. These simulations results are in agreement with
previous findings for homogeneous reservoirs [35,36]. The injec-
tion of CO2 however is expected to reduce the permeability and
therefore the injectivity. It was suspected that the injection of
CO2 may hinder CH4 production due to coal swelling, however,
the opposite trends has been observed in Alberta during multi well
pilot testing [64]. The permeability increase/decrease is dictated by
the ‘U-shaped’ permeability evolution [10]. Thus it is important
where the initial reservoir pressure sits on this ‘‘U-shaped’’ perme-
ability–pressure relation. Fig. 5, shows the permeability evolution
in the matrix and fractures for the three scenarios considered.
The injection of CO2 at 8 MPa and the no-injection scenarios exhi-
bit the highest and lowest fracture permeability respectively in a
period of �30 years. Note that the average fracture permeability
changes as the pore pressure modulates due to injection or produc-
tion after time t = 0. If the observation from CH4 production and
permeability evolution are combined it is apparent that injection
at 8 MPa yields the highest production with a maximum perme-
ability, while injection at 4 MPa yields three fold less production
as compared to the 8 MPa injection but two fold more that no
injection. The permeability in the 4 MPa injection case was
between that for the 8 MPa and no injection cases during the life
of the reservoir. For the no-injection scenario, the fracture perme-
ability peaks at �500 days and then declines due to increased CO2

mole fraction in the reservoir with ongoing production. These
observations indicate that the reservoir yields the lowest produc-
tion with minimum injectivity in the no injection case, therefore
the CO2-ECBM approach is useful for this reservoir.

The surface map of methane mole fraction in the matrix (Fig. 6)
indicates that the CH4 content decreases faster with CO2 injection
than with no injection. However, the velocity of the sweeping front
is approximately twice faster in the 8 MPa injection than for the
4 MPa injection. For instance, at the end of 100 days, the CO2 front
reaches only 20 m from the injection well bore for the 4 MPa injec-
tion case but 40 m when injection was carried out at 8 MPa (Fig. 6).
Fig. 4a. Total cumulative production of CH4 for constant pressure CO2 injection
(4 MPa and 8 MPa) and no CO2 injection scenarios.

Fig. 6. The distribution of methane mole fraction for no injection, 4 MPa injection
and 8 MPa injection scenarios (from top to bottom) at various times 100, 3000 and
7000 days (from right to left) in the matrix. The low and high color represents the
value of 0.25 and 0.95 respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Thus, higher injection pressures yield a greater swept area in a
given time. The ratio of average concentration ratio of the two
gases CH4 and CO2 in the reservoir may also indicate the efficiency
and rate of sweep. The concentration ratio of CH4:CO2 decreases
faster in both matrix and fracture for 8 MPa versus 4 MPa and is
faster for 4 MPa than for the no-injection scenario (8 MPa > 4 M-
Pa > no-injection; Fig. 7) indicating faster and more effective
recovery of methane from the reservoir for the higher the pressure.
These trends are similar to the field observations in various
CO2-ECBM fields [65,66].

4.2.2. Effect of fracture matrix permeability ratio
Based on the dimensionless analysis (Eq. (26)) it is clear that the

dimensionless permeability kd = kf/km may have a significant effect
on the total gas production and rate of production. The dimension-
less permeability is varied by varying the kf0/km0 ratio as 1, 10, 100
for no injection, 4 MPa and 8 MPa injection. The dimensionless per-
meability remains almost constant for 10–100 days depending
upon the initial value. The rise in kd occurs earlier for higher values
of kd compared to lower values. The fracture permeability increases
and the matrix permeability remains approximately the same
therefore the dimensionless permeability shows slight increase
untill 100 days as shown in Fig. 8b for kd = 100. The dashed lines
in Fig. 8 shows the evolution of kd at the center of the block mid-
way between wells (point A: (80,80)). The evolution of kd at point
A approximately represents the kd for the entire reservoir for the
particular cases discussed here at the values of the properties given
in Table 1. This may not hold true for other configurations not dis-
cussed in this paper. At later times (1000–10,000 days), kd becomes
almost constant indicating that the relative change in the perme-
ability of matrix and fracture is close to steady state. It is interest-
ing to note that the permeability evolution in these three cases
have different characteristics with gradual changes until
�30 years.

Fig. 9a and b, shows the evolution of permeability of matrix and
fracture for two scenarios of CO2 injection (4 MPa and 8 MPa) along
the cut section (IW) for various times. The matrix permeability
decreases from injection well to production well in the 4 MPa
and 8 MPa injection cases. As the matrix exchanges CH4 with the
injected CO2 the permeability of the matrix increases (Fig. 9a and
b). The permeability of the matrix is higher near the injection well
as compared to the area near the production well. Permeability is
reduced at the production well due to matrix shrinkage accompa-
nying CH4 and CO2 desorption in the vicinity of the production
wellbore. The rate of change of permeability change in the matrix
Fig. 7. The evolution of the ratio of average concentration of CH4 and CO2 in the
matrix (solid lines) and fracture (dashed lines) for no injection, 4 MPa injection and
8 MPa injection scenarios at various time steps.

Fig. 8. The evolution of dimensionless permeability (kd) with time for (a) no
injection, (b) 4 MPa injection and (c) 8 MPa injection (top to bottom). The solid lines
represent the mean value of (kd) for the entire reservoir and dashed lines show the
value for a point A (80,80).
is faster for 8 MPa injection compared to the 4 MPa injection case.
The permeability change front moved only 100 m away from the
injection well in �10 years in the case of 4 MPa injection while it
has travelled 150 m for injection at 8 MPa.

The fracture permeability evolution was more dramatic than
the permeability transformations in the matrix. The change in
matrix permeability is as high as �10% while the change in fracture
permeability may vary by �200%. The fracture permeability is
principally governed by the concentration of sorptive gases, their
mole fractions and effective stresses [10]. To a large extent, the
fracture permeability increases away from the injection wellbore



Fig. 9. The matrix and fracture permeability along a cut section (IW) for injection at
(a) 4 MPa, (b) 8 MPa and (c) evolution of matrix and fracture permeability at point A
(80,80) for 4 MPa and 8 MPa injection at various time steps. The solid lines show
the matrix permeability and the dashed lines represent matrix permeability at
various times.

Fig. 10. The rate of production with varying fracture spacing on constant pressure
injection of CO2 at 4 MPa.
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and achieves a maximum value and then decreases on approaching
the production wellbore. However the fracture permeability
observations are slightly different for each scenario of CO2 injec-
tion considered for this study. For instance, the permeability
decreases away from the injection wellbore until �10 m and then
increases reaching a limiting value followed by a drop towards the
production well bore in the case of 8 MPa injection. The CO2

affected permeability zone travels from 50 m (100 days) to 150 m
(>10 years) in the case of 4 MPa injection while it reaches to
200 m in the same time frame if the CO2 is injected at 8 MPa. As
the matrix adsorbs more gas it expands and the porosity of the
matrix increases slightly and therefore the permeability is
enhanced but the matrix swelling decreases the fracture
permeability by occupying the fracture space reducing the fracture
permeability. However, the fracture permeability evolution is
influenced by additional parameters too.

Fig. 9c, shows the permeability evolution in matrix and fracture
at point A (80,80), which is equidistant from injection and produc-
tion wells, for 4 MPa and 8 MPa injection scenarios. The matrix
permeability remains unaffected for �100 days and then decreases
for 10 years. The permeability of matrix was regained as the matrix
adsorbs injected CO2. The permeability of the matrix at the end of
30 years is higher than its initial value in the case of 8 MPa injec-
tion however the gain in permeability with CO2 injection at
4 MPa is less as it merely recovers to its initial value. The fracture
permeability at point A (equidistant from the injection and produc-
tion wells) increases with time, reaching a plateau in �3 years and
then decreases until �30 years. This behavior is attributed to
shrinkage caused by production at earlier times followed by swell-
ing due to enhanced sorption of CO2 occurring later. It is important
to note that the matrix and fracture permeability evolve in
opposite directions but by different multipliers. If the matrix
permeability increases at a point then the fracture permeability
competitively decreases and vice versa.

4.2.3. Effect of fracture spacing
The dimensionless analysis of Eq. (26) indicates that the dimen-

sionless length xD = a/L is another parameter which may play a sig-
nificant role on production. The value of the parameter L is fixed for
the five well pattern configurations. Three scenarios of dimension-
less length are simulated corresponding to fracture spacing a as
0.01, 0.02 and 0.04 m for CO2 injection at 4 MPa. These represent
the spacing of fractures at meter-scale rather than at cleat scale.
The injection of CO2 at 4 MPa may allow slow removal of CH4 as
it is only 0.5 MPa higher than the initial reservoir pressure. The
production rate is higher in the case of the smallest fracture spac-
ing (Fig. 10) which can be attributed to the reduced diffusive length
for sorption/desorption. Relatively small diffusive lengths allow
more gas to flow into the fractures and the flow in the fracture is
faster than the diffusive flow in the matrix. Therefore, the diffusive
length acts as a rate determining parameter for the production. The
cumulative production also increases marginally with decreasing
fracture spacing (not shown). The ratio of concentrations of CH4

to CO2 decays faster with smaller values of fracture spacing
(Fig. 11a). As the diffusive lengths are small the exchange of CO2

with CH4 is faster allowing a quicker CH4 recovery. The concentra-
tion ratio drops rapidly within fractures as compared to the matrix.
The CH4 present in the fracture is recovered almost instanta-
neously (�10 days) at the start of CO2 injection. More gas is



Fig. 11. (a) The ratio of average concentration of CH4 and CO2 in the matrix at
various time steps. The solid lines show the concentration ratio in matrix and the
dashed lines represent the concentration ratio in fractures. (b) The evolution of
average dimensionless permeability with time.

Fig. 12. The fracture permeability in the reservoir varies from 10�13 to 10�18 m2.
The variation assumes a Gaussian normal distribution with a mean as 10�15 m2.
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removed from the matrix due to an increased concentration gradi-
ent after removal of free CH4 from the fractures and this process
accelerates when the coal matrix exchanges CH4 with injected CO2.

The evolution of dimensionless permeability with fracture spac-
ing is investigated for the 4 MPa injection case (Fig. 11b). The
change in dimensionless permeability kd increases by 40–60% of
its initial values in �30 years depending on the initial fracture
spacing (Fig. 11b). The change in the values of dimensionless per-
meability indicates that the fractures achieve significantly higher
values of permeability in comparison to matrix as the depletion
proceeds. The highest change observed (�60%) for kd was for the
longest fracture spacing (a = 0.04 m) as the highest volume shrink-
age occurs for the longest fracture spacing. The volume shrinkage
assists the fracture to accommodate more fluid to flow in the Darcy
regime.

4.3. Heterogeneous system

The natural fracture network of a coalbed reservoir offers a
wide range of spatial variation in permeability due to the variation
in the fracture apertures from one location to another. This spatial
distribution of permeability is referred to as permeability hetero-
geneity. To the best of our knowledge, previous models developed
for CO2-ECBM have not included consideration of the effects per-
meability heterogeneity. This methodology allows a more realistic
representation of coalbed reservoirs produced under CO2-ECBM. To
achieve this the permeability is distributed in the geometry as a
Gaussian normal distribution such that the average permeability
remains identical to that of a homogeneous configuration and
the permeability values range from a maximum (10�13 m2) to a
minimum (10�18 m2). All other parameters assume the unique val-
ues presented in Table 1. The heterogeneity in permeability is
shown in Fig. 12 and is accommodated by coupling with binary
gas adsorption, binary gas transport, porosity transformations
and permeability evolution in the matrix and fracture as a dual
continuum present in the reservoir. The reservoir is simulated to
investigate the effect of CO2 injection on the reinforcing or amelio-
rating influences of permeability heterogeneity on the permeabil-
ity evolution of the matrix and fractures, on earlier breakthrough
and CO2 and of CO2 storage under various scenarios of CO2

injection.
4.3.1. Effect on heterogeneity
The initial permeability heterogeneity may increase or decrease

with the progress of injection for various CO2 injection scenarios.
This is explored using a heterogeneous permeability configuration
with specified mean and standard deviation. If the standard devia-
tion of the total observations is small then permeability heteroge-
neity is small. For example, if the standard deviation of
permeability decreases then the reservoir attains more uniform
permeability configuration. Fig. 13a, shows the evolution of aver-
age fracture permeability and standard deviation of the permeabil-
ity for various scenarios of CO2 injection. The production of
methane induces matrix shrinkage in the reservoir and the average
fracture permeability increases for a year and then decreases
(�5 years) followed by a permeability plateau after 20 years under
no injection (Fig. 13a). The drop in permeability for 1–5 years is
due to increased mole fraction of CO2 due to pressure driven deple-
tion. The permeability for ECBM scenarios (4 MPa and 8 MPa)
increases for the earlier times achieving a maximum in �100 days
then decreases as the concentration of CO2 increased in the reser-
voir. The decrease in permeability at later times (>20 years) is due
to exchange of CH4 with more sorptive CO2.

The evolution of the standard deviation of the permeability for
the no injection scenario suggests that the reservoir shifts towards
a more heterogeneous permeability configuration with continued
production (Fig. 13a and b). The matrix surrounded by high perme-
ability fractures desorbs faster compared to the matrix surrounded
by low permeability fractures. The CH4 desorption results in matrix
shrinkage and fracture aperture enhancements. Which further
accelerates the preferential desorption from high permeability
areas. In this process, the larger aperture fractures tend to increase
in aperture at a faster rate than smaller aperture fractures, result-
ing in more heterogeneous distribution of permeability. There is an
increase in standard deviation of permeability followed by reduc-
tion in its values for the 4 MPa and 8 MPa CO2 injection cases.
The increase in standard deviation may be attributed to matrix



Fig. 13. (a) The mean and standard deviation of permeability in the reservoir at
various times. The injection of CO2 has been considered for 4 MPa and 8 MPa
pressure. The no-injection scenario is also shown. The solid and dashed lines
indicate fracture permeability and standard deviation respectively. (b) The
percentage change in standard deviation of permeability in the reservoir domain.

Fig. 14. The surface map of fracture permeability at various time steps from left to
right (100, 3000, 7000 and 10,000 days) for no injection, 4 MPa and 8 MPa CO2

injection scenarios from top to bottom. Cold colors represent less permeable areas
in the reservoir. The color scale on right side represents the permeability (m2) in the
exponent of 10. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 15. The evolution of permeability in matrix and fracture in the domain. The
permeability value represents the average for the entire reservoir. The solid and
dashed lines indicate matrix permeability and fracture permeability respectively.
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shrinkage at earlier times followed by matrix swelling due to
enhanced sorption of injected CO2. The decrease in standard devi-
ation indicates that the permeability heterogeneity reduces with
time and the reservoir achieves a more homogenous configuration
under ECBM approaches. A practical implication is that the CO2

flows through the largest aperture fractures first inducing swelling
in the nearby matrix which results in reduction of the fracture
apertures. The reduction in permeability of the larger aperture
fractures diverts the fluid through the other higher permeability
fractures. We expect a selective flow mechanism where CO2 flow
finds a path of least resistance (higher permeability) in the reser-
voir and when the resistance increases with time it diverts the fluid
to the lower resistance path. This process helps the reservoir to
achieve more homogeneous permeability configuration as indi-
cated by changes in the standard deviation of permeability
(Fig. 13b). The standard deviation of permeability plateaus
�500 days and then decreases till �30 years (Fig. 13b) indicating
the reservoir reaches homogeneous permeability configuration as
time proceeds. The surface distribution of fracture permeability
with time is shown in Fig. 14. The permeability heterogeneity (con-
trast in colors) disappears relatively faster with 8 MPa injection
(Fig. 14).

4.3.2. Effect on fracture and matrix permeability
The evolution of permeability in matrix and fracture is

investigated for the reservoir with initial permeability heterogene-
ity. Fig. 15, shows the evolution of average matrix and fracture per-
meability for no injection, 4 MPa and 8 MPa injection scenarios.
The permeability evolution show similar trend as observed before
for homogeneous permeability (Fig. 15). The permeability of the
fracture increases for all scenarios in the beginning and then drops
as the sorption of injected CO2 occurs. The concentration of CO2

and CH4 in the matrix is plotted across the diagonal section linking
IW to PW for the reservoir for the three cases considered for the
study for various times (Fig. 16). The concentration profile in all
three cases is smooth despite the initial heterogeneity in fracture
permeability. This indicates the innate stability of the sweeping
CO2 front even within a reservoir containing permeability hetero-
geneity. Pockets of high concentration are observed at earlier times
in areas (fracture only) with initial low permeability (not shown).
However, the concentration in these pockets reduces with time.
The reduction of CH4 concentration and increase of CO2 concentra-
tion increases with injection pressure (Fig. 16b and c). As time pro-
ceeds, the concentration of CO2 increases in the reservoir and the
concentration profile along the cut section becomes steeper with
time (Fig. 16).

4.3.3. Effect on breakthrough
Enhanced production for CBM reservoirs is observed with CO2

injection. However a significant fraction of injecting fluid (CO2) will
also be recovered in the production wells before recovering the
majority of the interstitial fluid (CH4) referred. This is known as
‘breakthrough’. We investigate the breakthrough for the heteroge-
neous distribution of permeability under no injection and two CO2

injection scenarios. The evolution of average concentration ratio



Fig. 16. The variation in concentration of CH4 and CO2 along the diagonal (IW-PW)
at various time steps. (a) No injection (top left), (b) 4 MPa injection (top right) and
(c) 8 MPa injection (bottom). The time legends are shown in (a). The solid and
dashed lines indicate CO2 and CH4 concentrations respectively.

Fig. 17. Evolution of the average of concentration ratio (CH4 and CO2) in the
reservoir with time. A sharp decline from one value to another shows displacement
without mixing flow. The solid and dashed lines indicate the concentration ratio
(CH4:CO2) in the matrix and fracture respectively.

Fig. 18. (a) The cumulative production of CH4 and CO2 over time and (b) the volume
ratio of CO2/CH4 in the production well for no-injection, 4 MPa and 8 MPa
injections. The solid and dashed lines indicate cumulative production of CH4 and
CO2 respectively in (a).
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(CH4/CO2) in the fracture and matrix is shown in Fig. 17. The con-
centration ratio drops rapidly in the fractures (�10–100 days)
compared to the matrix where this process might take �25 years.
The injection pressure affects both the fracture permeability and
therefore the quantity of injected CO2 volume in the reservoir.
Therefore, injection pressure affects the rate of the concentration
reduction in the fractures (Fig. 17). Among the three cases, the frac-
ture permeability is highest with 8 MPa CO2 injection (Fig. 15)
hence the movement of injecting fluid (CO2) is faster in this case
which promotes the faster removal of residing fluid (CH4) in the
fracture. This fast removal of CH4 from the system results in the
sharp decline of concentration ratio (Fig. 17). Presumably, faster
removal of CH4 triggers the matrix to release more gas into the
fracture network to equilibrate the concentration in fracture. The
released CH4 is removed by CO2 and the system keeps removing
increasingly more and more CH4 with the help of injected CO2

The injection of CO2 at higher pressure (8 MPa) increases the total
recovery (Fig. 18a) and the rate of production but it also increases
the CO2 production (Fig. 18a). The elevated rates of recovery of CO2

from the production well follow the order 8 MPa > 4 MPa > No
Injection. It is important to note that the CH4 and CO2 may be



Fig. 19. The cumulative volume of CO2 sequestered by injection of CO2 at 4 MPa
and 8 MPa over �30 years.
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separated at the well-head and the CO2 may be re-injected. The rel-
ative expense of separation of the CO2 is relevant to the overall
economic viability of ECBM production.

The mole fraction of production on a volume basis is shown in
Fig. 18b. Here, breakthrough is defined as the time when the pro-
duction stream contains a majority of injected fluid. This happens
when the mole fraction of CO2 is 0.5 or the ratio of their produced
volumes is 1. Fig. 18, indicates that the 8 MPa injection scenario
approaches the earlier breakthrough faster as compared to 4 MPa
and no-injection scenario. The volumetric ratio of CO2 and CH4 in
the production stream is highest when CO2 is injected at 8 MPa,
indicating that the production stream contains a significant
amount of CO2 in comparison to the 4 MPa or no-injection scenar-
ios. The observations from total production of CH4 and CO2 and
their volumetric ratio do not rationalize the preference of one
scenario over the others. However, it is clear that the maximum
production of CH4 could be achieved only with 8 MPa injection
though it would also yield higher CO2 production leading to higher
separation costs.

4.3.4. Effect on CO2 storage
The CO2 assisted ECBM may also be utilized for CO2 sequestra-

tion. The injected CO2 is partly stored in the reservoir and a fraction
of it is recovered with the CH4 production. Fig. 19, shows the
cumulative CO2 stored in the reservoir in �30 years. The net CO2

stored in the reservoir increases with time for both 4 MPa and
8 MPa CO2 injections. The volume of CO2 stored in the reservoir
at 8 MPa injection is double that stored for injection at 4 MPa.

The majority of CO2 in the coalbed reservoirs are in the
adsorbed state in the coal-matrix. The stored CO2 increases with
injection pressure (Fig. 19). Congruent with the Langmuir isotherm
(Eq. (4)) the adsorbed mass of gas in the matrix increases with gas
pressure leading to enhanced storage of CO2 in the coalbed at
higher injection pressures.

5. Conclusions

In this work, the interactions between binary gas mixtures (CO2

and CH4) and dual solid media (coal matrix and fracture) are
simulated using a commercially available finite element (FE) sol-
ver. The FE solver is utilized to implement various models into a
coupled simulator. The implemented model includes binary gas
flow, diffusion, competitive sorption and permeability change to
explore the effect of CO2 injection on net recovery, permeability
evolution and injectivity in uniform or homogeneous permeability
reservoirs. Dimensionless parameters (pressure pD, permeability kD
and spacings xD) are derived and their effect on permeability evo-
lution is explored for CBM (no CO2-injection) and CO2-ECBM
(4 MPa and 8 MPa) injection scenarios. Further, a reservoir with
initial permeability heterogeneity is considered to explore the
effect of CO2 injection on the evolution of permeability heterogene-
ity – whether heterogeneity increases or decreases. The results
indicate the complexity of the interaction of coal matrix-fracture
systems with dual sorptive gases CH4 and CO2. However, some
general observations and conclusions of this study are:

(1) The injection of CO2 in coalbed reservoirs increases the pro-
duction of CH4 nearly 10-fold.

(2) At higher injection pressures the recovery is rapid and the
production increases dramatically – the production
increases 2-fold on increasing the CO2 injection pressure
from 4 MPa to 8 MPa.

(3) However, CO2 breakthrough occurs earlier at higher injec-
tion pressures.

(4) The permeability heterogeneity in the reservoir is reduced
after a threshold time (�500 days) although the overall het-
erogeneity is increased relative to the initial condition is
overall increased for both non-CO2 and CO2 injection scenar-
ios. This indicates that the homogenizing influence of CO2-
sorption-swelling is outpaced by CH4-desorption-shrinkage
and effective stress influences. This leaves the reservoir open
to short-circuiting and earlier breakthrough of CO2 rather
than having this effect damped-out by the homogenizing
influence of swelling.

(5) The cumulative volume of CO2 produced and stored in the
reservoir is proportional to the injection pressure.
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