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a  b  s  t  r  a  c  t

Although  the  influence  of  cross  couplings  between  coal  deformation,  gas  flow  and  thermal  transport  has
been  widely  recognized,  their  impacts  on  the  evolution  of  coal  permeability  are  still  not  well  understood.
CO2 may  be  injected  at −40 ◦C,  60 ◦C  lower  than  that  of  the  targeted  coal  seams  for  sequestration.  Under
these  injection  conditions,  coal  matrix  may  swell  due  to the  thermal  expansion  and  shrink  due  to  the
change  in  adsorption  capacity.  This  uncertainty  of  swelling/shrinking  complicates  the  prediction  of  coal
permeability.  In  this  study,  a fully  coupled  coal  deformation,  gas  flow  and  transport,  and  thermal  transport
model  is  developed  to  evaluate  the  complex  evolution  of  coal  permeability  under  the  combined  influ-
ence  of variable  gas  pressure  and temperature.  These  combined  effects are  evaluated  through  explicit
simulations  of the  dynamic  interactions  between  coal  matrix  swelling/shrinking  and  fracture  aperture
alteration,  and  translations  of  these  interactions  to  the  evolution  of  coal  permeability.  The  fully  coupled
model  is applied  to evaluate  why  coal  permeability  changes  instantaneously  from  reduction  to enhance-
ment  under  the  free  swelling  condition  as widely  reported  in  the  literature.  Our  results  have  revealed
the  transition  of  coal matrix  swelling  from  local  swelling  to  macro-swelling  as  a  novel  mechanism  for
the simultaneous  switching  of coal  permeability  from  the  initial  reduction  to  the  late  recovery.  At  the
initial  stage  of  CO2 injection  under  variable  temperatures,  matrix  swelling  due  to  gas  sorption,  thermal
expansion  and  the change  in  adsorption  capacity  is  localized  within  the vicinity  of  the fracture  compart-
ment.  As  the  injection  continues,  the  swelling  zone  is  widening  further  into  the  matrix  and  the  swelling
becomes  macro-swelling.  When  the swelling  is localized,  coal  permeability  is  controlled  by the  internal
fracture  boundary  condition  and  behaves  volumetrically;  when  the  swelling  becomes  macro-swelling,
coal  permeability  is  controlled  by the  external  boundary  condition.

© 2012  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

CO2 injection into coal seams triggers complex interactions
between coal and fluids. These include gas adsorption and its
associated coal swelling, coal porosity change and permeabil-
ity modifications. Among which, adsorption-induced coal matrix
swelling is the leading issue due to its dominant effect on the coal
permeability as CO2 flows through the cleats and diffuses to the
coal matrix. A comprehensive understanding of these interactions
is essential for the successful enhanced coalbed methane (ECBM)
production and CO2 storage in coal seams under particular in situ
pressure and temperature conditions.

A number of experimental and numerical studies have been per-
formed to predict the permeability change during CO2 geological
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sequestration under isothermal conditions. Laboratory measured
coal permeability to adsorbing gases such as CH4 and CO2 is lower
than that to non-adsorbing or lightly adsorbing gases such as
argon and nitrogen (N2) (Chen et al., 2011; Siriwardane et al.,
2009; Somerton et al., 1975). Under constant temperature and total
stress, permeability decreases with the increase of pore pressure
due to coal swelling (Mazumder and Wolf, 2008; Pan et al., 2010;
Robertson, 2005; Wang et al., 2010, 2011), and increases with the
decrease of pore pressure due to matrix shrinkage (Cui and Bustin,
2005; Harpalani and Chen, 1997; Harpalani and Schraufnagel,
1990; Seidle and Huitt, 1995). The decrease of permeability is found
to be as much as five orders of magnitude as the confining pres-
sure is in the range of 0.1–70 MPa  (Durucan and Edwards, 1986;
Somerton et al., 1975).

According to the field and laboratory observations, various coal
permeability models have been proposed on the basis of poroelas-
ticity for some idealized coal structure as well as specific conditions.
A widely used theoretical permeability model was derived by
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Nomenclature

p gas pressure within the system
T temperature within the system
˛T the coefficient of volumetric thermal expansion
εij component of total strain tensor
"ij component of total stress tensor
εs sorption-induced volumetric strain
K bulk modulus of coal
G shear modulus of the coal
E equivalent Young’s modulus
˛ Biot coefficient
ıij Kronecker delta with 1 for i = j and 0 for i /= j
εg the proportional ratio of sorption-induced volumet-

ric strain to sorption volume
Vs adsorption volume
VL Langmuir volume
pL Langmuir pressure
#g density of free phase gas
$$ Darcy velocity vector
Qs gas source or sink
D molecular diffusion coefficient
m gas content
#ga gas density at standard conditions
#c coal density
% coal porosity
Mg molar mass of the gas
R universal gas constant
Z compressibility factor
k micor pore permeability
kf cleat permeability
kf0 initial cleat permeability
kfi cleat permeability for i direction
bj fracture aperture for i direction
s fracture spacing
& fluid viscosity
!p fluid pressure gradients
%0 initial porosity
εe effective volumetric strain
εv total volumetric strain
p/Ks compressive strain
Ks bulk modulus of coal grains
εT thermal volumetric strain
de effective diameter of grains
Ceq effective volumetric heat capacity
Keq effective thermal conductivity
CL volumetric heat capacity of the moving fluid
QH general heat source
QG geothermal heat source
N heat flux vector
H enthalpy of the system
q energy added to the system through heat
Cp heat capacity at constant pressure
$JT Joule–Thomson coefficient

Palmer and Mansoori (1996),  who defined permeability as a func-
tion of effective stress and matrix shrinkage. Shi and Durucan
(2004a,b) presented a cleat permeability model for gas-desorbing
coalbeds under uniaxial strain conditions where the changes in the
cleat permeability were assumed to be controlled by the prevail-
ing effective horizontal stresses normal to the cleats. Following the
above work, Cui and Bustin (2005) quantitatively studied the effects
of reservoir pressure and sorption-induced volumetric strain on

coal-seam permeability and derived a stress-dependent permeabil-
ity model.

Since the above matchstick coal models were derived on the
assumption that the matrix blocks are completely separated from
each other in a stacked structure, permeability should not change
under conditions of constant confining stress (Liu and Rutqvist,
2010; Liu et al., 2011a). However, this interpretation is not con-
sistent with laboratory observations (Harpalani and Chen, 1997;
Pan et al., 2010; Pini et al., 2009), where dramatic reduction in per-
meability was  shown with the injection of gas. It was attributed
to the swelling of the matrix bridges which connect coal matrix
blocks to each other (Liu and Rutqvist, 2010). A new coal permeabil-
ity model was  developed associated with internal swelling stress
to incorporate the fracture–matrix interaction. The ignorance of
the internal actions between coal fractures and matrix may be an
alternate reason (Liu et al., 2010b, 2011a).

Even though a large variety of coal permeability models have
been proposed, these permeability models were derived based on
assumptions that the temperature of the injected CO2 is the same as
that in coal seams and it remains unchanged during the injection
and adsorption processes. However, in most field injection sites,
CO2 is commonly injected into coal at −40 ◦C to −20 ◦C at liquid
phase or over 30 ◦C at supercritical phase while the initial temper-
ature of coal seams normally ranges from 27 ◦C to 52 ◦C. In such a
case, the injection of CO2 yields significant temperature discrep-
ancy between the injected fluid and coal seams. This contrast in
temperature can change the physical, chemical and thermal state of
subsurface formation and break the pre-existing equilibrium condi-
tion. Similar to the effect of pressure, temperature has considerable
impact on gas adsorption and coal permeability as well, which may
accelerate or delay permeability switch from reduction to recovery
by enhancing or reducing the magnitude of swelling/shrinkage of
cleats and matrix.

Several experiments have been conducted to investigate the
temperature evolution and its effect on coal properties during
the CO2 injection. The classical Joule–Thomson experiment was
focused on the cooling effect on gas injectivity. It was found that
temperature can drop over 20 ◦C due to gas expansion, which has
negative effect on permeability and injectivity (Oldenburg, 2007).
Long et al. (2009) measured the permeability change under differ-
ent temperatures by injecting N2, CH4 and CO2 into coal samples.
Their results showed that the temperature variation has a major
impact on coal permeability.

There is a general agreement that the rate of sorption of CO2 and
CH4 strongly depend on pressure and temperature. Experiments on
CO2 sorption kinetics performed on dried coal at the equilibrium
temperature between 10 ◦C and 60 ◦C showed that the adsorp-
tion rate of CO2 is positively correlated with temperature, and an
increase in pressure and temperature causes a decrease in equilib-
rium time (Charrière et al., 2010). Similar results were reported by
Deishad et al. (2009),  who found that equilibration time decreases
with increasing temperature due to the increase of diffusion rate.

While adsorption rate controls the equilibrium time, adsorp-
tion capacity determines the magnitude of swelling and shrinkage
(Pan and Connell, 2007; Qu et al., 2010). It was found that adsorp-
tion rate increases with increasing temperature, but the effect of
temperature on sorption capacity is highly related to coal ranks.
The thermal experiment for the coal of low ranks shows that tem-
perature plays an insignificant role in storage capacity because
absolute differences between all the isotherms are found to be small
(Crosdale et al., 2008). However, for the coal of high ranks, it has
been found that adsorption capacity decreases significantly with
increasing temperature (Saunders and Yang, 1985; Krooss et al.,
2002). The same conclusion was drawn in the experimental data
from sorption curves of three dry Argonne Premium coals, for N2,
CH4 and CO2 at two  different temperatures (Sakurovs et al., 2008).



Author's personal copy

H. Qu et al. / International Journal of Greenhouse Gas Control 9 (2012) 281–293 283

Furthermore, similar results were found for bituminous coals by a
number of authors (Levy et al., 1997). These observations are incon-
sistent with the results of Langmuir gas sorption models (Donald,
1978), which predict that the sorption capacity is independent of
temperature. Even though the Langmuir pressure pL (Lama and
Bodziony, 1996) was found to decrease with increasing tempera-
ture (Pini et al., 2009) and vary as a function of rank (Crosdale et al.,
2008), the temperature dependency of Langmuir pressure has not
been incorporated into gas sorption and coal permeability models.

Based on the experiment results and field observations, a
few models have been presented to define the relationship
between permeability variation and temperature change. Elsworth
(1989) developed a conceptual model that described permeabil-
ity enhancement subjected to temperature changes. This study
demonstrated that thermal diffusion between solid and fluid
phases is an important process that could change permeability sig-
nificantly even under relatively modest temperatures. Zhou et al.
(1998) developed a thermoporoelastic model taking into account
the coupled thermo-hydro-mechanical effects. They found that
changes in stresses, hydraulic gradient, and temperature gradient
can cause permeability to change. However, these models could not
be applied to coal since no adsorption effect is considered on rock.

In spite of the effect on adsorption capacity, temperature
impacts permeability via thermal expansion as well. Thermal
expansion caused by high temperature injection leads coal matrix
and cleats to swell. Permeability is primarily determined by the
cleat aperture (Wu et al., 2010a,b; Zhang et al., 2008). The change
in cleat aperture is a function of effective stress through poroelas-
ticity, but coal swelling and shrinkage under a confining stress may
also change the cleat aperture (Izadi et al., 2011; Wu  et al., 2010a,b).
Thus, the net change in coal permeability is a function of both the
poroelastic response and the coal swelling or shrinkage.

Over the past few years, a series of advanced modelling tools
have been developed to quantify the complex coal–gas interactions
(Zhu et al., 2011; Chen et al., 2010a,b; Connell, 2009; Connell and
Detournay, 2009; Gu and Chalaturnyk, 2005a,b, 2006; Liu et al.,
2010a,b; Wu  et al., 2010a,b, 2011; Zhang et al., 2008). These works
have provided a coupling approach to represent important non-
linear responses of coal matrix to the effective stress effects.

In our previous study (Liu et al., 2011b),  we found the transi-
tion of coal matrix swelling from local swelling (internal fracture
controlled) to global-swelling (external boundary controlled) as a
novel mechanism for coal permeability switching from reduction
to enhancement under the influence of gas sorption. Our major
findings include: (1) at the initial stage of CO2 injection, matrix
swelling is localized within the vicinity of the fracture compart-
ment. As the injection continues, the swelling zone is extending
further into the matrix and becomes macro-swelling; (2) matrix
swelling processes control the evolution of coal permeability. When
the swelling is localized, coal permeability is controlled by the
internal fracture boundary condition and behaves volumetrically;
when the swelling becomes macro-swelling, coal permeability is
controlled by the external boundary condition and behaves non-
volumetrically; and (3) matrix properties control the switch from
local swelling to macro swelling and the associated switch in per-
meability behaviour from reduction to recovery. This study extends
this modelling approach to evaluate the comprehensive thermal
effect on the coal permeability during CO2 injection and predict
the permeability switch from reduction to recovery under vari-
able temperatures. The model formulation is based on our previous
work (Zhu et al., 2011). In our new formulations, we include the
influence of temperature on sorption capacity via the tempera-
ture dependent Langmuir pressure and modify the conventional
Langmuir adsorption equation. The effect of thermal stress, ther-
mal  expansion on permeability and the effect of temperature on
coal matrix swelling are taken into account and coupled with gas

flow and coal deformation. Permeability is also investigated with
respect to the adsorption amount to reflect the permeability evo-
lution during the dynamic adsorption process.

2. Formulation of coupled processes

When coal is recovered by mining, or fluid recovered or injected,
complex interactions of stress and flow have strong influences on
gas sorption, coal deformation, porosity and permeability change.
In this study, we define these interactions as ‘coupled processes’
implying that one physical process affects the initiation and
progress of another. The individual process, in the absence of full
consideration of cross couplings, forms the basis of very well-
known disciplines such as elasticity, hydrology and heat transfer.
Therefore, the inclusion of cross couplings is the key to rigorously
formulate the full mechanism of coal–gas interactions.

In this section, a set of non-isothermal governing equations is
developed for deformable coal medium, starting with appropri-
ate local formulation expressing the balance law of continuum
mechanics, coupled with mass and energy conservation laws, as
well as gas flow and transport equation. The mass balance equation
is employed to describe the microscopic behaviour of gas with heat
transport. Macroscopic mass transport is obtained through the gas
flow equations incorporated with porosity and permeability mod-
els. The fluid properties like viscosity and density are defined as a
function of temperature, and the effect of temperature on the gas
adsorption and thermal expansion is taken into account through
the Langmuir coefficient and Joule–Thomson process. The govern-
ing field equations are solved to obtain the general field variables
like reservoir pressure and temperature and to predict the effect of
temperature on the coal porosity and permeability change during
the CO2 injection and adsorption processes.

2.1. Coal deformation

The stress–strain relationships for a thermo-elastic porous
medium can be easily tracked in the literature (Bear and
Corapcioglu, 1981; Nowacki, 1995). In this section, the stress–strain
relationships for a non-isothermal linear elastic porous medium
are derived, where an analogy is applied between thermal
contraction and matrix swelling/shrinkage associated gas adsorp-
tion/desorption in coalbeds. The coal mass expands as the
temperature increases, including both the solid phase and the fluid
phase in pores and fractures, leading to a potential change of the
porosity and permeability of the coal mass. In such a case, ther-
mal  effect can directly be analogous to the effect of effective stress,
where matrix porosity changes as pore pressure varies. Assum-
ing thermal expansion/contraction and matrix swelling/shrinkage
are isotropic, the stress–strain relationships for a non-isothermal
coalbed may  be written as

'εij = 1
2G

'"ij −
⇣ 1

6G
− 1

9K

⌘
'"kkıij + ˛

3K
'pıij + 'εs

3
ıij

+˛T

3
'Tıij (1)

εij represents the component of total strain tensor; "ij denotes
the component of total stress tensor; εs is the sorption-induced
volumetric strain. E is the equivalent Young’s modulus of the coal-
fracture assemblage; K represents the bulk modulus of coal; G is
the shear modulus of the coal. p is the gas pressure and T is tem-
perature within the system. ıij is the Kronecker delta with 1 for i = j
and 0 for i /= j.  ̨ is the Biot coefficient; ˛T is the coefficient of volu-
metric thermal expansion incorporating those of both solid phase
and the fluid phase. However, the thermal strain induced by the
expansion/contraction of the fluid phase is usually neglected since
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the thermal expansion coefficient of the fluid phase is relatively
small in comparison with that of the solid phase.

For a system containing a single gas phase, the sorption-induced
volumetric strain εs is usually represented by a Langmuir type
function (Harpalani and Schraufnagel, 1990; Cui and Bustin, 2005;
Robertson and Christiansen, 2007), defined as

εs = εL
p

pL(T) + p
(2)

where εL is the Langmuir-type matrix swelling/shrinkage
coefficient\ and pL is the Langmuir pressure, representing the
maximum swelling capacity and the pore pressure at which the
adsorption volume is half of the maximum adsorption volume,
respectively. Both parameters are temperature related, and pL is
defined in Section 2.5.1.

Volumetric strain associated with gas sorption can also be mea-
sured in terms of the adsorbed gas volume at standard pressure
and temperature. Experiments on the volumetric strain associated
with methane and carbon dioxide adsorption have shown that the
sorption-induced volumetric strain is approximately proportional
to the volume of adsorbed gas (Cui and Bustin, 2005; Clarkson and
Bustin, 2010), which also has been confirmed by Day et al. (2010).
The relationship is described as

εs = εgVs (3)

where εg is the proportional ratio of sorption-induced volumetric
strain to sorption volume; Vs is the sorption volume.

A modified Langmuir volume equation is established to describe
the sorption volume for CO2.

Vs = VL
p

pL(T) + p
(4)

where VL is the Langmuir volume.
The matrix swelling is proportional to the volume of gas

adsorbed, and the amount of adsorbed gas is related to the pressure
by Langmuir equation. Then the relationship between swelling and
pressure as well as temperature can be written as:

εs = εgVs = εgVL
p

p + pL(T)
(5)

2.2. Gas flow and transport

Gas transport in coal seams commonly accommodates two serial
transport mechanisms: diffusion through the coal matrix and lami-
nar flow through the cleat system (Bai and Elsworth, 2000; Elsworth
and Bai, 1992).

The gas transport equation including gas advection and diffusion
mechanisms for a single component gas is defined as

∂m
∂t

+ ∇ · (#g · $$)|  {z  }
advection

+ ∇ · (−D∇ma)|  {z  }
diffusion

= Qs (6)

m = mf + ma, ma = (1 − %)#ga#c
VLp

p + pL
, mf = #g% (7)

where #g is the density of free phase gas, $$ is the Darcy velocity
vector and Qs is the gas source or sink. D is the molecular diffusion
coefficient. m is the gas content including both free-phase content
mf and adsorbed content ma; #ga is the gas density at standard
conditions; #c is the coal density and % is coal porosity. VL rep-
resents the Langmuir volume constant. According to the real gas
law, gas density varies with pressure and temperature, which is
proportional to the pore gas pressure and inversely proportional to
temperature and can be described as

#g =
Mg

ZRT
p (8)

where Mg is the molar mass of the gas, R is the universal gas
constant, and Z is the compressibility factor that accounts for the
non-ideal behaviour of the gas.

The linear momentum balance equation can be expressed in the
form of Darcy’s law. Assuming the effect of gravity is relatively small
and can be neglected, the Darcy velocity may  be defined as

$$ = − k
&

∇p (9)

where $$ is the Darcy velocity; k is the micro pore permeability; &
is the fluid viscosity; !p is the fluid pressure gradients.

Gas flows into the cleats from the injection well and then dif-
fuses through the coal matrix and adsorbs on the internal surface
of the pores. The diffusion process is caused by random molecular
motions and controlled by the molecular diffusion coefficient D. It
is reasonable to expect that the gas diffusion in the coal matrix is
affected by the characteristics of adsorption, gas molecular geom-
etry, and coal pore structure, which will not be discussed in this
paper.

2.3. Coal permeability

The coal porosity ratio changes with the effective strain incre-
ment as (Liu et al., 2010a),

%
%0

= 1 + ˛
%0

'εe (10)

where %0 is the initial porosity; εe is the effective volumetric strain,
and its increment is defined as

'εe = 'εv + 'p
Ks

− 'εs − 'εT (11)

where εv is total volumetric strain; p/Ks is the compressive strain;
Ks represents the bulk modulus of coal grains; εT is the thermal
volumetric strain.

The relationship between the porosity, permeability and the
grain-size distribution in porous media has been defined as
(Chilingar, 1964)

k = d2
e %3

72(1 − %)2 (12)

where de is the effective diameter of grains.
If the porosity is much smaller than 1 (normally less than 10%),

the cubic relationship between permeability and porosity is yielded
as

k
k0

=
⇣

%
%0

⌘3
(13)

Substituting Eq. (10) into Eq. (13), changes in coal permeability are
determined by the redistribution of effective stress or strain due to
varied conditions such as gas injection.

k
k0

=
h

1 + ˛
%0

'εe

i3
(14)

2.4. Thermal transport

To understand the CO2 injection induced coal-fluid interactions,
thermal processes need to be evaluated. The evolution of the local
temperature depends on several factors such as the enthalpy of the
injected CO2, the heat capacity and heat conductivity of the forma-
tion, the velocity of the fluid flow and the thermal expansion of the
injected fluid which coupled with a JTC (Joule–Thomson cooling)
temperature lowing.
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2.4.1. Heat conduction and convection
In this sub-section, the energy conservation equation is derived

to account for the gas expansion through heat convection and con-
duction processes. The equation that describes heat transfer by
convection and conduction reads

∂(CeqT)
∂t

+  ∇ · (−Keq∇T)|  {z  }
Conduction

= −CL$ · ∇T|  {z  }
Convection

+ ˛T T
∂p
∂t

+ ˛T T$ · ∇p
|  {z  }

JTC

+ QH + QG (15)

In this equation, Ceq denotes the effective volumetric heat capac-
ity; Keq defines the effective thermal conductivity; and CL is the
volumetric heat capacity of the moving fluid. The second and third
terms on the right-hand side of the equation are related to JTC,
Joule–Thomson cooling (Obinna and Horne, 2008; Singh et al.,
2011); QH and QG denote general and geothermal heat sources,
which can be spatially and temporally varying with other physics
in the model.

Typically for the CO2 sequestration in coal seams,

Ceq = (1 − %) · #s · Cs + % · #LCL (16)

Keq = K%
L K (1−%)

s (17)

Here the subscripts ‘L’ and ‘s’ denote the mobile fluid and solid
properties, respectively.

The heat flux involves the heat transfer within and between
immobile constituents as well as the moving fluid. The total heat
flux is written as

N = −Keq∇T + CLuT (18)

where N denotes the heat flux vector, and contains two terms. The
first term describes heat flux in proportional to the temperature
gradient and the second term is the convective flux moving at the
liquid’s bulk velocity.

2.4.2. Thermal boundary conditions
The boundary conditions are used to explain how the model

domain interacts with the surrounding environment. The following
thermal boundary conditions are commonly available:

(a) Temperature: Specify a temperature on the boundary.
(b) Heat flux: Specify the inward heat flux across the boundary.
(c) Convective flux: This boundary condition represents a boundary

where heat flows in and out with a fluid, applying in situations
where the moving fluid carries the vast majority of heat and
heat transfer is dominated by convection.

(d) Thermal insulation:  There is no heat flux across the boundary
but temperature is allowed to change along it.

(e) Axial symmetry:  Use this boundary condition on the symmetry
axis.

2.5. Temperature-dependent gas adsorption and thermal
expansion

2.5.1. Langmuir adsorption
Several studies on Langmuir adsorption have shown that the

monolayer amounts do vary with temperature. However, most
of the experiments were performed at the same pressure range
at different temperatures, and hence at higher temperatures,
the isotherms represent less surface coverage. Sorptive surface
coverage ) at a specific gas pressure decreases with increasing tem-
perature as derived from thermodynamics. The sorption capacity
also decreases with increasing temperature for the pressure range

that can be realized in laboratories (up to 50 MPa). This has been
observed on sorption isotherms for dry coals (Crosdale et al., 2008;
Lama and Bodziony, 1996; Levy et al., 1997; Sakurovs et al., 2008).
However from thermodynamics the sorption capacity of a spe-
cific sample is similar for all temperatures at infinite gas pressures,
assuming no change of the sample surface area over this temper-
ature range. The impact of varying temperature on equilibrium
constants like the Langmuir pressure pL is given by the Van’t Hoff
equation (Busch and Gensterblum, 2011):
✓

∂ ln pL

∂(1/T)

◆

)

= −'H
R

(19)

where H is the enthalpy of the system.
The variation of the Langmuir pressure pL must be isosteric (at

constant surface coverage )). Like the energy, the enthalpy is a state
function. The increase in enthalpy of a system is exactly equal to
the energy added through heat, provided that the system is under
constant pressure and that the only work done on the system is
expansion work:

'H = q (20)

where q is the energy added to the system through heat.
The heat capacity at constant pressure is defined as

Cp =
✓

∂H
∂T

◆

p

(21)

where Cp is the heat capacity at constant pressure.
The change in enthalpy for a range of temperature can be defined

by integrating the heat capacity with respect to temperature,

'H =
Z T2

T1

Cp(T)dT (22)

where T1 and T2 are the initial and final temperatures in the system.
The enthalpy 'H  is negative during the adsorption process,

because sorption is an exothermic reaction. The surface coverage
at constant gas pressure decreases with increasing temperature,
however the magnitude of this decrease varies for all gases and
depends on the sample/gas specific enthalpy of sorption. The gas
with the highest sorption enthalpy will have the lowest decrease
in sorption capacity.

The Langmuir pressure can be expressed with the of heat capac-
ity as

ln
⇣

PL

PL0

⌘

)
=

Z T

T0

'H
RT2 dT = 1

R

Z T

T0

1
T2

Z T

T0

Cp(t)dt dT (23)

By integrating Eq. (23), pL can be expressed as a function of T as
follows:

PL = PL0 exp

✓
−

Cp(T)(T − T0)
R

⇣1
T

− 1
T0

⌘◆
, PL > PL0 if T > T0

(24)

PL = PL0 exp

✓
Cp(T)(T − T0)

R

⇣1
T

− 1
T0

⌘◆
, PL < PL0 if T < T0

(25)

Substituting Eqs. (24) and (25) into Eq. (5),  the sorption-induced
strain εs is then defined as a function of temperature.

2.5.2. Joule–Thomson cooling effect
CO2 expands from high pressure to low pressure as it flows

from the bottom hole to the coal reservoir; therefore, the poten-
tial energy of the gas increases since the intermolecular attraction
increases as the distance between the adjacent molecular grows,
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which inversely causes a decrease of the kinetic energy and temper-
ature drop (Singh et al., 2011). In thermodynamics, the temperature
change of a gas as it expands while no heat is exchanged with
the environment is described by the Joule–Thomson process. The
change in temperature depends not only on the initial and final
pressure, but also the manner in which the expansion is carried
out. In this research, since no heat is exchanged with the environ-
ment as CO2 is injected into coal seams, the enthalpy of the system
remains constant. The magnitude of temperature change during
the cooling process is calculated through the Joule–Thomson coef-
ficient, $JT, which describes the relationship between the change
rate of temperature and pressure upon gas expansion in a steady
state of flow with neither heat nor work done on the system.

'T = $JT 'p  (26)

Assuming there is only heat convection and JTC process during
the CO2 expansion, the energy conservation in steady state can be
simplified as

CL$ · ∇T = ˛T T$ · ∇p (27)

By integration, the relationship between the temperature change
and pressure change is derived.

2.6. Complete formulation of coupled THM model

The fully coupled thermal, hydrogeological and mechanical
(THM) model is defined as a set of field Eqs. (1), (6), (14) and (15).
Cross couplings between these field equations are illustrated in
Fig. 1.

Fig. 1 illustrates the coupled THM processes in fractured coal
seams. The coupling mechanisms for the hydro-mechanical pro-
cesses are the interdependencies between the fracture aperture,
coal porosity/permeability, fluid pressure and mechanical stress.
The coupling link for thermo-mechanical processes is the volume
expansion and thermal stress increment of the coal matrix due
to the thermal gradient (and thus indirectly the fracture aperture
change), and the conversion of dissipated mechanical work into
thermal energy, which is usually negligible in practice but may
be significant in geophysical and tectonic problems, such as the
frictional heating induced by fault movements. The coupling links
for thermo-hydraulic processes are more complex, involving vari-
ations in volume (density), viscosity and phase changes (such as
evaporation and condensation) of the fluid phases by the thermal
gradient, and the conductive–convective thermal transfer through
fractured coal by the motion of fluids.

3. Complex evolution of coal permeability

The full formulation of coupled processes as defined above has
been implemented into and solved by Comsol Multiphysics, a com-
mercial partial differential equation solver. In this section, a series
of numerical tests are conducted to evaluate the complex evo-
lution of coal permeability during CO2 injection. The goal is to
explicitly simulate the dynamic interactions between coal matrix
swelling/shrinking and fracture aperture alteration, and translate
these interactions to permeability evolution under unconstrained
swellings.

The selected geometry is a regular array of interacting cracks as
shown in Fig. 2(b). The influence of effective stress and sorption-
induced swelling response on a rectangular crack is examined. A
single component part is removed from the array where the appro-
priate boundary conditions are applied as uniform displacement
along the boundaries. This represents the symmetry of the dis-
placement boundary condition mid-way between flaws as shown
in Fig. 2(a). The simulation model geometry is 1.0 cm by 1.0 cm with

Table 1
Basic parameters for simulation cases.

Parameter Value

Micro pore porosity (%) 5
Matrix permeability (m2) 10−22

Gas viscosity (Pa s) 1.2278 × 10−5

Young’s modulus (GPa) 3.95
Poisson ratio 0.339
Biot’s coefficient 0.66
Thermal expansion coefficient 9 × 10−5

Coal density (kg/m3) 1500
Langmuir swelling strain 0.03
Langmuir sorption constant (m3/kg) 0.04316
Langmuir pressure pL (MPa) 3.96
Confining pressure (MPa) 12
Initial temperature (K) 298.15
Universal gas constant (m Pa3/(mol K)) 8.3144
Initial pressure (MPa) 0.1

a fracture located at the centre. The fracture is 3 mm  in length and
0.2 mm in width.

Roller boundaries are applied on the left and bottom sides. The
other two  boundaries are stress controlled so that the matrix and
the fracture could swell freely. No flow is applied for each flow
boundary in four directions. No heat flux flows through any bound-
ary but temperature is allowed to change since thermal insulation is
applied on each boundary. CO2 is injected with pressure of 10 MPa
at temperature of 278.15 K into the coal seams with the initial pres-
sure of 0.1 MPa  and initial temperature of 298.15 K. The observed
change of cleat aperture is due to the effective stress change which
is the total effect of sorption-induced swelling and thermal con-
traction.

The input parameters for the simulations are detailed in Table 1
(Liu et al., 2011b).  A time-dependent temperature is applied on the
fracture boundary.

Tbw(t) = Tr + Tin (1 − e−(t/td)) (28)

where Tbw is the injection temperature; Tr is the initial tempera-
ture; Tin is the temperature increment due to injection. The time
td is the characteristic time to control injection speed. The change
rate in temperature is controlled by

dTbw(t)
dt

= Tin

td
e−(t/td) (29)

It is difficult to keep dTbw(t)/dt constant but we  can keep

Tin

td
= C (30)

The temperature will be kept constant after it reaches the injection
value.

4. Results and discussions

4.1. Model validation

In our simulation model, the cleat permeability is calculated
through the change of cleats aperture. Coal fracture permeabil-
ity can be determined by fracture spacing and aperture (Liu et al.,
1999).

Under the 2D case with two orthogonal sets of fractures, the
directional permeability for different directions are defined as fol-
lows:

kfi =
b3

j

12 · s
, i /= j (31)
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Fig. 1. Coupled relationships among coal deformation, gas flow, and thermal transport field equations.

where kfi is cleat permeability of coal and bj is the fracture aperture
for i direction; s is the fracture spacing. Therefore, in the vertical
direction,

kf

kf 0
= (b + 'b)3

b3 =
⇣

1 + 'b
b

⌘3
(32)

where 'b  is the change of cleat aperture, kf is the cleat permeabil-
ity and kf0 is the initial cleat permeability. At the final state, 'b
is caused by 3 components, the scorpion-induced strain, thermal
strain and the compressive strain.

'b = εL

⇣
p

pL(T) + p
− p0

pL(T0) + p0

⌘
− 'p

Ks
+ ˛T 'T  (33)

As the coal swelling propagates from the vicinity of the cleat to
the external boundary, the coal bridge swelling increases the cleat
aperture while the matrix swelling changes the fracture spacing
only. As t = ∞,  the whole system gets equilibrium and the gas
pressures in both coal cleats and matrix are the same and could
be expressed as p. At the uniform swelling state, the permeability
is only determined by the bridge swelling caused by the sorption
induced swelling and thermal expansion, since the term of 'p/Ks
is relatively small compared to the other 2 terms.

kf

kf 0
(t = ∞)  =

⇣
1 + εL

⇣
p

pL(T) + p
− p0

pL(T0) + p0

⌘
− 'p

Ks
+ ˛T 'T

⌘3

≈
⇣

1 + εL

⇣
p

pL(T) + p
− p0

pL(T0) + p0

⌘
+ ˛T 'T

⌘3
(34)

Fig. 2. Specifications of the numerical model. (a) Coal block with single matrix and fracture. (b) Numerical model with stress-controlled boundary.
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Fig. 3. Comparison of coal permeability ratio evolution at the equilibrium state
between the theoretical solution and numerical solution.

In all modelling examples, the permeability at the initial and final
state conditions is known. Comparison between modelled perme-
ability at the equilibrium and the theoretical solution is shown
in Fig. 3. The perfect match proves the validity of the modelling
approach.

4.2. Permeability ratio evolution comparison between isothermal
and non-isothermal cases

In this section, complex evolutions of coal permeability from
the initial state to the final state are examined in a series of sce-
narios. The simulation results shown in Figs. 3–10 are based on
the numerical model shown in Fig. 2(a). The permeability shown in
these results are cleats permeablity and they are calculated based
on cubic law of single fracture.

Case 1. Isothermal CO2 injection. In this scenario, it is assumed
that the thermal equilibrium between the injected CO2 and the coal
matrix reaches instantly.

Evolutions of the coal permeability ratio under three different
temperatures of 278.15 K, 328.15 K and 378.15 K are compared in
Fig. 4. It is noticeable that the final permeability values on these
3 lines are the same after 108 s. This indicates that permeability
under these isothermal conditions becomes identical at the final
states. However, the processes from the initial state to the final
state are different due to the density discrepancy under different
temperatures. According to the real gas law, gas density changes
with pressure and temperature. The pressure evolutions are
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Fig. 4. Evolutions of isothermal permeability ratio under different temperatures.
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Fig. 5. Evolutions of permeability ratio under different non-isothermal conditions.
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Fig. 6. Evolutions of permeability ratio with the amount of the adsorbed gas.

distinct under different temperatures, which affects the permeabil-
ity evolutions. The permeability change of coal is determined by the
compressibility and sorption-induced strain. In this scenario, both
factors are controlled by pressure only under the isothermal con-
ditions because thermal expansion effect is eliminated since there
assumed to be no temperature difference between the injected CO2
and the coal seams.
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Fig. 8. Evolutions of coal permeability ratio with temperature. (a) Permeability
variations under high temperature CO2 injection. (b) Permeability variations under
low  temperature CO2 injection. (c) Permeability variation comparison under low
and  high temperature CO2 injection.

Case 2. Non-isothermal CO2 injection. In this scenario, it is
assumed that the thermal equilibrium between the injected CO2
and the coal does not reach instantly.

Fig. 5 illustrates evolutions of the coal permeability ratio under
three non-isothermal conditions as CO2 is injected at the tempera-
ture of 278.15 K, 328.15 K and 378.15 K, respectively, into the coal
seams with the initial temperature of 298.15 K. The trends of these
three lines are similar but the differences are also noticeable.

The permeability for 3 cases decrease rapidly at the begin-
ning, and then rebound after reaching the lowest value. However,
the magnitudes and times for the switch of permeability from
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Fig. 9. Evolutions of coal permeability ratio at different initial permeabilities.

reduction to rebound at 278.15 K are apparently different from
those at 378.15 K.

In these simulations, the maximum permeability reduction at
the temperature of 278.15 K is 95% while it is 85% at the temper-
ature of 378.15 K, and the final permeability recovers to 1.14 at
the temperature of 278.15 K while the recovery at the temper-
ature of 378.15 K is 1.35. Therefore, the permeability reduction
at 378.15 K is 10% less and the recovery is 20% more than that
at 278.15 K. The magnitude of permeability decrease at the tem-
perature of 378.15 K is relatively small comparing to those at the
other two  temperatures, which is due to the balance between the
sorption-induced strain and thermal strain in effective strain. The
adsorption amount Vs decreases with the increase of temperature
due to the increase of pL. Since the sorption-induced volumetric
strain is proportional to the volume of adsorption, the decrease of
adsorption amount and increase of desorption amount at high tem-
perature cause coal matrix to shrink and permeability to decrease
less. On the other hand, the thermal strain increases with tempera-
ture, leading to the expansion of coal matrix and more permeability
decrease. However, permeability decreases less at high tempera-
ture because of the dominant effect of sorption-induced strain in
the effective strain.

The switching times are also different for these simulations. Per-
meability starts to change earlier but it takes longer time for the
whole system to reach equilibrium at the temperature of 378.15 K.
Permeability begins to decrease after 10 s of injection for the case of
378.15 K while it is not until 100 s that permeability start decreasing

Fig. 10. Evolution of coal permeability during CO2 non-isothermal injection as con-
fined by two extreme cases: completely free swelling and completely constrained
swelling.
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for the case of 278.15 K. Moreover, permeability starts to rebound
at 1000 s at the temperature of 378.15 K, but it is still decreasing for
278.15 K and 328.15 K at this time. Permeability starts to rebound
at about 1600 s for the temperature of 328.15 K and at 2200 s for the
temperature of 278.15 K. The system gets equilibrium almost at the
same time for the 3 temperature cases. It is obvious that the perme-
ability evolution time from rebound to equilibrium for the case of
378.15 K is the longest among these cases because the temperature
difference between the injected CO2 and the coal seams for the case
of 378.15 K is over 50 K larger than those of the other two cases. In
addition, the permeability switch from reduction to rebound is vir-
tually instant at 378.15 K, while it takes more time and the lines
are much smoother for the other 2 cases. Furthermore, permeabil-
ity rebounds with a relatively small rate from 1000 s to 5000 s at
the beginning of recovery for the case of 378.15 K, while it recovers
with a larger rising rate at the temperature of 278.15 K as perme-
ability starts to rebound after 2200 s. The recovery rate becomes
almost the same at around 104 s for all 3 temperature cases. The
time difference seems not large among these 3 lines for this par-
ticular simulation model because this model is only designed to
simulate one single fracture of 3 mm × 0.2 mm in a 1.0 cm × 1.0 cm
tiny coal mess. However, there are numerous fractures and cleats
in the coal reservoir and the time accumulation of the temperature
effect is expected much larger than that in this model.

Comparing to the average evolution time of 108 s from the ini-
tial state to the final state in the previous isothermal cases, it only
takes approximately 5 × 105 s for the non-isothermal injections to
get equilibrium. Gas diffuses faster in the coal matrix under the
non-isothermal condition due to the heat convection between the
injected CO2 and the coal, which accelerates the gas flow and
shortens the time for the whole system to get equilibrium (Shi
et al., 2008). Normally the switch from permeability reduction to
recovery is very quick as the injection temperature is high. The tran-
sitional period for the case of 378.15 K is shorter than that for the
case of 278.15 K since the coal permeability is higher for the case of
378.15 K and gas flows faster from the coal cleat to and within the
coal matrix while the permeability is lower for the case of 278.15 K
and gas flows slower.

Both the amount of gas that adsorbs in the coal and the flow rate
that gas diffuses from the cleat to and within the coal matrix affect
the magnitude of the coal matrix swelling and the rate of perme-
ability change. Permeability decreases with the increase of injection
pressure under the isothermal conditions due to the swelling of
coal matrix caused by the adsorption of CO2 in coal. However, the
reason for the permeability decrease under non-isothermal condi-
tion is more complicated because apart from the effect of pressure,
temperature causes the coal volume to change as well, which works
through thermal expansion and gas adsorption. Thermal expansion
leads to coal swelling at high temperature and thermal contrac-
tion leads to coal shrinking at low temperature, whereas, the effect
of temperature on gas adsorption is more significant. Since gas
adsorption capacity decreases with increasing temperature, more
gas adsorbs on the coal at low temperature while more gas des-
orbs from the coal at high temperature. As a result, the magnitude
of sorption-induced coal matrix swelling at low temperature is
larger than that at high temperature. However, the gas diffusion
rate increases with increasing temperature, and gas diffuses faster
at high temperature which accelerates the permeability changing
rate. Therefore, permeability variation induced by temperature is
not caused by a sole factor but the result of multi-factors controlling
both sorption-induced swelling and thermal expansion.

4.3. Permeability and adsorption amount

Inaccuracies in temperature readings and their effects on sorp-
tion measurements have been reported and discussed frequently in

the literature. Temperature errors are commonly between 0.1 and
0.3 K for experimental temperatures well above room temperature.
This is because it is typically easier to heat a system than to cool
it and to keep it at a constant temperature. Therefore, experimen-
tal temperatures below room temperature are expected to have
a larger uncertainty. Evidently this effect is almost negligible for
CH4 (<0.1%). For CO2 however it is quite significant and exhibits
a maximum around the critical pressure of CO2 where small tem-
perature changes cause large changes in CO2 density (Busch and
Gensterblum, 2011).

In a typical isothermal experiment, CO2 is injected from the
injection pump to the coal sample. It is observed that temperature
experiences several fluctuations until the gas adsorption gets equi-
librium. Temperature decreases at the beginning as CO2 is injected
from the injection pump to the coal sample due to the cooling effect
caused by gas expansion from the high pressure to the low pressure.
The Joule–Thomson cooling process and the viscous heat dissipa-
tion with a temperature decrease depend strongly on the medium
porosity. CO2 is kept injected until the gas pressure in the coal sam-
ple reaches the same as the injection pressure. After the injection
is stopped, gas pressure in the coal sample decreases dramatically
in a very short time because of the adsorption of CO2. CO2 adsorbs
on the large macro pores at the first place and changes from free
phase to adsorbed phase. The pressure decrease slows down after
the large pores are almost occupied and CO2 begins to adsorb on
the medium and micro pores. Meanwhile, temperature increases
gradually with the gas adsorption since the adsorption process
is an exothermic process and the large amount of heat released
to the system leads to a slow recovery of the gas pressure after
the adsorption gets equilibrium. Whereas, the adsorption and des-
orption processes always happen simultaneously. The exothermic
adsorption and the endothermic desorption balance the tempera-
ture in the whole system through the entire process.

Based on such observations, permeability actually varies con-
siderably during the adsorption process. However, the current
permeability measurement method does not involve any dynamic
adsorption process. Permeability is only determined by the analysis
of the gas flow through the sample caused by the differential pres-
sure decay between the upstream and downstream vessels after
the adsorption gets equilibrium. Therefore, this kind of permeabil-
ity measurement could not reflect the real permeability evolution
under the effect of coal matrix swelling caused by pressure and
temperature changes during the adsorption process.

In this paper, permeability ratio is investigated with respect to
the adsorption amount. Permeability decreases dramatically in a
short time at the first stage of adsorption because the adsorbed
CO2 on the surface of cleats and large pores of the coal directly
narrows the path for the gas flow and reduces the permeability. The
permeability decrease rate is larger as CO2 is injected for the case of
378.15 K than those for other cases, as shown in Fig. 6, and a 10% less
decrease is observed as permeability reaches the lowest point. The
flow and adsorption rate of the gas is affected by the temperature
of injected CO2 as well as the temperature difference between the
injected CO2 and the coal matrix under the same injection pressure.
The magnitude of permeability decrease at this adsorption stage is
also related to the cooling effect. In fact, it is demonstrated that the
cooling effect on the low temperature CO2 injection is much larger
than that on the high temperature CO2 injection especially on those
injections with the temperature around the freezing point of water
because the solid hydrate may  block the cleats as well as the pores,
substantially reducing the permeability.

The second stage of the adsorption on the medium and small
micro pores slows down due to the small gas diffusivity from
the cleats to and within the coal matrix. Permeability switches
from reduction to recovery with the increase of the adsorption
amount because the matrix swelling switches correspondingly
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from local swelling around the coal cleats to the global swelling
within the whole coal matrix. The magnitude of adsorption amount
where permeability starts to recover is different at varied injection
temperatures under the same injection pressure. Permeability
begins to switch from reduction to recovery as 2.5 × 10−7 m3/kg
CO2 adsorbs on the coal surface for the case of 378.15 K, while it
does not rebound until 5 × 10−7 m3/kg CO2 adsorbs on the coal sur-
face for the case of 278.15 K, doubling the amount of adsorption for
the case of 378.15 K. In addition, the magnitude of permeability at
the switch point for the case of 378.15 K is 10% higher than that
for the case of 278.15 K and the 10% higher permeability is kept
through the whole recovery process until the adsorption reaches
equilibrium. However, there is an obvious inflexion in the period of
recovery for all three cases. Permeability rebounds sharply with a
large increasing rate right after the switch point and then smooths
as it almost reaches the initial value where the increase slows
down until the permeability reaches the final value. The rate of
permeability recovery is highly related to the extent of coal matrix
swelling, which diminishes at high temperature due to the decreas-
ing adsorption capacity with increasing temperature, as shown in
Fig. 7. However, thermal expansion at high temperature causes the
coal to swell and enhances the coal swelling. Consequently, the
magnitude and rate of permeability recovery are the balance of
these two temperature dependent mechanisms.

4.4. Permeability variation with temperature

In this section, the relationship between permeability and tem-
perature is illustrated in terms of high temperature CO2 injection
and low temperature CO2 injection. CO2 is injected at three differ-
ent temperatures of 328.15 K, 353.15 K and 378.15 K respectively
for the high temperature injection case and at 273.15 K, 278.15 K
and 288.15 K for the low temperature injection case. The perme-
ability evolutions against the various temperatures are shown in
Fig. 8. Prior to the CO2 injection, temperature of the coal seams
remains at the initial temperature of 298.15 K. As CO2 is injected,
temperature in the vicinity of the cleats soon reaches the same as
that of the injected CO2, leading to a large temperature difference
between the cleats and the coal matrix around. As a result, heat
transfer in terms of heat conduction and convection occurs as gas
diffuses from the cleat to coal matrix, but temperature in the coal
matrix always lags that in the cleats.

In the following we analyse the results of high temperature
and low temperature injection cases as shown in Fig. 8. At the
initial stage, high temperature gas adsorbs on the cleat surface
and diffuses in the vicinity of the cleat leading to local swelling.
Permeability experiences a rapid decrease for each injection case
because the cleat aperture reduces. This swelling-caused per-
meability decrease is controlled by the internal cleat boundary.
However, the magnitudes of permeability decrease are different
due to various temperature differences. With gas diffusing through
the coal matrix, the temperature difference between the injected
CO2 and the coal seams reduces and the matrix swells from the
internal cleat boundary through the whole matrix to the far away
boundary, resulting in the increase of the cleat aperture and per-
meability switching from reduction to recovery. It is noticeable
that the period of permeability reduction is much shorter than that
of the recovery at each injection temperature since temperature
increase in the coal matrix is much slower due to the low diffu-
sivity of gas flow. As shown in Fig. 8(a), sheer permeability switch
is observed for the case of relatively low temperature of 328.15 K
while the switch is much placid for the case of 378.15 K because the
larger the temperature difference, the longer time it takes for heat
transfer. Similarly, for the low temperature CO2 injection, sharp
permeability switch can be noticed for the case of relatively high
temperature of 288.15 K, as shown in Fig. 8(b), while the switch is

much smoother for the case of CO2 injection at 273.15 K. The high
temperature CO2 injection at 308.15 K and 318.15 K are compared
with low temperature CO2 injection at 278.15 K and 288.15 K in
Fig. 8(c). Permeability decreases 44% and recovers to 1.14 for the
case of 278.15 K while it decreases as much as 52% and recovers to
1.22 at the temperature of 318.15 K. It is noticeable that for the same
temperature difference between the injected CO2 and the coal, high
temperature CO2 injection causes more permeability decrease for
the local swelling and more permeability recovery for the global
swelling.

4.5. The effect of initial permeability on low temperature CO2
injection

Fig. 9 illustrates the effect of initial permeability on the mag-
nitude of permeability change. CO2 is injected at the temperature
of 278.15 K into the coal seams of 298.15 K with the initial matrix
permeability of 10−21 m2, 10−22 m2 and 10−23 m2 respectively. It is
noticeable that the maximum cleat permeability decrease is 72% in
the coal seams with an initial matrix permeability of 10−21 m2 and
it takes 104 s for the whole system to get equilibrium. However, for
the coal with an initial matrix permeability of 10−23 m2, it takes
as long as 106 s, virtually 100 times longer for the permeability to
get equilibrium and a 20% more maximum permeability decrease
is observed. In addition, the time from permeability reduction to
recovery is much longer in the coal seams with lower initial perme-
ability because gas diffuses very slowly from the cleats to the coal
matrix and it takes more time for the swelling transfers from local
to global. In the field CO2 injection, low temperature CO2 injection
has more significant effect on the coal seams with low initial perme-
ability. The temperature decrease caused by the injection has the
potential to freeze the coal water and other liquids, easily block-
ing the coal pores and cleats, reducing the coal permeability and
finally affecting the injectivity. Therefore, for the low permeability
coal seams, low temperature CO2 injection is more difficult and the
final amount of injection is less due to the decrease of injectivity.

4.6. Model evaluation

Liu et al. (2011b) evaluated the performance of major coal per-
meability models against analytical solutions for the two extreme
cases of either completely free swelling or completely constrained
swelling. For the case of completely free swelling none of the
swelling strain contributes to the change in coal permeability
because effective stresses do not change. Conversely, for the case of
completely constrained swelling the full swelling strain contributes
to the change in coal permeability because the coal is completely
constrained from all directions. Therefore, these two  solutions
represent the lower bound and the upper bound behaviours of
permeability evolution, respectively.

The pressure and temperature have mutual effects on perme-
ability as CO2 is injected with high pressure under non-isothermal
conditions. Thermal expansion could be analogous to the effect of
the sorption-induced strain due to its effect on the coal swelling.
For the case of completely free swelling, the coal permeability is
determined by the change in pore pressure only

k
k0

=
h

1 + ˛
%0

⇣
'p
K

⌘i3
(35)

However, for the case of completely constrained swelling, the coal
permeability is determined by the resultant sorption strain and
thermal strain

k
k0

=
h
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⇣
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(36)
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The change in temperature affects permeability through both
adsorption capacity and thermal expansion. The solutions for these
two cases are illustrated in Fig. 10.

Prior to the CO2 injection, the temperature and pressure in the
cleat are the same as those in the coal matrix. At the early stage of
CO2 injection, the temperature and pressure in the cleat reach the
injection temperature and pressure almost instantly, which yields
large temperature and pressure gradients between the cleat and
coal matrix.

When the injection temperature is higher than the initial one,
both the gas diffusion and the thermal diffusion cause coal matrix
to swell in the vicinity of the coal cleat, and reduce permeability. As
the processes progress, the swelling region propagates further into
the matrix, the impact of swelling on the coal permeability dimin-
ishes and coal matrix swelling changes from local swelling to global
swelling. The change in temperature can also affect permeability
through its effect on the adsorption capacity. The decrease of the
adsorption capacity caused by the increasing temperature leads to
the shrinking of the coal matrix. This partially offsets the effect of
sorption-induced swelling and thermal expansion. Consequently,
the permeability evolution becomes more uncertain.

5. Conclusions

A fully coupled coal deformation, gas flow, and thermal trans-
port model is developed to evaluate the complicated evolution of
coal permeability under the combined influence of variable gas
pressure and temperatures. These combined effects are evaluated
through explicit simulations of the dynamic interactions between
coal matrix swelling/shrinking and fracture aperture alteration, and
translations of these interactions to the evolution of coal permeabil-
ity. In our formulations, we include the influence of temperature on
sorption capacity via the temperature dependent Langmuir pres-
sure and modify the conventional Langmuir adsorption equation.
The effect of thermal stress, thermal expansion on permeability
and the effect of temperature on coal matrix swelling are taken
into account and coupled with the gas flow and coal deformation.
The fully coupled model is applied to evaluate why coal permeabil-
ity changes instantaneously from reduction to enhancement under
the free swelling condition as widely reported in the literature.
Based on the modelling results, the complex evolution of coal per-
meability under variable pressure and temperatures is controlled
primarily by the following factors:

• Distribution of coal fractures: Coal is a typical dual poros-
ity/permeability system containing porous matrix surrounded
by fractures. Our results demonstrate that the matrix-fracture
interactions control the complex evolution of coal permeability
under the influence of pressure and temperature. This influence
is regulated by the external boundary conditions.

• External boundary conditions:  Our results demonstrate that
the transition of coal matrix swelling from local swelling to
macro-swelling controls the simultaneous switching of coal per-
meability from the initial reduction to the late recovery. At the
initial stage of CO2 injection under variable temperatures, matrix
swelling due to gas sorption, thermal expansion and the change
in adsorption capacity is localized within the vicinity of the frac-
ture compartment. As the injection continues, the swelling zone
is widening further into the matrix and the swelling becomes
macro-swelling. When the swelling is localized, coal permeabil-
ity is controlled by the internal fracture boundary condition
and behaves volumetrically; when the swelling becomes macro-
swelling, coal permeability is controlled by the external boundary
condition.

• Coal swelling/shrinking: The evolution of coal matrix
swelling/shrinking is the primary process that controls the

evolution of coal permeability under the influence of variable
pressure and temperatures. The variation in temperature affects
coal permeability via thermal expansion and sorption-induced
swelling. The thermal expansion caused by high temperature
CO2 injection enhances the coal matrix swelling while the
decreased sorption capacity due to the increase of temperature
reduces the magnitude of coal swelling.
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