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Studying gas transport mechanisms in coal seams is crucial in determining the suitability of coal formations for geosequestration and/or
CO;-enhanced coal bed methane recovery (ECBM), estimating CO, storage capacity and recoverable volume of methane, and predicting the
long-term integrity of CO, storage and possible leakages. Due to the dual porosity nature of coal, CO, transport is a combination of viscous
flow and Fickian diffusion. Moreover, CO, is adsorbed by the coal which leads to coal swelling which can change the porous structure of coal and
consequently affects the gas flow properties of coal, i.e. its permeability. In addition, during CO, permeation, the coal seam undergoes a change in
effective stress due to the pore pressure alteration and this can also change the permeability of the coal seam. In addition, depending on the in situ
conditions of the coal seam and the plan of the injection scheme, carbon dioxide can be in a supercritical condition which increases the complexity
of the problem. We provide an overview of the recent studies on porous structure of coal, CO; adsorption onto coal, mechanisms of CO, transport
in coalbeds and their measurement, and hydro-mechanical response of coal to CO; injection and identify opportunities for future research.
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1. Introduction

Geosequestration is the process of pumping CO, into deep
geological formations such as coalbeds to reduce or offset
greenhouse gas emissions into the atmosphere. Coalbeds are of
interest because they have naturally stored methane which can
be displaced by injecting CO, and can help produce a clean
and valuable hydrocarbon that can partly offset the sequestra-
tion expenses. Thus, it is also called CO,-enhanced coalbed
methane recovery (ECBM). The economic feasibility of car-
bon dioxide sequestration into coal seams in some areas and
formations has been investigated by several authors and it
has been suggested that this option might be economically
viable (Gentzis 2000, Yamazaki et al. 2006, Robertson 2009,
Shimada and Yamaguchi 2009). A number of demonstration
projects of CO; injection into coalbeds have been undertaken in
the United States, Europe and Asia (Reeves 2001, Yamaguchi
et al. 2006, Van Bergen et al. 2006, Wong et al. 2007, Botnen
et al. 2009). However, industrial scale operations have not com-
menced because of concerns related to gaps in understanding
and a limited ability to predict gas flow mechanisms as well as
coal behaviour in response to CO, injection.

It is currently believed that when CO; is injected into a coal
seam, it flows inside the macro-porous system of cleats and
then starts to diffuse into the coal matrix to reach the micro-
pores and be stored there in an adsorbed state. The adsorption
of CO; by the coal causes physico-chemical changes that result
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in an increase in coal matrix volume, which is termed swelling.
Swelling can lead to changes in the hydraulic and mechanical
properties of coal. This leads to a reduction in CO; injectivity
and raises doubts about the integrity of storage sites. In order
to develop an efficient strategy for coal seam sequestration, a
comprehensive understanding of the variables that affect the
transport and mechanical properties and their interactions is
required.

In this review, gas transport mechanisms in coalbeds and
also changes in their mechanical and flow properties due to
CO; injection will be discussed. First, the porous structure
of coal and the mechanisms and properties of gas adsorption
are introduced. Then, a comprehensive review of flow mech-
anisms, including permeation and diffusion, and how these
are influenced by the intrinsic properties of coal is presented.
The change in mechanical and flow properties of coal, due to
sorption-induced swelling, is also of a considerable importance
and some authors’ experimental data are presented. Finally,
an overview of the current knowledge and research gaps are
identified.

2. Molecular and porous structure of coal

Coal is an organic sedimentary rock that contains varying
amounts of carbon, hydrogen, and other elements includ-
ing mineral matter. Coal can be considered as a polymer of a
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(a) Conceptual coal model in which aromatic compounds are connected to each other via aliphatic bridges (Haenel 1992) and (b) molecular structural

model of bituminous coal (with carbon content of 83%) (Marzec 1985). Note that the aromatics-hydrocaromatics units shown in ‘a’ represent the clusters of rings

in ‘b’.

certain molecular weight (Ward and Suarez-Ruiz 2008), with
a structure composed of an accumulation of aromatic macro-
molecular chains which are inter-linked to form a body of solid
material. Conceptual and structural models of bituminous coals
are illustrated in Figure 1. The molecular structure of coal
depends on the origin and rank of a particular coal (Ishihara
et al. 2004), and a number of different models have been pro-
posed (Nishioka 1993). For carbon contents greater than 85%
many properties of coal can be related to the molecular size of
the structural units.

The molecular structure leads to a porous material with
a wide range of pore sizes, that includes many microscopic
pores resulting in a large internal surface area (Pashin 2008).
The range of pore sizes and their interconnectedness influence
mechanical properties, gas storage and flow and have been of
interest to researchers in coal science for many years (Alexeev
et al. 1999, Hall et al. 2000).

In general, coals have significant specific surface area, up to
215 m?/g (Giirdal and Yalgin 2001) with open porosities vary-
ing from 2.5-18.0% (Gan et al. 1972). The porosity is generally
considered to comprise of nanopores or micropores (<2 nm),
mesopores (2-50 nm), and macropores (>50 nm) in which flu-
ids can be stored and flow (Harris and Yust 1976, Balek and
Koranyi 1990, Radlinski et al. 2004, Sereshki 2005, Pashin
2008). When considering the flow and mechanical behaviour
there does not appear to be any advantage from considering
micropores and mesopores separately and the term micropores
is used subsequently for all pores less than 50 nm. A major
part of the stored gas resides in the micropores (Parkash and
Chakrabartty 1986). The nature of the porosity varies with
carbon content and rank, with macropores predominant in
the lower carbon (lower rank) coals, whereas higher carbon
(higher rank) coals contain predominantly micropores (Gan
et al. 1972). The porosity of coal decreases with carbon con-
tent until reaching a minimum (of around 3%) at approximately
89% carbon content, and then increases with further carbon
content increase (Speight 2005).

To date many techniques and methods have been used to
observe and measure the porosity of coals, and this has resulted
in ongoing debate about the interconnectedness of the pores.
Some assume that coal has an interconnected network of pores
(Harris and Yust 1976, Harpalani and Zhao 1991, Gamson ef al.
1993, Radovic et al. 1997), while others believe that pores are
isolated from each other. For example Alexeev et al. (1999)
estimated 60% of the pore space is closed, and fluid can only
migrate from one pore to another by diffusion through the solid
coal matrix (Larsen and Wernett 1992, Larsen et al. 1995).
These contrasting opinions are a consequence of technologi-
cal limitations which prevent direct observation of the porous
structure (Sharma et al. 2000).

A system of natural orthogonal fractures, also known as
cleats, form the vast majority of the macropore space in coal
(Pashin 2008). Cleat formation is controlled by intrinsic ten-
sile forces, fluid pressures, and tectonic stresses (Gamson et al.
1993, Su et al. 2001). Most cleat surfaces are perpendicular
to the bedding. The major set is variously termed the primary,
main, face or master cleats, and the minor set named the sec-
ondary, butt, back, cross or bord cleats (Figure 2) (Spears
and Caswell 1986). The secondary cleats end at intersections
with through-going primary cleats and are believed to have
formed later (Laubach et al. 1998). In some coals, a third cleat
set is present which is commonly curvi-planar, very short in
length and not aligned with either primary or secondary cleats
(Gamson et al. 1993).

Transport of gas through coal depends primarily on the spac-
ing and aperture of the cleats (Laubach et al. 1998). Cleat
spacing is usually sufficiently close (millimetres to centime-
tres) that numerous visible fractures are present in coal cores
(Laubach et al. 1998). Cleat spacing tends to increase with
increasing mineral content (Spears and Caswell 1986), and
decreases with porosity so that cleat spacing reduces with rank
reaching a minimum for medium volatile bituminous coals,
where porosity is a minimum, and then increases for higher car-
bon contents (Laubach er al. 1998). Cleat apertures range from
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Figure 2. Schematic illustration of coal cleat geometries. (a) Cleats pattern in plain view. (b) Cleat hierarchies in cross-section view (Laubach et al. 1998).

hairline fractures narrower than one micron to major fractures
wider than 20 millimetres (Pashin 2008). Some minerals may
fill the cleats and affect the permeability of coal (Pashin 2008).
These minerals in the cleats constitute a significant fraction of
total mineral matter in the coal (Spears and Caswell 1986).

An understanding of the molecular structure and the nature
of the pores, which affect the mechanical response, and the gas
flow and storage, is required in CO, sequestration and ECBM
applications. For example, cleat aperture, spacing and connect-
edness are important in controlling gas flow whereas the poros-
ity of the matrix controls storage capacity. As will be shown
in the following sections, these parameters are influenced by
interactions between CO, and the coal structure.

3. Adsorption of CO; onto coal

Gas adsorption and desorption or simply gas sorption is a
process in which gas molecules “interact” with a surface
(Sereshki 2005, Pashin 2008). Molecules and atoms can attach
themselves onto surfaces in two ways: physisorption and
chemisorption. In physisorption (physical sorption), there is a
reversible weak Van der Waals attraction of the adsorbate to the
surface. Chemisorption is an irreversible process where gases
are held on the surface of coal by chemical forces (Ozdemir
2004, Pashin 2008). Physical adsorption can occur alone, but
chemisorption is always accompanied by physical adsorption
(Dollimore et al. 1976).

The mechanism of gas sorption in coal is still not com-
pletely understood (Melnichenko et al. 2009), and many
sorption isotherms have been used to describe it. Of these the
Langmuir and Dubinin (Dubinin-Radushkevich and Dubinin-
Astakhov) have been the most widely reported as can be seen
in Table 1. Each isotherm is based on assumptions about the
nature of the absorbent surface and the number of particles

that may be sorbed. For example, the Langmuir isotherm
assumes that under constant pressure and temperature, there is
a dynamic equilibrium between sorbed and non-sorbed phases
and sorption is limited to a single layer. Langmuir’s equation is
given by:

VLP
PL+P

V=

ey

Where P is the equilibrium gas or vapour pressure, V is the
volume of gas adsorbed, V is the Langmuir monolayer vol-
ume (maximum monolayer capacity) and Py, is the Langmuir
pressure corresponding to 0.5x V;, The isotherm parameters V,,
and P are determined by a process of curve fitting to exper-
imental data. A summary of recent experimental studies on
CO, sorption in coal is given in Table 1. In many studies
the Langmuir isotherm has been shown to provide reasonable
predictions of the sorption of CO, and multi-component gas
mixtures (containing CO;) to coal under below-critical condi-
tions (Laxminarayana and Crosdale 1999, Busch et al. 2003a,
Yamazaki et al. 2006, Jodlowski et al. 2007, Saghafi et al.
2007, Prusty 2008) and supercritical conditions (T>31 °C and
P>7.38 MPa) which are relevant to sequestration in deep coal
seams ( Busch er al. 2003b, Busch et al. 2006, Yu et al.
2008).

The Dubinin equations have also been used to describe the
sorption of CO; in the gaseous state (e.g. Charriére et al. 2010,
Pone et al. 2009b) and also modified for supercritical CO,
(Sakurovs et al. 2007, Day et al. 2008c). Early studies (e.g.
Clarkson et al. 1997) showed that Dubinin model (D-A) fits the
experimental data better than Langmuir model for both CO,
and CHy below the critical point. Sakurovs et al. (2007) devel-
oped a modified Dubinin model, in which the gas pressure is
replaced by gas density and also a proportionality term has been
added to the equation to account for the gas adsorption on the
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Table 1. Experimental data for adsorption of CO; on coal for different isotherm models in recent publications
Gas Type
Adsorption isotherm model Composition PVT

Reference(s)

Langmuir Pure Gas Only

Supercritical

Subcritical

(Yamazaki et al. 2006, Laxminarayana and Crosdale 1999,
Saghafi et al. 2007, Ceglarska-Stefanska and Brzoska 1998)
(Li et al. 2010, Goodman et al. 2007)

Multi-component Gas Subcritical (Busch et al. 2003a, Ceglarska-Stefanska and Zarebska 2005,
Prusty 2008)
Dubinin-Astakkov Pure Gas Only Subcritical (Pone et al. 2009b, Siemons et al. 2007, Harpalani et al. 2006,
Ozdemir et al. 2004)
Supercritical (Sakurovs et al. 2010, Ottiger et al. 2006, Clarkson et al. 1997,
Bae and Bhatia 2006)
Multi-component Gas (Sakurovs et al. 2010)
Dubinin-Radushkevich Pure Gas Only Subcritical (Jodtowski et al. 2007, Clarkson and Bustin 1999)

Superecritical

Multi-component Gas
Pure Gas Only
Multi-component Gas

Others

Subcritical
Supercritical

(Sakurovs et al. 2007, He et al. 2010, Day et al. 2008c,
Clarkson et al. 1997, Bae and Bhatia 2006)

(Jodlowski et al. 2007, Bae and Bhatia 2006)
(Fitzgerald et al. 2005, Mazumder et al. 2006)
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Figure 3. Langmuir and D-R isotherms for adsorption of carbon dioxide at pressures up to 15 MPa (DR+k and Langmuir+k means the modified isotherm with

the absorption term) (Sakurovs et al. 2007).

interior of coal in addition to its exterior. This model (DR-+k
model in Figure 3) is able to fit the experimental data precisely
under high pressure and supercritical conditions with up to 1%
accuracy (Sakurovs et al. 2007, Sakurovs et al. 2010).

There trends between sorption and coal rank is some-
what complicated, and this is believed to be a consequence
of counteracting trends of increasing carbon content leading
to increasing sorption, and reducing porosity with increas-
ing carbon content which reduces the surface area avail-
able for sorption. However, some experimental data showed
a U-shaped trend between maximum adsorption capacity of
coal and vitrinite reflectance (Rp.) with a minimum at

Rmax = 1.1-1.2 which corresponds to a total carbon content
of around 85% (Day et al. 2008a, Pini et al. 2010). The effect
of competition for sorption sites results in reductions in the
maximum amount of CO, that can be sorbed when the coal
is initially moist and when the pores are filled with methane.
There is little data on the effect of coal rank on competitive
sorption.

Although adsorption has been one of the most studied
aspects of ECBM and CO, sequestration, questions remain
about adsorption-desorption mechanisms and the selectivity
of multi-component fluids, under environmental conditions of
deep coal seams.
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4. Gas flow in coal

4.1 Mechanisms

Gas-phase flow in porous media consists of viscous and dif-
fusive components. As described earlier, coal is a naturally
fractured medium, usually characterized by a dual porosity sys-
tem composed of micropores and macropores. It is generally
assumed that flow of gas through cleats (macropores) is a lam-
inar viscous flow which is described by Darcy’s law, whereas,
gas transport through the coal matrix (micropores) is assumed
to be controlled by diffusion (Shi and Durucan 2003).

Darcy’s law states that the average velocity of the gas, u, is
directly proportional to the gas-phase pressure gradient, VP,
and the gas-phase permeability, k, as illustrated below:

u= K (VP — pgVz) ()
7

where p is the gas-phase viscosity, p is the density of the gas,
and g is the gravity. It should be noted that the actual velocity of
the gas in fractures, v, is related to the average velocity by v =
u/@y where @y is the fracture porosity. The mass flux equation
can be written as (Henderson et al. 2005)

o= 2 @0)

o+ V. (pu) 3)

This form of Darcy’s equation considers the compressibility
of the gas which can be described by an equation of state
(i.e. p = f(P,T)) such as Peng-Robinson (Henderson et al.
2005). The relationship between gas viscosity and pressure
and temperature can also be considered. It should be noted
that supercritical gas, immediately above the critical point is
still compressible and therefore, the gas compressibility can
be an important property. Many models developed so far, have
neglected this fact and have assumed the supercritical gas as an
incompressible fluid.

Diffusion is the process of fluid movement in matrix blocks
of rock due to the concentration gradient. There are different
kinds of gas diffusion mechanisms occurring in porous media
but it is generally assumed that continuum diffusion is the
dominant mechanism in coalbed methane recovery (Cui et al.
2004). Diffusion processes in porous media are conventionally
described by Fick’s first and second laws: the first for steady
and the second for non-steady flux. The Maxwell-Stefan for-
mulation is an extension of first Fick’s law for multi-component
gas mixtures. The first Fick’s law is written:

qi = —DVe @)

Where g is the diffusive flux that is used as a source/sink term
for mass conversation in dual porous model, D, is the effec-
tive diffusion coefficient, and Vc is the concentration gradient.
The second Fick’s law has a similar form but uses the second
derivative of concentration as follows:

qa = —D.Vic 5)

For most studies, gas fluxes due to viscous flow and diffu-
sion are calculated separately and then simply added together.
This approach is favoured because it is much easier and needs
less computational effort than fully coupled analyses. Webb
(2006) explained how diffusion and advection can have interac-
tion on each other. However, some studies have shown that such
an approach may lead to inaccuracy and have recommended
the use of the Dusty Gas Model (DGM), in which the porous
media is included as a dusty gas component of the gas mixture
and also other diffusion processes (in addition to continuum
diffusion) can be considered (Webb 2006).

4.2 Permeability

The permeability of coal seams has been investigated by a num-
ber of authors and a wide range of values have been published.
The permeability in mining applications is usually in the range
of 0.1 mD to 100 mD (9.87 x 107'* to 9.87 x 107" m?)
(Sereshki 2005). For sequestration, low values can be expected
because the target coal seams are significantly deeper, and the
elevated stress levels will cause smaller cleat apertures. For
example, Pinetown et al. (2008) reported that permeability of
coal in the Sydney Basin varied from 0.1 to 50 mD, decreasing
for deeper seams so that permeability was commonly less than
1 mD below 400 meters in depth. Also, due to the anisotropic
nature of coal and the different continuities and apertures of
face and butt cleats, horizontal permeability (parallel to bed-
ding) is typically an order of magnitude larger than the vertical
permeability (Gash et al. 1992).

Permeability is influenced by the intrinsic properties of coal.
Several studies (Smyth and Buckley 1993, Clarkson and Bustin
1997, Robertson and Christiansen 2005) have shown that per-
meability is affected by coal rank in a similar manner to
porosity, reaching a minimum for medium volatile bituminous
coals and increasing for higher and lower rank coals. However,
an exception is lignite which can have very low permeability
despite a relatively high porosity due to the lack of a well devel-
oped and interconnected cleat system (Botnen et al. 2009).
There is little data on the permeability of the intact coal matrix
although values of 0.04—-0.7 mD have been reported (Flores
2004).

4.3 Diffusivity of CO>

The value of the effective diffusion coefficient depends on the
coal rank and type, gas type, porous network, and environ-
mental conditions (pressure and temperature). For many coals
the effective diffusivity of methane ranges from 2.9x 107! to
3.7x107° m?/s (according to Olague and Smith 1989). The
diffusivity of CO; is usually higher than that of methane by
a factor of 2-3 for dry coal and by a factor of 5-6 for moist
coal (Busch e al. 2004). It has been suggested that the rel-
ative difference between diffusion of CH4 and CO, is due
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to the different behaviours of carbon dioxide and methane
(Charriére et al. 2010), and the role of gas molecule size and
pore space structure (Cui et al. 2004). The smaller size of CO,
molecules leads to a faster movement and easier entrance into
narrower pore throats compared to larger molecules of CHy
(Cui et al. 2004). Also, Larsen (2004) stated that CO, has a
more favourable interaction enthalpy than hydrocarbons (such
as methane) which results in faster diffusion into coal.

Environmental conditions can also affect the rate of diffu-
sion. For example, increase in moisture content decreases the
diffusivity of both methane and CO, (Clarkson and Bustin
1999) because water molecules can block the pathways of gas
molecules inside the coal matrix. Increasing temperature has a
positive effect on the rate of diffusion (e.g. Krooss et al. 2002,
Busch et al. 2004, Charriere et al. 2010), due to the fact that
at higher temperature, gas molecules have higher energy and
tend to move faster. Moreover, Cui ef al. (2004) reported that
increase in gas pressure continuously decreases the apparent
diffusion coefficient; however, the influence of pressure on the
effective diffusivity is not well established.

Although data for effective diffusivity are available, their
reliability is suspect because most values have been deter-
mined indirectly from studies of the desorption kinetics from
samples of powdered coal. The monitored sorption kinetics is
used to determine the apparent diffusion coefficient of gas in
coal. This “indirect” method is based on a number of assump-
tions and simplifications, such as assuming spherical particles
with the same size (unipore) or a range of sizes (bidisperse),
and considering Henry’s law for isotherms (Ruckenstein et al.
1971, Clarkson and Bustin 1999, Shi and Durucan 2003). More
recently, some studies have used solid core samples (e.g. Pan
et al. 2010) which may be more accurate as they retain the
original porous structure. Recently, a new direct method that
does not need assumptions about the average particle size and
porous structure of matrix has been developed at CSIRO labo-
ratories (Saghafi er al. 2007). It measures the gas flux through
solid coal disks of 6-12 mm in diameter and 2—6 mm in thick-
ness (Figure 4). The system consists of a coal disk and two gas
chambers at each side initially filled with different gases (e.g.
CO; and Ny). Monitoring of the gases concentrations as they

P1 = P2
C1,2 > Cz,1

Chamber 1
Gas concentration Cy 4
Gas pressure P4

diffuse in the opposite direction to the chambers where con-
centration is lower enables the diffusion coefficient to be deter-
mined. Using sorption data obtained from a separate adsorption
analysis allows theoretical curves to be produced for different
diffusivities by matching with the measured flux curve. Further
development of this method to enable measurement of both
adsorption and diffusion in an integrated diffusion-sorption test
would eliminate the errors due to using different coal samples
with different preparation processes. A summary of the recent
studies on diffusion of CO, in coal is shown in Table 2 where it
can be seen that most of diffusion studies have been conducted
using sorption kinetics techniques and there is a knowledge gap
in diffusion of multicomponent gases in coal, especially under
supercritical conditions. It may be noted that the direct mea-
surements tend to give higher values of diffusivity, and point to
a need for further tests to provide more reliability in diffusivity
values.

5. Mechanical properties of coal

Mechanical properties (strength and stiffness) vary with coal
rank and type, and the direction of loading relative to the bed-
ding planes. At low confining stresses the strength of coal is
controlled by its tensile strength and the cleat spacing, which
increases with rank (Figure Sb) (Esterle 2008), and is affected
by sample size because the larger samples contain more cleats
and therefore the strength and stiffness decrease significantly
(Medhurst and Brown 1998, Esterle 2008). Owing to its mode
of deposition and cleat orientation, coal is an anisotropic mate-
rial and the strength, and stiffness, is higher perpendicular to
the direction of bedding (Pomeroy and Morgans 1956). The
strength has been described by the Hoek-Brown criterion (e.g.
Medhurst and Brown 1998, Gentzis et al. 2007, Masoudian
et al. 2011). The generalized Hoek-Brown failure criterion is
given below.

o mog
0, =03+ o0 + s (6)

Oc¢

C2,1
Fl2 measurement

measurement % —>

Chamber 2
Gas concentration Cy 4
Gas pressure Py

Temperature controlled container

Figure 4. Schematic Diagram of measurement apparatus for gas diffusivity in coal, used in CSIRO, gas flow from chamber 1 to chamber 2 through the coal disk

(Saghafi et al. 2007).
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Table 2. A summary of studies on CO; diffusion into coal during last decade

235

Coal Origin Experimental Diffusion
Value (1010
Country Basin Method Sample Pnax (MPa) Model m?2 /8) Ref.
Australia Sydney Sorption Kinetics Solid Core 4.0 Fickian Unipore (Pan et al. 2010)
Direct Solid Disk 0.3 Fickian 0.7-7.2 (Saghafi et al. 2007,
Saghafi 2010)
Canada Cretaceous Gate Sorption Kinetics Powdered Sample 0.6 Fickian Unipore / (Clarkson and
Bidisperse Bustin 1999)
France Lorraine Sorption Kinetics Powdered Sample 5.15 Fickian Unipore 0.019 (Charriére et al.
2010)
Great Britain ~ Selar Cornish / Sorption Kinetics Powdered Sample 12.0 Fickian Unipore 0.01-10 (Siemons et al.
Nottinghamshire 2007)
Poland Upper Silesian Sorption Kinetics Powdered Sample 1.74 Fickian Unipore 0.788 (Busch et al. 2004)
South Africa  Highveld Direct Solid Disk 0.3 Fickian 3.7-15.1 (Saghafi et al. 2008)
United Black Warrior Sorption Kinetics Powdered Sample 34 Fickian Unipore / (Gruszkiewicz et al.
States Bidisperse 2009)
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Figure 5. The relationship between carbon content and (a) elastic modulus and (b) compressive strength of coal (Szwilski 1985).

Where a, m and s are fitting parameters and o, is the uniaxial
compressive strength (UCS) of coal. As expected, the strength
is higher at greater confining stress, and becomes increasingly
controlled by frictional shearing.

Some properties do not show a significant dependency on
coal type, for example, a Poisson’s ratio of 0.346 is reasonably
representative of a wide range of coal grades (Szabo 1981).
It should be noted that, bulk modulus of coal is numerically
close to Young’s modulus according to the value of Poisson’s
ratio (Suuberg et al. 1995).

The graphs in Figure 5 show the minimum UCS and a mod-
ulus minimum occurs at around 85% carbon content, where

porosity and cleat spacing are also minimum. Similar trends
have been reported in other studies, for example (White and
Mazurkiewicz 1989) have shown that an increase in moisture
content (from 3.7% to 12%) causes a decrease in mean strength
and elastic modulus by 12.5% and 35%, respectively for bitu-
minous coals. As the strength data are generally obtained
from small specimens it would be expected that the strength
trend is unaffected by the cleat spacing. In other rocks low
porosity is associated with high strength, so the minimum
strength at this carbon content demonstrates the importance of
the cross-linking of the coal molecules which is also a mini-
mum at this carbon content. Moving away from the minimum,
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Figure 6. The relationship between coal brightness (medium rank, high
volatile) and mechanical strength (Medhurst and Brown 1998).

the cross-linking and porosity both increase, and this leads to
increases in strength and stiffness. However, as carbon con-
tent decreases, a local maximum in the stiffness can be seen
at a carbon content of 80%, which is believed to reflect the
increasing importance of the increasing porosity as coal rank
reduces.

Only very limited data are available for strength and stiff-
ness at higher confining stresses, some of which are depicted in
Figure 6. It can be seen that dull coals (higher ash content) have
higher strengths than bright coals (lower ash content). We can
also further anticipate that the strength will be increasingly con-
trolled by frictional interactions as stress level increases and the
effects of the cross-linking will reduce.

5.1 Effects of CO; on strength and stiffness

Research has shown that vapour and gas sorption can affect the
mechanical properties of solid bodies (Czaplinski and Holda
1982), and it has been suggested that this reduces their strength
(Ates and Barron 1988). It is also well known that coal swells
in the presence of carbon dioxide (e.g. Reucroft and Patel
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Figure 7. The effect of temperature on elastic modulus of a typical polymer
(Mahieux 1999).

1986, Stacy and Jones 1986, Walker et al. 1988). It is cur-
rently believed that these changes are a consequence of CO,
lowering the glass transition temperature of the coal polymer
structure (Larsen 2004). Coal behaves as a glassy polymer at
room temperature (Lucht et al. 1987, Green et al. 1991), where
the molecular structure of coal is “frozen” in place. When
the temperature exceeds its glass transition temperature (T, =
580-623 K), the coal changes from a glass to a rubber (Lucht
et al. 1987). Because solvents, gases and vapours (e.g. carbon
dioxide) in contact with coal, act as a plasticizer and increase
the coal’s ability to rearrange to a new structure with a lower
energy state the glass transition temperature decreases. The
effect of this change of state on the stiffness of a typical poly-
mer is shown in Figure 7. In its glassy state, an increase in
temperature slightly decreases the elastic modulus. However,
the polymer stiffness decreases dramatically around the glass
transition temperature. Thus one may expect that depending on
the amount of adsorbed gas, the rearrangement of coal structure
will lead to a partial loss in strength and stiffness.

Only limited data are available regarding the effect of gas
sorption on the stiffness and strength of coal. Czaplinski and
Holda (1982) and Aziz and Ming-Li (1999) provide indirect
evidence of significant strength reductions in the presence of
CO,. More recent triaxial tests on brown and bituminous coal
(Masoudian et al. 2011, Viete and Ranjith 2006) have shown
significant reductions in strength (13% to 20%) and stiffness
(26% and 15%) at low confining stress; however as stress level
increased the influence of CO, appeared to decrease. Some
typical data are shown in Figure 8.

The stress-strain curves for CO;-saturated and water-
saturated samples compressed under 1.0 MPa confining stress,
are depicted in Figure 9. It can be seen that the strain energy
(the area below stress-strain curve) is significantly lower for
the CO,-saturated sample. This is consistent with the effects of
CO; leading to a solid structure with lower energy level (higher
entropy).
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5.2 Sorption-induced swelling [shrinkage of coal

Swelling data are available for a variety of coals subjected to
a wide range of temperatures and pressures. It is considered
that swelling is a function of gas volume adsorbed onto coal,
and factors that affect the adsorption are expected to affect the
swelling as well. For example, increases in moisture content,
which reduce sorption, reduce the amount of swelling (Van
Bergen et al. 2009), and swelling is roughly proportional to
the amount of adsorbed CO, up to intermediate pressures (Day
et al. 2008b). However, Day et al. (2008b) also report that fur-
ther increases in pressure result in continuing adsorption but
no increase in swelling. Increases in volume have ranged from
0.36% at low pressures to 1.9% at pressures of 5 MPa (Reucroft
and Patel 1986, Walker ef al. 1988) and 1.7-1.9% was observed
under high pressure and high temperature conditions Day et al.
(2008b). With decreasing temperature, swelling tended to occur
at lower pressures. Shrinkage has been reported to occur in con-
fined coal samples after CO, saturation (e.g. Pone et al. 2009a).
Moreover, the mechanical properties can also affect the extent
of swelling with higher Young’s modulus leading to reduced
swelling (Durucan et al. 2009), and the greatest swelling occur-
ring in the plane perpendicular to the bedding plane (Day et al.
2008b).

Many researchers have proposed mathematical models for
the volume change due to gas adsorption, which are based
on the Langmuir (Robertson and Christiansen 2005, Pan
and Connell 2007, Mazumder and Wolf 2008) and Dubinin
(Day et al. 2008b) adsorption isotherms. The observation that
adsorption continues at high pressures without swelling (Day
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et al. 2008b) indicates these models can be inaccurate under in
situ conditions.

5.3 Effects of CO; injection on permeability

In situ stress and sorption-induced swelling are important con-
trolling parameters during geosequestration and ECBM recov-
ery. The former may change as a result of depletion (in CBM)
or injection (ECBM and/or CO, geosequestration) and the lat-
ter may change due to the sorption of gas onto the coal. The
reduction of permeability as a result of CO, injection has been
observed in demonstration projects (Reeves et al. 2003, Wong
et al.2007), and laboratory studies with methane have indicated
permeability reductions of more than two orders of magnitude
(Somerton et al. 1975).

The change in permeability during fluid flow in fractured
rocks has been widely investigated, and a variety of relation-
ships (cubic-power, cubic-log, exponential) have been proposed
between the effective stress change caused by the changing pore
fluid pressure and permeability. The effective stress change
causes deformation of the rock matrix and the cleats, so the
closure of the cleats will depend on the compressibility of both.
Confined swelling due to adsorption of CO, will lead to fur-
ther stress changes which will affect the effective stress acting
on the cleats. A number of empirical coal permeability models
that capture these effects, some more directly than others, are
presented in Table 3. The change in permeability as a function
of change in effective stress (due to change in pore pressure as
aresult of fluid production/injection) is a well-studied problem

Table 3. A summary of coal permeability models
Model Name/Ref Porosity /Permeability Equations Eq No. Description

f _ _ -3 _,—0.10 _ -4 _1/3,1/3 . .. i
Somerton et al. (1975) o= exp|—3 x 107 ok, (on —ono) +2 x 10770/ 7ky Equation (4) Empirical Methane permeability

0
Seidle et al. (1992) o = exp [—SCf’ (o, — Gho)] Equation (5) o), — oj0: change in the stress
0
Seidle and Huitt (1995) k [1 + L (1 + 2 ) < Po P )T Equation (6) £1: maximum sorption strain
i uil — = — — - u. . maximu i i
ko 3 ¢ ) \PL+Py P +P d L P
. k P—Py & (K PPL+P Py 3 _ .

Palmer and Mansoori (1996) — =1+ —[=-1 Equation (7) K and M are the bulk and axial

ko Mdo do \M - PLtPo modulus, respectively

k 1—¢o\ { AP 3 _ ) .
ARI (1990) — = [1 +cr (P — Po)] —Cm X — ) (C = Cp) Equation (8) C is gas concentration, ¢, and ¢y

ko o Ao are matrix and pore

compressibility
. k v Eep, P Py .

Shi and Durucan (2005) — =exp | —3c¢r (0 —op) + — Equation (9) E and v are Young’s modulus and

ko 1- 3A=w) \PL+P PrL+Po Poisson’s ratio

E(Agg — Ac
Ao =" apy ElBe = Ay)
1-v) 1-v)
( P Py )
Agg=¢1 | ——— —

Liu and Rutgvist (2010) PL+P  PL+Po Equation (10)

Agr = % [l — exp (Can)]

— =exp [—3CfA(7]
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in petroleum reservoir engineering and two sets of equations
have been suggested: exponential and cubic. The exponential
models (Equations (4), (8), (12) and (13)) define an exponen-
tial relationship between permeability and effective stress while
in cubic models (Equations (6), (10) and (11)) the relation-
ship between porosity and permeability is considered to be
cubic. All of these equations have also included the effect of
coal matrix swelling on effective stress or porosity. Although
these models are easy to implement, they are limited by the
assumptions of an isotropic elastic matrix, with constant val-
ues independent of stress level and sorption, uniaxial strain
and constant vertical stress, constant cleat compressibility and
the lack of a rigorous model for the prediction of sorption-
induced swelling and shrinkage and thus were not able to
predict the field data properly in some circumstances (Pekot
and Reeves 2003, Palmer 2009, Liu and Rutqvist 2010). Thus,
studies need to be conducted to increase the accuracy and appli-
cability of permeability prediction. Pan and Connell (2012)
identified a range of research gaps in permeability prediction in
CBM and/ECBM studies through an extensive review on pub-
lished experimental and modelling investigations and suggested
that future works should be concentrated on finding a balance
between complexity and accuracy of permeability models.

6. Summary

A wide range of experimental and theoretical studies have
been performed to investigate the mass transport mechanisms
occurring in CO,-ECBM and geosequestration. However, the
available data cannot be simply applied to in situ conditions at
elevated temperature and pressure, and to date, few studies have
considered the mechanical behaviour of coal while injecting
CO,. It is considered that the geomechanical aspects of coalbed
geosequestration are important in assessing the storage capac-
ity, gas flow and safety and therefore cannot be neglected. The
review has indicated a number of shortcomings in our under-
standing of the response of coalbeds during sequestration of
CO, that are summarised below.

e Adsorption: The assumed adsorption model has a signif-
icant effect on the estimated gas storage. There remain
uncertainties about competitive sorption and the effects of
temperature, pressure and phase, and how these vary with
coal rank, porosity and stress level.

e Swelling: It is well established that volume changes occur
when coal is saturated with CO,. However, the magnitude
and sign of the volume change and how these are related to
properties of the coal need further investigation.

e Gas permeability: Gas storage and production estimates
depend on the permeability and its change as CO, is
adsorbed. Uncertainties remain about the coupling of
swelling and mechanical changes which affect the per-
meability estimates, and there are limited experimental
and numerical studies that describe the permeability of
water/gas mixtures in coal.

e Gas diffusion: The database on diffusion of CO, into coal
is limited and the influence of coal rank and porosity is not
well understood. Further experiments on solid coal speci-
mens are required to extend the database and confirm the
effects of state.

e Geomechanical aspects: More efforts are required to under-
stand the effect of CO, adsorption on mechanical properties
of coal. This paper has demonstrated the influence of CO,
on the mechanical deformation mechanisms that occur dur-
ing geosequestration. Although some recent studies have
coupled the mechanical deformation of coal when mod-
elling CO, sequestration, no study has considered the
change in mechanical properties due to CO,.
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