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ABSTRACT 
 
To reduce greenhouse gas emissions into the atmosphere, it is suggested to store anthropogenic CO2 
into deep coalbeds where naturally-stored methane is producible. There are a number of properties 
that control the transport of gas in double-porous reservoirs such as coalbeds. A key parameter is the 
permeability to gas which controls the ease with which CO2 migrates inside the fractures. During gas 
injection the increased pore pressures cause changes to the effective stress which then affects the 
coal permeability. Moreover, swelling of coal due to CO2 adsorption changes the porosity and 
therefore permeability. Many studies have investigated the impact of effective stress and swelling on 
permeability and some have developed analytical models to predict the permeability of coal during 
CH4 production and/or CO2 storage. These models assume constant elastic properties for the coal, 
however, results from a series of triaxial tests have shown that CO2 adsorption significantly changes 
the elastic modulus of coal. A dual porosity numerical model is employed to simulate the flow of CO2 in 
coalbeds in which the effects of varying the elastic modulus with CO2 adsorption are investigated. 
Because of the sensitivity of permeability to effective stress significant changes occur in the predicted 
permeability when changes in the elastic modulus are taken into account. These changes have a 
significant impact on the reservoir performance. 
 
Keywords: CO2 geosequestration, dual porosity, coal, permeability, swelling, softening,  
 
 
1 INTRODUCTION 
 
To mitigate the adverse effects of anthropogenic CO2 emissions leading to global warming, it is 
suggested that CO2 can be injected into underground formations such as deep coal seams. Deep un-
mineable coalbeds are of interest because of their naturally stored methane which can be displaced 
by injecting CO2 and can help produce a relatively clean and valuable hydrocarbon as a by-product 
which can partly offset the sequestration expenses.  
 
Coal is an organic sedimentary rock that has a complex porous structure in which the pore size ranges 
widely from a few nano-metres to a few millimetres. Coal is often modelled by a set of micro-porous 
matrix blocks which are separated by an orthogonal system of fractures, also known as cleats. During 
injection of CO2 into coal the gas flows through the cleats and diffuses into the matrix blocks where it 
is adsorbed onto the large internal surface area. The adsorption of CO2 leads to changes in the 
polymer like structure of the coal, with some breakdown of the polymer chains occurring leading to 
reductions in strength and stiffness, and also swelling of the coal matrix (e.g. Masoudian et al., 2012; 
Reucroft and Patel, 1986; Stacy and Jones, 1986; Walker et al., 1988). It has been suggested that the 
presence of CO2 decreases the glass transition temperature of coal (Larsen, 2004), the temperature at 
which the coal polymer changes from a glassy to a rubbery state (Lucht et al., 1987).  
 
Many efforts have been dedicated to investigating the effect of swelling on the hydraulic properties of 
coal and these have provided a range of analytical and numerical models for the permeability of 
coalbeds during gas production and/or injection (e.g. Palmer and Mansoori, 1996; Shi and Durucan, 
2005). These models relate the stress changes acting on the cleats, which depend on the swell strain 
and the elastic properties of the matrix blocks, to the permeability in the cleats using various 
empirically derived relations. These models have assumed constant elastic parameters, and have not 
considered the effects of changes in the elastic properties of coal. However, it has been shown in 
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recent triaxial tests that significant changes in modulus and strength can occur following CO2 
saturation (e.g. Masoudian et al., 2011; Viete and Ranjith, 2007).  
 
The goal of this paper is to make a preliminary assessment, using relatively simple models, of the 
effects of changes in the elastic modulus on the predictions of permeability, and gas pressure in, 
injection wells. We present results from a series of triaxial tests which show that CO2 adsorption 
significantly changes the elastic modulus of coal. Based on these data, an equation for calculating 
changes in elastic modulus as a result of CO2 sorption is developed. The equation is incorporated in 
Shi and Durucan’s permeability model (2004) and employed in reservoir simulations. For the reservoir 
simulations, a single-phase, dual-porosity model developed by Lu and Connell (2007) is extended to 
solve equations in cylindrical coordinates and is used to model a single injection wellbore.  
 
 
2 THE SOFTENING EFFECT OF CO2 
 
The data used in this paper are gathered from a range of triaxial tests presented in Masoudian et al. 
(2011) and Masoudian et al. (2012). The change in elastic modulus of coal was studied and a 
significant reduction was observed (Figure 1). As discussed earlier Larsen (2004) has explained that 
coal has a structure similar to those observed in short-chain polymers. When CO2 is injected into coal, 
it is adsorbed on the coal matrix and acts as a plasticizer, it shortens the length of its polymer chains, 
reduces the entanglement of the polymer chains and reduces the resistance to deformation. The 
breakdown of the polymer chains allows the coal matrix to move more easily under the same 
temperature and pressure, and the coal matrix swells. When the coal matrix swells, the porosity of the 
matrix increases and changes in the micro-structure are observed (Masoudian et al., 2012).  
 

 
Figure 1. Elastic modulus reduction due to CO2 adsorption (after Masoudian et al., 2012)  

 
To model the elastic modulus reduction, we assume a linear relationship between the concentration of 
adsorbed CO2 and the induced changes in elastic modulus of the coal. The concentration of adsorbed 
CO2 may be obtained from the widely used Langmuir description of the adsorption isotherm: 
 
ζ= (ζM b P)/(1 + b P) (1) 
 
where ζ is the volume of gas per unit mass of coal, ζM is the maximum monolayer adsorption, P is the 
gas injection pressure and b is an experimentally determined parameter. We assume that the 
Langmuir adsorption parameter of the coal is given by the value found by Saghafi et al. (2007), b = 
0.3×10

-6
 Pa

-1
 for black coals from the Sydney Basin. 

 
Assuming a linear relationship between CO2 concentration and the reduction in elastic modulus of 
coal, we can write:  
 
E/E0 = 1 - α ζ/ζM (2) 
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where α is a dimensionless coefficient. E0 and E are the elastic moduli of coal before and after gas 
injection, respectively. Substituting equation 1 into equation 2 gives  
 
E/E0 = 1 - α (b P)/(1 + b P) (3) 
 
Note that the injection pressure was the same as the confining stress in all the triaxial tests shown in 
Figure 1, and thus the reduction in modulus is shown as increasing with confining stress. Using the 
presented data in Figure 1, α was determined to be 0.3403. Equation 3 has been used below to 
predict the change in initial elastic modulus of coal after CO2 injection.  
 
 
3 GOVERNING EQUATIONS  
 
In order to investigate the effects of changes in the elastic modulus on the process of injection of CO2 

in coal, equation 3 can be used to estimate the permeability of the coalbed to CO2 and this estimate 
can be subsequently incorporated in a reservoir simulation. Hence, both a permeability model and a 
reservoir model are needed. These are described below.  
 
3.1 Permeability model  
 

The permeability model used in this paper was developed by Shi and Durucan (2004) where a uniaxial 
deformation was assumed to occur due to change in effective stress σ:  
 
k/k0 = exp [-3 cf (σ – σ0)] (4) 
 

where cf is the compressibility, σ and σ0 are the final and initial stress, k0 and k are the permeabilities 
of the coal before and after gas sorption and: 
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where ν is the Poisson’s ratio, εl is the maximum volumetric strain, Pε is the pressure at which the 
swelling is half of εl, and P and P0 are the final and initial gas pressures in the fracture, respectively.  
 

3.2 Dual porosity model  
 

The reservoir simulator used in this paper is a dual-porosity model that was originally developed by Lu 
and Connell (2007). In this model, the equation for transient flow of a slightly compressible gas is 
written as follows: 
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where φf, cf, and kf are porosity, compressibility, and permeability of coal, respectively, and µf is the 
gas viscosity. ρ0 density of the gas in fractures when the pressure equals to Pρ0. P is the gas pressure 

in the fracture and t represent time while Xf represents the global coordinate in fractures and ∇2
 is the 

Laplacian operator. Q is the rates at which gas molecules diffuse into the coal matrix blocks. Lu and 
Connell (2007) found an analytical solution for Q based on Fick’s law and boundary conditions at the 
interface between the fractures and the matrix blocks. Assuming that the coal matrix is homogenous 
and its shape is rectangular, Q can be expressed by:  
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where lx, lx, and lz are the dimensions of matrix block in x, y and z directions and m,n, and p are the 
series counters. Dm is the effective diffusion coefficient and q

s
 is the concentration of absorbed gas on 
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the surface of the blocks that can be obtained from an adsorption isotherm assumed to follow a 
Langmuir-type curve, in this paper. Finally:  
 

)]πpcos(1)].[πncos(1)].[πmcos(1[)p,n,m(Hs  (8) 

 
In order to simulate the coalbed reservoir, equation 7 is substituted into equation 6, yielding an 
integro-differential differential equation which can be solved numerically, using a combination of a 
finite difference scheme for the differential part and a trapezoidal rule for the integral part. A full 
presentation of this solution is beyond the scope of this paper. The reader is referred instead to Lu and 
Connell (2007) and Connell and Lu (2007) for further details.  
 
 
4 RESULTS AND DISCUSSION  
 
To investigate the influence of the softening effect of CO2 on coal permeability and reservoir 
simulations, we assume that CO2 is continuously injected at a constant pressure into a horizontal 
homogenous-isotropic coal seam through a wellbore drilled at its centre (radial flow). It is also 
assumed that the coal seam has a cylindrical shape of 100 meters radius, and is surrounded by 
impermeable rocks (sealed boundaries). The parameters used in this simulation are given in Table 1. 
The parameter values are typical values for coalbeds that have been used in other simulations. We 
have chosen these parameters to be in the range of the values used by Shi and Durucan (2004) and 
Connell and Detournay (2009). Also, the CO2 properties are the standard values at the specified 
pressures and temperatures.  
 
Table 1: The input parameters for numerical simulation  

Parameters Symbol Value Units 

coal density   1400 kg/m
3
 

porosity  φ 0.05 - 
intrinsic permeability  kf 1×10

-15
 m

2
 

fracture compressibility  cf 2.9×10
-7
 1/Pa 

matrix block size  lx=ly=lz 0.1 m  
effective diffusion coefficient  Dm 5×10

-10
 m

2
/s 

maximum monolayer adsorption  qM 100 kg/m
3
 

Langmuir coefficient (b)  b 3×10
-7 

1/Pa 
maximum swelling  εl 0.01 - 
linear elastic modulus  E 3×10

9
 Pa 

elastic modulus reduction factor  α 0.3403 - 
Poisson’s ratio ν 0.35 - 
pressure of half swelling Pε 3.33×10

6 
Pa 

gas viscosity µf 1×10
-4

 Pa.s 
reference gas density ρ0 800 kg/m

3
 

reference gas pressure  Pρ0 7×10
6
 Pa 

Initial reservoir pressure - 0 Pa 
gas injection pressure  7×10

6
 Pa 

radius of the coal seam  - 100 m 
Simulation time - 1000 day 

 
The numerical model was run for two cases. The first case is when E is chosen to be a constant (α=0) 
during gas injection and the second case is when E is varying as gas is adsorbed (α=0.3403). The 
profiles of the gas pressure around the wellbore at different times after injection are shown in Figure 2. 
As expected, this figure shows the pressure is highest at the injection point and it decreases as the 
radial distance from the wellbore is larger. Also, it can be seen from this figure that, when the elastic 
modulus reduction is considered, the predicted reservoir pressure is higher, with the effect becoming 
more pronounced as the injection progresses in time. This implies that the softening effect helps the 
gas move faster, and this becomes more important in the long term as it takes time for the slow 
diffusion-adsorption process to be completed, and hence for the full softening effect to occur.  
 
The observed changes in the pressure distributions are clearly due to the higher permeability when 
the softening effect is considered as illustrated in Figure 3. According to equation 5, the permeability 
changes are due to two effects: reservoir compaction (first term) and swelling (second term). The 
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elastic modulus only appears in the second term which means that its reduction does not change the 
reservoir compaction term. However, the swelling term is proportional to the elastic modulus and 
therefore, a reduction in the elastic modulus decreases the effect of swelling on permeability. Note that 
the permeability is higher at greater distances from the wellbore due to lower adsorption at lower 
pressures, hence less swelling. This explains why the far-field permeability is closer to the original 
value, especially at the initial stages of the injection.  
 

 
Figure 2. Pressure profiles around the wellbore at different times after injection  

 

 
Figure 3. Profiles of permeability around the wellbore at different times after injection  

 
Figure 4 shows the elastic modulus versus the distance from the wellbore in the radial direction. As 
expected, the largest value of the elastic modulus occurs at the point furthest from the wellbore but the 
far-field elastic modulus declines as well, if the injection process lasts long enough. Again, this is 
because of the slower diffusion-adsorption process, but it can be expected that in the long-term the 
elastic modulus will reduce to its minimum value everywhere as has occurred at the injection point. 
Also, the curves are similar in shape to the Langmuir isotherm curves because we have assumed that 
the reduction in elastic modulus is linearly proportional to the adsorbed amount of gas, which is 
calculated from Langmuir equation.  
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Figure 4. Profiles of elastic modulus around the wellbore at different times after injection  

 
5 CONCLUSION 
 
We presented some experimental results showing a significant reduction in the elastic modulus of coal 
when it is saturated with CO2. The experimental data have been used to develop a simple model to 
predict the changes in the elastic modulus of coal. A dual-porosity model has been implemented with 
this elastic modulus reduction model in conjunction with Shi-Durucan permeability model. The 
numerical code has been used to investigate the influence of the softening effect of CO2 on coalbed 
reservoir simulations and permeability predictions. A hypothetical example was solved using the 
numerical code and the results showed that elastic reduction due to CO2 adsorption can play an 
important role in reservoir pressure determination and the accuracy of permeability predictions. These 
results suggest that existing analytical permeability models should be revised with a greater attention 
given to changes in the geomechanical properties of the reservoir during the injection process.  
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