
Vol.:(0123456789)1 3

Journal of Petroleum Exploration and Production Technology (2020) 10:1965–1981 
https://doi.org/10.1007/s13202-020-00847-y

ORIGINAL PAPER - PRODUCTION ENGINEERING

A study on the carbon dioxide injection into coal seam aiming 
at enhancing coal bed methane (ECBM) recovery

Akash Talapatra1 

Received: 16 December 2019 / Accepted: 5 February 2020 / Published online: 13 February 2020 
© The Author(s) 2020

Abstract
Coal seams, particularly deep unmineable coal reservoirs, are the most important geological desirable formations to store  CO2 
for mitigating the emissions of greenhouse gas. An advantage of this process is that a huge quantity of  CO2 can be seques-
trated and stored at relatively low pressure, which will reduce the amount of storage cost required for creating additional 
platform to store it. The study on  CO2 storage in coal seam to enhance coal bed methane (ECBM) recovery has drawn a lot 
of attention for its worldwide suitability and acceptability and has been conducted since two decades in many coalmines. 
This article focuses on the coal seam properties related to  CO2 adsorption/desorption, coal swelling/shrinkage, diffusion, 
porosity and permeability changes, thermodynamic/thermochemical process, flue gas injection, etc. Here, the performance 
analysis of both  CO2 storage and ECBM recovery process in coal matrixes is investigated based on the numerical simulation. 
In this study, a one-dimensional mathematical model of defining mass balances is used to interpret the gas flow and the gas 
sorption and describe a geomechanical relationship for determining the porosity and the permeability alteration at the time 
of gas injection. Vital insights are inspected by considering the relevant gas flow dynamics during the displacement and the 
influences of coal swelling and shrinkage on the ECBM operation. In particular, pure  CO2 causes more displacement that is 
more efficient in terms of total  CH4 recovery, whereas the addition of  N2 to the mixture assists to make quicker way of the 
initial methane recovery. However, this study will support future research aspirants working on the same topic by providing 
a clear conception and limitation about this study.
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List of symbols
�t  Overall porosity
�c  Cleat porosity
�p  Macroporosity
nc  Number of components
n  Adsorbed phase concentration (mol/m3)
c  Actual gas phase concentration (mol/m3)
c1  Effective pressure coefficient (1/Pa)
c2  Swelling coefficient
u  Superficial velocity of fluid (m/s)
t  Time (s)
z  Space coordinate (m)
L  Coal seam length (m)
kmi  Mass transfer coefficient of component (1/s)

n*  Equilibrium adsorbed phase concentration (mol/m3)
n∞  Saturation capacity per unit mass adsorbent (mol/m3)
�s  Coal bulk density (kg/m3)
y  Molar fraction of gas  (m3/mol)
P  Equilibrium gas phase pressure (Pa)
bs  Equilibrium constant of Langmuir model for swell-

ing (1/Pa)
�  Dynamic viscosity (Pa s)
v  Interstitial fluid velocity (m/s)
k  Permeability  (m2), 1 mD = 9.869233 × 10−6 m2

pc  Confining pressure (Pa)
S  Total swelling
s∞  Saturation capacity in swelling
b  Langmuir equilibrium constant (1/Pa)
α  Sorption isotherm coefficient
β  Swelling isotherm coefficient
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Introduction

Coal seams, particularly those are unmineable and found 
in deep reservoir, are desirable target formations to store 
 CO2 as a part of mitigating greenhouse gas emission pro-
cess (Talapatra 2019), because coal can store a large quan-
tity of  CO2 gas via adsorption process at relatively high 
temperature and low pressure, compared with the other tar-
get reservoirs, which further reduces both the compression 
and injection expenses (Reid et al. 1987). This includes 
also the existing well infrastructure and economic benefits 
to the enhanced coal bed methane (ECBM) recovery oper-
ation. Hence, much endeavor has been conducted toward 
the ECBM recovery studies by focusing on the  CO2 injec-
tion approach, which is considered as an essential area of 
carbon capture, utilization, and storage purposes (Talapa-
tra et al. 2019; Busch et al. 2003; Fitzgerald et al. 2005).

The concept of storing  CO2 under coal reservoirs for 
enhancing the coal bed methane recovery criteria has 
been directed since the early 1990s, which recently have 
included  N2 to make a mixture of flue gas with  CO2 to 
promote the process effectively (Arri et al. 1992). The fea-
sibility researches on the ECBM recovery process initially 
investigate the difference between  CO2 and  CH4 based on 
the pure gas adsorption behavior and competitive adsorp-
tion behavior, followed by researches on the permeability 
alteration characteristics due to the variation in  CO2 and 
 CH4 adsorption/desorption-induced coal swelling/shrink-
age (Godec et al. 2014; Fujioka et al. 2010). According to 
Connell et al. (2011) simulation approach on  CO2 injec-
tion can be designed by performing a core-flooding experi-
ment, whereas modeling studies represent the permeability 
behavior at the time of ECBM recovery operation. In fact, 
laboratory analysis and experiments can give a simple 
overview about the ECBM process, though the practical 
conditions in field test are very complex to investigate 
(Mavor et al. 2004). Therefore, a number of field tests 
have been done to examine the suitability of  CO2 storage 
facilities and ECBM behavior in parallel with the labora-
tory experiments based on the practical-field conditions.

Amoco carried out the first field test on the reality of 
initiating ECBM recovery with  CO2 injection in December 
1993, in the San Juan Basin of Colorado, which was fur-
ther validated by Meridian, conducted in the same basin 
in 1995. However, those studies could not provide any 
satisfied results enough to establish this project under wide 
variety of field conditions. A field trial test on the largest 
scale  CO2 storage was accomplished in San Juan Basin 
from 1995 to 2001. There, around 335,000 tons of  CO2 
was pushed into four wells, with the large value of  CO2 
injection rate to facilitate the high permeability of coal 
seams. Afterward, more than a dozen of field trials on 

ECBM test have been orchestrated in low-permeability 
coal seams at minor scale across the world (Michaeel et al. 
1993).

Recently, ECBM has been reviewed and inspected with 
much effort, since it is considered as a vital research topic in 
the area of  CO2 capture and sequestration technology. The 
main factors looked at the initial comprehensive review were 
related to the coal properties and the coal storage capacity 
of ECBM recovery (Connell et al. 2014; Sams et al. 2005). 
Mazzotti et al. (2009) provided a short review about the 
key technical aspects and chemical engineering phenomena 
of ECBM operation such as adsorption/desorption process, 
swelling/shrinkage process, permeability alternation, etc. 
Previous studies only focused on the reservoir simulation 
modeling relevant to the flow theory and dynamic perme-
ability loss. On the contrary, recent studies more likely focus 
on the injection program to increase the correlation between 
the CBM production and ECBM recovery operation. For 
example, Pan and Connell (2012) investigated the coal per-
meability modeling in reservoir, where Bush and Genster-
blum (2011) reviewed the gas adsorption/desorption related 
to the both CBM and ECBM processes, in which field data 
of ECBM test were used as permeability modeling testing.

In upcoming decades, natural gas keeps a great contribu-
tion to the energy distribution and utilization sectors not only 
for its huge availability, but also for its low carbon content 
comparing with oil or other fossil fuels (Gale 2004). At the 
same time, the need of focusing on the technology to cap-
ture produced carbon dioxide from the atmosphere along 
with storing the gas safely for allowing the continued uses 
of fossil fuels is also an important task. This will decrease 
the harmful influences of carbon dioxide gas on the existing 
climate by providing safe storage locations. Moreover, the 
method of ECBM recovery by injecting flue gas into the 
coal seams may be a striking alternative way for increas-
ing the production of gas considerably. This flue gas can be 
collected in a pure state in different ways. The flue gas is 
considered as an exhausted gas produced by the combustion 
of fuels from the power plants and may result into straightly 
injected, thus eliminating the most expensive capturing 
stages (Viete and Ranjith 2006). The flue gas is generally 
composed of majorly nitrogen gas (87%) and minimally car-
bon dioxide gas (13%). However, the adsorbent power of  N2 
is very weak with respect to the  CO2; still it helps to keep up 
the permeability of coal seams sufficiently high. Therefore, 
it is mandatory to compress the  N2 gas along with the  CO2 
gas for eliminating this drawback prior to injection.

After observing the evidences from performing some 
field tests, it has come to the decision that the interacting 
relationships between the coal and the gas have to analyze 
better if ECBM recovery process needs to be amplified at a 
commercial scale. The phenomena of gas sorption and swell-
ing capacity have intricate influences on the displacement 
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dynamics. The exact interpretation of these phenomena is 
absolutely important for the development of plausible used 
reservoir simulating parameters to assimilate the history 
data acquired from ECBM production well (Mazumder 
et al. 2006). The input parameters used for these studies have 
looked on to the several aspects of the method of injecting 
 CO2 into the coal beds, such as gas sorption, gas swelling, 
permeability changes based on the gas injection types, etc.

The principal factors and mechanisms have been shown in 
this study by providing one-dimensional models that influ-
ence the ECBM recovery and  CO2 storage processes. To 
make this study so understandable, the pores of coal seams 
are divided into 4 types of region (Mazzotti et al. 2009; Li 
and Fang 2014). First one is cleats, a natural fracture system 
in the surface of the coal seam where both water and gas are 
presented, and second one is known as micropores where 
the phenomena of adsorption occur. The rest two pores are 
defined as macropores and mesopores where free gas can 
only be found. The ordinary assumption of injecting  CO2 
to displace the  CH4 gas is not resulted to only one step; 
rather, it is consisted of multistep procedures. The flue gas 
that infused to the coal seams can diffuse to reach the inner 
surface of the coal bed from the fracture network over the 
macropores and matrix. Here, the exchange of gas takes 
place by forcing to create desorption phase and lowering 
the gas adsorption-induced partial pressure. Finally, at the 
time of flowing to the production well, the desorbed gas 
again needs to diffuse from the macropores and matrix to 
the outer fracture network. The criteria of this type of mass 
transfer can be interpreted by employing a linear driving 
force equation with applying a single mass transfer factor 
or a corresponding time constant, in the various kinds pore 
(Cui et al. 2007).

In previous studies, few models were derived to repre-
sent this simple phenomenon of mass transfer by describing 
the interaction of porosity and permeability alternations in 
the coal beds during the gas injection. Those models were 
successfully employed to interpret the experiments on pure 
 CO2 injection into coal seams under the simulated reservoir 
pressure and temperature conditions, particularly confined 
under an outer hydrostatic force per area of the cores.

In this work, those studies are slightly stretched more to 
show the multi-component single-phase displacement of gas 
in a coal bed and measure the  CO2 storage performance in 
ECBM recovery process in the coal cores. Here, especially, 

the injection of flue gas mixtures into a coal bed including 
the various scenarios of ECBM operation with various con-
centrations of pure  N2 and pure  CO2 gases is investigated 
that remained saturated initially with methane (Oudinot et al. 
2011; Pan and Connell 2007). Besides this, more efforts will 
be placed on the influences of sorption-simulated swelling 
on the coal permeability and on its effect on the operation 
of  CO2 gas storage itself.

Coal composition and coal ranks

Coal seam, a three-dimensional particle, has been consisted 
through the biodegradation of plant materials by the imposi-
tion of high pressure and temperature over millions of years, 
which is a mixture of organic ingredients and inorganic min-
erals. This advanced transformation of coal mass is referred 
to as coalification process. According to the level of coali-
fication process, the coal is segmented into various ranks 
by measuring the quantity of carbon content contained in 
it, as increasing carbon content increases coal rank. Coal 
is fundamentally of two kinds according to the carbon con-
tent: low and high. The low-rank coal is subdivided into 
sub-bituminous and lignite coal, where high-rank coal is 
similarly subdivided into anthracite and bituminous coal 
(Pan and Connell 2007; Shao et al. 2012). Table 1 shows 
the sort out of various ranks of coal based on their coal’s 
composition, including its water content, carbon content, 
and volatile matter. From this table, one can know about the 
strength, permeability, porosity, and adsorption capacity to 
measure the degree of pore space for fluid movement and the 
flowability of fluid through the porous medium. A number of 
prevalent physical properties of the coal seam, such as in situ 
pressure and temperature, depth, rank, moisture content, and 
fracture concentration, play a great role in transport mecha-
nism in the coal mass.

The amount of contained gas formed during the coali-
fication process in each coal seam is different, including 
approximately 90% of methane with minor quantities of 
other wet elements like ethane and butane. The application 
of subsequently enhancing pressure during the coalification 
process accounts for the trapping of this naturally produced 
methane in the coal seam, and it occasionally adsorbs into 
the micropores through the cleats (Masoudian et al. 2013; 
White et al. 2005). The pressure induced surrounding the 

Table 1  Variation of coal 
composition with its rank. 
Source: created by the author 
using data from Perera, 2015

Coal property Lignite coal Sub-bituminous 
coal

Bituminous coal Anthracite

Moisture content (db %) 50–70 25–30 5–10 2–5
Carbon content (db %) 60–75 75–80 80–90 90–95
Volatile matter (db %) 45–55 40–45 20–40 5–7
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saturated rock layer is called hydrostatic pressure, and this 
pressure is so important to hold the adsorbed methane inside 
the coal mass. However, these things have made coal bed 
methane a pure gas compared to the other conventionally 
produced petroleum fuels.

CBM production process

A large amount of  CH4 gas is stored in coal matrixes through 
the adsorption process at greater pore fluid pressure. As a 
result, when the pore pressure reduces to cause the desorp-
tion process to desorb this stored  CH4 gas, the  CH4 gas can 
be continuously produced. To reduce the pore fluid pressure, 
first naturally remaining pore water is pumped out through 
a drilled well and then along with the coal seams which are 
considered as a combination of horizontal bore holes and 
vertical wells (Scott 2002). Initially this type of well system 
will release pore water and then begins to desorb and release 
 CH4 gas through the well, which is illustrated in Fig. 1. After 

that, the following produced gas is obtained from the sur-
face, which is further sequestrated from the other compo-
nents and sent for utilizing as a fuel source.

Figure 2 shows the three production stages through 
which the CBM well must need to go for producing the 
 CH4 gas. Now in the first stage, a large amount of pore 
water has to be pumped out from the production well to 
decline the reservoir pore pressure, which is also known 
as dewatering stage. In this dewatering stage, the meth-
ane production is not significant than the water produc-
tion, though the rate of methane production subsequently 
increases with proceeding time compared to the water pro-
duction. The methane production remains almost stable in 
the second stage along with the continuous decreases in 
water production rate (Bae, and Bhatia 2006). However, 
when the water production rate becomes negligible, then 
 CH4 production again starts to decrease in the final stage 
until it becomes uneconomical to continue. This entire 
period including methane production is known as the eco-
nomic lifetime for a coal seam. The length of the total 

Fig. 1  Coal seam gas produc-
tion process (created by the 
author using data from Rice and 
Nuccio 2000)

Fig. 2  Production stages in a 
typical CBM recovery process 
(created by the author using 
data from Rice and Nuccio 
2000)
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economic lifetime is assumed around 100 years at recent 
rate of production for any coal seams in the worldwide 
(Perera and Ranjith 2015).

Though the production technique of conventional CBM 
production operation seems very simple, still it can create 
many issues involving in production of water and few types 
of environmental disasters (Pini et al. 2009). Since deep 
coal beds are usually remained in saturated condition, it is 
important to remove thousands to millions gallons of pol-
luted water from a single well each day to decline the pore 
water pressure for obtaining the maximum  CH4 desorption 
pressure inside the coal seam. For example, according to 
Thomas and Beatie (2001), approximately 17,000 to 22,000 
gallons of water was pumped out each day during the initial 
years of production from a CBM production well in Wyo-
ming’s Powder River Basin in the USA. In fact, this type of 
dewatering process in large amount causes significant deple-
tion in ground water table involving in many environmental 
issues, but these concerns are not playing as drawbacks to 
this operation nowadays.

However, the CBM water is considered as a highly saline 
water and sometimes it likes to get mixed with ground water 
to make it also a saline water, which further causes to con-
taminate the ground water used for both drinking and agri-
culture purposes (Chen et al. 2010). It is obtained from the 
previous studies that the total dissolved solid (TDS) con-
centrations in the water released approximately from 1100 
to 12,500 mg/L during the CBM exploration, whereas the 
normal (TDS) of sea water and good-quality drinking water 
are close to 35,000 mg/L and 500 mg/L, respectively. (TDS 
level is a term used to estimate the amount of salinity.)

Besides these, there is another crucial issue related to 
the extensive required time during coal seam gas recovery 
operation to reach the initial production of  CH4 gas, since it 
is essential to release huge amount pore water from the pro-
duction wells (Vishal et al. 2013). This dewatering process 
affects the coal permeability during the CBM production, 
which in turn influences the coal structure (shrinking, hard-
ening, and strengthening) and causes less harvesting of gas 
with time. In addition, declination of seam’s pore pressure 
surrounding the rock masses causes to increase the external 
lithostatic pressure acting on the coal seams, which further 
reduces the porosity of the coal seams. Hence, the inten-
tion of increasing coal seam gas recovery by employing the 
conventional pressure depletion technique is commercially 
so ineffective for the production of  CH4 from many drilled 
wells. For instance, according to Gale and Freund (2001), 
conventionally used pressure depletion technique cannot be 
able to recover more than 50% of the gas in place, since it 
includes uneconomical greater pressure depletion (approxi-
mately 75–85%). This is the main reason behind the remain-
ing of methane gas in the seam in large amount after the 
completion of operating techniques.

After highlighting all the issues and facts related to the 
using of current strategies, it becomes vital to search for 
new updated operational technologies to enhance the CBM 
recovery operation by eliminating the serious drawbacks 
involving with the pressure depletion method in reservoir. 
Those techniques will make the ECBM recovery operation 
more economical and safer from the previous conventional 
ways.

Modeling

The conferred assumptions are considered during the devel-
opment of the model:

• The system’s conditions are assumed in isothermal state 
to explore the adsorption kinetics of carbon dioxide in 
coal seam. This is very crucial for understanding the 
dynamic response of coal to carbon dioxide sorption 
under various equilibrium pressures.

• All the physicochemical and mechanical variables are 
constant and uniformly distributed. These variables 
have the possibility to change the coal seam structures 
by affecting the stress state of overlying rock strata. Vari-
ation of mechanical properties of coal seam can lead to 
create problems during the measurement of the integrity 
and safety of storage scheme under storage conditions.

• The behavior of coal in a linear poroelastic medium is 
isotropic. The mathematical approach in poroelastic 
medium could be more useful than the conventional elas-
tic medium in cases of fluid content that can move within 
the pore space.

• The flow of gas is considered in single phase for the Dar-
cy’s law, as water flow is less significant compared to the 
methane recovery in this study.

Besides these, few assumptions may have to be justified 
by taking into account the situations where gas injection 
initiates at the final stage of the so-called initial recovery 
operation. Actually, the major amount of water originally 
remained in the reservoir, is removed during the initial 
recovery operation and the rest fraction of the water is con-
sidered immobile undoubtedly (Pini et al. 2011; Pan et al. 
2017). The two principal components that form the model 
are needed for representing the two aspects of the recovery 
operations. First one is known as mass transfer balances for 
gas flow and sorption, and the second one is as stress–strain 
relationship to describe the alternations of porosity and per-
meability at the time of injection. Here, the model is slightly 
extended for multi-component single-phase (gas) displace-
ment in a coal seam, where the previous studies have applied 
this model successfully for interpreting pure gas injection 
experiments into coal seam.



1970 Journal of Petroleum Exploration and Production Technology (2020) 10:1965–1981

1 3

Mass balances

In fact, coal reservoirs can be considered as a fracture system 
with high permeable fracture network and low permeable coal 
matrix. In this work, the overall porosity of the coal is sym-
bolized by �t , which is further divided into cleat porosity, �c , 
and macroporosity, �p . The microporosity of the coal is being 
accounted as a part of the solid particle, i.e.,

Both the gas pressure and concentration across the fractures 
and macropores are set to be constant during the sorption pro-
cess, as this process is considered as a rate-restricting stage. 
Material balance for a system of nc components is noted for 
each component, i:

where ni = adsorbed phase concentration of component, i; 
ci = actual gas concentration of component, i; u = superficial 
velocity; t = time coordinate; z = space coordinate.

A pressure gradient of nearly 4 MPa through the coal seams 
exists for the whole duration of the continuous gas injection 
operation, where axial dispersion is ignored. Not only that, 
but also the influence of diffusion in the fractures is negligible 
under such conditions and assumes that the flow is controlled 
by convection. The conservative analysis of Peclet number 
(the ratio of the characteristic time for convection to the char-
acteristic time for diffusion) can help to justify this conclusion 
and some conditions assumed in this study. Axial mixing can 
be ignored safely for the value of Peclet number at 600 and a 
diffusion coefficient of  10−5  m2/s.

A linear driving force equation is applied to interpret the 
sorption rate of component i through the coal’s matrix, i.e.,

where kmi = the mass transfer coefficient of component, i.
Here, the driving force-initiated gas sorption is the differ-

ence between the adsorbed phase concentrations of compo-
nent in equilibrium state, ni, for component i. The first one is 
expressed by an equilibrium adsorption isotherm, i.e.,

where n∗
i
 = the adsorbed concentration of component i per 

unit volume of coal in the solid particle; n∞
i

 = saturation 
capacity per unit mass adsorbent; �s = adsorbed total den-
sity; yi = molar fraction of gas; P = equilibrium pressure; 

(1)�t = �c +
(

1 − �c

)

�p

(2)
�
(

�tci
)

�t
+

�
[(

1 − �t

)

ni
]

�t
+

�
(

uci
)

�z
= 0, i = 1… nc

(3)

�
[(

1 − �t

)

ni
]

�t
=
(

1 − �t

)

kmi

(

n∗
i
− ni

)

,
(

i = 1…… nc
)

(4)n∗
i
= �s

n∞
i
biyiP

1 + P
∑nc

j=1
bjyj

, i = 1…… , nc

bi = equilibrium constant of Langmuir model for compo-
nent, i.

The superficial velocity u is defined by Darcy’s law as 
follows:

where � = the dynamic viscosity; v = the interstitial velocity; 
k = the permeability.

Stress–strain relationship

For interpreting the mechanical characteristic of coal seams 
at the time of injection operation, a stress–strain interactive 
model is required. The fluid pressure keeps a decisive influ-
ence in estimating the stress condition of the reservoir, thus 
affecting notably the porosity and the permeability of the 
fracture networks (Cui et al. 2007; Gray 1987).

Initially, the fractures are shut down or extended, depend-
ing on whether the effective pressure on the rock is enhanced 
or belittled. Here, effective pressure is defined as lithostatic 
overburden minus the fluid pressure. Moreover, the open-
ings of the fracture network are closed when the coal starts 
swelling upon gas sorption. Now, an equation is written to 
have the following usual form in the case of coal (Bustin 
et al. 2008; Durucan and Shi 2009):

where pc = the lithostatic overburden (confining pressure); 
s = total swelling; c1andc2 = two constant parameters of coal 
properties; subscript, 0 = indicates an arbitrary factor elected 
for initial state.

In this study, the reference magnitudes of porosity and 
permeability are applied to a non-deformed coal in contact 
with a non-swelling gas at ambient pressure. It is worth 
much to mark out that an extreme pressure is confined with 
high-pressure gas injection operation on coal cores for vali-
dation purpose.

Now, a Langmuir-derived model can be effectively inter-
preted for the coal swelling study, which is further extended 
in an analogous way for gas sorption mixtures as (Pini et al. 
2011; Pan et al. 2017; Durucan and Shi 2009):

where s∞
i
andbs

i
 = the corresponding parameters for isotherm 

conditions.
An equation indicating the total swelling as a function of 

gas sorption is derived by combining Eqs. (4) and (7) to main-
tain the physical relationship between sorption and swelling. 

(5)u = v�c = −
k

�

(

�P

�z

)

(6)k
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(

�

�0

)3

= exp
[

−C1

(

Pc − P
)

− C2s
]

(7)si =
s∞
i
bs
i
p

1 + p
∑nc

j=1
bs
j
yj
, i = 1… .., nc
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However, this derived equation additionally allows the con-
sideration of kinetic phenomena of swelling process and 
describes the total swelling using the sorption rate provided 
by Eq. (3) as:

where �iand�i = Langmuir parameters of the sorption and 
swelling isotherms, i.e.,

Nevertheless, it should be noted that Eq. (8) is only valid 
for 0 ≤ ni ≥ ni∞.

Solution procedure

The problem is ascertained by Eqs.  (1)–(6) and further 
accomplished by the following fundamental models: (a) the 
Peng–Robinson equation of state, required to include gas 
density with temperature and pressure, and (b) an additional 
relationship for evaluating the gas mixture viscosity using 
a method of Wilke. Now, the initial conditions along with 
boundary conditions are written as follows:

Initial conditions: when t = 0, ci = ci0, 0 ≤ z ≤ L

Boundary conditions: when z = 0, ci = ciinj, t > 0

(8)s =

nc
�

i=1

si =

∑nc
i=1

�i�ini

1 −
∑nc

j=1
�ini

(9a)�i =
bi − bs

i

�sn
∞
i
bi
, i = 1…… ., nc

(9b)�i =
bs
i
s∞
i

bi − bs
i

, i = 1…… , nc

ni = n0
i
, 0 ≤ z ≤ L

when z = L, P = Pout, t > 0

Here, the orthogonal layout method has been employed 
to discretize the PDEs in space. However, the resulting 
approach of solving ordinary differential equations has been 
done numerically by applying a commercial ODEs solver 
(in Fortran).

Parameter estimation

A comprehensive set of experimental data of few previous 
works has been generated and correlated with referencing 
to the present study to calculate the sorption and swelling 
isotherms of  CH4,  CO2, and  N2 that have been fitted using 
the Langmuir model and delineated in Fig. 3 (Pini et al. 
2011; Yamaguchi et al. 2006). Now, a uniform magnitude 
is assumed for converting the estimated extended sorp-
tion isotherms to the absolute sorption isotherms for the 
adsorbed phase density before initiating fitting work, such 
as 36.7 mol/L, 42.1 mol/L, and 47.1 mol/L for  CO2,  CH4, 
and  N2, respectively. The magnitudes of the fitted parameters 
are provided in Table 2.

In principle, based on the particular simplified stress con-
dition of the coal bed, the parameters C1 and C2 in Eq. (6) 
can be measured upon the mechanical features only. After 
evaluating the field conditions of coal bed, the relationships 
for the coefficients of C1 and C2 are provided in Table 3. 
The two elastic input parameters used in the bulk modulus 
equation for all applied models, i.e., K = Ey∕[3(1 − 2v)] , are 

Fig. 3  Langmuir isotherms 
a sorption and b swelling at 
45 °C as a function of pressure 
for  CH4 (dashed line),  CO2 
(solid line), and  N2 (dotted line) 
(Yamaguchi et al. 2006)

Table 2  Langmuir constants for the sorption and swelling isotherms 
for the coal considered in this study

Fluid Sorption isotherm Swelling isotherm

n
∞
i

 (mol/g) bi  (Pa−1) s
∞
i

b
s

i
  (Pa−1)

CO2 2.49 × 10−3 1.25 × 10−6 4.90 × 10−2 3.80 × 10−7

CH4 1.56 × 10−3 6.26 × 10−7 2.33 × 10−2 3.47 × 10−7

N2 1.52 × 10−3 1.40 × 10−7 1.70 × 10−2 5.19 × 10−8
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defined as Young’s modulus of elasticity Ey and Poisson’s 
ratio v, respectively. But, in the model for a fracture derived 
by Shi and Durucan, Ef can be compared with the Young’s 
modulus, whereas fracture compressibility is defined as Cf 
(Bustin et al. 2008; Gilman and Beckie 2000). In a resem-
bling way, the additional model derived by Pini et al. is used 
in an experiment for two purposes. First one is to achieve the 
values of Ce for non-swelling or non-adsorbing gas, whereas 
the second one is to obtain the values of Cs for swelling 
or adsorbing gas. (Further details are explained in the next 
section.) Finally, the parameters required for the two coef-
ficients in the Peng–Robinson EOS (equation of state) are 
reported in Table 4.

Model evaluation

A numerical representation for a coal seam underlying at 
500 m depth is explained here, in which the applied proper-
ties are obtained from Barapukuria Coal Field (Dinajpur, 
Bangladesh). The input values of the properties for simula-
tion model are synopsized in Tables 5 and 6. The value of 
coal permeability has been chosen between 1 and 10 mD to 
match for coal beds. For a sorption time constant � = 1∕kmi 
of around 1.5 days, a coefficient of mass transfer has been 
selected at  10−5  s−1, in comply with the parameters applied 
in reservoir simulation and additionally from the carried out 
experiments. The production well’s pressure is held uniform 
at a magnitude of Pout = 0.1 MPa, and the injection pressure 
at a value of Pinj = 4 MPa is assumed to be slightly mini-
mal than the corresponding hydrostatic pressure of the coal 
seam at 50 MPa. However, during the initiating moment of 
injection operation when the  CH4 gas is saturated 100%, 
the reservoir pressure is not higher than the hydrostatic 

pressure and simply has taken a magnitude of P0 = 1.5 MPa. 
(The scenario may be different during the coal bed primary 
production.)

For highlighting the influence of permeability changes 
on gas the flow dynamics at the time of ECBM process, two 
cases have been observed, which vary in the magnitude of 
the constant parameter C2, in Eq. (6). Firstly for “Case A,” to 
estimate Cs that indicates as the weighted average among the 
three components, the magnitudes of the parameter Cs,i (for 
each component i) have been obtained from the experiment, 
i.e., Cs =

∑nc
i=1

Cs,isi , where xi denotes for the fractional 
swelling (si/s) and values of Cs,i held for  CH4,  CO2, and  N2 
are 0.624, 1.479, and 2.336, respectively. Now for “Case B,” 

Table 3  Constants C1 and C2 of Eq.  (6) as achieved from different 
permeability models

References C1 C2

Gilman and Beckie (2000) 3v

Ef(1−v)

3Ey

(1−v)Ef

Durucan and Shi (2009) 3vCf

(1−v)

CfEy

(1−v)

Bustin et al. (2008) 1+v

K�0(1−v)

2Ey

3(1−v)K�0

Pini et al. (2009) 3Ce

K�0

3CsEy

K�0

Table 4  Thermodynamic 
properties of  N2,  CH4, and  CO2 
for the Peng–Robinson EOS

Fluid Tc (K) Pc (MPa) � kij

N2 CH4 CO2

N2 126.21 3.392 0.0373 0 0.032 − 0.021
CH4 190.55 4.598 0.0115 0.032 0 0.102
CO2 304.15 7.376 0.225 − 0.021 0.102 0

Table 5  Input parameters for the model (Pini et al. 2009)

Property Value

Coal seam length, L (m) 100
Coal bulk density, �s (kg/m3) 1356.6
Coal sectional area, A  (m2) 1
Initial gas composition (%  CH4) 100
Initial pressure, P (MPa) 1.5
Macropore porosity, �p (%) 2
Initial unstressed cleat porosity, �0 (%) 8
Initial unstressed permeability, k0 (mD) 10
Production pressure, Pout (MPa) 0.1
Injection pressure, Pinj (MPa) 4
Sorption time, � (days) 1.5
Mass transfer coefficient, kmi 10−5

Temperature, T (°C) 45

Table 6  Parameters for the permeability relationship in Eq. (6) (Pini 
et al. 2009)

Parameter Shi and  Durucana Bustin et al. This study

Case A Case B

v 0.35 0.3 0.26 0.26
Ey (GPa) 2.62–2.90 3.00 1.12 1.12
�0 0.001–0.004 0.0023 0.08 0.08
Cf  (GPa−1) 116–290 – – –
Ce – – 4.676 4.676
Cs – – 0.622–2.377 2.5
C1  (GPa−1) 187.4–468.5 128.1–323.0 225.7 225.7
C2 467.6–1239.9 197.0–496.9 33.6–128.4 134.4
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we will consider it as robust swelling case, that is why the 
value of Cs,i has been taken four times higher than the previ-
ous case for  CO2 and also has been set for other components 
and the value of these given parameters is given in Table 6. 
To compare the values of these parameters with the values 
from other studies, they are reported simultaneously with 
using a likable stress–strain relationship. In addition, it is 
notable to see that the initial values of porosity used in this 
study are quite larger than those previous studies. The main 
reason behind this fact is its difference to referred condition 
(zero, 0). This condition refers to a state where no fluid pres-
sure or no confinement is presented (unstressed state); on the 
other hand, this similar thing is defined as initial reservoir 
condition in the other studies. Thus, the overburden stress 
can get an opportunity to take into account in this study.

Results

Permeability behavior

The permeability variations can be calculated in analytical 
approach using Eq. (6) only, when it is assumed that  CH4 
is thoroughly displaced by the injecting gas. Here, for both 
Case A and Case B, the obtained changes in permeability 
upon various injection scenarios (from pure  CO2 to pure  N2) 
are shown in Fig. 4. For both cases, the confining pressure 
has been held uniform at a magnitude of 10 MPa. It has been 
seen from the figure that primary recovery scheme can com-
pare with the anticipated injection curves (dashed line—pure 
 CH4), in which the coal seam condition prior to initiated 
gas injection is pointed out with a circle. The coal bed thor-
oughly loaded with the injected gas at a pressure resembling 
to the injection pressure during the ending of the ECBM 
process, where the figure further displays a theoretical aban-
donment scheme at 4 MPa by placing a vertical dotted line. 
Though there is no variation between the Case A and Case 
B, still injection of pure  CO2 leads to the robust declination 

in permeability, whereas a counteracting influence can be 
seen during the addition of  N2 gas to the mixture gas. In fact, 
the change in the permeability characteristic under several 
injection criteria depends on the propagation of coal swell-
ing at a constant pressure, which is mostly fluid dependent. 
However, the injection of  CO2/N2 mixtures impels minor 
permeability declination compared to pure  CO2, as the sorp-
tion and swelling capability of  N2 is very poor compared 
to  CO2 and  CH4 (Fig. 3). The value of permeability can 
be enhanced greatly compared to preliminary condition, 
when amount of  N2 is much in gas mixtures. Moreover, the 
permeability differences in Case B are more evident from 
the Case B because of the higher swelling constant (C2). 
To be specific, the permeability can be either decreased or 
increased of around one order of value in Case B, depending 
on whether  CO2 or  N2 is injected. Now, in complying with 
the previous studies, it can be inspected that the so-called 
rebound pressure does not visualize in the pressure range 
because of attributing stronger swelling for Case B. But, in 
the context of Case A, a minimum permeability behavior can 
be clearly seen in the position of existing rebound pressure.

In the following, the behavior of permeability just reca-
pitulated has been utilized to the model as an input for pre-
senting the simulations results of ECBM operation. First, a 
number of ECBM scenarios including the injection of  CO2/
N2 gas mixtures with various compositions are studied and 
put for comparing upon the performance of the ECBM/CO2 
recovery operation. However, for initiating the investigation 
on the influence of coal swelling more to clarify, a compara-
tive study has been done between the Case A and Case B.

Influence of injected gas composition

The composition schemes of  CO2,  CH4, and  N2 on the 
coal seam axis are shown in Fig. 5 for three various injec-
tion scenarios: (a) pure  CO2, (b) 50:50/CO2:N2, and (c) 
pure  N2. It is observed from this figure that pure  N2 can 
excel the  CH4 gas with more speed, when it is injected so 

Fig. 4  Permeability ratio k/k0 as a function of pressure P under dif-
ferent injection scenarios for a Case A (weak swelling) and b Case 
B (strong swelling) [solid lines—mixtures of pure  CO2 and pure  N2 

(80:20/CO2:N2, 50:50/CO2:N2), dashed line—corresponds to the pri-
mary recovery scenario (pure  CH4), empty circle—refers to the initial 
condition in the reservoir]
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smoothly in the displacement front. Not only that, but also 
it is assigned to the adsorption characteristic of the involv-
ing gases, as in this case  CH4 gas displacement is higher 
than the injected  N2 adsorption. These both effects resulted 
from the injection of  CO2/N2 gas mixture are appeared in 
the central figure. The amount of  N2 gas is rich in fluid 
phase at the  CO2/CH4 front, though it becomes a minor 
component in later.

Now, we focus on the production well to interpret the flow 
rates of  CH4,  CO2, and  N2 under the above-described three 
scenarios, which are shown in Fig. 6. Due to the behavior 
of characteristic displacement, breakthrough of  CO2 occurs 
to complete the  CH4 recovery process when pure  CO2 is 
injected. On the other hand, the gas mixtures help break-
through of  N2 to take place faster which contains pure  N2 
gas. But, when the injected mixture contains 50:50/CO2:N2, 
this produces a stream of  CH4 gas contaminated with  N2 gas, 
until  CO2 breakthrough takes place. It should be pointed 
out for the all cases that the rate of  CH4 production gradu-
ally reduces because of the opening of the production well, 
which results in the reduction of initial pressure (1.5 MPa) 
to an attributed boundary condition (0.1 MPa). If it is seen 
from a realistic view, the injection of pure  CO2 is controlled 
by the  CO2 breakthrough at the completion of operation, 
whereas the case is completely different for pure  N2 injection 
and determined by the quality of produced  CH4.

However, these notions can be described more based on 
the  CH4 purity in produced gas and the quantity of  CH4 
recovered as a function of cumulative gas injection quantity 
for various ECBM operational schemes, which are visual-
ized in Fig. 7a, b, respectively. It is worth to notify that the 
x-coordinate is more appropriately used for indicating the 
cumulative gas injection instead of time and a uniform injec-
tion pressure (Pinj = 4 MPa) was attributed for these simula-
tion purposes. It can be clearly visualized that the purity 
of produced  CH4 becomes more contaminated due to the 
addition of  N2 in injected gas, which creates also an over-
lapping between the  CH4 desorption and  N2 injection fronts 
discussed above. On the contrary, pure  CO2 in injected gas 
increases the purity of  CH4 in produced gas until the ending 
of the recovery operation. Besides these, compared with the 
pure  CO2, the addition of  N2 in injected gas mixtures permits 
initial methane recovery quite faster according to the quan-
tity of  CH4 recovered. But, it becomes possible to attain the 
total recovery of  CH4 earlier when the amount of  CO2 starts 
increasing in the feed and is shown by the large crossover 
visualization at  CH4 recovery values. The characteristic of 
 CH4 displacement can be described more effectively with 
 CO2 content for its higher adsorptivity analogous to both 
 CH4 and  N2. Results that display a resembling crossover 
have been examined by presuming uniform porosity and 
permeability and by using a method to achieve the solutions 

Fig. 5  Composition profiles of  CH4,  CO2, and  N2 along the coal seam 
for three various injection schemes: a pure  CO2, b 5050/CO2:N2, and 
c pure  N2 (Pini et al. 2011)

Fig. 6  Flow rates of  CH4,  CO2, and  N2 at the production well as a 
function of time for three various injection schemes: a pure  CO2, b 
5050/CO2:N2, and c pure  N2 (Pini et al. 2011)
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of analytical approach of gas transport at the time of ECBM 
recovery operation. However, the slower primary recovery 
is observed when the injected gas mixture is enriched with 
 CO2 and can be further imposed to a declination of local 
flow velocity caused by the reduction of  CO2 from the fluid 
phase.

Influence of coal swelling and permeability

Previous studies have shown that the problems related to the 
reduction in permeability are happened by injection of  CO2. 
It is anticipated that the reduction in permeability mainly 
restricted around the injection well, in which the concentra-
tion of  CO2 is large (Schepers et al. 2011). Figure 8 repre-
sents the permeability ratio k/k0 for Case B, during the initial 

4 days of injection at the injection well (z = 0) as a function 
of time. The initial permeability chooses a value of near to 
4.4 mD for pure  CO2, though it has been lowered down by 
0.4 mD after 4 days, which correspondently reduces about 
one order of value. On the other hand, the opposite situation 
takes place for pure  N2, which approximately doubling the 
value of initial permeability.

The decrease in permeability has significant influences 
on ECBM process itself (Pashin 2016). Here, Fig. 9a, b rep-
resents the quantity of injected  CO2 gas in the coal seam for 
different ECBM scenarios as a function of time according 
to the weakness (Case A) and strongness (Case B) of coal 
swelling, respectively. For Case A, the obtained curves are 
scattering out quietly, as the amount of  CO2 gas in injected 
mixture is increasing continuously. On the contrary, for Case 
B, these curves are considerably smaller than the Case A for 
4 different injection scenarios. Consequently, compared to 
the mixture of 80:20/CO2:N2, it is evident that the increasing 
feed concentration of  CO2 is not reflected when it is injected 
continuously for the pure  CO2 case. However, these analyzed 
results show that if the goal is to increase the storage of 
 CO2, then it should be needed to inject a mixture of  CO2/N2 
effectively than only the injection of pure  CO2.

Sensitivity analysis

Sensitivity analysis is a way of showing the uncertainty 
occurred according to the variation in the output of a 
mathematical model, which can be influenced by the 
changes of qualitative and quantitative input values in 
the input of the model. Figure 10 shows the testing of 

Fig. 7  Enhanced coal bed meth-
ane recovery: a  CH4 purity and 
b  CH4 recovery, as a function of 
the amount of injected gas for 
various ECBM scenarios with 
various injection compositions

Fig. 8  Permeability ratio k/k0 at the injection well as a function of 
time for Case B (strong swelling) for various ECBM scenarios with 
various injection compositions (Pini et al. 2011)

Fig. 9  Quantity of injected  CO2 
as a function of time for a weak 
swelling—Case A, and b strong 
swelling—Case B, for various 
ECBM scenarios with various 
injection compositions
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different parameters like Young’s modulus, cleat poros-
ity, Poisson’s ratio,  CO2 desorption time,  CH4 desorp-
tion time,  CO2 Langmuir volume, etc., that are alternated 
within reasonable range.

Based on the sensitivity analysis, the result provides 
an illustration on both the  CO2 injection and  CH4 produc-
tion by comparing the effects of major CBM properties. 
It also founds that the simulation result can be affected 
little by the Young’s modulus and Poisson’s ratio, where 
cleat permeability, Langmuir strain, and volume and 
desorption time have serious effects on the result. For 
instance, the higher the desorption time of  CH4 extends, 
the slower the desorption process would be. Not only that, 
but also the rate of enhancing cleat permeability would 
be slower due to the slow process of matrix shrinkage. 
Consequently, the gas production rate would be slower 
within the restricted time range. After that, the producing 
rate of gas production will be declined considerably from 
the faster producing rate without any doubt based on the 
definite time range.

The role of geochemical properties 
in reservoir and geomechanical aspects 
of  CO2 sequestration

The role of elastic modulus

Since elastic modulus has a proportional relationship with 
the swelling-induced stress in coal seams, that is why it is 
considered as a vital factor to predict the permeability in 
coal seams during the  CO2 injection (Sander et al. 2014). 
Previous studies have analyzed the effect of elastic mod-
ulus on the methane production along with the quantity 
of producible methane in coal seams and predicted that 
the higher value of permeability results from the lower 
value of elastic modulus (Figs. 11, 12). This is occurred 
because the greater shrinkage of matrix causes greater 
enhancement of the permeability during the CBM pro-
duction, as the value of elastic modulus is low at that time. 
In addition, at the time of  CO2-injected ECBM recovery 

Fig. 10  Sensitivity analysis on various reservoir parameters (He et al. 2013)
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operation, the permeability reduction takes place due to 
the increase in coal swelling, which further leads to the 
slower production rate of the  CH4 gas. Therefore, it can 
be said that elastic modulus is the second parameter after 
the initial cleat permeability to predict about the reservoir 
simulation during both the time of CBM production and 
ECBM recovery operation.

However, it is evident that the mechanical responses 
from a coal matrix are very essential to assess the cap rock 
integrity, fracture/fault reactivation, wellbore stability, and 
ground surface movement during the  CO2 injection (Viete 
and Ranjith 2007). Therefore, to analyze the mechanical 
responses obtained from the injection of  CO2 to the coal 
seams, a number of hydromechanical models have been 
employed for few decades. These models are important to 
highlight the previous aspects so that the influence of the 
mechanical characteristics related to the hydrocarbon reser-
voir on the ground surface movements can be studied during 
the  CO2 injection. These mechanical properties provide a 
qualitative sense about its effect on the results, though they 
are not applicable directly to coal beds. Figure 13 represents 
the changes of the ground surface displacement based on 

the elastic modulus of the reservoir, which shows that the 
ground surface movement can enhance by the increasing 
value of the elastic modulus. The potential for the uplift/
subsidence in this example mostly depends on the structural 
geology and production rate of the field. For instance, the 
rock mass deformation may be resulted from the fracture/
subsidence reactivations and subsequent gas leakage to the 
surface during the ground uplift and movement. However, 
in addition to the damage to the existing ground movement 
on rare occasional disasters, the damage to the injection/
production facilities can be significant. For instance, the 
subsidence of the Baldwin Hills Dam is confirmed to be 
occurred due to the fracture reactivation as a cause of gas 
injection into the nearby coalfield initiated as production 
increasing measure.

The role of strength

Since the mechanical strength of coal has an effect on the 
post-failure permeability of coal, it is a crucial parameter 
in both reservoir and safety performances during the  CO2 
sequestration operation. Previous studies conducted on the 
coal rocks have shown that permeability reduces at the time 
of initial states of triaxial compression test and then it begins 
to enhance in the pre-failure deformation stage where it is 
considered non-elastic (Sukla et al. 2013). When newly cre-
ated fractures give the maximum permeability value after the 
post-failure stage, then permeability keeps trying to reach a 
peak, though it drops down back during the residual stage 
(Fig. 14a–d). These inspections provide evident for a coal 
seam that the reservoir performance can be influenced by the 
coal deformation and failure during the  CO2-injected ECBM 
recovery operation.

The role of Poisson’s ratio

An accurate measurement of Poisson’s ratio is required to 
assess the value of reservoir effective stress resulted from 

Fig. 11  Influence of elastic modulus of coal on permeability predic-
tion (Sander et al. 2014)

Fig. 12  Influence of elastic modulus on the amount of recoverable 
methane from a coalbed (Viete and Ranjith 2007)

Fig. 13  Sensitivity of the ground surface subsidence to elastic modu-
lus value (Viete and Ranjith 2007)
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the reservoir expansion/compaction and help performing in 
permeability prediction. Figure 15 shows the results of the 
previous studies performed especially on sensitivity analy-
sis where the changes in permeability prediction have been 
affected by the changes in value of Poisson’s ratio. This case 
is more evident and significant when the value of Poisson’s 
ratio is quite high. The influence of changes in Poisson’s 
ratio in  CH4 production and recovery operation has been 
investigated by analyzing the reservoir properties. In Fig. 16, 
it can be shown that the influence of higher Poisson’s ratio 
on the ECBM recovery operation is very significant with 

greater methane recovery, but not so effective on  CH4 pro-
duction during the CBM operation. Because the influence 
of adsorption-induced swelling moderately eliminates the 
influence of desorption-induced shrinkage on permeability 
during ECBM operation, which further assists the reser-
voir expansion/compaction to become the principal main-
tained factor in permeability assessment. On the contrary, 
the influence of compaction and shrinkage on the perme-
ability assessment remains as the same order during CBM 
operation.

Fig. 14  Permeability dur-
ing triaxial compression on a 
mudstone, b sandy shale, c fine 
sandstone, and d coal (Masou-
dian 2016)

Fig. 15  Influence of Poisson’s ratio on the predicted permeability 
during  CH4 production from coal seam (Pan and Connell 2012) Fig. 16  Influence of Poisson’s ratio on the quantity of recoverable 

methane from coal seam (Masoudian et al. 2013)
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Conclusions

Gas sorption primarily accounts for the maximum amount 
of  CO2 retained in coal seam and makes a better way of 
storage than gas compression. The equilibrium density 
in the corresponding gas phase is lower compared to the 
density of gas in adsorbed phase. Moreover, it is conferred 
that coal seams may store 2–3 times the quantity of gas 
retained in a conventional gas reservoir at similar depth 
and pressure. The naturally stored  CH4 gas in the coal 
seam is recovered through the adsorption/desorption pro-
cess under in situ reservoir conditions. In this study, a 
number of various injection schemes have been inspected 
to analyze the efficiency of mixing pure  CO2 and pure 
 N2 in flue mixture for injecting into a coal seam initially 
saturated with  CH4, which further creates a better way to 
inject flue gas directly by eliminating less interesting and 
much expensive  CO2 capture stage. In section “Influence 
of injected gas composition,” attractive results have been 
achieved in the recovery of the pure gas in place based 
on the purity and production rate, which may be found 
by observing the unique adsorption characteristic of each 
element on the coal matrix. When the initial recovery is 
slower and the adsorption of  CO2 is higher from the  CH4 
adsorption, then the total recovery is allowed faster than 
the preliminary recovery. In this case, the displacement 
is more effective. On the other hand, in spite of having 
earlier breakthrough and a behavior of contaminating the 
produced methane gas, the mixing of  N2 allows faster pre-
liminary recovery for its less adsorbing power. From this 
realistic view, it can be signified as a better trade-off in 
the case of incremental methane recovery for using as a 
quality produced fuel.

The volume alternation of the coal particle related to 
gas sorption can alter factually the scenario just explained. 
According to section “Influence of coal swelling and per-
meability,” it is found that the coal swelling caused to 
reduce robust permeability when exposed to  CO2 substan-
tially, has a strong impact on the performance of an ECBM 
recovery operation. Particularly, for Case B, the simulation 
results exhibit that the implication of a mixture with com-
position 80:20/CO2:N2 permits both injecting and storing a 
uniform amount of pure  CO2. The coal swelling and result-
ing shut down of the fractures will preliminary influence 
the place near to the injection well, where the amount of 
 CO2 is quiet rich, therefore inhibiting the exploitation of 
the total coal seam volume. Based on the inspections from 
past simulation researches (Durucan and shi 2009), the 
results achieved in this study express new paths toward the 
few striking options desired to tackle the injectivity prob-
lems just interpreted and that need to be further studied. 
This work also involves the application of flue mixtures as 

a way of holding the permeability high adequately, as well 
as the improvement of design conditions upon the behavior 
of injection and production wells, as a route of optimizing 
 CO2 storage and  CH4 recovery.
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