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Abstract 
 

This review presents a comprehensive overview of the technologies and engineering of permeability behaviour of coal 
matrix as well as impact of induced stress-strain during CBM production. It emphases on the transport of gas in coal 
matrix as well as behaviour of coal matrix towards permeability conditions during adsorption/desorption processes. The 
impacts of stress- strain on permeability of coal matrix are also discussed. The effect on permeability of coal matrix and 
its shrinkage/swelling during adsorption/desorption of gases has been deliberated. The pore pressure and permeability of 
cleat structure that regulates the production of coal bed methane was reflected. In this paper the overview of coal bed 
methane generation and production, gas transport in in coal matrix, changes in coal matrix during adsorption/desorption 
process, permeability behaviour of coal matrix and impact of spatial stress-strain on coal matrix were studied. 
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1. Introduction 
 
Successful production of coal bed methane and sequestration 
of carbon dioxide in coal seams requires knowledge of coal 
structural properties and their variation under in situ 
conditions. Coals, irrespective of their rank, macerals 
composition and nature of occurrence, retain large amounts 
of mixture of gases (methane and other gases) within it. The 
extraction of coal bed methane is well established and 
establishing in some of the developed as well as developing 
countries like USA, Australia, China, India and Canada etc. 
It was observed that coal bed methane is formed under 
coalification process either by biogenic or thermogenic 
degradation of buried plant materials [1]. Biogenic 
conversion of plant materials into methane occurs due to 
microbial action [2, 3] while thermogenic 
conversion/thermal decarboxylation is due to high 
temperature and pressure [4]. Thermogenic conversion of 
plant materials is the chemical process which converts the 
vegetal remains into CH4. Methane is found adsorbed in 
internal surface of coal matrix and hence amount of methane 
in coal matrix depend on the pore surface area of matrix [5-
7]. Pores of coal matrix mainly divided into macro pores (> 
50 nm), meso pores (between 2 and 50 nm) and micro pores 
(< 2 nm) [8, 9]. Micro pores consist of majority of methane 
gas in coal matrix while probability of finding methane gas 
in meso and macro pores is less [8, 9]. It is estimated that 
majority of the methane is typically adsorbed in the micro 
pores and very little resides in the macro pores [10]. The gas 
content in coal bed is determined by presence of macerals in 
coal. The major macerals presents in coal are Vitrinite, 

Liptinite and Inertinite [11].  Weishauptova et al., 2014 [12] 
observed that the sorption capacity of the organic matter in a 
coal sample with a prevalence of inertinite (63.0%) was 
lower than in a sample with a prevalence of vitrinite (65.3%) 
by only 14% for CO2 and by 18% for CH4. Moore, 2012 [13] 
observed that the organic composition of coal holds 
principal role in determination of porosity and permeability 
character and maximum gas holding capacity. The low 
pressure in coal reservoir in CBM production cause matrix 
shrinkage that enlarges cleat aperture and as a result micro 
cleats opens to enhance gas permeability [14-16]. Cleat 
structure plays leading role for the flow of methane in coal 
matrix. Flow of gases in coal bed is usually dendritic in 
nature i.e. migration of gas takes place from small pores 
(micro cleats) to medium pores (meso cleats) and then 
moves to large pores (macro cleats) respectively. 
Characterisation of CBM in coal matrix is a challenge to 
determine the permeability and percentage gas saturation. 
Permeability gives the general outlook of flow behaviour of 
gases in coal matrix. Percentage of gas saturation, gas rate 
and recoverability of gas from a reservoir mainly determined 
by adsorption/desorption behaviour of coal matrix [17-19]. 
These parameters are highly applicable during the modelling 
of gas flow behaviour in reservoir. Designing a successful 
pilot well programme as well as production wells depends 
on the permeability and percentage gas saturation character 
in coal matrix [13]. The approach taken in this review aims 
to satisfy a deceptive need for a current and brief summary 
of permeability, flow behaviour and geo-mechanical 
properties of coal matrix. Statistics of coal and coal bed 
methane across the globe is shown in (Table 1, 2 and Figure 
1). 
 Methane is always hazardous in underground mining. 
The ventilation system is generally provided to combat 
accidental explosion of methane gas, and release of methane 
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in atmosphere. Venting of methane in atmosphere not only 
cause greenhouse effect but also loss of clean fuel. Modern 
development and engineering technology in extraction 
method made the production of coal bed methane practical 
and feasible. The attempts to isolate and pipe gas from a coal 
mine were occurred in Great Britain in 1733. The first 
recorded successful use of a vertical borehole to drain gas 
from virgin coal was occurred in the Mansfield Colliery 
(Ruhr, Germany) in 1943. The first serious research 
concerning coal bed methane production in the United States 
occurred in the 1970s with a test project in the Black 
Warrior basin in Alabama. In the 1980s the Gas Research 
Institute began its coal bed methane explores. Their 
activities dealed with cooperative well studies, reservoir 
engineering analysis, fracturing and completion work as well 
as operational improvements and recompletion of wells. An 
indicator for coal bed methane has emerged as a valuable 
energy resource is the increased production of CBM in the 
Appalachian, Black Warrior, San Juan, Piceance, Powder 
River and Greater Green River Basins. Coal bed methane 
(CBM) also known as coal seam gas (CSG) is simply 
methane (CH4) gas found adsorbed in coal seam. CBM is 
similar to natural gas which contains about 95% of pure 
methane [22]. CBM doesn’t contain hydrogen sulphides as 
compared to oil, coal or even conventional natural gas so it 
is more environmentally friendly hence named as “Sweet 
Gas”. Trace amount of propane/butane and almost negligible 
amount of natural gas condensate are found in CBM [23]. 
Methane is mostly found adsorbed in coal matrix. Cleat 
structure in coal matrix is the path way for migration of 
methane from coal to atmosphere. Methane present in macro 
cleat migrates to atmosphere while methane present in micro 
cleat remains adsorbed on internal surface of coal matrix. 
CBM serves both the source rock as well as the reservoir 
rock hence it is considered as non-conventional source [24]. 
Storage and migration of methane in coal matrix is 
comparatively complex. There are following ways of storage 
of coal bed methane in coal seam (Figure 2): 
 
Table 1. Coal resources and CBM across the world [20] 

SI. NO. Country 
Coal 

resources 
 (BT) 

CBM resource 
 (TCM) 

1 Canada 7,000 6.5-76.4 
2 Russia 6,500 13.3-73.6 
3 China 4,000 16.4-34.0 
4 US 3,970 12.7-25.5 
5 Australia 1,700 8.8-14.2 
6 India 522 1.4-2.6 
7 Germany 320 1.7-2.5 
8 U.K. 190 1.1-1.7 
9 Poland 160 1.4-2.0 

10 South 
Africa 150 1.4-2.0 

11 Indonesia 17 0.1-0.2 
12 Zimbabwe 8 0.04-0.05 

 
 Commercial grade of coal for CBM should have at least 
8.5 cc/gm of methane [26]. Study shows 11.50, 12.30 and 
5.40 cc/gm CBM potentialities in Korba, Ib and Umaria 
valley seams [27]. Chatterjee and Paul, 2013 [28] 
determined gas content of various seams in central Jharia, 
India and found to vary between 11.11 cc/g and 11.91 cc/g. 
It was estimated that, the coal reservoir possesses a high gas 
content, high permeability, and high gas production for a 
depth between 400 to 700m [25, 29-30]. At the depth more 

than 700m, the gas content as well as gas production 
decreases, which reflect that, the CBM enrichment and 
development conditions deteriorate [29].The main 
parameters affecting the coal-bed gas enrichment area are 
the burial depth, the gas content, the individual coal bed 
layer thickness, the overall structure thickness, and the 
abundance of the resource. The geological factors affecting 
these parameters are the sedimentary environment and the 
structural evolution in the region, and the geo-hydrologic 
conditions [31, 32]. Statistics of coal reservoir properties of 
worldwide and India is shown in (Table 3, 4 and 5). 
 
Table 2. Established CBM reserve in India [20] 
SI. 
N
O. 

Block Name Operat
or 

Reserve Established 
(TCF) 

1 SP(East)-CBM-
2001/I RIL 1.69 

2 SP(WEST)-CBM-
2001/I RIL 1.96 

3 Raniganj (South) GEEC
L 1.385 

4 BK-CBM-2001/I ONGC 1.2 

5 RG(East)-CBM-
2001/I 

ESSA
R 2.15-3.0 

TOTAL =  8.385 to 9.00 TCF 
 

 
Fig. 1. CBM Production in India [21] 
 
2. Coal Bed Methane 
 

1. Methane is stored in micro pores/cleat as free gas 
(cleat structure of coal) 

2. Methane is found dissolved in water and stored 
within coal matrix 

3. Methane is found adsorbed on the surface of coal 
and coal matrix 

 
 
2.1 Calculation of methane volume in coal seam 
Pophare, 2008 [36] observed that most of the gas in coal is 
adsorbed on the internal surface of micro pores and varies 
directly with pressure and inversely with temperature. The 
empirical equations to determine volume of adsorb gas is as 
follows [37]: 
 

	 
V =

100− M − A
100

⎡

⎣
⎢

⎤

⎦
⎥×

Vw

Vd

K P( )N
−b×T⎡

⎣⎢
⎤
⎦⎥

    
(1) 

 
 Where, 
V = Volume of methane gas adsorbed (cc/g), M = Moisture 
content (%), A = Ash content (%) 
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Fig. 2. Cleat structure and migration of methane in coal matrix [25].

 
Table 3. Reservoir properties of selected coals worldwide [33] 

Basin/area Coal Age Rank Depth, m No. of 
seams 

Net 
coal, 

m 

In-situ 
gas 

content, 
cm3/g 

Perm, 
md 

Sydney Bulli 
Carboniferous–

Permian hi-vol.–lo-vol. 698 1 na  20.8 na 

Surat Walloon Jurassic subbit. 150–950  11 na  3.14 500 

Qinshui #3, #15 
Carboniferous–

Permian 
hi-vol. A–
metaanth 0–2,500  7–17 0–16  0–36  0.1–4 

Cook Inlet/ Susitna 
Sterling, Beluga, 

Tyonek, 
Chickaloon 

Paleocene–Miocene lig.–anth. 0–1,830  30 0–206  1.1–17  na 

San Juan Fruitland Cretaceous subbit.–lo-vol. 0–1,300  5 0–21  na  0.1–60 

Piceance Cameo Cretaceous 
hi-vol. B–
semianth. 0–3,050  7 18 13–23  0.2 

WCSB Mannville L. Cretaceous subbit.–lo-vol. 1,500 3 2–12  7–13  0.1– 3 

Uinta Ferron U. Cretaceous hi-vol. C–B 
370–
1,040  6 1–14  3–17 5–

20 5–20 

WCSB 
Horseshoe 

Canyon U. Cretaceous subbit. C–A 200–600  10–30 2–30  0.9–3.8  1–5 

Powder River Fort Union Paleocene subbit. C–B 90–610  2–24 91 2.2 10–
1,000 

Arkoma Hartshorne Pennsylvanian 
hi-vol. A–
semianth 85–1,340  3 0.2–2  2.2–18  20–45 

Scotland na Carboniferous hi-vol. C–A 500–880  10–30 10–24  0.2–6.3  na 
England, Northern na Carboniferous hi-vol. C–lo-vol. 710–875  20–30 12–15  3.2–7.5 na 

England, Central E. Pennine Carboniferous hi-vol. C–A 
430–
1,230  25–32 9.1–

18  1.5–5.9 na 

England, Central W. Pennine Carboniferous 
hi-vol. A–med. 

Vol 
470–
1,100 

 10–
22 

7.3–
20  0.5–7.1 na 

England, Southern multiple Carboniferous med.-vol.–anth. 700–760  10–20 6.1–
18  0.4–13 na 

Greater Green 
River multiple Cretaceous– Tertiary subbit.– hi-vol. C 

990–
1,360  12+ 24 1.5–6.9  12.5 

Warrior multiple Pennsylvanian hi-vol. A–lo-vol. 60–760 29 13 1.6–17  75 

Silesian Basin multiple Carboniferous hi-vol. B–lo-vol. 
250–
1,750  5+ 9 4–9  1–2 

Raton Vermejo Cretaceous– Paleocene hi-vol. B–A 75–360  11–20 23 0.8–15  na 
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Table 4. Reservoir properties of selected coals in India [34] 
Gondwana Coal Basin/field 

Coalfields Ash 
Content (%) VM, daf (%)  Vro (%) Vitrinite Maceral 

 Composition (%) 
Predicted gas 

content (cc/gm) 
South Karanpura Coalfield 18-25 32-44  0.70 -1.0   50-70 6 -10  

Son Valley Coalfields 

15-30 33-40  

0.76-0.94 57-60 

5 - 9  

Sohagpur Coalfields 0.65-0.70 40-60 
-III-V Pakaria 0.55-0.65 50-55 

- II-V Churcha, Katkona     
- Bottom Seams, working 

mines     

Mahanadi Valley Coalfields 15-35  32-41  0.60-0.65 40-45  4 - 9  Korba Coalfield 
Talchir 15-40  35-45  0.65-0.55  35-45  2 -7.5 

PranhitaGodavari Coalfields 15-30  35-42  0.55-0.60 35-45   4 -7 
Wardha Coalfields 07-Nov 35-45   0.55-0.60 25-35   2-7 

Pench-Kanhan Valley 
Coalfields 15-30  32-40  0.50-0.60  45-60 5 - 9  Satpura Basin 

Coal of Barakar Formation 
North-East India May-20 42-58   0.55-0.70  80-90  0-4 - Tertiary Coals of Assam 

 
Table 5. Changes in coal properties as Rank increases [35] 

 
Moisture 

 (%) 
Volatile Matter 

(%) 
Carbon Content 

(%) 
Calorific Value 

(kcal/kg)  
Oxygen Content 

(%) 
Coalification Stage As recieved Dry Ash Free  Dry Ash Free As recieved Dry Ash Free 

Peat ~75 69 - 63 <60 3500.00 >23 
Lignite 35 - 55 63 - 53 65 - 70 4,000 - 4,200  0.23 
Sub-bituminous C 30 - 38 53 - 50 70 - 72 4,200 - 4,600  0.20 
Sub-bituminous B 25 - 30 50 - 46 72 - 74 4,600 - 5,000  0.18 
Sub-bituminous A 18 - 25 46 - 42 74 - 76 5,000 - 5,500  0.16 
High Volatile 
Bituminous C 12-18 46 - 42 76 - 78 5,500 5,900  0.12 

High Volatile 
Bituminous B 10 -12 42 - 38 78 - 80 5,900 - 6,300  0.10 

High Volatile 
Bituminous A 8 - 10 38 - 31 80 - 82 6,300 - 7,000  0.08 

Medium Volatile 
Bituminous 8 - 10 31 - 22 82 - 86 7,000 - 8,000  0.04 

Low Volatile 8 - 10 22 - 14 86 - 90 8,000 - 8,600  0.03 
Semi-Anthracite 8 - 10 14 - 8 0.90 7,800 8,000  0.04 
Anthracite 7 - 9 8 -3 0.92 7,600 - 7,800  0.05 
Meta-Anthracite 7 - 9 8 - 3 >92 7600.00 0.05 
 
 

	  
Vw

Vd

=
1

0.25× M ×1
⎡

⎣
⎢

⎤

⎦
⎥       (2) 

 
 Where, 
Vw = Volume of gas adsorbed on wet coal (cc/g) and Vd = 
Volume of gas adsorbed on dry coal (cc/g) 
 

	  
K =0.8 FC

VM
⎛

⎝
⎜

⎞

⎠
⎟+5.6

     
   (3) 

 Where, FC = Fixed carbon (%), VM = Volatile matter 
(%), N = Constant, depends on the composition of coal (for 
most bituminous coals N = 0.39-0.013 × K) and b 
=Adsorption constant due to temperature change (cc/g/◦c) 
 

	  
T =2.5× h

100+T0        (4) 

 
Where, 

 T = Temperature at given depth, T0 = ground temperature, h 
= depth (m), and P = pressure (atm.). 
 
 The empirical formula for the estimation of methane gas 
(VCH4) in coal bed on dry ash free basis is as follows: 

 

	  
VCH4

= −325.6× log
VM daf( )
37.8

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟      (5) 

 
 Where, 
VCH4 = Volume of methane (cc/g), VM (daf) = volatile 
matter (%) (dry and ash free basis) 
 
 
3. Transportation of gases in Coal Seam 
 
The intricate and heterogeneous nature of the coal matrix 
makes the gas storage and transport processes quite 
complex. Diffusion of gases in macro pores of cleat structure 
in coal matrix actually responsible for the flow of gas in coal 
seam. The mechanism of diffusions is molecular diffusion, 
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Knudsen diffusion and surface diffusion. Out of three 
mechanisms molecular diffusion preferred when the pore 
diameter is greater than ten times the mean free path, while 
Knudsen diffusion may be assumed when the mean free path 
exceed greater than ten times the pore diameter [38]. The 
transport process of gas in a coal seam can be expressed as 
follows [39-41]: 
 
3.1 Darcy’s velocity equation 

 

 

ϕβ ∂Seβ

∂t
+∇⋅

Kβ

µβ

∇ pβ + ρβgH( )
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= Sβ        (6) 

 
 Where, 
β = Phase index, ϕβ

 = Porosity, 
 
Kβ

 = Permeability, µβ
= 

Viscosity, Se = Saturation, H= Vertical elevation and
 
Sβ

= 

Represent source terms.  
In the above representation, the two components and 

phases are considered. CO2 was considered as non-wetting 
phase while water as a wetting phase. The Darcy's velocity 
equation for non-wetting and wetting are represented as 
follows: 
 
Gas phase 
 

  

ϕ g ∂Seg

∂t
+∇⋅

−Kabs ⋅Kr ,g

µg

∇ pg + ρg gH( )
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= Sg

  
   (7) 

 
Water phase 
 

  

ϕw∂Sew

∂t
+∇⋅

−Kabs ⋅Kr ,w

µw

∇ pw + ρwgH( )
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
= Sw     (8) 

 
 Where, 
ϕ  = Initial porosity, Se = Effective saturation, Kabs = 
Absolute permeability of porous medium, Kr, α = Relative 
permeability, µ  = Dynamic viscosity, S= source terms, P = 
Pressure, ρ = Fluid density and g = acceleration due to 
gravity. 
 The capillary pressure Pc and the change between the 
effective saturation and capillary pressure can be calculated 
as follows: 
 

 
Pc = Pg − Pw        (9) 

 

  
γ p,w = −γ p,g =

ϕα ∂Sew

∂pc

    (10) 

 
 Where, 
γ = specific capacity for phases. 
 
 It is very important to understand the dynamics of gas 
flow in coal matrix for successful coal bed methane 
production. The exploration of gas flow through porous 
media was started in the petroleum industry for the 
development of natural gas reservoirs. Schematic of flow of 
gas through cleat system is shown in (Figure 3 and 4). The 
elaborative study of gas flow behaviour as well as geo 
mechanical properties is one of the standard techniques for 

estimation of gas permeability and other reservoir 
parameters. Due to the large variation of   pressure in deep 
reservoir it is not possible to apply ideal gas law in 
production of CBM in deep pressurized condition. Gas flows 
behaviour differs in porous media than liquid flow due to its 
compressibility as well as Klinkenberg effect. Some recent 
laboratory investigation concluded that the Klinkenberg 
effect is important in the low permeability formations 
studied and cannot be ignored [42, 43]. According to 
Klinkenberg (1941), effective gas permeability at a finite 
pressure is given as: 
 

	 
kg = k∞ 1+ b

P
⎛

⎝
⎜

⎞

⎠
⎟      (11) 

  
Where,  k∞  = Absolute gas-phase permeability under very 
large gas-phase pressure at which condition the Klinkenberg 
effects are negligible, b = Klinkenberg factor, dependent on 
the pore structure of the medium and temperature for a given 
gas, P = gas pressure (Pa) 
 
  It was found that ‘b’ generally decreases with increasing 
permeability  
 

	  b∝ k∞
−0.36

     (12) 
 
 Study was also carried out to determine flow 
characteristics by Knudsen through glass capillaries and 
found Knudsen flows (independent of pressure) in the fine 
pore system of coals and Poiseuille flows (proportional to 
pressure) have been through the larger pores [44]. Triple-
porosity/dual-permeability and the coupling effects of 
effective stress and micro-pore swelling/shrinkage 
geomechanical deformation approach was studied and found 
that both the effective stress as well as micro-pore shrinkage 
effect significantly influence the CBM production 
performance [45]. Espinoza et al., 2011 [46] observed that 
the physical properties of gas such as density, viscosity, 
interfacial tension and bulk compressibility vary with 
pressure and temperature conditions. Yi et al., 2013 [47] 
reported that transport property of coal porous media with 
fractal pore structures is controlled by the maximum pores, 
the pore size distribution, and the fractal dimension number 
of pore structure. 

 
Fig. 3.  Schematic of flow of gas through cleat system [48, 49] 
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Fig. 4. Multi-scale gases transport in coalbed [50] 
 

 
4. Coal Matrix 

 
Coal is a typical dual porosity/permeability system 
containing porous matrix surrounded by fractures and cleat 
network (Figure 5). The matrix is characterized as solid 
grains, micro pores (<0.01 µm), and interconnected meso 
pores (0.01−0.1 µm), while the cleat network includes macro 
pores (>0.1 µm) and fractures [51, 52]. Harpalani et al., 2010 
[53] observed that the volumetric changes in the matrix can 
be owned to two effects: the pressure-induced effect that is 
characterized by the coal matrix compressibility and the 
desorption-induced effect that is characterized by the matrix 
shrinkage coefficient (εg). In coal bed methane recovery, gas 
desorbs from the inner wall surface of coal matrix and 
transport through pore system to the natural fracture at 
different gas concentration, and ultimately flow to 
production line due to pressure difference, hence gas 
diffusivity in the coal matrix and gas permeability in the 
cleat is the parameters controlling the rate of flow of gases in 
coal bed [54, 55]. Pan et al., 2010 [56] observed three 
different diffusion mechanisms in porous media: 
 

i. Fickian diffusion where inter-molecular collisions 
between gas molecules is the dominant 
mechanism and is significant for large pore sizes 
and/or high system pressures 

ii. Knudsen diffusion by collisions between the gas 
molecules and pore walls is important when the 
mean free path of the gas molecules is greater than 
the pore size 

iii. Surface diffusion where adsorbed molecular 
species move along the pore wall surface is 
important for micro pores with strongly adsorbed 
species 

 
 All these diffusion mechanisms play important roles in 
gas diffusion in coal matrix. The complexity of the pore 
system in the coal matrix and the gas-coal interaction was 
studied by Pan et al., and Li et al., 2010 [56, 57] and 
observed the sorption rate appears to be one step in 
anthracite coal sample, however, it was  two steps in a 
crushed sub-bituminous coal sample. The transport of gas in 
porous media depends on the sizes of pores. With variation 
of sizes the gas diffusion also varies. As the pore size 
decrease, gas diffusion type changes from bulk diffusion to 

Knudsen diffusion, including the transition region [58, 59]. 
Mingyue et al., 2014 [60] found the equation for flux at 
different gas concentration in fractures and diffusion of gas 
from coal matrix to fractures as: 
 

 
q = DσVm cm − c f( )     (13) 

 
Where, q = diffusion flux (g/s), D = diffusion coefficient 

(cm2/s), σ = shape factor (cm-2), Vm = volume of coal matrix 
(mL), Cm = mass concentration of gas in coal matrix (g/mL) 
and cf= mass concentration of gas in fractures (g/mL). 
Based on the ideal gas state equation, the gas density in 
pores of coal matrix is: 
 

 
cm =

M
RT

pm      (14) 

 
 Where, pm= gas pressure in pores of coal matrix (Pa), M 
is molar mass of gas (methane, 16g/mol), R = gas constant 
(8.314510 J/(mol·K)) and T = gas temperature (K).  
 The gaseous gas density in fractures is: 
 

 
c f =

M
RT

p f      (15) 

 
 Where, pf= gas pressure in fractures (MPa). 
 It is very tedious to determine diffusion coefficient and 
shape factor of coal matrix, while adsorption timeτ  is 
commonly used to represent the diffusion ability [61]. The 
adsorption time is the time when 63.2% of gas content is 
desorbed, and is in reciprocal relationship with the product 
of diffusion coefficient and shape factor as: 
 

	 
τ =

1
Dσ      

 (16) 

  
The shorter the adsorption time is, the better the diffusion 
ability as: 
 

 
q = MVm

τ RT
pm − p f( )     (17) 

 
 Coal gas in coal matrix containing free gas and adsorbed 
gas, the amount of free gas can be calculated through ideal 
gas state equation, and the amount of adsorbed gas can be 
obtained by the Langmuir isotherm equation. The average 
gas density in coal matrix would be [60]: 
 

	 

cm =
Qadsorption +Qfree

Vm

=

abpm

1+bpm

+
ϕm pm

ρ p0

⎛

⎝
⎜

⎞

⎠
⎟⋅ ρVm ⋅ M

VM ⋅Vm

=

=
abpm

1+bpm

+
ϕm pm

ρ p0

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟⋅
ρM
VM

 (18) 

 

 Where, mc = average gas density in coal matrix (g/mL), 
Qadsorption and Qfree= the amount of free gas and adsorbed gas 
(g) respectively, ɸm = porosity of coal matrix (%), a = the 
maximum adsorption capacity of coal (mL/g), b = 
adsorption constant (MPa-1), ρ = bulk density of coal mass 



Harinanandah Kumar, M.K. Mishra and S. Mishra/Journal of Engineering Science and Technology Review 11 (2) (2018) 160-173 

	
	

166 

(g/mL) and p0 = standard atmospheric pressure (101.325 
kPa). 
 The mass conservation equation of coal gas in coal 
matrix is: 
 

 
q = −∂cmVm

∂t
     (19) 

 
 Fractures and coal matrix exchange coal gas, and when 
the porosity is constant, the mass conservation equation of 
coal gas in fractures is: 
 

	 
ϕ f

∂ p f( )
∂t

−
K
µ
∇⋅ p f ⋅∇p f( )− 1

τ
⋅ 1−ϕ f( ) pm − p f( ) =0  (20) 

 
 Where, ɸf= fracture porosity (%) and µ = gas dynamic 
viscosity (1.08x10-5 Pa.s for methane). 
 Combining above equations (15), (16) and (17), the gas 
pressure of coal matrix changes with time as: 
 

	 

∂pm

∂t
= −

1
τ
⋅ pm − p f( ) M

RT

ab
1+bpm

−
ab2pm

1+bpm( )2
+
ϕm

ρ p0

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟
ρM
Vm

  (21) 

 
 Equations (18) and (19) are the governing equations for 
gas diffusion and flow in coal seam. 

 
Fig. 5. Dual porosity model of coal [62] 
 
 Matrix properties control the swelling transition from 
local swelling to macro swelling and also control the 
evolution of coal permeability. Liu et. al., 2011 [63] 
observed the relation between coal swelling and 
permeability and concluded that, when the swelling is 
localized, coal permeability is controlled by the internal 
fracture boundary condition and behaves volumetrically but 
when the swelling becomes macro-swelling, coal 
permeability is controlled by the external boundary 
condition and behaves non-volumetrically. Chunguang et al., 
2014 [64] determined the coal swelling by injecting CO2 gas 
in intact coal sample. When CO2 was injected at 1.72 MPa 
pressure the volume of coal first swelled and then 
maintained unchanged, but when injected at 4 MPa the coal 
volume greatly swelled and then followed a slight recovery. 
Based on the experimental results it was concluded that the 
coal deformation is controlled by the competition between 
adsorption-induced swelling and compression/recovery 

determined by the effective stress.  Staib et al., 2014 [65] 
determined the .coal swelling with variation of different 
gases. The different rate of swelling was observed with 
different gases. Swelling was found slower with CH4 as 
comparison to that of CO2 at the same pressures. Perera and 
Ranjith, 2012 [66] investigated the coal swelling based on 
the gas properties and observed that CO2 has more ability to 
swell coal then CH4. Masoudian et al., 2013 [67] studied the 
flow behaviour of gas in coal seam and found research gap 
and suggested that, the magnitude and sign of the volume 
change during coal swelling and their relation with 
properties of the coal need further investigation. Matrix 
swelling and shrinkage of coals is an important factor in 
evaluating CBM reservoirs. However, this phenomenon is 
not yet fully described for a variety of gasses as well as 
mixture of different gasses [68]. 
 
 
5. Permeability in Coal Bed 
 
The ease with which fluid flow through cleat structure, 
fissures as well as pores of coal and coal matrix is termed as 
permeability. The coal seams are extremely heterogeneous 
reservoirs whose permeability depend not only on geological 
age, coal rank, and purity, but also on gas and water 
saturations, in-situ stresses, and sorbed gas content. The 
Laboratory-measured permeability anisotropies were 
reported a 2:1 contrast in face and butt cleats and a 100:1 
contrast between face cleat and vertical permeability [69]. 
The same 2:1 ratio of face cleat to butt cleat permeabilities 
was also observed in an interference test in San Juan coals 
[70]. Horizontal permeability anisotropy of 17:1 was 
reported from an interference test in the Warrior Basin on 
the basis of soft type curve matches [71]. In all these 
observation the permeability of face cleat was always higher 
than that of the butt cleat, attributed the easy flow of gas 
through the face cleat and but cleat connects the network of 
flow in gas production. Results also found horizontal 
permeability larger than vertical permeability by a factor of 
42 through simulation of coal well performance in the Great 
Divide (Greater Green River) Basin [72]. The permeability 
in coal bed is found in order of microdarcies or nanodarcies, 
while coal cleat permeabilities ranged from 0.1 to 1,000 md 
[73]. The higher permeability in coal cleat structure was 
found as comparison of coal matrix. The range of coal seam 
permeability differs place to place as well as the types of 
coal. The gas permeability of high rank coal is different than 
that of the low rank coal. The gas permeability generally 
decreases with rank of coal. The permeability of two 
different coal seams at different locations also differs based 
on the cleat structure as well as natural fractures in coal. 
Chatterjee et al., 2010 [74] studied the permeability 
behaviour of different coal samples obtained from many 
locations of Jharia coal field, India. The variation in 
permeability for all coal samples were observed from 0.1 md 
to 3.5 md. The permeability was also correlated with vertical 
stress and observed an exponential correlation between them 
[74]. Coal matrix and cleat permeability governs fluid flow 
through a coal seam. Reiss et al., 1980 [75] had proposed the 
match stick model for correlation between permeability and 
cleat structure. (Figure 6). 
 Porosity of a coal can be expressed as: 
 

	 
ϕ =

2b
a

      (22) 
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 Where, ϕ = cleat porosity, b = cleat width and a = cleat 
spacing. 
 

 
Fig. 6. Matchstick geometry (Reiss et. al., 1980) 

 
 Flow down through cleat can be described by 
Poiseuille’s equation 
 

	 
q = n ⋅ b3l

12µ ⋅
Δp
L

     (23) 

 
 Where, q = flow rate, l = bedding plane height, µ = fluid 
viscosity, Δp/L = pressure gradient and n = Number of cleat. 
 Total flow down the cleat can also be described by 
Darcy’s law: 
 

 
q = Ak

µ
⋅
Δp
L

     (24) 

 
 Where, A = flow area, and k = fracture permeability. 
 Fracture permeability can be calculated as: 
 

	 
k = nb3l

12A
      (25) 

  
Flow area is given by: 
 

 
A= n a+b( ) l      (26) 

  
 The relation between permeability and porosity can be 
ploted as (Figure 7): 
 Assuming a stiff coal matrix, cleat spacing remains 
constant as stress changes leads to the following relation for 
porosity and permeability ratio: 
 

	 
k
ki

=
ϕ
ϕ i

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

3

     (27) 

  
 It was found that the permeability of coal to methane 
increases with decreasing gas pressure, in spite of increased 
effective stress (Harpalani et al., 1990) (Figure 8 and 9). 

 
Fig. 7. Cleat permeability as a function of cleat porosity and spacing 
(Seidle, 2011). 

 
 
 

 
Fig. 8. Variation in permeability of coal to methane for one cycle of 
increasing and decreasing gas pressure (sample from the Piceance 
basin) (Harpalani et.al., 1990) 
 

 
Fig. 9. Effect of confining stress on gas permeability (Li et. al., 2004). 

 
 The permeability was found decreased significantly with 
the increase in confining pressure (Fig 9). The higher 
confining pressure appears to close internal fractures caused 
a reduction in permeability [76]. The response of coal 
containing multiple interacting flaws for a fully cracked 
medium was investigated experimentally and observed that 
the presence of bridges across fractures is a crucial 
component for change in the sense of permeability evolution 
with pressure [77]. The pore pressure plays an important role 
in variation of permeability in coal seam. Liu et al., 2012 
[78] found the increased permeability with an increases in 
pore pressure. The permeability was found to increase 
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continuously with decrease in pore pressure from 7.6 MPa to 
~0.35 MPa. The rate of increase is not uniform, with very 
little increase between 7.6 MPa and 3.5 MPa, which 
becomes truly significant only below 3.5 MPa [79]. The 
moisture content and other proximate parameters also affect 
the ease of flow of gas in coal seam. Pan et al., 2010 [80] 
observed that matrix permeability decreases by more than 
73% for CO2 and 88% for CH4 but it decreases 82% from 
dry coal to wet coal for both CH4 and CO2. Perera et al., 
2012 [81] investigated the variation of CO2 permeability in 
coal at variable pressure and temperature. They observed the 
significant increase in coal mass permeability with 
increasing temperature at high CO2 injection pressure (>10 
MPa) and is negligible at low CO2 injection pressure 
conditions (<9 MPa). Moore, 2012 [82] studied on 
permeability behaviour of coal and concluded that the 
permeability is the most important attribute controlling gas 
flow in a coal seam reservoir, and is influenced by depth, 
stress regime within the basin and also, fundamentally, the 
organic composition of the coal. Zheng et al., 2012 [83] 
investigated the correlation between permeability with 
effective stress and pore pressure and observed significant 
impact of these parameters on permeability. Permeability 
decreased dramatically with increasing effective stress at the 
same pore pressure. Permeability also decreased 
significantly with increasing pore pressures at the same 
effective stress. Zhu et al., 2013 [52] studied the effect of 
adsorption pressure of gas on permeability as well crack 
propagation of side wall in coal seams. They observed the 
widening of localized damage in well surface and 
propagation to the matrix and become global damage with 
increase in gas adsorption pressure. Guo and Cheng, 2013 
[84] investigated the effect of in situ conditions on the 
permeability and observed that the strata stress, gas pressure, 
strata temperature and depth of occurrence controls the 
extent of coal fractures.  
 
 
6. Geo-mechanical properties 
 
Dual-continuum system i.e. porous coal matrix and cleat 
structure is important characteristic of Coal seams. The geo-
mechanical properties and in situ stress conditions of coal 
reservoir affect the ease of flow of gas through matrix as 
well as natural fracture. The study of mechanical properties 
of coal not only reveals the strength but also establish the 
correlation between permeability and mechanical parameters 
of coal. Permeability is the multiphase flow processes in 
coal matrix showed considerable effect on coal bed methane 
recovery processes [85]. As the stress changes it affect the 
cleat structure which results in permeability change in coal 
matrix. Stress value increases with increase in depth that 
cause decrease in permeability of coal matrix. The 
permeability and stress is exponentially related to each other 
as [86]:  
 

	 
k
ki

= e −3C f σ h−σ hi( )⎡
⎣

⎤
⎦

    (28) 

 
Where, k = permeability, ki = initial permeability, cf = 

cleat compressibility, σh = hydrostatic stress, and σhi = initial 
hydrostatic stress. 
 At the equal vertical and hydrostatic stress the 
permeability variation with depth can be expressed as: 

	 
k
ki

= e −3C f σ v−σ vi( )⎡
⎣

⎤
⎦

    (29) 

 However in-situ coal seam remains confined laterally 
therefore uniaxial strain regime is closer to the mathematical 
evaluation. Assuming the permeability behaviour only 
depends on the horizontal stress of the cleat the equation of 
uniaxial strain can be written as:  
 

	 
ε1 =

1
E
σ 1 −υ σ 2 +σ 3( )( )

   
 (30) 

 
 Where, ε = strain, E = Young’s modulus, σ = stress, and 
υ  = Poisson’s ratio. 
 Mean stress can be written as: 
 

	 
σ m =

σ v

3
1+υ
1−υ
⎛

⎝
⎜

⎞

⎠
⎟      (31) 

 
 The expression for the transformation of laboratory 
result to the in-situ regime condition can be written as: 
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 (32) 

 

Where, vσ = S – p; S = overburden load, and p = Pore 
pressure 
 From above expression the relation between 
permeability to the depth of the coal seam can be written as: 
 

	 
k
ki

= e
−C f

1+υ
1−υ
⎛

⎝
⎜

⎞

⎠
⎟⋅A d−di( )

⎡

⎣
⎢

⎤

⎦
⎥

   
 (33) 

 
Where, d = Depth and A = constant 
 Permeability as a function of depth is plotted in (Figure 
10). 

 
Fig. 10. Coal permeability Vs Depth [33] 

 
 As the methane desorbed from the coal matrix the 
reservoir pressure starts to decrease and at the same time 
stress value increases cause narrowing of cleat width that 
results in decline of coal matrix permeability. The change in 
stress can be related to pore pressure as: 
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 σ v −σ vi = pi − p      (34) 
 
 Therefore the change in permeability can be related to 
the pore pressure as: 

 

	 
k
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 Denis et al., 2010 [87] investigated the strain developed 
in coal seam during the injection of CO2 at variable pressure 
and observed that in confined coal the three-dimensional 
local strain distribution contributes to both local 
compression and dilation in spatial directions. Mazumder 
and Farajzadeh, 2010 [88] developed mechanistic model to 
determine the correlation between mechanical properties as 
well as permeability of coal at in situ conditions. They 
observed that the permeability is highly stress dependent, 
which declines exponentially with the increase in the 
confining stress as a result of compaction. Paul and 
Chatterjee, 2011 [89] investigated the effect of overburden 
pressure on permeability of Indian coal and observed 
decreased permeability with increase in vertical 
stress/sediment overburden load. They established 
correlation between vertical load and coal permeability and 
observed second order polynomial with regression 
coefficient of 0.65. It was observed that increase of 
confining pressure causes a reduction in pore size as well as 
permeability, and the flow tends to be dominated more by 
laminar flow [90]. Study found that increasing confining 
pressure from 6 MPa to 12 MPa reduces the permeability by 
a factor of 11 for CH4, and 28 for CO2. It also leads to 
decline in the amount of gas adsorbed by 66% for CH4 and 
59% for CO2, and thus reduces the swelling strain for each 
gas [91]. Perera and Ranjith, 2012 [66] observed that the 
reduction of unconfined compressive strength (UCS) and the 
elastic modulus of coal caused by super-critical CO2 
adsorption (up to 9 MPa saturation pressure) are much 
greater compared with the sub-critical CO2 adsorption in 
coal because of the greater adsorption potential and 
dissolution ability of super-critical CO2 in coal. Tao et al., 
2012 [92] observed a significant decrease in permeability 
and gas production rate in a CBM production well with a 
fast pressure drop/ high dewatering rate. Chen et al., 2012 
[93] studied the effect of geo-mechanical properties and 
permeability of coal samples and concluded the following: 
 

• When coal swelling parameters remain unchanged, 
coal permeability profiles are regulated by the 
initial effective stress.  

• Coal permeability reduces initially, recovers and 
then reaches the final equilibrium magnitude.  

• When the confining stress is higher, the final 
equilibrium coal permeability is much lower than 
the initial permeability.  

• When confining stress conditions remain 
unchanged, coal permeability profiles are regulated 
by coal swelling capacity.  

• When the confining stress is kept as constant, both 
the effective stress effect and the swelling strain 
effect are defined as a function of gas pressure.  

• When the fracture compressibility is higher, the 
permeability enhancement due to the decrease in 
effective stress may take over the permeability 
reduction due to swelling.  

• The reduction in coal permeability is larger when 
the effective stress coefficient is lower because the 
effective stress increases as the effective stress 
coefficient decreases.  

• The sensitivity factor represents the ratio of 
fracture aperture strain to swelling strain 
incremental. When the sensitivity factor is higher, 
the reduction in coal permeability is more 
significant.  

 
 Yang et al., 2012 [94] studied the effect of stress regime 
on methane production and observed that the effective 
horizontal stress plays an important role in production of 
CBM, and the permeability decreases gradually along with 
the decrease of effective horizontal stress. When the pressure 
is less than the desorption pressure, the permeability 
increases caused by the shrinkage of coal matrix, resulted in 
the increase of CBM output. CBM reservoirs exhibit an 
extra strain caused by desorption and adsorption. The 
concept of shrinkage/swelling strain–stress plays an 
important role in deformation of coal with continued gas 
production from coal reservoirs [95]. Espinoza et al., 2013 
[96] studied the sorption behaviour and mechanical 
properties of coal and concluded that the knowledge of 
adsorptive and mechanical properties is critical for 
calculating coal bed gas reserves and storage capacity, and 
enabling predictable exploitability. Results showed that gas 
desorption weakens coal through two mechanisms: (1) 
reducing the effective stress controlled by the ratio of gas 
desorption rate over the drainage rate, and (2) crushing coal 
due to the internal gas energy release controlled by gas 
composition, pressure and content [97]. Aziz et al., 2013 
[98] carried out the permeability testing with the multi-
function outburst research rig (MFORR) showed that coal 
permeability decreases with increasing gas pressure. At 
higher gas pressures, coal permeability stays stable and 
changes little with changes in under differing operating 
range vertical stress conditions of the MFORR. Test clearly 
demonstrates the coal sample underwent negative volumetric 
changes or shrinkage with increased confinement pressures 
axially and laterally. The degree of the volumetric changes 
was found to be dependent on the level of the applied axial 
and lateral pressures or stresses. Guo and Cheng, 2013 [54] 
observed that the effect of the sorption deformation on 
porosity (permeability) firstly increased rapidly and then 
slowly with the increase of depth. However, the effect of 
thermal expansion and effective stress compression on 
porosity (permeability) increased linearly with the increase 
of depth. Bo et al., 2014 [29] studied the relationship 
between permeability and effective stress and observed the 
nonlinear decreasing representation of permeability with 
increasing effective stress. Under constant confining stress 
conditions, the internal swelling ratio can be treated as 
constant. While under varying confining stress conditions, 
the internal swelling ratio is a variant. Wang et al., 2014 [99] 
Zang et al., 2015 [100] have studied the swelling of coal 
sample with varying stress conditions and concluded as: 
 

• The confining stress, the coal structure, the cleat 
aperture and the micro lithotypes of coal may 
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affect the internal swelling, and the mechanism 
needs to be identified.  

• For gaseous and supercritical CH4 and gaseous 
CO2, both the internal swelling and the internal 
swelling ratio decreased with increasing confining 
stress under constant pore pressure conditions. 
Under constant effective stress conditions, the 
internal swelling increased with increasing pore 
pressure for both CH4 and CO2.  

• The internal swelling ratio varied nonlinearly i.e. it 
decreased at low pore pressures and then ascended 
as pore pressure increased.  

• The internal swelling may be affected by pore 
pressure, confining stress, sorbate type, coal 
structure, and coal lithotypes.  

• When injecting supercritical CO2 into coal beds, 
the permeability reduction may be much greater. 
Subsequently, the injection efficiency may be 
much lower compared with the gaseous CO2 
injection.  

• The in situ internal swelling ratio could be assumed 
to be a constant during CBM recovery when the 
confining stress is greater than 5 MPa. 

 
 Espinoza et al., 2014 [101] investigated the effect of 
triaxial stress conditions on coal fractures and permeability 
and observed as: 

• Fractured coal has a significant non-linear elastic 
behaviour 

• Fractured coal cores show mechanical anisotropy 
• Swelling strains, swelling stresses and total uptake 

are affected by the response of the macro porous 
and microporous systems and  

• Permeability is four times more sensitive to radial 
(lateral) stress than to axial (vertical) stress.  

 
 Harpalani and Mitra, 2010 [53] studied the effect of 
overburden pressure on coal fracture mechanism and 
observed the fractures development and increased 
permeability at CO2 injection due to depth of the coal and 
associated overburden stress. They found easily and very 
early failure of coal sample when CO2 displaced methane 
under uniaxial strain conditions. Pan and Connell, 2012 
[102] studied the swelling and geo-mechanical behaviour of 
coal and observed that there are many effects for CBM 
production and CO2 sequestration that are poorly understood 
such as anisotropy in swelling and geomechanical 
properties, which have only recently been considered but 
more work is required, further work is required in order to 
improve the understanding of the reservoir behaviour and 
coal permeability. More efforts are required to understand 
the effect of CO2 adsorption on mechanical properties of 
coal.  
 
 
 

7. Conclusion 
 

The reviews have been focused on CBM fundamentals, 
permeability as well as geomechanical behaviour of coal 
matrix that actually affect CO2/CH4 adsorption/desorption 
mechanism. However, in this review the following crucial 
points have been reported: 
 

• Coal bed methane is being explored and extracted 
commercially in many countries like USA, 
Australia, Canada, China, India etc. Exploration 
and developing of CBM and ECBM in India are 
likely to have commercial gas in the next few 
years. 

•  It is very important to understand the flow 
mechanism in coal bed reservoir for commercial as 
well as successful design production and injection 
well. 

• Flow behaviour of gases in coal matrix is one of 
the important attribute that regulates CBM 
production and CO2 sequestration. However there 
are very few researches that deal the flow 
behaviour of gases in coal matrix.  Hence future 
work requires investigation on flow behaviour of 
gases in coal matrix. 

• Matrix swelling and shrinkage during 
adsorption/desorption of gases contribute important 
factor in evaluating CBM reservoirs. However, this 
phenomenon is not yet fully described for a variety 
of gasses.  

•  The effect of matrix swelling and shrinkage on 
cleat structure, cleat aperture, cleat compressibility 
etc. is a topic that should be pursued further and 
investigated in depth.  

•  Permeability is one of the most important 
parameter to describe flow behaviour of gases in 
coal matrix. There are few experiments that 
describe the effect of geomechanical properties, 
cleat system, sorption etc. There are also very 
limited experimental and numerical studies that 
describe the permeability of gas mixtures in coal 
matrix. 

• Determination of gas permeability in coal bed 
reservoir at in situ conditions is very important for 
successful execution of production as well as 
injection well.  

• Geo-mechanical properties and coal permeability 
are inter-related to each other. The change in 
mechanical properties affects coal permeability and 
as a result gas production as well as CO2 
sequestration process. 
 

This is an Open Access article distributed under the terms of the 
Creative Commons Attribution License  
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Abbreviation 
CBM: Coal bed methane 
nm: Nano meter 
Gt: Giga ton 
BT: billion ton 
TCM: trillion cubic meter 
TCF: trillion cubic foot 
MMSCMD: million std. cubic meter per day 
daf: dry ash free basis 
atm.: atmosphere pressure 
md: milidarcy 
VM: Volatile matter 
ECBM: Enhanced coal bed methane 
µm: Micrometer 
SCF: Standard cubic foot 
VL: Langmuir volume constant, SCF/ton 
PL: Langmuir pressure constant, psia 
psia: per square inch absolute 
µd: microdarcy 
psi: per square inch 

 


