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A B S T R A C T

Coal permeability rebound and recovery severely affect the efficiency of coalbed methane extraction and CO2

storage capability of coal seams, but theoretical research on it is insufficient now. Besides, ambiguity still re-
mains in evolution laws of coal permeability rebound and recovery pressure with the change of various influ-
encing factors. In this work, the focus is first placed on the influences of effective stress (considering engineering-
strain and natural-strain) and adsorption-induced swelling (considering matrix bridge) on fracture aperture;
then, a new evolution model of coal fracture aperture is established by adopting the competition mechanism of
the two. At the same time, based on the correlation between the variation of fracture aperture and permeability
using the classical cubic law, the evolution model of coal permeability is set up, of which is on the basis together
with some reasonable assumptions to obtain the factors influencing permeability rebound and the recovery
pressure. The evolution laws of coal permeability rebound and recovery under the influence of main factors are
in detailed analysis. Specifically, permeability rebounds and recovers when the initial coal reservoir pressure is
greater than its switching threshold. The greater the initial pressure, the larger the numerical range dropping
from the initial value to rebound value, so does the effect of coal cleat compressibility. However, only on
condition that the internal swelling coefficient is smaller than its switching threshold, the permeability will
rebound and recover. Besides, the influencing mechanism of CO2 storage and CBM extraction on permeability
evolution is the same, while the variation laws of permeability, of rebound and recovery especially, exert strong
impact on CO2 storage capability. Therefore, the influence of various permeability evolution laws on CO2 storage
capability is discussed macroscopically for valid assessment of it, providing guidance to select appropriate coal
seams for CO2 storage.

1. Introduction

Coalbed methane (CBM), a kind of valuable, abundant and available
green resource, is mainly distributed in Russia, Canada, China, the USA,
Australia and other countries [1,2]. In recent years, CBM industry ex-
periences rapid development, because traditional coal mining causes
disasters easily in addition to its great impact on geological environ-
ment, and the subsequent coal combustion threatens both the atmo-
sphere and human health [3–8]. Although CBM is a kind of efficient and
clean energy, the waste of resources may occur if effective control fails
to be guaranteed in the mining process. Besides, changes are that the
remaining CBM in the disturbed coal seam diffuses into atmosphere
directly. The main composition of CBM is methane that is regarded as
the second contributor to global greenhouse effect only to CO2, so

reasonable and effective CBM extraction meets requirements of the
sustainable development of resource and environment [9,10].

In pursuit of increasing yield of CBM and decreasing CO2 in atmo-
sphere at the same time, CO2-enhanced coal bed methane (ECBM) re-
covery technology was proposed by some scholars [11–13]. The CO2-
ECBM process mainly refers to the injection of CO2 into deep coal seam
by surface wells or boreholes to store CO2. Entering the coal seams, CO2

will occupy the original adsorption site of CH4 because of its better
adsorptive capacity on coal seams, thus causing the desorption of CH4.
The state transformation of CH4 and CO2 in the coal seams functions as
the theoretical basis of CO2-ECBM recovery technology [14]. In fact, the
change of coal permeability is an important factor affecting both CBM
extraction projects and CO2 storage in CO2-ECBM engineering. At pre-
sent, most researchers are deeply involved in studying the permeability
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model in CBM extraction, while little attention is attached to rebound
and recovery effect during permeability changing process as well as the
influencing factors on them [15–17], although they exert a vital impact
on CBM yield and CO2 storage capacity of coal seams.

The permeability value of coal is positively correlated with the
fracture aperture, while evolution laws of fracture aperture are con-
trolled by competition between adsorption-induced matrix swelling and
effective stress transformation. Of them, the one causing greater abso-
lute deformation has the main controlling effect at a certain moment
[18,19]. Due to the competition between the two, the influence of coal
deformation on permeability is not simply linear in the processes of
both CBM extraction and CO2 storage. When studying the evolution
laws of permeability during CBM extraction in the field and in the la-
boratories, many scholars observed that the permeability value would
rebound and recover with the variation of gas pressure. Palmer and
Mansoori [19] proposed a new theoretical model for calculating pore
volume compressibility and permeability. In order to validate the ac-
curacy of the model, he extracted permeability values during CBM ex-
traction of fairway well B1 in the San Juan Basin. In the initial stage,
the value of permeability ration plunged, and then it began to increase
when the matrix methane pressure decreased to the range of
6.9 MPa–7.9MPa, reaching 2 at last, as shown in Fig. 1(a). Robertson
and Christiansen [20] conducted some experiments to study the ad-
sorption-induced matrix strain on unconstrained samples for different
gases. They collected coal samples from the Anderson coal bed and
injected CH4 under confining stress of 6.8 MPa, obtaining the evolution
laws of samples’ permeability with the changing stress of injected CH4,
as shown in Fig. 1(b). The experimental data revealed that adsorption-
induced matrix deformation played a predominant role in the low-
pressure stage, resulting in a decrease in permeability while effective
stress effect gradually moved into the lead in the later stage of high
pressure, thus leading to an increase. Similarly, Pini et al. [21] used an
experimental technique to perform gas injection experiments on coal
cores for improving the knowledge on the different mechanisms acting
during CO2 storage. When they injected CO2 into coal samples from
sulcis coal seam, they observed a greater rise of permeability in the later
stage and the value even reached 5.5 times the initial permeability, as

shown in Fig. 1(c). Liu et al. [22] established a new model to illustrate
the impact of transition from local swelling to macro swelling on cola
permeability. From the simulation results, they found that the perme-
ability took the biggest drop by 86% when the pore pressure was be-
tween 1.15MPa and 2.22MPa. Finally, due to the permeability rebound
occurring when the pore pressure was 4.58MPa, the final value of coal
permeability was reduced by only 19% compared with the initial value,
as shown in Fig. 1(d). Liu et al. [23] established the permeability
evolution model by means of free expansion+push back to determine
the magnitude of additional stress and its effect on permeability evo-
lution. To prove the validity and correctness of the model, same para-
meters were considered in some classical and self-built models. Nu-
merical simulation was adopted to analyze the variation laws of
permeability of the coal injected with CH4 and CO2, respectively, as
shown in Fig. 1(e) and (f). They found that permeability dropped in the
low-pressure stage due to coal deformation; it rebounded and increased
with the rising of gas pressure. As seen from the above papers, the
phenomenon of permeability rebound and recovery do exist, but no
further analysis is conducted on them because these papers are not
targeted to these phenomena. Hence, it is meaningful to study how to
establish a rational coal permeability evolution model considering the
influence of adsorption-induced matrix deformation and effective stress
transformation on fracture aperture, so as to analyze coal permeability
rebound and recovery effect and the influencing factors on it.

At present, the permeability value is the basis of parameters for
assessing whether a coal seam is appropriate for CBM recovery [24–26].
The larger the value, the easier the CBM extraction; on the contrary, the
smaller, the harder. According to general permeability evolution laws,
the coal seam is regarded to be unsuitable for CBM extraction if the
permeability and daily methane production decrease as the extraction
proceeding. Since CBM extraction project is expensive and laborious,
companies will stop the extraction immediately for timely minimizing
economic losses [27,28]. However, if permeability rebound and re-
covery effect and their evolution laws are grasped in advance, CBM
extraction projects will not be stalled and surface wells or drillings will
not be abandoned just based on the current variation laws of perme-
ability. Especially, with the awareness that coal permeability is bound

Fig. 1. Phenomena of coal permeability rebound and recovery [19–23].
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to rebound or recover in the further extraction process, methane ex-
traction projects will be retained to witness the rise of methane yield
induced by permeability rebound and recovery in the later stage.
During the implementation of CO2-ECBM project, permeability values
of coal around the injection well determine CO2 storage capability of
the coal seam [14,29]. Generally, the bigger the value, the greater the
range of coal seam affected by the CO2 injection, and thus the larger the
amount of CO2 injected. In essence, CO2 injection has the same effect as
CBM extraction on coal permeability [30–32]. If the permeability re-
bound and recovery effect can be clarified before CO2 injection projects,
a coal seam’s capability of storing CO2 can be better assessed.

In this study, the relationship between fracture aperture and effec-
tive stress as well as the adsorption-induced matrix swelling was put
forward first. Of the two, the effect of effective stress on coal de-
formation includes engineering-strain and natural-strain, while the
matrix swelling only partly contributes to the fracture aperture due to
the matrix bridge among coal matrix [33,34]. Based on the competition
between adsorption-induced matrix swelling and effective stress, the
model of changing fracture aperture was built and the evolution model
of coal permeability was derived by utilizing the classical cubic law
[35,36]. Then, based on the evolution model, the factors affecting
permeability rebound and recovery pressure were gained to analyze the
influences of different parameters on permeability rebound and re-
covery effect in the CBM extraction. Finally, the authors, enlightened by
variation laws of permeability in CBM extraction, discussed the impacts
of different evolution laws of permeability on CO2 storage capability
from a macroscopic perspective. Therefore, permeability rebound and
recovery effect is a scientific problem worthy of research for both CBM
extraction and CO2 storage capacity assessment.

2. Theory

2.1. Formation of coal permeability

2.1.1. Assumptions of theory
As we all know, the variation of coal fracture aperture which

dominates the permeability, is mainly caused by the effective stress and
adsorption swelling deformation. In addition, there are other influen-
cing factors, such as some unique gas transport mechanisms [37], gas
surface diffusion [38], moisture [39], thickness of adsorbed layer [40],
physical structure [17] and real gas effect [41]. However, these factors
were ignored by most researchers for simplifying the establishment of
coal permeability models. Therefore, it is reasonable to ignore these
other factors in our permeability model.

2.1.2. Impact of effective stress on fracture deformation
Effective stress, originally proposed by Terzaghi in his study of the

mechanical characteristics of soil with saturated water, is equal to the
upper total stress minus the pore water pressure [42]. However, Biot
[43] found in the study of triaxial compression that effective stress was
inapplicable to porous media with low permeability. Hence, he pro-
posed a modified principle of effective stress where the equivalent
porous pressure was expressed by the product of pore pressure and
equivalent porous stress coefficient whose value was between 0 and 1.
Actually, the effective stress is an important factor contributing to the

deformation of coal. Nevertheless, the principle of effective stress for
traditional single-porosity media fails to describe the mechanical re-
sponse of changing fluid pressure to porous media like coal [44,45].
Hence, the effective stress law for dual porous media is introduced to
analyze and describe characteristics of coal deformation [46].

= − +σ σ δ β β( p p )e f f m m (1)

where σe is the effective stress, MPa; pf and pm are the methane pres-
sures in fractures and coal matrix, respectively, MPa; σ is the total
stress, MPa; δ is the Kronecker delta tensor; βf and βm are effective stress
coefficients for the fracture and coal matrix respectively.

For most part of coal, the deformation is relatively small during the
variation of effective stress, while for a small part of pores or fractures,
it is very large, even directly causing the complete closing of pores and
fractures. To solve the problem of different deformation under the same
stress, coal fracture system is abstracted to two parts, namely, the soft
part and the hard part, as shown in Fig. 2. The two parts follow different
principles of Hooke’s law: The hard part meets the engineering-strain
and the soft part meets the natural-strain [47].

For the hard part and soft part, the strain of fracture aperture can be
defined by the engineering-strain and the natural-strain. The following
relations are used:

= −dε da
aa e

e

e
,

0, (2)

= −dε da
aa n

n

n
,

0, (3)

where a0,e is the unstressed fracture aperture for the hard part; a0,n is
the unstressed fracture aperture for the soft part; ae and an are the
fracture aperture for the hard part and soft part under the current state
of stress, respectively. Using the condition that ae= a0,e and an= a0,n
for σ=0, the engineering strain and natural strain can be obtained:
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(5)

where ke and kn are the bulk modulus of the hard part and soft part of
fracture system, respectively.Due to the facts that the variation of
fracture aperture is the sum of natural-strain and engineering-strain and
that ke is several orders of magnitude larger than kn, the variation of
fracture aperture under effective stress is as follows:

= + − −a a a a σc( )exp( Δ )m e e f0, 0 0, (6)

where am is the change of fracture aperture induced by the effective
stress; a0 is the initial unstressed fracture aperture; cf is the fracture
compressibility, which can be defined as cf=1/kn.

In the process of CBM extraction, the coal can be assumed to be in
the state of constant load stress and uniaxial strain. By combining Eq.
(1) with Eq. (6), the variation of fracture aperture caused by the change
of effective stress is as follows:

= + − − + −a a a a c β β( )exp [ (p p ) (p p )]m e e f f f m m0, 0 0, 0 0 (7)

where p0 is the initial methane pressure of coal seam, MPa.

2.1.3. Impact of methane desorption on fracture deformation
Coal is a kind of natural adsorbent with the property of adsorbing

methane. It is well known that with the progress of CBM extraction, the
absorbed methane desorbs when methane pressure drops below the
critical pressure, leading to matrix shrinkage and thereby affecting the
size of fracture aperture. However, there are different views on the
influence of adsorption-induced matrix swelling on fracture aperture.
Initially, most scholars simplified the physical model of coal as an ideal
cube model where the matrix was separated by two non-contact

Fig. 2. Conceptual schematic diagram of coal fracture composition.

Z. Liu et al. Fuel 230 (2018) 298–307

300



fracture surfaces to establish permeability evolution model. Therefore,
it was considered that the matrix deformation fully contributed to
fracture aperture [19,48,49]. Accompanied with the further study on
adsorption-induced coal deformation, the ideal cube model was in-
consistent with actual coal. Karacan [50] and Dawson et al. [51] re-
vealed that parts of the matrix were interconnected because inorganic
minerals in the fracture linked the matrix. Due to the binding force, the
connected parts will produce swelling strain in the process of de-
formation, preventing the expansion of matrix to fractures. Therefore,
some scholars think that only part of total swelling strain contributes to
the change of fracture aperture and the remaining portion leads to coal
bulk deformation [52,53].To address this situation, Liu et al. [52]
proposed an improved coal physical model where the matrix was
connected by matrix bridge. Besides, internal swelling coefficient was
applied to quantitatively describe the influence of matrix deformation
on fracture aperture. Similarly, in order to study whether the matrix
deformation completely attributed to the change of fracture aperture,
Connell et al. [53] compared and analyzed the permeability data from
the experiment and the theoretical evolution model. In addition, they
proposed a coefficient to characterize the matrix-fracture interactions.
It was observed from relevant references that aiming at solving this
problem, other scholars had also simplified the physical model of the
coal into the cube model with the matrix bridge connecting the matrix.
Besides, the influence of matrix deformation on fracture aperture was
expressed by internal swelling coefficient fm which was also affected by
fracture characteristics and other parameters.

Based on the aforesaid analysis of influence of matrix deformation
on fracture aperture and the dual porous model of coal, together with
the assumption that the coal is isotropic and perfectly elastic, the
change of fracture aperture induced by adsorption swelling is as follow:

= −a ε f b1
3s s m (8)

where as is the change of fracture aperture induced by the swelling
stain; b is the fracture spacing; ɛs is the adsorption-induced volume
strain, which can be calculated with Langmuir isothermal adsorption
model of ɛs= ɛmaxpm/pm+ pL− ɛmaxp0/p0+ pL; ɛmax is the Langmuir
volumetric strain constant; pL is the Langmuir pressure constant, MPa.
The Eq. (8) can be rewritten as follows:
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−
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m L L
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2.1.4. Dynamic model for coal permeability
During CBM extraction, the changing methane pressure can cause

both the effective stress and adsorption-induced swelling deformation
at the same time. Combining Eq. (7) with Eq. (9), fracture aperture can
be expressed as:
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where a is the fracture aperture.In fact, compared with initial fracture
aperture, the engineering-strain of coal is relatively insignificant be-
cause it approximates to 0 (a0,e≪ a0, a0,e≈ 0), and Eq. (10) can be
simplified as:
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The initial fracture aperture is much smaller than the fracture spacing
(a0≪ b). Based on the definition of initial fracture porosity, Eq. (12) can
be obtained:
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0
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where ϕf0 is the initial fracture porosity, %.
Combining Eq. (11) with Eq. (12), the expression of fracture aper-

ture is as follow:
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According to cubic law, coal permeability can be expressed as [54]:
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(14)

where k0 is the initial coal permeability, mD; k is the coal permeability,
mD.

2.2. Analysis of recovery and rebound pressure

Eq. (14) describes the theoretical correlation between the change of
coal permeability and the variation of reservoir pressure. The right side
of the equation means that coal permeability is affected by two factors:
effective stress and its competitor, adsorption-induced swelling. If the
initial conditions of reservoirs meet corresponding requirements, the
coal permeability will drop down before rise up with the falling re-
servoir pressure. Generally, coal permeability rebound and recovery
usually appears in process of methane extraction.

First, in order to effectively analyze the phenomenon of coal per-
meability recovery, a function of methane pressure in fracture and
matrix can be defined according to Eq. (14):

⎜ ⎟

= − + −

− ⎛
⎝ +

−
+

⎞
⎠

f c β c β

f ε
ϕ

p
p p

p
p p

(p ,p ) exp[ (p p ) (p p )]f m f f f f m m

m

f

m

m L L

0 0

max

0

0

0 (15)

If f(pf, pm)= 1, then k/k0= 1. This means that the value of coal per-
meability is equal to the initial permeability at this time, which often
corresponds to two moments, that is, the initial moment of methane
extraction and the moment of permeability recovery during the ex-
traction. Since Eq. (15) is established based on dual-porosity and dual-
permeability model, it contains two variables: methane pressures in
fractures and pores. However, the dual-variable model is difficult for
theoretically analysis of permeability recovery. Due to the little dif-
ference between values of methane pressure in fracture and pore during
methane extraction, the coal can be simplified as a single-porosity and
single-permeability system, and then pf= pm= p. Based on the above
assumptions, Eq. (15) can be re-expressed as:

⎜ ⎟= − − ⎛
⎝ +
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+
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f p c β
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0

0
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The combination of the exponential function and fractional function
in Eq. (16) multiplies the difficulty to solve it, so the Fourier function is
applied to transforming and omitting higher-order terms in it to obtain
a new polynomial function as follows:

⎜ ⎟= + − + − − ⎛
⎝ +
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⎞
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f c β c β
f ε
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p p
p

p p
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0

2 2
0

2 max

0

0

0

(17)

Let f(p)= 1, then there are two analytical solutions of Eq. (17), p= p0
and p= prc respectively. p0 is reservoir gas pressure at initial extraction
moment; and prc, which is the reservoir gas pressure at the moment
when permeability recovers to the initial value, can be expressed as
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It can be observed from Eq. (18) that permeability recovery pressure
is related to coal cleat compressibility, effective stress coefficient, initial
reservoir gas pressure, the Langmuir pressure constant, the Langmuir
volumetric strain constant, initial fracture porosity and internal swel-
ling coefficient.Permeability rebound occurs before the recovery. The
corresponding reservoir gas pressure when permeability rebounds can
be defined as the rebound pressure prb that can be obtained by solving
the first derivative of Eq. (17) as follows:

′ = + − −
+

f c β c β
f ε p

ϕ p p
(p) (p p )

( )f f
m L

f L

2 2
0

max

0
2

(19)

Let f′(p) = 0, then Eq. (20) is gained:

+ − −
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=c β c β
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2 2
0
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0
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The analytical solution of Eq. (20) is the rebound pressure. As the
solution of the polynomial Eq. (20) is complicated, there is no specific
expression of analytic solution value. However, it is clear from Eq. (20)
that the permeability rebound pressure is also in connection with coal
cleat compressibility, effective stress coefficient, initial reservoir gas
pressure, the Langmuir pressure constant, the Langmuir volumetric
strain constant, initial fissure percentage and internal swelling coeffi-
cient.

2.3. Model validation

In order to verify the permeability model that we built, the field test
data of coal permeability in San Juan basin is utilized to fit the theo-
retical data. Some field data of coal permeability in the three CBM wells
are shown in the Table 1, including the initial coal permeability and
coal permeability at a specific reservoir pressure [19]. Some basic
parameters used for matching the field permeability data in San Juan
basin are listed in Table 2 (the Langmuir pressure, the Langmuir vo-
lumetric strain and the initial fracture porosity are obtained from Wu
et al. [55]). Our model is used to fit the field data by adjusting the coal
compressibility and the internal swelling coefficient, and the matching
results of coal permeability for different CBM wells are depicted in
Fig. 3. Moreover, the selected values of the coal compressibility and the
internal swelling coefficient for different CBM wells are also shown in
Fig. 3. The fitting degree of the results indicates that our model is ap-
plicable to predicting the CBM production and the value of coal per-
meability.

In the above comparison, the theoretical data of coal permeability is
compared with field data, which verify the accuracy of our model. In
addition, to verify the correctness of our model from another aspect, a
set of simulation results about reservoir methane pressure from Liu
et al. [39] are chosen to match the results of our model. Most basic
parameters of coal are selected from their paper and others are set by us
(the coal compressibility is set to 0.029 and the internal swelling

coefficient is set to 1). To monitor the change in methane gas pressure
at different drainage times (1 d, 100 d, 500 d), the monitoring line
(y= 2.5, x ∊ [20.2 m, 40m]) is set in the coal seam. The comparative
plots are shown in Fig. 4, showing that results of our model highly agree
with those of theirs.

3. Results and discussion

3.1. Influencing factors of permeability rebound and recovery

3.1.1. Initial coal reservoir pressure
Based on the above theoretical analysis, the initial coal reservoir

pressure has a great impact on the permeability rebound and recovery
effect. In order to study the evolution laws of gas pressure

Table 1
Field permeability data measured in San Juan basin [19].

Well No. K0 (mD) Reservoir pressure (MPa)/Permeability (mD)

1st point 2nd point 3rd point

#1 3.9 6.36/3.9 4.78/4.9 3.92/5.6
#2 1.2 5.03/1.6 4.33/2.5 3.36/3.2
#3 1.8 4.85/7.2 3.12/16.5 2.43/20.6

Table 2
Parameters used for matching the field permeability data in San Juan basin
[55].

Initial
methane
pressure

The effective
stress
coefficient

Langmuir
pressure

Langmuir
volumetric
strain

Initial
fracture
porosity

6MPa 1 4.3MPa 0.01266 0.001

Fig. 3. Matching results of our model with field data in San Juan basin.

Fig. 4. Comparison of results of our model with Liu model.
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corresponding to permeability rebound and recovery under different
initial coal reservoir pressures, other parameters of coal are set to fixed
values, as shown in Table 3. The change of permeability ratios with the
variation of reservoir pressure under different initial pressures are
calculated, as given in Fig. 5. According to Fig. 5(a), when initial coal
reservoir pressures are 10MPa, 9MPa, 8MPa, 7MPa and 6MPa, the
permeability ratios decrease at first and then increase with the dropping
methane pressure, exceeding 1 at last. Therefore, if parameters of coal
reservoirs meet the combined conditions in Table 3, coal permeability
will rebound and recover when the methane pressure falls to a certain
extent. From the curve of permeability ratio in Fig. 5(a), there is a
significant difference between the ranges from the minimum to 1 for
coal with different initial reservoir pressure. In general, the larger the
initial coal reservoir pressure, the greater the range. Specifically, when
the initial coal reservoir pressures are 10MPa, 9MPa, 8MPa, 7MPa
and 6MPa, the minimum values of permeability ratios are 0.632, 0.726,
0.825, 0.913 and 0.981, dropping by 36.8%, 27.4%, 17.5%, 8.7% and
1.9% respectively.

There is an obvious difference in the variation laws of permeability
ratio with the decrease of methane pressure between Fig. 5(a) and (b).
The curves in Fig. 5(b), with no decrease in the initial stage, are always
on the rise with the falling reservoir pressure, suggesting if parameters
of the coal reservoir meet the fixed values in Table 3, permeability will
never rebound or recover under initial reservoir pressures of 5.23MPa,
5MPa, 4MPa and 3MPa.

The value of reservoir pressure corresponding to coal permeability
rebound and recovery under different initial pressures are extracted
from Fig. 5(a), as presented in Fig. 6. From the variation laws of curves
in Fig. 6, it can be found that the larger the initial reservoir pressure,
the greater the rebound and recovery pressure. More precisely, with the
initial reservoir pressures of 10MPa, 9MPa, 8MPa, 7MPa and 6MPa,
the rebound pressures are 8MPa, 7.5MPa, 7.1MPa, 6.2 MPa and
5.6MPa, and the recovery pressures are 6.25MPa, 6.0MPa, 5.78MPa,
5.55MPa and 5.3MPa, respectively. Moreover, on condition that coal
parameters are consistent with values in Table 3, there will be no
permeability rebound or recover during methane extraction if the initial
coal reservoir pressure is small, especially if it is lower than 5.23MPa.

3.1.2. Coal cleat compressibility
Similarly, the coal cleat compressibility also affects the phenom-

enon of permeability rebound and recovery. For effectively studying
how it acts, coal parameters are set to be fixed values except cleat
compressibility, as given in Table 4. The permeability ratios with dif-
ferent cleat compressibilities vary with reservoir pressures, as shown in
Fig. 7. When the cleat compressibilities are 0.425, 0.4, 0.3, 0.25 and
0.2, the permeability ratios decline first and then grow with the re-
duction of reservoir pressure, and their values all exceed 1 at a certain
point of time. It is demonstrated that if cleat compressibility and other
parameters tally with the above combined conditions, permeability will
rebound and recover as long as the methane pressure declines to a
certain value. Nevertheless, it is discovered through careful observation
and analysis that when permeability changes from the initial state to
the rebound and recovery, there are huge differences in the range of
permeability ratio for coal with various cleat compressibilities. Speci-
fically, when cleat compressibilities are 0.425, 0.4, 0.3, 0.25 and 0.2,
the permeability ratios fall to minimum values 0.4001, 0.438, 0.632,
0.753 and 0.895 with decline ranges of 59.99%, 56.2%, 36.8%, 24.3%
and 10.5%, respectively. Thereby, the smaller cleat compressibility, the
less the decrease of permeability ratio.

Different from the curves in Fig. 7(a), those in Fig. 7(b) keep rising
constantly with the drop of reservoir pressure. This illustrates that the
permeability ratio will not fall during methane extraction of reservoir
with cleat compressibilities of 0.13, 0.1, and 0.05. It also reflects that
there will be no permeability rebound or recovery for coal with such

Table 3
Basic parameters used for analyzing the effect of initial reservoir pressure on
permeability rebound and recovery pressure.

Coal cleat
compressibility

The
effective
stress
coefficient

Langmuir
pressure

Langmuir
volumetric
strain

Initial
fracture
porosity

Internal
swelling
coefficient

0.3 1 4.3MPa 0.01266 0.001 0.5

Fig. 5. Evolution laws of permeability with different initial reservoir pressures.

Fig. 6. Evolution laws of rebound and recovery pressure under different initial
reservoir pressure.
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combined conditions.
The value of reservoir pressure corresponding to permeability re-

bound and recovery in coal with different cleat compressibilities from
Fig. 7(a) are presented in Fig. 8. Generally, the values rise accompanied
with the decline of cleat compressibility. The data in Fig. 8 reveals that
with cleat compressibilities of 0.425, 0.4, 0.3, 0.25 and 0.2, the cor-
responding rebound pressures are 7.9 MPa, 7.8MPa, 7.8MPa, 8.3 MPa
and 8.5MPa, and the recovery pressures are 5.6MPa, 5.68MPa,
6.25MPa, 6.77MPa and 7.6MPa, respectively. Besides, with the com-
bined parameters set in this section, the permeability rebound and re-
covery will disappear when the cleat compressibility decreases to a
certain value, and they will completely vanish if the cleat compressi-
bility is less than 0.13.

3.1.3. Internal swelling coefficient
In addition to the initial reservoir pressure and cleat compressi-

bility, the internal swelling coefficient is another non-negligible factor
influencing permeability rebound and recovery. To study the influence
of different internal swelling coefficients on permeability rebound and
recovery, other coal parameters are also set to be fixed values, as shown
in Table 5. The variation laws of permeability ratios corresponding to
different internal swelling coefficients with the change of reservoir
pressure are calculated by adopting permeability theory model, as il-
lustrated in Fig. 9. The permeability ratios are always on the rise and
the values are greater than 1 when the internal swelling coefficients are
1, 0.8, 0.6 and 0.49. On the condition of such combined parameters, the
permeability fails to rebound or recover during methane extraction. It is
noticeable in Fig. 9(b) that the permeability rebounds and recovers with
the falling methane pressure when the value of internal swelling coef-
ficient is smaller than 0.49. When the values are 0.4, 0.2 and 0.1, the
corresponding rebound pressures are 9.6 MPa, 6.7MPa and 4.5MPa,
and the corresponding recovery pressures are 8.5 MPa, 4.09MPa and
0.73MPa. However, a special phenomenon can be found in Fig. 9(b)
that when the internal swelling coefficient is 0.082, the permeability
rebounds at the pressure of 3.9 MPa, yet it fails to recover to the initial
value.

Based on the above analysis, on the condition of combined

parameters in Table 5, the permeability will not rebound or recover
during the extraction if the internal swelling coefficient is bigger than
0.49. For coal with the phenomenon of permeability rebound and re-
covery, the rebound and the recovery pressure values are extracted, as
shown in Fig. 10. The impact of internal swelling coefficient on the
rebound and recovery pressure is complex according to the analysis of
the curve in Fig. 10. Specifically, when internal swelling coefficient lies
between 0.49 and 0.01, the permeability will rebound; when between
0.49 and 0.082, it will recover; when between 0.082 and 0.01, it will
only rebound; when between 0 and 0.01, the rebound and recovery will
disappear simultaneously.

3.2. Implication for carbon dioxide storage capability assessment

Global warming has become one of the urgent problems of greatest
importance. Greenhouse effect is being intensified due to anthropogenic

Table 4
Basic parameters used for analyzing the effect of coal cleat compressibility on
permeability rebound and recovery pressure.

Initial
reservoir
methane
pressure

The
effective
stress
coefficient

Langmuir
pressure

Langmuir
volumetric
strain

Initial
fracture
porosity

Internal
swelling
coefficient

10MPa 1 4.3MPa 0.01266 0.001 0.5

Fig. 7. Evolution laws of permeability with different cleat compressibilities.

Fig. 8. Evolution laws of rebound and recovery pressure with different cleat
compressibilities.

Table 5
Basic parameters used for analyzing the effect of internal swelling coefficient on
permeability rebound and recovery pressure.

Coal cleat
compressibility

The
effective
stress
coefficient

Langmuir
pressure

Langmuir
volumetric
strain

Initial
fracture
porosity

Initial
reservoir
methane
pressure

0.13 1 4.3MPa 0.01266 0.001 10MPa
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emissions of greenhouse gases into the atmosphere. CO2, which ac-
counts for the biggest proportion of greenhouse gas, mainly comes from
the burning of coal, oil, natural gas, as well as automobile exhaust in
modern industrial society. Compared with measures, such as improving

energy efficiency, cutting the use of traditional fossil fuels and ex-
panding vegetation coverage, it is more feasible to effectively reduce
the amount of CO2 released into the atmosphere. At present, CO2 sto-
rage in deep coal seams has become a hot research topic, and many
researches have been conducted in this field with results proving its
feasibility [56]. According to the prediction of Advanced Resources
International, more than 220 Gt of CO2 can be stored in worldwide deep
coal seams for a reasonable cost. So far, some countries around the
world have implemented CO2 storage projects, including the USA, Ca-
nada, Poland, Australia, Japan, China, etc. Several typical CO2 storage
projects are presented in Fig. 11 [57].

To date, the research focus lies on CO2 storage capability of coal
seams which is affected by two key technologies, including the evolu-
tion laws of coal permeability and the variation of mechanical char-
acteristics of coal after CO2 adsorption. In light of the aforesaid studies
on evolution laws of coal permeability during CBM extraction, this
section discusses the influence of the permeability evolution laws on
CO2 storage capability of coal seams from the macroscopic perspective.
since coal is a kind of complex porous medium containing enormous
fractures and pores, the injected CO2 enters the fracture through in-
jection wells first, and then moves slowly into the pore system. The
permeability affects the migration capacity of gas, and thus influences
CO2 storage capacity of coal seams.

Both CO2 and CH4 can adsorb on coal, and the adsorption capacity

Fig. 9. Evolution laws of permeability with different internal swelling coefficients.

Fig. 10. Evolution laws of rebound and recovery pressure with different in-
ternal swelling coefficients.

Fig. 11. Some worldwide CO2 storage projects [57].
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of CO2 is better than that of CH4. On the basis of existing research
achievements, the pore spacing narrows significantly after adsorption
of CO2 in matrix, resulting in the reduction of permeability. The results
are consistent with influence mechanism of methane adsorption in
matrix on permeability. In the process of CO2 storage, coal permeability
is affected by effective stress in addition to adsorption-induced matrix
swelling. The influence factors of them on permeability is the same as
that of CBM extraction. Therefore, the permeability rebound and re-
covery during CBM extraction should be taken into consideration in the
process of CO2 storage which is directly affected by the evolution laws
of permeability.

In CO2 storage projects, surface wells are utilized to inject CO2 into
coal seams. The coal permeability around the wells, which changes
first, exerts a direct impact on the following and even overall CO2 in-
jection capability. The injected CO2 can smoothly migrate far to achieve
remarkable CO2 storage, if the permeability around the well maintains
at high values in the injection process. However, on condition that the
permeability slumps to below a certain value at the initial stage, the
following CO2 injection will be seriously affected. Low permeability,
like a wall in coal seams, hinders the migration of CO2 and thus strongly
affects the CO2 storage capability [14].

After the injection, the CO2 pressure in the coal seam decreases
gradually with the injection well as a center, as displayed in Fig. 12.
Due to the variation of CO2 pressure with the distance from the injec-
tion well, matrix deformation and effective stress effect differ re-
markably at different positions, so does the permeability values. In CO2

storage process, the variation of permeability with the change of dis-
tance from the injection well is shown in Fig. 12. Fig. 12(a) indicates
that the permeability does not rebound or recover with the change of
distance, which can be divided into two situations: One is that per-
meability value decreases but, even if the gas pressure reaches an at-
mosphere, does not meet economical CO2 storage threshold 1mD [58];
the coal with such change in permeability is relatively suitable for CO2

storage projects because CO2 injection will not be severely affected by
the falling permeability. The other is that permeability declines to 1mD
at a certain position, forming a wall to impede CO2 from moving away;
the CO2 storage can only be achieved in a small area around the well, so
coal seams with such conditions are inapplicable for CO2 storage. Per-
meability rebound and recovery with the change of distance from the
injection well is shown in Fig. 12(b), which, similarly, can be in-
troduced from two situations. If the permeability value corresponding
to rebound is higher than 1mD when the permeability changes with
distance from the injection well, the permeability of the whole area
reached by injected CO2 is greater than 1mD. Coal seams with such
conditions are appropriate for storing large CO2 especially when the
position of permeability recovery is closer to the injection well. On the
contrary, if permeability value is lower than 1mD before rebound, the
coal seam is unsuitable for storing massive CO2.

The above analysis of several forms of permeability evolution with

different distances from the injection well has uncovered the direct
relationship between CO2 storage capability and permeability varia-
tion. The influences of different forms of permeability evolution on CO2

storage capability differ to a certain extent. The permeability rebound
and recovery varying with positions have a more complex impact on
CO2 storage capability, which is worthy of in-depth study in the future.
Different forms of permeability evolution are resulted from the differ-
ence in coal seam parameters and CO2 injection pressures. Therefore,
basic parameters of coal seam should be known and suitable CO2 in-
jection pressure should be selected before CO2 storage projects, in order
to understand the specific laws and forms of permeability evolution.
Only in this way can massive CO2 be injected and stored effectively.

4. Conclusions

Based on the influence of competition between effective stress
transformation and adsorption-induced matrix deformation, the evo-
lution model of fracture aperture during methane extraction is estab-
lished. Classical cubic law is applied to connect fracture aperture and
coal permeability to get the evolution model of permeability, and then
factors influencing rebound and recovery pressure are obtained. The
influences of different coal parameters on permeability rebound and
recovery effect are the predominant focus in this paper. In addition, the
macroscopic relationship between CO2 storage capability and perme-
ability rebound and recovery effect are discussed. Based on the above
work, main conclusions are drawn as follows:

(1) Coal fracture system can be abstracted to the hard part and the soft
part, so the coal deformation induced by effective stress can be
described by engineering strain and natural strain. Due to the ma-
trix bridge, only part of total deformation contributes to fracture
aperture change. Based on the competition between effective stress
transformation and matrix deformation, a new evolution model of
fracture aperture varying with the gas pressure is established, and
the evolution model of permeability is obtained by connecting the
change of fracture aperture and permeability change using the
classical cubic law.

(2) The factors influencing rebound and the recovery pressure are
gained on the basis of the permeability evolution model and rea-
sonable assumptions. An analysis is conducted on the influences of
initial coal reservoir pressure, coal cleat compressibility and in-
ternal swelling coefficient on permeability rebound and recovery
effect, respectively. Results show that the three factors all have
great impacts on permeability rebound and recovery, yet specific
variation laws of their influences vary for coal with different
combinations of basic parameters. Generally, permeability will not
rebound or recover when initial coal reservoir pressure or coal cleat
compressibility is lower than their switching thresholds, or when
internal swelling coefficient is greater than its switching threshold.

Fig. 12. Evolution laws of permeability with different distance to the injection well.
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(3) CO2 storage has the same influencing mechanism as methane ex-
traction on coal permeability, and permeability rebound and re-
covery also greatly influence CO2 storage capacity. If permeability
value decreases with the increase of distance from the injection well
and its minimum is not smaller than the economic threshold of CO2

storage, the coal seam may be suitable for CO2 storage; if it rises
after falls and the value corresponding to rebound is least larger
than the economic threshold of CO2 storage together with the re-
covery position near the injection well, the coal seam is appropriate
for huge CO2 storage. Therefore, it is of guiding significance for CO2

storage projects to accurately master the evolution laws of coal
permeability.
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