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Deep coal seams are one of the world’s most widespread deposits for carbon dioxide (CO2) disposal and
are generally located near large point sources of CO2 emissions. The injection of CO2 into coal seams has
great potential to sequester CO2 while simultaneously enhancing coalbed methane (CO2-ECBM) recovery.
Pilot tests of CO2-ECBM have been conducted in coal seams worldwide with favorable early results.
However, one of the main technical barriers in coal seams needs to be resolved: Injecting CO2 reduces
coal permeability and well injectivity. Here, using in situ synchrotron X-ray microtomography, we
provide the first observational evidence that injecting nitrogen (N2) can reverse much of this lost
permeability by reopening fractures that have closed due to coal swelling induced by CO2 adsorption.
Our findings support the notion that injecting minimally treated flue gas—a mixture of mainly N2 and
CO2—is an attractive alternative for ECBM recovery instead of pure CO2 injection in deep coal seams.
Firstly, flue gas produced by power plants could be directly injected after particulate removal, thus avoid-
ing high CO2-separation costs. Secondly, the presence of N2 makes it possible to maintain a sufficiently
high level of coal permeability. These results suggest that flue-gas ECBM for deep coal seams may provide
a promising path toward net-zero emissions from coal mines.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction Carbon dioxide enhanced oil recovery (CO2-EOR) has been suc-
Anthropogenic energy-related carbon dioxide (CO2) emissions
are higher than ever and continue to increase [1]. The Intergovern-
mental Panel on Climate Change (IPCC) highlights the necessity of
restricting global temperature rise to within 1.5 �C above pre-
industrial levels, which requires reducing 45% of CO2 emissions
by 2030 and reaching net zero around 2050 [2]. A solution to the
current problem is to capture CO2 from anthropogenic sources
and safely store it in the deep subsurface for geological lengths
of time [3–7]. The process of carbon capture and storage (CCS)
could contribute one-sixth of the required reduction of CO2 emis-
sions into the atmosphere by 2050 [8]. Thus, this technology could
play an important role in large-scale CO2 reduction [9], providing a
bridging solution during the transitional period of the next few
decades, during which we will continue to rely on fossil energy
until the world energy system has time to move toward a lower
carbon, long-term future.
cessfully developed and applied in the oil and gas industry for
decades [10]. The new concept and technology of storage-driven
CO2-EOR, which was developed by Liu et al. [11,12], is able to
achieve net-zero CO2 emission while accomplishing maximum oil
recovery in oilfields, which significantly reduces CO2 emission
and increases the economic benefit of CCS. Similarly, the storage
of CO2 in deep coal seams offers exceptional potential to achieve
the ‘‘value-added” enhanced recovery of coalbed methane (CH4)
concurrently with carbon sequestration, in what is known as
CO2-enhanced coalbed methane (CO2-ECBM) recovery [13,14].
The injected CO2 is known to adsorb preferentially over CH4 onto
the surfaces of coal micropores [15]. From their proven records
of CH4 production, coal seams have long histories of both available
storage capacity and long-term safety against gas escape. Although
deep coal seams are estimated to have a relatively smaller capacity
for CO2 storage than saline aquifers (up to 10 000 Gt) and oil/gas
fields (up to 900 Gt), their storage potential is still significant, at
up to 200 Gt [5], compared with current anthropogenic CO2 emis-
sions of almost 40 Gt CO2 annually. Moreover, coal seams are one
of the world’s most widespread deposits for CO2 storage and are
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generally located fairly near to large CO2 emission sources, such as
fossil-fueled power plants.

The concept of CO2-ECBM in deep coal seams was in an embry-
onic stage from the 1970s [16] to the 1980s [17,18] in the labora-
tory, where pioneers found that CO2 injection is capable of
displacing the adsorbed CH4 in coal. In the 1990s, the concept of
ECBM recovery through displacement desorption using CO2 was
officially proposed [19]. Since then (1995–present), more than a
dozen pilot projects in North America [19,20], Asia [21–23], and
Europe [24] have demonstrated the feasibility of this technology
in micro- to large-scale field tests, with the total amount of CO2

injected ranging from 90 to 336 000 t [21]. The ongoing pilot test-
ing worldwide shows favorable early results, with a potential to
displace 95% of the original gas in place. However, implementation
has been hampered by a technical challenge: Loss of coal perme-
ability during CO2 injection, especially near the wellbore region,
has been reported to lead to a higher permeability reduction of
over two orders of magnitude [21,22,24,25]. The swelling also cre-
ates a high stress zone near the wellbore region [22,26], and the
injection pressure needed increases in order to maintain the injec-
tion rate. However, great care must be taken to avoid fracturing the
caprock or re-activating faults through overpressure. The issue of
reduced permeability and injectivity needs to be addressed before
CO2-ECBM can be deployed in deep coal seams on a large scale
worldwide.

Acknowledging that several solutions have been adopted fol-
lowing field tests, including hydraulic fracturing and multiple-
well injection [21,22], and that the challenges brought by these
techniques include cost and environmental concerns, we need
more economical and easier alternatives. Encouragingly, a recent
field pilot in the Ishikari Coal Basin of Japan demonstrated that
Fig. 1. (a) X-ray transparent triaxial core holder for the core
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injecting pure nitrogen (N2) over a period of days can reverse the
reduced permeability caused by past CO2 injections [22]. However,
these results were inferred from strain or permeability measure-
ments [27–30], rather than from direct observation of fracture net-
works using imaging methods under in situ conditions. This
hypothesis has not yet been tested by directly observing the frac-
ture network change caused by CO2/N2 injection.

Here, we prove this long-standing hypothesis by introducing a
novel X-ray transparent triaxial core holder (Fig. 1; also see Refs.
[31,32] for technical details) to conduct X-ray microtomography
under in situ stress conditions, while simultaneously conducting
core flooding tests. We operated the experiment in five stages
(Fig. 2; see Section 2 for more details): ① the initial confined con-
dition; ② pure N2 injection; ③ pure CO2 injection; ④ shut-in for
CO2 adsorption; and ⑤ a second pure N2 injection. We conducted
core flooding tests to quantify the permeability variations caused
by injecting N2, then CO2, and then N2 again. At the same time,
we selected synchrotron X-ray phase-contrast microtomography
as the best candidate for obtaining high spatial and time resolution
X-ray images. Here, we provide direct observational evidence of
fracture network changes.
2. Material and methods

2.1. Sample preparation

The sub-bituminous coal sample (Table 1) chosen for this study
was collected from a coal seam buried at 400 m depth in the
Datong coalfield in the Shanxi Province of China. The detailed geo-
logical conditions of the coal seam can be found elsewhere [33]. To
flooding experiment with (b) X-ray microtomography.



Fig. 2. A flow chart of the experimental procedures.
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prevent the collected samples from further oxidizing and losing
moisture, they were carefully wrapped with cling wrap before
being transported to the laboratory; once there, they were kept
in a fog room until testing. Since the objective of this study was
to investigate the influence of fluid injection on coal fracture net-
work change, it was necessary to select a naturally fractured coal
sample. However, using a core barrel, it is easy to break core sam-
ples while drilling them from a coal block that contains natural
fractures. Instead, we obtained a cylindrical sample with a diame-
ter of 35 mm and a length of 70 mm through thread cutting.
ig. 3. Permeability measurement example showing the logarithmic decay curve of
he pressure difference between upstream and downstream. Pup is the upstream
ressure and Pdown is the downstream pressure.
2.2. Experimental procedures

We assembled the naturally fractured sub-bituminous coal into
an X-ray transparent triaxial core holder (Fig. 1), then applied
10 MPa of confining and axial pressures to the sample. We scanned
the sample to determine the initial conditions after the pressures
were stabilized for 24 h. The sample was initially free of fluids; it
was then sequentially saturated by N2 (8 MPa), CO2 (8 MPa), and
N2 (8 MPa) again. The optimum depth of coal seams for CO2

sequestration is suggested to be 800–1000 m [34]. Therefore, fluid
pressure of 8 MPa (about 800 m deep) was chosen by considering
the hydrostatic pressure gradient of coal seams. We conducted all
injections at room temperature (23 �C). This meant that the
injected CO2 was in liquid form, which is consistent with current
technologies for most CO2-ECBM sequestration projects in the
field [21]. Pure N2 was first injected for 4 h to estimate the initial
Table 1
Physical properties of the coal sample.

Coal rank Ro,m Proximate analysis (wt%)

Mad Ad

Sub-bituminous 0.46 2.00 23.05

Ro,m: maximum vitrinite reflectance under oil immersion; Mad: moisture content (air-dri
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permeability of the coal sample. Subsequently, we injected pure
CO2 for 7 h to study the effect of CO2 on coal permeability. After
that, we closed both the upstream and downstream CO2, so the
pressurized CO2 was maintained in the sample for 12 h. This pro-
cess is called the ‘‘shut-in” period in field projects, allowing the
injected CO2 to be fully adsorbed into the coal [21]. Finally, we per-
formed a second N2 flooding to evaluate its effectiveness in
improving the reduced permeability. The sample was computed
tomography (CT) scanned after every injection (Fig. 2).

2.3. Permeability measurement

Although a coal sample with natural fractures was obtained for
the permeability tests, the permeability of coal is very low, and it
takes a long time to reach a steady flow. Since the adsorption of
CO2 onto coal is also a time-dependent process, it becomes neces-
sary to determine permeability during a short time period in com-
parison with the adsorption time. In this study, the permeability of
coal was measured using the pressure-transient method first
developed by Brace et al. [35], which can determine the permeabil-
ity of tight rocks fairly rapidly. The upstream pressure was main-
tained at 8 MPa and downstream pressure development (from 6
to 8 MPa) was monitored during the permeability test. The down-
stream pressure was released to 6 MPa after each permeability test
and then increased to 8 MPa again during the subsequent perme-
ability test. The logarithm of the differential pressure between
upstream and downstream is plotted versus time in Fig. 3. The
decay curve follows a linear function and can be fitted by the fol-
lowing equations [35,36]:

DPðtÞ ¼ DP0e�at ð1Þ

a ¼ kA
bVdownLl

ð2Þ

where DP(t) is the pressure difference between the upstream and
downstream pressure, DP0 is the pressure difference between
F
t
p

Maceral groups (vol%)

Vdaf Vitrinite Inertinite Liptinite

25.86 46.9 48.8 4.3

ed basis); Ad: ash yield (dry basis); Vdaf: volatile matter content (dry, ash-free basis).
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upstream and downstream at the initial stage, t is time, a is the
decay exponent (the slope of the line on the plot of ln (DP)), k is
the permeability, A is the cross-sectional area of the sample, b is
the compressibility of the fluid, Vdown is the volume of the down-
stream reservoir, L is the sample length, and l is the viscosity of
the fluid.

2.4. In situ synchrotron X-ray phase-contrast microtomography

X-ray tomography using a monochromatic beam was carried
out at hutch 3B of Australian Synchrotron’s Imaging and Medical
Beamline (IMBL). The detailed setup of the CT scanning system of
IMBL can be found elsewhere [31,32]. Conventional absorption-
based CT and phase-contrast CT share the same setup and image-
collection procedures; however, the sample-to-detector distance
is larger in the case of phase-contrast imaging. The Ruby detector
(a PCO Edge camera lens coupled to a scintillator) was used for
imaging the core holder with a sample-to-detector distance of
5 m, providing phase-contrast imaging to enhance the edges of dif-
ferent phases in the CT images. The scanning voltage was 65 keV,
with a resolution of 14.6 lm. The tomographic scan comprised
1800 views of the sample over 180� rotation. Each view took 2 s
for the X-ray exposure, and a total time of around 1 h was needed
for the image acquisition. The Ruby camera has a complementary
metal oxide semiconductor (CMOS) sensor with a pixel matrix of
2560 � 2160, coupled to an X-ray scintillator. The radiographic
field of view was approximately 45 mm horizontally and 30 mm
vertically. The vertical view was limited by the beam rather than
the detector. Two vertical scans were conducted and stitched
together to obtain an image of the sample that was 50 mm in
height.

2.5. X-ray image processing

The projection X-ray images were first corrected using flat and
dark signal images (ImageJ; National Institutes of Health, USA), and
then reconstructed into slices using X-TRACT software [37] on the
Australian Synchrotron Compute Infrastructure (ASCI) computing
cluster. Analysis of the images was accomplished using Avizo stan-
dard software (version 9.5, Visualization Sciences Group). Grays-
cale CT images (Fig. 4) were first denoised using the non-local
median filter and then segmented using a watershed segmentation
algorithm. Technical details of the image processing and segmenta-
tion procedures can be found in Ref. [38]. Pore network models
were then extracted from the segmented fracture networks using
the Avizo software to quantify the pore-size distributions. As the
Fig. 4. X-ray CT image of the sample (obtained from stage 2). (a) Grayscale two dimensio
and black, respectively, depending on the X-ray attenuation. (b) Three dimensional (
intensities of various phases.
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pore space in fracture networks is not spherical, an extension
(i.e., a skeleton method) available in the software was used to pro-
vide a mode optimized for separating arbitrary pore shapes. The
Avizo software incorporates the pore network modeling algorithm
in Ref. [39], which consists of three main steps: ① pore space
skeletonization, ② skeleton partitioning into groups, and ③ geo-
metrical separation and labeling of pores.

3. Results and discussion

3.1. Permeability evolution during fluid injection

The permeability of the fractured coal sample (Fig. 5) did not
change much with exposure time when we first injected N2, which
is a relatively inert gas. We did not expect significant swelling in
this context, since the adsorption capacity of N2 is generally far less
than (about one-fourth) that of CO2 [19]. However, when we used
CO2 as the injection fluid for 6 h, the coal sample’s permeability
significantly decreased (by an order of magnitude). The permeabi-
lity decreased quickly for the first 2 h (falling by 70%), and then slo-
wed until it reached a relatively constant value around 1 lD. This is
because adsorption happened readily upon CO2 injection, followed
by a much slower diffusion of CO2 into the coal. In addition, the
fracture contact area increased in response to the increased swel-
ling strain, resulting in a decrease of fracture compressibility.
Hence, the permeability reduction became slower with exposure
time.

Next, the permeability of the coal sample improved after being
exposed to the second N2 flooding. Swelling strain is directly
related to the amount of CO2 adsorption. N2 injection helps to pre-
serve permeability by lowering the partial pressure of CO2 in the
coal, which causes adsorbed CO2 to desorb from the coal matrix.
The permeability of the sample exposed to N2 increased steadily
by an order of magnitude from around 1 to 15 lD over 7.5 h of
reinjection, and was eventually back to 30% of the initial level
before CO2 flooding. The permeability after the second N2 flooding
did not recover its original value before CO2 injection. This seems
to be consistent with other research, which found that a 25%–
45% recovery rate can be achieved, depending on the N2 flooding
pressures and durations [29]. The extent of permeability reversal
increases with increasing injection pressure and time, and
decreases with an increase of overburden stresses [29]. In fact,
after long exposure (18 h) to CO2, including both CO2 injection
and shut-in periods, the desorption process from the coal matrix
may take longer. On the other hand, this allows us to hypothesize
that, after CO2 is adsorbed for long enough, stronger chemical
nal (2D) CT image: minerals, organic matter, and fractures are shown in white, grey,
3D) volume rendering of the sample: the colormap represents the relative X-ray



Fig. 5. Permeability changes at stages 2, 3, and 5 (r: confining and axial pressures; P: fluid pressure).
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adsorption of CO2 into coal occurs, and the reversal from N2 flood-
ing cannot return the coal sample to its original condition.

3.2. Pore-scale mechanisms of permeability evolution

Weobserved the fracture network changes in a region of interest
(10.5 mm in diameter and 18 mm long) at different injection stages
(Figs. 6 and 7(a)). After stage 2 (N2 injection for 4 h), fractures
opened from their initial confined condition. This occurred because
the decrease of effective stress from 10 to 2MPa after fluid injection
tended to mechanically open the fractures. The porosity increased
by 67%, from 0.12% to 0.20%, after N2 injection. However, the frac-
tures narrowed down and even closed after stage 3 (injecting CO2
Fig. 6. Fracture evolution in representative planes (top, middle, and bottom
regions) along the longitudinal direction. CT images in stage 1 (initial), 2 (N2

pre CO2), 3 (CO2), and 5 (N2 after CO2) are compared. In the grayscale CT images,
brightness contrasts among various compositions of coal represent the X-ray
attenuation of each composition, which mainly depends on the material density.
Minerals, organic matter, and fractures are shown in white, grey, and black,
respectively. Fractures in the sample are marked by yellow dashed-line boxes.
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for 6 h) due to the coal matrix swelling that accompanied CO2

adsorption. Thus, we attribute the great permeability reduction dis-
cussed above to the fracture closure observed here. The fracture
porosity significantly decreased, from 0.20% to 0.02%. In other
words, CO2 injection reduced the porosity by 83% compared with
the initial condition. After stage 5 (reinjecting N2 for 7.5 h), the frac-
tures opened up again and the fracture porosity rebounded to
0.06%—50% of the initial condition. This reflects the fact that rein-
jecting N2 caused CO2 desorption and hence induced shrinkage of
the coal matrix, allowing fractures to open up. In summary, we
observed the first direct evidence of how injecting CO2/N2 into coal
induces fracture network evolution due to swelling and shrinkage.
The observed evolution of the fracture network is highly consistent
with the change in the permeability of coal.

We generated pore network models (Fig. 7(b)) to represent the
complex fracture network and to quantify the statistics of the pore
space. The pore-size distributions (Fig. 8) show that pores with an
equivalent radius below 40 lm were dominant in the fracture net-
works regardless of the fluid-saturation conditions, which indicates
that the fracture apertures were mostly smaller than 40 lm. After
injecting N2 for 4 h, the average pore size did not show significant
changes; however, the number of pores increased from about
11 300 to about 15 000 (Table 2). Along with the greater number
of pores, the percentage of well-connected larger pores (with a
radius above 100 lm) increased from 41.7% to 55.2% after N2 injec-
tion, which increased the connectivity of the flow path (Fig. 7(b)
and Table 2). After injecting CO2 for 6 h, the average pore size fell
from 20.2 to 18.2 lm, and the number of pores decreased greatly
to 4194. Moreover, the percentage of larger pores significantly
decreased to 7.1%, reducing the connectivity of the fracture net-
work. After reinjecting N2 for 7.5 h, the average pore size increased
back to 21.6 lm and the pore number rebounded to 5980. Mean-
while, the percentage of larger pores reversed to 22.2%. These find-
ings reflect the fracture closure and the reduced fracture porosity
and connectivity due to CO2 injection, and clearly demonstrate that
injecting N2 can reverse these changes.
3.3. Flue-gas injection for ECBM in deep coal seams

Volume changes of the coal in CO2-ECBM for deep coal seams
are of key importance, since coal permeability is affected by these
changes; in turn, it affects CO2 injectivity and CH4 production. Dur-
ing the past CO2-ECBM field projects for deep coal seams, the oper-
ators had to reduce the injection rates after a certain period of CO2

injection due to an unexpected pressure increase at the injection
well. In this study, we directly demonstrate that the experienced
injectivity loss can be attributed to a decrease of coal permeability
caused by coal swelling.

Our results suggest that injecting N2 can reverse the lost perme-
ability by reopening the fracture network that has closed from



Fig. 7. (a) 3D fracture network evolution and (b) equivalent pore network models (diameter: 10.5 mm; height: 18 mm).

Fig. 8. Pore-size distributions.
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Table 2
Pore numbers and sizes.

Condition Total No. Min radius (lm) Max radius (lm) Avg radius (lm) Percentage of large pores (>100 lm)

Initial 11 323 9.1 272.0 20.5 41.7%
N2 pre CO2 15049 9.1 327.2 20.2 55.2%
CO2 4194 9.1 117.1 18.2 7.1%
N2 after CO2 5980 9.1 170.3 21.6 22.2%

No.: number; Min: minimum; Max: maximum; Avg: average.
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matrix swelling induced by past CO2 adsorption. Indeed, the N2

flooding test in the field project of the Ishikari Coal Basin of Japan
showed that the daily CO2 injection rate was boosted (up to four-
fold) by the N2 injection, albeit only temporarily [22]. Therefore,
in order to maintain permeability, an alternative could be adopted:
injecting either CO2-alternating-N2 or flue gas (a mixture of mainly
N2 and CO2). It is encouraging that injecting flue gas (13% CO2 and
87% N2) and synthetic flue gas (47% CO2 and 53% N2) in Alberta,
Canada—the world’s first flue-gas ECBM pilot project—did not
result in reports of swelling and injectivity loss [40,41]. Numerical
studies have shown that a collaboration between CO2 and N2 in the
injected mixture results in a larger CH4 production rate, which has
a CO2 sequestration ability similar to that of a pure CO2-injected
ECBM recovery process [42]. The optimum ratio of N2 and CO2 in
the injection gas depends on the technical and commercial require-
ments. In flue-gas injection, ECBM is controlled by two distinct
mechanisms: ① The partial pressure of methane is reduced by
introducing N2 as a low adsorbing gas; and ② methane is directly
displaced from the coal matrix by introducing CO2 as a strong
adsorbing gas. The higher the CO2 ratio in the injection gas, the
more CO2 can be sequestrated—yet the more swelling and perme-
ability loss can be caused. N2 injection can help maintain adequate
permeability (>1 mD by estimate [13,43]), while leading to more
rapid methane recovery compared with CO2 injection. Overall,
we expect that an optimum mix of CO2 and N2 will compromise
between commercial and sequestration aspects, and will also
depend on the reservoir properties (e.g., permeability) and opera-
tional parameters (e.g., injection pressure and injection-well
arrangement).

CO2 concentrations are typically around 10%–15% by volume in
power-plant flue gas [44]. With minimal treatment, the flue gas
being used for ECBM can come directly from the power stations
in the same areas. The byproduct produced from flue-gas-ECBM—
namely, CH4—can also be used as an alternative fuel for these
power stations. However, the early nitrogen breakthrough may
lower the purity of the methane produced, resulting in the need
for additional gas separation before use. Because the cost of CCS
is dominated by the cost of capture and gas separation (about
three-fourths of the total cost [45]), the overall cost could be low-
ered substantially by injecting gas mixtures (i.e., flue gas) rather
than pure CO2. Based on the production economics analysis for
the Alberta pilot project [46,47], flue-gas-ECBM is more economi-
cal than CO2-ECBM, requiring an approximately 50% wellhead
coalbed methane (CBM) price in order to break even. The results
of the economic analysis will change, depending on the day’s gas
prices and CO2 cost. Advances in ECBM technology (e.g., increased
injectivity) and government incentives would improve the eco-
nomics of coalbed sequestration. On the other hand, certain oper-
ational constraints, such as increased gas compression costs due to
the addition of N2 and the lower purity of CH4 produced after early
N2 breakthrough, also need to be considered in the project design.
y https://www.massive.org.au.
4. Conclusions

The uptake and release of CO2 as an adsorbing gas is associated
with the swelling and shrinkage of coal, respectively. The perme-
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ability reduction phenomenon has been experienced in several
CO2-ECBM field projects and many laboratory experiments across
the world in past decades. We directly observed and quantified
these phenomena using in situ synchrotron X-ray phase-contrast
microtomography. The utilization of a three-dimensional (3D)
visualization technique allowed us to see the swelling/shrinkage
of coal due to CO2/N2 injection under confinement. Our results con-
firm that coal does indeed swell when exposed to CO2, due to its
adsorbing nature. In contrast, coal undergoes shrinkage upon expo-
sure to N2 because, as a relatively inert gas, N2 lowers the partial
pressure and causes CO2 desorption. The results of this study indi-
cate that flue-gas injection is an attractive option for ECBM in deep
coal seams in terms of both technical and economic aspects. Firstly,
compared with pure CO2 injection, injecting flue gas directly skips
the expensive CO2 capture process, while simultaneously main-
taining the permeability at a high enough level for long-term gas
injection and methane production. Secondly, it allows CO2 storage
in coal seams as an added value compared with pure N2 injection.
The results of this study have not yet been implemented on a reser-
voir scale, but they provide the microscale mechanisms. Determin-
ing whether flue-gas injection for ECBM in deep coal seams is
indeed possible requires more research work and pilot tests under
various geological conditions.
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