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Abstract Carbon capture, utilization, and storage (CCUS)
is considered one of the most effective measures to achieve
net-zero carbon emissions by 2050, and low-rank coal
reservoirs are commonly recognized as potential CO,
storage sites for carbon sequestration. To evaluate the
geological CO, sequestration potential of the low-rank coal
reservoirs in the southern margin of the Junggar Basin,
multiple experiments were performed on coal samples
from that area, including high-pressure mercury porosime-
try, low-temperature N, adsorption, overburden porosity
and permeability measurements, and high-pressure CH,
and CO, isothermal adsorption measurements. Combined
with the geological properties of the potential reservoir,
including coal seam development and hydrodynamic
characteristics, the areas between Santun River and Sigong
River in the Junggar Basin were found to be suitable for
CO, sequestration. Consequently, the coal-bearing strata
from Santun River to Sigong River can be defined as
“potentially favorable areas for CO, sequestration”. To
better guide the future field test of CO, storage in these
areas, three CO, sequestration modes were defined: 1) the
broad syncline and faulted anticline mode; 2) the
monoclinic mode; 3) the syncline and strike-slip fault
mode.

Keywords CO, geological sequestration, coalbed
methane, low-rank coal, coal reservoir, Junggar Basin

1 Introduction

Geological sequestration of CO, has been widely
recognized as an effective strategy that may contribute
significantly to reducing CO, emissions. Three key
factors contribute to improving the effectiveness of CO,
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geological sequestration: 1) sufficient thickness and
permeability of the reservoir to ensure the effective
injection of CO,, 2) sufficient pore volume to inject
economically viable volumes of CO,, and 3) sufficiently
safe and environmentally friendly conditions for long-
term sequestration of CO, (Chen et al., 2021; Gholami
etal., 2021; Lyuetal., 2021; Sharma et al., 2021). Low-
rank coal seams have been found to meet these three key
criteria and are recognized as potential reservoirs for CO,
sequestration (Kang et al., 2020; Zhang et al., 2021; Ma
et al., 2022). Since the Junggar Basin has a large number
of low-rank coal reservoirs (Ma etal., 2022), it is
necessary to evaluate the CO, geological sequestration
potential of these low-rank coal reservoirs in order to
select the ones with the greatest sequestration potential.

Previous research mainly focused on static parameters,
such as the CO, adsorption capacity of coal reservoirs
(Zhang and Hu, 2020; Maetal., 2022) However, the
retention of CO, in coal seams is a dynamic process that
involves the on-going coupling of multiple parameters
(Sun et al., 2021). For example, the changes in tempera-
ture and pressure conditions during CO, injection will
dynamically cause the expansion of matrix structure, the
deterioration of coal strength, and the destruction of coal
integrity (Tanetal., 2016; Xuetal.,2019) As these
changes accumulate over an extended period, the gas flow
paths in the sequestrated area will be significantly
reduced, and negatively influence the effectiveness of the
geological storage of CO,. Therefore, a suitable CO,
geological sequestration site should consider not only the
adsorption capacity of coal reservoirs but also their
stability and safety after sequestration.

A coalbed reservoir with a high sealing capacity and a
specific macroscopic distribution range can effectively
trap and retain CO,, which will minimize the risk of
leakage (Mi and Ma, 2019; Dai et al., 2019). Consequent-
ly, deep coal seams with thick caprocks should be
selected to prevent fractures and seal damage caused by
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long-term CO,-H,O-rock interaction (Zhang et al., 2021).
Due to the migration of CO, after sequestration, the
effects of stress, and geochemical interaction, new
fractures can be developed and existing fractures can be
re-activated in the caprock, which can increase the
permeability of the caprock and so increases the risk of
CO, leakage (Gheibi et al., 2017). Many of the factors
influencing the storage of CO, in coal seams have been
identified previously. For example, (Tan etal., 2016)
concluded that burial depth, coal rank, and coal thickness
were the primary controlling factors, while the reservoir
tectonic environment and hydrogeological characteristics
were the secondary factors. Other significant influencing
factors include the mechanical properties of caprocks (Al-
Ameri et al., 2016), tectonism, hydrogeology, and the
geothermal regime of the sedimentary basin (Bachu and
Stewart, 2002). In particular, there are numerous
experimental studies on CO, sequestration in different
rank coals (Ranathunga et al., 2017; Zheng et al., 2020;
Zhang and Hu, 2020; Liuetal., 2021; Maetal., 2022;
Sun et al., 2021) that demonstrate that the low-rank coal
reservoirs have excellent potential for the geological
sequestration of CO,. However, only a few studies have
considered both the physical properties and the geological
settings of coal reservoirs when evaluating the CO,
geological sequestration potential of the southern margin
of the Junggar Basin.

To evaluate the CO, geological sequestration potential
of sites in the southern margin of the Junggar Basin,
multiple experiments were conducted using coal samples
from this area to analyze the physical characteristics, CH,
and CO, adsorption characteristics, and stress sensitivi-
ties. The experiments included high-pressure mercury
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porosimetry, low-temperature N, adsorption, overburden
porosity and permeability analyses, and high-pressure
CH, and CO, isothermal adsorption. The results of the
experimental data were integrated with the analysis of the
geological setting in order to delineate the favorable areas
for CO, sequestration in the southern margin of the
Junggar Basin.

2 Geological setting

The Junggar Basin is a sizeable coal-rich basin in
Mesozoic and Cenozoic, China. The early Junggar Basin
was formed after compression and collision during the
Hercynian movement, and deposition continued until the
Triassic. The southern margin of the Junggar Basin is the
Yilinhabil Mountains, and the coal mines occur mainly in
the fault-fold belt on this margin. The southern margin of
the Junggar Basin was strongly deformed by the
Himalayan movement, forming the Bogda fault fold belt
and the northern Tianshan thrust belt. The significant
faults developed in the area include the northern Tianshan
piedmont fault (F1), the Bogda piedmont fault (F2), and
the Urumqi-Miquan strike-slip fault, followed by the F3
strike-slip faults and the F4, F5 and F6 reverse faults.
Anticlines and small-scale fault structures in the southern
margin of the basin are also highly developed and are
often manifested as folds and reverse faults (Fig. 1).

In the Early-Middle Jurassic, there were two principal
coal accumulation periods along the southern margin, and
the Badaowan Formation and the Xishanyao Formation
are the primary coal-bearing strata (Fig.2). The lower
intervals of the Badaowan Formation were principally
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Location and geological framework of the southern margin of the Junggar Basin (modified after Mi and Ma, 2019; Dai

etal., 2019; Zhang et al., 2021). The delineation of the Z1, Z2, and Z3 ones is based on a comprehensive consideration of the
structural characteristics, hydrodynamic characteristics, petrological compositions, and coal maturation. Z1 is the area from Sikeshu
coal mine to HTB coal mine, Z2 area is from HTB coal mine to JG coal mine, and Z3 area is from JG coal mine to Jimsar coal mine.
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Fig. 2 Stratigraphy, lithology, and environments of deposition of (a) Badaowan Formation; (b) Xishanyao Formation.

alluvial fan and fan delta facies, while the upper parts
developed river-lake, delta, and shallow lake facies. The
Badaowan Formation contains coal seams in both the
lower and upper sections, with the seams in the lower
section being relatively thick. The total minable thickness
in the Fukang-Baiyang River area is 46 m, and the
Xishanyao Formation has 47 mineable coal seams with a
total thickness of 184.09 m.

3 Experimental methods

Coal block samples were collected from the coal mines in
the southern margin of the Junggar Basin (Fig. 1),
including Hutubi (HTB), Jiangou (JG), Liuhuanggou
(LHG), Xigou (XGQ), Tiechanggou (TCG), Dahuangshan
(DHS). 20 cm X 20 cm x 20 cm block samples were
sampled from the fresh working face of each coal seam,
then sealed and transported to the laboratory. The vitrinite
reflectance (R)) and coal maceral composition analyses

were performed using a TIDAS MSP200 microscopic
spectrophotometer and an Axio Scope Al Pol polarizing
microscope, respectively. The pore characteristics were
analyzed using high-pressure mercury porosimetry and
low-temperature N, adsorption methods. The high-
pressure mercury porosimetry was performed using a
Micromeritics AutoPore 9500 automatic mercury intru-
sion instrument. The low-temperature N, adsorption
measurements were conducted using a Tristar 3020
physical adsorption instrument. The high-pressure CH,
and CO, isotherm adsorption experiments were carried
out using the GAI high-pressure adsorption instrument.
Gas permeability was measured by the AP-608
overburden porosity-permeability instrument.

4 Results and discussion

Effective CO, sequestration is the result of the coupling
the reservoir, sealing, preservation, and the dynamic
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sequestration processes. Therefore, effective CO,
sequestration is influenced by the cumulative effects of
many factors, including 1) the coal composition and pore
characteristics; 2) the thickness of the coal reservoir;
3) the sealing capacity of the caprock; and 4) the
hydrogeological conditions. These factors will be used to
evaluate the CO, sequestration potential in the southern
margin of the Junggar Basin. The coal beds in the
southern Junggar Basin will also be compared to those in
the Ordos Basin and the Qinshui Basin discuss the
advantages of CO, sequestration in the Junggar Basin
(Sections 4.1-4.3). The favorable zones for CO,
sequestration in the Junggar Basin will then be delineated
using the reservoir properties and the geological
conditions (Sections 4.4 and 4.5).

4.1 Reservoir physical characteristics

Pore parameters such as pore volume, pore size, and
surface area significantly impact gas adsorption capacity
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(Sun et al., 2021; Liu et al., 2021; Ma et al., 2022). Since
CO, storage capacity increases with increasing pore
volumes, pore sizes, surface areas, and porosity, it is
necessary to examine the pore parameters of different
coals to understand the potential effects of variations in
these parameters.

The pore parameters of the coal samples from the
southern Junggar Basin were determined (Fig. 3), and
compared to the pore parameters of coal samples from the
eastern margin of the Ordos Basin and from the Qinshui
Basin (Qiao, 2009; Sun, 2015; Ma et al., 2022). For coals
from the southern Junggar Basin, the average surface area
value is 0.63 m?%/g, the average adsorption pore size is
16.01 nm, seepage pore volume is 0.21 cm3/g, the ave-
rage seepage pore diameter is 5.04 pm, and the average
porosity is 8.56%. For coals from the Ordos Basin, the
average surface area value is 0.37 m?/g, average adsorp-
tion pore size is 16.11 nm, seepage pore volume is
0.13 cm?/g, average seepage pore diameter is 0.15 pm,
and the average porosity of the coal samples is 5.22%.
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Fig.3 Pore properties and porosities of coal samples from different basins (Data for the samples from the Ordos and Qinshui
Basins are from Qiao, 2009; Sun, 2015; Ma et al., 2022). (a) BET SSA; (b) pore diameter of adsorption pores; (c) pore volume of
seepage pores; (d) pore diameter of seepage pores; (e) porosity of coal samples; (f) average values of these parameters.
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For coals from the Qinshui Basin, the average surface
area value is 0.52 m?%/g, average adsorption pore size is
17.09 nm, seepage pore volume is 0.05 cm3/g, average
seepage pore diameter is 0.13 um, and the average
porosity is 3.31%. These data suggest that coals from
Junggar Basin may be more suitable for CO, storage,
since the Junggar Basin coals have a relatively higher
surface area, seepage pore volume, seepage pore size, and
porosity than coals from the other two basins (Fig. 3(f)).

4.2 Stress sensitivity of reservoir permeability

The sensitivity of reservoir permeability to subsurface
stress can affect the migration of gas in coal, and a higher
stress sensitivity will enhance CO, sequestration (Ma
etal., 2020a). It has been shown (Chen, 2018; Cheng
et al., 2018; Huang et al., 2019; Ma et al., 2020a) that the
porosity and permeability of coal reservoirs will decrease
with an increase in effective stress:

Qi = Qe i +C, (1)

where Q; is the porosity under effective stress a,, %; O, is
the initial porosity, %; Cp is the porosity compression
coefficient, MPa™!; C is a constant.

K=Be i +C, )

where K is the permeability under effective stress ¢, mD;
B and C are constants; a is the stress sensitivity
coefficient, MPa™l.

Previous work has shown that the porosity compression
coefficients of low-rank, medium-rank, and high-rank
coal samples were 0.235-0.307 MPa™!, 0.038-
0.153 MPa!, and 0.037-0.041 MPa !, respectively
(Cheng et al., 2018; Huang et al., 2019; Ma et al., 2020a)
The average stress sensitivity coefficients of the low-
rank, medium-rank, and high-rank coal samples were
0.377 MPa™!, 0.175 MPa"!, and 0.223 MPa™!, respec-
tively, and the average stress sensitivity coefficient of
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low-rank coals was greater than those of medium- and
high-rank coals. The porosity compression coefficient
and stress sensitivity coefficient were found to decrease
initially and then increase with increasing coal rank
(Fig. 4). Consequently, during the CO, sequestration
process, the permeability of low-rank coal reservoirs is
restricted by increases in effective stress, which will
reduce the fluid migration capacity of CO, and so
enhance the preservation of CO,. Consequently, low-rank
coals in the southern Junggar Basin will have higher
potentials for CO, sequestration than higher rank coals in
the Ordos and Qinshui Basins.

4.3 Adsorption selectivity between CH, and CO,

Since coal seams contain large amounts of CH,, injecting
CO, is a competition adsorption process between CH,
and CO,. As a result, it is necessary to compare and
analyze the differences between the adsorption capacities
of CH, and CO, for different rank coals.

In this section, the selectivity coefficient (o) is
introduced (Ma et al., 2022). If a is greater than 1, it
means CO, has a stronger adsorption affinity than CH,
and « is expressed as ’

az-bz
a=

B ag - b1 ’ (3)
where g, is the maximum theoretical adsorption capacity
of CH, (m>/t); a, is the maximum theoretical adsorption
capacity of CO, (m3/t); b, is the Langmuir equilibrium
constant of CH, (MPa™!); and b, is the adsorption
Langmuir equilibrium constant of CO, (MPa™1).

Experimental data indicate that low-rank coals have
lower adsorption capacities for CH, and CO, than
medium- and high-rank coals (Fig. 5). Based on Eq. (3),
the calculated average o of medium and high-rank coals
is 3.21, while the calculated average o of low-rank coals
was 5.17, which indicates that the low-rank coals have a
stronger affinity for CO, than CH,. In addition, CO, can
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Fig. 4 Stress sensitivity of different rank coal reservoirs (data for the medium-and high-rank coals are from Cheng et al., 2018;
Huang et al., 2019; Ma et al., 2020a). (a) Relationship between porosity compression coefficient and R ; (b) Relationship between

stress sensitivity coefficient and R .
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be injected into low-rank coal reservoirs using lower
injection pressures than for medium-and high rank coal
reservoirs (Ma et al., 2022). From this it can be concluded
that the low-rank coal reservoirs in the southern Junggar
Basin have better potential for CO, sequestration and
related CO,-ECBM than the reservoirs in the Ordos and
Qinshui Basins.

4.4 Petrological compositions and levels of maturation

As demonstrated above, low-rank coal reservoirs in the
Junggar Basin are more suitable for CO, storage.
Consequently, the petrological compositions and levels of
maturity of these coals can be used to compare the
sequestration potential of possible CO, storage sites in the
Junggar Basin.

Higher gas adsorption capacity is generally thought to
indicate a higher CO, sequestration potential (Kang et al.,
2020; Gholami et al., 2021; Zhang et al., 2021; Ma et al.,
2022). Since different coal petrological compositions can
have different gas adsorption properties (Sun et al., 2021;
Ma et al., 2022), it is necessary to quantify the impact of
coal compositions on gas adsorption capacities. Corre-
spondingly, the relationship of the Langmuir volume to
moisture content, ash content, volatile content, fixed
carbon content, vitrinite content, inertinite content, and
exinite content was studied using both the experimental
data in this study and data from the literature (Qiao, 2009;

Li, 2015; Sun, 2015; Zhang et al., 2015; Zhou, 2015; Li,
2016; Lietal., 2016; Zhang, 2016; Zhang and Jiang,
2016; Zhang, 2018; Cheng, 2017; Wei, 2017; Dou, 2018;
Linetal,, 2018; Yi, 2018; Zheng et al., 2018; Li, 2020;
Gao et al., 2020; Ma et al., 2020b; Zou, 2020). In addi-
tion, the variations in moisture content, fixed carbon
yield, organic components and R from east to west in the
southern margin of the Junggar Basin were delineated.
Variations in coal compositions and properties can
affect Langmuir volumes in different ways (Fig. 6). For
example, moisture content negatively impacts the
Langmuir volume, while fixed carbon content and
vitrinite content positively impact it (Fig. 6). Since the
oxygen-containing functional groups of coal are generally
hydrophilic, the polar water molecules will preferentially
occupy adsorption sites compared with the nonpolar CH,,,
reducing the adsorption of CH, (Xuetal.,, 2019; Zhang
et al., 2020; Ma et al., 2022). Because the strength of the
gas adsorption increases with decreasing pore size,
increasing concentrations of vitrinite will generally
enhance gas adsorption since vitrinite has higher
concentrations of micro-pores than inertinite, which has
more mesopores (Li, 2016; Li, 2020; Ma et al., 2022).
There was also a positive correlation between coal
maturation and Langmuir volume (Fig. 6(h)), indicating
that CO, sequestration potential will be enhanced with
increasing coal rank. However, there were no clear
correlations between ash content, volatile content,
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inertinite content, exinite content, and Langmuir volume
(Fig. 6). These data indicate that lower moisture content,
higher fixed carbon content, and higher vitrinite content
will enhance the potential for CO, sequestration.

The compositions of the coals vary significantly among
the different areas of the southern Junggar Basin (Fig. 7).
Evaluation of the coals from west to east in the Junggar
Basin (Fig. 7) indicated that the coal reservoirs in the Z2
area (Fig. 1) have the highest potential for gas adsorption
and CO, storage, since they have a lower moisture
content, higher fixed carbon content, higher vitrinite
content, and higher maturity than the coals in the other
areas of the southern Junggar Basin.

4.5 Stratigraphic and hydrogeological trapping of gas

The analysis of the physical properties of the coals in the

reservoirs in Sections 4.1—-4.4 indicate that the coal seams
in the Z2 area have the best sequestration potential in the
southern Junggar Basin. As noted above, in addition to
the compositions and physical properties of the coals, the
geological conditions can also significantly impact the
potential for CO, storage. To analyze the hydrogeological
elements of the southern margin of the Junggar Basin in
more detail, the study area was divided into six areas, A:
West of Manas River; B: Manas River and Santun River;
C: Santun River and Urumgqi River; D: Urumgqi River and
Sigong River; E: Sigong River and Dahuangshan; F:
Jimusaer (Figs. 8 and 9). In particular, areas C and D
correspond to the Z2 area defined and discussed above in
Sections 4.1—4.4. In this analysis, the trapping capacity of
coal measures and the hydrogeological conditions were
investigated to delineate the favorable storage areas in the
Junggar Basin.
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F: Jimusaer.

4.5.1 Coal seam development characteristics

Since the geological sequestration of CO, requires a
robust seal, the loss of CO, can be effectively reduced if
the caprock has a large thickness and low permeability
(Sun, 2015; Zhao, 2019). In general, fine-grained clastic
rocks have low permeabilities and are usually regarded as
good seals.

The coal-bearing strata of the Badaowan Formation are
about 800 m thick and are mainly located in the Kuitun
river area, although they are also well-developed in areas

from the Santun river to Jimusaer (Fig. 8). In contrast, the
coal-bearing strata of the Xishanyao Formation are about
900 m thick and are more or less continuously distributed
across the southern margin (Fig. 9), being best developed
in the vicinity of the Urumgqi river (Fig. 9). Fine-grained
clastic rocks comprise greater than 60% of the roof and
floor rocks of these coal-bearing strata, while coarse-
grained clastic rocks are less than 40% of these intervals
(Fig. 10).

The Badaowan and Xishanyao Formation contain thick
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Fig. 10 Proportion of fine-grained and coarse-grained lithologies in coal seam roof and floor rocks, southern Junggar Basin.

coal-bearing strata with fine-grained clastic rocks, which
can inhibit CO, leakage. Since areas C, D, and F have
thick coal-bearing strata with fine-grained clastic roof and
floor rocks (Fig.10), they are considered to have
favorable potential for CO, Note that areas C and D
correspond to the Z2 area dlscussed previously.

4.5.2 Hydrodynamic characteristics of coal-bearing strata

Hydrodynamic characteristics have a significant influence
on CO, storage (Bachu and Stewart, 2002). The water in
the coal reservoirs can occlude the pores and so hinder
the migration of gas molecules (Wuetal., 2021). In
addition, water in coal reservoirs can affect the pore
pressure and consequently influence the adsorption and
desorption of CO, and CH, (Wu et al., 2021).

The water in the coal reservoirs in the southern margin
of Junggar Basin is supplied by atmospheric precipitation
and the resulting runoff. During periods of rainfall,
surface water flows down into the coal seam in the

direction of differences in water levels. In the dry season,
the pore pressure decreases due to the water level falling,
which can cause gas leakage through desorption and
diffusion. Therefore, some catchment arcas need to be
defined for better CO, storage. It was found that the
groundwater in the southern margin of the Junggar Basin
tends to flow from west to east, and also from south to
north (Fig. 11). Consequently, it is easier to form several
local catchment areas in the C and D areas than in the
other areas in the southern margin.

In addition, the Urumgqi-Miquan strike-slip fault cannot
only lead to the formation of a regional stagnant hydrody-
namic environment, but also can form several local
catchment areas (e.g., synclinal structures) in the C and D
areas. Consequently, the C and D areas can be regarded
as potentially favorable areas for CO, sequestration
because the catchment area has a good sealing capacity
for CO,. In contrast, although the F area has good coal
seam development characteristics, it does not have stable
hydrodynamic conditions, so it is unsuitable for CO,
sequestration.
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4.6 Modes for geological CO, sequestration in the Junggar
Basin

The above analyses show that areas C and D (area Z2) in
the southern margin of the Junggar Basin are suitable for
CO, geological sequestration. The Urumgqi-Miquan
strike-slip fault resulted in the development of anticlines
and synclines in the C and D areas (Zhou, 2015; Zhang,
2018; Yi, 2018). To better guide the future field tests of
CO, storage in C and D areas, three modes of CO,
sequestration that incorporated strike-slip fault factors
were defined (Fig. 12): 1) the broad syncline and faulted
anticline mode (Fig. 12(a)); 2) the monoclinal mode (Fig.
12(b)); 3) the syncline and strike-slip fault mode (Fig.

12(c)).

Front. Earth Sci. 2023, 17(3): 727-738

The broad syncline and fault anticline mode requires
that the broad syncline and faulted anticline be deeply
buried and have abundant surface water. The burial depth
of the broad syncline is significant, which is beneficial in
retaining stored CO,. At the same time, the axis of the
anticline can easily form a closed reverse fault due to
extrusion, which will inhibit the diffusion of CO,. In
addition, surface water is abundant due to runoff of snow
meltwater from the North Tianshan Mountains, and the
migration of groundwater cannot only prevent CO,
migration but also carry some CO, into to the deep areas.
Consequently, this mode is conducive to CO, storage.

The monoclinal mode is more affected by hydrogeo-
logical conditions. Due to the abundant supply of river
and glacier water in the southern Junggar Basin, the pores
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and fractures of shallow coal seams are quickly filled,
thus blocking the migration pathways of CO, and
preventing the diffusion of CO,. This area is favorable for
CO, sequestration exploration below 500 m depth (the
wind oxidation zone in this area).

The syncline and strike-slip fault mode is significantly
affected by extrusion activities. Most of the faults are
thrust faults affected by the extrusion, and the fault plane
of the reverse fault has sealing capacity. As a result, the
fractures generated by the faulting are closed, which will
inhibit the diffusion of CO,. In addition, the surface water
in the region is concentrated, and the coal seams have
larger thicknesses and inclinations, which can further trap
CO,. In this mode, the area below the reverse fault and
the wind oxidation zone depth (about 600 m) can also be
regarded as a potential CO, sequestration area.

5 Conclusions

By analyzing the pore parameters, stress sensitivity, and
adsorption properties of CH, and CO, of coal samples of
different maturities from different basins, low-rank coal
reservoirs in the Junggar Basin were demonstrated to
have a high potential for CO, sequestration. Comparisons
of the petrological compositions and levels of maturity of
coal samples from different areas in the Junggar Basin
were combined with analysis of the geological settings to
show that areas C and D (the coal-bearing strata from the
Santun River to the Sigong River) in the Junggar Basin
have the highest potential for CO, sequestration. To
better guide the future field test of CO, storage in these
areas, three CO, sequestration modes were defined: 1) the
broad syncline and faulted anticline mode; 2) the
monoclinic mode; 3) the syncline and strike-slip fault
mode.
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