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ARTICLE INFO ABSTRACT

Keywords: Kazakhstan is a major coal producer and emitter of carbon dioxide (CO3), presenting both a challenge and an

Ces opportunity for CO: utilization and storage. The main goal of this work is to study the feasibility of CO5 as a

CO; utilization feedstock for enhanced coalbed methane recovery (CO2-ECBM), as well as the associated geological storage

CO,-ECBM . . . . X . .

Kazalhstan potential of the D6 coal seam in the Karaganda Basin. For this purpose, coal samples were investigated using

Karaganda coal basin elemental analysis, Rock-Eval pyrolysis (RE), organic petrography as well as low-pressure (LP: N3, CO3), and
high-pressure (HP: CO5, CHy) sorption tests. Vitrinite reflectance values show that seam D6 reached the medium-
volatile bituminous rank. Higher organic matter content significantly increases the LP CO, sorption capacity. The
adsorption-desorption isotherms of CO recorded under both LP and HP conditions show a hysteresis loop. This is
probably due to interactions between CO; and functional groups leading to enhanced physisorption at LP and
chemisorption and matrix swelling at HP conditions. This effect is favorable for storage purposes as it implies safe
CO,, trapping even at reduced reservoir pressure. The CBM potential of seam D6 is estimated at 9 billion m® initial
gas and 360 million m® producible gas in place. Estimates of the adsorptive and total CO, storage capacity
yielded 1.1 and 3.6 gigatons (Gt), respectively. With this considerable total storage capacity, Kazakhstan’s
current annual CO, emissions could be stored for 14 years. This study highlights how CO2 can be effectively
utilized as a feedstock to enhance methane recovery while achieving long-term CO; sequestration.

cornerstones of this plan [49].
In parallel to the decarbonization of the energy system and industrial

1. Introduction

Kazakhstan is rich in mineral and energy resources including giant
coal deposits mainly in Carboniferous and Jurassic horizons. With an
annual production of about 112 million tons, the country is the world’s
8th largest steam and coking coal producer [60].

Kazakhstan is also a major emitter of COy with cumulated COy
emissions of 255 million tons in 2023 [28]. 78 % of the total CO,
emissions result from fossil fuel combustion at stationary point sources,
including electrical power and metallurgical plants [3]. In 2020,
Kazakhstan announced its goal to achieve carbon neutrality by 2060
[39]. The complete abandonment of coal use by 2050 is one of the
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processes, carbon capture and storage (CCS) is an important measure to
reduce CO, emissions. Abuov et al. [3] investigated the CO, storage
potential in depleted oil and gas reservoirs and reported storage po-
tential of 0.2 Gt for depleted oil and 1.0 Gt for depleted gas reservoirs
that are readily accessible. In view of the current emission level, how-
ever, alternative technologies have to be considered to increase the
long-term storage capacity.

An alternative way to store CO5 safely is to inject it into deep coal
seams, where the (nano)porous structure of coal offers an extensive
storage capacity. Furthermore, the high CO5 adsorption capacity of coal,
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which even exceeds that of methane, guarantees permanent and safe
CO, storage [17,27,64]. Preferentially, storage options should be
developed according to a preceding source-to-sink matching and in the
vicinity of emission hot spots. CCS in coal seams could therefore be
particularly useful for Kazakhstan, as some of the main CO, emitters are
located in major coal basins. In addition to serving as a long-term
storage reservoir, deep coal seams can be used as an active CO, feed-
stock sink for methane recovery. Most interesting in this regard is the
Karaganda Basin (Fig. 1), which is one of the largest coal-producing
regions in Central Asia and hosts significant reserves of Carboniferous
bituminous coal. This coal is currently mined in several large under-
ground mines down to a depth of 1200 m [63].

Carboniferous coal seams in the Karaganda Basin are known to be
very rich in methane, constituting a major mining risk [59]. The latest
methane gas explosion in the Lenin Mine, which is in the focus of the
present paper, occurred in 2023 and resulted in around 40 fatalities. On
the other hand, the Karaganda Basin holds a significant coalbed methane
(CBM) potential, which was estimated from 4.3 to 8.0 trillion m® [6,19,
43,63].

The conventional technique for producing CBM involves reducing
the reservoir pore pressure by dewatering, which releases adsorbed and
dissolved methane from the matrix and formation water, respectively.
The efficiency of this method, however, is typically relatively low
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(20-60 %; [58]). By leveraging coal’s stronger affinity for CO5
compared to CH4, CBM production can be enhanced through CO; in-
jection. This technique, known as COj-enhanced coalbed methane
(CO4-ECBM; [82,85,72]), combines CBM production with COy seques-
tration. This dual-purpose approach not only enhances CBM extraction
but also reduces the costs associated with CO, storage operations [20].

The primary goal of the present work is to investigate the CO; storage
capacity of Carboniferous coal in the Karaganda Basin, using the D6
seam of the Lenin Mine — the most significant coal seam in the western
part of the basin (Sherubay-Nura Trough; Fig. 1) — as an example. This
seam contains up to 36 m® /t CHy [6], and therefore, CBM potential of
the D6 seam is also evaluated from a resource perspective. The aims of
this study are aligned with the broader goal of minimizing greenhouse
gas emissions in Kazakhstan, while providing access to natural gas re-
sources, which could bridge the energy gap caused by a phase-out of coal
production.

2. Geological setting

The Karaganda Basin is located north of the Hercynian Jungar-
Balkash foldbelt [70]. It overlies pre-Carboniferous rocks of the
Kazakhstan Plate. With a West-East extension of ~120km and
North-South (N-S) extension of 30-50 km, the Karaganda Basin covers
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an area of ~3600 km?, of which about 2000 km? are coal-bearing (Fig. 1;
[22]). The total thickness of the Carboniferous and younger sediments in
the Karaganda Basin reaches 5 km [1].

The Karaganda Basin is bordered to the south by the Zhalair Thrust
(Fig. 1a), along which Devonian rocks overthrusted the Carboniferous
deposits during Late Carboniferous to Permian (Hercynian) time [1].
The western border is formed by the N-S trending Tentek Fault, which is
a major strike-slip fault of unknown, but probably Permo-Triassic age
with a displacement in the order of 4-5 km ([47]; Fig. 1a). Devonian
sedimentary and volcanic rocks are exposed along the northern basin
margin. The Alabas Anticline and the Maikuduk Horst subdivide the
Karaganda Basin into three troughs. These are, from west to east, the
Sherubay-Nura Trough (including the Tentek Trough), the Karaganda
Trough, and the Verhny Sokur Trough (Fig. 1).

The sedimentary succession in the Karaganda Basin (Fig. 2) accu-
mulated in a foreland basin setting and starts with Upper Devonian
(Famennian) and lowermost Carboniferous (Tournaisian) marls and
limestones [63]. Interbedded sandstone, mudstone, and coal layers,
along with volcanic ash layers, dominate in the Visean to Upper
Carboniferous succession, which is subdivided into seven formations
[1]. The Lower Carboniferous (Mississippian) Ashlyar and Karaganda
and the Upper Carboniferous (Pennsylvanian) Dolin and Tentek for-
mations contain commercial coal seams (Fig. 2). Overall, 60 coal seams
with a total thickness of 70-105 m are considered economic [1]. The
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Fig. 2. Simplified stratigraphic column of the basin fill in the Karaganda Basin
(after [1,63]). The distribution of Carboniferous coal seams is shown together
with seam codes. Jurassic coal seams are lignites. Red lines indicate major
unconformities.
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most important seams are found in the Karaganda and Dolin formations.

The Karaganda Formation includes up to 40 coal seams; the main
seams are labelled from base to top K1 to K20. Some of the seams are up
to 4.5 m thick (exceptionally 12 m). The Dolin Formation also contains
up to 40 seams, but only 11 of the seams have labels (D1-11). The
thickness of the laterally very continuous D6 seam is 4.7-6.3 m, while
other D seams are only 1.0-1.5 m thick [1].

The D6 seam, which is in the focus of the present work, is currently
exploited in four mines (Lenin, Kazakhstan, Tentek, Shakhtinsk) in the
western part of the Karaganda Basin. It contains high-quality coking coal
interbedded with few cm- to dm-thick partings [7]. The coal is
methane-rich and prone to outbursts, especially in its bottom part,
which is characterized by a distinct 0.2-1.2-m-thick shear zone with
friable coal [6]. The methane content of the D6 seam increases with
depths from 3-18 m/t at a depth of 180-250m to 18-28 m>/t
(301-600 m), 30-32m°/t (601-900m), and even 23-36m>/t
(900-1500 m) [6].

Major uplift and erosion occurred after the Carboniferous and before
the deposition of Upper Triassic (Rhaetian) and Jurassic rocks. In the
eastern Verhny Sokur Syncline and the central Karaganda Trough,
erosion removed large parts of the Upper Carboniferous succession,
while the complete Carboniferous section is preserved in the western
Sherubay-Nura Trough (Fig. 1b).

The Mesozoic succession is preserved in the Karaganda Trough and
the western part of the Verhny Soku Syncline (Fig. 1b) and can attain a
thickness of more than 1000 m (Fig. 2). The non-marine succession
starts with locally very thick basal conglomerates (Saran Formation) and
grades into sandstones, clays, and sands. Lignite seams are present in the
Lower Jurassic Dubov and the Middle Jurassic Mikhaylov formations.
The lignite in the Mikhaylov Formation was up to 28 m thick but was
completely mined out. The Cenozoic and Quaternary cover of the Kar-
aganda Basin is thin [1,63].

3. Materials and methods
3.1. Samples

Seventeen samples were collected from the D6 seam in the Lenin
Mine in the western part of the Karaganda Basin (Tentek mining district
in the Sherubay-Nura Trough). Access conditions necessitated sampling
of the 5.3 m thick seam at two nearby sites, both situated approximately
750 m below the surface. A single sample from the underlying coaly
shale (D6L1) and five coal samples from the lower part of the seam
(D6L2-6) were collected in “Koverny 403D62w”, while the eleven
samples from the upper part of the seam (from bottom to top: D6U10-0)
were collected in longwall “405D61w”. Sample D6L2 represents the soft,
gas-rich shear zone at the base of the seam. All samples are point samples
and represent about 10 cm of the seam.

Bulk geochemical and petrographic parameters were determined for
all samples. Five representative samples were selected for subsequent
gas adsorption analyses. This sub-set includes the gas-rich sample from
the basal part of the seam and four samples distributed evenly across the
seam.

3.2. Bulk parameters and organic petrography

The total organic carbon (TOC) and total sulfur (S) contents in the
coals were measured using an Eltra Helios C/S analyzer. Rock-Eval 6
pyrolysis provided measurements of free hydrocarbons (S; peak), hy-
drocarbons produced during pyrolysis (S peak), and temperature at
peak hydrocarbon generation (Tpayx). S1 and Sp were used to calculate
the bitumen index (100 xS;/TOC), the quality index (100 x[S;+S21/
TOC; [73]), and the hydrogen index (100 xS,/TOC) [23]. The ash yield
was determined following ASTM D1374 [4].

For organic petrography, samples were crushed to a maximum size of
1 mm and embedded in epoxy resin [40]. The polished blocks were
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investigated with a Leica incident light microscope equipped with a
50 x oil immersion objective. Maceral investigation involved counting
500 points using white incident and blue light excitation, and a
single-scan approach [41,74]. The maceral terminology followed the
International Committee for Coal and Organic Petrology (ICCP) system
[37,38]. Vitrinite reflectance (%Rr) was measured using non-polarized
light at a wavelength of 546 nm with a magnification of 50 x,
employing the Hilgers Fossil software. For each sample, 100 measure-
ment points were taken to calculate the mean vitrinite reflectance and
standard deviation [42].

3.3. Low-pressure N2 and CO2 adsorption

The selected five samples were crushed and sieved to achieve a
particle size of 0.18-0.25mm (60-80 mesh). Subsequently, the
powdered samples were dried at 40 °C for 12 h in a vacuum oven to
eliminate moisture. A manometric Autosorb iQ3 gas sorption analyzer
(Anton-Paar QuantaTec, USA) was employed for the adsorption analyses
of N2 (99.999 % purity) and CO3 (99.995 % purity).

Prior to the gas adsorption measurements, approximately 1 g of each
sample was degassed at 105 °C for 24 h under vacuum in the Autosorb
iQ® degassing station to remove any residual moisture and pre-adsorbed
gases, while preserving the chemical composition of the coals.

The adsorption and desorption isotherms of N, were recorded at a
relative pressure range (P/Pg) of 0.01-0.995, where P represents the
equilibrium gas pressure in the system and Py denotes the saturation
pressure of the adsorbate. In contrast, the isotherms for CO, were
recorded within an absolute pressure range of 0.00012-0.106 MPa
(120-106000 Pa).

Temperature conditions varied depending on the gas type: N, mea-
surements were conducted at 77 K using a liquid Ny bath for tempera-
ture control. CO, measurements were performed at 273 K, utilizing a
recirculating bath containing a mixture of distilled water and anti-
freezing liquid.

The specific surface area (SSA) values were determined based on the
Brunauer-Emmett-Teller (BET) model, whereas the Barrett-Joyner-
Halenda (BJH) model was applied to N» adsorption isotherms to deter-
mine specific pore volume (SPV) and pore size distribution (PSD). For
the BJH analysis, the adsorption branch was chosen over the desorption
branch to avoid false peaks (artifacts) that can occur due to cavitation-
induced evaporation phenomena [45]. Detailed information regarding
the BET and BJH methods is available in Li et al. [53]. It should be noted
that the present study follows the nanopore size classification standards
of the International Union of Pure and Applied Chemistry (IUPAC) [75].

gas supply

Isco
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3.4. High-pressure CO2 and CH4 adsorption

High-pressure gas expansion tests (up to 20 MPa and 318 K) with the
reference gas He, COy and CH4 were conducted using a calibrated
manometric setup (Fig. 3). This setup comprised a stainless-steel sample
cell, two high-pressure shutoff valves, and a high-precision pressure
transducer (Keller AG, Series 33X) connected by 1/16" stainless steel
capillaries inside a temperature-controlled oven. Additionally, a gas
supply system was installed upstream of the oven, allowing He, CH4 or
CO4, to be injected directly from gas cylinders or stored in a piston pump
(Teledyne Isco) and pressurized prior to injection.

Samples were dried in a vacuum oven at 105 °C until constant weight
was achieved (< 0.005 g weight change in 24 h) and then placed in the
high-pressure sample cell. The system was evacuated for at least 24 h
prior to measurement and temperature was set to 318 K. Helium (He)
was introduced into the reference cell, and after equilibrium was
reached, the gas was expanded into the sample cell. Gas uptake was
monitored until pressure equilibration (< 500 Pa h’l). He, as a non-
adsorbing reference gas, provided an estimate of the sample’s free gas
storage capacity [kg gas t ! rock] and skeletal density [py in g cm™ ]. At
least three He cycles were performed to assess reproducibility.
Following He measurements, the system was evacuated again for at least
24 h. CH4 or CO, was then introduced using the piston pump to control
the injection pressure. The reference cell was filled to the desired pres-
sure, equilibrated, and then expanded into the sample cell. Gas uptake
again was monitored until pressure equilibration (< 500 Pa h™1), rep-
resenting a combination of volumetric and adsorptive storage capacity
[kg gas t! rock]. Pressure was then increased stepwise to construct an
isotherm, typically ranging from approximately 0.2 MPa to 20 MPa,
with at least 10 measurement points per isotherm. Additionally, a
GeoPyc device (Micromeritics) was used for bulk density determination
of coal fragments. Skeletal and bulk densities were used to deduce
porosity and specific pore volume:

9=1- 2

(Eq. 1)
Psk q

11
Vo= ———

(Eq. 2)
Pb Psk

With:0 = porosity [unitless]p, = bulk density [g cm‘3]psk = skeletal
density [g ecm ] Vg = specific pore volume [m? kg1

CH,4 and CO; excess sorption capacities were then determined by
using the following mass balance equations:

Mexcess = Mrans — /)CH4/c02 (Peq7 T) X VVoid (Eq 3)

Merans = (ﬂcm 10, Pres T) = Pey sco, (Pegs T)) X Ve (Eq. 4

@ pressure
gauge

D

reference
cell

Fig. 3. Schematic of the manometric gas expansion setup and upstream gas supply system.
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With:Meyeess = €xcess sorptionmygns [kg] = the difference between the
cumulative mass of CH4/CO- transferred from reference cell volume to
void volume and the mass of free CH4/CO3 occupying void volume at the
respective equilibrium pressures and temperaturesV,, = reference cell
volume [m? ]Vy,iq — void volume [m? ]P,. [Pa] = equilibrated pressures
in the reference cell volume prior to expansion into the sample cell
volume at given temperature [T in K]P,, [Pa] = equilibrated pressure in
the total system volume after expansion into the sample cell at a given
temperature [T in Klpey,co, [kg m~3] =CH, and CO, densities
(calculated using the GERG equation of state [48].

Excess sorption capacity [Mexcess in mol kg’l] was then calculated by:

Mexcess (P eqr T)

Mexcess (P eqs T) = M m

(Eq. 5)
With:M = molar mass of the respective gas [kg mol ']m = sample mass
[kgl.

Excess sorption was parametrized using:

1_ pCH4/CO;>

(Eq. 6)
Padsorbed

p
Nexcess = an X

With:neycess [mol kg_l] = excess amount of CH4/CO adsorbed at spe-
cific equilibrium pressures (P [Pa]) and temperatures (T [K])P, [Pa]
= Langmuir pressure, which is the pressure at which half of the
adsorption sites are occupiedn; [mol kg™!] = maximum Langmuir ca-
pacity, or the amount of CH4/CO> adsorbed when all sites are occu-
piedpcha,coz [kg m 3] = CH4/CO, density at the given equilibrium P
and Tpadsorbed [Kg m3 = density of the adsorbed phase that was fixed at
422.6 and 1101 kg m? for CH4 and CO3, respectively (liquid densities
of CH4 and CO»)

Parametrization was achieved by a least square fitting of experi-
mental data by adjusting of n; and P;. A detailed explanation on sorption
capacity mechanisms and parameterization is given in Weniger et al.
[81] and Gasparik [26].

3.5. CCS and CO,-ECBM estimations

To estimate the CO2-ECBM and resulting CCS potentials of the D6
seam, first the initial CH, in place (IGIP; Eq. 7) and the producible CHy in
place (PGIP; standard conditions [crn3] ; Eq. 8) [76,81] have been
calculated following the equations below:

IGIP= A x TH X p.,q x GC (Eq. 7)
With:A= areal extent of the coal seam (m?*)TH = cumulative coal
thickness (m)pcoq1= coal skeletal density (t/m*)GC= CBM content in the
seam (m?3/t)

It should be noted that IGIP represents the total volumetric estimate
of methane initially stored within the coal seam before any production
and recovery. IGIP therefore represents an estimate of maximum CH, in

place and does not account for practical CH4 extraction efficiency.

PGIP = RF x CF x IGIP (Eq. 8)

With:RF = recovery factor (proportion of gas fraction that can be
extracted by reducing reservoir pressure via water production)CF
= completion factor (fraction of area that can be accessed through
drilling operations; [81]).

The producible gas in place (PGIP) here estimates the fraction of
initial CHy in place that can be produced considering common efficiency
factors.

Considering the prime target to store COy during gas production, RF
also denotes the storage efficiency of CO; and typically varies from 0.2
to 0.6 (mainly 0.4; [34,76,81]). Conservative estimates assume that only
10 % of the area of a coal seam may be suitable for CO; storage, resulting
in a CF of 0.1 (e.g., [34,81]).

Hendriks et al. [34] estimated the global CO2 storage potential in
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different types of underground reservoirs. For coal basins under
CO2-ECBM operations, the CO; storage capacity (Sco2) was calculated
using the following equation:

Sco, = PGIP x ER X pg, (Eq. 9)
With:ER = exchange ratio between CO, and CHapco, = CO2 density at
standard temperature and pressure (1.977 kg/m?®)

4. Results
4.1. Bulk parameters

Bulk geochemical and compositional parameters are presented in
Table 1 and Fig. 4. As expected, the carbonaceous (coaly) shale under-
lying the seam (D6L1) has relatively low TOC (6.32 wt%) and sulfur
contents (0.13 wt%) but shows a very high ash yield (86.9 wt%). The
ash yield of the studied coal samples varies strongly from 4.4 to 33.0 wt
% (average 11.0 wt%). This variation is reflected by strongly varying
TOC contents (56.5-86.6 wt%; average 80.4 wt%). High ash yields and
low TOC contents are mainly found in the lower part of the seam
including its basal part. Sulfur contents are generally low and range from
0.28 to 0.59 wt% (average 0.44 wt%). The coal is largely free of car-
bonate minerals.

The amount of S; and Sy hydrocarbons is lower in the underlying
coaly shale than in the coal samples. In the coal samples, S; and S5 in-
crease with increasing TOC content. The hydrogen index (HI) is low
(76 mg HC/g TOC) in the coaly shale, varies between 130 and 189 mg
HC/g TOC (avg. 156 mg HC/g TOC) in the lower part of the seam and is
very uniform in its upper part (147-179 mg HC/g TOC) (Table 1; Fig. 4).
The Tp,ax ranges from 463 to 470 °C (average 466 °C).

4.2. Organic petrography

Vitrinite reflectance values are uniform (1.15-1.24 %Rr; average
1.22 %Rr; Table 2) and in general agreement with the Tpax range
determined by Rock Eval pyrolysis. Due to the advanced maturity, no
primary liptinite macerals are present. Vitrinite group macerals are
more abundant (70-99 vol%) than inertinite macerals (1-33 vol%;
Table 2; Fig. 4). Relatively high inertinite contents occur in samples
D6L4 and D6L5 from the lower part of the seam and in the uppermost
1 m of the seam (Table 2; Fig. 4). Collotelinite is the predominant vit-
rinite maceral, while degradofusinite and inertodetrinite are the most
abundant inertinite macerals (Table 2). The lower part exhibits a high
concentration of detrital macerals, such as collodetrinite, vitrodetrinite,
and inertodetrinite. Collodetrinite is absent in the upper section, while
fusinite contents are relatively high in the uppermost samples (Table 2).

4.3. Low-pressure N adsorption

Fig. 5 shows the Ny adsorption-desorption isotherms obtained at
77 K for the five samples selected from both the upper and lower sec-
tions of the D6 seam. The adsorption-desorption behavior of all samples
is similar, with a distinctive hysteresis loop forming at P/Py values
greater than approximately 0.5. Furthermore, none of the samples’
adsorption branch reaches a distinct saturation point at P/Py ~0.99;
instead, it increases in a vertical trend.

The BET-SSA and BJH-SPV of the samples range from 1.33 to
7.55 m?/g and 0.004-0.028 cm®/g, respectively. The mean equivalent
mesopore diameter of the samples varies from 7.13 nm to 9.76 nm. It is
worth noting that pore diameter estimations are unreliable for poorly-
defined geologic samples with low mesoporosity. Sample D6L2 stands
out with notably higher values across all adsorption parameters and
shows the highest BET-SSA (7.55 mz/g), BJH-SPV (0.028 cms/g), mean
equivalent pore size (9.76 nm), and maximum adsorbed N3 volume
(18.94 cm®/g @STP) (Table 3; Fig. 5).
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Table 1
Ash yield, calcite percentage, TOC, sulfur content, and Rock-Eval parameters of the investigated samples from the D6 seam. Grey shading indicates samples selected for
adsorption measurements.

Sample Position Ash Calcite TOC Sulfur Sy Sy HI Tmax

(m below top) (Wt%) (mg HC/g rock) (mg HC/g TOC) Q)
D6UO 0.10 7.9 0.00 83.65 0.48 10.54 132.8 159 467
D6U1 0.35 15.1 0.00 77.31 0.43 11.34 113.4 147 466
D6U2 0.60 7.7 0.00 83.93 0.44 12.36 142.2 169 464
D6U3 0.85 9.5 0.00 82.55 0.44 12.22 123.1 149 466
D6U4 1.10 7.2 4.26 83.96 0.46 13.35 147.6 176 466
D6US 1.35 9.1 3.69 82.71 0.45 12.95 147.9 179 465
D6U6 1.60 5.4 0.00 86.61 0.44 12.80 146.0 169 463
D6U7 1.85 7.6 0.00 84.08 0.43 13.11 147.5 175 470
D6U8 2.10 10.9 0.00 80.53 0.41 12.42 136.1 169 466
D6U9 2.35 5.5 0.00 86.38 0.43 12.04 139.9 162 463
D6U10 2.60 8.2 8.95 83.07 0.44 12.55 137.8 166 467
D6L6 2.80 4.9 0.00 86.59 0.46 12.42 164.1 189 463
D6L5 3.20 33.0 0.55 57.55 0.28 7.51 74.8 130 466
D6L4 4.00 7.3 0.00 84.40 0.43 11.92 131.9 156 466
D6L3 4.55 4.4 0.00 86.52 0.50 11.33 144.6 167 465
D6L2 5.25 31.7 0.00 56.47 0.59 7.73 77.6 137 468
D6L1 5.40 86.9 2.73 6.32 0.13 0.66 4.8 76 470

TOC: total organic carbon; S;: free hydrocarbons; S,: hydrocarbons produced during pyrolysis; and Tpax: temperature at peak hydrocarbon generation (Tmax)-

Vitrinite/ Ash yield/
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Fig. 4. Vertical distribution of ash yield, TOC, sulfur content, hydrogen index (HI), maceral proportions, and ash-inertinite ratio in the D6 seam. The black dots
highlight the carbonaceous shale sample. The ash-inertinite ratio indicates cyclic variations between wet and dry periods. Note: the vertical axis shows depth below
top of the seam. Maceral percentages are given in vol%.

Table 2

Vitrinite reflectance (%Rr) and maceral percentages (vol%) for the studied coal samples.
Sample  Vitrinite Telinite  Collotelinite ~ Collodetrinite ~ Vitrodetrinite ~ Macrinite  Inertodetrinite =~ Fusinite = Semifusinite =~ Sum Sum

reflectance (% vitrinite inertinite
Rr)

D6UO 1.22 16 58 0 0 1 7 12 6 74 26
D6U1 1.16 12 51 0 4 1 9 12 11 67 33
D6U2 1.23 3 86 0 1 0 4 5 1 920 10
D6U3 1.25 5 70 0 1 0 7 13 4 76 24
D6U4 1.15 5 90 0 1 0 2 1 1 96 4
D6US 1.20 6 90 0 0 0 2 1 1 96 4
D6U6 1.19 1 97 0 0 0 1 1 0 98 2
D6U7 1.24 2 93 0 0 0 2 2 1 95 5
D6US8 1.24 2 89 0 0 1 3 4 1 91 9
D6U9 1.18 4 90 0 0 0 1 5 0 94 6
D6U10 1.23 9 90 0 0 0 0 1 0 99 1
D6L6 1.21 34 56 8 0 0 2 0 0 98 2
D6L5 1.23 0 58 1 11 0 14 11 5 70 30
D6L4 1.19 0 36 35 0 0 11 10 8 71 29
D6L3 1.26 7 85 0 2 0 3 1 2 94 6
D6L2 117 5 64 0 30 0 1 0 0 99 1

4.4. Low-pressure COy adsorption Sample D6L2 shows the lowest CO5 uptake, which contradicts its high

N, adsorption capacity (see Table 3).
Fig. 6 displays the CO, adsorption isotherms recorded at 273 K and
up to ~0.1 MPa for the coal samples. All samples exhibit comparable
adsorption behavior, with COy uptake rising as pressure increases.



M. Safaei-Farouji et al.

6_

[6)]
I

N
1

Volume @ STP (cm3/g)
N w

-
L

D6U1

Volume @ STP (cm3/g)

Volume @ STP (cm3/g)

0.4 0.6 0.8

Relative Pressure (P/P0)

D6L6

1.0

Volume @ STP (cmd/g)

Volume @ STP (cm3/g)

0.4 0.6 0.8

Relative Pressure (P/P0)

D6L2

1.0

0.2 0.4 0.6 0.8

Relative Pressure (P/P0)

1.0

Journal of CO2 Utilization 101 (2025) 103204

4 - D6U5S

0 T T .
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P0)

31 D6L3

0 T . .
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P0)

—=—Adsorption
o Desorption

Fig. 5. N, adsorption and desorption isotherms of the coal samples recorded at 77 K.

Table 3
Parameters obtained by LP N, (77 K) and CO, (273 K) adsorption measurements.
Sample  BET-SSA (m?%/ BJH SPV (cm®/ Equivalent pore diameter Maximum adsorbed Ny Maximum adsorbed CO, Maximum CO, uptake (mmol/
g) g) (nm) volume volume 2)
(em®/g @STP) (ecm®/g @STP)
D6U1 2.88 0.008 7.99 5.44 11.01 0.49
D6US 1.73 0.005 7.41 3.37 11.90 0.53
D6L6 1.40 0.004 7.13 2.70 12.30 0.55
D6L3 1.33 0.004 7.66 2.80 12.48 0.56
D6L2 7.55 0.028 9.76 18.94 9.64 0.43

BET-SSA: BET-specific surface area; BJH-SPV: Barrett-Joyner-Halenda-specific pore volume.
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Fig. 6. CO, adsorption isotherms of the coal samples recorded at 273 K.

4.5. High-pressure CO2 and CH4 sorption

Figs. 7 and 8 present the CO2 and CHy4 sorption isotherms for all
samples, respectively. The results indicate maximum excess sorption
capacities for CO, ranging from 0.98 mmol/g to 1.25 mmol/g, and for
CH4 from 0.58 mmol/g to 0.74 mmol/g. Maximum excess sorption ca-
pacities decrease in the order of D6U1 > D6L6 > D6U5 > D6L3 > D6L2
for CO,, and D6L6 > D6L3 > D6U1 > D6US5 > D6L2 for CHy. All sam-
ples exhibit similar isotherm shapes, with maxima at approximately
6-8 MPa for CO,, followed by a strong reduction, and at 15 MPa for CHy,
followed by a slight reduction. The fitted parameters for all isotherms
are listed in Table 4. nL and pL values for CO, range between 1.37 and
3.12 mmol/g and 1.10 and 5.38 MPa, respectively. The values for CHy4
range from 0.96 to 1.29 mmol/g and 3.74-4.71 MPa, respectively.

A reduction in excess sorption for both CO; and CH4 indicates that
the densities of the volumetrically stored (free gas in the pore space) and
sorptively stored (adsorbed) gas fractions are converging. When these
densities become equal, the excess sorption approaches zero, as there is
no longer a difference between the amount of gas stored by sorption and
by simple pore filling. For CO2, the pronounced decrease in excess
sorption observed between 6 and 8 MPa pore pressure at 45°C is
attributed to its transition into the supercritical phase. Above the critical
temperature of 31.1°C and critical pressure of 7.38 MPa, CO5 becomes
supercritical, leading to a significant increase in its density. As a result,
the density of the free (volumetrically stored) CO; in the pores ap-
proaches that of the adsorbed phase, causing the measured excess
sorption to decrease sharply in this pressure range.

4.6. Free, adsorbed, and total CH4 and CO; storage capacities

The skeletal (ps) and bulk (pp) density values and the corresponding
porosity (¢) and specific pore volume (SPV) values are presented in
Table 5. Samples D6U1 and D6L2 have a significantly higher porosity
compared to the remaining samples.

Free, adsorbed, and total CH4 and CO, storage capacities are shown
in Fig. 9. The storage capacities were calculated based on the assumption
of typical pressure (hydrostatic pressure; 10 MPa km™') and tempera-
ture (30 °C km™!) gradients in sedimentary basins. Adsorbed gas storage
capacities were calculated using fitting parameters from the 3-param-
eter Langmuir fit (Table 4), and free gas storage capacities were calcu-
lated based on SPV values and gas density (Table 5). Finally, total gas
storage capacities were obtained by summing up the free and adsorbed
gas storage capacities. It should be noted that the effect of temperature
on excess sorption capacity, as well as the effect of stress on both
adsorptive and free gas storage capacities (e.g., [35]), were neglected.

Journal of CO2 Utilization 101 (2025) 103204

5. Discussion
5.1. General coal characteristics

5.1.1. Coal rank

Vitrinite reflectance (1.22 %Rr) classifies the investigated D6 coals
as medium-volatile bituminous in rank, which is in good agreement with
the measured T« values (average 466 °C). Sykes and Snowdon [73]
suggested a series of plots based on Rock-Eval parameters to estimate the
source potential and maturity of coals. The position of the D6 coals in
these diagrams emphasizes the high rank beyond the threshold of the
onset of gas generation (Fig. 10).

5.1.2. Depositional environment

A detailed reconstruction of the depositional environment of the D6
seam is beyond the scope of the present work and is also hindered by its
high rank. Nevertheless, ash yield and sulfur content of the D6 coal as
well as maceral contents can be used as depositional environment
indicators.

Ash yields and sulfur contents are considerably higher in low-lying
(rheotrophic) mires than in (ombrotrophic) raised mires (e.g., [30,61,
24,31]). This is because raised mires develop above the regional
(ground) water level and are protected from flooding by surface water
due to their positive relief. These ecosystems rely solely on precipitation,
which is deficient in sulfate and nutrients [14]. Humic acids exhibit poor
dilution, resulting in raised mires being highly acidic, which inhibits
bacterial activity. Raised-mire peat is thus characterized by very low
levels of ash and sulfur, with well-preserved plant litter [12,16].
Furthermore, low-ash and low-sulfur coals may develop in freshwater
low-lying mires in cases of limited detrital input [18]. In contrast, any
brackish/marine influence will result in the formation of high-sulfur
coal (>2 wt%).

Ash yields in coals derived from raised mires are typically below
4-6 wt% [31]. In the D6 seam, a limited number of coal samples exhibit
ash yields below 6 wt% (Table 1), while most samples show higher
values. This suggests deposition in a low-lying mire, although transitions
to a raised mire cannot be excluded. Flooding events in the lower part of
the seam increased ash yields significantly. The uniform and relatively
low ash yield in the upper part of the seam reflects minor detrital input.
A brackish/marine influence can be excluded based on the very low
sulfur contents (<0.6 %) (Table 1).

High inertinite (e.g., fusinite) contents are indicative of subaerial
oxidation and may be used as a proxy for dryness (e.g., [74]). Zieger and
Littke [50] described the evolution of Carboniferous coal seams in the
Ruhr Basin using the A/I ratio (=ash yield/[ash yield + fusinite]), where
high and low values are characteristic for wet and dry conditions,
respectively. The A/I trend for the D6 seam (Fig. 4) indicates a cyclic
pattern with a general trend towards drier conditions during deposition
of the upper part of the seam.

5.2. Low-pressure gas adsorption

5.2.1. Isotherm characteristics

There is a hysteresis loop between the N3 adsorption and desorption
isotherms of the coal samples at P/P, values ranging from 0.45 to 1.0
(Fig. 5). This phenomenon indicates a delayed condensation of Ny in
mesopores (pore sizes between 2-50 nm), highlighting that capillary
condensation and reverse evaporation of N» are distinct processes
occurring at different relative pressures [56]. The lack of a final satu-
ration plateau is attributed to condensation in macropores (pore sizes >
50 nm) and/or adsorption onto external surfaces in the samples, which
facilitate unrestricted multilayer adsorption [33]. In general, the coals
are categorized as mesoporous-to-macroporous [75] and the observed
hysteresis loops are classified as Type H3 according to the IUPAC
scheme. Such loops can arise from non-rigid clusters of plate-like par-
ticles, as well as from pore networks containing macropores that are not
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Fig. 7. Experimental HP CO, sorption data (recorded at 318 K) and the corresponding 3-parameter Langmuir fit of the samples.

entirely filled by pore condensate [75]. The lower limit of the desorption
branch is generally observed at the cavitation-induced P/Pg value of
approximately 0.45 for this type [75].

5.2.2. Impact of ash yield and TOC on low-pressure adsorption capacity
There are strong positive correlations between ash yield, adsorbed
N, volumes and BET-SSA (Fig. 11a). This indicates that the mineral
matter in the coals (e.g., clay minerals) is the main contributor to the
internal surface area [46]. Previous studies indicated that mineral
matter predominantly contributes to mesopores and macropores, while
it can block micropores [46]. Considering that for the studied coals, a
strong negative correlation between BET-SSA and CO; adsorption ca-
pacity (Fig. 11d) is observed, the decreasing proportion of available

micropores may be related to the increasing ash yield causing micropore
blockage.

Following the obvious negative correlation between ash yield and
TOC content, BET-SSA and the resulting adsorbed N2 volumes exhibit
strong negative correlations with TOC (Fig. 11b). Instead, CO4 exhibits a
positive correlation (Fig. 11c) that is likely due to the comparably
greater availability of organic matter and possibly enhanced phys-
isorption/weak chemisorption processes associated with organic matter
functional groups. Thus, it can be deduced that the Ny adsorption ca-
pacity is greatly affected by the surface area of the inorganic component
of the coals, while the CO5 adsorption capacity depends on the abun-
dance and type of organic matter (Fig. 11d).

With respect to micropore quantification, it is important to note that
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Table 4 Table 5
Maximum excess sorption data and Langmuir parameters obtained for CO, and Parameters used for the estimation of total CO, storage capacity (up to 20 MPa
CHa. and 318 K).

Sample nEco2 nLcoz PLco2 nEcua4 nlcua PLcua Sample ps (g/cm®) pp (g/cm®) ] SPV (cm®/g)

D6U1 1.25 3.12 5.38 0.66 1.14 4.68 D6U1 1.43 1.22 0.15 0.12

D6US5 1.12 2.05 2.80 0.65 1.08 3.85 D6US 1.36 1.21 0.11 0.09

D6L6 1.15 1.94 2.25 0.74 1.29 4.71 D6L6 1.35 1.27 0.06 0.05

D6L3 1.06 1.37 1.10 0.71 1.18 4.00 D6L3 1.33 1.26 0.05 0.04

D6L2 0.98 1.37 1.40 0.58 0.96 3.74 D6L2 1.39 0.98 0.30 0.31

Average 1.37 1.19 0.13 0.12

nE: maximum excess sorption (mmol/g); nL: Langmuir capacity (mmol/g); pL:

Langmuir pressure (MPa). ps: skeletal density; pp: bulk density; ¢: porosity (1- pp/ps); SPV: specific pore

volume (¢/ pp)-

10
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the investigated coal samples do not indicate significant adsorbed vol-
umes of Ny at P/Py of ~0.01. Additionally, the statistical thickness (t-
plot) method was applied to the Ny adsorption data [69], resulting in
estimated micropore volume and surface area values as being zero.
However, literature reports high proportions of ultra-micropores
(<0.7 nm) in coals (e.g., [5]). Brouwer et al. [8] also suggested that
ultra-micropores can be accurately quantified solely through CO»
adsorption isotherms, while Ny adsorption is limited to measuring
“super-micropores” (0.7-2.0 nm) and may lead to an underestimation of
micropore volume. This has been attributed to the insufficient adsorp-
tion energy of N, molecules preventing their entry into ultra-micropores
at cryogenic temperatures (77 K) [5]. Therefore, it may be hypothesized
that ultra-micropores exist in the samples, which were undetectable by
N, data but contribute to CO; storage capacity. Nevertheless, as will be
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discussed in the following sections, the process of CO, sorption in the
studied coals is not fully reversible, most probably, due to enhanced
physisorption/weak chemisorption of CO, within coal. Thus, the
possible occurrence of ultra-micropores in the coals could be unrealistic
and related to artifacts.

Additionally, according to the high rank of the coal samples (mean %
Rr = 1.22), it can be assumed that bituminization has occurred in the
coals. Thus, blockage of the micropores in the samples by the generated
bitumen may be significant [51,77,83]. Another potential reason for the
absence of micropores in the studied coals may be the blockage of these
micropores by minerals [84]. This is indicated for the sample set studied
here by the negative correlation of LP-CO; adsorption capacity with ash
yield and consequently BET-SSA (Fig. 11c,d).

5.3. High-pressure CO2 and CHy4 sorption

5.3.1. Isotherm characteristics

Enhanced physisorption/weak chemisorption processes associated
with organic matter functional groups are likely responsible for the
significant CO; sorption capacity of the studied coals at low pressures
(Fig. 7).

The comparison of nL values for CO2 and CH4 (Table 4) shows a
greater affinity for CO,, as documented in the literature (e.g., [11,17,27,
86]). COy’s higher adsorption affinity is due to its larger molecular
weight, smaller kinetic diameter (0.33 nm vs. 0.38 nm for CHy), and its
linear configuration, which allows it to penetrate narrower pores [21,
36]. Additionally, CO2’s quadrupole moment and high electronegativity
result in a strong attractive force with the coal surface [57,9].

5.3.2. Impact of ash yield and TOC on HP adsorption capacity

Fig. 12a-c depicts the effect of ash yield, TOC, and BET-SSA on nL-
CH4 and nL-CO». For CHy, a higher TOC content substantially enhances
the adsorption capacity, while a higher ash yield notably decreases it
(Fig. 12a).

In contrast to observations from LP tests for subcritical COo, ash yield
and TOC do not significantly affect nL-CO (Fig. 12b). Additionally, no
obvious correlation between nL-CO, and BET-SSA is seen (Fig. 12c¢). This
may suggest that under HP conditions, supercritical CO» can be adsor-
bed in larger pores (e.g., mesopores), differing from its behavior in the
subcritical state (Fig. 12¢,d). Although some studies discuss a potential
interaction between supercritical CO2 and mineral matter including
carbonate and clay minerals [44,71,79,81], the low calcite equivalent
percentages (Table 1) and the minor sensitivity of adsorption capacity to
ash yield and BET-SSA (Fig. 12) suggest a negligible influence of mineral
matter composition on HP adsorption behavior. Another possible reason
for lack of the correlations between nL-CO5 and ash yield and TOC could
be the high sensitivity of CO; at critical point. This may act as a potential
source of error in the sorption values measured.

5.4. CO2 adsorption-desorption hysteresis

Recording CO, desorption isotherms for all samples at LP and for one
selected sample at HP conditions revealed a hysteresis between
adsorption and desorption pathways (Figs. 13,14). At LP conditions, the
adsorbed CO, molecules are completely desorbed at the end of the
desorption process. Thus, despite the existence of a hysteresis loop, the
process of CO; adsorption is fully reversible (Fig. 13).

CO, adsorption-desorption hysteresis has been observed in some
previous studies on coals (e.g., [15,62,65]), and various potential causes
including capillary condensation [13], presence of ink-bottle-shaped
pores [29], presence of volatile matter at pore throats [5], as well as
effects of residual moisture [32], have been suggested. However, the
most likely mechanism responsible for the creation of a hysteresis at LP
conditions are electrostatic interactions between the injected CO5 and
surface functional groups associated with the organic matter fraction in
coals. These interactions have been documented in previous studies [2,
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25,66] and it has been shown that the resulting electrostatic forces can
be stronger than van der Waals forces [52,55,67], enhancing the CO2
adsorption capacity. As van der Waals forces are the main controlling
factor for physisorption [55], it can be inferred that an enhancement
beyond pure physisorption (i.e., enhanced physisorption or weak
chemisorption) occurs during LP COz sorption, causing the
adsorption-desorption hysteresis.

In contrast to LP tests, the hysteresis between CO, adsorption and
desorption recorded at HP conditions (Fig. 14) indicates that HP
adsorption is partly irreversible. This means that even at very low
pressures in the final stage of desorption, some of the CO2 remains
trapped and cannot be fully desorbed. The establishment of hydrogen
bonds between supercritical CO2 and polar functional groups in organic
matter, subsequently leading to chemisorption [15,80], as well as matrix
swelling and shrinkage [78], could be the primary causes of the partial
irreversibility of CO2 HP sorption. This suggests that hydrogen bonding
only occurs under high-pressure conditions, where CO2 molecules are in
supercritical phase, and not at low-pressure conditions, where CO5
molecules are in subcritical phase.

It is worth noting that the observed hysteresis is generally advanta-
geous for storage purposes as it shows that the injected CO5 will remain
safely trapped even in case of a reservoir pressure decrease, e.g. caused
by tectonic uplift or changes in pore pressure due to other subsurface
operations.

5.5. CCS and CO2-ECBM potentials of the D6 seam

The CO,-ECBM potential and resulting CCS capacity of the D6 seam
in the Dolin Formation were calculated using Eqs. 7 to 9 and applying an
RF of 0.4 and a CF value of 0.1 as used by Hendriks et al. [34] and
Weniger et al. [81].
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The areal extent of the D6 seam applying an upper depth cut-off of
800 m is estimated as 40 km®. The average thickness of the seam is
assumed as 5.5 m according to available mining data. Laboratory mea-
surements yielded an average coal density of 1.37 t/m? . Based on these
parameters, the total mass of coal in the D6 seam is calculated at
301,400,000 (~ 300 million tons) and the corresponding coal volume at
220 million m®.

According to the average supercritical CH4 excess sorption capacity,
the mean gas content of the D6 coal seam is 0.65 mmol/g (14.66 m®/t).
However, significantly higher gas contents (~ 30-32 m®/t) have been
observed during coal exploitation at 600-900 m depth. The discrepancy
between the theoretical and the measured gas content may be in part to
free gas (e.g., in cleat systems) or to gas stored in the rocks above and
below the seam. Accepting a gas content of 30 m? /t, the initial gas in
place (IGIP) is estimated as 9042,000,000 m® (~ 9 billion m®). With an
RF of 0.4 and a CF of 0.1, the producible gas in place (PGIP), which
represents the CO2-ECBM potential of the D6 seam in the area, is
calculated at 361,680,000 m® (~ 360 million m?).

For the assessment of the resulting CCS potential by adsorption, the
exchange ratio (ER) between CO5 and CHy is important. The maximum
Langmuir (n;) CO5 and CH4 adsorption data from D6 samples (Table 4)
indicate a mean ER of 2.05. However, Liu et al. [54] showed that the
measurement of the exchange ratio of CO5 and CHy in coal based on pure
gas measurements leads to an underestimation of ER, as the effect of
competitive sorption is neglected. Using mixed-gas experiments, Liu
et al. [54] showed that the actual selectivity of CO, over CH4 adsorption
in coal is 1.5-2.5 times higher than the ratio determined based on a
comparison of measurements with pure gases. Based on these findings
and considering a conservative increase of 1.5 times, a modified ER
value of 3.07 is used in the present study.

To assess the CCS potential of the D6 seam, two approaches have
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Fig. 12. The impact of ash yield, TOC content, and BET-SSA on Langmuir CH4 and CO, sorption capacities.

been used. First, the average Langmuir sorption capacity below 800 m
(39.02 kg/t [Fig. 91; corresponding to 18.57 m%/t and 0.83 mmol/g),
corrected for the moisture content of the coal, was used to calculate the
adsorptive storage capacity. The moisture content of the D6 coal ranges
from 0.8 to 0.9 wt% (e.g., [68]). Considering the molar mass of HyO
(18.015 g/mol), the seam contains nearly 0.5 mmol HyO per gram of
coal. Busch and Gensterblum [10] suggested that in bituminous coal,
each water molecule displaces ~0.3 molecules of CO5. Consequently,
the moisture content reduces the CO, adsorption capacity by
0.15 mmol/g, from 0.83 to 0.68 mmol/g (15.24 m>/t). By adopting this
value in Eq. 7 (for GC) and Eq. 8 (for PGIP) and applying Eq. 9, the
adsorptive CCS potential is estimated at 1.1 Gt.

In the second approach, the total storage capacity below 800 m
(96.64 kg/t; 48.88 m?’/t, Fig. 9), including additional volume filling of
pores by free, supercritical CO,, was considered. Again, by adopting the
values in Eq. 7 (for GC) and Eq. 8 (for PGIP) and using Eq. 9, the total
CCS potential is estimated at 3.6 Gt.

It should be emphasized that the calculations in this study are based
on conservative estimates for the efficiency factors RF and CF. Even
though the calculations are simple static potential estimates, they show
that the storage capacity of the D6 seam is substantial and significantly
higher than the storage capacity calculated for depleted oil and gas
deposits in Kazakhstan (1.2 Gt; [3]). The determined total storage ca-
pacity of the D6 seam alone (3.6 Gt) would be sufficient to store the
annual CO, emissions in Kazakhstan (~255 mio. t in 2023; [28]) for 14
years. Similar storage capacities are expected for coal seams in the
Karaganda Formation. This shows that CCS in deeply buried coal seams
is a highly promising technique for decarbonization of hard-to-abate
industry and energy sectors in Kazakhstan.
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6. Conclusions

The Upper Carboniferous D6 seam, a major coal resource in the
Karaganda Basin, was characterized in detail with respect to bulk
geochemical and compositional parameters, as well as its rank. The main
study aim was then to assess its CCS and CO,-ECBM potential by LP and
HP gas adsorption tests. The most important findings regarding depo-
sitional environment, resource and storage potential are summarized
below:

e The D6 seam in the Lenin mine reached the medium-volatile bitu-

minous coal rank.

Variable, but locally relatively high ash yields together with very low

sulfur contents suggest deposition in a low-lying mire without a

brackish/marine influence. Upward increasing fusinite contents

suggest increasingly drier conditions during proceeding peat
accumulation.

e LP N, adsorption measurements classify the coals as mesoporous-to-
macroporous with BET-SSA and BJH-SPV ranging from 1.33 to
7.55 m?/g and 0.004-0.028 cm>/g, respectively.

e The average selectivity of CO3 over CH4 under HP conditions was
calculated at 2.05.

e At LP conditions, COy adsorption capacity increases with increasing

TOC content, but decreases with increasing mineral matter content

(ash yield). However, under HP conditions, the effect of TOC and ash

yield on CO, adsorption capacity is minor. In contrast, CH4 HP

adsorption increases considerably with increasing TOC content.

The observed hysteresis loop at LP conditions may result from elec-

trostatic interactions between the injected CO; and surface
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Fig. 13. CO, adsorption-desorption isotherms of the samples recorded at 273 K and up to 0.1 MPa.

functional groups in the organic matter fraction leading to an
enhanced physisorption.

e The observed hysteresis loop at HP conditions may result from CO»
chemisorption and coal matrix swelling and shrinkage. This behavior
is beneficial to storage safety as it suggests stable adsorption even in
case of a reservoir pressure reduction.

e The CBM potential of the D6 seam is estimated at 9 billion m® initial
gas in place and 360 million m® producible gas in place.

e The total CO, storage capacity during CO,-ECBM operations is esti-
mated at 3.6 Gt.
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Using the D6 seam as an example, this study shows that coal seams in
the Karaganda Basin have very high CO,-ECBM and CCS potential. Ac-
cording to the theoretical total storage capacity estimation, the D6 seam
alone has the potential to sequester Kazakhstan’s current annual CO»
emissions for 14 years. Detailed reservoir development simulations need
to confirm if this storage resource can be tapped by the hard-to-abate
industry emitters in the region.
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