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Abstract: Coal bed methane (CBM) extraction has astounding effects on the global energy budget.
Since the earliest discoveries of CBM, this natural gas form has witnessed ever-increasing demands
from the core sectors of the economy. CBM is an unconventional source of energy occurring naturally
within coal beds. The multiphase CBM generation during coal evolution commences with microbial
diagenesis of the sedimentary organic matter during peatification, followed by early to mature
thermogenic kerogen decomposition and post-coalification occurrences. Indeed, the origin of the
CBM and, moreover, its economically valuable retention within coal seams is a function of various
parameters. Several noticeable knowledge gaps include the controls of coal make-up and its physico-
chemical position on the CBM generation and genetic link through fossil molecular and stable isotopic
integration with the parent coal during its evolution. Therefore, this manuscript reviews the origin
of CBM,; the influences of coal properties and micropetrographic entities on CBM generation and
storage; and its genetic molecular and stable isotope compositions in India and the world’s major
coal reservoirs. Moreover, analyses of and outlooks on future development trends in the exploration,
production, and application of coalbed methane are also addressed. Finally, as India has the fifth
largest proven coal reserves, this brief review of the recent CBM discoveries and developments
provides a plausible scope for microbially enhanced CBM production from these basins.

Keywords: methanogenesis; microbially enhanced—coalbed methane; compound specific stable
isotope; petrographic evidence; molecular signals; gas mixing; Indian coal resource plays

1. Introduction

Coal is made up of elements in their purest form, with carbon being the dominant
element. Carbon naturally combines with other elements to form products of economic
significance. Among these products, coal bed methane (CBM) has drawn tremendous
attention in the energy market as a clean energy resource because it produces fewer green-
house gases than other conventional sources [1]. Coal bed methane (CHy) occurs naturally
within coal beds and is usually trapped within the coal matrix due to adsorption. Coal
acts as both a source and a reservoir for methane; therefore, it is considered a storehouse
for CBM. This clean energy resource has been given more importance than ever due to
its benevolent properties. Moreover, the current levels of CO, emission are at a record
high due to the consumption of conventional fossil fuels. Therefore, nodal agencies such
as the Intergovernmental Panel on Climate Change (IPCC) are on alert and recommend
alleviating the dependence on these resources. Scientists are also more vocal than ever
about carbon dioxide sequestration to mitigate the augmented anthropogenic global warm-
ing [2]. Keeping this in view, many countries are stepping up to choose alternate energy
resources such as green hydrogen, shale gas, and coal bed methane. Evidently, India, too,
has commercialized its CBM resources and explored the CBM recovery potential of its coal
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resources. At present, commercial production of coal bed methane in India has reached
about 2% of the domestic natural gas production to fulfill the energy demand.

Indian coal deposits are diversified in terms of depth of occurrence [3,4]. The majority
of coal deposits seated up to 600 m depth are mineable, whereas coal seams beyond that
depth are uneconomical with current technologies [4]. Although numerous technologies
are being used to beneficiate those deep-seated coal deposits, their economic viability is
debatable. The coal gasification technique converts coal into syngas; however, it requires
higher temperatures and pressure regimes that are deemed to be non-viable for commer-
cialized use [5]. Moreover, other factors, such as controls on the gas supply and gas quality,
solvent recyclability, solvent leakage into water bodies, and high catalyst cost preclude its
economic execution [6]. In addition, the conversion of coal to synthetic fuel (liquefaction) is
another aspect of coal beneficiation; its commercial production is parochial, mainly because
it attracts higher costs in coal-to-oil processing. In fact, the efficiency and overall yield of
these conversion techniques in the Indian coal scenario seem apocryphal due to the higher
ash yield in these coals. However, these deep-seated coal beds can be subjected to CO,
sequestration for enhanced CBM recovery [7].

The widespread occurrence of coal in the Indian subcontinent accounts for approxi-
mately a 13% share of the global coal reserves [8]. India holds the fifth position in terms of
the largest coal reserves and is ranked second in total coal production [8]. However, the
mining and extraction of coal invite several economic and environmental consequences.
Therefore, it is imperative to explore alternative strategies to utilize the coal deposits with
a safeguard for the environment. The reasonably large amount of coal deposits in India
gives leverage for CBM recovery. India currently possesses 2600 billion cubic meters (BCM)
of total CBM reserves, and CBM has been produced commercially since 2007 [1,9-12].
According to the Directorate General of Hydrocarbons [13], CBM resources in the Indian
Coal Basin are identified as having an area of 26,000 km? and ~91.8 TCF (trillion cubic feet).
CBM is reported to be present in this areal extent. Among other states, Jharkhand has the
largest estimated CBM resource, at 25.5 TCE. The average CBM production in the financial
year of 20202021 stood at 1.76 MMSCMD (million metric standard cubic meters per day)
from 4 CBM blocks [13], while the annual production reached 642 MMSCM (million metric
standard cubic meters). Further, cumulative CBM production up to 2024-2025 is estimated
to reach 8 BCM (billion cubic meters). As per the recent study, CBM is being produced from
only four blocks, namely, the Jharia block in Jharkhand by Oil and Natural Gas Corporation
(ONGC), Raniganj East in West Bengal by Essar Oil Ltd., Raniganj South in West Bengal by
Great Eastern Energy Corporation, and Sohagpur West in Madhya Pradesh by the Reliance
Industries Limited (RIL) at the commercial scale [13].

Since the earliest discoveries of CBM, it has been held as a promising alternative energy
source around the globe. Moreover, the depletion of conventional fossil fuel resources is
pushing economies to adopt unconventional energy sources. Therefore, nations are now
recognizing the importance of unconventional forms of energy, such as coal bed methane.
As the world enters the golden age of gas, India, too, has stepped up to explore alternative
energy sources. Therefore, this review comprehensively assesses. Therefore, this review
comprehensively assesses CBM prospect of Indian coal resources. A brief background is
illustrated on the originating pathways of the CBM and its storage in coal beds. Further,
the influences of different coal properties on the CBM generation and storage mechanism
are highlighted. The gas molecular ratio and evidence of a compound-specific stable
isotope are additionally illustrated for the purpose of elucidating the origin and genetic
types of CBM from its parent coal. This thorough review concludes with an overview of
the potential of CBM in Indian coal basins and a note on microbially enhanced coal bed
methane (ME-CBM) recovery.

2. Origin of Methane in Coal Beds

The origin of coal bed methane (CBM) can be distinguished broadly into (a) primary
microbial (PM), (b) thermogenic (T), and (c) mixed sources [14-20]. Meanwhile, microbial
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methane is present primarily in low-rank coals, while high-rank coals often comprise sec-
ondary late mature microbial gas [15,19-25]. Thermogenic gas can also be divided into
early mature thermogenic gas (EMT) and late mature thermogenic gas (LMT) [22] based
on its mode of origin. The origin of CBM can be evidenced by (a) the gas molecular ratio
(methane/(ethane + propane): CHy/(CoHg + C3Hg)); (b) the stable carbon and deuterium
isotopes of methane (613C—CH, and §D-CH,); (c) the stable carbon isotope of carbon dioxide
(813C—CO»); (d) the stable deuterium and oxygen isotopes of coal seam water (6D-H,O
and §'80- H,0); (e) the stable carbon isotopic discrimination factor (xco2— cpa); and (f) the
carbon isotopic difference between CO, and CHy (ABCcop_t), [15-17,20,22,24,26-29].

3. Coal Make-Up Controls the Storage of Methane in Coal Beds

Methane generated from the microbial diagenesis and/or thermogenic degradation
of organic components is accommodated as (a) sorbed gas on macerals and mineral sur-
faces; (b) free gas in pores and fractures; and (c) dissolved gas in bitumen, water, and
kerogen. In unconventional reservoirs, pores can be classified into four types, i.e., (a) ultra-
micropores (<0.8 nm), (b) micropores (<2 nm), (c) mesopores (2-50 nm), and (d) macropores
(>50 nm) [30,31], and these types are present in variable abundances in coal beds. The
various sorption mechanism is a function of the pore size distribution in coal. Ultra-
micropores and micropores, primarily, get saturated with methane to their full extent in
coal beds [30,32,33]. On the other hand, in the mesopores and macropores, only surface wall
adsorption, which acts as a methane transport conduit in coal, dominates [30,34]. The types
and abundances of macerals and mineral matter; the degree of organic metamorphism;
thermal alternations, etc., control the adsorption of the gas on the micropores [35-38]. The
pore size distribution and the surface area of pores directly influence the CBM sorption
mechanism [30,34]. The ratio of free gas to adsorbed gas alleviates with the decrease in the
pore size [39]. Chalmers et al. [40] suggested that interconnection among the pores and
fractures governs the matrix permeability of methane. Methane is transported through
diffusion in the micropores [41], while in the nanopore networks, the methane flow is
controlled by pore wall-molecule interactions, molecule-molecule interactions, and dif-
fusion [38,42]. The maceral content and total organic carbon (TOC) content in coals also
influence the adsorption of methane on micropores [10,43-45]. With the advent of coal rank,
hydrocarbon production from the thermal degradation of organic matter forms the organic
intraparticle pores [35,46]. The formation of these intraparticle micropores enhances the
gas adsorption capacity of the high-rank coals [35]. The maceral abundances also have
profound influences on CBM generation and adsorption. The vitrinite macerals comprise
more micropores than the inertinite; hence, they are suitable sites for CBM adsorption.
Additionally, large concentrations of lignocellulosic vitrinite grains may lead to a higher
amount of methane generation through the demethylation of functional groups. Addition-
ally, a large number of macropores can be observed at the low volatile bituminous rank,
although they decrease with the increase in micropores with thermal maturation [38]. In
high-rank coals, thermal cracking of kerogen produces methane and unplugs the pores that
can adsorb the generated methane, which leads to higher gas content in these high-rank
coals compared to the low-rank [47].

Further, in an attempt to derive the gas diffusion equations in coal, Gawor et al. [48]
introduced the term “accumulation kinetics” to understand the temporal kinetics of the
gas molecule transportation in sorption processes. They suggested that the amount of
gas sorption and, consequently, the gas transport in coal depends on the pore size dis-
tribution. According to them, the gas transfer phenomenon within the porous matrix of
coal takes place as a seepage process occurring within the mesopores and macropores.
This occurs due to the pressure gradient and diffusion process prevailing in the ultra-
micropores and micropores because of the concentration gradient [49]. However, they
emphasized that diffusion is the predominant transport process within coals, owing to
their ultra-microporous characteristics, as coal contains a dominant pore distribution of
<1 nm, leading to abundant empty spaces [30]. Additionally, Norbert et al. [50], in the study
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of coal sorption analyses around gas outburst zones, upheld the idea that the diffusion
process is the dominant factor in the coal gas transport mechanism. Moreover, in methane
emission studies, Wierzbicki et al. [51] asserted that the diffusion model is the governing
aspect of methane emission from coal. In a nutshell, the diffusion process is a crucial gas
transport mechanism in the porous matrix of coal, especially that of micropores, among
other discussed transport means.

Further, the coal rank has promising effects on CBM storage. Lignite is a heterogeneous
mixture of plant remains with abundant moisture and volatile contents. These large
amounts of moisture and volatile contents remain sorbed in the pore spaces. However,
as rank increases, the lignites undergo dehydration due to overburdening pressure and
a geothermal gradient, resulting in a loss of moisture and, to some extent, the volatile
contents from the porous structure of the coal. At this stage, primary microbial methane is
accommodated in those pores. Furthermore, increasing the rank toward the subbituminous
stage elevates the storage capacity for secondary biogenic methane.

4. Methanogenesis
4.1. Microbial Methanogenesis: An Overview

Microbial methanogenesis is the ultimate phase of organic matter biodegradation,
which yields methane and carbon dioxide [18]. The microbial decomposition of organic
matter involves geopolymer conversion to low-molecular-weight hydrocarbons (Cpyw)
within the coal beds. Microbially mediated transformations of the Cypw compounds yield
methane precursors, i.e., methanol, formate, H, acetate, carbon monoxide, etc. [25,52]. The
obligate anaerobes, such as methanogenic archaea, facilitate the final stage of biodegrada-
tion and yield methane. Carbon dioxide is a subsidiary product of microbial methanogene-
sis that is required by the electron balance of the Cyyw compounds [18,22]. The methane
precursor compounds donate an electron to the methanogenic archaea in a syntrophic asso-
ciation in the final stage of biodegradation. However, direct electron transfer from microbes
to methanogens may also occur without requiring the intermediary H; precursor [53,54].
Methanogens, including Methanospirillum, Methanococcus, and Methanobacterium, can utilize
the H; and CO; precursors, whereas only Methanosaeta and Methanosarcina archaea can
utilize the acetate. Methanosarcina utilizes either acetate or CO, + H; [52]. Assessments
based on the DNA of the microbial communities suggest that their archaeal diversity
is less than that of the bacteria in unconventional reservoirs [32,55,56]. Proteobacteria,
Bacteroidetesm, Firmicutes, and Actinobacteria are abundant in coal beds [56-60], and
are capable of metabolizing and decomposing kerogen and hydrocarbons. Meanwhile,
Methanobacteriales, Methanomicrobiales, and Methanosarcinales reflect the archaeal diversity in
CBM basins [61,62].

4.2. Pathways of Primary Microbial Methanogenesis

Methanogenic archaea proliferate in oxygen-poor anoxic redox conditions. In addition,
thermogenic constraints influence microbial methanogenesis. Competitive substrates, such
as formate, acetate, and Hj [20], are scavenged by heterotrophic microbes that intercede
in the iron, nitrate, and sulfate reduction pathways. These non-methanogenic pathways
produce more free energy per mole of the substrate than the methanogenic route [18]. Mi-
crobial methanogenesis takes place primarily through two ways in water free of alternative
electron acceptors (such as sulfate): (a) the hydrogenotrophic or CO,-reduction pathway
(Equation (1)), which involves Hj as an electron donor and CO, as an electron acceptor;
and (b) acetate fermentation, or the acetoclastic route (Equation (2)), which is characterized
by the reduction of a methyl group to methane and the oxidation of a carboxylic group to
carbon dioxide [15,18,29,52,63].

C02 + 4H2 = CH4 + 2H20 (1)

CH3COOH = CH, + CO, @)
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The hydrogenotrophic and acetoclastic methanogenesis involve terminal enzymatic
activities, and these pathways engage the methyl-coenzyme M reductase. Meanwhile,
during hydrogenotrophic methanogenesis, primary activation and transfer of the C1 unit
from the substrate uses the methanofuran coenzyme [52]. Further, in the acetoclastic
pathway, methane production from acetate is activated by acetyl-coenzyme A. Subsequent
enzymatic procedures form methyl-coenzyme M, which is further reduced to methane.
The presence of transition metals, such as cobalt and nickel, also influences the enzymatic
activities during methanogenesis [64,65]. These two transition metals are present as trace
elements in coal beds, and, thus, may have a considerable effect on CBM production. Both
of these methanogenic pathways are exogenic and yield free energy, and the gain in free
energy is used to synthesize adenosine triphosphate (ATP). Oremland et al. [66] reported
that the free energy yield during hydrogenotrophic methanogenesis (—135 kJ mol~1) is
much higher compared to acetoclastic methanogenesis (—31 k] mol~!). This free energy
gain during hydrogenotrophic methanogenesis is sufficient to synthesize at least one
molecule of ATP. The terminal enzymatic activities involving the methyl-coenzyme M
reductase help to conserve energy. These enzymatic activities are crucial for preserving the
methanogenic society, and also favor energetically efficient metabolisms in energetically
inadequate environments [52].

Methanogenesis using methylamines and methanol by Methanolobus has also been
reported in addition to the acetoclastic and hydrogenotrophic pathways. Demethoxylation
produces ranges of methylated compounds, which can be utilized as non-competitive
substrates [25,55,67,68]. Meanwhile, in the presence of microbially-reducible iron oxides
or sulfates, methylated substrates are used by methylotrophs when bacteria surpass the
methanogens in utilizing the competitive substrates. Sulfate abundance may adversely
affect methanogenesis by restricting the methanogens from utilizing the competitive sub-
strates. In the presence of sulfur, sulfate-reducing microbes efficiently scavenge the acetate,
making hydrogenotrophic methanogenesis the dominant pathway in marine sediments. On
the other hand, acetoclastic methanogenesis is dominant in freshwater sediments that lack
sulfur [20,29,52,69]. A lack of sulfate-reducing microbes promotes the formation of short-
chain-length volatile fatty acids and acetate, which offer a proper substrate for acetoclastic
methanogenesis in a freshwater environment [19,20]. In addition, the methylotrophic path-
way is also considered to be dominant in marine sediment due to the abundance of sulfate
in seawater [70,71]. Furthermore, salinity and temperature control the growth, proliferation,
and extent of biodegradation of organic matter. Methanogenic activities are hindered at
temperatures > ~80 °C [72]. Further, freshwater recharge can induce methanogenesis in coal
beds [23,73-75]. Salinity may also influence the archaea, as the energy needed to remove
salts from bacterial cells alleviates the methanogenic potential [18]. Hydrogenotrophic
methanogenesis can tolerate higher salinity, while acetate precursor is scavenged at lower
salinity conditions by methanogens [76,77]. Meanwhile, methylotrophic methanogenesis
that utilizes a methylated substrate persists at a greater level of salinity than acetoclastic
and even hydrogenotrophic methanogenesis [78]. Moreover, it is also observed that hy-
drogenotrophic methanogenesis tolerates more salt compared to the acetoclastic pathway at
low temperatures (<30 °C), while at 60 °C, both methanogenic routes become less tolerant
to salt [72].

4.3. Secondary Microbial Methanogenesis

Secondary microbial gases may occur in the medium- to high-rank coals and may
alter the primary thermogenic methane isotopic fingerprints if mixing occurs [15,24]. The
secondary microbial methanogenesis may occur either by the hydrogenotrophic or aceto-
clastic pathway. Weathering of coal seams, atmospheric exposure, and mixing between
meteoric water and coal bed formation water may introduce microbes into the coal beds,
which metabolize residual kerogen and have previously produced wet gases to generate
methane. In hydrogen-rich coals or petroliferous coal reservoirs, the biodegradation of
liquid hydrocarbons may also generate secondary microbial gases. The carbon dioxide
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formed along with these gases shows !3C enrichment and is, thus, isotopically heavier
than primary microbial gases [79]. Low-rank coals often possess higher gas content than
high-rank coals, which may further indicate a plausible influence of secondary microbial
methanogenesis. The microbial communities introduced into coal beds through the afore-
mentioned pathways may utilize the hydrocarbons and residual labile kerogen to yield
methane. If this secondary microbial methane is present in considerable abundance, it may
re—saturate the coal to adsorption isotherm [80]. The stable isotopic differences between
the primary and secondary microbial methane (discussed in the following sections) were
documented by Milkov and Etiope [81] in their proposed gas genetic diagrams.

5. Thermogenic Methanogenesis

Thermogenic methanogenesis involves the thermal breakdown of kerogen during
coalification, which yields variable abundances of methane, ethane, propane, butane, pen-
tane, isobutane, isopentane, and carbon dioxide based on the coal rank. Thermogenic gas is
primarily divided into early mature thermogenic gas (EMT) and late mature thermogenic
gas (LMT). These two types of gases can be distinguished using the gas molecular ratio,
§13C-CH,, §D-CHy, and 5'3C-CO, compositions [81].

5.1. Early Mature Thermogenic Gas (EMT)

Early mature thermogenic gases are formed from the hydrogen-rich macerals in
lignite to a high volatile bituminous C rank [14,16,22]. The hydrogen-rich macerals, such as
liptinites and perhydrous vitrinites /huminites, often crack at the early stages of coalification
due to their high reactivity and lower thermal susceptibility, and produce substantial
concentrations of wet gases, such as ethane, propane, etc. [22,80]. Decarboxylation and
dehydration reactions associated with the cleavage of the heteroatomic bonds produce
large amounts of CO, and H;O.

5.2. Late Mature Thermogenic Gas (LMT)

Late mature thermogenic gases (LMT) are produced from medium- to high-rank
coals at elevated temperatures through the thermal degradation of kerogen. With the
advent of coal rank, the organic carbon becomes more aromatic in the residual organic
matter with the expulsion of low-molecular-weight hydrocarbons, such as methane, ethane,
etc., along with carbon dioxide and water [82]. Progressive coalification leads to the
disproportionation of the organic hydrogen pool due to the liberation of hydrogen-enriched
liquid and gaseous hydrocarbons during their peak expulsion phases. Consequently,
aromatization and aromatic ring condensation occur in the residual organic matter. The
peak phase of wet gas generation coincides with the boundary between bituminous C
and bituminous B ranks (mean random vitrinite reflectance (R;) = ~1.1%; Gao et al. [14]).
The wet gas generation is drastically alleviated at Ry > ~1.2%, with a concomitant increase
in methane generation (dry gas). At this rank, the residual aliphatic functionalities and
previously produced hydrocarbons with greater than two carbon atoms (C,.) thermally
crack to produce CHy. The production of CHy continues within the effective dry gas
window up to Ry = ~1.8% (bituminous A rank), but terminates at Ry = ~3.0% (dry gas floor;
anthracite C-B rank) when thermo-polycondensation leads to an inert coal microstructure.
The theoretical amounts of methane generation were estimated based on coal rank and
composition. Berner and Faber [83] theoretically quantified the methane generation from
coals using Equation (3):

CHy; =9.1 In R, +93.1 (©)]

AtR; > 0.7% (bituminous C rank), large amounts of methane are produced from coali-
fied organic matter, and the threshold of peak thermogenic methane generation coincides
with the boundary between the bituminous C and bituminous B ranks (R; = ~1.0%) [84].
The LMT gas originating at Ry > 1.2% is drier and contains lower quantities of CO, than the
EMT gas, as wet gases are prone to forming methane through thermal degradation [14].
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Thermogenic methane production and its storage in coal beds depend on the coal
rank, distribution, basin tectonics, structural geometry, depth of the coal beds, permeability,
intergranular porosity, maceral distributions, gas content, hydrology, and hydrodynam-
ics [85-87]. The thickness of coal beds and their geological extent are related to depositional
and structural settings, and substantially influence the methane distribution routes [86,88].
Furthermore, thermal stress from geothermal gradients and intrusive igneous bodies also
affects CBM production and storage [89,90]. Although the deep burial of coal beds is
ideal for the thermogenic cracking of kerogen, the unusual and high amplitude of heat
flow induced by the contact metamorphism of coal seams may also generate methane at
shallower depths [14,91]. Additionally, erosion of the overlying lithology and/or basin
upliftment may lead to migration and subsequent gas loss from coal beds, affecting the
bulk gas content. CBM production also depends on the capability of methane to be trans-
ported along cleats and other fractures of coal beds to the collection site. The in situ stress
directions in a productive basin strongly affect CBM exploration [85,88]. The abundance of
open cleats and fractures governs methane’s permeability in coal beds to the production
well. High permeability eases the transport of desorbed CBM, while extremely high per-
meability leads to augmented water production [14]. Furthermore, the gas content in coal
beds varies widely in different basins, and depends on reservoir’s characteristics and the
basin’s hydrogeological properties. Gas generated in coal beds is trapped primarily by the
hydrostatic pressure of formation water, which is pumped out from coal beds to alleviate
the water pressure and consequent desorption of methane. It also causes the expansion of
the free gas phase and builds a pressure gradient that triggers the flow of free gas to the
production well [14]. Hence, the hydrogeological properties of coal beds have a profound
effect on CBM storage and exploration.

6. Geochemical Proxies for CBM Investigations
6.1. Gas Molecular Ratio

The gases produced from coal beds usually comprise variable abundances of methane,
ethane, propane, and other components, such as carbon dioxide and nitrogen, depending
on the coal rank and other geological conditions. The composition of the CBM can be
inferred through the gas molecular ratio, which is determined by the ratio of methane (C;)
concentrations to the summed abundances of ethane (C;) and propane (C3) (C1/(Cy +C3)).
Often, gas dryness is estimated using the ratio of methane to the summation of methane
to pentane abundances (C; /(Cq + C + C3 +C4 +Cs5)). Hence, dry gas shows (C;/(C1 + Cp
+ C3 +C4 +Cs)) > 97%-98% [82], while (C1/(Cy +C3)) > 50% [26,92]. Meanwhile, the gas
wetness is estimated by the ratio of the summed concentrations of ethane to propane to
the summation of methane to propane ((Cz + C3+ C4 +C5)/(Cy + Cp + C3 +C4 +Cs)) [93].
Moreover, the gas molecular ratio (C;/(Cy + C3)) is often integrated with the §13C-CH,
values to determine the gas dryness and distinguish between microbial and thermogenic
gases [25,94,95]. A (C1/(Cy + C3)) < 100 indicates thermogenic wet gas, while (C; /(Cy + C3))
> 1000 signifies dry microbial gas [15,19,23-25,94-99]. Often, mixing between microbial
and thermogenic gases may result in intermediate values of this ratio [22]. The gas genetic
diagram constructed with the gas molecular ratio and 5'3C-CHy [81] may discriminate the
origin of the methane. This diagram suggests that the acetoclastic and hydrogenotrophic
primary microbial pathways and the secondary microbial methanogenesis yield dry gas
irrespective of different carbon isotopic signatures. Further, LMT gas is drier than the EMT
variety produced by the early breakdown of hydrogen-rich macerals in coals. The gas
molecular ratio varies vertically and laterally in coal basins. This ratio is often observed to
lessen with the depth of the coal basin, as thermogenic wet gas is generated at a greater
depth [86]. In addition, in shallower coal beds, secondary microbial methanogenesis
induced by meteoric recharge may alter the primary gas molecular ratio [15].

Wet gas production occurs through kerogen decomposition and/or solid/liquid bitu-
men degradation at the peak wet gas window, following catagenesis. While, in general, the
gas generation almost ceases around Ry = 3.0% (anthracite C-B rank), humic coals may pos-
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sess ~18% residual methane generation potential at R, > 6.0% (meta-anthracite) [100]. The
microbial pathways produce dry gas with occasional trace amounts of ethane-dominated
wet gas [66,101,102] at low temperatures (<80 °C) [103]. Meanwhile, the thermogenic wet
gas signature overprints the microbial wet gas fingerprints. Wet gas generation is controlled
by organic matter sources, thermal maturity [82], biodegradation [103,104], fractionation
during migration [105,106], and adsorption/desorption properties [86,107]. Thermogenic
CBM generally comprises 20% wet gas, which may occasionally rise up to 70% [86]. In coal
beds, wet gas is generated at intermediate maturity, while dry gas is produced at low and
high ranks. In addition, the coal composition affects the gas wetness. Coals comprising
hydrogen-rich macerals produce wet gas over a broader maturity range than coals consist-
ing of lignocellulosic type Il kerogen [15,86]. The peak thermogenic wet gas generation at
high coal ranks may be related to the liquid hydrocarbon retention and transition from oil
to wet gas cracking [15].

6.2. Stable Carbon Isotopic Fingerprints of Methane

The stable carbon isotopic composition of methane (§'3C-CHy) is a widely used
proxy to determine the origin of CBM. The formation of methane from source coals is
a classic example of a kinetic isotopic fraction, where the >C-rich, isotopically lighter
substrates are utilized at a higher rate than the 3C-rich, isotopically heavier varieties,
leading to much lighter isotopic compositions of the generated methane [27,29,108,109].
Thermogenic gas possesses 5'3C-CH, values lower than —50%0, while hydrogenotrophic
methanogenesis has §!3C~CHy values lighter than 60%. and the acetoclastic pathway is
characterized by d13C—CHy4 < —50%o [15,19,25,29,110,111]. Furthermore, a gas molecular
ratio < 100 with §'3C-CHy values > —50%o marks the thermogenic wet gas, while ((C;/(Cy
+ C3)) > 1000 with §'3C—CH, values < —50%. indicates microbial methanogenesis that
primarily produces dry gas. However, the boundary of the thermogenic gas field may often
vary depending on the influence of the coal rank on the carbon isotopic and gas molecular
compositions [19,74,99].

Meanwhile, intermediate §'3C~CH, values ranging from —50 to —60%. may imply
solid /liquid bitumen cracking, water stripping, mixing between primary thermogenic gas
and secondary microbial methane, as well as mixing of EMT gas and primary microbial
methane [19,22-24,98,112-115]. Often, progressive substrate depletion in a partially closed
system (often linked to the groundwater residence time) may alter the primary microbial
methane signature and unequivocally depict thermogenic gas characteristics [116]. Ghosh
et al. [24] found that post-mature secondary microbial methane had altered the isotopic
signatures of primary thermogenic gas, resulting in intermediate isotopic signatures of
the bituminous coal beds in the Raniganj Basin, India (Figure 1). Further, Dutta et al. [22]
modified Bernard’s plot by introducing a new field that accommodated the geochemical
signatures of methane originating from the primary microbial pathway and early mature
degradation of perhydrous organic matter in Eocene lignites (Figure 2a). They observed
that hydrogenotrophic methanogenesis yielded the primary microbial methane, which
was mixed with EMT gas showing intermediate 5!3C-CH, signatures between —57.20 and
—69.30%o (Figure 2b). Moreover, mixing trends between microbial and thermogenic gases,
as well as the integrated influence of methanogenic routes and coal rank on the carbon
isotopic and molecular compositions of CBM, was modeled by Strapo¢ et al. [25]. The
mixing lines in those models mark the relative concentrations of microbial and thermogenic
methane. Dutta et al. [22] also utilized this model to assess the extent of mixing between
the primary microbial and EMT gases (Figure 3).
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Figure 1. Whiticar-style plot constructed using the stable deuterium and carbon isotopic compositions
of methane, showing mixing between primary thermogenic gas and secondary microbial gas (after
Ghosh et al. [24]; reuse of this figure is permitted by Elsevier and Copyright Clearance Center; license
number: 5472060707164; dated 18 January 2023). Explanations: $13C—CH, = stable carbon isotopic
composition of methane; VPBD = Vienna Pee dee Belemnite; $D-CH, = stable deuterium isotopic
fingerprint of methane; VSMOW = Vienna Standard Mean Ocean Water.
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Figure 2. (a) Mixing between primary microbial and early mature thermogenic gases led to the
introduction of a new field (PM + EMT) in Bernard’s plot and (b) more detailed evidence of min-
gling between methane generated through hydrogenotrophic methanogenesis and early mature
thermogenic breakdown of perhydrous organic matter in Eocene lignites from India (after Dutta
et al. [22]; reuse of this figure is permitted by Elsevier and Copyright Clearance Center; license
number: 5472060428554; dated 18 January 2023). Explanations: BK-5 and BK-7 are the lignite wells
in the Eocene Tharad Formation of the Sanchor Sub-Basin, Gujarat, India; PM = primary microbial gas,
EMT = early mature thermogenic gas; LMT = late mature thermogenic gas, H = hydrogenotrophic
methanogenesis, A = acetoclastic methanogenesis; SM = secondary microbial gas, OA = oil-associated
gas; (C1/(C, +C3) = ratio of methane (C;) concentrations to the summed abundances of ethane (Cy)
and propane (C3); $13C-CHy, = stable carbon isotopic composition of methane.
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Figure 3. Mixing between microbial and thermogenic gases in Strapo¢’s model [25], evidenced in
the Eocene lignites of India (after Dutta et al. [22]; reuse of this figure is permitted by Elsevier and
Copyright Clearance Center; license number: 5472060428554; dated 18 January 2023). Explanations:
BK-5 and BK-7 are the lignite wells in the Eocene Tharad Formation of the Sanchor Sub-Basin,
Gujarat, India; (C; /(Cy +C3) = ratio of methane (Cq) concentrations to the summed abundances of
ethane (C;) and propane (Cs); 513C—CH, = stable carbon isotopic composition of methane.

6.3. Stable Deuterium Isotopic Composition of Methane

The deuterium isotopic fingerprint of CBM (8D-CHy) is estimated from the deuterium
isotope of coexisting coal bed formation water and methanogenic pathways [15,29,111]. The
§D-CHy collaborated with the §'*C-CH, values in the Whiticar-style plot to discriminate
between the CBM sources. In general, hydrogenotrophic methanogenesis is associated with
heavier $D-CHj, and lighter §13C—CHj, values than acetoclastic methanogenesis [29]. On the
other hand, thermogenic methane shows a broader range of §D-CH,4 values. This Whiticar-
style plot (Figure 1) also reflects any mixing between the thermogenic and microbial
gases [15,24]. Methanogens acquire a particular fraction of hydrogen from water to produce
methane. During hydrogenotrophic methanogenesis, all the hydrogen is scavenged from
the coexisting coal bed formation water, while a fraction of hydrogen is derived from
the water during acetoclastic methanogenesis. Further, [117] opined that the $D-CHy is
controlled by the enzyme-mediated incorporation of hydrogen from water, but not by the
precursor hydrogen present in the methyl group. This enzymatic process is active in both
hydrogenotrophic and acetoclastic methanogenesis. The relation between the deuterium
isotopic signatures of methane and coexisting coal bed formation water (8D-CH,4 and
dD-H;0) can be established using the following equation:

§D-CH,; =m x (8D-H,0) — p @)

The value of m is 0.25 for methylated substrate fermentation, and 1 for hydrogenotrophic
methanogenesis. The 3 value depends on the abstraction and transfer of hydrogen. The
deuterium isotopic fractionation during hydrogenotrophic methanogenesis shows consis-
tency around 160%o [15]; thus, the SD-CHy parameter in this methanogenic pathway is
related to the $D-H,O by the following equation:

5D-CH, = (5D-H,0) — 160%o (5)
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Thus, hydrogenotrophic methanogenesis, utilizing the coal bed formation water in
intermediate latitudes with §D-H,O ranging from —40 to —80%o., will yield methane with
dD-CHy values of —200 to —240%o (£10%o0), whereas utilizing high-latitude water with
dD-H,O lighter than —80%. will generate methane with mixed isotopic signatures.

On the other hand, 3 has no specific value for acetoclastic methanogenesis, but is
significantly greater than hydrogenotrophic methanogenesis [20]. Moreover, in fresh
water, enzyme-interceded hydrogen exchange between water and the methyl group during
acetoclastic methanogenesis may enhance the $D-CHj, values [118]. Hence, in a sulfate-
depleted freshwater environment, the $D-CHy and §D-H,O parameters are related by the
following equation [118]:

SD-CHy = 0.675 x (5D-H,0) — 284 (46) %o (6)

Hence, acetoclastic methanogenesis that utilizes coal bed formation water from inter-
mediate latitudes with $D-H,O ranging from —40 to —80%. will produce methane with
dD-CH4 values varying between —311 and —351%o.. On the other hand, utilizing high-
latitude, isotopically lighter water generates methane with §D-CHjy values in the area of the
bacterial fermentation field in the Whiticar-style plot. Thus, the Whiticar-style plot should
be cautiously applied while determining the microbial CBM origin when high-latitude
coal bed formation water is involved in the methanogenesis [15].

6.4. Carbon Dioxide Content and Its Stable Carbon Isotopic Signatures

Carbon dioxide (CO,) has variable abundance in microbial and thermogenic gases.
As it is an additional product of microbial methanogenesis, CO; is associated with dry
microbial gas. Carbon dioxide concentrations may reach >10 vol.% when associated with
dry gas production [80]. The bacterial communities that metabolize coal kerogen to produce
methane both generate and consume CO; [15], resulting in ambiguous abundances of CO,
in microbial gases. The CO, in coal bed gases may derive from coalification, early mature
thermogenic degradation of kerogen, thermal degradation of carbonates and organic sub-
strates, magmatic degassing, or atmosphere [15,22,119]. The origin of CO, in coal beds
can be inferred from the correlation between its abundance and stable carbon isotopic
(813C—CO,) compositions (Figure 4) [120]. Magmatic CO, shows §'3C-CO, ranging from
-3 to —10%o, with >10 vol.% abundance in coal beds. Gases with <10 vol.% of CO, exhibit
a wide range of §'3C-CO, values. Thermogenic CO, originating from organic matter’s
coalification shows an isotopically lighter signature, while methanogenesis produces iso-
topically heavier CO, (>-3%o). Additionally, a CO, abundance level of <10 vol.% with a
§13C-CO, range between -3 and —~10%. may derive from gas mixing or microbial influence
on thermogenic CO,. Further, the primary magmatic origin of CO; is often altered by
CO; derived from coalification and /or thermogenic sources [22]. Moreover, CO; derived
during coalification shows a '*C-COj signature varying from —20 to —10%. [15]. The type
of kerogen also influences CO, generation. The catagenesis and metagenesis of type III
kerogen in humic coals produce substantial amounts of CO,, while type I/1I kerogen in
sapropelic organic matter generates an insignificant amount of CO, [92].

The cross—pot between the 5'*C—CO, and §'3C-CHy can decipher the origin of
CBM [22,81]. Hydrogenotrophic methanogenesis yields lighter §!3C~CO, than the aceto-
clastic methanogenesis, while the secondary microbial gases exhibit positive §'*C-CO,
signatures heavier than the primary microbial methane. Further, EMT gases have a lighter
§13C~CO; signal compared to LMT gases. This plot (Figure 5) can also be used to document
the mixing between microbial and thermogenic gases [22,81]. The isotopic discrimination
factor acop_crs = (1000 + §'3C-CO,) /(1000 + §'3C-CHy), following Whiticar et al. [29]),
varies from 1.039 to 1.058 in the acetoclastic pathway and from 1.049 to 1.095 in hy-
drogenotrophic methanogenesis (Figure 6; Vinson et al. [18]). Methylotrophic methanogen-
esis that utilizes dimethyl sulfide, methanol, and trimethylamine substantially influences
substrate-to-methane fractionations compared to the acetoclastic pathway [27,109]. There-
fore, the methylotrophic pathway may overlap the acop-cpa values of the hydrogenotrophic
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methanogenesis [109]. Often, mixing between microbial and thermogenic gases may yield
xcop-cH4 values that overlap the signatures of both hydrogenotrophic and acetoclastic
methanogenesis [22].
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Figure 4. Abundance and stable carbon isotopic compositions of carbon dioxide, depicting its
multiple sources (after Dutta et al. [22]; reuse of this figure is permitted by the Elsevier and Copyright
Clearance Center; license number: 5472060428554; dated 18 January 2023). Explanations: BK-5 and
BK-7 are the lignite wells in the Eocene Tharad Formation of the Sanchor Sub-Basin, Gujarat, India;
§13C—-CO, = stable carbon isotopic composition of carbon dioxide; CO, = carbon dioxide.
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Figure 5. Mixing between primary microbial and EMT methane in Eocene lignite, evidenced by the
stable carbon isotopic fingerprints of methane and carbon dioxide (after Dutta et al. [22]; reuse of
this figure is permitted by Elsevier and Copyright Clearance Center; license number: 5472060428554;
dated 18 January 2023). Explanations: BK-5 and BK-7 are the lignite wells in the Eocene Tharad
Formation of the Sanchor Sub—Basin, Gujarat, India; PM = primary microbial gas, EMT = early mature
thermogenic gas; LMT = late mature thermogenic gas, H = hydrogenotrophic methanogenesis, A =
acetoclastic methanogenesis; SM = secondary microbial gas, OA = oil-associated gas; §'3C-CO, =
stable carbon isotopic composition of carbon dioxide; §'3C~CH, = stable carbon isotopic composition

of methane.
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Figure 6. Mixing between primary microbial and EMT methane in Eocene lignite, evidenced by
the carbon isotopic discriminant factor (after Dutta et al. [22]; reuse of this figure is permitted by
Elsevier and Copyright Clearance Center; license number: 5472060428554; dated 18 January 2023).
Explanations: BK-5 and BK-7 are the lignite wells in the Eocene Tharad Formation of the San-
chor Sub-Basin, Gujarat, India; 813C-CO, = stable carbon isotopic composition of carbon dioxide;
§13C—~CH, = stable carbon isotopic composition of methane.

In microbial methanogenesis, the covariance of the stable carbon isotopic compositions
of CO, and CHy4 occurs when methanogens utilize the hydrogenotrophic pathway [15].
Further, methanogens and methanotrophs produce and metabolize CO, and CHy4 dur-
ing microbial methanogenesis, and the methanogenic pathways control the stable carbon
isotopic fractionation [20]. Therefore, the stable carbon isotopic compositions of carbon
dioxide and methane (A¥Ccop_cps = 8°Ccop — 63Cepys) can be used to distinguish be-
tween the microbial methanogenic pathways. The A'¥Ccop_cpg values in hydrogenotrophic
methanogenesis range from 49 to >100%. (commonly 60 %0—80%o) [20,29,121], while in the
acetoclastic methanogenesis, this parameter varies from 40 to 55%. [20]. However, this
parameter is also influenced by the mixed origin of CH4 and CO; and alterations to their
primary signatures [22]. The cross-plot between the (C; /(C, + C3)) and A¥Ccop_cpg mod-
eled by Strapo¢ et al. [25] can also discriminate between microbial and thermogenic origins
of CBM, as well as the microbial methanogenic pathways. Evidence of such mixing between
the primary microbial gas originated through the hydrogenotrophic methanogenesis and
the EMT degradation of labile organic matter has been demonstrated by Dutta et al. [22] in
Eocene lignites (Figure 7).
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Figure 7. Mixing between microbial and thermogenic gases using the gas molecular ratio and
carbon isotopic difference between carbon dioxide and methane which was evidenced in the Eocene
lignites of India (after Dutta et al. [22]; reuse of this figure is permitted by Elsevier and Copyright
Clearance Center; license number: 5472060428554; dated 18 January 2023). Explanations: BK-5 and
BK-7 are the lignite wells in the Eocene Tharad Formation of the Sanchor Sub-Basin, Gujarat, India;
(C1/(Cy +C3) = ratio of methane (C7) concentrations to the summed abundances of ethane (C,) and
propane (Cz); ABCcop_cru = carbon isotopic difference between carbon dioxide and methane.

6.5. Stable Hydrogen and Oxygen Isotopes of Coal Bed Formation Water

The stable deuterium and oxygen isotopes (§D-H,O and §!80-H,0) of the coal bed
formation water or produced water from the CBM fields are equally important in charac-
terizing the CBM origin in coal basins. The §D-H,0 and §'®0-H,O values in the CBM
fields usually lie to the right of the global meteoric water line (GMWL) [15]. Meanwhile,
the stable isotopic compositions of the water produced from the highly productive CBM
wells plot above or left of the GMWL [17,114]. Intercalation of meteoric water with brines
or seawater, high-temperature fluid-rock interaction, evaporation, etc., shift the isotopic
compositions of the coal bed formation water to plot on the right side of the GMWL.
Contrastingly, coal bed formation water with §D-H,0O and §!80-H,0 values to the left
of the GMWL may result from low-temperature water—rock interactions; open-system
CO;, exsolution from CO,-enriched groundwater or spring water; or the utilization of
water—derived hydrogen by the methanogens during microbial methanogenesis, leaving
the residual water rich in deuterium [20,122,123]. Moreover, carbonate and clay precipi-
tation in cleats and feldspars, as well as lithic alterations in interburden sandstones, may
lead to the enrichment of deuterium in the residual fluid, which may affect the $D-H,O
and 5'80-H,0 parameters. Further, hydrogenotrophic methanogenesis may plot the coal
bed formation water to the right of the GMWL. In this case, the methanogens utilize all the
hydrogen from the groundwater, leading to the enrichment of deuterium in the residual
water [114]. Often, mixing between the meteoric water and saline coal bed formation water
may plot the coal bed formation water just above the GMWL. This mixing can often lead
to secondary microbial methanogenesis that may alter the stable carbon and deuterium
isotopes of methane (Figure 8) [24]. Moreover, lighter D-H,O and §180-H,0 values of
the production water than the meteoric water often suggest older water that represents
glacial paleoclimatic conditions [15].
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Figure 8. Mixing between meteoric water and coal bed formation water in Permian bituminous coals
from the Raniganj Basin, India, evidenced by the stable deuterium and oxygen isotopic compositions
of the formation water samples (after Dutta et al. [22]; reuse of this figure is permitted by Elsevier and
Copyright Clearance Center; license number: 5472060707164; dated 18 January 2023). Explanations:
8D-H;0 = stable deuterium isotope composition of the coal bed formation water or produced water
from the CBM; 5'80-H,0 = stable oxygen isotope composition of the coal bed formation water or
produced water from the CBM; VSMOW = Vienna Standard Mean Ocean Water.

6.6. Chemistry of Coexisting Coal Seam Formation Water

Coal beds are fractured aquifers confined by lithology, and have less permeability.
CBM extraction requires the injection of a huge amount of water that lowers the pressure
built up in coal beds and facilitates methane desorption. The water is mixed with the coal
bed formation water and extracted from wells other than those used for CBM production.
The production of formation water alleviates with the increase in methane production.
The water produced from the CBM field is composed of a myriad of total dissolved
solids, sodium, bicarbonate, and chloride ions, with minor abundances of magnesium and
calcium and an ultra-trace amount of sulfate [15,114,124]. Bicarbonate ions are produced
by the methyl fermentation pathway found in deep coal beds, and with the increase
in the abundance of bicarbonate, magnesium and calcium ions precipitate from water.
Furthermore, water produced in highly productive CBM fields with microbial or mixed
origins of gas consists of a higher abundance of sodium and dissolved inorganic carbon, and
possesses high alkalinity with subordinate concentrations of magnesium and calcium. On
the other hand, water produced from thermogenic CBM fields possesses low concentrations
of dissolved inorganic carbon and low alkalinity, with higher abundances of wet gas
components [15]. Moreover, the sodicity or sodium abundances in the produced water can
be calculated according to the sodium adsorption ratio (SAR) [114]:

SAR= {[Na*]/([Ca%"] + [Mg>])/2) exp0.5} (7)

The sodicity of water has been observed to rise with the depth of coal beds, and low
sodic water at the shallow subsurface may indicate a meteoric recharge [114]. Moreover,
salinity and total dissolved solids in produced water exhibit lower abundances near the
recharge zones, which elevates with increasing distance from these zones [15,114,125-127].
Additionally, the alkalinity of subsurface waters and the calcium/magnesium ratio aid
in the reactions in carbonate dissolution and subsequent precipitation, as well as the
degree of methanogenesis. The extent of microbial methanogenesis can be inferred from
rising alkalinity with the stable carbon isotopic compositions of the dissolved inorganic
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carbon [116,128]. Thus, in summary, alkalinity in produced water rises during microbial
methanogenesis and declines in the case of thermogenic methane production.

7. A Note on the Age Controls of Methane Generation

Myriad natural processes are responsible for CBM generation. The decomposition of
organic matter in an oxygen-poor environment is a vital methane generation mechanism.
However, the methane generation rate is a function of various factors, including the age of
organic detritus. Recent research has shown that the age of organic matter can significantly
impact the methane generation rate. It is believed that the methane generation rate in older
organic matter is comparatively slower than in its younger counterparts. OM exposed to
sufficient geological time decomposes and breaks down the carbon bonds, leaving less
carbon with which methanogens can produce methane. Younger coal, on the other hand,
such as that from the Tertiary period, tends to have higher methane content than older
coal, such as that from the Carboniferous period. This is because younger coals have not
had as much time to lose their methane through the process of coalification. Additionally,
younger coals are typically more rich in volatile matter and porous, which can facilitate
the migration of CBM. Further, paleofloral evolution may influence the gas wetness in
coal. Cenozoic and Mesozoic coal yields greater amounts of thermogenic wet gases than
Paleozoic coal, possibly due to the abundance of perhydrous macerals in the former [86].

8. Petrographic Evidence

Macerals are inherent organic constituents of coal. The influence of macerals on
CBM generation and storage in coals has been studied previously by various
researchers [35,44,129-131]. The ligno-cellulosic organic matter of vitrinites plays a crucial
role in CBM generation, whereas liptinites contribute to a lesser extent. The demethylation
reaction of the methoxy groups present in ligno-cellulosic terrestrial organic matter is
the principal mechanism for methane generation from humic coals. Although inertinite
macerals are inert and their contribution to methane generation is minimal, these groups of
macerals play a key role in methane storage. Therefore, the overall maceral composition
has pronounced control of the sorption properties of coal. Studies have found that vitrinite-
dominated coal has more adsorption potential compared to inertinite-rich coal of a similar
rank [35-37,44,130-134]. Vitrinite macerals comprise more micropores than the inertinite;
hence, they are suitable sites for CBM adsorption. Specifically, collotelinite is enriched
in large volumes of micro- and mesopores, whereas collodetrinite contains lower meso-
and micropore volumes. On the other hand, inertinite macerals are rich in mesopores [33].
The relationship between methane sorption capacity and the petrographic associations of
different coal ranks was studied by Chalmers and Bustin [44]. Interestingly, they reported
the highest sorption capacities in higher-rank coals. Their report additionally suggested
insignificant sorption differences between the bright and dull bands of low-rank coals.
On the contrary, the bright bands in high-rank coals portray maximum sorption potential
compared to the dull bands. Further, the same authors examined methane sorption ability
in liptinite-rich coals and reported reasonably higher sorption potential in liptinite-rich
boghead coal types. They argued that the methane was held as a solution gas in liptinite-
rich boghead coals. Furthermore, the methane sorption trend with reactive inertinites in
their study revealed a positive correlation due to the dominance of microporosity in those
reactive inertinite grains. Overall, their findings advocate that the different groups of mac-
erals bear diverse methane sorption capabilities depending on their pore size distributions.
Moreover, the gas diffusion rates also differ significantly within the coal matrix depending
on the maceral composition and rank [135]. In low- to medium-rank coals, the gas diffusion
rates in inertinites show a positive correlation. In contrast, the diffusion rates are subdued
at higher ranks and become independent of coal ranks and composition. However, vit-
rinites are believed to play a positive role in the diffusion time of spreading gas in the coal
matrix. Therefore, in low- to medium-rank coals, vitrinite and inertinite abundances have
significant implications for gas penetration within the structure of the coal. Furthermore,
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the gas diffusion rate plays an important role in regulating the production of CBM. As
discussed, coal comprises different lithotypes of alternating bright- and dull-colored bands.
These bands vary in their overall chemical and maceral compositions. Usually, bright bands
contain a vitrinite group of macerals, whereas dull bands represent inertinite-rich substrates.
The desorption in bright coal is mainly controlled by its distribution of micropores, while
in dull coal, it is a function of a bi-dispersed pore system. As a consequence, these bands
possess different gas retention capacities. The usefulness of these bands for storing gas
was studied by Crosdale and Beamish [136] using applications of organic petrography.
They suggested that the gas desorption potential of dull bands varies due to deferential
concentrations of inertinite sub-macerals. According to them, dull bands rich in fusinite
and semifusinite desorb precipitously, whereas inertodetrinite-rich dull bands desorb at
a relatively slower pace. Moreover, the vitrinite-rich, bright bands in their study were
also found to desorb slowly. Additionally, Laxminarayana and Crosdale [37] studied the
effect of maceral composition on gas diffusion rates in Australian coal. Their results also
suggest that the inertinite-rich coals show a faster gas diffusion rate than vitrinite-rich
coals. Moreover, they compared gas diffusion rates between the low and high-rank coals
and suggested an inverse correlation of gas diffusion with increasing rank. The pore size
distribution could explain the potential for faster gas diffusion of inertinite-rich coals. The
inertinites are enriched in macropores compared to other macerals, resulting in increased
gas diffusion [136-139]. This was further supported by the observation of Karacan [140],
in which the author studied the sorption kinetic on coal lithotypes using X-ray CT. They
found faster diffusion rates through the coal’s inert region than in vitrinite-rich regions.
Further, using infrared spectroscopy, the gas sorption properties of coal were studied by
Mastalerz et al. [141]. Their reports also suggest that inertinite-rich coals diffuse gas much
more easily than vitrinite-rich coals. Moreover, Staib et al. [142] also agreed with the higher
gas diffusion capacity of inertinite-rich coals compared to vitrinite-rich coals.

9. A Global Overview of the Exploitation and Development of CBM

By far, the US-based CBM industry is at the most mature stage globally, with Australia
and Canada lining up to match that level. The CBM industry was first developed in the
USA, and it is progressing successively with time compared to other countries [143]. The
Cenozoic coal-bearing horizons of the Rocky Mountains comprise ~84.2% of the CBM
resources of the USA. At the same time, the remaining amount is stored between the
Appalachian Mountains and Carboniferous coal-bearing basins in the central part of the
country [144]. Fourteen coal basins have been targeted in the country for CBM development
since the 1980s. The present recoverable CBM reserves in the USA add up to 3 x 102 m3.
Additionally, in 2009, the total explored CBM rose to 542 x 10% m? from 2.83 x 10% m3
of gas explored in 1985 [145-147]. Preferable geological conditions, cutting-edge research
and development, superior gas piping, advanced engineering network, the natural gas
market, and constructive government policies have favored the rapid development of CBM
industries in the USA. The Canadian CBM industry is also catching up with the trend.
Commencing CBM exploration in 1987, it scaled up rapidly in 2002. A total of 7700 mines
were reported to be producing 60 x 10® m3 of CBM in 2009 from Canada. The CBM
resources of Australia are primarily restricted to the Bowen, Sydney, and Surat basins. The
Australian CBM industry is also progressing drastically. In addition, the CBM industry in
China is developing due to favorable government policies, advantageous price conditions,
tax breaks, advanced resource management, research and development subsidies, a CBM
development plan, and mining rights protections [144]. CBM-producing companies, i.e.,
PetroChina (3 x 10'2 m3), the Jincheng Anthracite Mining Group (JAMG; 9 x 108 m?3),
China CBM, and the China National Offshore Oil Corporation (CNOOC; 50 x 10* m3,
daily), are successfully exploring CBM in China. The total gas-in-place resources buried at
<2000 m depth are estimated to be about 29.8 trillion cubic meters (TCM) of CBM. However,
the technically recoverable resource is around 12.5 TCM [148].
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Furthermore, India is well known for being the fifth largest coal reserve in the world,
and may be a significant prospect for coal bed methane resources. About 98 percent of
the coal resources of India are found in Gondwana sediments of the Permian age, and
the remaining in Tertiary sediments, which are geographically distributed mainly in the
eastern and central regions and the northeastern region. In India, states with Gondwana
coal deposits, particularly Jharkhand and West Bengal, are the best prospective areas for
CBM development due to their vast coal reserves and geologically favorable conditions
for CBM generation, although other states, viz. Madhya Pradesh, Chhattisgarh, Odisha,
Gujarat, Rajasthan, and Tamil Nadu have also reported significant prospects for CBM
resources. The CBM resources of the Tertiary coal deposits distributed in the northeastern
coalfields of India have not yet been fully explored. India is actively looking to maximize
CBM resources in order to enhance the domestic production of natural gas and, thus, fulfill
growing energy demand and ensure the safety of coal mining operations. There are, in
total, 33 CBM blocks used for extracting CBM from coal beds in India [4].

The gas content values in the following discussions are based on Kim’s correlation [149].
The Jharia coal seams have the maximum gas content capacity in India, ie., about
239.37 billion m3, followed by the Raniganj Basin, with an estimated CBM volume of 175.06 bil-
lion m®. The amounts of gas held in the West Bengal coal basins vary from 3.07 to 10.54 cm®/g
of coal, with significant gas quantities present in the Raniganj Basin (6 to 10.5 cm?®/g of
coal) [150]. The majority of the CBM is found within 600 meters of depth. The Raniganj coal is
unique in terms of moisture, volatile matter, ash, and fixed carbon contents compared to other
coalfields of the West Bengal region [151]. Interestingly, the lower moisture level in Raniganj
coal (avg. 1.35%) provides space for the accumulation of CBM in the porous matrices of these
coals. Further, in Jharkhand state, among other noteworthy coal mines, the highest CBM
resources are found in the Jharia coal mines due to its higher fixed carbon contents [152]. The
total CBM estimates range from 11.7 to 14.01 cm3/g [153]. Other significant CBM resources of
Jharkhand include East Bokaro (7.25 to 12.79 cm3/ g coal), West Bokaro (7.25 to 10.46 cm?/ g
coal), North Karanpura (4.78 to 6.96 cm®/ g coal), South Karanpura (3.33 to 5.90 cm3/ g coal),
and Auranga Basin (2.49 to 4.44 cm3/ g coal) [154]. Furthermore, in Chhattisgarh, the Korba
coals indicate suppressed gas contents of 2.13-3.14 cm®/g due to high ash yields, whereas
Tatapani-Ramkola coals possess high gas contents of 4.05-5.88 cm?/g due to the high fixed
carbon and lower moisture level [155]. Similarly, Pathakhera coals from Madhya Pradesh
(MP) retain about 5.49-7.94 cm3/g coal due to their lower moisture content, and Singrauli
mine coals are relatively less saturated with CBM (1.91-3.48 cm® /g coal) due to high amounts
of ash [155]. Coals from Maharashtra are medium- to low-grade, as the region is characterized
by relatively higher moisture, volatile, and ash content, with low fixed carbon values [156].
Therefore, their gas retention capacity is also lower. The estimates suggest that the amount of
gas held by Maharashtra coals is in the range of 2.19 to 3.93 cm3/g coal. Further, the CBM
richness in the Odisha coalfields is considerably lower due to the high amounts of inorganic
matter, with average ash yields of about 45 wt% [155]. Additionally, among the northeastern
coalfields, the gassiness in the coals from Assam is relatively higher, in the ranges of 6.33 to
9.31 cm?/ g coal, due to the low amounts of moisture and the ash yields [157].

From the above discussion, it can be understood that the inherent character of coal
and its technological properties, such as moisture, ash yield, volatile matter yield, and fixed
carbon contents, affect the amount of gas retention on coal seams. As previously discussed,
methane generated through various pathways is accommodated in coal seams as sorbed
gas on macerals and mineral surfaces; free gas in pores and fractures; and dissolved gas
in bitumen, water, and kerogen. However, moisture plays a crucial role in the free gas
retention capacities of a substrate. The large amounts of moisture may acquire space in the
pores and fractures of coals, resulting in limited gas retention capacities in the coal bed.
Likewise, the large amounts of volatile matter and ash yields may suppress the fixed carbon
content, leading to alleviated gas sorption efficiencies. These properties are typical of low-
rank coals such as lignites; thus, lignites often exhibit lower CBM retention capacity. The
best example is represented by the Tamil Nadu lignites, which, despite having remarkable
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potential for CBM recovery (36.56 billion tons) [158], possess a gas capacity varying from
0.28 to 0.56 cm® /g coal. These lignites are high in moisture (avg. 45 wt%) and low in fixed
carbon (avg. 20 wt%). Other notable lignite deposits are from Rajasthan (0.29 to 0.57 cm3/g
coal), Gujarat (0.54 to 0.83 cm3/g coal), and Jammu and Kashmir (0.27 cm? /g of coal).

10. A Global Sketch of Coal Bed Methane Geochemistry
10.1. United States of America (USA)

The commercial production of CBM in the United States of America was initiated in
late 1980, and it was mainly concentrated with the highly matured coal of the San Juan
(e.g., Fruitland coal), Black Warrior, and Bowen basins for the production of thermogenic
methane [15,25]. Later on, immature coal of the Powder River and Illinois basins was found
to produce thermogenic methane [15]. In addition, mixing secondary microbial methane
with thermogenic gas was discovered in the northern part of the San Juan Basin, where
the coal is relatively matured [80,159]. Source paradigms of microbial or thermogenic
methane in both low- and high-maturity coals triggered the gas molecular and compound-
specific stable isotopic studies to identify the genesis process of methane. Isotopic values of
CO, and methane are routinely used to distinguish between microbial and thermogenic
gases, along with documenting the genetic pathways of microbial methane, i.e., CO,
reduction (hydrogenotrophic) or acetoclastic methanogenesis. The Powder River Basin,
San Juan Basin, Black Warrior Basin, and Illinois Basin, to name a few, are considered to
be prospective sources of CBM in the USA. Most of the microbial methane in the USA
has been discovered in Powder River Basin and Illinois Basin [160]. Natural gas from the
lignite to sub-bituminous coal of the Powder River Basin, with a depth range generally
less than 2500 feet, is produced by a methyl-type fermentation pathway [86]. Along the
eastern margin of the Illinois Basin, geochemical evidence points to the microbial origin of
methane rather than the thermogenic variety [60]. With time, the importance of secondary
microbial methane was recognized first in the San Juan Basin [161,162]. Geochemical and
isotopic data suggest that thermogenic gases prevailed in the northern part of the San Juan
Basin. In contrast, the southern part of this basin is dominated by microbial gas formed
through acetate fermentation [163]. However, Scott et al. [80] later suggested that the
Fruitland Formation produces early thermogenic, main-stage thermogenic, and secondary
microbial gases. Secondary microbial gases are generated by microbes introduced after
burial, coalification, and subsequent upliftment. Interestingly, saline water’s influence in
microbial methane formation was discovered in the Paleocene-Eocene Wilcox Group coal
zone of northern Louisiana and south-central Mississippi, Gulf of Mexico Basin, where
the maturity of the coal spans from lignite to high volatile C bituminous ranks [164].
Moreover, Flores et al. [98] demonstrated the impact of Pleistocene water recharge in the
formation of secondary microbial methane in the Powder River Basin. Further, meteoric
water recharge and basin upliftment influenced the generation of secondary microbial
methane in the San Juan Basin. Basinal uplift-induced secondary microbial methane was
additionally documented in the Black Warrior Basin. In the southern part of the Illinois
Basin, thermogenic methane generation is associated with deeper burial and the possible
impact of hydrothermal fluids. In contrast, the immature coal of the eastern part exclusively
generates microbial methane [25]. Furthermore, the southern part of the San Juan Basin
produces wet gases with oil, while the northern part is dominated by dry gases, including
a significant amount of carbon dioxide [163,165]. The gases generated from high volatile
A to low volatile bituminous coals of the Black Warrior Basin (west-central Alabama) are
interpreted to be primarily thermogenic in origin, and are altered later on by mixing with
microbial gas and oxidizing heavier hydrocarbons [86].

10.2. Australia

The initial idea of CBM in Australia came after the explosions, fires, and fatalities in
Australian coal mines. Later on, with the reduction in the production cost and the depletion
of conventional energy resources, the CBM was rapidly developed in Australia and the first
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commercial production commenced in 1996 in Queensland. The Bowen, Surat, and Sydney
basins are the main producers of CBM in Australia. High volatile bituminous to low volatile
bituminous coals of the Sydney Basin with mean random vitrinite reflectance values in the
range of 0.7 to 1.9% generally yield CHy, with a minor amount of other, higher hydrocarbon
components as well as CO;, and Ny, except in a few places, where the CO; content goes up to
90% [166]. Thermogenic origin and secondary microbial methanogenesis are two important
sources of methane found in the Sydney Basin [96,167,168]. Sub-bituminous to high
volatile bituminous coals of the Surat Basin generally produce methane at a depth range of
200-600 m [169]. In the Dalby and Roma fields of the Surat Basin, the Walloon Subgroup
generates mainly microbial methane via the hydrogenotrophic pathway. However, some
intermediate carbon isotopic compositions probably reflect mixing with migrated Permian
thermogenic gases or in situ early mature thermogenic (EMT) gases generated from the
Walloons coals [170]. On the other hand, bituminous coals of the Bowen Basin generate CHy
through the CO, reduction pathway [96]. The gas composition reveals that CO, (<1%) and
other higher components of hydrocarbons form a subordinate part. Meanwhile, Kinnon
et al. [114], while working on the isotopic compositions of CBM produced in Bowen Basin,
found that methane produced from two bituminous coal seams was both microbial and
thermogenic in origin.

10.3. China

After the successful development of CBM in the USA and Australia, commercial CBM
development began in China in the late 90s. The Qinshui Basin of northern China is the
largest basin where commercial development of CBM occurs in its southern area [171,172].
The coal of the Qinshui Basin is of high rank and mainly produces thermogenic methane,
with a meager yield of the microbial variety [172]. In this basin, the magmatic thermal event
is the principal controlling factor for methane enrichment [173]. Wei et al. [174] indicated
that the genetic type of methane was predominately thermogenic, secondarily followed
by microbial methane produced by the CO; reduction pathway in the Panxie Coal Mining
Area, Anhui Province, China. In the Ordos Basin, CBM is well-established towards its
eastern margin. In this basin, the rank of the coal progressively increases from high volatile
bituminous to low volatile bituminous from the northern to the southern direction. The
methane produced in this basin is typically thermogenic, with a plausible influence of
secondary microbial methanogenesis [175].

10.4. India
10.4.1. Raniganj Basin

The Raniganj Basin, comprising ~26.68 billion tons of Permian coal [158], is one of the
most CBM-productive basins in India [176,177]. The coal beds vary from 26 to 1250 m in
depth, and the gas exploration occurs primarily in the south, northeast, and north-central
blocks [176]. The Great Eastern Energy Corporation Ltd. (GEECL) produces about 0.80 mil-
lion cubic meters of CBM from 80 wells, whereas Essar Oil Exploration produces around
0.82 mmscmd from 200 wells. The original gas-in-place volume of CBM in the Raniganj
south block was ~2.62 trillion cubic feet in 2022, as reported by the GEECL. The Permian
coal in this basin is of bituminous C to bituminous B rank [178], with its mean random vit-
rinite reflectance (Ry) reaching up to 1.0% [90]. The prolonged progressive elevation in the
geothermal gradient (4-5 °C/100 m) gradually increased the coal rank [89], while sudden
thermal stress from the intrusive igneous bodies (lamprophyre dyke and sills) occasionally
enhanced the coal rank, reaching even greater than 1.5% vitrinite reflectance [90]. The
impact of thermal aureole asymmetry on the hydrocarbon generation of the Raniganj coals
was successfully demonstrated by Misra et al. [90] by organic petrological and geochemical
proxies. Other investigations have also depicted the gas-prone nature of these coal beds, as
they comprise mainly type III kerogen derived from lignocellulosic plant tissues.

Furthermore, Ghosh et al. [24] studied the gas isotopic fingerprints of the Raniganj
coal. They applied the §'3C~CHj and 8D-CHy of the coal bed gas samples, along with the
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§D-H,0 and 5'80-H,O of the coal bed formation water, to determine the origin of the
CBM. The stable carbon isotope of methane revealed an intermediate signature ranging
from —49.5 to —47.4%o., indicating a plausible mixing between thermogenic and microbial
gas. Primary microbial methanogenesis at that coal rank (R; ~1.0%) is very unlikely, as
methanogens and methanogenic archaea can barely survive a temperature that high. Hence,
the gas is primarily thermogenic in nature. Meanwhile, the secondary microbial methane
altered the primary thermogenic gas signatures. In addition, the §D-CH, parameter of the
gas samples varied from —207 to —211%o, which, in collaboration with the 513C-CH, values,
additionally implied that mixing occurred between primary thermogenic and secondary
microbial gases. Moreover, the deuterium and oxygen isotopic compositions (6D-H,O and
5180-H,0) of the coal bed formation’s water samples ranged from —34 to —35%0 and from
—5 to —5.5%0. The deuterium isotopic difference between the water and methane, along
with the cross-plot between the $D-CH, and §D-H,O parameters, pointed towards the
hydrogenotrophic pathway of secondary microbial methane generation. Additionally, the
§D-H,0 and §'®0-H,O values of the coal bed formation’s water samples placed them
just above the GMWL (Figure 8), which marked a plausible interaction between meteoric
water and coal bed formation water, along with a possible introduction of microbes and
consequent metabolism of residual kerogen and thermogenic wet gas. This study is a
novel portrait of alterations in primary thermogenic gas signatures by secondary microbial
methanogenesis in various Indian basins.

10.4.2. Sanchor Sub-Basin

The Sanchor Sub-Basin of Gujarat, India, comprises a huge deposit of Eocene lignite.
These lignite deposits are primarily confined to the Eocene Tharad Formation [179]. This
sub-basin is situated at the northern tip of the Cambay Basin and the southern end of the
Barmer Basin, which are the main hydrocarbon-producing on-land basins of western In-
dia [11]. Therefore, the isochronous lignite deposit at the Sanchor Sub-Basin has significant
economic significance. The lignite deposits comprise a substantial volatile matter yield, a
high moisture content, low calorific values, and an R, ™ range from 0.28 to < 0.40% [179].
Until now, a few sporadic wells have been drilled by various operators in Sanchor Sub-
Basin; however, they have yet to achieve any success. Nevertheless, Dutta et al. [22] studied
the gas samples from two wells, and the results were interpreted to determine the genesis
processes of methane and carbon dioxide.

Lignite comprises organic matter that has shown intermediate thermal maturity in
the course of coalification, and soluble bitumen extract from lignite consists of partially de-
functionalized aromatic and saturated compounds [180]. These compounds include labile
functionalities, cyclic compounds with 1-2 aromatic rings, unsaturated cyclic functionalities
with 1-2 double bonds, heterocycles, etc. [180-186]. Biochemical coalification at this rank
involves alkylation, the loss of methoxyl groups by dehydroxylation and demethylation
processes, and the cleavage of aryl ether bonds [25]. Hence, lignite rank preserves the labile
kerogen available for microbial metabolism and/or thermal cracking at the early mature
phase. Furthermore, the mean random vitrinite reflectance and peak palaeotemperature
ranges (~35 to <~60 °C; estimated from the Barker and Pawlewicz equation [187]) suggest
that microbial methanogenesis occurs in these lignite deposits.

Dutta et al. [22] employed the gas molecular ratio (C1/(Cy + C3)), §13C-CHy, §3C-
CO;y, and CO; content to document the origin of methane in the Tharad lignite beds.
The (C;/(Cy + C3)) ratio and the 5'3C—CHy varied from 14.32-64.61 and from —69.30 to
—57.20%o in the BK-5 well, while in the BK-7 well, these parameters ranged from 85.63 to
204.65 and from —67.40 to —64.50%.. Bernard’s plot, constructed with the gas molecular
ratio and the §'*C-CHy values, indicated an intermediate signature between the microbial
and thermogenic gases. The late mature thermogenic gas (LMT), if present, would lead to
heavier §!3C-CHy values (>~50%0), but the carbon isotope ranges suggested the presence
of primary microbial methane. In addition, LMT gas generation is not feasible at such a
low rank. Meanwhile, the presence of primary microbial methane alone would raise the
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gas molecular ratio beyond 1000, but the ranges of this ratio implied a mixed signature.
Hence, this mixing might result from intercalating primary microbial gas with early mature
thermogenic gas (EMT). The labile kerogen in the lignites would comprise perhydrous
macerals, which could crack at a very early stage of thermal maturation due to the low
bond dissociation energy of the aliphatic functionalities. Thus, thermal cracking of this
reactive organic matter at low temperatures might have generated the EMT that mixed
with the primary microbial gas and altered its geochemical signatures. Dutta et al. [22]
added a new field in Bernard’s diagram (PM + EMT; Figure 2a) which accommodated these
mixed gases. The gas genetic diagram (Figure 2b; after Milkov and Etiope [81]) additionally
suggested that the primary microbial methane was generated through hydrogenotrophic
methanogenesis and mixed with the EMT gas. Furthermore, the gas genetic diagram was
integrated with Strapo¢’s model [25] to determine the extent of gas mixing. The gas samples
fell within ~90% and ~40% mixing lines (Figure 3), signifying substantial mixing between
the two sources of gas.

The CO; content ranged from 16.95 to 32.32 vol.% and from 18.91 to 28.60 vol.% in
the BK-5 and BK-7 wells, respectively. Additionally, the §'*C-CO, spanned from —21.30
to —11.80%o in the BK-5 well and from —11.20 to —9.40%o. in BK-7 well, respectively. The
interrelation between the §3C—CO, and the CO, content in these wells indicated both
organic and inorganic sources of CO,. The BK-5 well consisted of CO, originating mainly
from coalification, while the CO; in the BK-7 well exhibited a mixed magmatic and coalifi-
cation source and/or an early mature thermogenic source. The volcanic degassing from
the underlying Deccan Traps is the source of the inorganic magmatic CO; in these lignite
beds. Furthermore, the microbial decay of organic matter, as well as decarbonylation and
decarboxylation reactions during coalification and /or early mature thermal degradation
of reactive functionalities, generate organic CO;. Dutta et al. [22] also suggested that
the carbon dioxide generated during the coalification and/or early mature thermogenic
processes would have altered the primary magmatic CO, signature, leading to a mixed
isotopic fingerprint. In addition, the A'¥Ccop_cpg and the acop_cHg parameters were ap-
plied to determine the methanogenic pathways involved in the Tharad lignite deposits.
The A¥Ccop-crs and acop_cr4 values ranging from 44.30%o to 57.30%0 and from 1.047 to
1.062 in the BK-5 well, as well as from 54.90%. to 56.50%0. and from 1.059 to 1.061 in the
BK-7 well, indicated that there was mixing between the hydrogenotrophic and acetoclastic
types of methanogenesis. However, multiple sources of CO, and CHy and their impact on
the stable carbon isotopic compositions also likely influenced these parameters, resulting
in the pseudo-portrayal of intermixing between the microbial pathways. The relation
between the §!3C-CO, and §'*C-CHy [81] further supported the mixing of methane gener-
ated through hydrogenotrophic methanogenesis and that generated by the EMT pathway
(Figure 5). The relationship between the gas molecular ratio and the ABCcor_cra parame-
ter in Strapo¢’s model [25] additionally revealed around 20%-60% mixing in the BK-5 well
and 60%-80% mixing in the BK-7 well (Figure 7). Hence, this complimented the mixing
between the primary microbial and early mature thermogenic methane in the Eocene
Tharad lignite deposits.

10.4.3. Jharia Basin

The Jharia Basin is situated in the eastern part of India. This sickle-shaped basin is
about 38 km long and 18 km wide, with an aerial extent of 456 km? [188]. The Jharia
Basin is a leading contributor to India’s gross coal production, and is the only repository of
prime coking coal in India. The Jharia Basin comprises ~19.53 billion tons of Gondwana
bituminous coal deposits [158]. Significant coal deposits in this basin are limited to a
depth of about 600 m (11.4 billion tons), whereas the rest of the deposits can be found
at a depth of between 600 and 1200 m (5.2 billion tons). The majority of coal within the
first 600 m of depth is viable for carrying out various types of coal-related research. As
mentioned previously, the Jharia coal seams contain the largest volumes of CBM gas—about
239.37 billion mS3. Laxminarayana and Crosdale [189] studied controls of moisture, mineral
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matter, coal composition, and rank on the methane sorption capacities of Jharia coal. They
reported that the mineral matter and the moisture influence methane adsorption inversely.
On the other hand, they reported a positive correlation between the coal rank and the
adsorption potential of this coal. Therefore, the largest CBM gas volumes in the Jharia
coals are assumed to be due to the perfect blend of moisture, ash yield, coal composition,
and rank. In support of this finding, the Jharia coals also contain the greatest estimated
methane gas-holding capacity, at 11.7 to 14.01 cm3/g of coal. As a complementary study,
Chatterjee and Paul [152] assessed the CBM recovery potential of the Jharia Basin using core
samples and well log data. In their research, based on a hierarchical cluster analysis (HCA)
of the coal parameters, including the coal seam thickness, gas content, and permeability,
they classified coal seams in order of potentiality for efficient CBM exploration. Their
results found that enhanced CBM recovery with CO, sequestration in the Jharia coalfields
is important. The estimated CO, sequestration capacity of the Jharia coal seams stands at
881.8 million tons [4]. Therefore, the Jharia coal beds have a multitude of benefits. They are
a good source of prime coking coal, and this coal has the most abundant CBM resources in
India and an excellent CO, sequestration capacity.

11. Challenges in CBM Extraction

The exploration of coal bed methane is the ultimate task required to identify a natural
gas reserve. Although the CBM has potential for green energy, its exploration and produc-
tion pose numerous challenges. The characterization of the reservoir, including the accurate
prediction of methane-rich coal seams and the estimation of the gas reserves contained
in them, is initially the prime difficulty. The complex and heterogeneous nature of coal,
its depth of occurrence, its thickness, and its associated structural features are among the
most challenging geological constraints in identifying the most promising site for CBM
exploration. Further, the successful recovery of CBM comes with a high cost of drilling and
production. The coal deposits are mineable with current technologies up to a 600-m depth,
but coal seams beyond this depth are uneconomical and thus, are considered for CBM ex-
ploration. Therefore, these deep-seated coalbeds incur high drilling costs. Moreover, using
specialized equipment in hydraulic fracturing and horizontal drilling adds to the produc-
tion costs. Apart from these operational challenges, CBM exploration poses environmental
threats. CBM is a potent greenhouse gas (GHG), and its release into the atmosphere during
exploration, production, and transport is harmful to the ozone layer. Moreover, due to
underground exploration activities, the risk of groundwater contamination is always high.
CBM production involves the removal of large amounts of water from underground, which
may lead to land subsidence. In addition, the production water contains large amounts of
salts and minerals, which are difficult to recycle and which incur additional costs. Therefore,
water management imposes incremental challenges on CBM extraction [34]. Finally, the
exploration and production of CBM are subject to various regulations, and navigating these
regulations can be challenging and time-consuming. These challenges must be addressed
in order to efficiently utilize CBM as an alternative energy source.

Coal bed methane exploration in Southeast Asian countries, which occurs exclusively
in India and China, is facing serious trouble, unlike the USA, Australia, and Canada. Ambi-
guities in the coal composition, microstructure, rank, and hydrogeological conditions make
the CBM exploration strategies of the USA incompatible with those of China. China’s CBM
industry struggles with exploration and development strategies [190] despite favorable
governmental plans and policies. The geological conditions and high permeability levels
of CBM-rich horizons; gas control factors; lack of proper production guides and critical
technologies for suitable exploration under unfavorable geological circumstances; fractur-
ing and extraction of gas in high-permeability fields; related equipment and technologies,
etc., are hindering the progress of the CBM industry in China. The overlap of the coal
mining and CBM exploration rights are also hurdles to executing gas extraction first and
coal mining subsequently. Additionally, piping networks, overseas dependence, limitations
on the privately-funded projects, geographic challenges, qualms in marketing CBM, low
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return, and high production cost, among other factors, are holding back CBM exploration
in China [144,148].

The development of CBM fields in India is facing many challenges, such as key explo-
ration programs to identify coal deposits and the geological properties that are favorable for
the generation and production of CBM, as well as the deficiency in the technology needed
for CBM exploitation from different reservoirs, each with a specific geological framework.
The development of CBM demands high investment, efficient production technology/skill,
and a long recovery period. Additionally, environmental challenges are one of the most
significant threats in India associated with CBM exploration and development. The major
challenge related to the commercial development of CBM in India is technological crises
in the economic management of co-produced water. However, many research programs
and policies have been developed. CBM-produced water, mainly from the Damodar Valley
Basin, contains relatively higher concentrations of dissolved sodium (Na*) and bicarbonate
(HCO?), and may be categorized as Na-K type, Na-HCO; type, or HCOj type. This water
may serve several beneficial purposes after effective treatment. Moreover, CBM-produced
water from the Raniganj Basin comprises bicarbonate, sodium, and fluoride that exceed
the permissible limits of 10,500 for potable or drinking water and irrigation purposes.
CBM-produced water could be a potential source of fresh water, although this will require
more detailed information and efficient treatment technology.

The operational activities associated with CBM production certainly negatively impact
the environment. A significant possible impact on the environment can occur at all phases
of CBM exploitation, from the completion of drilling, to hydrofracturing, to extraction.
Drilling and hydrofracturing operations may affect the groundwater quality due to seepage
and the chemicals used in fracturing operations. Additionally, land acquisition for CBM
well drilling is a crucial concern impacting agricultural and forest areas. Drilling CBM
wells requires a huge amount of water, with bentonite clay to carry out drill cuttings and
provide wellbore stability, which may cause surface pollution at drill sites and harm human
and animal health. The environmental impact and risks that CBM development programs
cause are exceptionally high; therefore, CBM exploration is advisable after performing a
comprehensive environmental safety and risk assessment.

11.1. Mine and Health Hazards of CBM Extraction

Although extraction of the CBM provides a valuable energy source, it poses a signifi-
cant hazard to the mine workers and the environment. Therefore, addressing the adversities
that come with the CBM extraction procedures is crucial. Some unfortunate events that can
occur during extraction procedures are CBM gas outbursts, gas explosions, gas leakage,
coal dust explosions, air and water pollution, land degradation, damage to the mine’s
infrastructure, and, most importantly, human health hazards. Such malignant incidents
associated with methane extraction have long prevailed worldwide, and measured efforts
are needed to mitigate these mishaps.

11.1.1. Methane Gas Explosion

The risk of methane gas explosion has always been associated with CBM extraction
procedures [191]. It incurs a severe safety hazard in the global coal mining industry [51,192].
Methane is a highly combustible, colorless, odorless gas that ignites easily [193]. Drilling
CBM wells into coal seams is associated with releasing methane gas into the surrounding
air. If the methane concentration in the air is too high, it creates an explosive atmosphere.
This is particularly hazardous to the mine infrastructure and workers if the methane gas
build ups in the confined space.

The earliest published records of a methane gas explosion date back to 1621, in
Gateshead, England [194]. Since then, many practitioners have developed safety measures
to mitigate methane explosions. However, numerous disasters still occur. For example,
in the 20th century, 10,390 underground coal mine workers died in the USA alone in gas
explosion-related disasters [194,195].
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11.1.2. Coal Dust Explosion

A coal dust explosion is usually associated with a coal mine gas outbreak. Con-
sequently, this deleteriously affects the mine’s infrastructure and human health [196].
Moreover, CBM associated with coal dust in suspension may exacerbate coal dust outbursts
by several times. Dust explosions usually occur when fine coal dust particles are suspended
in the air and ignited. These explosions can be particularly dangerous in coal mines, where
large quantities of coal dust can accumulate. Dust explosions can also occur in processing
and storage facilities, where dust can be generated during handling operations.

To prevent dust explosions, coal mines must take steps to control and minimize
dust generation. This may include using water or other suppressants to prevent dust
from becoming airborne and using dust collection systems to capture and remove dust.
Moreover, careful rock dusting in an underground coal mine may help to alleviate the risk
of coal dust accentuating gas explosions [194,196].

11.1.3. CBM Outburst

CBM outburst is a dynamic incident referring to a strong and abrupt release of gas
from a working coal seam. When gas accumulation occurs under a high-pressure coal seam,
the pressure can exceed the coal strength, resulting in a coal seam burst which releases a
large amount of gas [197]. The chances of a CBM outburst are highest during well drilling,
as the pressure within the coal seam is reduced, which causes a quick release of methane,
leading to a catastrophic, outburst-like event. Such gas outbursts are fatal to the mine
workers and the mining infrastructure [50]. Gas outbursts in underground coal mining may
also result in methane gas explosions and associated dust explosions. This disastrous event
can be controlled by desorbing gas from a coal seam before drilling to reach a certain safe
mining threshold [198]. Another essential aspect in preventing gas outbursts is monitoring
and maintaining stable pressure during drilling activities.

11.1.4. CBM Leakage

CBM leakage is escaping methane gas from the working coal seam to the surrounding
environment. This can happen due to mining operations, natural fractures in the coal
seam, or improperly sealed wells [194]. Methane leakage can occur at every stage of
CBM extraction, from drilling and well completion to gas collection and transmission. A
number of factors control the exact level of CBM leakage, including the geology of the
coal seam, the quality of the equipment used, and the skill of the workers involved in the
extraction process. However, even small amounts of methane leakage can significantly
impact the environment and public health. CBM leakage can pose a significant risk to
human health and the environment, as methane gas is a potent greenhouse gas and
can displace oxygen in enclosed spaces [191,199]. To prevent CBM leakage, coal mines
must take steps to contain the gas within the coal seam. This may include installing
gas drainage systems, using well-sealing techniques that prevent gas from escaping, and
monitoring the surrounding environment for signs of gas leakage [192,200]. Furthermore,
improving the regulatory framework surrounding the industry is another key strategy
for reducing methane leakage from CBM extraction. This includes stringent regulations
on well construction and operation and requirements for regular testing and monitoring
of methane emissions. Governments may also incentivize companies to invest in new
technologies and practices that reduce methane leakage, such as using advanced sensors
and leak detection systems.

11.1.5. Potential Human Health Hazards of CBM Extraction

One of the most significant impacts of CBM extraction on human health is air pollution.
In the CBM extraction process, methane gas, along with other harmful air pollutants such
as nitrogen oxides, particulate matter, and volatile organic compounds (VOCs), leaks into
the surrounding areas where mine workers, as well as people in nearby provinces, are at a
greater risk of respiratory problems, cardiovascular disease, and other health issues [199].
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Moreover, CBM extraction can also lead to water pollution. As discussed previously,
in the process of extracting methane gas from coal seams, large amounts of water are
pumped out of the ground along with the gas [34]. This water, often contaminated with
salt, heavy metals, and other pollutants, can contaminate local water sources and threaten
human health [193]. Drinking water contaminated with these pollutants can lead to various
health problems, including gastrointestinal illness, kidney damage, and cancer. As another
important aspect, CBM extraction can also be a significant source of noise pollution. The
drilling, hydraulic fracturing, and transportation of CBM can create high levels of noise
that can be disruptive to nearby communities. Exposure to high levels of noise can lead to
hearing loss, sleep disturbance, and other health problems. Furthermore, CBM extraction
may also lead to land degradation, which can impact human health in a number of ways.
The process of drilling and hydraulic fracturing can damage local ecosystems and disrupt
habitats, leading to a loss of biodiversity. This can have indirect effects on human health,
such as disrupting food webs and reducing access to natural resources. Additionally, the
disruption of the land can lead to soil erosion, crop deterioration, and land subsidence,
which can pose a threat to infrastructure and human safety.

11.2. Measures to Mitigate Hazards Related to the CBM Extraction
11.2.1. Well Construction

A suitable well construction method is vital to averting the risks associated with CBM
extraction. The wells should be designed and constructed with appropriate casing and
cementing techniques to prevent gas or fluids from leaking out. [200]. The wellhead should
also be secured and monitored regularly to detect any leaks or emissions. Proper well
design and construction are crucial to mitigating the risks of gas explosions, outbursts, and
leakage. In addition, the wells should be equipped with safety devices such as pressure
relief valves, blowout preventers, and emergency shutdown systems. Routine maintenance
and assessment of the wells are indispensable for detecting and addressing any possible
threats. This includes inspecting the valves, wellhead, and pipelines for leaks, corrosion,
and other damage that could lead to gas explosions, outbursts, or leakage. Routine testing
of the pressure and temperature of the wells can also help to identify any likely dangers.

11.2.2. Efficient Water Management

CBM mining involves pumping significant volumes of water out of the coal seams
to liberate trapped methane. This water may contain high levels of salt, minerals, and
other contaminants that can have detrimental effects on the environment if not governed
appropriately [34,193]. Effective water management strategies such as recycling, treatment,
and disposal should be executed to reduce the impact on the environment and public
health. CBM extraction can affect surface and groundwater quality; therefore, measures
to protect these resources should be taken. Properly disposing of the produced water,
regularly monitoring the water quality, and preventing spills or leaks can help to reduce
the impact of CBM extraction on these resources.

11.2.3. Monitoring and Control of Emissions

CBM extraction releases many types of emissions, such as methane, volatile organic
compounds (VOCs), and other air pollutants. Monitoring and controlling these emissions is
essential in order to lessen the influence on air quality and climate change [201]. Techniques
such as flare or capturing and utilizing methane can help reduce emissions. Monitoring
gas levels in and around the wells is fundamental to noticing any latent hazards [193]. Gas
detectors should be installed at strategic locations near the wells and in the surrounding
areas to provide early warning of any gas leaks or concentrations. The gas levels should be
monitored regularly, and appropriate action should be taken if any aberrations are identi-
fied. Proper ventilation is critical to preventing the buildup of explosive gas concentrations
in underground mines. Adequate ventilation systems should be installed and maintained
to ensure that the air in the mine is constantly circulating and that there is no gas buildup.
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11.2.4. Waste Disposal

The first step in proper CBM waste disposal is to separate the water from the other
substances that are extracted during the extraction process. This water, known as produced
water, is often highly saline and may contain many other contaminants. Produced water
can be disposed of in a number of ways, including evaporation, surface discharge, and
underground injection. In addition to produced water, CBM extraction also produces solid
waste in the form of coal fines and other byproducts. This waste can be disposed of in
several ways, including land application, landfilling, and reclamation. Reclamation is
another vital aspect of CBM waste disposal. This involves restoring land that has been
impacted by CBM extraction to its pre-existing condition or to a condition that is suitable
for other uses, such as for agriculture or as a wildlife habitat. Reclamation can involve
various activities, including soil stabilization, erosion control, and vegetation restoration.
Furthermore, the waste generated from CBM extraction, such as drilling mud, should
be appropriately disposed of to prevent environmental contamination. Proper storage,
transportation, and disposal of hazardous and non-hazardous waste should be carried out
according to regulatory requirements [193]. In addition to these practices, government
regulations and oversight play an important role in ensuring proper CBM waste disposal.
Governments can establish standards for waste disposal, require companies to obtain
permits for waste disposal activities, and impose penalties for non-compliance. They can
also invest in research and development for new waste disposal technologies and practices
that minimize the environmental impacts.

11.2.5. Community Engagement

Community engagement is a key component of CBM extraction, as it can help to
identify and address the concerns and needs of the affected communities. Community
members should be involved in decision making, and regular communication should
be maintained throughout the extraction process. Training and education of workers
are essential to avoid accidents related to CBM extraction. Workers should be trained
on the hazards associated with CBM extraction, the proper use of equipment, and the
safety procedures. Regular safety drills and emergency response training should also be
conducted to ensure that workers are prepared to respond to any potential hazards.

11.2.6. Emergency Response Plan

Proper emergency response plans should be formulated and applied to mitigate the
risks of gas explosions, outbursts, and leakage. These plans should include procedures
for shutting down wells, evacuating workers, and containing any gas leaks. Emergency
response equipment such as gas detectors, breathing apparatus, and firefighting equipment
should also be available and maintained in good condition.

In summary, CBM extraction promises to deliver a substantial energy source, but
poses several hazards that must be carefully addressed. By executing suitable measures
such as proper well construction, effective water management, monitoring and control
of emissions, proper disposal of waste, and community engagement, the risks of CBM
extraction can be curtailed, and the benefits can be amplified. Alleviating the jeopardies
associated with gas explosions, outbursts, leakage, and related accidents in CBM extraction
requires a comprehensive approach that includes regular maintenance and inspection,
monitoring of gas levels, proper ventilation, training and education of workers, and proper
emergency response plans.

12. An Outlook of Future Development Trends in the Exploration, Production, and
Application of CBM

In order to counteract the challenges of CBM exploration and development, an array
of research from different perspectives is immediately required. The high-depth coal seams
must be investigated for their potential, storage behavior, adsorption and desorption char-
acteristics, gas flow behavior, gas saturation, pore geometry, porosity, and permeability of
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the strata, among others, for CBM development. A multi-angle approach is necessary in
order to crack these issues and reach these high-depth coal seams for CBM exploration.
Additional research should be performed to make drilling, hydraulic fracturing, gas extrac-
tion, proper pipeline conveying, etc., economical and less harmful to the environment and
ecosystem. Implementing the pinnate horizontal well technique requires a lengthy inves-
tigation to enhance CBM extraction. In this technology, the horizontal well bore spreads
evenly and widely in the coal beds and readily drops the stratum pressure, which amplifies
the desorption and diffusion of methane, leading to enhanced CBM production [202].

Moreover, studies can be conducted on CBM extraction using CO,. As CO; shows
greater sorption efficiency on coal than on methane, and at least two molecules of CO; can
replace each methane molecule under optimal pressure and temperature conditions, CBM
extraction using CO; injection in deep coal seams may be slightly improved. Amendments
of policy measures; justified, scientific, and economic planning for CBM development;
implementing research findings on gas production first, followed by coal mining (especially
in China); improvements in market stability and security; and lowering of production
costs, among others, are to be conducted soon to enhance CBM exploration. Further,
enacting resource sharing, preventing unordered competition, and intensifying information
channels are required to build an integrated information management system for CBM [144].
Additionally, improvements in government policies, as well as in the cooperation and
understanding between coal mining and CBM exploration companies, as a way to raise the
standards of financial subsidies, are necessary for the near future [148].

CBM exploration and development requires a huge, long-term financial investment
and high risks to obtain the benefits. If the coal price is alleviated due to market fluctua-
tions, CBM exploration and development funds decline. Hence, special funds for CBM
exploration and development are necessary to keep the CBM industry on track for further
development. Enterprises contributing significantly to CBM exploration, development, and
application should be rewarded to stimulate their efforts, scheme, and eagerness; encour-
age investment; and loosen the financial constraints. Initiatives should be taken to invite
various stakeholders to benefit from CBM exploration, development, and applications.
For example, the Australian Government opted for the Commonwealth Greenhouse Gas
Abatement Program to buoy up the extenuation of coal mine methane (CMM) emission
and electricity generation from this methane [148]. The program was allotted USD 304
million and funds large-scale activities through a competitive method [203]. This program
has funded many CBM/CMM projects in Australia, through which the proven reserves
and output of CBM/CMM have experienced a rapid escalation in recent times [148].

In India, simulation studies are also underway to boost CBM exploration and devel-
opment. As an example, Panwar et al. [204] established a three-dimensional excavation
of CBM from reservoir simulation (COMET3) for the Sitarampur coal beds (Gondwana)
of the Raniganj Basin. The Sitarampur block is a virgin and highly gassy coal block in the
Burdwan district of West Bengal, India. It comprises a large amount of coal bed methane.
The simulation investigation was conducted based on the vertical well degasification of the
coal beds. The reservoir simulation was enacted to document the methane concentration in
the coal matrix, the gas saturation in the fractures, and the production of water over time.
The reservoir simulation was implemented for 25 years to recover methane from the coal
beds. The results indicated that ~372 million cubic meters of carbon dioxide-equivalent
greenhouse gas emissions could be mitigated by methane extraction with space and time.
The simulation also revealed that a colossal amount of methane could be recovered from the
Sitarampur coals with less water production. This immense amount of methane recovery
may alleviate global warming and offer a potential alternative energy resource. The safety
of the coal mines would also be improved through this process. Hence, ongoing and future
research should also incorporate reservoir simulation techniques and artificial intelligence-
based models in other CBM basins of India and other CBM-producing countries worldwide.
Otherwise, researchers and industries are also looking for microbially enhanced CBM
production from the existing and depleted wells through several techniques (discussed in
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Section 13) to augment the methane recovery, and this technique will be one of the prime
focuses for CBM exploration and development in the near future.

As the earth is progressing towards a green, sustainable future constituted by hy-
drogen energy, CBM can also be used to generate hydrogen through methane decarbur-
ization/decarbonization and the steam methane reforming process [205-207]. Methane
decarbonization denotes splitting methane into solid carbon and hydrogen gas:

CH4 — C + 2H, (AH? = 32.43 kJ /molH,) (8)

This reaction is endothermic, and ample energy is required to break the C-H bonds of
high bond dissociation energy [208]. The methane decomposition commences at ~500 °C,
and the high conversion rates are achieved beyond 1100 °C. Catalytic activities augment
10% conversion rates at 500 °C to 95% at 1050 °C [209]. Meanwhile, coke accumulation on
the active surface of metal catalysts or alleviated superficial characteristics of carbonaceous
catalysts may hinder the implementation of catalysts on an industrial scale [206]. The
HYPRO technology, based on the fluidized bed reactor, was the most relevant practice for
the catalytic thermal decarbonization of methane [210]. On the other hand, hydrogen gas
is widely produced from methane through the steam methane reforming process. This
process is highly efficient and causes less environmental pollution [207,211,212]. Steam
methane reforming is primarily an endothermic process that employs nickel-based catalysts
to react methane with high-temperature steam, generating hydrogen, carbon monoxide,
and carbon dioxide at a temperature of 750-900 °C and a bar pressure >30 [207,213]:

CH, + H,0(g) = CO + 3H, (AgH? = 206.28 k] /mol) )
CO + H,0(g) = CO, + 3H, (AgH" = -41.16 kJ /mol) (10)
CH, + 2H,0(g) = CO, + 4H, (AgHC = 165.12 k] /mol) (11)

The hydrogen generated from this steam-reforming process of methane is known as
grey hydrogen, as a reasonable amount of CO; is released along with the hydrogen gas.
Meanwhile, if this released CO, can be captured in organic matter and clay minerals [2], the
produced hydrogen gas will be considered clean energy and termed as blue hydrogen [207].
Therefore, besides serving as a promising alternative energy resource in the coming days
with progressive amplification of exploration and development, CBM can also offer a
hydrogen-based economy and a greener sustainable future for the Earth and its inhabitants.

13. A Note on Microbially Enhanced Coal Bed Methane (ME-CBM) Recovery

Microbially enhanced coal bed methane recovery (ME-CBM) utilizes the ability of
microorganisms to produce methane in coal beds [214,215]. The stimulation for in situ
microbial methane generation in the coal resource has already been a research topic for
scientists and engineers for a decade or two. Meanwhile, this in situ stimulation of microbial
methane is controlled by several parameters, such as the availability of methanogens, the
battle for methanogenic substrates, the rate and viability of methanogenesis, the availability
of biodegradable organic matter, and the salinity and temperature of the formation, as
well as the distributions of pores and fractures. Furthermore, several strategies have been
proposed to stimulate microbial methane generation and amplify the CBM recovery from
coal seams. These include bioaugmentation, biostimulation, enhancing the contact surface
area of coals to the methanogens, and augmenting the proportion of bioavailable organic
matter [32].

Bioaugmentation denotes amplifying the in situ microbial activities in coal seams
by injecting microorganisms [216]. This process may involve a single microorganism or
a microbial consortium. However, introducing microbes into the subsurface coal seams
may raise the risk of microbial contamination of groundwater, which may pose a severe
environmental threat. Moreover, nutrients and/or electron receivers and donors are in-
troduced to coal seams during biostimulation to accelerate methane production using the
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native microbial communities. This method is highly useful in active microbial methane
reservoirs or where the rate of methanogenesis is alleviated over time. At these particular
sites, biostimulation can enhance the growth of methanogens and alter the redox conditions
favorable for methanogenesis [55,217,218]. Stimulation of the primary and secondary fer-
menters induces geopolymer decomposition and the consequent expulsion of intermediate
moieties, which are subsequently converted to methane by the methanogens. Biostimu-
lation is a widely practiced technique in the commercial microbial methane stimulation
process [32,217]. Additionally, laboratory simulation experiments employed yeast extract,
synthetic nutrients, monosaccharides, etc. [58,219] to enhance methane recovery. Luca Tech-
nologies, INC, utilized a mixture of yeast extract, soy proteins, glycerol, weak organic acids,
synthetic vitamins, etc., to amplify the CBM recovery in the Black Warrior Basin, San Juan
Basin, and Unita Basin. Moreover, vitamins, trace metals, and non-carbonaceous nutrients
were applied at different sites in India, Indonesia, and China by Next Fuel, INC [219], for
the ME-CBM recovery.

In the coal seams, the methanogens are often restricted to the coal fractures as the pore
networks are extremely tiny, too much so for their proliferation [87]. Hence, the limited
accessibility of the coal surface area reduces the viability of methanogenesis. This issue
can be resolved through hydraulic fracturing. The fracturing fluid exclusively comprises
water and sand, with additives, such as acids, which are used to strip off drilling mud from
the well bore, and biocides, to mitigate detrimental microbial bustle [220]. A fraction of
this fluid remains within the coal seams after the completion of fracturing, which offers a
reasonable chance for the introduction of the microbial consortium into the induced fracture
networks. Enhanced permeability fracturing may help to develop microbial colonies in
coal seams, particularly in coal matrix and pore networks, which can stimulate methane
production. Furthermore, the bioavailability of organic matter in coal seams can be boosted
by injecting chemicals to dissolve the coal matrix, such as hydrogen peroxide [221] or
potassium permanganate [222]. However, these chemicals may often harm the microbial
communities and decrease their activity. Any comprehensive utilization of this technique
is lacking hitherto.

Research has shown that ME-CBM can significantly increase the amount of methane
by 50 to 100% [5,215,218]. The selection of the microorganism is critical in ME-CBM re-
covery. Usually, methanogens that produce methane as a metabolic by-product are used.
These microorganisms are naturally found within coalbeds; however, their numbers can
be increased by injecting nutrients and other growth-promoting compounds [223]. Some
of the most commonly used microorganisms in ME-CBM recovery include
Methanobacterium sp. Methanospirillum, Methanococcus, Methanobacterium,
Methanosaeta thermophila, Methanothrix soehngenii, and Methanosarcina barkeri [215]. More-
over, favorable environmental factors such as temperature, salinity, and pH levels also play
essential roles in microbial growth [56,215]. Fuertez et al. [215], in their laboratory experi-
ments, revealed that the feasible pH range for a microbe to grow and operate is between
4.2 to 6.8. In contrast, the optimum temperature for their efficiency ranges from 23 °C to
37 °C. On the other hand, a salt concentration between 3.7 mg/cm? and 9.0 mg/cm?3 is
ideal for microbial functioning. Further, methane enhancement is increased by injecting
water or CO; into coal beds, injection of surfactants to increase methane solubility, and
applying electrical or thermal stimulation to release the methane. Surfactants can increase
methane solubility, making it easier for the microorganisms to produce and release methane.
Thermal stimulation is also an effective method for enhancing methane production. This
involves heating the coal bed to temperatures between 70 and 150 °C, which can increase
the activity of the methanogens and release methane from the coal. In conclusion, ME-CBM
recovery promises to increase methane production from coal beds. Using microorganisms
to stimulate the release of methane from the coal and methods such as water or carbon
dioxide injection, surfactant application, and thermal stimulation to enhance methane
production, it is possible to substantially improve the CBM recovery.
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Although ME-CBM recovery is gaining attention in different coal basins nowadays,
India is still looking for ways to successfully initiate it. Extensive biogeochemical inves-
tigations are required in India’s productive coal basins to elucidate the methane’s origin
through primary/secondary microbial and/or thermogenic pathways. The Gondwana
coal basins are generalized to contain late mature thermogenic gas due to their bitumi-
nous rank, although this may be imprecise, as Ghosh et al. [24] have already reported a
fascinating finding regarding the secondary alteration of the primary thermogenic gas
signatures in the Raniganj Basin. Thus, the microbes would have been introduced at the
post-coalification stage in that case. Hydraulic fracturing is the principal CBM exploration
method followed in this basin. So, if a microbial consortium can be introduced through the
fracking liquid during this process, it may help augment the coal’s surface area to favor
microbial colonization. Additionally, the bioaugmentation process, as well as the injection
of surfactants, nutrients, vitamins, trace metals, yeast extract, glycerol, and their mixtures,
may help to enhance methane recovery from these coals. However, a potential risk assess-
ment should be performed, and strategies should be developed to prevent the exposure
of these synthetic communities to groundwater reservoirs before the application of these
methods. The biogeochemical characteristics of the coal resources in other productive areas,
such as the Jharia, Karanpura, and Bokaro coal fields, have been understudied until now,
and the gas is generally designated as thermogenic. Thus, the feasibility of the ME-CBM
recovery methods in these basins is still unknown. Additionally, the Tertiary coal and
lignite fields are also devoid of any detailed gas geochemical investigations. Some sporadic
information exists, but it can barely help to develop strategies for enhanced methane re-
covery. As already described, Dutta et al. [22] investigated the gas geochemical behavior
of the Eocene Tharad lignites from the Sanchor Sub-Basin of Gujarat, India. The gas was
primary microbial, and was mixed with the early mature thermogenic gas evolved from
the hydrogen-rich biomolecules. In this case, biostimulation may be the ideal method to
augment methane recovery. The nature and type of native microbial communities in these
lignite seams, the formation temperature, the groundwater salinity, and the pore geometry
of these lignites require thorough research. Only then should ME-CBM recovery strategies
be developed, taking the risk assessment into consideration. Thus, in summary, the huge
deposits of Indian coals and lignites require extensive biogeochemical, biological, and
environmental investigations to construct any strategies for ME-CBM recovery.

14. Concluding Remarks

Coal bed methane (CBM) is a naturally occurring gas in coal seams, and represents
the chief resource for unconventional hydrocarbon energy in India hitherto. The CBM
generates, through primary or secondary microbial methanogenesis and early and late
mature thermogenic pathways, the degradation of organic matter. The primary microbial
methanogenesis exclusively includes hydrogenotrophic and acetoclastic pathways. Sev-
eral geological influences often lead to the mixing of microbial and thermogenic gases.
The microbial methanogenic pathways, thermogenic degradation of organic matter, gas
mixing, and hydrogeological conditions in coal seams are widely documented by the gas
molecular ratio; stable carbon isotopic fingerprints of methane; carbon dioxide; the isotopic
discrimination factor; the stable deuterium isotopic compositions of methane and coal
bed formation water; and the stable oxygen isotopic signature of the co-produced water.
The micropetrographic compositions, total organic carbon content, moisture content, ash
yield, volatile matter yield, pore geometry of coals and lignites, coal rank, tectonic setting,
geothermal gradient, and thermal stress from intrusive igneous bodies, among others,
govern the generation, production, and storage of CBM.

Although the USA, Australia, and Canada are rapidly expanding their CBM industries,
Southeast Asian countries, i.e., China and India, face numerous challenges in CBM explo-
ration and development. A lack of proper mining technologies in unfavorable geological
conditions, high production costs, geographic challenges, a dearth of proper strategies
to develop CBM from deep coal seams, and market risk, among others, are hindering
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China from following the trend of CBM exploration in developed counties. Furthermore,
although having massive coal and lignite deposits to investigate these aspects, India’s CBM
exploration is still in its infancy. The production of CBM has not been reached, as was
projected by the government of India. Plausible solutions, comprehensive and advanced
investigations of the CBM behavior of deep-seated coal beds, proper drilling and fracturing
techniques, pinnate horizontal well technology, reservoir simulations, environmental and
economic risk assessment, etc., are required to escalate the development of the CBM indus-
try, especially in India and China. Additionally, arranging special funding for the CBM
industry, improving market security and relation, ensuring cooperation between the coal
mining and CBM industries, increasing financial subsidies, and inviting investors to fund
the ongoing and upcoming CBM projects should be utilized as ways to amplify the CBM
exploration and development in Southeast Asia in the coming days. Moreover, besides its
application as an alternative clean energy resource nowadays, CBM can be employed to
generate hydrogen energy in the upcoming green and sustainable future. Hence, rapid
CBM industry development is necessary and should be the primary focus of the upcoming
research activities.

Recently, the government put forward policy guidelines for exploring CBM resources
from several government agencies, namely, national oil companies, research institutes,
and academic institutions, to develop the country’s CBM resources. To produce coal bed
methane (CBM) in India, the Government of India formulated a CBM policy in July 1997,
wherein CBM, being a natural gas, was explored and exploited under the provisions of the
Oil Fields (Regulation and Development) Act 1948 (ORD Act 1948) and the Petroleum and
Natural Gas Rules 1959 (P&NG Rules 1959) administered by the Ministry of Petroleum
and Natural Gas (MoP&NG). The government of India has approved the policy to permit
the exploration and exploitation of unconventional hydrocarbons such as shale oil/gas,
CBM, etc., under the existing production sharing contracts (PSCs), CBM contracts, and
nomination fields to encourage the existing contractors in the licensed/leased area to
unlock the potential of unconventional hydrocarbons in the existing acreages. The CBM
industry in India may have enormous potential to become a vital energy resource in the
future through improving our strategies and the economic conditions. The policies are
modified annually by the Government of India to support the effective development of the
CBM industry.

Although CBM has the potential to meet the world’s renewable energy needs, it poses
risks to the environment, infrastructure, ecosystem, and human health. Periodic methane
outbursts, leaks, and explosions are linked to CBM extraction, and these events have an
impact on the local ecosystem, infrastructure, agricultural land, environment, and public
health. Many actions can be taken to reduce these hazards. These comprise installing
ventilation systems to prevent gas accumulation, using sensors to assess methane levels,
putting safety procedures in place, and training staff. Technologies such as directional
drilling and hydraulic fracturing can further reduce the possibility of methane explosions
and outbursts.

Moreover, ME-CBM recovery from Indian coal basins requires a long road prior to
successful commercialization. The dearth of investigations and essential data restrict the
researchers and engineers from developing any ME-CBM recovery strategies. Only two
published reports on the Gondwana coal and Eocene lignites have revealed the biogeochem-
ical characteristics of methane stored in these deposits. These investigations may shed light
only on the microbe-induced recovery of methane. Additional widespread comprehensive
research from scientific, technological, and environmental aspects is needed in all accessible
coal and lignite fields of India to develop the ME-CBM recovery strategies efficaciously.
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