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Transition of biogenic coal-to-methane conversion from the 
laboratory to the field: A review of important parameters and 
studies
Katherine J. Davis, Robin Gerlach

Coalbed methane (CBM) is an important unconventional natural gas resource in the U.S. and around the 

world. Many of the CBM containing coal formations are home to microbial communities producing the gas 

by con-verting coal to methane. Biogenically produced CBM provides an opportunity for developing 

technologies to enhance the microbial processes and increase the recoverable gas. To transfer strategies for 

biogenic CBM en-hancement from small-scale laboratory studies to large-scale commercial applications in 

subsurface coal beds, there are several factors that should be considered to facilitate this transfer. Coal rank, 

chemistry and structure, formation water chemistry, as well as microbial communities can vary widely 

among coal formations, and matching these components in laboratory studies to each other and the coal bed 

of interest should be considered. More work is required to understand the effects of gas sorption, pressure, 

and water movement through coal formations on biogenic gas production. Additionally, methods for 

applying methane enhancement strategies in situ must be further investigated to develop commercial 

applications of enhanced microbial coalbed methane production.

Most subsurface coal beds contain at least two 

types of fossil fuel energy: coal and natural gas. The 

natural gas, also known as coalbed methane (CBM), 

is considered an unconventional gas resource and 

has been extracted commercially in the United 

States since the late 1980s (Strąpoć et al., 2011). 

Due to the potential of microbial coal-to-methane 

conversion, it has been suggested that technologies 

can be developed to enhance biological reactions 

producing CBM and increase the amount of natural 

gas available for extraction from coal beds 

(Colosimo et al., 2016; Park and Liang, 2016; Ritter 

et al., 2015).

To advance the potential of biogenic CBM 

enhancement in situ, la-boratory experiments and 

field investigations have been published by 

researchers in many regions of the world. These 

studies have focused on the microbial communities 

responsible for the coal-to-methane con-version, 

coal bed hydrology and geochemistry, and methane 

enhance-ment strategies. While the body of 

knowledge regarding biogenic CBM production and 

potential enhancement strategies has increased over 

the last several years, gaps still exist, inhibiting the 

transfer of bench-scale research to field-scale 

demonstrations and commercial in situ applica-

tions.

This review seeks to identify and discuss the 

parameters to be considered when transferring 

strategies for CBM enhancement devel-oped in the 

laboratory to prospective in situ conditions. Gaps in 

the understanding of these parameters will be 

addressed, and suggestions will be made for the 

next steps necessary to apply enhancement stra-

tegies in the field.

2. Overview of naturally occurring coalbed 
methane

2.1. Coalbed methane extraction techniques

Coalbed methane (CBM) is natural gas found 

in subsurface coal beds. Due to geological 

characteristics and recovery methods required for 

collection, CBM is categorized as an 

unconventional gas (McGlade et al., 2013). 

Conventional natural gas resources generally 

require wells exceeding 1500 m (5000 ft) deep for 

extraction. Most methane-produ-cing coal beds are 

< 600 m (2000 ft) deep and many < 150 m (500 ft)

(U.S. Energy Information Administration, 2016). 

This results in a much lower cost for drilling 

CBM extraction wells compared to wells for 

conventional natural gas extraction (Ritter et al., 

2015). While most of the gas in conventional gas 

formations is typically found in the free
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state within the pores of the formation, most CBM in subsurface coal

beds is thought to be sorbed to the coal itself (Moore, 2012).

It is generally accepted that CBM exists in three states in coal beds:

(i) a free state where methane molecules exist as gas or dissolved within

cleats (fractures) or macropores of the coal structure, (ii) an adsorbed

state where methane sorbs to the coal surface within coal micropores by

physical (physisorption) or chemical (chemisorption) interactions, and

(iii) an absorbed state where methane is held within the chemical

structure of the coal itself (Busch and Gensterblum, 2011; Moore,

2012). It is believed that the majority of subsurface CBM is adsorbed,

and the amount that can be adsorbed is dependent on the surface area

of the pores rather than the pore volume (Milewska-Duda et al., 2000).

For commercial CBM extraction, wells are drilled into the coal beds

of interest, and casings are generally screened in the methane-produ-

cing regions. To release the CBM adsorbed to the coal, water is pumped

from the wells to reduce the hydrostatic pressure and allow the ad-

sorbed gas to desorb (Meredith et al., 2012; Rice and Nuccio, n.d). CBM

extraction initially produces high volumes of water to release the ad-

sorbed gas from the coal, and pumped water volumes decrease as gas

production increases when the coal bed is dewatered (Fig. 1)(Moore,

2012; Nuccio, 2000). While CBM wells are typically less expensive to

drill than wells in conventional natural gas formations, most conven-

tional natural gas wells produce more gas per well lifetime than CBM

wells (Ritter et al., 2015).

The extraction of CBM produces large volumes of low quality water.

The typical CBM well in the Powder River Basin (PRB) of Wyoming and

Montana (U.S.A.) produces an average of approximately 64,300 L/day

(17,000 gal/day) (Rice and Nuccio, n.d). CBM production waters

commonly have total dissolved solids (TDS) exceeding the 500 mg/L

limit recommended for drinking water (U.S. EPA, 2015) and

1000–2000 mg/L maximum recommended for stock ponds or irrigation

(Rice and Nuccio, n.d). The main dissolved ions contributing to the

elevated TDS in most CBM formations are sodium, bicarbonate and

chloride. While most CBM production waters are of better quality than

water produced from conventional oil and gas wells, TDS in CBM

production waters can range between 200 and 170,000 mg/L. Thus, it

is often necessary to treat the production water for surface discharge

and irrigation uses or determine long-term storage solutions (Rice and

Nuccio, n.d).

To treat CBM production waters to meet discharge or irrigation

standards, the TDS must be reduced. The most commonly established

desalination methods include pressure driven techniques using mem-

brane technologies or thermal treatments (Silva et al., 2017). The most

effective pressure driven membrane technology (99% TDS removal ef-

ficiency) is reverse osmosis, which requires significant energy inputs to

maintain the pressure gradient required for TDS removal (Ahmadun

et al., 2009; Alzahrani and Mohammad, 2014). Thermal processes also

require high energy and capital costs to effectively remove TDS which

can make these methods cost-prohibitive (Silva et al., 2017). Some of

the newer emerging membrane technologies used to treat production

waters and effective for TDS removal include membrane distillation,

forward osmosis, and pervaporation technologies which have been

tested for treating CBM production water for irrigation applications

(Silva et al., 2017). With up to 99.8% NaCl removal and low energy

requirements, pervaporation shows promise as a lower cost treatment

method for CBM production water reuse (Sule et al., 2013).

In addition to the large quantities of water produced during CBM

extraction, CBM wells typically have a short lifespan of only 7–10 years

resultingin aneedfor new well development on shorter time intervals

than for conventional gas wells (Meredith et al., 2012). Despite these

issues with CBM extraction, there are also benefits to using CBM for

electricity generation instead of the coal itself.

Natural gas is considered a cleaner energy resource than coal, pro-

ducing negligible amounts of mercury and sulfur compounds and ap-

proximately half the CO2per unit of energy generated. In addition to

higher CO2emissions, combustion of coal results in approximately

450% more NOx, 500% more CO, and 400% more particulate emissions

compared to the combustion of natural gas (U.S. Energy Information

Administration, 2017a, 2017b). These advantages of natural gas for

electricity generation relative to coal suggest similar advantages for

CBM. CBM extraction instead of coal mining in gas-producing coal beds

would allow for the utilization of a potential energy source while re-

ducing many harmful emissions, hazards of traditional coal mining, and

the environmental impact caused by mining coal.

The U.S. has large reserves of both coal and natural gas (Tables 1

and 2)(U.S. Energy Information Administration, 2017a, 2017b), but

the demonstrated coal reserves contain approximatelyfive orders of

magnitude more energy than natural gas reserves in the U.S. (U.S.

Energy Information Administration, 2017c). However, only ~4% of the

total demonstrated coal reserve and ~2% of the underground coal re-

serve bases are estimated to be recoverable with current infrastructure

and active mines. These vast unmineable underground coal reserves

provide sources of potential CBM extraction and opportunities for

biogenic methane enhancement technology applications to increase

recoverable CBM.

2.2. Origins of CBM

CBM can be formed in two ways. (i) Thermogenic methane is

formed through abiotic processes requiring heat, pressure, and geolo-

gical time scales; it is formed during the coal aging process and results

from the thermally-induced conversion of larger coal molecules (Moore,

2012; Stolper et al., 2015). (ii) The second pathway for CBM formation

is the conversion of coal to methane by microbial processes and is

continually occurring in many coal formations (Park and Liang, 2016;

Fig. 1.Schematic of water and gas production from a typical CBM production profile

showing the different phases of production.

Adapted fromNuccio, 2000.

Table 1

Summary of U.S. estimated coal reserves in 2015 (in million metric tons) (U.S. Energy Information Administration, 2017b).

Demonstrated reserve base Estimated recoverable reserves Recoverable reserves at producing mines

Underground–mineable coal 297,367 133,161 6459

Surface–mineable coal 135,431 98,077 10,167

Total 432,798 231,238 16,626



Ritter et al., 2015). Recently published articles provide detailed reviews

of the microbial processes involved in biogenic CBM production, coal

structure, and potential intermediates of biodegradation (Colosimo

et al., 2016; Park and Liang, 2016; Ritter et al., 2015; Strąpoćet al.,

2011).

In brief, the multi-step process of biogenic coal-to-methane con-

version involves diverse microbial consortia containing both bacterial

and archaeal members. It is generally accepted that bacteria sequen-

tially break down the complex carbon in coal to intermediate and

simple byproducts (Colosimo et al., 2016; McInerney et al., 2008;

Schink, 2005). Some of the simplest byproducts of the bacterial bio-

degradation of coal are the substrates required by methanogenic ar-

chaea to produce methane gas (Fig. 2). In addition to bacterial coal

degraders, recent studies have shown that fungi may also play a sig-

nificant role in coal degradation to form methanogenic substrates (Guo

et al., 2017; Haider et al., 2013).

The three primary pathways for archaeal methane production are

hydrogenotrophic (Eq.(1)), acetoclastic (Eq.(2)), and methylotrophic

(Eq.(3)) reactions. The H2, acetate, and methanol (or methyl-group

containing molecules) are the byproducts of the bacterial degradation

of coal and the substrates for methanogenic archaea (Colosimo et al.,

2016; Park and Liang, 2016; Strąpoćet al., 2011).

CO 4H CH 2H O2 2  4 2+ →  + (1)

CH COOH CH CO3 4 2→ + (2)

4CH OH 3CH CO 2HO3 4 2 2→ + + (3)

The gases found in coal beds can be thermogenic, biogenic or of

mixed origin, and stable isotope analyses of produced gases have been

used to determine gas origins. Most frequently, plots ofδ13C-CH4versus

δD-CH4for CBM, as shown inFig. 3, have been used to suggest the

origins of produced gases and differentiate between the dominant

biogenic pathways (Golding et al., 2013). Stable isotope analyses have

been published for several CBM producing formations around the

world. The Bowen and Surat Basins of Australia have isotopic sig-

natures indicating that CBM is likely of mixed origins (Hamilton et al.,

2014; Kinnon et al., 2010). The Forest City and Powder River Basins of

the U.S. were found to have signatures indicative of almost exclusively

biogenic CBM formation (Flores et al., 2008; McIntosh et al., 2008).

While much of the methane found in Illinois Basin coal and shale for-

mations have a thermogenic or mixed origin isotopic signature, several

studies have shown that CBM produced along the eastern margins of

this basin is primarily of biogenic origin and associated with meteoric

groundwater recharge associated with glacial melting (Moore et al.,

2016; Schlegel et al., 2011; Strąpoćet al., 2008, 2007). An Indonesian

coal bed in the South Sumatra Basin has an isotopic signature sug-

gesting mixed origin gas, and microbial communities found in this coal

formation are indicative of the communities found in known biogenic

CBM producing formations. Laboratory microcosms using formation

water from this Indonesian coal bed produced biogenic methane

(Susilawati et al., 2016).

A recent review byVinson et al. (2017)raised questions about the

accuracy of using conventional stable isotope analyses alone for the de-

termination of gas origins or methanogenic pathways in coal and shale

formations. Hydrogenotrophic methanogenesis is often predicted to be the

dominant methanogenic pathway for biogenic CBM production when only

conventional stable isotope analyses are considered. However, hydro-

genotrophic methanogenesis can be indicated from stable isotope analysis,

regardless of actual methanogenic pathways, due to hydrogen isotope

equilibration between methane precursors and formation water. Ad-

ditionally, improvements in microbial characterization studies have in-

dicated the presence of methanogens capable of acetoclastic and methy-

lotrophic methanogenesis (Vinson et al., 2017). The accuracy of analyses

usingδ13C measurements to predict CBM origins can be impacted by

mixing of thermogenic and biogenic gases, competitive substrate conver-

sion, methane oxidation, and formation water interactions. Thus, it is

important to consider isotopefingerprints of coal basins with com-

plementary microbial community analyses to obtain a more complete

picture of the origins of coal bed gases (Vinson et al., 2017).

Table 2

Summary of U.S estimated natural gas reserves in 2015 reserves (in billion cubic

meters) (U.S. Energy Information Administration, 2017a).

Reserves (billon m3)

Wet NG 9183

Wet non-associated NG 7329

Wet associated-dissolved NG 1855

Dry natural gas 8714

Fig. 2.Schematic of the sequential microbial degradation of coal to produce coalbed

methane (Moore, 2012; Schink, 2005; Strąpoćet al., 2011).

Fig. 3.Methane δ13Cversusδ2H for several CBM and shale gas formations. The re-

lationship between the two indicate varying origins of methane for different basins.

Source:Golding et al., 2013.



CBM can be found in many locations around the world. While some

CBM formations contain primarily thermogenic gases, many coal beds

contain mixed origin methane, and the CBM of the Powder River Basin

is thought to be solely of biogenic origin (Fig. 4)(Ritter et al., 2015).

While CBM can be extracted from coal beds regardless of gas origin,

biogenic production of CBM provides the potential to stimulate the

microbial communities to increase the rates of coal-to-methane con-

version, increase the extractable methane, and thus extend the life of in-

place wells.

2.3. Microbially enhanced coalbed methane (MeCBM)

Strategies for enhancing microbially-produced CBM fall into three

general categories: bioaugmentation, coal treatment to increase bioa-

vailability, and biostimulation. Three recently published reviews

(Colosimo et al., 2016; Park and Liang, 2016; Ritter et al., 2015) de-

scribe the most studied methods for enhancing biogenic CBM produc-

tion, and the three most commonly pursued enhancement strategies are

briefly summarized here.

Bioaugmentation is the addition of a coal degrading, methanogenic

microorganisms to the coal environment and has been implemented in

laboratory studies where biogenic coal-to-methane conversion was

studied with non-coal sourced microbial consortia (Gupta and Gupta,

2014; Haider et al., 2013; Jones et al., 2010, 2008; Opara et al., 2012).

While this strategy suggests the possibility of enhancing biogenic CBM

in coal beds without current biogenic methane production, obtaining

permits from regulatory agencies is likely difficult (Park and Liang,

2016; Ritter et al., 2015).

Coal treatment to increase its bioavailability for bacterial degrada-

tion is a second proposed strategy for enhancing biogenic CBM pro-

duction. Hydraulic fracturing is a commonly used method for in-

creasing surface area and releasing gases during shale gas extraction

(Colosimo et al., 2016). Similar techniques could be applied in coal

beds to release CBM and increase the surface area accessible for mi-

crobial degradation. However,fluids used for hydraulic fracturing

could affect the native coal bed microbial community structure

(Robbins et al., 2016b) or contaminate nearby drinking water aquifers

(U.S. EPA, 2016). Strategies for pre-treating the coal have been studied

in the laboratory; treatments include the use of strong oxidants such as

hydrogen peroxide to increase coal bioavailability (Huang et al., 2013a;

Jones et al., 2013), but, since strong oxidants are recommended for

disinfection purposes (Centers for Disease Control and Prevention,

2016), these may also impact the microbial populations.

Another strategy for increasing the bioavailability of coal is the

addition of biosurfactants or chemical surfactants to reduce surface and

interfacial tensions between coal molecules to increase solubility

(Colosimo et al., 2016). Biosurfactants produced by a strain ofPseu-

domonas stutzeri, isolated from an Indian coal bed, increased coal so-

lubility in two ways: 1) improving contact between hydrophilic en-

zymes and hydrophobic coal surfaces and 2) increasing the solubility of

coal humates by binding metals involved in ionic linkages (Singh and

Tripathi, 2013). Increased biogenic methane production from coal was

demonstrated for Surat Basin coals with the addition of the chemical

surfactant Zonyl FSN (Papendick et al., 2011).

The most extensively investigated CBM enhancement strategy is

biostimulationvianutrient addition. To apply biostimulation methods

in situorex situ, a viable microbial consortium capable of coal-de-

gradation and methanogenesis must be present. Some biostimulation

studies have added methanogenic substrates (e.g.formate, acetate, H2)

as nutrient amendments (Barnhart et al., 2013; Harris et al., 2008).

These amendments were shown to increase methane production, but it

is likely these additions were directly converted to methane and did not

significantly increase the desired coal-to-methane conversion. There-

fore, when choosing nutrients for addition, the target for stimulation

should likely be the coal-degrading members of the community instead

of the methanogens themselves.

Laboratory research to enhance coal degradation and thus increase

coal-to-methane conversion have used synthetic nutrients (NH4
+,

K2HPO4, trace minerals, vitamins) (Jones et al., 2010; Zhang and Liang,

2017), yeast extract and/or peptones (Barnhart et al., 2017; Zhang

et al., 2016), monosaccharides (Huang et al., 2017), and biomass

amendments (Barnhart et al., 2017; Davis et al., 2018). A few compa-

nies have made commercial attempts to enhance biogenic CBM pro-

duction. Luca Technologies, Inc. applied its nutrient addition strategies

at U.S. sites in the PRB (WY), Uinta Basin (UT), San Juan Basin (NM),

and Black Warrior Basin (AL). The nutrient mixture included synthetic

vitamins and minerals, complex nutrients like yeast extract and soy

proteins, glycerol, and weak organic acids. Next Fuel, Inc. utilized nu-

trient additions containing synthetic, non-carbonaceous nutrients, trace

metals, and vitamins at several sites in China, India and Indonesia.

Cirus Energy attemptedin situbiostimulation in the coal beds of the

PRB using synthetic nutrients and yeast extract (Ritter et al., 2015).

While bioaugmentation, coal treatment, and biostimulation strategies

have been tested extensively in thelaboratory and have been applied

commercially, transferring these methods to large-scalefield applications

faces several challenges, which are further discussed in this review.

Fig. 4.Map showing locations of coal beds with microbially produced CBM and locations where pilot tests have been performed to attempt enhancement of the coal-to-methane

conversion.

Source:Ritter et al., 2015.



important to considervariationsin methane production in a laboratory

setting due to the medium or formation water used in studies.

To address this concern and provide morein siturelevance toex situ

experiments, someCBMstudies have used formation water in lieu of

synthetic media in laboratory enrichments (Davis et al., 2018; Fallgren

et al., 2013b, 2013a; Singh et al., 2012; Ulrich and Bower, 2008). By

using formation water sourced from the coal bed of interest, concerns of

chemistry differences between laboratory coal microcosms and thein

situconditions can be reduced.

3.2. Microbial inocula for laboratory studies

Microbial populations involved in coal degradation and methane

production vary between coal basin location and between coal beds

within a basin. Studies of the bacterial populations in the Powder River

and Illinois Basins in the U.S. and basins in Australia, Canada, and

Japan have shown high relative abundances of the bacterial phyla

Firmicutes and Proteobacteria (Barnhart et al., 2013; Colosimo et al.,

2016; Green et al., 2008; Li et al., 2008; Penner et al., 2010; Shimizu

et al., 2007). However, other dominant bacterial groups varied with

PRB studies showing high abundances of Actinobacteria and Spir-

ochaetes (Barnhart et al., 2013; Green et al., 2008) while the bacterial

communities of the basins in Australia, Canada, and Japan showed

higher abundance of Bacteroidetes. While there is bacterial similarity

between methane-producing coal beds at the phylum level, differences

in individual genera and species within these phyla contribute more

variability between coal beds than is apparent from phylum level

comparisons. (Li et al., 2008; Penner et al., 2010; Shimizu et al., 2007).

Archaeal methanogenic communities may also show differences

between coal bed locations. While the most commonly found

archaeal orders are Methanobacteriales, Methanomicrobiales, and

Methanosarcinales, the dominant members are not consistent between

locations. It was found in two PRB studies that members of the

Methanosarcinales dominated the archaeal populations (Barnhart et al.,

2013; Green et al., 2008). However, in an Indian coal bed, Methano-

microbiales and Methanobacteriales members dominated (Singh et al.,

2012). These differences might suggest that the dominant methano-

genic pathways may be different as Methanosarcinales have been de-

scribed to be largely acetoclastic methanogens (Sowers et al., 1984)

while Methanomicrobiales and Methanobacteriales appear to represent

strictly hydrogenotrophic members (Kern et al., 2015; Yashiro et al.,

2011). These variations in the apparent preferential methanogenic

pathways suggest the presence of different metabolic pathways and

potential differences in the bacterial populations involved in coal de-

gradation.

In addition to these broad level comparisons between coal basins,

Lawson et al. (2015)demonstrated that coal bed microbial community

compositions can also vary significantly within the same coal basin.

Microbial analyses of coal and formation water samples from 10 loca-

tions within the Alberta Basin (Canada) that varied in coal rank and

depth-dependent physicochemical conditions showed differences in

dominant taxa. While all samples contained Proteobacteria, Firmicutes,

Table 3

Formation water composition of 8 CBM producing coal beds and one municipal drinking water treatment effluent for comparison. All concentrations are given in mmol/L (Hamawand

et al., 2013; Miller, 2016; Rice et al., 2000).

Bowen Basin, Australia U.S.A.

Durham Ranch Fairview Upper seam Lower seam Black Warrior Basin San Juan Basin Uinta Basin Powder River Basin Municipal drinking water

Calcium 0.35 0.015 1.25 0.75 0.65 0.7 1.35 0.1–1.7 0.548

Magnesium 0.4 0.04 1 0.65 0.5 0.6 1.3 0.1–1.9 1.323

Sodium 100 11 100 100 70 300 160 4.8–33.9 0.259

Chloride 70 6 80 80 55 60 100 0.1–1.8 0.169

Sulfate 0.85 0.05 0.005 0.01 5 0.075 0.05 < 0.2 0.033

Bicarbonate 12 10 10 20 10 300 70 6.9–38.0 1.33

3. Increasing field-relevance of laboratory biogenic CBM 

enhancement strategies

Before applying laboratory-investigated MeCBM strategies in situ, 

several aspects should be considered. Bench-scale studies are greatly 

simplified representations of the subsurface coal environment, pro-

viding greater control of conditions, thus allowing for a better under-

standing of each step of coal-to-methane conversion. However, to scale 

up methane production enhancement strategies developed in the la-

boratory for application in the field, it is important to consider the 

design of ex situ experiments and how to account for differences be-

tween the laboratory and environmental conditions.

The subsurface coal environment can vary between coal beds in 

several ways. Formation water chemistry, coal type, native microbial 

consortium composition, pressure, and seepage velocity are some of the 

in situ variations to be considered when designing ex situ laboratory 

experiments. While many bench-scale studies have demonstrated that 

enhancement strategies can significantly increases methane production, 

it is necessary to consider which laboratory conditions are re-

presentative of the coal environment of interest, which strategies can be 

economically applied in situ, and which require further investigation.

3.1. Formation water chemistry

Most subsurface coal aquifers contain elevated total dissolved solids 

(TDS) concentrations. Sodium, chloride and bicarbonate are the 

dominant species in CBM waters while concentrations of calcium, 

magnesium and sulfate are generally relatively low (Table 3). Com-

pared to municipal drinking water, CBM formation waters can contain 

up to two orders of magnitude more sodium, chloride, and bicarbonate 

but can vary widely in concentration between formations. Sodium 

concentrations have been reported to range from 4.8–300 mmol/L; 

chloride from 0.1–100 mmol/L; and bicarbonate from 6.9–300 mmol/L 

(Hamawand et al., 2013; Rice et al., 2000).

Most previously published bench-top studies of biogenic methane 

production have used synthetic media designed to imitate formation 

water. The same medium described by Tanner (2007) has, for instance, 

been used in laboratory studies of coals from the Surat Basin in Aus-

tralia (Papendick et al., 2011), several coal beds from the Powder River 

Basin in Wyoming and Montana (USA) (Gallagher et al., 2013; Green 

et al., 2008; Harris et al., 2008), and the South Sumatra and Kutai 

Basins in Indonesia (Susilawati et al., 2013). While the use of synthetic 

media can remove some variability and can increase reproducibility, 

using the same medium recipe on coals originating in formations with 

different aquifer chemistries may not well represent the different in situ 

conditions, due to the wide variation in formation water composition 

observed (Table 3). While synthetic media can provide greater com-

positional control, formation water may contain (or lack) unknown 

essential or inhibitory trace compounds not added to the synthetic 

medium, or the medium may be more nutrient-rich than the in situ 

formation water. These differences can cause an over- or under-esti-

mation of the in situ coal-to-methane conversion potential. Thus, it is



from San Juan Basin (USA) coal and formation water and used in stu-

dies with coal and formation water from the same coal bed to study

methane enhancement strategies (Bi et al., 2017). The work presented

byDavis et al. (2018)used coal and formation water from the Flowers-

Goodale coal bed in the PRB and microbial consortia from the same coal

bed obtained using a microbial sampler similar to the one described by

Barnhart et al. (2013). To build on previous studies and transfer tofield

experiments, transitional studies should ideally be performed using

coal, formation water and microbes from the same coal bed, if acces-

sible and not cost prohibitive.

In addition to coal source, handling and treatment of coal samples

for laboratory studies should also be considered. For studies focusing on

microbial community composition, it is important to eliminate possible

contaminants. Thus, some studies have used autoclaved coal in mi-

crocosm studies to ensure that the inoculum was the only microbial

source (Singh et al., 2012; Susilawati et al., 2015, 2013; Wawrik et al.,

2012). However, the autoclave process could result in chemical or

physical changes in the coal structure (Watanabe et al., 2002) poten-

tially causing changes in coal bioavailability. Thus, laboratory experi-

ments using autoclaved coal, even when all the components are from

the same coal bed, must consider the probable differences in metha-

nogenic potential of the autoclaved coal when transferring tofield

applications in the same coal formation.

Some of the methane enhancement strategies tested in the labora-

tory include coal treatments for enhancing coal bioavailability.

Horizontal drilling and hydraulic fracturing have been used to release

gases from unconventional shale gas formations. These technologies

increase the permeability of the formation and allow gases to be more

easily recovered (Li et al., 2015). Many coal formations have low per-

meability and a dense matrix. Hydraulic fracturing has been shown to

increase the permeability of subsurface coal beds by increasing the

number of fractures in the coal matrix and improving coal dewatering

for CBM recovery. While the cost-to-benefit ratio of hydraulic fracturing

to increase methane production in coal beds has not yet been assessed,

it has been proposed that similar fracturing technologies could poten-

tially increase the bioavailable surface area in coal beds to increase

biogenic CBM production (Colosimo et al., 2016).

To test the hypothesis that increasing bioavailable coal surface area

would increase biogenic methane production, laboratory studies have

used sieved crushed coal and tested the biogenic methane production of

each size fraction in microcosm studies.Green et al. (2008)used three

separate coal sizes and found that the treatments with the smallest

particles tested (105–177μm) produced the most methane but not

statistically significantly more than the next size fraction tested

(250–600μm).Papendick et al. (2011)also demonstrated the highest

methane production with the smallest size fraction tested (< 300μm)

and similar methane production with coal sized at 300–600μm and

600–850μm.Gupta and Gupta (2014)tested four coal fractions and

found that the 30–60μm particle size produced the most methane, only

slightly more than the smaller 15–30μm size but significantly more

than the larger fractions tested. Another study also found that an in-

termediate coal particle size (0.6–1.18 mm) produced slightly more

methane than both the smaller fraction (106–300μm) and larger frac-

tions (3.35–4.75 mm and 6.3–9.5 mm) (Davis, 2017). Thus, the pub-

lished research on the effects of increasing coal surface area as a

method for increasing biogenic CBM production show a possible effect

of increasing methane production with increasing surface area. How-

ever, until more studies clearly indicate increased methane production

with increased coal surface area, it cannot be concluded that hydraulic

fracturing in coal beds is an economically viable solution for increasing

biogenic methane production in coal beds.

In most laboratory studies, coal is dried and crushed before use in

microcosm studies. Exposure to atmospheric oxygen may oxidize the

coal and potentially change the bioavailability of the coal organic

matter. Reduced biogenic methane production was demonstrated when

coal was oxidized by exposure to atmospheric oxygen (Gallagher et al.,

and Spirochaetes, the predominant groups varied between coal beds, 

but all samples had microbial diversity indicating the potential for both 

coal degradation and methanogenesis (Lawson et al., 2015). It has also 

been shown that the microbial community composition can vary be-

tween coal and formation water samples from the same coal bed (Guo 

et al., 2012; Lawson et al., 2015; Wei et al., 2013). Additionally, Guo 

et al. (2012, 2015) compared microbial communities aerosolized in 

CBM gases to communities found in coal and production water samples 

from the same well in the Ordos Basin (China). It was shown that 

bacterial diversity was greater in the coal samples than in formation 

water or gas samples whereas the archaeal diversity was greater in 

formation water samples compared to coal or gas samples (Guo et al., 

2015, 2012).

In laboratory studies, the source of the coal-degrading, methano-

genic microbial consortium can significantly affect the ex situ experi-

mental relevance to the in situ condition. Many CBM-related studies 

have used microbial consortia derived from non-coal sources such as 

wetlands, animal dung, anaerobic digester fluids, termite guts, and lake 

sediments (Gupta and Gupta, 2014; Opara et al., 2012; Robbins et al., 

2016a). Jones et al. (2008) developed a bioassay to test methane po-

tential of coal using the WBC-2 consortium that was derived from 

wetland sediments. Huang et al. (2013a, 2013b) used a Pseudomonas 

putida F1 strain to develop a bioassay to test coal bioavailability 

changes resulting from pretreatment with nitric acid (HNO3), sodium 

hydroxide (NaOH), potassium permanganate (KMnO4), and hydrogen 

peroxide (H2O2). Other studies have used microbial consortia from coal 

cores (Harris et al., 2008), pumped formation water (Papendick et al., 

2011; Penner et al., 2010; Ulrich and Bower, 2008), or a specialized 

microbial sampler (Barnhart et al., 2013). Microbial samples obtained 

with this sampler were shown to have higher cell counts and diversity 

than formation water alone (Barnhart et al., 2013). Building on the 

concepts of this microbial sampler, Barnhart et al. (2016a) developed a 

subsurface environmental sampler that can be deployed in CBM wells to 

collect microbial consortia native to both the coal and the formation 

water of interest. Because inoculum sourced from a methane-producing 

coal bed provides increased in situ relevance for laboratory experi-

ments, this sampler provides a relatively low-cost solution for obtaining 

the microbial consortia native to the coal beds of interest. Selection of 

microbial consortia for laboratory coal-to-methane studies is an im-

portant consideration when transferring ex situ developed technologies 

to possible in situ applications.

3.3. Coal source and treatment

The source and treatment of coal used in bench-top experiments can 

also have implications for the transferability of laboratory results to in 

situ applications. Like the variations in microbial community compo-

sition and formation water chemistry observed between coal bed lo-

cations, coal itself can also vary between coal beds with differences in 

rank, permeability, elemental composition, ash content, and bioavail-

ability (Bachu and Michael, 2003; Lawson et al., 2015; Scott, 2002; 

Strąpoć et al., 2011). While valuable information can be gained from 

studies sourcing coal, microbes, and formation water from different 

sources, maximal field relevance of laboratory experiments would be 

provided if coal, formation water, and microbial consortium were 

sourced from the same coal bed.

At the time of this review, only a few published studies are avail-

able, which use coal, microbes, and formation water from the same coal 

bed (Bi et al., 2017; Davis et al., 2018; Singh et al., 2012; Ulrich and 

Bower, 2008). One PRB study used coal and formation water from the 

Fort Union Formation coal bed and used microbes enriched from the 

formation water as inoculum to assess microbial metabolites (Ulrich 

and Bower, 2008). Singh et al. (2012) presented microcosm studies 

using coal and formation water from the Jharia coal field in eastern 

India to assess the methane-enhancement potential of the native con-

sortium in the formation water. A frozen inoculum stock was developed



the microcosm headspace and measuring the concentration. This

measurement does not take into account methane that is dissolved in

the liquid or sorbed to the coal. The dissolved methane concentration

can be estimated using Henry's Law assuming equilibrium conditions,

but sorption of methane to coal is more difficult to quantify.

Coal sorption studies have shown preferential sorption of CO2with

a sorption capacity 2–4 times greater than for methane (Busch et al.,

2003; Harpalani et al., 2006).Harpalani et al. (2006)state that the

preferential sorption of CO2is influenced by the higher atmospheric

boiling point of CO2which results in higher sorption strength. In ad-

dition, CO2can diffuse into smaller coal pores due to its smaller mo-

lecular diameter and thus can access more coal sorption sites not ac-

cessible to methane (Harpalani et al., 2006).Milewska-Duda et al.

(2000)demonstrated that absorption (sorption within the coal mole-

cular structure) accounted for only a small fraction of the total methane

sorption while it accounted for nearly half of the total CO2sorption.

Most coal sorption studies have used dry coal to measure sorption

and desorption isotherms. It has been shown that the rates of sorption

are higher with dry coal, and that moisture in the coal reduces overall

gas sorption capacity (Busch and Gensterblum, 2011; Merkel et al.,

2015). Additionally, coal sorption isotherm studies have shown that

sorption increases with increasing pressure (Busch et al., 2003;

Harpalani et al., 2006; Merkel et al., 2015). Most laboratory CBM mi-

crocosms are studied at near-atmospheric pressure, and thus sorption in

laboratory studies may not well-represent or predict sorption of bio-

genic CBMin situ. While some studies have addressed the potential

effects of sorption on CBM production, it is likely that the sorption

capacity, rates, and preferentially sorbed gases vary between coal

sources (Busch et al., 2003). Thus, it can be difficult to determine how

much total methane is produced in coal microcosms or infield studies

because sorption rates and the amounts of sorbed methane or CO2are

challenging to estimate.

While there is still more work to be done to reliably quantify the

amount of methane and CO2sorbed to coal, the observed preferential

sorption of CO2has been proposed for enhanced CBM recovery while

sequestering CO2in coal beds (Gale and Freund, 2001; Ranathunga

et al., 2014; Wen et al., 2017; White et al., 2005). When CO2is injected

into CBM containing coal beds, the CO2will sorb to the coal and dis-

place some of the previously sorbed CBM. Field applications of CO2
injection into coal beds have demonstrated enhanced CBM recovery by

CO2displacement of sorbed methane (Gunter et al., 2004; Wong et al.,

2007).

3.6. Transitional laboratory systems

Most previously published studies have investigated biogenic coal-

to-methane conversion in batch reactors. While these systems allow for

greater control of the initial conditions, are easier to reproduce, and are

relatively inexpensive, batch systems can be limited due to substrate

depletion and/or by-product accumulation which can result in a ces-

sation of microbial processes (Doran, 1995). These potential issues limit

the transfer of methane enhancement strategies developed in batch

systems toin situapplications and demonstrate the necessity for bench-

and meso-scale systems with greaterfield-relevance. To assess these

issues with batch reactors,Zhang and Liang (2017)performed studies

to assess nitrogen and phosphate limitation and by-product inhibition

in both the headspace (CH4accumulation) and the liquid fraction. The

results showed that coal appeared to still be bioavailable even after

methane production stopped. Any substrate limitations appeared to be

related to nitrogen and phosphate as methane production could be

restimulated after production ceased by the addition of these key nu-

trients (Zhang and Liang, 2017).

Preventing atmospheric air infiltration to maintain an oxygen-free

environment is one of the greatest challenges to running microbial coal-

to-methane studies inflow systems in the laboratory. Many members of

coal-degrading, methanogenic microbial consortia have limited oxygen

2013). Another study showed increased methane production using the 

WBC-2 assay in microcosms containing potentially oxidized coal from 

dewatered coal beds when compared to coal from non-dewatered coal 

formations. This same study used a strong oxidant, hydrogen peroxide, 

to pretreat coal from three sources and showed increased methane 

production potential after peroxide oxidation (Jones et al., 2013). Coal 

pretreatment with another oxidant, potassium permanganate, was 

shown to increase methane production and dissolved organics com-

pared to untreated coal (Huang et al., 2013b, 2013a). While coal pre-

treatment with strong oxidants indeed appears to increase biogenic 

methane production, addition of these chemicals to subsurface coal 

beds introduces an added cost and may also affect the microbial com-

munity as strong oxidants are often used for disinfection (Centers for 

Disease Control and Prevention, 2016). Further studies are needed to 

assess the optimal amount of chemical for treatment, methods for ap-

plication, detrimental effects on the microbial community, and a cost-

benefit ratio of these types of coal pre-treatments.

The type of coal used in experiments can affect the comparability 

and applicability of the laboratory studies to the coal subsurface en-

vironment. In addition, the pre-treatment of the coal in the laboratory 

can affect the methane production potential which could in turn affect 

the comparability of microcosm studies with in situ conditions. 

However, coal pre-treatment strategies proven to increase biogenic 

coal-to-methane conversion in the laboratory may be suitable for field 

application to enhance in situ CBM production if future investigations 

can show that the benefits of increased methane production exceed the 

costs of implementation and that microbial community structure is not 

detrimentally changed.

3.4. Pressure

Pressure is another environmental parameter to be considered in 

laboratory experiments and can vary significantly between coal beds 

due to depth and hydrostatic pressure. For example, two coal beds at a 

PRB field site (Barnhart et al., 2016b) have estimated pressures be-

tween 690 and 1380 kPa for wells screened at approximately 100 and 

160 m (350 and 530 ft, respectively) below ground surface (un-

published data). In the Ordos Basin, the reservoir pressure was mea-

sured at 2.58–12.22 MPa for coal formations with burial depths ranging 

from 455 to 1323 m (Zhao et al., 2016). Increased hydrostatic pressures 

have been shown to decrease microbial growth in deep-sea environ-

ments (Kaye and Baross, 2004; Marietou and Bartlett, 2014). While the 

pressures observed in most coal beds are less than in deep-sea en-

vironments, it can be hypothesized that decreased hydrostatic pressures 

in laboratory studies may alter microbial activity and community 

structure and thus the biogenic conversion of coal to methane. Perhaps 

of greater consequence, pressures can impact the sorption and solubility 

of methane, CO2, and other compounds in the subsurface coal beds and 

consequently affect the efficiency of produced methane quantification 

(Busch et al., 2003; Merkel et al., 2015). Methods for measuring pro-

duced gases in laboratory experiments at atmospheric pressures do not 

adequately measure in situ gas production (Tang et al., 2017).

The most commonly used batch reactors for CBM studies are glass 

serum bottles which are set up at atmospheric pressure. Produced gases 

may increase the system pressure, but pressures in the serum bottles are 

still substantially less than in subsurface coal beds and therefore not 

representative of the in situ condition. Thus, it might be important to 

design laboratory systems that can withstand the higher pressures ob-

served in the subsurface. Performing studies of biogenic CBM produc-

tion at increased pressure will provide useful information to improve 

the design of field applications.

3.5. Sorption of methane and CO2 to coal

When biogenic coal-to-methane conversion is studied in the la-

boratory, methane production is almost always measured by sampling



production from lignite sourced from a coal bed without detectablein

situbiogenic CBM (Fallgren et al., 2013b).

The type and amounts of nutrients necessary for optimized methane

production might be different for different coal beds. For example,Bi

et al. (2017)developed a methane-enhancing nutrient recipe specificto

a location in the San Juan Basin (USA). While the specific nutrient

concentrations were not reported, the components tested to develop the

nutrient recipe included electron donors, surfactants, organic solvents,

carbon sources, and trace minerals. Addition of these nutrients resulted

in a 24.3-fold increase in methane production during thefirst 30 days

for microcosms with the nutrient recipe and coal compared to coal

alone, demonstrating faster methane production and supporting the

potential for overall increased methane production (Bi et al., 2017). The

process of determining the necessary nutrients and optimized amounts

can be difficult, time consuming, and costly. To address these concerns,

the use of“multi-nutrients”has been introduced. Luca Technologies,

Inc. used yeast extract, brewer's yeast, soy protein and peptones in its

proprietary nutrient mix for enhancing biogenic CBMin situ(Ritter

et al., 2015). In a recent publication, yeast extract and its common

components, peptone, glutamate, and vitamins, were investigated for

their effects on biogenic coal-to-methane conversion (Barnhart et al.,

2017). Yeast extract had a greater enhancement effect than any of the

individual components. In another study, tryptone was used as a me-

thane-enhancing amendment and resulted in a 55-fold increase in me-

thane production compared to coal alone (Penner et al., 2010).Zhang

et al. (2016)tested the concentration of yeast extract and trypticase

peptones required for optimal methane enhancement and investigated

alternative and potentially less expensive“multi-nutrients”including

trypticase soy broth and corn steep liquor. These results support the use

of complex nutrient sources for increasing biogenic methane production

instead of investing the time and resources into determining the op-

timal individual nutrient composition needed for each coal bed.

In addition to yeast extract,Barnhart et al. (2017)tested the effects

of lipid-extracted algal biomass as a methane-enhancing amendment.

The algae-amended treatments showed increased methane production

amounts and rates similar to the levels observed for yeast extract-

amended treatments. In a separate study,Davis et al. (2018)showed

that algae, cyanobacteria, and yeast biomass, as well as commercial

yeast extract, similarly enhanced biogenic coal-to-methane conversion

when added at the same concentration in batch microcosms. The lower

amendment concentration (0.1 g/L) increased methane production 2.1

times compared to unamended coal treatments while the higher

amendment concentration (0.5 g/L) resulted in a 3.2-fold increase for

the 111-day study. Both amendment concentrations resulted in earlier

onset of methane production and higher production rates (Davis et al.,

2018). Phototrophic microalgae and cyanobacteria have the potential

to be grown in production water holding ponds on or near the site

where CBM enhancing amendments are to be appliedin situ. In addition

to providing a nutrient amendment for CBM enhancement, microalgae

can produce lipids for biofuels and both algae and cyanobacteria can

produce other high value chemicals or can be used as biofertilizer or

aquaculture feedstock (Priyadarshani and Rath, 2012), and these other

products could help offset the cost investment for CBM enhancement.

Another recent study proposed using simple carbohydrates derived

from locally sourced forage crops or sugar beets for methane production

in coal beds (Huang et al., 2017). While this study also proposes re-

ducing methane production costs by using locally-sourced amendments,

it is unclear from this study if these types of amendments enhance coal-

to-methane conversion or just provide an alternative carbon source for

methane production that could be used more cost-effectively for me-

thane production in above-ground anaerobic digesters.

A microalga,Neospongiococcumsp., was isolated from a CBM pro-

duction water pond and has been shown to produce lipids when grown

in production water with limited nutrient addition (Hodgskiss et al.,

2016). Thus, it has been shown that algae and cyanobacteria can be

tolerance, and many members are considered to belong to anaerobic 

taxa (Colosimo et al., 2016; Kern et al., 2015; Parshina et al., 2014). 

Oxygen infiltration into the experimental system could change the 

community and the predominant metabolic pathways, potentially re-

ducing the coal-to-methane conversion potential. In addition, it can be 

more difficult to achieve good reproducibility in flow systems than in 

batch systems as there can be variability in the coal packing of the 

reactors potentially resulting in preferential flow paths through the coal 

media as well as differences in flow rates due to pump variations.

Saturated subsurface coal formations have continuous flow with 

formation-specific (and possibly season-specific) seepage velocities 

(Barnhart et al., 2016b). In order to transfer benchtop batch system 

strategies to the field, it might be important to investigate stimulation 

methods in flow reactors. While flow reactors are more expensive to 

run, they do not have the challenges of substrate depletion or by-pro-

duct accumulation, which are characteristic of batch reactors. A core 

flooding study investigated biogenic methane production in a coal 

system under pressure with continuous flow (Stephen et al., 2014). This 

study used synthetic media and ground the coal to a particle size 

of < 150 μm. The study was performed under a continuous flow of 

0.006 mL/min (seepage velocity could be estimated if reactor dimen-

sions were known) and pressures ranging from 250 to 500 psi. Biogenic 

methane production was observed under both flow and higher than 

atmospheric pressure conditions.

Meslé et al. (2016) ran flow column studies using a pulse flow 

strategy at a pressure of approximately 550 kPa (80 psi) using forma-

tion water, coal, and inoculum from PRB sources and produced bio-

genic methane in these coal systems. Davis (2017) designed an upflow 

column reactor that can separate produced gases for ease of measure-

ment. This system was filled with 2–4 mm sized coal from the Flowers-

Goodale formation in the PRB. The formation water and microbial in-

oculum were also from the same coal formation. Methods for enhancing 

biogenic coal-to-methane conversion with algae amendment, pre-

viously tested in batch systems, were applied and resulted in increased 

methane production.

There is indeed evidence that flow systems might represent an im-

portant transitional step in the scale-up of field applicable MeCBM 

strategies. Because field applications can be costly and opportunities 

are limited, using laboratory-scale flow reactors might be an important 

step for determining the best practices to apply coal-to-methane en-

hancement strategies in subsurface coal beds.

3.7. Enhancement of biogenic CBM with amendment additions

Biogenic coal-to-methane conversion can be enhanced with nutrient 

additions. Some studies have demonstrated increased methane pro-

duction with the addition of methanogenic substrates such as acetate, 

formate, methanol, methylamines, and H2 gas (Barnhart et al., 2013; 

Green et al., 2008; Harris et al., 2008; Wei et al., 2014). While biogenic 

methane production was increased in these studies, the carbon sources 

for increased methane production were likely the amendments and not 

the coal itself.

As discussed in recent reviews, for MeCBM biostimulation strategies 

to be economically viable, the addition of amendments should target 

the coal degraders to increase the rate of coal degradation and pro-

duction of byproducts that become the substrates for methanogenesis 

(Colosimo et al., 2016; Ritter et al., 2015). Many of the published 

studies have provided macronutrients (ammonium, phosphate) and 

micronutrients (trace minerals, vitamins) in defined form in coal mi-

crocosms. Jones et al. (2010) used a nutrient-free medium, adding non-

carbonaceous nutrients (N, P, K, trace minerals, vitamins) to only some 

treatments, and showed increased methane production with nutrient 

addition. Another study using non-carbonaceous nutrients (including 

ammonium, phosphate, and micronutrients) to enhance biogenic coal-

to-methane conversion showed a two- to four-fold increase in methane



used to enhance biogenic coal-to-methane conversion and at least one

native strain of lipid-producing microalgae can be grown in CBM pro-

duction water with limited nutrient addition.Fig. 5shows a conceptual

model of how the use of algae or cyanobacteria as a CBM enhancing

amendment might be implemented. In addition, some of the costs as-

sociated with CBM enhancement could be reduced with this strategy by

decreased amendment transport costs when the algae can be grown on

site as well as off-set costs by producing other valuable and marketable

algae-based products.

Strategies for delivery of subsurface amendments to enhance bio-

genic CBM production are still being researched. One strategy is to

inject the algae (or other amendments) in an injection well while

pumping water and harvesting CBM from a second well (Fig. 5)

(Barnhart et al., 2017). A second strategy would be to use a“push-pull”

method where the amendment is injected into the subsurface where it

can enhance CBM production. After a certain amount of incubation

time, water is pumped from the same well to extract CBM. To imple-

ment either strategy, the amount of amendment to be added must be

considered based upon desired volume of coal to be impacted. Con-

siderations must also be made to reduce the likelihood of clogging of

the cleats and pores of the coal matrix by the added amendment or

resulting microbial growth.

Most of the flow through a subsurface coal bed is through cleats

(fractures) that generally have apertures of < 100μm(Laubach et al.,

1998), but small amounts of liquid transport can also occur through the

coal matrix itself. The porous coal matrix contains macropores

(> 50 nm), mesopores (2–50 nm), and micropores (≤2 nm) that are

assumed to be too small for microbial access (Han et al., 2015). A ty-

pical cell size forChlorella vulgaris, a much studied green microalga,

ranges from 2 to 10μm(Milo, 2010). If the algae cells are not disrupted

prior to amendment injection in the subsurface coal, the onlyflow path

available to the algal amendment would be through the cleats. In ad-

dition, whole algal cells could block cleats that are smaller in diameter.

Thus, processing of the algal amendment to break up the cells might be

advantageous and result in smaller particle sizes, which would also

likely increase the bioavailability of the nutrients to the microbial

communities; however, it would also increase the cost of biogenic coal-

to-methane conversion.

4. Conclusions

Laboratory experiments investigating coal-to-methane conversion

have produced a reasonable body of knowledge, and as a result,

microbial communities and geochemistry in subsurface coal beds are

better understood. Strategies for enhancing the microbial processes

converting coal to methane have been developed in the laboratory and

applied on fairly small scales in thefield by several commercial ven-

tures. However, due to the costs associated with applying CBM en-

hancement strategiesin situ, it is important to consider the relatability

of the laboratory studies to subsurface applications. To makeex situ

studies as relevant to the subsurface condition as possible, the forma-

tion water, coal, and microbial consortium should be sourced from the

coal formation of particular interest. This will ensure the best simula-

tion of the subsurface environment. In addition, it is important to

consider how the coal is processed for laboratory studies to minimize

changes to the coal chemistry and potential bioavailability. Pressure

differences betweenin situcoal conditions and laboratory studies

should be considered for effects on both microbial processes and

sorption of methane and CO2. In addition to pressure effects on me-

thane and CO2sorption, it is necessary to increase the understanding of

competitive sorption and desorption of gases under saturated and un-

saturated conditions and differences in sorption characteristics between

different coal types. The effect offlow must not be discounted, and

strategies for coal-to-methane conversion should be tested inflow re-

actors prior to applicationin situ. Lastly, methods for applying

amendments for enhancing biogenic CBM production in the subsurface

will require further research and development to ensure maximum

enhancement with minimal costs associated with injection or long-term

effects to waterflow through the coal formation.
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