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Abstract
Coal bio-gasification is one in situ coal gasification technology that utilizes the digestion of organic components in coal by 
methanogenic bacteria. It is not only an effective technology to enhance the recoverable reserves of coalbed methane, but 
also an important technical method to promote clean coal utilization. Relevant laboratory researches have confirmed the 
technical feasibility of anthracite bio-gasification. However, in the complex environment of coal bed, whether in situ gas can 
be yield with methanogenic bacteria needs to be verified by in situ experiments. In this study, a vertical well and a horizontal 
well were used in Qinshui basin to perform field experiments to confirm the technical industrial feasibility. The concentra-
tion of  Cl− ion and number changes of Methanogen spp. were used to trace nutrition diffusion. Gas production changes 
and coalbed biome evolution were used to analyze technical implementation results. The trace data and biome evolution 
identified that: (1) The development of Methanoculleus spp. has a significant positive correlation with culture medium dif-
fusion; (2) the structure of coalbed microbial community was significantly changed with the injection of nutrition, and the 
newly constructed methanogenic community was more suitable for fermentation of coal; and (3) the evolution of dominant 
microflora has further enhanced bio-gasification of coal. Gas production data showed that the gasification of coal lasted 635 
and 799 days and yielded 74,817  m3 and 251,754  m3 coalbed methane in Z-159 and Z-7H wells, respectively. One nutrition 
injection in coalbed achieved an average of 717 days of continuous gas production in experimental wells. Results confirmed 
that coalbed methane enhancement with bio-gasification of coal is a potential technology to achieve the productivity improve-
ment of coalbed methane wells. And the findings of this study can help to further understand the mechanism of in situ coal 
bio-gasification and provide theoretical support for the development of biomining of coal.
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Introduction

Coal bed methane (CBM) is a type of associated gas result-
ing from coal production. The main component of this gas 
is  CH4. CBM is a valuable energy resource; meanwhile, 
it is a dangerous source for mining(Szlązak et al. 2020). 
CBM extraction is of great significance both in terms of 
improving the clean utilization of coal and improving min-
ing safety. (Kretschmann 2020). Related researches such 
as increasing the reserves of coalbed methane(Wang et al. 
2014), improving the coal porosity(Xu et al. 2017) have 
become the research focus of coal fluidized mining. There-
fore, research involving coal gasification methods, gas drain-
age mechanisms, and applications, which serves to improve 
gas well productivity, has gradually deepened (Zhang et al. 
2020; Guo et al. 2021; Yan et al. 2021). Coal bio-gasifica-
tion is a key technology, and related research started in the 
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USA (Malik et al. 2020). At present, laboratory research 
has clarified the mechanism of coal microbial metabolism, 
explored the microbial community structure and cooperation 
methods, and established a variety of culture methods. The 
research and effect evaluation of in situ bio-gasification tech-
nology implementation is at the initial stage in China. The 
field experiment of coal microbial gasification lays one theo-
retical foundation for technological industrialization. In this 
research, the concentration of  Cl− ion and number changes 
of target bacteria were used to trace nutrition diffusion. Gas 
production changes and coalbed biome evolution were used 
to analyze technical implementation results (Fig. 1). Com-
prehensive data differences between experimental wells and 
blank wells realized the evaluation of coal microbial in situ 
gasification effect.

Based on previous studies, the Qinshui Basin was selected 
for this study. This basin is located in the southern region of 
the Shanxi province, has an abundance of CBM and con-
stitutes one of the most important CBM reservoirs and gas 
development regions in China (Fig. 2). The CBM reserves 
are estimated at 3.95 trillion  m3 within this 27,137  Km2 area 
(Zhang et al. 2018). As defined by the Chinese petroleum and 
natural gas reserves standard, this basin represents a massive 
gas field. The geologic structure of the Qinshui basin is com-
prised of the compound syncline, which warps the seams of 
the southern and northern basins and supplies the fundamental 
symmetry-bearing portion of the eastern and western regions. 

The geologic structure in the middle of this basin is flat and 
contains few faults. The FM  3#, FM  9# and FM  15# coal beds 
are the main gas-bearing layers with good permeability condi-
tions (Liang 2015).

Methane productivity of some CBM wells is quite low 
and even did not produce gas in part wells, which like Z-7H, 
Z-159, and Z-163 wells in the experiment. Gas foam fractur-
ing has been used in these wells to expand crack and improve 
coal permeability(Ji et al. 2018). However, the effect was 
not satisfying. In this case, the CBM development cost was 
prohibitive(Wang et al. 2014). In previous research, metha-
nogenic bacteria, which include hydrolytic fermentation bac-
teria, fermenting bacteria, and Methanogen spp., etc., had 
been found in FM  3#, FM  9# coal bed in Qinshui basin, and 
the microbe culture method had been studied also(Xiao et al. 
2015). If the coal bio-gasification technology can be applied 
on-site, it would prove a potential technology to improve 
gas wells production efficiency and control the cost of CBM 
development.

The step of the work: This research goes through importants 
steps such as the materials and methods describing, the effec-
tive influence area of the nutrient analyzing, the gas produc-
tion effect and the diversity change of the coalbed microbial 
community by the technology implementation comparative 
analyzing, and finally, the experimental summary and conclu-
sions are exposed.

Fig.1  The technical route of in situ coal bio-gasification

Fig. 2  The Qinshui Basin geographical location map. The Qinshui 
Basin is located in the southern part of Shanxi Province. Neighboring 
provinces of Herbei and Henan. Anze, Changzhi, Qinshui, Gaoping, 
and Jincheng are the main coal bed gas development areas. The test 
location was in Qinshui, where marked with a pentagram symbol in 
the figure
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Materials and methods

Experiment wells and control wells survey

This experiment was carried out in a horizontal multiple 
branching well and a vertical well. The horizontal well iden-
tified as Z-7H (GPS coordinates: 38.716117, 106.475351) 
and Z-159(GPS coordinates: 35.710277, 112.472500). 
Z-163, Z-167wells, which were located beside the test wells, 
were selected as control wells.

Total drill footage of Z-7H well was 5472 m, the pure 
drilling footage in coal was 4405 m, and the well control 
area consisted of 0.371  Km2. The connection point depth 
was 797.5 m, and the deflection point depth was 508 m. The 
well diameter was 6 inches. The Z-7H well has two main 
well bores and nine branches. The gently sloping coal seam 
provides for a favorable geographical condition (Fig. 3). 
The well was completed on October 15, 2012. The desorp-
tion pressure gradually increased and achieved a value of 
2.5 MPa and began to produce gas on February 23, 2013. 
However, Z-7H stopped gas production after 644  m3 of gas 
was produced from February to March. The average gas pro-
duction over the production period was only 64.37  m3/day 
from its initial commissioning until the end of 2014.

Z-159, Z-163, Z-167 wells were open vertical boreholes, 
located adjacent to the horizontal pinnate branch well of 
Z-7H (Fig. 3) and had similar geological conditions to that 
of Z-7H. The wells diameter was 6 inches, was completed 
on September to December 2012, and drilling depth of each 
borehole was 572.5 m, 591.9 m, 607.9 m, respectively. No 
gas was obtained in Z-159 and Z-163 wells before the exper-
iment was performed. Many nitrogen foam fracturing and 
flushing operations were carried out in Z-7H, Z-159 and 
Z-163 wells to expand crack and improve coal permeability, 
but failed. Well Z-167 had gas productivity of 460  m3/day on 
average before the experiment was performed.

Condition of the FM  3# coal seam

FM  3# coal in Qinshui is anthracite with a value of 
 Ro,max > 3.0, and the thickness of the seam is 2.0–7.3 m 
(average 3.8 m). This coal seam is formed of semibright 
coal and glance coal, and a small amount of semidull coal. 
The porosity of FM  3# coal averages 4.88–6.14%. The main 
structure in this coal seam is formed by an initial fissure; 
fissure non-development. The fissure number is 6–11 per 
5.0 cm, length is 0.5–10.0 cm, and width is 2.0–120.0 μm. 
The connectivity of these fissures is low and is influenced 
by a calcite film in the coal. The average permeability of 
FM  3# coal is 0.02 mD, which was tested using the injec-
tion-falloff method in this zone. The reservoir pressure 
for coal bed gas is 5.0–7.0 MPa, the fluid pressure gradi-
ent is 0.07–0.09 MPa/m, and the desorption pressure is 
2.0–2.5 MPa. Blockages form easily in this coal seam with 
a non-development fissure.

Medium preparation and injection

A standard medium was used to provide acclimation and 
culture the Methanogen spp. in the coal bed. The final con-
centrations of the compounds (kg/m3) were: yeast extract, 
0.50;  NaHCO3, 0.05;  NH4Cl, 2.30;  KH2PO4, 1.30;  K2HPO4, 
0.70; NaCl, 0.05;  MgSO4•7H2O, 0.20;  CaCl2•2H2O, 0.05. 
The final pH was 6.80, and the  Cl− ion concentration was 
44.59 mmol/L (Xiao et al. 2015).

100  m3 medium was prepared for Z-7H well, and 30  m3 
medium was prepared for Z-159 well. The medium was pre-
pared with a 50  m3 tank car, and injection was performed 
with a fracturing truck (4150 8X8, Benz, Germany). The 
injection pressure was adjusted and maintained at less than 
4.00 MPa. The Z-159 well and Z-7H well were sealed on 
March 11 and 26, 2015. And the wellhead pressure was 
monitored no less than 2 months.

Fig. 3  Well Z-7H trajectory stereogram and contour map. Relative geographic locations next to Z-7H well. Wells Z-159, Z-163, and Z-167 are 
located in the south of Z-7H well
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Medium diffusion monitors

Medium diffusion in coal seam was monitored by  Cl− con-
centration changes within the underground water (Xiao 
et al. 2015). Concentrations of  Cl− were identified using an 
ICS-1100 ion chromatography system (Thermo Scientific 
Dionex, Bannockburn, the USA). The underground water 
sample was collected in wells Z-159, Z-163, Z-167, and 
Z-7H and used aseptic, anaerobic 50 ml tubes. High-speed 
multifunction centrifugation (J2-MC, Beckman Instru-
ments, Fullerton, USA) and 0.22um filter membrane were 
utilized to separate the suspended particles and microbes in 
underground water samples. Purified samples were stored 
at −80 °C in a refrigerator (DW-86L728J, Haier, Qingdao, 
China).

Microbial observation

Observations of microbe formation, fluorescence detection, 
and microbial counting were performed using an Olympus 
BX41 (Olympus, Tokyo, Japan) fluorescence microscope at 
400 × and 1000 × magnification with a blood cell counting 
plate. The F420 fluorescence method was used to test for the 
presence of methanogenic bacteria (Barnhart et al. 2013).

CBM wells productivity monitor

CBM production; methane, carbon dioxide, and nitrogen 
concentrations were the parameters used to analyze gas 
productivity and identify the effects of biological coal gasi-
fication. Gas production rates in each well were monitored 
using a gas roots flow meter (model: FLLQ, Fuma, Wen-
zhou, China). Measurement accuracy of the FLLQ gas roots 
flow meter was class 1.0, and flow range of this meter was 
0.6–400  m3/h.

The concentration of  CH4 and  CO2 was analyzed using 
Agilent 7890A gas chromatograph (Agilent, Tokyo, Japan). 
The nitrogen (carrier gas) flow rate was fixed at 1 ml/min. 
The injection port was maintained at 150 °C, the oven tem-
perature was 25 °C, and the TCD was operated at 200 °C. 
Retention time for methane was 3.76 min and 5.0 min for 
 CO2. Calibration standards consisting of 40% methane, 
20%  CO2, 10% hydrogen and 30% nitrogen were injected at 
atmospheric pressure to provide the calibration plot.

DNA extraction and PCR

100 mL of underground water in the Z-7H well was col-
lected at the initial and termination stages of this experi-
ment. Bacteria was concentrated to 1 mL by centrifuga-
tion (J2-MC, Beckman Instruments, Fullerton, the USA) 
and stored in cryovials at -80 ℃ (refrigerator type: DW-
86L728J, Haier, Qingdao, China) until DNA was extracted. 

The centrifugal force was set to 13,000 × g and centrifuged 
for 10 min. Total genomic DNA was extracted from 1 mL 
concentrated underground water samples using E.A.N.A. 
Soil DNA Kit (OMEGA, Georgia, GA, the USA) following 
the manufacturer’s instructions.

The V4 region of 16S rRNA gene was amplified with pol-
ymerase chain reaction (PCR) using primers 515F (5’- GTG 
CCA GCM GCC GCG GTAA—3’) and 806R (5’- GGA 
CTA CHV GGG TWT CTA AT—3’) (Green et al. 2008). 
The primer pair was reported to generate an optimal com-
munity clustering with the sequence length in the V4 region 
(Schloss et al. 2016). Each 20 μL PCR reaction was com-
posed of 2 ng of template DNA, 0.2 μM primers, 0.2 mM 
dNTP, 2 μL 10 × Pfu Buffer with  MgSO4 (Applied Thermo, 
Califonia, CA, the USA), with  H2O up to 20 μL. The DNA 
amplification was performed under the following cycling 
conditions: 1 cycle of 2 min at 95 °C, followed by 30 cycles 
with 30 s at 95 °C, 30 s at 55 °C and 1 min at 72 °C, then 
a final extension period of 5 min at 72 °C. Before sequenc-
ing on the Illumina Miseq sequencing platform, we would 
amplify the V4 region by adding sample-specific 10-base 
barcodes and universal sequencing tags by sample-specific 
PCR protocol. The PCR procedure was as following: 1 cycle 
of 95 °C at 2 min, 15 cycles of 95 °C at 15 s, 60 °C at 30 s, 
68 °C at 1 min, the final step was 1 cycle of 68 °C at 3 min. 
Equal volume of each barcoded product was pooled into 
amplicon libraries and purified using Agencourt AMPure 
XP system (Beckman Coulter, CA, the USA) then examined 
on Agilent Bioanalyzer 2100 for product size distribution. 
The purified libraries were quantified with Qubit® dsDNA 
HS Assay Kit (Life Technologies, CA, the USA) and used 
for sequencing.

Sequencing and data analysis

16S rRNA gene libraries were sequenced using an Illu-
mina MiSeq (San Diego, CA, the USA) platform, and the 
sequencing data were base-called and demultiplexed using 
MiSeq Reporter v.1.8.1 (Illumina, SanDiego, CA, the USA) 
with default parameters. The adapter sequences and low 
quality reads were trimmed away from the raw reads with 
Trimmomatic v.0.32 (Xie et al. 2018). Then, the clean reads 
were analyzed using the Uparse (Allali et al. 2017) and 
Mothur pipeline (Fosso et al. 2015) to generate operational 
taxonomic units (OTUs). The OTUs were picked out at 97% 
similarity (Neves et al. 2017). The resulting representative 
sequence set was aligned against the core sequence database 
of the SILVA 123 release with the Mothur script (www. 
mothur. org/) and given a taxonomic classification using RDP 
at the 80% confidence level (Wang et al. 2007). The richness 
estimators (ACE and Chao1) and diversity indices (Shan-
non and Simpson) were calculated using the Mothur pro-
gram. OTUs’ comparisons were performed using the Venn 

http://www.mothur.org/
http://www.mothur.org/
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diagram package. Neighbor-joining phylogenetic tree was 
used to investigate the similarity of species abundance using 
the unweighted pair group method with arithmetic mean 
(UPGMA) clustering method (McNeil and Alibali 2004).

Results and discussion

Medium diffusion in coal bed

The key factor needed to enhance the biodegradation of coal 
is nutrient distribution in coal. Z-159 and Z-7H were the 
medium injection wells in the experiments. And the medium 
was injected on March 10 and 25, 2015, respectively. Mean-
while, the Z-163 and Z-167 wells were the contrast wells. 
The coal bed water samples were collected before the 
medium was injected, and on February 7, 2016, after the 
Z-159 and Z-7H wells resumed gas production. The change 
in  Cl− ion concentration was served as an indicator to assess 
whether the medium had diffused in surrounding wells field.

Chloride, in the form of the  Cl− ion, constitutes one of the 
major inorganic anions in coalbed water. It originates from 
the dissociation of salts, such as sodium chloride or calcium 
chloride, in water(Grzegorzek et al. 2020). These salts, and 
their resulting chloride ions, come from coal seam minerals. 
Medium diffusion in coal changed the  Cl− ion concentration 
in the coal seam fissure water, and as a result of anthropo-
genic impacts(Chen et al. 2017). The concentration of  Cl− in 
the coal seam fissure water of wells Z-7H and Z-159 was 
altered following nutrition medium injection, showing sig-
nificant variations in  Cl– concentrations due to the effects 
of nutrition distribution.  Cl− concentrations would increase 
in other wells if there was nutrition seepage flow into the 
control area of neighboring wells.

Baseline  Cl− concentrations for the Z-159, Z-163, 
Z-167, and Z-7H wells were considered to be stable at 
100 ~ 110 mg/L. This value increased two to three times in 
70 days after the experiments were performed for the Z-159 
and Z-7H wells. In contrast, the  Cl− concentration within 
the Z-163 and Z-167 wells was maintained at about the 

same level over the experimental period (shown in Table 1). 
These findings confirmed that the distribution of the cul-
ture medium and the coal bio-gasification were active in the 
Z-159 and Z-7H wells and did not seepage to the Z-163 and 
Z-167 wells.

Changes in the number of Methanogen spp.

The bio-gasification of coal is performed through the col-
laboration of different microorganisms(Hoang et al. 2021; 
Mei et al. 2021). They include hydrolytic fermentation bac-
teria, fermenting bacteria, and Methanogen spp., etc. (Green 
et al. 2008). And these bacteria had been found in FM  3#, 
FM  9# coal bed in Qinshui basin (Xiao et al. 2013, 2017). As 
the terminal bacteria of coal bio-gasification process, Metha-
nogen spp. can indicate the development of methanogenic 
consortia for coal biodegradation in coal bed (Barnhart et al. 
2013). The number of Methanogen spp. in the sample could 
be observed by fluorescence microscopy, because Methano-
gen sp. has a fluorescent effect in 420 nm light(Strap̧oć et al. 
2008; Xiao et al. 2013). On this condition, it has a positive 
correction between bio-gasification of coal with the number 
of Methanogen spp. Quantitative analyses of Methanogen 
spp. were performed before the medium was injected, and on 
February 7, 2016, when the Z-159 and Z-7H wells resumed 
gas production. Initial levels of Methanogen spp. were lower 
than 1.25 ×  105 per ml on average in the experimental and 
contrast wells. The Methanogen spp. numbers increased 
from less than 1.25 ×  105 to 5.60 ×  107 and 7.60 ×  107 per 
ml in the Z-159 and Z-7H wells with the medium diffusing 
in the coal bed (shown in Table 1). Meanwhile, the number 
was stable at the original level in the Z-163 and Z-167 wells. 
These findings confirmed that the methanogenic consortia 
developed with intervention and created biological condi-
tions for bio-gasification of coal.

Effect analysis of bio‑gasification of coal

Bio-gasification of coal was performed through the bio-
fermentation of organic compounds in the coal. 100  m3 and 

Table 1  Cl− concentration, 
Methanogen spp. number, 
and gas concentrations 
changes, before and during the 
experiments

Well Cl– concentra-
tion mmol/L

Methanogen spp. 
number Per ml

Gas concentrations % Vol

CH4 CO2 N2

Before the experiment Z-159 1.92  < 1.25 ×  105 97.21% 2.65% 0.14%
Z-163 1.98  < 1.25 ×  105 98.02% 1.95% 0.03%
Z-167 1.96  < 1.25 ×  105 97.52% 2.36% 0.12%
Z-7H 2.03  < 1.25 ×  105 97.82% 2.11% 0.07%

After the experiment Z-159 5.40 5.60 ×  107 87.00% 12.88% 0.12%
Z-163 2.01  < 1.25 ×  105 97.45% 2.44% 0.11%
Z-167 2.04  < 1.25 ×  105 97.82% 2.03% 0.14%
Z-7H 4.01 7.60 ×  107 79.95% 19.97% 0.08%
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30  m3 of medium were injected into the Z-7H and Z-159 
wells and were used to provide main nutrients for micro-
bial growth in the coal. The Z-159 well resumed gas pro-
duction on May 23, 2015, and terminated on February 16, 
2017. And the Z-7H wells resumed gas production on June 
7, 2015, and terminated on August 14, 2017. The gasifica-
tion of coal lasted 635 and 799 days (average 717 days) and 
yielded 74,817  m3 and 251,754  m3 CBM in Z-159 and Z-7H 
wells, respectively. Z -7H is a horizontal multiple branching 
well and total drill footage is 5472 m, the amount of well-
controlled anthracite is around 1.97 MTon. The volume of 
injected medium was about 100  m3. Cumulative gas pro-
duction per unit was 0.128  m3/Ton, and the gas production 
ratio of medium was 2.52  m3/L. Meanwhile, Z -159 is a 
vertical well and drill depth is 752.5 m, the amount of well-
controlled anthracite is around 0.38 MTon, only 19.14% of 
Z-7H control area. The volume of injected medium was 22 
 m3. Cumulative gas production per unit area was 0.197  m3/
Ton, and the gas production ratio of medium was 3.40  m3/L. 
Effected by control coal volume, Z-7H has the highest total 
gas yield, the longest gas production cycle, and the gas pro-
duction rate was relatively stable. However, according to 
the gas yield rate, Z-159 was 1.54 times higher than Z-7H. 
The gas production of contrast wells maintained the original 
characteristics during the experiment (Fig. 3). In particular, 
the Z-163 well maintained at non-gas productive state during 
gas productivity has resumed in experimental wells. Com-
pared data above, Z-159 got higher coal bio-gasification rate. 
It needs to be noted that the unit conversion rate data in this 
research are used to compare the bio-gasification difference 
between experimental wells only, with the influence of coal 
permeability, biological metabolism rate, the data cannot 
represent the effective  FM3# coal bio-gasification rate.

Comprehensive multi-factor analysis was needed to verify 
the CBM increase in experimental wells whether was related 
to the microbial degradation of coal. According to on-site 
experimental conditions, this research was integrated the 
indicators of  CO2 concentration, Cl- ion concentration, and 
biome diversity in underground water. Ion tracers indicate 
that the nutrition diffused in the Z-159 and Z-7H wells in 
experiments. With the effect of nutrition control, Metha-
nogen spp. numbers increased, from lower than 1.25 ×  105 
to more than 5.60 ×  107 per ml, in nutrition injected wells. 
These data were found to have a positive correlation with the 
changes in gas productivity in certain wells (Fig. 4). 

The  CO2 content in FM 3# coalbed is less than 3.0%. But 
this factor in experimental wells increased to Z-7H: 19.97% 
and Z -159: 12.88%. Increased 9.46 and 4.86 times, respec-
tively, compared with before the experiment. The yield of 
 CO2 in coal bio-gasification should around 30–50% in gener-
ally. The  CO2 concentration in situ bio-fermentation should 
be much lower which infect with the coal adsorption and 
displacement characteristics of  CO2 to  CH4. The abnormal 

changes in CBM components of experiment wells can pre-
liminarily proved that the increase in CBM production was 
related to biological activities in coal bed. Therefore, the 
increase in the  CO2 content of the CBM could be an impor-
tant indication of the bio-gasification phenomenon of the 
coal (indicated in Table 1). The gas components of CBM in 
Z-167, which without influence of medium injection, were 
maintained at a stable level.

Analyses of changes in microbial community 
structure

Different microbial populations and coal constitute a coal 
bed ecological community. Microbial community ecol-
ogy evolution is closely related to the changes of coal bed 
environment factors. These factors include gas composi-
tion, nutrition, and specific surface area of coal (Xiao et al. 
2017). Biodiversity testing before and after the experiment 
in Z-7H well had confirmed this evolution. Data indicated 
that microbial species have significant changes with medium 
injection in coal (Fig. 5). 

There were 105 strains detected in high-throughput 
sequencing of the original coal bed microbial community 
before the experiment. High relatively abundant genus was 
as follows: Propionibacterium, Balneimonas, Anoxybacillus, 
Cupriavidus, Schlegelella, Clostridium, Clostridium, Pseu-
doalteromonas, Pseudoalteromonas, etc. After cultured, 
meanwhile, the detected strains value in high-throughput 
sequencing of the Z-7H well biome decreased to 85. And 
compare the microbial community structure before and 
after experiment, only 11 species were the common spe-
cies. And the number of common species with a relative 
abundance higher than 0.5% is only four, which include: 
Anoxybacillus_kestanbolensis, Escherichia_coli, Cupriavi-
dus, Schlegelella. Analysis of the response of coal bed biome 
to environmental changes and community evolution showed 
that two groups of microorganisms were the most obvious. 
First of all was Methanoculleus spp. and Methanosarcina 
spp., both of them belong to the family Methanomicrobia 
spp. Most methanogen spp. make methane from  CO2 and 
 H2. Others utilize acetate in the acetoclastic pathway. In 
addition to these two pathways, species of Methanosarcina 
spp. can also metabolize methylated one-carbon compounds 
through methylotrophic methanogenesis. Such one-carbon 
compounds include methylamines, methanol, and methyl 
thiols (Galagan et al. 2002). Only Methanosarcina spp. 
species possess all three known pathways for methanogen-
esis and are capable of utilizing no less than nine metha-
nogenic substrates, including acetate (Maeder et al. 2006). 
Methanoculleus spp. is different from other methanogens, 
it can use ethanol and some secondary alcohols as electron 
donors as they produce methane (Asakawa and Nagaoka 
2003). And followed by Anaerolinea and some species from 
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Clostridiales. Anaerolinea has a fermentative metabolism, 
utilizing carbohydrates as well as proteinaceous carbon 
sources (Yamada et al. 2006). It produces acetate, lactate, 
and hydrogen as by-products of glucose fermentation (Seki-
guchi et al. 2003). For Clostridiales, Peptococcaceae, and 
Clostridiales, they could produce butyric acid with organic 
fermentation. Varying concentrations of acetic acid, lactic 
acid and/or ethanol, propanol or butanol are also formed as 
fermentation products (Wiegel et al. 2006). They provided 
nutrients for methanogens and played important roles in the 
new biome. The relative abundance of these microbes was 
very low in original coal bed microbial community. The evo-
lution of this coal bed ecological community demonstrates 
the critical role of this experimental method in improving 
the gas production capacity in situ.

Summary and conclusions

The experiment in this research was based on previous 
microbial gasification of anthracite in the laboratory. It was 
scheduled to verify the  CH4 yield effect in coal seam through 

in situ experiment. The key factors in the experimental 
design include: (1) the nutrition was consistent with previ-
ous experiments; (2) it was necessary to clarify the relation-
ship among the increase in CBM production, the diffusion of 
nutrition, the structure changes of coalbed microbial com-
munity. However, due to the on-site equipment conditions, 
weather, and road conditions, this research has some dis-
advantages such as the low sampling frequency of coalbed 
gas and liquid sample, the inability to measure the nutrient 
diffusion range in coal bed. The results of this experiment 
were as follows:

1) Results from this research have demonstrated that bio-
gasification of coal could be utilized to enhance gas well 
productivity. The factor of  Cl− concentration changes 
had been tested to assess the medium diffusion in coal. 
The significant difference in trace element indicates that 
the injection of culture medium significantly affects the 
nutrient structure of experimental wells (Z-159 and 
Z-7H). The number changes of Methanoculleus spp. 
further confirmed this result. It is recommended to use 
 Br− ion or biological tracing method instead of  Cl− ion 

Fig. 4  Gas production (Qg) changes in experiment wells and in con-
trast wells during experiment. The Z-7H and Z-159 were experiment 
wells. And Z-163 and Z-167 were contrast wells. The Z-159 well 

resumed gas production on May 23, 2015, and terminated on Febru-
ary 16, 2017. And the Z-7H wells resumed gas production on June 7, 
2015, and terminated on August 14, 2017
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tracing in further experiments to improve the accuracy 
of tracing.

2) The difference in coalbed microbial diversity before 
and after the technology implementation, especially the 
evolution of dominant bacteria, which represented by 
Methanomicrobia spp., Anaerolineap, and Clostridi-
alesp, confirms the feasibility of implementation of 
in situ coal bio-gasification. It is necessary to deeply 
explore the coupling relationship between gas produc-
tion fluctuations and microbial community changes and 
reveal the mechanism of coal microbial utilization in 
further research.

3) CBM wells Z-7H and Z-159 realized the enhancement 
of gas production with varying degrees after medium 
injection. The increased rate and stability of gas produc-
tion were related to the control range of CBM well. Gas 
composition analysis showed that the  CH4 content in 
the Z-7H gas sample was 79.95% and in the Z-159 gas 
sample was 87.00%. Both were higher than laboratory 
experiments results. (The  CH4 content in bio-gas was 
generally less than 62%.) The high  CH4 content may 
be caused by different gas adsorption characteristics of 
coal to  CH4 and  CO2. The specific reasons need further 
analysis.

This study initially confirmed the feasibility of the tech-
nology implementation of in situ bio-gasification for anthra-
cite coal. However, how to use the culture medium more 
economically, build a recyclable coal microbial digestion 
network, and some key technologies such as coal microbial 
degradation rate control methods and environmental impact 
still need an in-depth study to lay a theoretical foundation for 
the industrialization of microbial gasification mining tech-
nology for coal resources.
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