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Abstract：Aiming at the problems of low utilization rate and serious environmental pollution caused by low 

concentration coal bed methane emission in a coal mine, the utilization technology of low concentration coal 
bed methane was studied by means of field investigation and theoretical calculation, and the technical solution 
of comprehensive utilization of low concentration coal bed methane combining regenerative oxidation and 
cryogenic liquefaction was obtained, which realized the "coal and gas are co-mined and shared" and 
constructed the virtuous cycle development of " use to promote pumping, pumping to promote safety". The 
research shows that: the low concentration coal bed methane with concentration of about 5% is converted into 
high temperature flue gas by regenerative oxidation, and the heat energy is extracted to realize the heating in 
the mining area; the coal bed methane with concentration of more than 35% is purified and liquefied into 
LNG product by cryogenic liquefaction, so as to realize long-distance transportation. The technology 
improves the utilization rate of coal bed methane in the mining area and eliminates the burning of coal for 
heating. The annual utilization of pure gas is 53.38 million m3, generating economic benefits of 211 million 
yuan and reducing CO2 equivalent by 767,000 t. The safety, economic and environmental benefits are 
remarkable. This technology has practical significance to improve the utilization rate of gas and promote the 
realization of the goal of zero gas emission. 

1 Introduction  

With the vigorous development of industrial technology 
and the rapid increase of resource consumption [1], the 
situation of air pollution is grim, regional atmospheric 
environment problems are becoming increasingly 
prominent, and the pressure of pollution prevention and 
control is increasing, which damages people's health and 
affects social harmony and stability [2]. Environmental 
protection is one of the important supports for sustainable 
development. The main component of coal bed methane 
(i.e. coal mine gas) is methane [3]. Methane is a kind of 
greenhouse gas, which will produce greenhouse effect 
when discharged into the atmosphere [4]. The greenhouse 
effect produced by direct emission of methane is 20~30 
times of that of carbon dioxide, which causes great 
environmental pollution [5]. In addition, coal mine gas has 
been a major hidden danger affecting the safety of coal 
mining [6]. 

Coal bed methane mainly comes from underground 
gas drainage, and the drainage pipe network is in a 
negative pressure state [7]. A large amount of air infiltrates 
into the pipe network, resulting in the low concentration 
of coal bed methane [8], which is not convenient to use 
and directly discharged [9]. The United Nations 

Framework Convention on Climate Change and the Kyoto 
Protocol require the world to control and reduce 
greenhouse gas emissions. Coal mine gas is fully burned 
and has little pollution. If it is used, the harm can be 
changed into treasure. It not only saves energy, but also 
reduces the air pollution, so as to achieve the purpose of 
environmental protection. The coal bed methane with 
concentration more than 35% is purified and liquefied into 
LNG product by means of deep cold liquefaction, so as to 
realize long-distance transportation. 

In this context, combined with the technology of coal 
and gas co-mining and sharing [10-12] and according to 
the actual energy demand of coal mines, the emission of 
low-concentration coal bed methane can be reduced by 
utilizing the technology of comprehensive utilization of 
low-concentration coal bed methane. The coal bed 
methane with a concentration of about 5% is converted 
into high temperature flue gas by means of regenerative 
oxidation, and the heat energy is extracted from it [13], 
which can realize the heating in the mining area, thus 
replacing the coal-fired boiler. The coal bed methane with 
concentration more than 35% is purified and liquefied into 
LNG product by cryogenic liquefaction method, so as to 
realize long-distance transportation. Aiming at the 
problem of low utilization rate of low concentration coal 
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bed methane in coal mine, this paper analyzes and studies 
the comprehensive utilization technology of low 
concentration coal bed methane by means of field 
investigation and theoretical calculation in the background 
of coal bed methane utilization and energy utilization in 
this coal mine, which has a guiding significance for other 
coal mines to realize low concentration coal bed methane 
emission reduction. 

2 Investigation of gas source in coal 
mine 

A coal mine can produce 5 million tons of coal every year, 
which belongs to the coal and gas outburst mine, and there 
is a large amount of coal seam gas in the coal seam. 
According to the report of field supplement survey and the 
measurement data of coal seam gas parameters, the total 
CBM reserves of the coal mine are 24.36 billion m3, of 
which the recoverable coal seam reserves are 12.9 billion 
m3, the reserves of the non-recoverable adjacent coal 
seams within the mining impact range of the recoverable 
coal seam are 7.4 billion m3, and the surrounding rock 
reserves are 4.06 billion m3.  

Coal mine as the central air shaft square pumping 
station adopts the comprehensive gas drainage method of 
this coal seam, adjacent strata and goaf drainage, and the 
high and low negative pressure drainage systems are 
independent. A total of 10 gas drainage pumps are 
installed in the pump station, 5 for use and 5 for standby. 
The drainage system of this coal seam is equipped with 6 
sets of water ring vacuum pumps with a total extraction 
capacity of 2040 m3/min (excluding standby); the drainage 
system of adjacent strata is equipped with 4 sets of vacuum 
pumps with a total extraction capacity of 1248.6 m3/min 
(excluding standby). 

According to the information provided by the coal 
mine ventilation department, in 2018, the low 
concentration coal bed methane extracted from the coal 
seam in the mine was 27.24 million m3, with a 
concentration of about 5%, which was completely drained. 
The coal bed methane extracted from adjacent strata is 
61.46 million m3, the concentration is more than 35%, and 
the utilization is 20.77 million m3. It is mainly used for 
heating in mining area, bathing, central air shaft heating, 
coal bed methane driven air conditioning unit, coal bed 
methane power generation, slime drying, canteen gas, and 
gas for nearby residents, etc. The remaining 40.69 million 
m3 is not used, all of which are discharged, resulting in the 
waste of high-quality clean fuel in coal mine. 

At present, the utilization of gas in the mining area is 
mainly high concentration gas, the utilization of low 
concentration gas is 12.5 million m3/a (converted into pure 
gas), and the surplus is 27.5 million m3/a (converted into 
pure gas), with the utilization rate of about 37.5%. In 
addition, the high concentration gas allowance fluctuates 
greatly with seasons. The allowance in non-heating season 
is 91200 m3/d (pure), and that in high load period in 
heating season is only 19200 m3/d (pure). 

In addition, there are a lot of low concentration gas 
emptying and waste heat of power plant flue gas unused 
in the mining area, which is a serious waste. If the waste 

heat of low concentration gas and gas power plant flue gas 
is utilized, it can be used for slime drying, central wind 
wells wellbore heating, bathing and heating in living area.  

In order to solve the problems existing in gas 
utilization, it is proposed to optimize the whole gas 
utilization system, use the remaining low concentration 
gas and waste heat of power plant to replace part of high 
concentration gas, and utilize the high concentration gas 
by cryogenic liquefaction way, so as to improve the 
utilization rate of gas and maximize the benefit. 

3 Comprehensive utilization scheme of 
coal bed methane 

The selection of comprehensive utilization scheme of coal 
bed methane should follow the principle of "zero emission 
of gas drainage, comprehensive utilization of heat energy 
and maximum benefit". According to the concentration 
and volume of coal bed methane drainage, the location of 
pumping station and the utilization location, utilization 
mode and concentration of downstream products, as well 
as the matching relationship of utilization with seasonal 
changes, the current situation and expected demand of 
energy in the mining area should be comprehensively 
considered to optimize the energy supply mode and the 
utilization scheme of coal bed methane. 

As mentioned above, 27.24 million m3 of low 
concentration coal bed methane with a concentration of 
about 5% is discharged every year. This part of coal bed 
methane can generate heat energy by regenerative 
oxidation. One part of the heat energy can be used for coal 
slime drying in the mining area to replace the hot air stove 
for coal slime drying, and the other part can replace the 
coal-fired boiler in the production area to produce high-
temperature flue gas and heat the air into the shaft to 
guarantee the working face is free of ice in the winter, the 
surplus heat energy can provide steam or hot water for the 
mining area. Steam can be used for power generation, and 
hot water can be used for bathing and laundry. According 
to the heat consumption scale of the mining area and the 
gas supply capacity of low concentration coal bed 
methane, it is suggested to build a low concentration coal 
bed methane regenerative oxidation device with a feed gas 
treatment capacity of 200000 m3/h, and the designed 
treatment capacity of methane concentration is 1.2%. 
Considering the oxidation efficiency and heat transfer 
efficiency of the device, the total heat output is 17745 kW, 
the low concentration coal bed methane consumption is 
38.6 m3/ min, and the operation scale of the device is 
193000 m3/ h. In the process of heat transfer, the heat 
efficiency of high-temperature flue gas heat exchanger 
and waste heat boiler is 85%, so the heat provided by high-
temperature flue gas heat exchanger and waste heat boiler 
is 15083kW, which can fully meet the heat load demand 
of slime drying after being transported to the heating end 
through the pipeline network along the way, and the 
remaining unused heat can replace part of the heat load of 
gas steam boiler. 

For the 40.69 million m3 of unused and drained CBM, 
the concentration of which is more than 35%, the method 
of cryogenic liquefaction can be used to extract the 
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methane in low-concentration CBM, and then the methane 
can be purified and liquefied into LNG product. According 
to the supply and concentration of CBM, a set of cryogenic 
liquefaction device with processing scale (mixing capacity) 
of 300000 m3/d of feed gas can be built, and the 
concentration of CBM can be designed as 35%. It has been 
calculated that the device can produce 25,333t of LNG 
product per year. 

Both the regenerative oxidation device and the 
cryogenic liquefaction and extraction LNG device can 
operate throughout the year with high utilization rate. 
Except for the maintenance period of the device, zero 
emission of coal mine gas resources has been basically 
realized, and considerable subsidy income of coal bed 
methane utilization can be obtained. In addition, since the 
heating season is the peak of LNG price, when the gas 
quantity in the heating season is insufficient, the gas 
supply of other utilization methods can be adjusted 
appropriately to ensure the operating load of the 
liquefaction plant as far as possible and improve economic 
benefits. 

4 Cryogenic liquefaction 

4.1. Technological process. 

The process of extracting methane from low concentration 
coal bed methane by cryogenic liquefaction mainly 
includes: feed gas metering and compression, acid gas 
removal, dehydration and drying, coal bed methane 
liquefaction and distillation separation, LNG storage and 
loading, bog treatment and LNG gasification system. 
Figure 1 is the process flow chart of the device. In the 
process design, the explosion characteristics of the 
pressurization process should be theoretically calculated 
and experimentally demonstrated according to the specific 
mole fraction of methane and other combustible impurities 
in the feed gas, and the appropriate operating pressure, 
operating temperature and fluid flow rate should be 
selected to ensure that the methane concentration in the 
pressurization process of coal bed methane is in the safe 
area beyond the explosion limit. 

 
Figure 1. Cryogenic liquefaction process diagram of low concentration coal bed methane 

There are two channels in the liquefied cold box, 
which are coal bed methane channel and refrigerant 
channel respectively. The liquefaction cold box is mainly 
composed of plate fin heat exchanger group and 
distillation column. The plate fin heat exchanger group 
mainly plays the role of precooling before separation of 
coal bed methane. The distillation column provides a place 
for liquefaction and purification of coal bed methane. 
LNG product mainly flow out after gathering at the bottom 
of the column. The cooling capacity required for 
liquefaction and separation is provided by the mixed 
refrigerant cycle, which is powered by the mixed 
refrigerant compressor. 

After acid gas removal and dehydration, the feed gas 
can be regarded as a mixture of CH4, O2, N2 and other 
components. The molar fraction of CH4 is 35%. The mole 
fraction of is 13%; the mole fraction of N2 is 52%. Feed 
gas flow rate F = 300 thousand m3/d=12500 m3/h. 
According to the separation task, the purity of LNG 
product at the bottom of the distillation column is required 
to be ≥99.5%; O2 content ≤0.5%, CH4 recovery ≥
98.5%. 

4.2. Material balance 

According to the material balance before and after the 
separation of CBM, the methane recovery rate is 

calculated as follows: 

W

F

W

F










           (1)                                

Where,   is the recovery rate of methane in LNG 

product; W is LNG production，m3/h； W  is the purity 

of LNG, that is, the mole fraction of methane in the LNG 
product at the bottom of the tower; F is the feed gas flow，
m3/h； F  is methane content (mole fraction) of feed gas.  

Substituting F =12500 m3/h， F =0.35， W =0.995，
 =0.985，it can be calculated that the gas production at 

the bottom of the tower is W ＝4331 m3/h；the nitrogen 
and oxygen tail gas flow at the top of the tower is

8169D F W    m3/h；the nitrogen and oxygen tail gas 
flow at the top of the tower is

 0.35 1 0.985
0.803%D

F

D


  
  ； the nitrogen 

content at the top of the tower is

,

0.52
79.57%D N

F

D
 

  ；the oxygen content at the top 

of the tower is , 1 0.803% 79.57% 19.63%D O      . 

Table 1 shows the material balance data of CBM channel. 
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Table 1. Material balance of coal bed methane in liquefied cold 
box 

Gas name 
rate of 
flow

（m3/h） 

mole fraction 

CH4 O2 N2 

feed gas 12500 0.35 0.13 0.52 

tail gas at the 
top of the tower 

8169 0.00803 0.1963 0.7957 

product at the 
bottom of the 

tower 
4331 0.995 0.005 0 

4.3. Cooling capacity calculation 

According to the energy balance calculation, the cooling 
capacity of the oxygenated coal bed methane liquefaction 
cold box is shown in Figure 2. According to the field test, 
the relevant process data are as follows.  

 
Figure 2. Energy balance diagram of coal bed methane channel 

in liquefied cold box 
Before coal bed methane enters the plate fin heat 

exchanger, the pressure is 0.3 MPa (gauge pressure, the 
same below), the temperature is 30 ℃ , and the mole 
fraction of each component is as follows: CH4 is 35%; O2 
is 13%; N2 is 52%. According to the above parameters, the 
specific enthalpy of feed gas entering the cold box is 
1533.36kJ/kmol. 

The pressure of nitrogen and oxygen tail gas is 0.2MPa, 
the temperature is 25 ℃ , the mole fraction of each 
component is 0.8% for CH4, 19.63% for O2 and 79.57% 
for N2. According to the above state parameters, the 
specific enthalpy is 105.1028 kJ/kmol. 

The pressure of LNG product is 0.22 MPa, the 
temperature is -152℃ , and the molar fraction of each 
component is as follows: CH4 is 99.5%; O2 is 0.5%. 
Specific enthalpy -10192.6956 kJ/k mol. 

According to the above data, the heat balance 
calculation of CBM channel is carried out according to the 
following correlation formula: 

0F S D WQ Q Q Q Q                   (2)                                        

Where ， the heat of oxygen-containing coal bed 

methane 
12500

1533.3615 855670.5
22.4FQ     kJ/h; the 

heat of oxygen-containing coal bed methane 
8169

105.1028 38329.7
22.4DQ     kJ/h; Heat of nitrogen 

and oxygen tail gas 
4331

10192.6956
22.4WQ     

1970739.5  kJ/h; Cooling capacity loss is 6.5kJ/（m3 

feed gas ）， that is 6.5 12500 81250SQ     kJ/h. 

Therefore, the cooling capacity required for the coal bed 
methane to cool to low temperature is 0 2.87 106Q    

kJ/h 797.2  kW. 

4.4. Distillation tower parameters 

Before CBM enters the distillation tower, the resistance in 
the plate-fin heat exchanger group is about 0.08MPa, so 
the operation pressure of the distillation tower is 0.22MPa. 
The state of CBM after precooling is as follows: the 
pressure is 0.22MPa, the temperature is -176℃, and the 
mole fraction is as follows: CH4 is 35%, O2 is 13%, N2 is 
52%; flow rate = 12500 m3/h. Nitrogen and oxygen tail 
gas: 0.20MPa, flow rate = 8169 m3/h. LNG product: 
0.23MPa, methane molar fraction 99.5%. 

According to the above data, the numerical simulation 
of the distillation column is carried out, and the calculation 
results are as follows: theoretical plate number is 15 
(including reboiler and condenser), feed position is the 
fifth plate, reflux ratio is 0.1905, reboiler load is 429.58kW, 
condenser load is -120.72kW. 

4.5. Refrigerant compressor parameters 

Refrigerant compressor is the heart of refrigeration cycle, 
which provides power for refrigeration of cold box, and 
also provides energy for consumption "big household" of 
the whole project. The selection of parameters directly 
relates to the reliability and economy of the operation of 
the device. In the liquefaction process of natural gas, if 
mixed refrigerant is used for refrigeration, the refrigerant 
is generally selected from N2, CH4, C2H4 or C2H6, C3H8, 
C4H10, C5H12 and other substances. The performance of 
C2H4 is slightly lower than C2H6, but the cost of C2H4 is 
much lower than C2H6. Considering the economic 
performance, C2H4 is selected for this device. According 
to the preliminary test and research, the mixture 
refrigerant is proposed to use the proportion shown in 
Table 2 with flow rate of 31250 m3 / h. 

Table 2. Mole fraction of each component of refrigerant 
mixture 

material N2 CH4 C2H4 C3H8 C4H10 C5H12 

mole fraction 0.366 0.31 0.158 0.025 0.082 0.057 
 

Before the mixed refrigerant enters the compressor, the 
pressure is 0.08 MPa, the temperature is 25 ℃ ; the 
pressure after compression is 4.38 MPa, 50 ℃. The ratio 
of absolute pressure before and after compression is 4.48 
÷ 0.18 = 24.89. In order to ensure safety and reduce the 
power consumption of the compressor, the three-stage 
compression and intermediate cooling are adopted, and 
the ratio of three-stage pressure is 2.92. According to the 
relevant data, the adiabatic efficiency is 80%.For the sake 
of insurance, the inlet water of cooling water is 0.2MPa, 
30℃, and the outlet water is 50℃. After calculation, the 
total power consumption of the compressor is 4284KW, 
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and the cooling water circulation capacity is 193t/h. 

4.6. Safety measures 

The low concentration CBM is inflammable and explosive. 
In order to operate safely, stably and continuously 
operation for a long period, corresponding safety 
measures are set up in three levels: safety system, process 
link and specific single equipment in the plant. The 
pressure vessel is equipped with safety valve and bursting 
disc. When the pressure of the vessel is greater than the 
rated unloading pressure of the safety valve, the safety 
valve opens and the drain main pipe is drained. In the case 
of safety valve failure, the bypass gate valve of the safety 
valve can be opened for pressure relief; the electrical 
equipment in the plant area is explosion-proof, the socket 
is equipped with leakage protection, and the electrical 
circuit is laid directly with armored cable; the whole 
equipment is explosion-proof, and the socket is equipped 
with leakage protection; the electrical circuit is directly 
buried with armored cable; The whole plant explosion-
proof electrical design, installation and selection of 
electrical equipment are carried out in accordance with 
relevant standards and specifications; DCS and ESD 
system are adopted to realize the distributed control of the 
plant and emergency stop of accident state. In terms of 
lightning protection, class I lightning protection is adopted 
and independent lightning receiving device is set. In the 
aspect of anti-static, copper skin jumper and automatic 
resistance detection are adopted to ensure that the 
grounding resistance of the device is less than 1 Ω. 

An automatic explosion suppression device is installed 
in front of the feed gas compressor, including an automatic 
explosion suppression valve, an automatic powder 
spraying explosion suppression device, and a water seal 
fire-proof and explosion venting device. Detection 
elements of safety assurance system are installed at the 
inlet end of key equipment, such as flame sensor and 
pressure sensor. In order to increase the reliability, the 
system is equipped with a separate control device, which 
operates independently and is not controlled by the DCS 
control system in the plant area. In case of flame or 
overpressure at any detection point, the corresponding 
signal will be transmitted to the control device through the 
sensor, the explosion-proof valve will immediately cut off 
the gas source, and the automatic powder spraying device 
will immediately spray powder to prevent the flame from 
spreading; in case of overpressure, the safety valve, 
bursting disc and bursting disc of water seal fire-proof and 
explosion relief device in the plant are operated to ensure 
the safety of equipment and operators in the plant. 

5 Analysis of practice effect 

By adopting the CBM comprehensive utilization 
technology, the coal mine can basically realize the full 
utilization of the gas extracted (except for the maintenance 
period of the device), and the annual additional gas 
consumption is about 53.38 million m3, which is 
equivalent to 767,000 tons of CO2 equivalent emission 
reduction. In addition, after the completion and operation 

of the project, it is estimated that the annual average 
income is 211 million yuan, and the annual average net 
profit is 84.98 million yuan. The financial risk of the 
investment and construction is small, and the economic 
effect is obvious. 

6 Conclusion 

(1) The low concentration coal bed methane extracted 
from the coal mine is comprehensively utilized according 
to the energy demand of the mining area. The low 
concentration coal bed methane with concentration of 
about 5% is transformed into high-temperature flue gas by 
regenerative oxidation, and the heat energy is extracted to 
realize heat supply in the mining area; the unused and 
empty coal bed methane with concentration of more than 
35% is purified and liquefied into LNG product by 
cryogenic liquefaction, so as to realize long-distance 
transportation. The comprehensive utilization scheme of 
low concentration coal bed methane in coal mine follows 
the principle of "zero discharge of gas drainage, 
comprehensive utilization of heat energy and maximum 
benefit", which can basically realize the full utilization of 
gas drainage.  

(2) The comprehensive utilization technology of low 
concentration coal bed methane can not only improve the 
air environment quality of the project site, but also 
alleviate the contradiction between supply and demand of 
gas shortage in the mining area, and realize the sustainable 
development of the enterprise. 

(3) Low concentration coal bed methane 
comprehensive utilization is an important resource 
comprehensive utilization technology, which integrates 
the functions of realizing the energy demand of coal 
mining enterprises, reducing cost and increasing 
efficiency, promoting mine safety production, improving 
gas utilization rate, optimizing energy structure, 
promoting energy conservation and emission reduction. 
The gas source of the coal mine is stable and reliable, all 
construction conditions are available, the adopted 
technology is safe and feasible, and the project has 
remarkable energy saving, environmental protection, 
social and economic benefits. 
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