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ABSTRACT 

China has the third largest coal bed methane resources in the world. The total 
reservation is about 31Tm3. On the other hand, 70% to 80% of the coal mine accidents in 
China are caused by coal bed methane explosions. Also, coal-related methane emissions 
do great harm to the environment, because methane is a powerful greenhouse gas with a 
greenhouse warming potential (GWP) of 21. Recovery coal bed methane has vital 
importance not only for energy utilization, but also for safety and environment protection. 

At coal mines that are not close to natural gas networks and the coal bed methane 
production is not very large, liquefaction of coal bed methane is a good option for 
recovery. For coal bed methane with high nitrogen content, enrichment of coal bed 
methane is needed. 

In this paper, the processes of coal bed methane enrichment and liquefaction suitable 
for China are analyzed. The coal bed methane is enriched via pressure swing adsorption 
(PSA). A model is set up to simulate the PSA process, while experiments are performed 
to investigate separation of CH4/N2 mixture with activated carbon as adsorbent. The 
liquefaction processes, which are most likely small-scale LNG processes, are then 
analyzed. A study is made to select the optimum liquefaction process of these small-scale 
plants. The same basis is adopted to evaluate three types of liquefaction cycles. These 
include a C3/MRC process, an MRC process, and a nitrogen-methane expander process. 
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INTRODUCTION 

CBM Resources in China 

China has abundant coal bed methane (CBM) resources. China’s CBM resources at 
depth less than 2000m are estimated at about 36Tm3, the third largest after Russia and 
Canada. The distribution of the total resources in different regions is shown in Figure 1. 
North China has the most abundant CBM resources. The distribution in different depths is 
shown in Figure 2. Most resources are not very deep, thus easy to be exploited. There are 
14 basins with CBM reserves more than 0.5Tm3. Among them, South Sichuan-North 
Guizhou, West Henan, Sichuan-Chongqing, Santang Lake and Xu-Huai are 5 basins with 
CBM reserves 0.5~1Tm3 each, and East Ordos, Qinshui, Zhunger, East Yunnan-West 
Guizhou, Erlian, Tu-Ha, Talim, Tianshan and Hailar are 9 basins with CBM reserves 
more than 0.5~1Tm3 each. 

57%
28%

14%
1%

N China

NW China

S China

NE China

39%

29%

32%
<1000m

1000~1500m

1500~2000m

 
 

Figure 1. Distribution by Region                       Figure 2. Distribution by Depth 

The total exploitable CBM resources in China are estimated at more than 10Tm3. 
There are 15 basins with exploitable resources more than 0.1Tm3. These basins are Erlian, 
East Ordos, East Yunnan-West Guizhou, Qinshui, Zhunger, Talim, Tianshan, Hailar, Tu-
Ha, South Sichuan-North Guizhou, Sichuan, Santang Lake, West Henan and Ningwu. 
Erlian Basin has the largest exploitable CBM reserves of 2Tm3. Qinshui Basin and East 
Erdos Basin has more than 1Tm3 reserves, respectively, and these two basins are chosen 
as the most favorable basins for CBM exploitation. Zhunger Basin has more than 0.8Tm3 
reserves.[1] 

Why CBM Utilization? [2-5] 

There are three primary reasons for recovering coalbed methane. The first reason is to 
increase mine safety. Worldwide, there have been thousands of recorded fatalities from 
underground mine explosions in which methane was a contributing factor. Using methane 
drainage systems, mines can reduce the methane concentration in their ventilation air, 
ultimately reducing ventilation requirements. China has suffered painful losses in coal 
mine accidents, 70% to 80% of which were caused by coalbed methane explosions. The 
demand to increase coal mine safety is urgent. 

The second reason is to improve mine economics. By reducing emissions and 
preventing explosions and outbursts, methane drainage systems can reduce the amount of 
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time that the coal mine must curtail production. Moreover, recovered methane can be 
used either as fuel at the mine site or sold to other users. 

The third reason for coalbed methane recovery and use is that it benefits the global 
and local environment. Methane is a major greenhouse gas and is second in global impact 
only to carbon dioxide; methane thus is detrimental to the environment if vented to the 
atmosphere. Although the amount of carbon dioxide accumulating in the atmosphere each 
year is orders of magnitude larger than that of methane, each additional gram of methane 
released to the atmosphere is as much as 21 times more effective in potentially warming 
the Earth’s surface over a 100-year period than each additional gram of carbon dioxide. 
Although China is not subject to any emissions reduction target under the Kyoto 
Protocol's first emission control period, China is currently the second largest energy 
consumer and greenhouse-gas emitter. Continued rapid economic development will 
increase greenhouse gases (GHGs) emissions. 

Coal mine methane recovery and use represent a cost-effective means of significantly 
reducing methane emissions from coal mines. Methane, moreover, is a remarkably clean 
fuel. Methane combustion produces no sulfur dioxide or particulates and only half the 
amount of carbon dioxide that is associated with coal combustion on an energy equivalent 
basis. 

Liquefaction – An Alternative Way to CBM Utilization in China 

Compared to the rich resources, the development of CBM utilization has been slow in 
China. The annual emission of CBM into the atmosphere is about 15Gm3, while the 
annual recovery of CBM was only about 1Gm3 in 2005. 

Several barriers prevent China from developing economic CBM recovery from coal 
mining to its full potential. Critical barriers include the lack of an appropriate policy 
framework, limited capital for project investments and equipment, the need for additional 
information and experience with technologies and the lack of a widespread pipeline 
network. 

Most of the CBM recovered from Chinese mines is used for heating and cooking at 
mine facilities and nearby residences. CBM is also used for industrial purposes, in the 
glass and plastics industries, and as a feedstock for the production of carbon black. CBM 
is also being used, to a rapidly increasing extent, for power generation. The CBM-fired 
power generation capacity reached 200MW at the end of 2005. 

According to the CBM development and utilization plan during the nation’s 11th 
Five-Year Plan period, which was approved by China National Development and Reform 
Commission (NDRC), the CBM production will reach 10Gm3 in 2010. 

The lack of a widespread pipeline network still makes it difficult to transport CBM 
from coal mines to users. To achieve the goal mentioned above, many new pipelines are 
being built in China. But not all CBM is suitable to be transported through pipelines for 
economical reasons. At coal mines that are not close to natural gas networks and the coal 
bed methane production is not very large, liquefaction of coal bed methane is a good 
option for recovery. The volume of CBM reduced to only about 1/600 after liquefaction, 
thus makes it easy to be transported by vehicles. 
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METHANE ENRICHMENT OF CBM BY ADSORPTION 

Why Methane Enrichment 

For CBM with high methane concentration, liquefaction of CBM is almost the same 
as liquefaction of natural gas, except that the liquefaction plants will likely be small scale 
ones, which are somewhat different from the common large baseload plants. 

But for CBM with low methane concentration, the gas should be enriched to upgrade 
methane concentration, even if it will be transported through pipelines. Regulations for 
transportation of natural gas through pipelines vary according to different countries. 
There are specific restrictions to the amounts of inert (mainly nitrogen), which lower the 
gas heat value, and carbon dioxide, which is a corrosive gas that may damage the 
pipelines if not controlled. Carbon dioxide is normally removed by amine scrubbing in 
gas-liquid contactors. This process is energy intensive, but will not be discussed here. 
Removal of nitrogen is even more critical. The CH4/N2 separation is practiced by 
cryogenic distillation. The array of the column(s) may depend on the amount of nitrogen 
contamination, but in all cases large amounts of energy are required.[6,7] 

In this work, pressure swing adsorption (PSA) process is chosen to perform CH4/N2 
separation to achieve methane enrichment before gas is liquefied. Compared to cryogenic 
distillation, PSA process consumes much less energy, which is crucial to reduce the 
relatively high energy consumption of small scale liquefaction plants. 

Model for PSA Separation Process[8-10] 

In the CH4/N2 separation process, methane is adsorbed in the bed and is recovered 
during desorption process. Activated carbon is inserted into the adsorption column. For a 
binary PSA separation system with activated carbon as adsorbent, resistance of mass 
transfer is not important, and an equilibrium model can predict the separation process 
with fine result. Thus, the model here is a local equilibrium one with nonlinear isothermal 
adsorption equation. 

The following are assumed when building up the dynamic model for the adsorption 
column. (a) The CH4/N2 mixture is regarded as ideal gas. (b) The concentration and 
temperature changes caused by axial backflow are neglected. (c) No concentration and 
temperature gradients exist at the radius direction. (d) Local equilibrium model is adopted, 
which means the bulk liquid in the column is in equilibrium with the adsorbed phase at 
any time, and the equilibrium adsorbed amount is the function of total pressure p and 
content yi. (e) Pressure drop in the column is neglected. (f) Temperature variation in the 
column is neglected. 

Mass Balance Equation. The balance equation of each component is 
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And the total mass balance equation of the adsorption column is 
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where 
u - flow velocity in empty column, cm/s, u is positive along inlet direction; 
ε - void ratio in adsorption column; 
c - concentration of gaseous phase in bulk fluid, mol/cm3; 
q - concentration of adsorbed phase, mol/cm3; 
i - components (CH4 and N2 in this paper); 
n - number of components; 
t - time, s; 
z - distance to inlet end of adsorption column. 

Isothermal Adsorption Equation. For adsorption of CH4 and N2 on activated carbon 
T103, multi-component nonlinear Langmuir equation is adopted for adsorption 
equilibrium. 
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where 
iq′  - adsorbed amount, cm3/g; 

p - tatal pressure, Pa; 
tq′  - total adsorbed amount, cm3/g; 

yi - component concentration in gaseous phase; 
qmi – Langmuir parameter, cm3/g; 
b - Langmuir parameter. 

Mass Transfer Equation. The equation for mass transfer rate in the form of local 
equilibrium is expressed as 
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where q* is the equilibrium concentration of adsorbed phase, mol/cm3. 

Supplemental Equations. Equations (1)~(4) are the core equations of the model for 
dynamic adsorption process. However, several other equations should be added for 
solution of the model. 

For an ideal gas, 
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where 
R - gas constant, J.mol/K; 
T - temperature, K. 

Considering Equation (5), Equation (2) becomes 
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then the control equation of this model is obtained as 
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Process Parameters. The characteristic parameters of the PSA process, as well as the 
Langmuir parameters qmi and b are listed in Table 1. 

Table 1. PSA Process Parameters 

Column 
Length l 

(cm) 

Column 
Inner 

Diameter 
(cm) 

Adsorbent 
Amount 

(g) 

Stuffing 
Density 
(g/cm3) 

Void 
Ratio 

Adsorption 
Constant 
qm (cm3/g) 

Adsorption 
Constant b

100.0 4.0 820.3 0.653 0.395 110.3(CH4) 
68.7(N2) 

1.034(CH4) 
0.572(N2) 

 
Initial and Boundary Conditions. The initial and boundary conditions are listed 

below. 

Initial conditions of adsorption column: ( ) ( ) 0,0,0,0
42 CHN == zyzy  

Boundary conditions changes with different steps. 

Step 1 (Gas charging): ( ) ( ) ( ) ffff pputuytyyty ==== ,0,,0,,0,
24 NCH  

Step 2 (Adsorption): ( ) ( ) ( ) ffff pputuytyyty ==== ,0,,0,,0,
24 NCH  

Step 3 (Depressurization at product end): ( ) ( ) 0,,00,
0

=
∂
∂
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=z
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z
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Step 4 (Depressurization at feeding end): ( ) ( ) 0,,0, =
∂
∂
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=lz
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z
ytppltu  

Step 5 (Vacuum pumping): ( ) ( ) 0,,0, =
∂
∂

==
=lz

i

z
ytppltu  

where subscript f means feeding gas. 
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PSA Experiments 

An experimental apparatus is set up for separation of CH4/N2 mixture with PSA 
method.[9,11] The flow process of the apparatus is shown in Figure 3. 

 

Figure 3. Experimental Apparatus for PSA Separation 

I-Gas supplying system; II-PSA separation system; A,B,C-High pressure vessels; D-Closed vessel;   
H-Adsorption column; 1-Depressurizing valve; 2,10,14-Flowrator; 3,11,15,16-Sampling;  

4,8,12-Solenoid; 6-Vacuum gauge; 17-Valve; 18-Vacuum pump 
 

Results and Discussions 

Outlet CH4 Concentration and Pressure. The comparison of measured and 
simulated CH4 concentrations at the product end of the PSA column is shown in Figure 4. 
The feeding gas is the CH4/N2 mixture with 31.08% CH4. The small circles indicate 
measured points, while the solid line represents simulated results. It turns out that the 
simulation coincides with the experimental results. The pressure history in the adsorption 
column is also shown in this figure. 

 

Figure 4. Outlet CH4 Concentration and Pressure 
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Distribution of Gaseous Phase Concentration Along the Bed. Figure 5 shows the 
simulated results of gaseous phase concentration distribution along the bed in the 
adsorption column. Each line represents the concentration at the end of each step. The 
mixture consists of 50% CH4 and 50% N2. 

 

Figure 5. Distribution of the CH4 Gas-Phase Concentration 

Simulation and experiments show that the PSA system can separate methane from 
nitrogen. The 80% methane can be expected from CH4/N2 mixture with only 30% 
methane. Thus, PSA separation is a feasible way to the enrichment of CBM. 

On the other hand, the results also indicate that it is very difficult to get methane with 
very high purity. The reason is that the separation coefficient of methane and nitrogen is 
usually very low. In this case, the separation coefficient on activated carbon T103 is 2.9. 
To achieve higher purity, new adsorbents which has high separation coefficient to 
methane and nitrogen must be found. Recently, carbon molecular sieve (CMS) is 
regarded as a good adsorbent for CH4/N2 separation[6,12]. New research work is on the 
way. 

LIQUEFACTION OF ENRICHED CBM 

Importance of Liquefaction Process Selection 

After enrichment, CBM becomes common natural gas with high methane 
concentration. In principle, enriched CBM can be liquefied like ordinary natural gas. 
Considering the situation in China’s coal mines, something special is that the gas flow 
rate is usually small, comparing to the large baseload LNG plants. While LNG 
technology is mature for large LNG plants, small-scale LNG plants are still not very 
common in the world. Among many factors, the key characteristics of small-scale LNG 
plants are simple process, low investment, miniature size and skid-mounted package. 

The design, simulation and estimation of natural gas liquefaction process began from 
1970. But the previous works did not concern the small-scale natural gas liquefaction 
process. Almost all kinds of liquefaction process can be adopted in small-scale LNG 
plants, so it is not always easy to select the most suitable process for a certain project. A 
deep investigation into these processes is needed before any choices are made. 
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Based on the thermodynamic analysis, the simulation and calculation of small-scale 
natural gas liquefaction process are carried through in this paper. The key parameters of 
selected liquefaction processes are compared. 

Design of Liquefaction Processes[13-16] 

On the basis of the characteristics of small-scale LNG plant, three sets of typical 
liquefaction process were designed in this paper for analysis and comparison. The 
liquefaction process of mixed refrigeration cycle with propane precooling (C3/MRC) is 
shown in Figure 6. As we all known, with its extraordinary low energy consumption, the 
C3/MRC process is the dominant one in modern baseload plants. The liquefaction 
process of mixed-refrigerant cycle (MRC) is shown in Figure 7, which removes the 
common cycle of propane pre-cooling, making the process simpler and more compact. 
The MRC uses a combination of refrigerants in a single refrigeration cycle, which makes 
it possible to supply refrigeration at continuously changing temperature. The liquefaction 
process of N2/CH4 expander cycle (N2C1/EC) is shown in Figure 8. It provides 
refrigeration by expansion of compressed N2/CH4 mixture, which sometimes can be taken 
from the feeding CBM. 

 

Figure 6. C3/MRC Process 
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Figure 7. MRC Process 

 

 

Figure 8. N2C1/EC Process 

Parameter Initialization 

Before simulation, the required parameters are specified in Tables 2-5 based on the 
effect analysis of the parameters on the process performance. These figures were gained 
through the optimization of the objective function on specific power consumption[17,18]. 
Assumed the flow rate of natural gas feed was 4.0kmol/h. 
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Table 2. Mole Fraction of Components 

 N2 C1 C2 C3 i-C4 

Natural Gas* 0.7 82.0 11.2 4.0 1.2 

C3/MRC 5.0 41.0 34.0 20  

MRC 1.0 40.0 40.0 19.0  

N2C1/EC 56.0 44.0    

*Assume that the natural gas feeding into the MRC process  
has been removed of heavy hydrocarbons. 

Table 3. Know Temperatures and Pressures for C3/MRC 

 Natural Gas 
(Node 1) 

High Pressure 
Refrigerant 
(Node 13) 

Low Pressure 
Refrigerant 

(Node 9) 

LNG 
Storage 
(Node 7) 

Pressure (MPa) 4.80 2.46 0.26 0.12 

Temperature 
(ºC) 

32.0 -35.0 -53.0 -158.7 

 

Table 4. Know Temperatures and Pressures for MRC 

 Natural Gas 
(Node 14) 

High Pressure 
Refrigerant 

(Node 4) 

Low Pressure 
Refrigerant 
(Node 13) 

LNG 
Storage 

(Node 19) 

Pressure (MPa) 4.80 2.60 0.29 0.12 

Temperature (ºC) 32.0 32.0 29.0 -157.9 

 

Table 5. Know Temperatures and Pressures for N2C1/EC 

 Natural Gas 
(Node 1) 

High Pressure 
Refrigerant 
(Node 12) 

Low Pressure 
Refrigerant 
(Node 23) 

LNG 
Storage 

(Node 11) 

Pressure (MPa) 4.80 4.39 0.60 0.12 

Temperature (ºC) 32.0 32.0 28.74 -158.3 
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Process Selection for CBM Liquefaction 

The process optimization results are listed in Table 6. 

As mentioned above, liquefaction of CBM usually requires small-scale liquefiers. 
When selecting such a process, simplicity is very important. 

The C3/MRC process is definitely the most efficient liquefaction process for natural 
gas. It has the lowest energy consumption and refrigerant flow ratio, as well as the 
highest liquefaction rate. It has been widely adopted in large-sized LNG plants. But it 
requires a separate propane refrigeration system, increasing the complexity of the plant. 
Thus, C3/MRC process is suitable for coal mines with large and sustainable CBM 
production, where efficiency is the most important factor. 

Table 6. Process Optimization Results 

Process Refrigerant 
Flow Ratio 

Water 
Cooling 

Load 
(kJ/kmol) 

Expansion 
Work 

(kJ/kmol) 

Liquefactio
n Rate 

Work 
Consumption 

(kJ/kmol) 

C3/MRC 3.89 6623  0.96 26153 

MRC 14.39 153005  0.82 135477 

N2C1/EC 10.15 80097 13516 0.90 63655 

 
N2C1/EC process has higher energy consumption and refrigerant flow ratio than 

C3/MRC. But it is simpler than C3/MRC for the elimination of propane precooling 
system and the storage system for various refrigerants. If the energy consumption is 
tolerable for the investor, N2C1/EC process is an acceptable choice. In China, some 
investors are considering this process for CBM liquefaction. 

Among all three processes, MRC process has the least efficient performance. That 
means the propane precooling system is crucial to the good performance of MRC system. 
Inefficient as it is, it is also a very simple process with fewer components. If some heavy 
hydrocarbons are added in the mixed refrigerant, the energy consumption may be reduced 
to an acceptable level, making it a competitive choice. 

CONCLUSIONS 

Coal bed methane should be recovered more in China for safety, economy and 
environment protection. At coal mines that are not close to natural gas networks and the 
coal bed methane production is not very large, liquefaction of coal bed methane is a good 
option for recovery. 

For coal bed methane with high nitrogen content, enrichment of coal bed methane is 
needed. PSA is an energy-efficient way to enrich methane from CBM. Simulation and 
experiments show that activated carbon can be used in the PSA separation process. But it 
is very difficult to get high purity methane with activated carbon. 
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Liquefaction of CBM in China often requires small-scale liquefiers. Simplicity is an 
important factor when selecting process for such a liquefier. C3/MRC process is most 
efficient, and at the same time, most complex. It is suitable for large and sustainable 
CBM production. N2C1/EC process is relatively simple but less efficient, sometimes it is 
recommended as a good choice for small-scale plants. Simple MRC process is not 
acceptable unless significant improvements are achieved. 
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