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In order to quantitatively understand the wasteful and combustible gas resources which

are released from underground coal fires caused by spontaneous combustion, the emission

characteristics of hydrogen and methane in the thermochemical process of coal oxidation

are investigated by both laboratory tests and on-site measurements. Employing an adia-

batic oxidation test, the releasing rules of index gases in limited space were estimated with

programmed temperature rising up to 200 �C. Experimental results demonstrate that the

releasing concentrations of methane and hydrogen preform an exponential trend with

oxidation temperature, while the release rates are significantly influenced by the meta-

morphic degrees and oxygen supplement conditions. Field survey was also operated to

trace the gaseous products in a typical coal fire area in Xinjiang Region, China via gas

monitoring at surface emission vents and fractures. Measurement data illustrate a good

consistency between the index gases and the stage of coal spontaneous combustion, and

the exhaust hydric gases are estimated at more than 1000 tons per year. The presented

method and results could provide a useful reference to gaseous products estimation for

coal spontaneous combustion.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

With the constant improvement of mining mechanization,

mine disasters [1e4] caused by recovering including fire, gas

outburst, water, dust explosion and roof accident occur more

and more frequently. These disasters seriously threaten the
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received the widespread attention from the whole society.

Among of them, coal fire, referring to large-area sponta-

neous combustion of underground coal oxidation caused by

natural condition or human activities, is one of serious di-

sasters associated with coal mining in a long history [5,6].

Uncontrolled coal fires distribute throughout the world and
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widespread in China, India, Indonesia, the United States,

South Africa and other countries or regions. Xinjiang Region

which has the most abundant coal in China suffers the most

serious coal fires. According to latest report which is written

by Xinjiang Coal Fire Fighting Bureau [7], by the end of 2010,

therewere still 49 coal fire areas in Xinjiang region. About 8126

kilotons of coal were burned out each year with a burning area

of 9.06 � 106 m2 and the direct economic loss is nearly one

billion yuan every year. Coal fire not only consumes the coal

resource for nothing, but also brings serious problems to local

environment and ecology, such as the atmosphere pollution,

the damage to soils, the contamination to underground water

and consequently the health problems to human beings [8,9].

A typical example reported by Xinjiang Coal Fire Fighting

Bureau [10] is the Heshituoluogai coal fire which is currently

one of the last three State Key Coal fires in Xinjiang province.

There are 12 sub-fire areas distributed in a range of 57 km2,

and the loss of coal self-combustion achieves 1.5 million tons

and other tons of fuel source are threatened by nearby un-

derground fires which could not be exploited. More seriously,

according to the results in “Heshituoluogai fire area environ-

mental impact report”, the emission of toxic or harmful gases

is more than 20 kilotons as well as soot of 15.1 kilotons, it also

releases 2.2 million tons of greenhouse gases, carbon mon-

oxide, and methane every year.

At the beginning of twenty-first Century, with the global

attentions to the issue of climate change, the environmental

problems of coal fire, especially large greenhouse gas emis-

sions problem has become the focus in the research field of

coal fire [11,12]. Scholars from China, Germany, Holland and

so on have carried out relevant researches in the recent ten

years [13e17].

Since the law of index gases in the low-temperature

oxidation process has important theoretical significance and

application value for forecasting of coal spontaneous com-

bustion, many works [18e21] have been conducted to reveal

the oxidation characteristics and gases releasing properties of

coal spontaneous combustion by using large-scale experi-

mental system under low-temperature oxidation condition.

Through the element and gaseous products analyses, influ-

encing factors of heat release from the coal fire caused by self-

combustion were investigated [22e25]. Meanwhile, utilizing

airborne thermal-infrared measurement of surface heat flow

and ground on-site monitoring method, the greenhouse gases

such as carbon dioxide and methane releasing from coal fire

areas were also observed and recorded [26e29].

Reference the current methods to study on the rules of gas

release [30,31] from coal spontaneous combustion, e.g. carbon

monoxide, carbon dioxide and hydrocarbon gases, the present

work studies the releasing laws of methane and hydrogen

within the limited space of coal low-temperature oxidation

process, and the correlations between the index gases and

influence factors such as metamorphic degree or coal rank

and oxygen supply condition are also conducted. Then, the

on-site survey in a typical coal fire area in Xinjiang Region,

China is carried out to investigate CH4 and H2 gases emissions

caused by underground coal spontaneous combustion. The

comparisons between the in-situ observed data and experi-

mental results are implemented and the total release of hydric

gases from the coal fire area is estimated.
Experiment

Mechanism of coal spontaneous combustion

The phenomenon of spontaneous combustion has been

recognized since at least the seventeenth century. An early

theory postulated that oxidation of pyretic material in coal

provided a centre of enhanced activity. This can play a part in

the spontaneous combustion of timber or organic waste ma-

terial underground but is unlikely to contribute significantly to

the self-heating of coal or other minerals. Current researches

on the initiation of self-heating showed that coal spontaneous

combustion arose from the combined effects of coal and ox-

ygen, including physical adsorption, chemical adsorption and

chemical reaction.

Oxidation of coal takes place after four stages: 1) physical

adsorption of oxygen, resulting in temperature increase; 2)

chemical adsorption (over 50 �C), producing oxygenated hy-

drocarbons or peroxy-complexes; 3) decomposition of

oxygenated hydrocarbons when self-heating temperature is

reached (over 70 �C), with concurrent oxidation of unaltered

coalmatter; and 4) spontaneous combustionmay then occur if

all the above processes result in a temperature higher than

150 �C, typically referred to as the ignition threshold. This

ignition threshold seems to depend on coal rank, with values

around 130 �C for the lowest rank, and probably even lower

values for peat. In this respect, the 60e80 �C range is regarded

as critical.

Of the above processes, the coal and oxygen react and

release gaseous products such as carbon monoxide (CO),

carbon dioxide (CO2), and water vapor (H2O). Coal sponta-

neous combustion can be regarded as an exothermic reaction

of coal and oxygen at low concentration as follows:

CoalþO2/Solid Productsþ Exhausted GasesþHeat Release

(1)

Experiment setup

This work adopts the adiabatic oxidation equipment for the

test of coal spontaneous combustion with programmed tem-

perature rising, and analysis of the gaseous products of coal

oxidation from low-temperature to combustion stage is car-

ried out synchronously. The experimental system is

composed of a gas path system, a programmed temperature

control system, a temperature recording system, an adiabatic

oxidation furnace with temperature rising, a gas chromatog-

raphy analyzer and the other subsidiary devices. The coal

samples which belong to the ‘Jet’ coals were collected from

Junggar coalfield around the coal fire areas. The ultimate and

proximate properties of the coal sample are collected in

Table 1 and the experimental procedure is as follows:

(a) Before the experiments, weight, temperature and

sensitivity calibrations of the instrument were per-

formed using calibration sets.

(b) About 50 g of a vacuum-dried coal sample of

180e380 mm was placed in the reference crucible made

of a-Al2O3.
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Table 1 e Ultimate and proximate analysis of typical coal
samples.

Ultimate analysis (wt%) Mad Aad Vad FCad

2.61 6.15 23.88 68.31

Proximate analysis (wt%) C H S O

70.39 4.39 0.3 23.78

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 8 7 2 8e1 8 7 3 318730
(c) The samplewas firstly heated to 110 �C in pure N2with a

flow rate of 70 mL/min, held for 330 min to further drive

off the moisture and followed by cooling down to 30 �C.
(d) And then, hybrid gas of ultra high purity O2 and N2 with

21% of O2 was switched to air with a flow rate of 100mL/

min. Beginning at 30 �C, the samplewas heated to 200 �C
with a constant heating rate of 2 �C per minute.

(e) The composition and concentration of gas samples

were analyzed by gas chromatography for every 10 �C
rising, and the residual oxygen, methane and hydrogen

concentrations were transferred into the data docu-

ment at the same time.
Experiment results

Table 2 curves the release process of gaseous products during

the coal spontaneous combustion from 30 �C to 200 �C. It

demonstrates that the releasing concentrations of both

methane and hydrogen perform an exponential trend with

oxidation temperatures. In addition, CH4 occurs at the begin-

ning of the test and keeps a near constant value until 130 �C
due to the desorption process of absorbedmethane and H2 gas

is firstly observed at 110 �C. Previous work reports that

methane is produced when the temperature rises to about

120e170 �C. The reaction of coal oxidized spontaneous com-

bustion producing methane is that the oxygen molecule at-

tacks the carbon atom in the middle of propyl on the benzene

ring side chain, which causes the propyl to produce the acid
Table 2 e Quantities of released gases under different
oxidation temperature.

Temperature Oxygen
concentration

(vol%)

CH4

concentration
(ppm)

H2

concentration
(ppm)

30 �C 20.43 4 0

40 �C 20.38 3 0

50 �C 20.29 5 0

60 �C 20.22 4 0

70 �C 20.16 3 0

80 �C 19.97 5 0

90 �C 19.73 6 0

100 �C 19.44 5 0

110 �C 19.15 5 6

120 �C 18.81 6 13

130 �C 18.33 8 24

140 �C 17.74 13 47

150 �C 16.92 20 65

160 �C 14.80 45 84

170 �C 12.57 94 106

180 �C 10.06 150 142

190 �C 7.29 217 179

200 �C 3.52 291 225
group (-CH2-COOH) and the methane. The reaction of pro-

ducing CH4 is a spontaneous reaction judging by the reaction

activation energy.

This work also concerns the relationship between gaseous

products and other influence factors including the meta-

morphic grade and oxygen supply concentration. Fig. 1 plots

the comparative results of methane release of coal oxidation

with different metamorphic degrees. Here, the selected bitu-

minous coal has higher rank than the referenced jet coal. It

can be seen that, with the more component of fixed carbon,

the high rank coal release less methane gases during the

oxidation process. Moreover, Fig. 2 shows the hydrogen pro-

ducing process under different concentrations of oxygen

supply which performance quite differences in composition.

With lean or low oxygen supplement such as concentration of

15%, it obviously delays the critical temperature at which

hydrogen firstly occurs and blocks the coal oxidation process

so that it reduces the gas releasing.
Field survey

Heshituoluogai coal fire is located in the Hoboksar Mongol

Autonomous County, northwest of the Junggar Basin. There

are 12 sub-fire areas caused by improper mined post-

processing, distributed in a range of 57 km2. The earliest

coal fires occurred in the 1#, 2# and 3# fire areas in 1968, and

then during the period from 1968 to 1990, other six areas

observed the spontaneous combustion. The 8# area, igniting in

September 2008, is the latest coal fire. Since 2000, the county

government has repeatedly and costly operated fire extin-

guishing many times, but the fires have not been controlled

with lack of water near the fire areas as well as the effective

extinguishing methods. Instead, the advance rate of fire front

greatly accelerates with the expansion of leakage channel in

underground burning body.

Among these 12 sub-fire areas, the fifth fire area has the

greatest impact on coalmine safety production as drawn in

Fig. 3. It is about 130 m apart from No.9 well belonging to

Xuzhou mining group co., LTD in southeast. Since the mining
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Fig. 1 e Comparisons of methane release of coal oxidation

with different ranks.
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Fig. 2 e Comparisons of hydrogen release of coal oxidation

under different oxygen supply concentration.

Fig. 4 e Surface temperature distribution of coal fire area

and gas sampling points.
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level of the well is a few meters higher than the burning bot-

tom of fire area, so that it has been seriously threatened by the

rapid movement of self-combustion along the seam. To this

end, the in-situ study presented here was conducted in the

fifth fire area. This fire area started burning in 1986, due to the

spontaneous combustion of coal in abandoned mine goafs

after the old mine shutdown which was built in 1965 with 7

wells. The underground goafs of wells No.3 to 6 were fully

connected and the spontaneous combustion was firstly

observed in well No.5 where the gas temperature passed 38 �C
and carbonmonoxide was found in the roadway. All the wells

closed in 1986 and fire features at surface upper the No.4 and 6

wells were identified in the following years.

The fifth fire area is located at about 7 km southwest of the

town of Heshituoluogai, next to the G217 National Road. The

center point coordinates of the fire area are located at 85�,
58 min east longitude and 46�, 27 min north latitude. For field

survey in 2011 year, control survey of fire area is based on the

national four degree points WQN, 125, 128 and 83409; control

network is set by using GPS static mode with the fitting

elevation. According to a surface temperature survey as

shown in Fig. 4, the northern area has a higher surface tem-

perature, and the highest temperature measured on the sur-

face is more than 200 �C. In addition, through the temperature

reduction, the temperature range of fire area by infrared

measurement is 23 �Ce160 �Cwith a zonal distribution of high

temperatures.
Fig. 3 e Topographic maps of 5th Heshituoluogai coal fire

area.
The geologic units covering of the fifth fire area consist of

Devonian, Carboniferous, Jurassic, Tertiary and Quaternary.

The coal-bearing stratum is the upper Badaowan Formation of

the Lower Jurassic (J1B2), the thickness of stratum varies from

109.61 to 221.54 m with an average value of 161.22 m. There

are 8e12 coal seams contained in the Badaowan Formation,

numbered from the bottom A1 to A12. All of the 12 coal seams

are long-flame or jet coal (brand CY41) with weak caking

index. The main recoverable and combustion coal seams are

A2, A3 and A4 with stable development district and the rest

seams are unrecoverable or local minable. Average thickness

of all the coal seams is 12.12mwith coal-bearing coefficient of

8.20%. Some portions of the seam A2 and A3 merge into one

layer and A4 is very close to the other two seams, therefore

these three seams are regarded as one layer in the simulation

with an average total thickness of 7.99 m, strike direction of

27� and dip angle of 18� (cf. Fig. 4). The strike length of coal

outcrop is 497 m approximately by surface prospecting in the

fifth fire area. The relative density of coals sampling from A2,

A3 and A4 are 1410, 1320 and 1300 kgm�3, respectively; thus,

an averaged value of 1340 kgm�3 is employed in the estima-

tion. Then, the fire bottom or worked-out floor is 738 m from

the seal level and the surface elevations vary from 798 m to

808 m, therefore, the buried depth of seam bottom is about

60 m and the length of outcrop seam in the dip direction is

http://dx.doi.org/10.1016/j.ijhydene.2017.04.192
http://dx.doi.org/10.1016/j.ijhydene.2017.04.192


1.0k

1.5k

2.0k

m
is

si
on

(t/
y)

×103

 In-situ observation
 Estimated value

×103

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 1 8 7 2 8e1 8 7 3 318732
185 m. Considering a plate of coal seam, the total occurrence

in the whole outcrop is about 986 kilotons.

In this work, the tests of gas sampling and point posi-

tioning are operated in field synchronously. NOVAH8 gas

monitor was employed in the measurement, and the pre-

cisions of gas concentration and velocity are 0.1 PPM and

0.1 m/s. The observed results from gas exhaust vents marked

from G5 to G16 at surface of coal fire area are listed in Table 3.
Methane Hydrogen
0.0

500.0 A
nn

ua
l E

Fig. 5 e Annual gases emissions calculated by field survey

and experiment estimation.
Discussion

From the on-site measurement results, it can be seen that

there exists a direct relationship between the stage of coal

spontaneous combustion and gaseous products. For sampling

points G13, G14, G16 where the temperature achieves 500 K,

either methane or hydrogen release rate is also higher than

the other vents. In contrast, G7, G8 points do not performance

any emission of methane and hydrogen, it illustrates the

nearby area stays an oxidation stage at low temperature.

Although the quality percentage of hydrogen elements con-

tained in the coal is small, the percentage of atomic hydrogen

has the same magnitude order with carbon atoms. CeH bond

is not only the main bonding in the complex molecular

structure of coal, but also it is highly vulnerable to oxygen

attack and fracture in the coal low-temperature oxidation

process. Therefore, it is reasonable to put forward hydrogen as

the “index gas” to predict coal spontaneous combustion state.

After observing all the gas exhaust vents at surface of fire

area, gas emissions could be determined by multiplying the

gas concentration, flow velocity and vent's area. As shown in

Fig. 5, the annual emission rate ofmethane and hydrogen read

1183 and 1.103 tons per year based on the in-situ observations.

On the other hand, according to the experimental results of

gaseous products, accumulated release rate of CH4 and H2

during coal oxidation process could be given, respectively.

Then multiplying these values with the total mass of com-

busting coal in the coal fire area based on the surface heat

flow, the estimated gases emission could be obtained. It can be

seen in Fig. 5, the both estimated values are higher than those

of observation but keep the same order of magnitude, that

illustrate the present methods could quantitatively determine
Table 3 e Measurement results of gaseous products and flow

Vent index Oxygen concentration (vol%) CH4 concentrati

G5 2.9 12,730

G6 1.7 10,610

G7 20.4 e

G8 20.2 e

G9 13.5 e

G10 4.4 1260

G11 3.1 110

G12 18.9 e

G13 11.7 17,260

G14 2.4 26,830

G15 12.6 e

G16 e 23,240
the emission rate of fuel gases including methane and

hydrogen from the coal fire area.
Conclusions

This paper focuses on the estimation of fuel gases releasing

from coal fire caused by spontaneous combustion. Adiabatic

oxidation system in limited space is applied for the experi-

ment by using programmed temperature rising device and air

chromatography. Meanwhile the field survey is operated in

the 5th Heshituoluogai coal fire area in Xinjiang Region, China

and the gases emission data from the surface vents has been

collected by gas monitoring.

The experiment results reveal the reaction mechanisms of

coal spontaneous combustion producing methane and

hydrogen, and the amount of hydric gases releasing in coal

oxidation process is determined by the metamorphic degree

and oxygen supplement. In-stiu data demonstrate a good

consistency between the index gases and the stage of coal

spontaneous combustion, and the exhaust hydric gases are

estimated at more than 1000 tons per year. The presented

method and results could provide a useful reference to the
rate of emission vents.

on (ppm) H2 concentration (vol%) Flow velocity (m/s)

e �1.1

e �1.0

e e

e �1.1

e �1.0

e �1.1

e �1.1

e �0.9

0.03 �1.0

0.15 �1.1

0.08 �1.1

0.20 �1.0
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emission determination of fuel gases including methane and

hydrogen from the coal fire area.
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