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ABSTRACT

Sub-bituminous C coal stored in temporary stockpiles for long periods often causes sponta-
neous combustion. Intensive spontaneous combustion causes negative impacts such as
methane gas emissions that are exposed to the air. This research aims to analyze the effect
of differences in organic sulfur content in the form of carbon disulfide on the formation of
methane gas emissions in the spontaneous combustion of sub-bituminous C coal in the
temporary stockpile. The method used in this research uses field surveys and the data are
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analyzed using normality and regression tests. The results show that the spontaneous combus-
tion of sub-bituminous C coal that occurs in the temporary stockpile is strongly influenced by
the organic sulfur content in the form of carbon disulfide and the water content of the coal.
Regression analysis shows BB52HS coal with high organic sulfur content and low water content

produces methane gas emissions of 1,450 - 24,000 ppm.

1. Introduction

The temporary coal stockpile in the West Banko Mining
Area is where sub-bituminous C coal is stored before it is
mixed with high-rank coal to obtain the quality of coal
required by the market, especially the international mar-
ket [1]. Low-rank coal stored in the temporary stockpile for
an extended period often causes spontaneous combus-
tion [2,3]. Cases of spontaneous combustion often occur
in open mines in coal-producing countries worldwide,
especially in mining areas, such as the mine front, dump-
ing area, stockpile, and disposal area [4,5]. Intensive spon-
taneous combustion of low-rank coal causes negative
internal and external impacts to the company, such as
economic losses, decreased quality, decreased produc-
tion, decreased health quality, and decreased environ-
mental quality, especially from various polluting gases
exposed to the air [6-8].

Sulfur content is one of the leading causes of sponta-
neous combustion in open-pit coal mining areas. Many
experts have put forward research and statements
regarding the sulfur content of coal as an essential factor
causing spontaneous combustion [9-11]. Previous
research on the relationship between organic sulfur con-
tent and the formation of methane gas emissions in
spontaneous coal combustion still needs to be dis-
cussed. This research shows that the organic sulfur con-
tent in coal is an essential factor in the occurrence of
spontaneous combustion. Research on organic sulfur
shows that C — S bonds in the form of carbon disulfide
play an essential role in methane gas emissions in the

spontaneous combustion of coal, especially sub-
bituminous C coal. Research on the influence of organic
sulfur C - S bonds in the form of carbon disulfide shows
that the organic sulfur content is low in the oxidation
reaction in spontaneous combustion. It will break down
and form hydrogen sulfide and sulfur dioxide [12].
Research on organic sulfur in bituminous coal shows
that spontaneous combustion will be intensive at high
organic sulfur content [13]. Other research on bitumi-
nous coal shows that organic sulfur plays a vital role in
spontaneous combustion. Observations made include
the increase in organic sulfur in sub-bituminous coal
with increasing temperature, the role of carbon disulfide
compounds, the formation of hydrogen gas and sulfur
dioxide from bituminous coal, and the high organic
sulfur content of bituminous coal will increase the
potential for spontaneous combustion.

This research aims to analyze the influence of differ-
ences in the organic sulfur content of C — S bonds in
the form of carbon disulfide in the formation of
methane gas emission in the spontaneous combustion
of sub-bituminous C coal in the West Banko Mining
Area, especially the temporary stockpile based on pre-
vious studies and field surveys.

2. Materials and methods
2.1. Study area and research design

The research location is in the West Banko Mining Area,
one of PT’s coal mining business permit areas. Bukit Asam
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(Persero) Tbk with an area of 4,500 ha located at coordi-
nates 3°42'30"- 4°47'30"South Latitude and 103°
45'00""-103°50"10" East Longitude. The research area in
the temporary stockpile area of the West Banko Mine is
approximately 3 ha. Coal mining activities use the strip
mining method with a Shovel - Dump Truck system,
which produces sub-bituminous C coal with a calorific
value between 5,100 and 6,100 kcal/kg and a total sulfur
content of 0.51% and 0.91%, which can be categorized as
coal with low sulfur below 1% [14]. When the research
was carried out, there had been spontaneous coal com-
bustion in 59 hotspots in the mining front, stockpile, and
temporary stockpile in the West Banko Mining Area. This
research took samples of ongoing spontaneous combus-
tion of coal in the temporary stockpile in 46 hotspots, with
details of 9 hotspots for coal with a sulfur content of
0.51%, referred to as BB52LS, and 37 hotspots with
a sulfur content of 0.91%, referred to as BB52HS.
Methane gas emission concentrations were measured
using an Altair 4X multigas detector (Mine Safety
Appliances Company 2011), which was connected to
a small pipe measuring 5 cm long and 1 mm in diameter
at the top of a modified closed-static chamber. The cham-
ber is placed above each spontaneous combustion hot-
spot with an observation time limit until the maximum
concentration of methane gas emission is reached.

2.2. Chamber specifications and sampling
techniques

Modifications to the closed static chamber were made
to the shape, size, and materials to suit the average area
of coal spontaneous combustion hotspots in the tem-
porary stockpile in the West Banko Mine Area. The size
of the chamber is divided into two parts, namely: the
lower part is a rectangular box [15] with dimensions of
45 cm x 45cm x 50 cm with a volume of 101,250 cm®
and the upper part is a rectangular pyramid with dimen-
sions of 45 cm x 45 cm x 10 cm with a volume of 6,750
cm?® and the total chamber volume is 108,000 cm?. The
size of the chamber and coal pile is adjusted to the self-
heating and spontaneous combustion hotspot of 2,025
cm? in accordance with the bottom area of the chamber
of 45 cm x 45 cm. The average capacity of coal samples
in self-heating and spontaneous combustion hotspots is
8,375 cm? or cone-shaped with a height of 20 cm and
a diameter of 20 cm. Samples were taken at a self-
heating and spontaneous combustion hotspot in the
temporary stockpile in the West Banko mining area.
The choice of the top of the chamber in the form of
a rectangular pyramid is intended so that the concen-
tration of methane gas emission during spontaneous
combustion of coal can go to one exit point at the top
of the pyramid where a small pipe is installed, which is
connected to a multigas detector. The chamber material
uses stainless steel with a thickness of 0.5 mm to make
the material easy to move, resistant to spontaneous

combustion temperatures up to above 100°C, the gas
is not chemically reactive, the gas does not react with
the material, and contamination does not occur [16].
The system in the chamber is an adiabatic process
where no heat enters and exits so that all walls are
covered with fiber material. Other equipment used is
a multigas detector to measure the concentration of
methane gas emission, a thermometer to measure tem-
perature, and a stopwatch to measure the duration of
spontaneous combustion.

Figure 1 shows a schematic of measuring the concen-
tration of methane gas emissions from a closed static
chamber modified using a multigas detector. Figure 2
shows the use of a modified closed-static chamber to
measure methane gas emissions in the field. A closed
static chamber connected to a multigas detector is placed
above the coal spontaneous combustion hotspot.
Determination of the concentration of methane gas emis-
sion, temperature and time is carried out at each sponta-
neous combustion hotspot until the gas emissions reach
amaximum in a certain time period. Data will be obtained
on the concentration of methane gas emission, tempera-
ture and time, each in units of % LEL converted to ppm,
°C, and minutes. Measurements of methane gas emission
concentrations were carried out on sub-bituminous coal
with a calorific value between 5,100 and 6,100 kcal/kg
according to the codes BB52LS and BB52HS.

2.3. Multigas calibration of detectors and
chambers

Methane gas emission concentration measurements at
coal spontaneous combustion hotspots in the field
experience several obstacles, including relatively high
and undulating topography, spontaneous combustion
temperatures reaching above 100°C, hotspot positions
spread out, slow survey movements, and sampling in
the field for mobilization for laboratory examination.
They were using slow and old gas chromatography
equipment. One way to overcome this obstacle is to
calibrate by directly measuring the concentration of
methane gas emission, temperature, and time in the
field using an Altair 4X multigas detector connected to
a small pipe at the top of the closed static chamber.
Calibration of methane gas emission concentration
measurements, temperature, and time before sponta-
neous combustion is only carried out on multigas
detectors based on the rules set by the equipment
manufacturer (MSA Altair 4X Multigas Detector Bump
Test Procedure). Initial measurements were carried out
under standard conditions where the chamber was
placed on coal where spontaneous combustion did
not occur, and the methane gas concentration, tem-
perature, and time readings were by the regulations
set by the company. Next, methane gas emission con-
centrations, temperature, and time were measured at
each coal spontaneous combustion hotspot, and the
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Figure 1. Closed static chamber system for measuring methane gas emission.

Figure 2. Closed static chamber in the field.

data obtained were subjected to statistical tests and
regression analysis. The infrared thermometer used,
the GM 550 type, has a temperature range of —-50°C —
550°C with an accuracy level of 1.5°C or 1.5%, while the
accuracy level of the Altair 4X multigas detector has
been calibrated before measuring methane gas emis-
sions in the field according to the instructions or equip-
ment manual. Figure 3 shows an infrared thermometer
for measuring self-heating and spontaneous combus-
tion while Figure 4 shows the Altair 4X multigas detec-
tor used to measure methane gas emissions in the

field. The correlation between time, temperature, and
concentration of methane gas emissions during the
spontaneous combustion of coal is significant, espe-
cially to see its effect on the differences in the organic
sulfur content of sub-bituminous C coal between
BB52LS and BB52HS [17].

2.4. Statistical analysis

This research is included in parametric statistics, a part of
inferential statistics that considers the value of one or
more population parameters. Inferential statistics
describes the activities of collecting, compiling, proces-
sing, and presenting data in tables, graphs, or diagrams to
provide an orderly, concise, and clear picture based on
a population with a normal distribution [18,19]. Data
normality testing is essential to determine whether the
data is usually distributed, especially for regression analy-
sis. Good regression analysis requires data on dependent

Figure 3. GM 550 type infrared temperature.
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Figure 4. Altair 4X multigas detector.

variables and independent variables that are usually dis-
tributed. The normality test for sample data on methane
gas emission concentration, temperature, and sponta-
neous combustion time for BB52LS and BB52HS coal
using the Shapiro — Wilk test showed that it was usually
distributed where the significance of p count > p table.

3. Results and discussion

3.1. Analysis of rank and sulfur content of coal in
the West Banko Mining Area

Analysis of coal rank and type of coal sulfur content at the
research location in the West Banko Mine Area was car-
ried out using a literature review and field survey
approach. Low-rank coal, such as lignite and sub-
bituminous, is intensively used as fuel for industry and
power plants. This coal is characterized by high total
water content (20-50%), low calorific value (5,100-
6,100 kcal/kg), high volatile matter (30-60%), low thermal
efficiency, low oxidation temperature, and frequent
spontaneous combustion [20,21]. The coal in the research
location in the West Banko Mine Area is low rank (sub-
bituminous). The characteristics of low-rank coal can be
seen in Table 1, which shows that sub-bituminous coal at
the research location has high water content (27.10-
30.50%), low calories (5,051-5,099 kcal/kg), and high
volatile matter (33.98-34.06%). Some researchers classify
low-rank coal using variable calorific values. The calorific
value of coal is between 5,051 and 5,099 kcal/kg in the
West Banko Mining Area, which is sub-bituminous coal,
included in sub-bituminous C coal [22-24]. The charac-
teristics of sub-bituminous C coal are that it is very

susceptible to spontaneous combustion at low oxidation
temperatures.

The West Banko Mining Area is located in the South
Sumatra Basin, one of Indonesia’s most crucial coal
basins [25]. The West Banko Mining Area includes the
Muara Enim Formation, or the Central Palembang
Formation, from the Late Miocene to the Pliocene.
The coal produced in the West Banko Mining Area is
sub-bituminous coal, which is included in sub-
bituminous C. The total sulfur content of sub-
bituminous C coal is between 0.51% and 0.91%,
which is dominated by organic sulfur content and
a small portion of pyrite sulfur and sulfate [26,27].
The organic sulfur content in sub-bituminous C coal
is dominated by C - S bonds in the form of carbon
disulfide, although there is still a small amount of
pyrite and sulfate sulfur [28].

Table 2 shows the composition of organic sulfur,
pyrite, and sulfate in the West Banko Mine Area, where
organic sulfur is dominant in BB52LS coal and BB52HS
coal. Other factors that need to be considered in the
spontaneous combustion process of coal are the water
content, calorific value, and volatile matter of coal. The
high water and volatile matter content of coal will cause
the coal combustion process to be faster. At the same
time, the lower calorific value of coal will also stimulate
the coal oxidation process with oxygen [29-32].

3.2. Analysis of the formation of methane gas
emission from the spontaneous combustion of
coal

The debate regarding the spontaneous combustion
process of coal is still ongoing, especially regarding
the initial and final processes, which consist of com-
bustion and drying, devolatilization and pyrolysis, and
charcoal combustion [33,34]. These processes can be
grouped as self-heating and spontaneous combustion
of coal. The process of spontaneous coal combustion
in the West Banko Mine Area is greatly influenced by
the organic sulfur content, especially C - S bonds in the
form of carbon disulfide, which is very intensive in
forming hydrogen sulfide gas. The reversible reaction
of carbon disulfide bonds in the formation of hydrogen
sulfide gas can be written as follows:

CSz(g) + ZHZO(g) — Coz(g) + ZHZS(Q) 4]

CSz(g) + HzO(g) — COS(Q) + HzS(g) (2)

Table 1. Proximate and ultimate analysis of BB52LS and BB52HS coal.

™ IM ASH VM FC TS GCV
Coals % ar % adb % ar % ar % ar % ar % ar
BB52LS 30.50 15.70 3.40 33.98 32.12 0.51 5,051
BB52HS 27.10 12.60 5.86 34.06 32.98 0.91 5,099

TM = Total moisture; IM = inherent moisture; ASH = Ash content; VM = volatile moisture.

FC = Fixed carbon; TS = Total Sulfur; GCV = Gross caloric value.
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Table 2. Composition of organic sulfur, pyrite, and sulfate of sub-bituminous C coal in

the West Banko Mining Area.

Sulfur Form (%)

Coal Sulfur St So Sp Ss Class
BB52LS 0.51 0.48 0.02 0.01 Low sulfur
BB52HS 0.91 0.85 0.03 0.03 High sulfur

St =Total sulfur; So = Organic sulfur, Sp = Pyrite sulfur; Ss = Sulfate sulfur.

HaS(g) < Hag) + 1/252(q) 3)

Reactions in Equations 1-3 is a reversible reaction of
organic sulfur, which is dominated by C - S bonds in
the form of carbon disulfide reacting with sub-
bituminous C coal with high water content to form
hydrogen sulfide gas in the spontaneous combustion
of coal in the West Banko Coal Mine Area. In the further
process of spontaneous combustion of coal with
increasing temperatures, the reaction between carbon
disulfide and hydrogen sulfide and hydrogen produces
methane gas emissions with the following reaction
[35,36]:

CSy(g) + 2H25(g) > CHa(g) + 25 (4)

CSy(g) + 2Hy(g) < CHag) + Sa(g) (5)

Reactions in Equations 4-5 occur from the spontaneous
combustion of coal, which forms methane gas emis-
sion, which will reach a maximum until the carbon
disulfide bonds are broken in the reaction. This reac-
tion shows that the spontaneous combustion of coal in
the formation of methane gas emission in the West
Banko Mine Area is strongly influenced by intrinsic and
extrinsic properties, especially the organic sulfur con-
tent in the form of disulfide bonds and the water
content of sub-bituminous C coal [37]. Therefore, the
formation of methane gas emission from the sponta-
neous combustion of sub-bituminous C coal in the
West Banko Mine Area with different organic sulfur
content in the form of sulfur disulfide can be seen
from the correlation between the variables of methane
gas emission in ppm, temperature in °C, and time in
minutes.

3.3. Relationship between methane gas emission,
temperature, and the spontaneous combustion
time in different organic sulfurs

Self-heating of sub-bituminous C coal occurs if the coal
and oxygen (solid-gas) undergo oxidation at low tem-
peratures below 100°C [38]. The main trigger for self-
heating is the high water and sulfur content in low-
rank coal, such as lignite and sub-bituminous [39]. The
physical and chemical processes of heating itself will
occur due to exothermal reactions and adiabatic pro-
cesses where very little of the heat is absorbed by the
external environment, and most of it is absorbed by

coal, which has wide pores; there will be an increase in
temperature. An uncontrolled increase in temperature
and a decrease in the water content of coal results in
the spontaneous combustion of coal, characterized by
the presence of smoke and fire in the temporary stock-
pile [40]. The effect of water content on coal self-
heating can be explained into two processes: The first
process is where the interaction between coal and
water content at low temperatures becomes latent
heat.

In contrast, the second process is the adsorption of
water vapor in coal into the air, which will cause an
increase in temperature [41]. If the heat produced is
greater than the heat lost to the air, the temperature of
the coal will increase, causing self-heating. The contin-
ued increase in temperature will cause spontaneous
heating of the coal. The self-heating and spontaneous
heating processes of sub-bituminous C coal in the
West Banko Mine Area involve both processes.
Research on the organic sulfur content in spontaneous
combustion shows that organic sulfur plays a role in
the self-heating process at low temperatures. A low
organic sulfur content will cause low spontaneous
heating; conversely, if the organic sulfur content is
high, the possibility of spontaneous heating will be
higher [42].

Figure 5 shows that the higher the organic sulfur
content in carbon disulfide bonds, the higher the spon-
taneous combustion temperature of sub-bituminous
C coal will occur. Therefore, organic sulfur in the form
of carbon disulfide bonds plays a significant role in the
spontaneous combustion of sub-bituminous C coal in
the West Banko Mine Area. Organic sulfur in the form of
carbon disulfide is one of the primary triggers for the
spontaneous combustion of sub-bituminous C coal,
which produces methane gas emissions [43]. The self-
heating stage of sub-bituminous C coal is primarily
determined by the total water content, where BB52LS
coal is more significant than BB52HS coal, which is
30.50% and 27.10%, respectively. The inherent water
content in BB52LS and BB52HS coal is 15.70% and
12.60%, respectively. Figure 6 shows that BB52LS coal
will self-heat faster than BB52HS because BB52LS coal
has a lower organic sulfur content in carbon disulfide.
Increasing the temperature of the oxidation of sub-
bituminous C coal in the self-heating process will peak
before the organic sulfur in the form of carbon disulfide
bonds is broken.
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Figure 5. Relationship between temperature and organic sulfur content for the studied coals.

Increasing the time in the oxidation process in self-
heating and spontaneous coal combustion will increase
the temperature (Figure 6). The temperature increase in
self-heating and spontaneous combustion of BB52LS
coal occurs at 59-275°C, while BB52HS coal occurs at
4-570°C. The time required for the self-heating process
and spontaneous combustion of BB52LS coal is faster
than BB52HS coal, with a time between 0.1 and 3.9
minutes, while BB52HS coal is between 0.2 and 7.6 min-
utes. The pattern of increasing temperature on the for-
mation of methane gas emissions during self-heating
and spontaneous combustion shows the same pattern
as previous researchers. Therefore, the influence of
organic sulfur content in the form of carbon disulfide
and water content of coal dramatically influences the
time and temperature of self-heating and spontaneous
combustion.

3.4. Relationship between methane gas emission
and the spontaneous combustion temperature

The pattern of influence of temperature on the for-
mation of methane gas emissions in self-heating and

600
500

400

200 -

Temperature (° C)

300 -

spontaneous combustion of sub-bituminous C coal is
very consistent with previous researchers where the
higher the temperature, the higher the formation of
methane gas emissions [44-48]. BB52LS coal, which
has a low organic sulfur content in the form of
carbon disulfide and high water content, shows the
formation of different methane emissions compared
to BB52HS coal. The self-heating and spontaneous
combustion temperature of BB52LS coal is between
59°C and 275°C, resulting in the formation of
methane gas emissions between 50 and 15,500
ppm, while BB52HS coal is between 4°C and 570°C,
which results in the formation of methane gas emis-
sions between 1,450 and 24,000 ppm. The pattern of
increasing temperature and the formation of
methane gas emissions from coal BB52LS and
BB52HS shows the same pattern, but the values for
the formation of methane gas emissions differ. The
process of forming methane gas emissions from
BB52HS coal occurs first at a temperature of 4°C
compared to BB52LS coal at 59°C. The organic sulfur
content greatly influences this difference in the form
of carbon disulfide and will continue to increase until

@ BB52LS
® BB52HS

0 2 4
-100 -

Time (minutes)

Figure 6. The heating temperature corresponds to time variation for BB52LS and BB52HS coals.



the sulfur content is reduced. Other factors that also
greatly influence the formation of methane gas emis-
sions during self-heating are coal rank, calorific value,
water content, and volatile matter. Figure 7 shows
the correlation of temperature with the formation of
methane gas emissions.

3.5. Relationship between methane gas emissions
and the spontaneous combustion time

The effect of coal spontaneous combustion time is
intended to see the stages of the process in forming
methane gas emissions in the West Banko Mining Area
(Figure 8). The stages of the coal spontaneous combus-
tion process can be divided into three stages, namely:
combustion and drying, devolatilization and pyrolysis,
and charcoal combustion, each of which will produce
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methane gas emissions. The three stages can be grouped
into just two: the self-heating stage (combustion and
drying) and spontaneous combustion (devolatilization
and pyrolysis and charcoal burning). In the combustion
and drying stage, an oxidation reaction occurs between
coal and oxygen, followed by water evaporation. The
combustion and drying stages occur at 30°C, releasing
methane gas and carbon oxide. An intense increase in
temperature between 30°C and 80°C will result in
increased methane and carbon dioxide gas emissions
and produce small amounts of alkane gas. In the devola-
tilization and pyrolysis stages, volatile substances are
released into the air at temperatures between 80°C and
170°C, producing increasing amounts of carbon oxide,
alkane, and ethylene gas while methane gas emissions
are slowing down. The charcoal combustion stage occurs
when the remaining carbon reacts with oxygen and

® BB52LS

® BB52HS

400 500 600

Temperature (° C)

Figure 7. The formation of methane gas emission corresponds to temperature variation for BB52LS and BB52HS coals.
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Figure 8. The formation of methane gas emissions corresponds to time variation for BB52LS and BB52HS coals.
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leaves ash from the spontaneous combustion process,
which occurs at temperatures above 170°C with the
production of carbon oxide gas, alkanes, ethylene, and
methane gas decreasing [49-51].

4. Conclusion

The study concluded that the formation of methane
gas emissions that occur has different values between
BB52LS coal and BB52HS coal. The initial measurement
stage of methane gas emissions in BB52LS coal occurs
between 0.1 and 3.9 minutes, temperatures between
59°C and 275°C, with the formation of methane gas
emissions between 50 and 15,500 ppm. Initial mea-
surements of methane gas in BB52HS coal took place
between 0.2 and 7.6 minutes and temperatures
between 4°C and 570°C with the formation of methane
gas emissions between 1,450 and 24,000 ppm. The
formation of methane gas emissions in BB52LS coal
occurs more quickly due to the influence of the rela-
tively high water content and the relatively low value
of organic sulfur content in the form of carbon disul-
fide compared to BB52HS coal. Observations in the
field did not observe the initial process but were mea-
surements at the hotspot directly when spontaneous
coal combustion occurred. The relationship pattern
between methane gas emissions, temperature, and
time in the West Banko Mining Area with the stages
of the self-heating process and spontaneous combus-
tion of coal carried out by other researchers is very
suitable. BB52LS coal produces methane gas emissions
at temperatures between 59°C and 275°C with
a spontaneous combustion time of between 0.1 and
3.9 minutes, including the stage between devolatiliza-
tion and pyrolysis with charcoal combustion. BB52LS
coal has a high water content of 30.5% and a low
organic sulfur content in carbon disulfide of 0.48%.
Meanwhile, BB52HS coal produces methane gas emis-
sions at temperatures between 4°C and 570°C with
a combustion time of 0.2-7.6 minutes, including the
combustion and drying, devolatilization and pyrolysis,
and charcoal burning stages. BB52HS coal has a lower
water content of 27.1% and a high organic sulfur con-
tent of carbon disulfide of 0.85%. Therefore, organic
sulfur content in the form of carbon disulfide and
water content plays a vital role in the process of self-
heating and spontaneous combustion of coal in the
West Banko Mine Area. The self-heating and sponta-
neous combustion of sub-bituminous C coal that
occurs in the temporary stockpile area of the West
Banko Mine is greatly influenced by the organic sulfur
content in the form of carbon disulfide and the water
content of the coal. The higher the organic sulfur con-
tent of coal in the form of carbon disulfide, the higher
the methane gas emission formation in the self-
heating and spontaneous combustion of sub-
bituminous C coal. Regression analysis shows that

BB52LS coal with low organic sulfur content in the
form of carbon disulfide and high water content pro-
duces methane gas emissions of 50-15,500 ppm, while
BB52HS coal with high organic sulfur content in the
form of carbon disulfide and lower water content pro-
duces methane gas emissions amounting to 1,450-
24,000 ppm.
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