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Abstract
Underground coal fires (UCFs) cause remarkable loss of energy resources and significant environmental pollution. Due to the 
limited capacity of oxygen transport, the inception and development of UCFs represent a very unique mode of coal–oxygen 
reactions. Therefore, a high-volatile flammable coal sample is thermally analyzed with the combined TGA–DSC approach 
under four oxygen concentrations (21%, 15%, 9% and 3%) and three heating rates (1 °C min−1, 2 °C min−1 and 5 °C min−1). 
It is found that the oxygen concentration does not significantly influence the early (low-temperature) stage of coal–oxygen 
reactions. With the decrease in oxygen concentration, the intensity of the exothermic reactions is reduced and the duration 
of reactions is extended. Based on the experimental results, the apparent activation energy is calculated. The variation of the 
apparent activation energy reflects the different reaction stages: volatiles burning and char oxidation, which is verified by the 
TGA–DSC results. Under the extreme condition of 3% oxygen concentration, a very distinct macroscopic thermochemical 
behavior is observed, and the limited oxygen supply controls the reaction rate throughout the entire process, which qualita-
tively explains the persistency of the burning phenomena in most UCFs.

Keywords  Underground coal fires · Coal–oxygen reactions · Oxygen concentration · Heating rate · TGA–DSC · Apparent 
activation energy

Introduction

Underground coal fires (UCFs) cause serious harms to natu-
ral coal resources, environment, human health and mining 
safety [1, 2]. UCFs have been continuously burning in most 

coal-producing countries such as China, the USA, Australia, 
India and many others [3]. At the early stage of UCFs, they 
are usually very difficult to be detected; once found, they 
are extremely difficult to be completely extinguished. The 
ignition and burning processes in UCFs represent a very 
unique combustion mode different from other commonly 
encountered scenarios such as pulverized particles or fluid-
ized bed. The understanding of the inception and develop-
ment is important to the effective prevention and control of 
UCFs [4, 5].

UCFs are a very persistent burning phenomenon and 
involve many physical and chemical processes. It is gener-
ally agreed that their inception is attributed to heat accumu-
lation from the low-temperature oxidation of coal, which 
has been extensively discussed in previous studies [6–9]. 
Basically, the understanding of low-temperature reactions 
aims to help the prevention of UCFs at their early stage. In 
those studies, the products from coal–oxygen reactions [10, 
11] and some parameters such as the heat release [12], the 
particle size [13, 14] and chemical kinetics [15, 16] have 
been investigated. Heat accumulation over time leads to the 
temperature rise and ultimately gives rise to spontaneous 
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combustion, also known as ‘self-ignition’ [17, 18]. The self-
heating stage could usually last a very long time. Typically, 
air supply to the burning zone in the coal seam is in the form 
of seepage flows through porous media such as soil, sand, 
rock and other types of geological formations. Natural con-
vection is the dominant driving force enabling seepage flows 
in UCFs [19, 20]. Once the coal–oxygen reactions enter the 
high-temperature regime, compared to the low-temperature 
oxidation, oxygen transport becomes a major limiting fac-
tor that controls the reaction rate, and as a result smoldering 
combustion is the typical burning mode in most UCFs [21, 
22]. Flaming combustion could also occur in some cases 
if sufficient air supply is feasible, for example, shallowly 
buried coal seams with open holes or through fractures/fis-
sures in the overburden allowing direct contact to the atmos-
phere [23]. Due to the temporal and spatial variation of air 
flow conditions, coal–oxygen reactions proceed with variant 
oxygen concentrations, leading to some unique macroscopic 
behaviors which we have insufficiently understood so far. 
Established knowledge of coal burning in other energy and 
chemical industries could not be directly applied in the con-
text of UCFs in view of their significant difference in terms 
of oxygen transport.

To quantitatively characterize the chemical kinetics and 
thermal behaviors of coal–oxygen reactions under differ-
ent conditions, the thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) have been widely 
applied [24, 25]. As mentioned above, in the context of 
UCFs the oxygen concentration is a major variable influ-
encing the intensity of coal–oxygen reactions [21]. Also, at 
different stages, the rate of temperature rise also varies in 
magnitude. For example, the temperature rise is very slow 
(< < 1 °C min−1) during the low-temperature oxidation of 
coal, while at the high-temperature stage, it could reach sev-
eral degrees per minute. Over such a wide span, it is almost 
impossible to obtain detailed reaction pathways (elementary 
reactions). Thus, it is more practical and feasible to focus 
on the macroscopic behaviors of coal–oxygen reactions. 
Table 1 summarizes some relevant studies found in the open 
literature dealing with the two factors mentioned above: the 
oxygen concentration and the heating rate. However, less 
considerations were given in these studies in view of the 
actual reaction conditions of UCFs. Li et al. [26] designed a 
laboratory-scale experimental setup to simulate actual UCFs 
driven by natural convection, and their measurement results 
indicate that at the early stage of coal–oxygen reactions, the 
temperature changing rate is very low (~ 1 °C min−1). Fig-
ure 1 shows the temporal evolution of coal temperature and 
its changing rate. Throughout the process, the maximum 
temperature changing rate is no higher than 3 °C min−1. 
Therefore, the present study employs more reasonable heat-
ing rates in the thermal analysis. As to the other factor, that 

Table 1   Summary of previous studies and the present study

References Coal rank (volatile) Heating rate Oxygen concentration Temperature Diameter Mass Testing method

[28] Jet coal (30.01%) 5 °C min−1 21%, 19%, 16%, 13%, 10%, 
7%, 5%

RT-1000 °C 0.18–0.38 mm 8 mg TGA​
Gas coal (34.82%)
Fat coal (26.71%)

[29] Brown coal (47.45%) 0.5 °C min−1 Nitrogen condition 30–230 °C 0.125–0.25 mm 3–20 mg DSC
1 °C min−1

2.5 °C min−1 Air condition
5 °C min−1

[30] Lean coal (15.63%) 5 °C min−1 21%, 17%, 13%, 9%, 5% 30–950 °C 0.08–0.096 mm 10 mg TGA​
Jet coal (28.61%) 10 °C min−1

Gas coal (30.61%) 15 °C min−1

[27] Jet coal (29.42%) 0.1 °C min−1 21%, 15%, 10%, 5%, 3% RT-200 °C 0.075–0.15 mm 1000 mg DSC
Meager coal (11.33%) Nitrogen condition

[31] Lean coal (15.63%) 5 °C min−1 Air condition 30–950 °C 0.08–0.096 mm 10 mg TGA​
Coking coal (13.59%) 10 °C min−1

Jet coal (45.26%) 15 °C min−1

[32] Gas coal (34.44%) 1 °C min−1 Air condition RT-800 °C 0.125–0.25 mm 20 mg TGA–DSC
2.5 °C min−1 0.25–0.5 mm
5 °C min−1 0.5–0.71 mm
10 °C min−1

Present study Brown coal (43.27%) 1 °C min−1 21%, 15%, 9%, 3% 30–600 °C  < 1 mm 30 mg TGA–DSC
2 °C min−1 30–960 °C
5 °C min−1 30–1200 °C
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is, the oxygen concentration, coal fires usually occur in the 
longwall gob areas where the oxygen concentration is lower 
than 21% [27]. During the process of prevention and control 
UCFs, nitrogen injection into the fire zone is a conventional 
measure adopted by most coal mines. According to the latest 
amended ‘Coal Mine Safety Regulation (2016) of China’, 
when nitrogen is used to extinguish UCFs, the nitrogen 
concentration should not be lower than 97%, meaning that 
the coal could still be exposed to an oxygen concentration 
of ~ 3%. Based on that information, the lowest oxygen con-
centration is determined to be 3% in such testing cases. It 
is believed that the present study is more applicable to the 
conditions of actual UCFs. 

In summary, the present study will employ the combined 
TGA–DSC approach to systematically investigate the reac-
tion rates and thermal behaviors of a given coal sample. 
The results will be analyzed with the target to quantify the 
apparent activation energy at different stages of coal–oxygen 
reactions. It should be stressed that the primary objective of 

the present study is to understand the macroscopic behav-
iors of coal–oxygen reactions under the conditions derived 
from actual UCFs. Discussions on the effect of the oxygen 
concentration will also be carried out.

Experimental

Coal sample

It is estimated that in China, brown coal (only reserves) 
accounts for ~ 13% of the country’s total, but the danger 
of that coal to self-ignition is prominent [33]. Therefore, a 
high-volatile flammable brown coal which is obtained from 
Hami of Xinjiang Uyghur Autonomous Region, China, is 
used in the present study. Its proximate and ultimate analyses 
are given in Tables 2 and 3, respectively. Prior to the tests, 
the raw coal was crushed into particles of < 1 mm in diam-
eter and stored in a sealed container to prevent the contact 
with air. The present study considers the influence of water 
in the coal sample, and therefore drying is not applied before 
the tests.

Testing system and procedure

The TGA–DSC tests are carried out on the METTLER 
TOLEDO® TGA/DSC 1/1600 Analyzer whose measure-
ment accuracy of mass and temperature are 0.0001 mg 
and ± 0.5  °C, respectively. About 30  mg of coal sam-
ple is placed in a crucible. Three heating rates (1, 2 and 
5 °C min−1) are used. As can be seen in Fig. 1, the higher 
rate of temperature rise only occurs at sufficiently high tem-
perature. Hence, the ending temperatures for the testing 
cases are determined in a more reasonable way, as shown in 
Table 4, with 1200 °C, 960 °C and 600 °C for 5 °C min−1, 
2 °C min−1 and 1 °C min−1, respectively. Two cylinders 
(nitrogen and oxygen) are used as the source, and two mass 
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Fig. 1   Temporal evolution of coal temperature and its changing rate  
(adapted from Ref. [26] with TC denoting thermocouple)

Table 2   Proximate analysis of coal sample

Moisture 
Mar/%

Moisture 
Mad/%

Ash Ad/% Volatile 
matter 
Vd/%

Heat content (dry 
fuel)/MJ kg−1

Gross 
calorific 
value

Net 
calorific 
value

23.82 12.71 11.57 43.27 26.084 25.067

Table 3   Ultimate analysis of coal sample

Carbon Cd/% Hydrogen Hd/% Nitrogen Nd/% Sulfur Sd/%

65.39 4.94 0.82 1.18
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flow controllers are applied to achieve the required oxygen 
concentration. Nitrogen and oxygen are fully mixed before 
entering the reactor, and a constant flow rate of 50 mL min−1 
is applied throughout all testing cases.

Results and discussion

Thermogravimetric characteristics

The TGA result indicates mass changes over the heat-
ing period, while its derivative DTG reflects the chang-
ing rate. Figure 2 shows the DTG results for the cases 
under different oxygen concentrations at the heating rate 
of 5 °C min−1. It can be seen that the four cases start to 
diverge only after the temperature is higher than ~ 215 °C, 
suggesting that the coal–oxygen reactions are nearly inde-
pendent of the oxygen concentration at relatively low tem-
peratures. Similarly, it is found that ~ 209 °C and ~ 204 °C 
are the temperature points marking the divergence for 
2 °C min−1 and 1 °C min−1, respectively. The observa-
tion indicates that both the coal rank (composition) and 
the heating rate influence the inception of UCFs. Despite 
the small differences among the three heating rates, it can 
be inferred that the risk of coal spontaneous combustion 
is not reduced even in the oxygen-depleted environment.

To better delineate different reaction stages, a combined 
TGA–DTG result at the heating rate of 5 °C min−1 under 
21% oxygen concentration is shown in Fig. 3. Firstly, the 
point T0 is defined as the last peak before the DTG pro-
file becomes stable [28]. From the initial temperature to 
T0, drying is the dominant process, with some physical 
adsorption of oxygen as the secondary one. Ts on the fig-
ure denotes the point from which the various cases start 
to diverge, as illustrated in Fig. 2. Chemical adsorption of 
oxygen is the dominant process at the stage from T0 to Ts, 
and mass loss of the coal sample is insignificant at that 
stage [34]. Secondly, Tb is the burned-out temperature, 
corresponding to the first point where DTG = 0. Thirdly, 
Ti is defined as the ignition temperature which can be 

Table 4   Testing conditions

Oxygen concen-
tration/%

Temperature range

1 °C min−1 2 °C min−1 5 °C min−1

21 30–600 °C 30–960 °C 30–1200 °C
15 30–600 °C 30–960 °C 30–1200 °C
9 30–600 °C 30–960 °C 30–1200 °C
3 30–600 °C 30–960 °C 30–1200 °C
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Fig. 3   TGA–DTG result at 
5 °C min−1 heating rate under 
21% oxygen concentration
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obtained from the intersection point of the tangents on the 
TGA profile [35]. The stage between Ts and Tb is marked 
as ‘Reactions’ and involves both devolatilization and oxi-
dation. Tp is the point corresponding to the maximum of 
DTG, physically a turning point of the mass changing rate.

Based on the definitions of the characteristic temperatures 
discussed above, their values are obtained from the respec-
tive TGA and DTG results, as listed in Table 5. It is found 
that no significant difference in terms of Ti is observed, 
which clearly demonstrates its weak dependence on the 
oxygen concentration [36]. Another observation is that Tp 
decreases as the oxygen concentration increases, because 
the expression of the Arrhenius law tells that both the reac-
tion temperature and the oxygen concentration determine the 
reaction rate. For a higher oxygen concentration, it requires a 
lower temperature to achieve the maximum mass loss value. 

As to Tb, its overall magnitude increases with the increasing 
heating rate from 1 °C min−1 to 5 °C min−1. To understand 
that observation, it should be noted that the total mass loss 
is a cumulative property, and a lower heating rate means a 
longer time to reach a certain temperature. As such, for the 
case with a higher heating rate it takes a shorter time (for 
integration) and a higher temperature (for reaction rate) to 
reach the boundary (Tb) of the burned-out stage.

Thermal behaviors

The DSC result represents the net heat generation, and dif-
ferentiating it with respect to time, we obtain the DDSC 
result which indicates the ‘thermal acceleration.’ Figure 4 
shows the combined DSC–DDSC results at 5 °C min−1 heat-
ing rate under 21% oxygen concentration. Two endothermic 

Table 5   Values of characteristic 
temperatures under different 
testing conditions

Heating rate Oxygen concentra-
tion (%)

Characteristic temperature/°C

T0 Ts Ti Tp Tb

1 °C min−1 3 89  ~ 204 311 370 557
9 91 311 357 548

15 91 308 348 544
21 91 307 343 542

2 °C min−1 3 99  ~ 209 315 423 713
9 100 312 366 680

15 101 312 349 671
21 101 308 345 668

5 °C min−1 3 115  ~ 215 321 426 929
9 113 316 385 729

15 115 309 360 727
21 115 307 340 722

Fig. 4   DSC–DDSC result at 
5 °C min−1 heating rate under 
21% oxygen concentration
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regions (circled with numbers) are observed in the figure, 
one in the low-temperature zone and the other in the high-
temperature zone. The one in the low-temperature zone 
mainly involves drying which consumes a lot of energy, 
while the one in the high-temperature zone is the result of 
mineral decomposition in the ash [32]. Here, another tem-
perature, namely Th, is defined as the point where DDSC = 0. 
Physically, it is the temperature at which heat generation 
reaches its maximum. Figure 5 reveals the effect of oxygen 
concentration on the DSC results. As can be seen, with the 
increasing oxygen concentration, the DSC profile becomes 
more protrusive and its peak value rises. For the extreme 
case of 3% oxygen concentration, the DSC result exhibits 

a rather extended pattern with a relatively flat top. At the 
burned-out stage, the difference among the four cases dimin-
ishes again, suggesting its independence of the oxygen con-
centration. With the information given in Figs. 4 and 5, it is 
clearly indicated that the reaction rate (intensity) is greatly 
reduced with the decreasing oxygen concentration, while the 
duration of the ‘Reactions’ stage is significantly extended. 
That observation helps to understand why some coal seams 
could have been burning for a very long period of time: It 
is the limited oxygen supply that controls the reaction rate! 

Apparent activation energy

Calculating method

Due to the complexity of coal–oxygen reactions, a global 
reaction approach which lumps detailed physicochemical 
processes is applied. In addition, drying and burned-out 
stages (mineral decomposition in ash) are not included in 
the calculation of the apparent activation energy. Only two 
stages (‘Oxygen adsorption’ and ‘Reactions’) are consid-
ered, as delineated in Fig. 3. According to the theory of 
chemical kinetics, the relationship between the apparent 
activation energy (Ea) and the conversion rate (α) is very 
important. The conversion rate can be obtained from the 
sample mass expressed in Eq. (1):

The Kissinger–Akahira–Sunose (KAS) method [37], 
which is used to calculate the apparent activation energy, 
is given by Eq. (2):
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Fig. 6   Calculated apparent 
activation energy as a function 
of temperature at 5 °C min−1 
heating rate
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where m0, m and m∞ are the initial, instantaneous and final 
mass (in the unit of mg) of the coal sample, respectively; Ea 
is the apparent activation energy in the unit of kJ mol−1; A 

(2)ln

(

�

T2

)

= ln

[

A ⋅ R
u

E
a
⋅ G(�)

]

−
E
a

R
u
T

represents the pre-exponential factor in the unit of min−1; β 
is the heating rate in °C min−1; Ru is the universal gas con-
stant, 8.3145 × 10–3 kJ mol−1 K−1. With Eqs. (1) and (2), Ea 
can be obtained from the linear fitting of ln(β/T2) with 1/T.

Fig. 7   Composite diagram of 
TGA–DSC results with calcu-
lated apparent activation energy 
at 5 °C min−1 heating rate
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Effect of oxygen concentration

With the procedure described above, the apparent activa-
tion energy is calculated and its variation with temperature 
is shown in Fig. 6. Generally, it can be seen that the major 
‘resistance’ to the coal–oxygen reactions comes from the 
early stage of UCFs. Therefore, we can infer that measures 

could be taken to prevent the self-ignition of coal, provided 
the low-temperature reactions could be effectively detected. 
Similar to the DTG results presented in Fig. 2, no signifi-
cant difference in the apparent activation energy is found 
among the four cases at the ‘Oxygen adsorption’ stage. In 
contrast, at the ‘Reactions’ stage, the four oxygen concen-
trations exhibit sharply different patterns in terms of the 

(c)  9% oxygen concentration
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apparent activation energy. For 21% oxygen concentration, 
two humps are observed, as marked in Fig. 6. With the 
decrease in oxygen concentration, the magnitudes of those 
two humps gradually decline and both of them shift toward 
a higher-temperature region. For the extreme case of 3% 
oxygen concentration, the two humps almost disappear.

The first hump is believed to be the depletion of volatiles, 
and from that point onward, the char oxidation dominates 
the reactions. A higher oxygen concentration gives a higher 
reaction rate (intensity), and therefore the transition from 
volatiles burning to char oxidation occurs earlier (at a lower 
temperature). For 3% oxygen concentration, due to the rarely 
available oxygen, the reactions of both volatiles burning and 
char oxidation are of limited or very weak intensity, and 
oxygen transport is the limiting factor that controls the reac-
tion rate. The second hump is speculated to be the nearly 
depletion of char. Thereafter, the remaining char inside 
the coal particles is burned out with the inward diffusion 
of oxygen. It should be mentioned that the above argument 
and the observation made from Fig. 6 could potentially 
lead to the ‘conception’ that a lower oxygen concentration 
is favorable in promoting coal–oxygen reactions, which is 
actually untrue. Looking at the expression of the Arrhenius 
law, the reaction rate is a function of Ea and the concentra-
tions of reactants, in this case, the oxygen concentration. 
Even though the values of Ea are higher for higher oxygen 
concentrations, more abundantly available oxygen for reac-
tions will outweigh the negative effect of a higher Ea, which 
ultimately leads to a higher reaction rate than the cases under 
lower oxygen concentrations, as shown by the DTG results 
in Fig. 2. With the changing oxygen concentration, Deng 
et al. [29] found a similar trend in terms of the relative mag-
nitude of the apparent activation energy. They explained that 
the number of stable structures (in the coal) reacting with 
oxygen increases with the increase in oxygen concentration, 
which leads to the increase in the apparent activation energy.

Macroscopic behaviors

In order to understand the macroscopic behaviors of 
coal–oxygen reactions, we combine the calculated appar-
ent activation energy with the TGA–DSC results, and the 
composite diagrams are shown in Fig. 7. It is speculated in 
Sect. Effect of oxygen concentration that the physical mean-
ing of the first hump is the depletion of volatiles, while the 
second is the depletion of char. The above speculation will 
be verified with the TGA–DSC results. For Fig. 7a, 7b and 
7c, a green-squared region is highlighted in each diagram. It 
marks the region between the first and second humps on the 
profile of the apparent activation energy. It can be seen that 
in those regions the DTG goes up and the DSC is approach-
ing zero at the end of the square. The ascending DTG indi-
cates that the reaction rate is reduced over time, and the 

inward diffusion of oxygen gradually becomes the limiting 
factor. At the end of the green-squared region, both DTG and 
DSC are approaching zero, manifesting the end of exother-
mic reactions. Overall, the width of the green-squared region 
increases with the decreasing oxygen concentration, which 
means that it takes a longer time to burn out the char under 
a lower oxygen concentration. For the extreme case of 3% 
oxygen concentration, the Ea profile exhibits an asymptotic 
pattern. From its DDSC curve, we can see very insignifi-
cant ‘thermal acceleration,’ from which it can be concluded 
that the reaction rate is very low due to the limited oxygen 
available.

Conclusions

The coal–oxygen reactions occurring in UCFs are a very 
unique phenomenon due to the oxygen transport through 
the geological settings. To understand the inception and 
development of UCFs, a high-volatile brown coal sample is 
thermally analyzed with the combined TGA–DSC approach. 
Four oxygen concentrations and three heating rates are 
employed in the testing to reflect the actual conditions in 
UCFs. The noteworthy findings are summarized as follows:

(1)	 Based on the TGA results, the reaction process is 
divided into four stages: drying, oxygen adsorption, 
reactions and burned-out. It is found that at the early 
stage of coal–oxygen reactions the dependence on the 
oxygen concentration is weak, suggesting that the dan-
ger of coal to spontaneous combustion is not reduced 
even in oxygen-depleted conditions.

(2)	 Based on the KAS method, the apparent activation 
energy is calculated and two humps are observed at the 
‘Reactions’ stage, which physically marks the transition 
from volatiles burning to char oxidation. The oxygen 
concentration significantly influences the reaction pro-
gress and intensity at that stage, with the magnitudes of 
those two humps gradually declining and both of them 
shifting toward a higher-temperature region.

(3)	 Compared to the other three cases, the extreme case 
of 3% oxygen concentration shows very distinct mac-
roscopic thermochemical behaviors, which is identi-
fied from a rather flat top of DSC peak as well as the 
asymptotic pattern of apparent activation energy (dis-
appearance of humps), demonstrating the unique char-
acteristics of coal–oxygen reactions which are mainly 
controlled by the oxygen diffusion throughout the entire 
process.
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