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h i g h l i g h t s

� Growth temperature during
spontaneous coal combustion is
defined and evaluated.

� Apparent activation energy is
calculated by the improved KAS
method.

� The model predicts growth
temperature based on ultimate and
proximate analyses.

� The proximate analysis model
exhibits little prediction error.
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a b s t r a c t

Hazards caused by spontaneous coal combustion are of deep concern. To explore the process of sponta-
neous coal combustion, we focused on the key aspects of growth temperature (Tg) and the apparent acti-
vation energy (Ea), where Tg is associated with the Ea. We used four different heating rates to perform
thermogravimetric (TG) experiments to calculate Ea values through an improved Kissinger–Akahira–Su
nose method. The findings revealed a sudden change point in Ea values (that is, Tg), and comparisons
between experimental data and calculated results demonstrated favorable agreement. The grey correla-
tion analysis method was used to analyze the relationship between the samples’ Tg and intrinsic proper-
ties. A quasi-Newton method and general global optimization model were adopted to derive a predictive
relationship for spontaneous coal combustion. The results are beneficial and crucial for elucidating the
mechanism of spontaneous coal combustion, which could facilitate a thorough understanding of this pro-
cess and help provide proactive loss prevention measures.

� 2017 Published by Elsevier Ltd.

1. Introduction

Spontaneous coal combustion is an extremely complex physical
and chemical reaction between coal and oxygen, resulting in the
gradual accumulation of heat that eventually produces favorable
conditions for combustion. It occurs frequently during mining
and transportation. In underground coal mines, coal dust combus-
tion and explosion may cause gas explosions that are more severe
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than initial one [1]. Not only do these accidents have an immense
deleterious effect on the natural environment, but also result in
human casualties, property loss, and social problems [2–5]. In
China alone, 100–200 million tons of coal undergoes spontaneous
combustion annually, accounting for 2–3% of global CO2 emissions
[6,7]. Numerous efforts have focused on understanding the mech-
anism underlying spontaneous coal combustion [8–11].

The combustion process is generally divided into three stages:
Incubation, self-heating, and burning [12]. During the incubation
period, heat accumulation slowly increases the temperature, fol-
lowed by a rapid increase in temperature during the self-heating
period. After the coal’s ignition point is reached, burning ensues.
The growth temperature (Tg) at which the process progresses to
the self-heating period (i.e., the crossing-point temperature) is
vital for predicting spontaneous coal combustion and improving
safety in coal mines [13]. However, a definitive method for deter-
mining this threshold temperature is yet to be established.

Current research has mainly determined the susceptibility of
coal to spontaneous combustion based on macroscopic phenom-
ena, such as heating or oxygen consumption rates or indicator
gas changes. Zhu et al. [14] explored changes in characteristic tem-
perature and oxygen consumption rates during the spontaneous
combustion of coal across various temperatures, and observed that
the oxygen consumption rate changed markedly at approximately
150 �C. Wang et al. [15], via experimental tests of coal thermally
decomposed, revealed the temperature thresholds for these oxy-
genated species were 50 and 70 �C. Wang et al. [16] put forward
an accelerated oxidation stage (> 140 �C) at low temperature coal
oxidation. Nalbandian [17] evaluated the self-heating propensity
of coal, and demonstrated that a swift interaction with oxygen
occurs at temperatures up to 180 �C followed by thermal decompo-
sition at 180–250 �C. Sloss [18] conducted an overview of sponta-
neous coal combustion and determined that after the temperature
increases beyond approximately 150 C, combustion accelerates
promptly.

Although these findings are based on the macro-phenomenon
of temperature change, the associated changes are clearly related
to the intrinsic characteristics of coal and the underlying mecha-
nisms that drive the spontaneous combustion reaction. During
the heating process, bonds of molecules are broken and macro-
molecules are decomposed, yielding smaller and more reactive
molecules and some charged radicals. Alterations in the coal inter-
nal structure affect its reactivity, which can be approximated by its
apparent activation energy (Ea). In theory, Ea is a key parameter for

identifying the Tg of spontaneous coal combustion and is used to
implement safety measures for avoiding such combustion. In
recent years, more characteristics of ignition temperature have
been studied, and generally ignition temperature of coal is solved
by kinetics [19–22]. Wang et al. [23] studied the kinetics and reac-
tivity at the ignition temperature, concluding that the key quality
groups affect the ignition temperature of coal. However, there is
little attention to the temperature (Tg) before the ignition. Predict-
ing Tg can in advance control the coal spontaneous combustion to
eliminate the resource loss.

We examined coal samples from the Huainan mining area in
Anhui Province, Eastern PR China, which is one of the country’s
14 large-scale coal bases [24]. The oxidative decomposition of coal
was analyzed to determine the Tg of its spontaneous combustion
using Ea calculations at different conversion degrees, and to ana-
lyze the relationship between the samples’ Tg and intrinsic proper-
ties. The results provided valuable information on spontaneous
coal combustion and fire control measures as well as facilitating
proactive safety management in coal mining and improving eco-
nomic efficiency.

2. Experimental and methods

2.1. Coal samples

Coal samples were obtained from the Huainan mining area in
Anhui Province, Eastern PR China (Fig. 1). This area has rich and
high-quality coal reserves that account for 74% of the total reserves
in Anhui Province. Although the coal type varies, it is generally
prone to spontaneous combustion. Seven samples were collected:
Xie Qiao 13,135 (XQ13135), Xie Qiao 11,328 (XQ11328), Xie Yi
(XY), Pan Bei (PB), Pan Yi (PY), Pan Er (PE), and Pan San (PS). The
samples were ground to a particle size of 0.074–0.150 mm. Proxi-
mate analysis is an experimental method for substantiating mois-
ture, ash, and volatile content; it was performed here under air-
dried conditions. Ultimate analysis was also used to determine
the ultimate composition of coal, and air-drying was again used
as the standard [25]. The results of ultimate and proximate analy-
ses are presented in Table 1. Notably, the samples had low ash and
sulfur content, with high volatile matter content, which is a 1/3
coking coal. Six delayed test coal samples were used to verify the
accuracy of the prediction equation derived from the seven coal
samples: Gu Bei (GB), Gu Qiao (GQ), Xin Zhuangzi (XZ), Zhu Ji

Nomenclature

A pre-exponential factor (min�1)
a fitting parameters
b fitting parameters
B constant = 1.92
D constant = 1.0008
Ea apparent activation energy (J mol�1)
f ðaÞ differential mechanism function
GðaÞ integral mechanism function
m number of performance characteristics
n number of coal samples
PðuÞ approximation of the integral temperature (K)
R universal gas constant (8.314 J mol�1 K�1)
r2 correlation degree
Tg growth temperature (�C)
T absolute temperature (K)
T1 pyrolysis temperature (�C)
T2 ignition temperature (�C)

Tg1 ultimate analysis-predicted Tg value (�C)
Tg2 proximate analysis-predicted Tg value (�C)
t time (min)
X normalized experimental results
X0ðjÞ ideal normalized results for the jth performance charac-

teristics
yij jth experimental results in the ith test

Greek letters
a conversion
b heating rate (�C min�1)
c grey correlation degree
f grey correlation coefficient
D difference value
e distinguishing coefficient
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