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Abstract: Due to high stress, high ground temperature, high moisture, and other factors in deep
mines, the risk of coal spontaneous combustion (CSC) is enhanced, seriously affecting the safety of
coal mining. To achieve early prediction of spontaneous combustion in the No. 3 coal seam at the
Juye coalfield in the deep mine, this paper employs a temperature-programmed device to analyze the
changing pattern of single-index gases and composite gas indices with temperature derived from the
gas produced during csc. It also optimizes the index gas of coal sample spontaneous combustion.
Simultaneously, the characteristics of coal temperature and a four-level warning indicator system for
CSC are determined based on the analysis of indicator gas growth rate method, carbon-to-oxygen
ratio, and the characteristics of the indicator gas. The composite index gases of the No. 3 coal seam
in Juye coalfield are selected in the initial oxidation stage (Rco), accelerated oxidation stage (R1,
G1), intense oxidation stage (R2, G1, G3), and oxidative decomposition stage (G3). This leads to the
construction of a six-level warning system consisting of initial warning value, blue, yellow, orange,
red, and black levels. Meanwhile, warning thresholds are also established.

Keywords: deep mining; coal spontaneous combustion; early warning indicator system; indicator gas

1. Introduction

The spontaneous combustion of coal has consistently been the most significant factor
influencing coal mining, with over 85% of fire accidents in China being attributed to the
spontaneous combustion of coal seams [1]. Simultaneously, coal resources are being progres-
sively extracted from shallow to deep layers [2]. Mining depths have reached 1000–1500 m
and are increasing at an annual rate of 10–30 m [3]. When coal enters deep mining, the
combined influence of factors such as the increased stress on coal and rock, rising ground
temperatures, and elevated water content in the goaf results in a complex occurrence
environment for deep coal seams. This heightened complexity raises the challenges of coal
mining and amplifies the risk of coal spontaneous ignition [4,5].

Currently, a considerable number of scholars have conducted simulations of deep CSC
mining conditions, considering aspects such as surrounding rock stress, elevated ground
temperatures, and moisture levels [6]. With the increase in ground stress, the frequency
of coal rock fractures rises, ground temperatures elevate, and the risk of CSC becomes
more pronounced. Pan et al. [7,8] found that ground stress increases with mining depth,
leading to an elevated risk of coal oxidation. Additionally, coal was observed to oxidize
more readily under conditions of air leakage. Chao et al. [9] found that the increase in
axial stress initially promotes and later inhibits the spontaneous combustion of crushed
coal. Meanwhile, as active mining depth increases, deep mines encounter the significant
challenge of elevated ground temperatures. Niu et al. [10] found that high temperatures
facilitate the accumulation of heat within coal, while the active structures on the coal surface
become more reactive. This intensifies the propensity for CSC in deep mines. Jia et al. [11]
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conducted research on the spontaneous combustion characteristics of high-geothermal
coal. Throughout the oxidation process, the production amounts and rates of CO, C2H4,
and C2H2 increase with rising pretreatment temperatures. Elevated ground temperatures
systematically amplify the risk of CSC by enhancing the reactivity of functional groups.
Simultaneously, as mining depth increases, groundwater infiltration pressure rises corre-
spondingly, leading to an escalation in the occurrence of water burst accidents [12]. When
coal is soaked in water, the surface-active functional groups of coal molecules increase,
and the oxidative exothermicity is enhanced in the low-temperature stage, so the danger
of spontaneous combustion increases. Wang et al. [13] used in situ infrared spectroscopy
(FTIR) and differential scanning calorimetry (DSC) followed by secondary oxidation ex-
periments, which showed that the aromatic structure of the pre-oxidized coal was more
susceptible to oxygen attack during secondary oxidation. Consequently, in deep mining
environments characterized by high ground stress, elevated ground temperatures, and
increased water pressure, instances of CSC are becoming more frequent. This trend poses a
significant threat to the safe and efficient exploitation of deep resources.

Under the influence of high stress, elevated ground temperature, increased moisture,
and other factors within deep mines, the risk of spontaneous coal combustion in goaf areas
is heightened. This complication renders the prevention and management of CSC within
mining zones more challenging. Accurately determining the level of risk associated with
CSC in deep mines serves as a crucial foundation for coal fire prevention and control. Due
to factors such as the significant void space and other considerations, direct monitoring of
temperature changes in the goaf area is unfeasible. Consequently, one important approach
to predict CSC involves monitoring and analyzing the type and concentration changes
in environmental gases within the fire-prone region [14–16]. Onifade et al. [17] obtained
the experimental spontaneous ignition period of coal by conducting numerous natural
experiment tests and calculations on coal. Subsequently, they obtained the characteristics
and applicability of the experimental methods of CSC characterization parameters. Singh
et al. [18] studied CO, CO2 and considered them as index gases for predicting CSC. Some
alkane gases (CH4, C2H6, C3H8) and alkene gases (C2H4) are available as predictor gases
reflecting coal spontaneous combustion at higher temperatures. Furthermore, Kong et al.
precisely categorized the CSC process into seven levels of warnings: safety, gray, blue,
yellow, orange, red, and black [19,20].

In summary, the active surface structure of coal seams in deep mining, influenced by
high ground temperatures and stress, intensifies the tendency for CSC. Simultaneously,
the slow advancement of the working face in deep mines prolongs the coal oxidation
duration, exacerbating the risk of spontaneous combustion in deep mining coal seams and
posing a serious threat to mine safety. Therefore, an efficient and accurate determination
of the extent of CSC development in deep mines becomes particularly important for the
prevention and control of CSC hazards.

However, research on early warning systems for CSC in deep mines is still lacking.
Additionally, existing research suffers from a broad range of indicator gases and a limited
ability to predict and forecast CSC. Thus, this paper conducts a study on the spontaneous
combustion characteristics and an early warning index system for coal samples from the
No. 3 coal seam in the Juye coalfield. In this paper, a gas growth rate analysis method is
innovatively adopted to analyze the gas products, individual gases and comprehensive
indicators. The study also establishes an early prediction and forecasting system for the
natural ignition of the No. 3 coal seam in the Juye coalfield. This work holds significant
theoretical and practical importance for the early prediction and forecasting of spontaneous
combustion in the No. 3 coal seam in the Juye coalfield. Additionally, it offers valuable
reference and potential for advancing research on early warning methods for spontaneous
coal combustion disasters in deep coal mines.
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2. Experimental Equipment and Processes
2.1. Experimental Coal Samples

This experiment was conducted using coal from the No. 3 coalfield in Juye, Shandong
Province, including Tang Kou coal, New Julong coal, and Zhao Lou coal, referred to as
1# TC, 2# XC, and 3# ZC respectively. Coal samples were collected from the workings
of three different mines, without undergoing water injection or spraying. These samples
were then transported in sealed nylon bags to the laboratory of Xi’an University of Science
and Technology.

The raw coal was packed into sealed bags, crushed in ambient air, and sieved to obtain
five coal samples with particle sizes ranging from 0 to 0.9 mm, 0.9 to 3 mm, 3 to 5 mm,
5 to 7 mm, and 7 to 10 mm. For each size category, 200 g of coal was selected, resulting
in a mixed particle size coal sample of 1000 g for experimentation. Industrial parameters
were analyzed for the experimental coal samples, and the results are presented in Table 1.
Notably, New Julong coal exhibited the lowest solid carbon content at 40.01%, the highest
ash content at 24.23%, and the highest moisture content among Tang Kou coal samples.
All three coal types displayed volatile contents exceeding 34%, indicative of high volatile
content coals.

Table 1. Industrial analysis of coal samples.

Coal Samples Mad (%) Aad (%) Vad (%) FCad (%)

1# TC 2.16 17.02 34.20 46.62
2# XC 1.22 24.23 34.54 40.01
3# ZC 1.09 8.40 34.88 55.63

2.2. Experimental Setup and Methods

The self-developed programmed temperature rise test device from Xi’an University
of Science and Technology was employed [21]. The test system primarily comprises three
components: a gas path, a temperature control box, and gas collection and analysis modules.
The experiments were conducted within a programmed warming chamber. Preheated
air was introduced from the bottom using an air pump, while the collection of test gases
corresponding to various coal temperature conditions occurred at the top. Subsequently,
the collected gases were subjected to gas chromatography analysis to determine the types
and concentrations of the products. This experiment was repeated three times, and the
resulting data were averaged.

2.3. Experimental Conditions

Three coal samples with different particle size distributions were introduced into the
test tank and positioned within the programmed heating chamber for the coal oxidation
heating test. Due to the constraints of the experimental setup, the temperature range
for the experiments extended from room temperature to 170 ◦C. The air flow rate was
set at 120 mL/min, and the temperature increase occurred at a rate of 0.3 ◦C/min. Gas
collection from the tank outlet commenced when the coal temperature reached 30 ◦C, and
samples were collected at 10 ◦C intervals. The collected gas was then passed through a gas
chromatograph for quantitative analysis of gas composition and concentration. The main
gas components tested included CO, CO2, C2H6, C2H4, and others. The detection accuracy
was ±1 ppm.

2.4. Gas Growth Rate Analysis Methods

The characteristic temperature is one of the most crucial parameters used to char-
acterize the onset and progression of natural coal ignition. Its classification significantly
influences the prediction of spontaneous coal combustion [22]. Through the comparison of
index gas changes across adjacent temperature points, some scholars proposed a method
to calculate the growth rate of index gases. This method was employed to identify char-



Fire 2023, 6, 396 4 of 18

acteristic temperature points, and its reliability was confirmed by verifying the CO/CO2
ratio and the catenane ratio [23]. Therefore, in this paper, gas-related indicators such as
CO, CO2, and C2H4, which are produced during natural coal ignition, are employed to
infer the coal temperature, ascertain the extent of CSC, and utilize growth rate analysis
to comprehensively examine the characteristics within the key temperature range of coal
samples from the No. 3 coal seam in the Juye coal field. Simultaneously, the selection of gas
indicators for this coal sample is optimized through a comparative analysis of Grignard
fire coefficients and composite indicators, among others. This optimization aims to avoid
relying solely on a single CO gas index, thereby enhancing the reliability of CSC forecasting
and providing a foundation for predicting coal temperatures and determining the degree
of CSC.

According to the relationship of the index gas with temperature, the growth rate
analysis formula is as follows:

B =
ci+1 − ci
ti+1 − ti

, (1)

Z =
B
ci

, (2)

Z =
ci+1 − ci

ci(ti+1 − ti)
. (3)

In the formula, c is the gas concentration, ppm; t is the temperature, ◦C; B is the rate of
change in gas concentration per 10 ◦C increase in temperature; Z is the gas concentration
growth rate, ◦C−1.

3. Results and Discussion
3.1. Analysis of Changes in Single Gas Indicators

From programmed warming experiments on Tang Kou, New Julong and Zhao Lou
coals from deep mines, it can be found from the type of gas products that, in the low-
temperature oxidation stage, the gas products mainly include CO, CO2, C2H6 and C2H4
and shows some regular variation as the coal temperature rises.

3.1.1. CO2 Concentration

As can be seen in Figure 1, at the start of the experiment, all three coal samples
displayed the presence of CO2, albeit at low concentrations. Beyond 90 ◦C, the concentration
of CO2 in Tang Kou coal exhibited a significant increase. After reaching 120 ◦C, both New
Julong coal and Zhao Lou coal demonstrated a rapid surge in CO2 concentration. However,
Tang Kou coal’s CO2 concentration initially experienced a slight decrease, followed by
gradual growth. This behavior could be attributed to CO2 adsorption by the coal. The gases
adsorbed in the coal are primarily in a physical state and can easily undergo desorption
due to external factors such as temperature and pressure [24]. Hence, the swift elevation
in CO2 concentration as the temperature rises might be attributed to the rapid desorption
of adsorbed CO2 due to heating. This process leads to coal oxidation and the subsequent
generation of CO2. Consequently, due to the existence of adsorbed CO2 within coal and its
sensitivity to atmospheric CO2 influence, even though CO2 demonstrates clear patterns of
variation and substantial production levels, it is not suitable as a predictive indicator gas
for CSC.

In the context of mine gas analysis, CO2 is emitted in various ways within the mine.
Part of the CO2 is generated during coal oxidation. Additionally, CO2 can be released due
to microbial oxidation of coal or the interaction of acidic mine water with calcium carbonate.
This release occurs when calcium carbonate is present in the surrounding strata or rock
dust [25]. Hence, utilizing CO2 concentration to predict the early−stage spontaneous
combustion of coal is prone to substantial influence from various interfering factors. As a
result, CO2 is generally not regarded as a dependable indicator for the early warning of
coal fires.
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Figure 1. CO2 concentration and growth rate. 
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Figure 1. CO2 concentration and growth rate.

3.1.2. CO Concentration

CO is one of the most common indicator gases [26]. The relationship between CO
production and coal temperature for the three coal samples is shown in Figure 2. The
concentration of CO gas increases with temperature, and the higher the temperature,
the faster the increase in concentration, exhibiting an exponential growth trend. Among
the three samples, Tang Kou coal has the highest CO concentration, followed by New
Julong coal, and Zhao Lou coal has the lowest concentration. In the early stages of the
experiment, the CO concentrations for the three coal samples were 25.23 ppm, 13.23 ppm,
and 11.6 ppm, respectively. This is because all three samples were derived from deep
mine coal, with a lower degree of metamorphism, higher volatile matter content, and more
oxygen functional groups, making them more prone to oxidation [27]. This suggests that
coal oxidation initiates during the process of crushing and loading the coal into the furnace,
gradually generating CO gas. As the experiment advanced and the temperature increased,
the CO concentration rose progressively, though not uniformly. The growth rate of CO for
all three coal samples reached the first inflection point at 80 ◦C, as depicted in Figure 2b,
where the CO concentration reaches its initial peak. This indicates an intensification of
the interaction between coal and oxygen. With a further increase in coal temperature, the
CO concentration rose steeply. Tang Kou coal reaches its second peak at 100 ◦C, while
New Julong coal and Zhao Lou coal reach their second peak at 110 ◦C, indicating more
pronounced coal oxidation. Subsequently, Tang Kou coal reaches its third peak at 140 ◦C,
while New Julong coal and Zhao Lou coal reach their third peak at 150 ◦C. These peaks
denote the initiation of coal fissure temperatures and an elevated activity of active functional
groups within coal molecules participating in oxidation reactions [28]. Thus, owing to the
strong correlation between the CO growth rate and temperature, the point at which the rate
of CO generation increases rapidly can serve as an indicator to identify the onset of coal
oxidation. This phenomenon also offers a qualitative prediction of the extent of CSC [15].

3.1.3. CxHy Gases

C2H4 and C2H6 are important indicators of CSC [29]. As depicted in Figures 3 and 4,
the gas production of C2H4 and C2H6 from the three coal samples steadily increases with
temperature. Initially, the raw coal does not contain C2H4 and C2H6. These gases are
formed through pyrolysis reactions only when the coal temperature reaches 80−130 ◦C
during the initial stage of the experiment [25]. Hence, the production of C2H4 and C2H6
can serve as a quantitative characterization of the extent of spontaneous combustion.
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It is evident from these data that C2H4 is not initially formed during the experiment
and only appears in small quantities around 80−110 ◦C. The concentration of C2H4 is
highest in Zhao Lou coal, followed by New Julong coal, and lowest in Tang Kou coal.
Therefore, C2H4 does not exist initially in the coal samples, and the generation of C2H4 gas
at high temperatures can be attributed to the oxidative pyrolysis of coal. Similarly, a small
amount of C2H6 appears around 110−130 ◦C, with the highest concentration observed in
Tang Kou coal. Comparing the relationship curves between the growth rates of CO, C2H4,
and C2H6 with temperature, when Tang Kou coal reaches 140 ◦C and New Julong coal and
Zhao Lou coal reach 150 ◦C, the CO growth rate curve exhibits a third minor peak, and the
growth rates of C2H4 and C2H6 also show the first peak. The characteristic temperatures of
the three curves correspond well to each other.

3.2. Analysis of Changes in Composite Indicators

Because of the multitude of gas products generated during the coal oxidation pro-
cess depending on a single gas as a predictive indicator for CSC, it is susceptible to the
impact of airflow and environmental factors. Consequently, this approach leads to limited
accuracy [30]. This inconvenience hampers the prediction of CSC. Therefore, this study
selects composite indicators such as ϕ(CO)/ϕ(CO2), hydrocarbon ratio, Graham coefficient
(R1, R2, R3), G1, G2, G3, etc., to optimize the characteristic gases generated during the
oxidation of the No. 3 coal seam in Juye coalfield. Gas indicators for different oxidation
stages are determined, leading to the establishment of an early prediction index system
suitable for the early-stage prediction of spontaneous combustion in the No. 3 coal seam in
Juye coalfield.

3.2.1. ϕ(CO)/ϕ(CO2) and Alkane Ratio

Due to the ability of ϕ(CO)/ϕ(CO2) and alkane ratio to reduce the influence of
underground airflow on gas concentration [31], in order to further validate the reliability of
characteristic temperature points obtained through growth rate analysis, three coal samples
with mixed particle sizes were selected for analysis. The growth rate of ϕ(CO)/ϕ(CO2)
was calculated using Equation (3) and is shown in Figure 5, while the growth rate of alkane
ratio is shown in Figure 6.
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From Figure 5, it can be observed that the ratio of ϕ(CO)/ϕ(CO2) increases with the
rise in temperature. As the temperature increases from ambient temperature to 60 ◦C, the
ratio gradually increases but remains below 0.1, indicating a weak coal–oxygen composite
reaction during this stage. After reaching 80 ◦C, the curve shows an upward trend, and the
ratio reaches 0.1 at 100 ◦C. Beyond 100 ◦C, the ratio increases rapidly and fluctuates between
0.1 and 0.25, indicating intensifying oxidation. However, the growth rate decreases slightly
due to the different rates of increase in CO and CO2 volume fractions. Upon reaching
140−150 ◦C, the ratio increases rapidly again, rising from 0.25 to 0.4. Hence, during this
stage, the formation of coal–oxygen complexes increases, with a significantly higher relative
yield of CO compared to CO2. This implies the occurrence of CSC [15]. The three peaks
in the growth rate curve of ϕ(CO)/ϕ(CO2) correspond to points where the oxidation
intensity intensifies, namely the critical temperature, desiccation temperature, and cleavage
temperature points [32]. These points align well with the characteristic temperature points
obtained in Table 2.

Table 2. Characteristic temperature and oxidation stage division for different coal samples.

Coal
Samples

Oxidation
Stage (◦C) T1 (◦C)

Accelerated
Oxidation
Stage (◦C)

T2 (◦C)
Intense

Oxidation
Stage (◦C)

T3 (◦C)
Oxidation

Decomposition
Stage (◦C)

1# TC 40−80 80 80−100 100 100−140 140 140−170
2# XC 40−80 80 80−110 110 110−150 150 150−170
3# ZC 40−80 80 80−110 110 110−150 150 150−170

From Figure 6, it can be observed that the initial appearance temperatures of ethane
and ethylene are 100 ◦C and 110 ◦C, respectively. This indicates that at this stage, chemical
adsorption and reactions of coal start to dominate. With increasing temperature, the
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production of ethylene and ethane increases. The ratio of alkene to alkane fluctuates,
indicating an alternating change in the production of ethylene and ethane. This further
signifies the intensification of coal oxidation reactions and a more apparent possibility of
CSC [29,32].

After a comprehensive comparison of the growth rates and the relationship between
the indicator gases and the temperature, it was determined that the critical temperature
(T1) for the three coal samples was near 80 ◦C, the desiccation temperature (T2) range was
near 100−110 ◦C, and the cleavage temperature (T3) range was 140−150 ◦C. Based on
the characteristic temperatures and the three-step coal–oxygen composite reaction, Wang
et al. [33,34] classified the low-temperature oxidation process of coal into the stages of slow
oxidation, accelerated oxidation, and intense oxidation. According to the aforementioned
criteria, the low-temperature oxidation process of Tang Kou coal can be divided into
the initial oxidation stage (30−80 ◦C), accelerated oxidation stage (80−110 ◦C), intense
oxidation stage (110−140 ◦C), and oxidation decomposition stage (140−170 ◦C). For the
classification of the other two coal samples, please refer to Table 2.

3.2.2. Analysis of Fire Hazard Index Variation

The Graham fire hazard index, proposed by British scholar Graham, consists of three
components: the first fire hazard index (R1), the second fire hazard index (R2), and the
third fire hazard index (R3). These indices are calculated based on the changes in CO2
concentration (+∆CO2), CO concentration (+∆CO), and O2 concentration (−−∆O2) during
the coal oxidation process. The fire hazard index fire coefficient cannot be affected by
certain objective factors, and it is easy to select the best indicators, excluding the influence
of external factors on the determination of the risk of spontaneous combustion of coal
due to the dilution of air leakage from the working face and the mining area. The specific
calculation formulas are as follows:

R1 = +∆CO2/(−∆O2)× 100% (4)

R2 = +∆CO/(−∆O2)× 100% (5)

R3 = +∆CO/(+∆CO2)× 100% (6)

Based on the characteristic temperatures, coal oxidation is divided into four stages:
the initial oxidation stage (Stage I), the accelerated oxidation stage (Stage II), the intense
oxidation stage (Stage III), and the oxidation decomposition stage (Stage IV). By applying
the aforementioned formulas, the experimental data were processed and analyzed to
calculate the three fire hazard indices for each coal sample. The relationships between the
indices and temperature were then plotted, as shown in Figure 7a−c.

During the initial oxidation stage, the fire hazard index exhibits significant fluctuations
(as shown in Figure 7). These fluctuations could be attributed to the desorption of native
gases from the coal and the release of CO2 that was adsorbed in the fractures and pores of
the fragmented coal. This observation aligns with the results in Figure 1a, which depict a
phenomenon of decreasing and then increasing CO2 concentration as the coal temperature
rises before reaching the critical temperature. This further validates the credibility of this
hypothesis. As a result, the fire hazard index is not a suitable parameter during the initial
oxidation stage. Moving beyond this stage, the R1 value of Tang Kou coal shows a clear
upward trend, marked by two peak values and notable fluctuations. In contrast, the R1
values of the other two coal samples exhibit fluctuations within the range of 9.97% to
26.08% with relatively minor variations. Following this stage, the R3 values of all three
coal samples stabilize and fluctuate within the range of 14.19% to 58.52%. However, their
correlation with temperature is not evident. Therefore, both R1 and R3 are not suitable
indicators for predicting CSC.
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Figure 7. Fire hazard index.

However, after the initial oxidation stage, the R2 value of Tang Kou coal shows an
increasing trend with temperature. It remains stable at around 2% between 60 and 80 ◦C.
Starting from 110 ◦C, the R2 value increases rapidly and exceeds 5% at around 140 ◦C.
Subsequently, it exhibits exponential growth with temperature, indicating a significant
increase. Therefore, based on the corresponding temperature from the experimental data,
when the R2 value exceeds 2%, the temperature of Tang Kou coal has reached or exceeded
the spontaneous combustion critical temperature, entering the stage of CSC. When the
R2 value exceeds 5%, the coal–oxygen composite reaction becomes intense, entering the
stage of intense oxidation. When the R2 value surpasses 8%, the coal sample undergoes
vigorous oxidation, entering the stage of oxidation decomposition. Under the experimental
conditions, the corresponding coal temperature exceeds 150 ◦C, indicating the need for
timely measures. Similarly, the R2 values of New Julong coal and Zhao Lou coal also
remain stable between 60 and 80 ◦C and exhibit monotonic growth from 80 ◦C to 170 ◦C.
Therefore, R2 can serve as an indicator for CSC during the latter three stages for the three
coal samples [35].

3.2.3. Analysis of Changes in Composite Gas Indicators

This study utilizes composite processing of different individual gas indicators to
characterize the oxidation intensity of coal and its relationship with temperature, further
enhancing the indicators for CSC early warning. The specific calculation formula for the
composite indicators is as follows:



Fire 2023, 6, 396 11 of 18

G1 = ϕ(CO) + ∆CO2, (7)

G2 =
G1

−∆O2
, (8)

G3 =
G1

ϕ(O2)
. (9)

Whether it can serve as an indicator for determining the degree of CSC, the calculation
formula for the growth rate of composite gas indicators is introduced to analyze their
variations:

k =
Gi+1 − Gi

ti+1 − ti
. (10)

In the equation, ti and ti+1 represent the temperature at adjacent experimental time
points in degrees Celsius; Gi and Gi+1 represent the composite indicator parameters cor-
responding to ti and ti+1. k denotes the growth rate of composite gas indicators. The
growth rate is analyzed based on the gas concentration at adjacent temperature points.
By determining the trend and monotonicity of the growth rate of composite indicator
parameters, the indicators that correspond to the degree of CSC development are identified.
Figures 8 and 9 depict the relationship curves and growth rates with temperature.
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From Figure 8, it can be observed that the values of G1 and G3 for all three coal
samples show an increasing trend with the rise in temperature. Once the coal temperature
reaches the devolatilization temperature, its values exhibit significant growth, indicating
an intensification of coal oxidation reactions. However, the value of G2 shows significant
fluctuations during the initial oxidation stage, and after this stage, G2 for all three coal
samples exhibits fluctuating increases. Additionally, Figure 9 illustrates the variation trend
of the growth rates of the composite indicators for the three coal samples. In the initial
oxidation stage (Stage I), the growth rates of G2 for all three coal samples exhibit large
fluctuations, and in the subsequent three stages after the critical temperature, they are
non-monotonic. Therefore, G2 is not suitable as an indicator for CSC.

The growth rate of G1 for the three coal samples exhibits significant fluctuations and is
non-monotonic during the initial oxidation stage. However, after the critical temperature,
the growth rates of G1 for the New Julong coal and Zhao Lou coal are consistently positive
and show a monotonically increasing trend with temperature. Therefore, G1 can serve as
an auxiliary indicator coefficient during the acceleration oxidation stage to the oxidative
decomposition stage, in addition to the fire index coefficient R2. The growth rate of G3
for Tang Kou coal initially decreases slightly and then exhibits a monotonically increasing
trend after the critical temperature, remaining consistently positive within the temperature
range of 80 ◦C to 170 ◦C. Therefore, in this temperature range, in addition to the fire index
coefficient R2, G3 can also be used as an auxiliary indicator to assess the degree of CSC.
Moreover, for the New Julong coal and Zhao Lou coal samples, the growth rates of G3
during the oxidative decomposition stage are all positive and show a clear correlation with
temperature, with higher temperatures corresponding to larger G3 values. Therefore, G3



Fire 2023, 6, 396 13 of 18

can also be considered as a CSC indicator coefficient during the oxidative decomposition
stage. In summary, different indicators can be selected for CSC prediction during different
oxidation stages for the three coal samples. Refer to Table 3 for specific details.

Table 3. CSC indicator gas preference.

Coal Samples Characteristic
Temperature (◦C)

Coal Seam Temperature
Range (◦C) Preferred Metrics

1# TC 40 (40−80] Rco
2# XC 40 (40−80] Rco
3# ZC 40 (40−80] Rco

1# TC 80 (80−100] R2, G1, G3
2# XC 80 (80−110] R2, G1
3# ZC 80 (80−110] R2, G1

1# TC 100 (100−140] R2, G1, G3
2# XC 110 (110−150] R2, G1
3# ZC 110 (110−150] R2, G2

1# TC 140 (140−170] R2, G1, G3
2# XC 150 (150−170] R2, G1, G3
3# ZC 150 (150−170] R2, G1, G3

3.3. Classification and Warning Indicator System for CSC Hazard

The classification and warning system for the CSC hazard is formulated by analyzing
the fluctuation trends and characteristic temperatures of CSC indicators. This system
meticulously delineates the stages of coal spontaneous ignition, identifies the warning
indicators along with their corresponding thresholds for each stage, and establishes a
comprehensive classification and warning framework for spontaneous combustion within
the No. 3 coal seam of Juye coalfield. This framework offers theoretical guidance for
accurately identifying spontaneous combustion hazards within the No. 3 coal seam of
Juye coalfield.

The carbon oxide ratio values (ϕ(CO)/ϕ(CO2)) at the characteristic temperature
moments were used as the warning thresholds, denoted as RI, RII, RIII, RIV and the
warning levels were classified as blue, yellow, orange, and red [36]. Based on the data from
the programmed temperature rise test, the characteristic temperatures of each coal sample
were identified using the growth rate analysis method mentioned earlier. By combining
them with the carbon oxide ratio value, the classification criteria for warning levels were
reconstructed. Please refer to Table 4 for details.

Table 4. Juye No. 3 coalfield spontaneous combustion graded warning indicators and grade classifi-
cation criteria.

Early Warning
Level Coal Samples Early Warning

Temperature Range (◦C)
RCO

((ϕ(CO)/ϕ(CO2))

Blue alert
1# TC (40−80] RI ≤ 0.066
2# XC (40−80] RI ≤ 0.053
3# ZC (40−80] RI ≤ 0.044

Yellow alert
1# TC (80−100] 0.066 < RII ≤ 0.101
2# XC (80−110] 0.053 < RII ≤ 0.147
3# ZC (80−110] 0.044 < RII ≤ 0.130

Orange alert
1# TC (110−140] 0.101 < RIII ≤ 0.221
2# XC (110−150] 0.147 < RIII ≤ 0.322
3# ZC (110−150] 0.130 < RIII ≤ 0.329

Red alert
1# TC (140−170] RIV > 0.221
2# XC (150−170] RIV > 0.322
3# ZC (150−170] RIV > 0.329
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Using single−indicator gases and the selected composite−indicator gases, the thresh-
old curve for classifying and issuing early warnings regarding spontaneous combustion
hazards in the No. 3 coal seam of Juye coalfield was constructed, as illustrated in Figure 10.
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Figure 10. Coal seam spontaneous combustion risk classification warning threshold curve.

From Figure 10a–c, it can be observed that the low−temperature oxidation process
of coal is divided into four warning levels, namely blue, yellow, orange, and red, based
on characteristic temperatures and the carbon oxide ratio. These levels correspond to the
initial oxidation stage, accelerated oxidation stage, intense oxidation stage, and oxidation
decomposition stage of coal, respectively. The selected composite indicator gases G1 and G3,
as well as the second fire coefficient R2, are marked in each warning level region. Combined
with the temperature and concentration curves of CO, C2H4, and C2H6, they collectively
form the threshold curve for the classification and early warning of spontaneous com-
bustion hazard in coal. Overall, the gas generation of coal shows a nonlinear increase,
indicating that the oxidation of coal is a heterogeneous reaction process, and the reaction
models differ in each stage. In the blue warning level, which represents the gas distribu-
tion characteristics of coal before reaching the critical temperature, the CO concentration
changes are not significant, indicating a relatively weak tendency for spontaneous combus-
tion in the three coal samples. In the yellow warning level, with coal temperatures between
the critical temperature and the drying−cracking temperature, the CO concentration starts
to increase, and C2H4 and C2H6 begin to appear, indicating an increased tendency for
spontaneous combustion. In the orange warning level, with coal temperatures between
the drying-cracking temperature and the decomposition temperature, there is a significant
increase in CO and C2H6 concentrations, indicating an irreversible tendency for sponta-
neous combustion. The red warning level represents the region where the coal temperature
reaches the decomposition temperature. The generation of CO, C2H6, and other gases
increases exponentially. When the No. 3 coal seam of Juye coalfield is in this warning level,
the occurrence and development of spontaneous combustion in coal intensify.

Based on the refined theory of CSC stages and regulations regarding CSC monitoring,
indicative gases, critical values, ignition precursors, and fire management [37], combined
with the optimized CSC indicator gases in Table 3, the classification criteria for CSC warning
levels in Table 4, and the reconstructed threshold curve for the classification and early
warning of spontaneous combustion hazard in the No. 3 coal seam of Juye coalfield in
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Figure 10, a hierarchical warning system and indicator thresholds for CSC hazard were
established. Please refer to Table 5 for details.

Table 5. Spontaneous combustion risk classification warning system and index thresholds for No. 3
coal seam in Juye coalfield.

Coal Samples Characteristic
Temperature (◦C)

Coal Seam
Temperature
Range (◦C)

Preferred Metrics Judgment Threshold

1# TC

40 (40−80] Rco I1 = {RI ≤ 0.066}
80 (80−100] R2, G1, G3 I2 = I1 ∩ {0.024 < R2 < 0.036}

100 (100−140] R2, G1, G3, C2H4
I3 = I2 ∩ {0.036 < R2 < 0.084} ∩ {0.217 < G1 <
1.058} ∩ {0.011 < G3 < 0.081} ∩ {ϕ(C2H4) > 0}

140 (140−170] R2, G1, G3, C2H4
I4 = I3 ∩ {0.084 < R2 < 0.194} ∩ {0.085 < G3 <

0.369} ∩{ 11.675 < ϕ(C2H4) < 51.34}

>170 ϕ(C2H4)/ϕ(C2H6)
rapid growth I5 = I4 ∩ {ϕ(C2H2) > 0}

2# XC

40 (40−80] Rco I1 = {RI ≤ 0.053}
80 (80−110] R2, G1 I2 = I1 ∩ {0.014 < R2 < 0.062}

110 (110−150] R2, G1, C2H6
I3 = I2 ∩ {0.0062 < R2 < 0.082} ∩ {0.080 < G1

< 0.783} ∩ {ϕ(C2H6) > 0}

150 (150−170] R2, G1, G3,
C2H4

I4 = I3 ∩ {0.082 < R2 < 0.122} ∩ {0.783 < G1 <
1.716} ∩ {0.036 < G3 < 0.100} ∩ {ϕ(C2H6) > 0}

∩ {1.777 < ϕ(C2H4) < 24.84}

>170 ϕ(C2H4)/ϕ(C2H6)
rapid growth I5 = I4 ∩ {ϕ(C2H2) > 0}

3# ZC

40 (40−80] Rco I1 = {RI ≤ 0.044}

80 (80−110] R2, G1
I2 = I1 ∩ {0.017 < R2 < 0.045} ∩ {0.031 < G1 <

0.081}

110 (110−150] R2, G1, G3, C2H6
I3 = I2 ∩ {0.045 < R2 < 0.078} ∩ {0.081 < G2 <

0.502} ∩ {ϕ(C2H4) > 0}

150 (150−170] R2, G1, C2H4

I4 = I3 ∩ {0.078 < R2 < 0.097} ∩ {0.502 < G1 <
0.912} ∩ {ϕ(C2H4) > 0} ∩ {0.184 <

ϕ(C2H4)/ϕ(C2H6) < 0.231}

>170 ϕ(C2H4)/ϕ(C2H6)
rapid growth I5 = I4 ∩ {ϕ(C2H2) > 0}

4. Conclusions

(1) The growth rate of CO and C2H4 gas concentration was calculated according to the
growth rate analysis method and verified by analyzing the growth rate of ϕ(CO)/
ϕ(CO2); it was determined that the critical temperature of the No. 3 coal seam in
the Juye coalfield was near 80 ◦C, the dry cracking temperature was in the range of
100−110 ◦C, and the fissure temperature was about 130−150 ◦C.

(2) The variation of single and composite indicator gases during the coal oxidation process
was analyzed, and predictive indicators were selected for different oxidation stages.
RCO, R2, G1, and G3 were identified as predictive indicators for Tang Kou coal, New
Julong coal, and Zhao Lou coal in the initial oxidation and accelerated oxidation
stages. R2, G1, and G3 were selected as predictive indicators in the intense oxidation
and oxidative decomposition stages.

(3) Based on the characteristic temperatures of coal and in combination with the carbon
oxide ratio, a four-level warning system consisting of blue, yellow, orange, and red
levels was established for the No. 3 coal seam in the Juye coalfield. The composite
indicator gases G1 and G2, as well as the second fire hazard coefficient R2, were
annotated in their respective warning level regions. Along with the concentration
curves of CO and C2H6, these indicators were used to construct the threshold curves
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for the classification and warning of the self-ignition hazard in the No. 3 coal seam of
the Juye coalfield.

(4) Based on the refined theory of self-ignition stages in coal, as well as regulations
regarding coal self-ignition monitoring, indicative gases, critical values, fire initiation
precursors, and fire management, the self-ignition hazard classification and warning
system, along with the threshold values, were reconstructed for the No. 3 coal
seam in the Juye coalfield. The system was based on the classification criteria and
threshold curves for self-ignition risk levels. It established a six-level warning system,
including the initial warning level, blue, yellow, orange, red, and black levels, and
their respective indicator thresholds, to predict the occurrence of CSC.
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