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Abstract
The factors affecting the ignition temperatures of two low-rank coals were experimentally studied using thermogravimetric

analysis. The experiments were conducted with coal powders of four different particle size distributions. The thermo-

gravimetric analyzer was operated at three heating rates, 10, 20, and 30 �C min-1 and four oxygen concentrations of 3, 6,

9, and 12%. The results showed that the ignition temperature decreased by about 25 �C as the oxygen concentration

increased from 3% to 12%. The standard deviation of the activation energy was 16.75% at a conversion degree of less than

0.4, and it decreased to 1.35% at the end of the combustion process. At a heating rate of 10 �C min-1, the ignition

temperature increased by about 8 �C as the coal particle size increased by 100 lm. At a heating rate of 30 �C min-1, the

effect of the particle size on the ignition temperature was enhanced and the ignition temperature increased to 15 �C.

Keywords Ignition temperature � Low-rank coal � Oxygen-deficient combustion � Coal particle size distribution �
Thermogravimetric

Introduction

Recent anthropogenic greenhouse gas (GHG) emissions

have caused profound climate change and extreme weather

conditions [1–4]. However, the predominant energy

resource in China is still coal and this situation will remain

for the coming decades [5, 6]. Most of the coal used in the

industrial boilers in China is of low quality [2], and Chi-

nese industrial enterprises are facing a great challenge to

reduce the energy consumption and air emissions. Retro-

fitting boilers may be an effective approach to alleviate

these challenges [7, 8]. Fluidized bed combustion (FBC)

has been considered the best technology for burning low-

rank coal owing to its fuel adaptability, high combustion

efficiency, and low air emissions [9, 10]. Circulating flu-

idized bed (CFB) boilers have been widely used in China.

Recently, a low-cost horizontal CFB boiler was developed

in China to replace the traditional CFB boilers [11]. The

furnace in the horizontal CFB boiler is divided into three

chambers arranged horizontally side by side, and the par-

ticle size distributions and temperatures in the three

chambers are different [12, 13]. Graded fuel feeding with

different particle sizes in different chambers can be utilized

for higher heat efficiency and lower pollutant emissions.

The particle sizes of pulverized coal burning in the CFB

boilers are in the range of 10–8000 lm in diameter, and the

furnace temperature is about 900 �C [14–16].

The ignition is the starting point of the coal combustion

and represents the transition from negligible fuel oxidation

to fast oxidation of volatiles and other reactive substances

[17, 18]. Understanding the ignition behavior of coal is

essential to the design of industrial boilers for coal com-

bustion. The coal ignition temperature is a key parameter

of a CFB boiler and determines the type of fuel to achieve

stable flames. When coal is fed into a furnace at a tem-

perature that is lower than its ignition temperature, the coal

powders cannot burn effectively and the furnace tempera-

ture will drop [18, 19]. When the unburned coal particles
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accumulate in the furnace and reach a certain critical

concentration, the furnace temperature will increase sud-

denly, causing furnace overheating [9]. In practical appli-

cations in the industry, the coal ignition temperatures are

estimated without theoretical justifications. This leads to

great uncertainty in the design and operation of a new

boiler.

Thermogravimetric (TG) analysis (TGA) is widely used

for the measurement of solid-phase thermal degradation

mechanisms, and it can also be used for studying the

kinetics of coal combustion and pyrolysis [20–26]. Earlier

research has shown that the flow rate of the air and coal

mixture, the fuel properties, and the surrounding tempera-

ture are important factors affecting the ignition of coal at

both low and high heating rates [27–32]. Researchers have

measured the coal ignition temperatures by TGA, differ-

ential scanning calorimetry (DSC), and derivative thermal

analysis (DTA) [33]. TG curves can be used to identify the

ignition temperature by intersection and deviation [22].

The ignition temperature is also related to the reactivity of

the coal. A higher ignition temperature indicates a lower

reaction activity [34]. The activation energy can also be

used to evaluate the intensity of a combustion-related

chemical reaction by using the pre-exponential factor and a

reaction model [35–38]. However, there are very limited

studies on coal ignition temperatures in a CFB boiler using

the TGA method [39]. Most of the existing papers have

focused on specific factors that affect the combustion

characteristics of coal particles. By summarizing the actual

operating parameters of a coal-fired CFB boiler, we find

that the severe fluctuations of the furnace temperature have

a serious impact on the efficient and safe operation of the

boilers. The main reason for this fluctuation is the difficulty

in accurately predicting the ignition temperature of the coal

particles.

Therefore, one objective of this study is to evaluate the

effects of the oxygen concentration, heating rate, and par-

ticle size on the ignition temperature of low-rank coal

burned in CFB boilers. A second objective is to provide

guidance for the design of a graded particle size fuel-feed

system by that can increase boiler efficiency and reduce

pollutant emissions by supplying coal particles of different

particle sizes to different sections of the furnace.

Materials and methods

Materials

The low-rank coals were obtained from two industrial sites

in Dechang City, Sichuan Province, and Chenzhou City,

Hunan Province in China. The proximate and ultimate

analyses of the coal samples were carried out in the Beijing

Coal Chemistry Branch of the China Coal Research Insti-

tute and following the GB/T211-213, T476, and T9227

(China) standards. The results are summarized in Table 1

(DC denotes Sichuan Dechang; CZ denotes Hunan Chen-

zhou). Based on the volatile contents and calorific values

shown in Table 1, the coals are classified as lignite

according to the GB/T 5751 (China) standard.

The coal samples were crushed and sieved into four

different size bins, 90–110, 200–240, 420–460, and

530–630 lm. All samples were sealed and stored in plastic

boxes until they were used. The particle size distributions

of the samples were determined using a Mastersizer 2000

laser particle size analyzer (Malvern, UK), and the mea-

surement results of the two samples are shown in Fig. 1. (D

[4, 3] indicates the volume-weighted mean diameter); the

mean particle sizes were 109.87, 235.74, 450.60,

622.28 lm for the DC coal and 92.38, 207.65, 428.59,

539.23 lm for the CZ coal.

Experiments

The TGA of the coal samples was performed using a

NETZSCH STA 449F3 thermal analyzer (Selb, Germany).

Figure 2 shows the experimental setup, which comprises a

data acquisition system, a heating unit, an electronic bal-

ance, and a gas supply system. The maximum temperature

of the TGA is 1550 �C, and the microbalance sensitivity

is ± 0.1 lg. The samples (25 mg ± 1 mg) were heated

under atmospheric pressure in a crucible (made of Al2O3)

at heating rates of 10, 20, and 30 �C min-1 from the

ambient temperature to 104 �C, which was maintained for

Table 1 Proximate and ultimate analyses of samples

Sample DC CZ

Proximate analysis/mass%

Moisture, db 2.86 1.83

Ash, db 43.86 40.27

Volatile matter, daf 44.28 31.43

Fixed carbon, db 30.56 40.44

Ultimate analysis/mass%, db

C 39.52 48.03

H 2.64 3.09

O (by difference) 8.71 5.47

N 0.74 0.69

S 1.69 0.63

Calorific value/MJ kg-1

GCV, ad 15.86 19.32

NCV, ad 15.17 18.26

Db dry basis, daf dry ash free basis, ad air-dried basis, GCV gross

calorific value, NCV net calorific value

1598 K. Cong et al.
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30 min. Subsequently, the heating continued until a tem-

perature of 1400 �C was reached. Pure oxygen and nitro-

gen were employed as the carrier gases in all experiments,

and their total flow rates were 100 mL min-1. The inert

atmosphere and oxidation atmosphere conditions with 4

different oxygen concentrations (OC) of 3, 6, 9, and 12%

were provided by the gas supply system. The stability and

precision of the TG analyzer were verified by repeated

experiments, which showed that the TG curves had good

reproducibility.

A blank TG run was performed with an empty crucible

before each test, and the resulting blank TG curve was

deducted from the TG curve measured in the presence of a

sample in the crucible. Both runs were conducted under

identical conditions to minimize the errors caused by the

buoyancy force in the vertical furnace.

Figure 3 shows an example of this practice. The black

line represents the TG curve for an empty Al2O3 crucible

(blank), and the red line represents the TG curve of

25.8 mg of the DC (90–110 lm) coal sample (measured).

The curves were recorded at a heating rate of 30 �C min-1

with an oxygen concentration of 6%. The difference

between these two curves results in the corrected TG curve

(blue line). The corrected curve was obtained by deducting

the blank curve from the measured curve.

Characterization and kinetic method

The TG and differential TG (DTG) curves obtained as the

functions of temperature and time were used to determine
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Fig. 1 Particle size distributions of DC coal (a) and CZ coal (b)
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the ignition behavior of the coal samples. The conversion

degree (a) of a sample is defined by Eq. (1) [40]:

a ¼ m0 � mt

m0 � mf

ð1Þ

where m0 is the original mass of the sample, mt is the mass

at time t, and mf is the final mass when the reaction stops.

The ignition behavior is characterized by the ignition

temperature (Ti) and the peak temperature (Tp). Ti can be

determined from the TG/DTG curves based on a com-

monly used method [41, 42] as follows. Point A in Fig. 4

shows the point at which a vertical line from the DTG peak

(the maximum value in the DTG curve) meets the TG

curve. Point B indicates the time when volatilization

begins. The two lines that are tangent to the TG curve at A

and B meet at point C, which corresponds to the ignition

temperature. The temperature corresponding to point A, Tp,

is the temperature at which the maximum mass loss rate

occurs on the DTG curve.

The activation energy is calculated using the Flynn–

Wall–Ozawa (FWO) equation (Eq. 2) [27, 35, 43, 44]. It is

widely used in the kinetic analysis of TG data.

lg bð Þ ¼ lg
AE

RG að Þ

� �
� 2:315� 0:4567

E

RT
ð2Þ

where b is the heating rate (�C min-1), G(a) is an integral

form of the function depending on the reaction mechanism,

T is the absolute temperature (K), E is the activation

energy, and A is the pre-exponential factor.

For a given conversion degree, G(a) is considered

constant. By plotting lg (b) versus 1/T, the activation

energy E can be related to the degree of conversion from

the slopes of the linear fitting curves.
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Fig. 5 TG and DTG curves of the DC (a) and the CZ (b) coals of four
particle sizes at a heating rate of 20 �C min-1 at an oxygen

concentration of 6%
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Results and discussion

Thermogravimetric analysis

Figure 5 shows the TG and DTG curves of the DC and CZ

coals with different particle size distributions at a heating

rate of 20 �C min-1 and an oxygen concentration of 6%.

Figure 6 shows the TG and DTG curves of the DC coal at

heating rates of 10, 20, and 30 �C min-1 with an oxygen

concentration of 6%. Figure 7 shows the TG and DTG

curves at oxygen concentrations of 3, 6, 9, and 12% and a

heating rate of 20 �C min-1.

The TG curves in Fig. 5 have almost the same trends for

the different particle size distributions, and the particle size

distribution has little influence on the shape of the TG/DTG

curves for the same heating rate and oxygen concentration.

The DTG curves of all samples exhibit three peaks, indi-

cating that the combustion process can be divided into

three steps. The first step is volatilization when the tem-

perature was maintained at 104 �C for 30 min. All the

moisture in the coal is removed, and the coal samples do

not react with the oxygen because it was below the ignition

temperature. The second step starts at 535–685 �C,
depending on the oxygen concentration and heating rate,

and it is characterized by a major mass loss. In this step, the

volatile matter and fixed carbon are oxidized. The third

step is char combustion.

A comparison between the DTG curves in Figs. 6 and 7

shows that the mass loss rate of the sample is expedited in

the second step with increases in the heating rate and

oxygen concentration, regardless of the particle size. In the

first step, the heating rate has a clear positive correlation

with the devolatilization rate. Similar patterns are not

observed at the other oxygen concentrations, indicating that

the devolatilization depends primarily on the temperature

rather than the oxygen concentration. An increase in the

heating rate improves the release of the volatile matter. The

TG curves shift toward a low temperature with the increase
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in the oxygen concentration, but this is not the case for the

heating rate.

Effects of the oxygen concentration
on the ignition temperature

Table 2 shows the characteristic parameters of the DC coal

ignited at various oxygen concentrations. Figure 8 shows

that the ignition temperature decreases with increasing

oxygen concentration. As the oxygen concentration

increases from 3 to 12%, the ignition temperatures of the

DC coal decrease from 577, 585, 595, and 603 �C to 551,

559, 570, and 581 �C for the particle size ranges of 90–110,

200–240, 420–460, and 530–630 lm, respectively. The

Table 2 Ignition parameters of

the DC coal at a heating rate of

20 �C min-1

Particle size

distribution/lm
Oxygen concentration/% Ti /�C Tp /�C (dm/dt)max /% min-1

90–110 6a 539.66 571.38 - 2.28

200–240 552.40 585.70 - 2.14

420–460 569.61 602.95 - 2.09

530–630 587.18 617.41 - 2.15

90–110 3b 577.1 626.0 - 1.71

200–240 585.5 632.2 - 1.75

420–460 594.9 642.6 - 1.70

530–630 603.5 650.9 - 1.69

90–110 6b 570.7 600.8 - 2.68

200–240 581.1 611.4 - 2.62

420–460 590.4 619.7 - 2.69

530–630 600.5 627.9 - 2.71

90–110 9b 555.3 576.0 - 3.81

200–240 564.8 586.5 - 3.55

420–460 574.4 594.9 - 3.67

530–630 581.8 603.3 - 3.53

90–110 12b 551.6 568.2 - 4.47

200–240 559.5 576.4 - 4.38

420–460 570.0 588.7 - 4.01

530–630 580.8 599.1 - 4.04

90–110 6c 579.92 606.16 - 3.20

200–240 587.37 612.66 - 3.22

420–460 607.69 632.00 - 3.22

530–630 622.68 647.98 - 3.09

90–110 6b,d 597.49 627.91 - 2.66

200–240 610.79 642.17 - 2.51

420–460 625.59 658.65 - 2.39

530–630 637.62 668.99 - 2.48

ab = 10 �C min-1

bb = 20 �C min-1

cb = 30 �C min-1

dResults for CZ coal
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respective maximum mass loss rates are 1.71, 2.68, 3.64,

and 4.22.

Figure 7 shows that the duration of coal combustion is

shortened when the oxygen concentration increases. The

chemical reactions between the coal and oxygen proceed

more quickly at a higher oxygen concentration. The igni-

tion temperature decreases with the increase in the oxygen

concentration, especially at concentrations of 6–9%, when

the ignition temperatures drop rapidly. These results are not

surprising because coal ignition represents the oxidation of

the reactive substances in the coal. When the oxygen

concentration is lower than 6%, the chemical reactions are

deemed weak due to the limited amount of oxygen. When

the oxygen concentration is higher than 9%, there is a

sufficient oxygen supply and gaseous products are released,

creating a barrier that limits the diffusion of oxygen. As a

result, the intensity of the combustion slows down.

Figure 8 shows the linear correlation between the igni-

tion temperature and the oxygen concentration. The igni-

tion temperatures of all the samples decreased about 25 �C
as the oxygen concentration increased from 3 to 12%.

According to the linear regression equation, the ignition

temperature decreases about 3 �C with a 1% increase in the

oxygen concentration.

Effects of the heating rate on the ignition
temperature

Figure 6a shows that, for the samples in the size range of

200–240 lm, there was only one mass loss peak in the

DTG curve at the heating rate of 10 �C min-1, whereas the

DTG curves at 20 and 30 �C min-1 show two and three

peaks, respectively. This indicates that, to some extent, the

chemical reactions also depend on the heating rate. Table 2

shows the ignition temperatures of the DC coal heated at

three different rates at an oxygen concentration of 6%.

Figure 9 shows the effects of the heating rate on the

ignition temperature. There is a positive correlation

between the heating rate and the ignition temperature.

According to the linear regression results, the ignition

temperature increases by about 2 �C when the heating rate

increases from 10 to 30 �C min-1.

The temperature profile within the coal particles is more

uniform at a lower heating rate, and the combustion reac-

tions proceed more adequately. The temperature gradient at

the coal surface and the internal temperature of the coal

particles increased with the increase in the heating rate and

consequently enhanced devolatilization. However, subse-

quently, the temperature reached a higher level before the

reaction stopped and weakened the out-diffusion of the

gaseous products [31, 32]. On the other hand, in the same

temperature range, a higher heating rate means a shorter
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reaction time and a higher ignition temperature. In previous

studies, the ignition of fuels was defined with respect to the

type of reaction between the oxygen and the active sub-

stances; homogeneous and heterogeneous reactions occur-

red for gas–gas and gas–solid reactions, respectively

[25, 45]. At a low heating rate, the ignition of low-rank

coals is a homogeneous reaction for the combustion of

volatile matter. At a high heating rate, the ignition is a

heterogeneous reaction that is controlled to a greater degree

by inter-particle diffusion.

Effects of the particle size on the ignition
temperature

As shown in Fig. 10, all the DC coal samples, which were

analyzed at the oxygen concentrations of 3, 6, 9, and 12%

and at the heating rates of 10, 20, and 30 �C min-1,

showed positive correlations between the ignition temper-

atures and the respective particle sizes. The ignition

temperatures of the CZ coal samples listed in the last row

of Table 2 also exhibited a similar trend, which indicates

that the smaller coal particles were ignited more easily than

the larger ones.

The ignition of coal particles is controlled by both the

reaction kinetics and the diffusion of the reactants [25].

Our results can be attributed to the negative effects of the

large particle size on the mass transfer of the reactants. The

increased resistance to the mass transfer of the reactants to

diffuse out of the particles may cause an increase in the

ignition temperature. In addition, the actual internal tem-

perature of a larger coal particle is lower than its surface

temperature due to the thermal resistance; this slows down

the volatilization of the particle and also reduces the gas

yield during the coal ignition process. Figure 5 shows

slight differences between the total mass loss in the TG

curves and the value of the first peak in the DTG curves for

the different particle sizes. The DTG peaks are more pro-

nounced for the smaller particles. The ignition
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Fig. 11 Linear fitting for the activation energy using the FWO method
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temperatures of the DC coal samples with a higher volatile

content (Vdaf = 44.28%) are lower than those of the CZ

coal samples with a lower volatile content (31.43%)

(Table 2). This result confirmed the influence of the gas

yield on the ignition temperature during coal combustion.

Analysis of kinetic parameters

The conversion degrees at each temperature were calcu-

lated using the TG results. As shown in Fig. 11, the acti-

vation energies were determined by the slope of the linear

fitting curves of the plot of lg(b) versus 1/T for each con-

version degree by using the FWO method at the three

heating rates. The average activation energy values of the

overall combustion reactions were 51.12, 62.57, 63.78, and

68.72 kJ mol-1 for the particle size ranges of 90–110,

200–240, 420–460, and 530–630 lm, respectively. The

correlation coefficients of the fitting curves were all greater

than 0.81.

Figure 12 shows the activation energy values at the

conversion degrees ranging from 0.1 to 0.9 for different

particle sizes. The activation energy values decrease

rapidly during the early stage of the combustion process,

and they vary greatly among the different particle sizes for

conversion degrees of a\ 0.4. The average activation

energy values are 82.58, 113.55, 116.51, and

127.75 kJ mol-1 for the four particle size ranges, respec-

tively, at a conversion degree of less than 0.4. The corre-

sponding ignition temperatures of the samples are

450–650 �C. Subsequently, the activation energy values

decrease slowly until the end of the combustion process

and the differences in the activation energies of the dif-

ferent particle sizes are also narrow. The average values are

35.39, 37.07, 37.41, and 39.20 kJ mol-1, respectively. This

result was consistent with the previous findings that the

reduction in the gas yield increased the activation energy of

coal particles [29, 46, 47].

Conclusions

Two low-rank coals were characterized using TGA to

understand the effects of oxygen concentration, particle

size, and heating rate on the ignition temperature of the

coal. The average activation energy values of the DC coal

with four different particle sizes at an oxygen concentration

of 6% were 51.12, 62.57, 63.78, and 68.72 kJ mol-1 from

small to large, respectively. At an oxygen concentration in

the range of 6–9%, the coal ignition temperature could be

reduced by increasing the oxygen concentration. At an

oxygen concentration greater than 9%, the influence

weakened due to the increased resistance to the oxygen

diffusion caused by a gaseous barrier surrounding the coal

particles. The barrier was formed by an abundance of

gaseous products with a sufficient oxygen supply. The

ignition temperature decreased by about 25 �C as the

oxygen concentration increased from 3 to 12%, but it

increased slightly with an increase in the heating rate at the

same oxygen concentrations. The mechanisms of coal

ignition were attributed to the occurrence of a homoge-

neous reaction for the combustion of volatile matter at a

low heating rate and a change into a heterogeneous reaction

controlled by inter-particle diffusion at a high heating rate.

The activation energy varied greatly with the particle

size at a conversion degree of less than 0.4. The article size

had a certain influence on the ignition temperature. The

ignition temperature increased by about 8 �C with a

100-lm increase in the particle diameter at a heating rate of

10 �C min-1. The effects of the particle size on the ignition

temperature were enhanced when the heating rate was

30 �C min-1. In addition, the coal with the higher volatile

content (DC) had a lower ignition temperature. These

results can be used by other researchers for process mod-

eling and the design of CFB boilers with a graded particle

size fuel-feed system.
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