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Abstract

:

Biomass pellet fuel is one of the development directions of renewable energy. The purpose of the article is to study the combustion characteristics of five kinds of biomass pellet fuel that can be used as biomass fuel and analyze their combustion kinetics. The thermogravimetric method (TG method) was used to analyze the combustion characteristics of five kinds of biomass pellet fuel and to calculate the index S of comprehensive combustion characteristic. The Arrhenius equation and the Coats–Redfern method were used to analyze the combustion kinetics of five kinds of biomass pellet fuel. The activation energy and pre-exponential factor were obtained according to different temperature ranges. Conclusions are as follows: The pyrolysis of five kinds of biomass pellet fuel mainly includes three stages: (1) water evaporation stage, (2) volatile component combustion stage, (3) fixed carbon oxidation stage. The TG curves of five kinds of biomass pellet fuel are roughly the same at the same heating rate. The peaks of thermal weight loss rate and maximum degradation rate are both in the high temperature range. The differential thermal gravity (DTG) curves of five kinds of biomass pellet fuel have an obvious peak. The peak temperature of the largest peak in the DTG curves is 280–310 °C. The first-order reaction equation is used to obtain the kinetic parameters in stages. The correlation coefficients are bigger than the value of 0.92. The fitting results are in good agreement with the experimental results. The activation energy of each sample is basically the same in each stage. The value in the volatile matter combustion stage is 56–542 kJ/mol, and the activation energy of the carbon layer slowly increases rapidly. The five kinds of biomass pellet fuels have good combustion characteristics and kinetic characteristics, and they can be promoted and applied as biomass pellet fuels in the future.
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1. Introduction


In today’s era, the calls for energy crises [1,2,3] and environmental pollution [4,5] are increasing. The reuse of agricultural and forestry waste has become the focus of attention [6]. Crop stalks, which are abundant in resource reserves, are also one of the widely used agricultural and forestry wastes. As the output of various fruit husk residues increases year by year, people have begun to pay attention to them [7].



Pyrolysis is the widely used method in converting waste biomass into valuable chemicals of biomass pellet fuels [8]. Stylianos et al. [9] studied the pyrolysis of cellulose, hemicellulose and lignin. In the process of pyrolysis, the biomass pellet fuels are transformed to the low molecular weight gases(volatiles) and solid(char). Liu et al. [10] studied the combustion behavior of corncob/bituminous coal and hardwood/bituminous coal. Sharma et al. [11] studied the thermal decomposition process and the reaction mechanism of the eucalyptus. The combustible gases can be used as biomass fuel because of high calorific value. The process can be used in many and various chemicals. This study would be beneficial for a better understanding of the pyrolytic-cracking mechanism, and it is also useful to improve its transformation and application for all kinds of biomass fuels [12]. It is very attractive for concerning environmental issues during energy production [13,14]. It can be concluded from various studies on pyrolysis analysis for different biomasses than the properties can significantly influence both heat transfer and reaction rates [15,16]. It is essential to establish efficient and reasonable processes using the kinetic analysis method. It allows control of decomposition mechanism of biomass as a function of pressure, temperature and combustion using the thermo-kinetic method [17]. It is necessary for accurately prediction of reactions’ kinetic parameters during the pyrolytic degradation [18,19,20]. Liu Xiang et al. [21] studied the kinetics of two-stage scheme for co-combustion of bituminous coal and herbaceous biomass. Maia et al. [22] studied the kinetic parameters of red peppers. Nyakuma et al. [23] studied the non-isothermal kinetic analysis of oil palm empty fruit bunch pellets by thermogravimetric analysis. Selim et al. [24] studied the Thermogravimetric–Fourier Transform Infrared (TG–FTIR) analysis and kinetic study of Ulva prolifera pyrolysis. Varma et al. [25] studied the physicochemical characterization and pyrolysis kinetics of wood sawdust. Zhihua Chen et al. [26] studied the characteristics and kinetic study on pyrolysis of five lignocellulosic biomass via thermogravimetric analysis. Cui Yong Zhang et al. [27] studied the hot air ignition characteristics of cotton and corn straw pellet based on Thermogravimetric–Differential thermal gravity (TG-DTG). Wang X et al. [28] studied the combustion characteristics and kinetic analysis of bio-oil from fast pyrolysis of biomass. Harun, et al. [29] studied the chemical and mechanical properties of pellets made from agricultural and woody biomass blends.



In order to find a better way to use five kinds of biomass pellet fuel (masson pine, Chinese fir, willow, slash pine, and poplar), it is useful to study these kinds of biomass pellet fuel. We have fully understood the properties of the raw materials, which provides a theoretical basis for the utilization of five kinds of biomass pellet fuel. In this paper, an automatic industrial analyzer was used to determine the main chemical components in five kinds of biomass pellet fuel, such as moisture, ash, and volatile [30]. The thermogravimetric analysis method and the Coats-Redfern method were used to study kinetic analysis of five kinds of biomass pellet fuel. The research results can provide guidance for the combustion and utilization of five kinds of biomass pellet fuel [31,32].




2. Materials and Methods


2.1. Material


Five kinds of biomass pellet fuels (namely Masson pine, Chinese fir, Willow, Slash pine and Poplar) are purchased through the market. After selecting and removing impurities, a plant pulverizer made in our laboratory was used to crush and sieve. The fines that have passed the 120-mesh sieve were stored in a dry and clean jar with a stopper.




2.2. Method


2.2.1. Determination of the Components of Five Kinds of Biomass Pellet Fuel


With reference to the specific experimental methods in the relevant national standards for the determination of the moisture, ash and volatile in five kinds of biomass pellet fuels were determined. In this paper, the HTGF-3000 automatic industrial analyzer is used to determine the moisture, ash, and volatile content in each sample. The system is automatically operated by a computer. The temperature is increased to 145 °C and the temperature is kept constant for 30 min. When the mass change is less than 0.0006 g, the moisture analysis ends, and the system reports the moisture measurement result. During the process of the experiments, the temperature is raised to 900 °C under a nitrogen atmosphere and its flow rate is 5 mL/min. After reaching the specified time, the furnace temperature is reduced to the set value. When the mass change is less than 0.0006 g, the volatile matter analysis ends, and the system reports volatile content measurement result. The temperature is raised to 845 °C, and experiments are performed in an oxygen atmosphere which the flow rate is 5 mL/min. When the change of mass is below 0.0006 g, the ash analysis ends, and the system reports the ash determination result. Each sample is performed for three experiments, and the results of the experiments will be recorded.




2.2.2. Thermal Weight Loss Analysis of Five Kinds of Biomass Pellet Fuel


The samples of five kinds of biomass pellet fuel with a 120-mesh sieve were prepared. The thermogravimetric analyzer (TGA/Pyris 6 (Perkin Elmer instruments Limited, Boston, USA), temperature sensitivity 0.01 K, mass sensitivity 1 × 10−5 mg) was used at 20 °C/min and increased from room temperature to 800 °C. Experiments were performed under a nitrogen atmosphere with a flow rate of 20 mL/min. The mass of the sample is 10 mg which was inserted into the platin crucible directly. It recorded the sample heating thermogravimetric curve (TG) and derivative thermogravimetric curve (DTG) in the process.






3. Results and Analysis


3.1. Industry Analysis of Five Kinds of Biomass Pellet Fuel


The main components of plant raw materials are generally cellulose, hemicellulose, and lignin, as well as moisture, ash, and non-structural components such as extracts [33]. Different plant species has different proportions, and extract components also have the difference. Table 1 is the industry analysis of five kinds of biomass pellet fuel.



It can be seen from Table 1 that the moisture and ash content of the five kinds of biomass pellet fuels are similar. Slash pine has the highest moisture content, with a content of 15.46%. Chinese fir has the lowest ash content, with a content of 0.52%. The volatile content is very different. The volatile content of Masson pine is only 62.62%. The combustion stage is mainly for the volatile to burn. The five kinds of biomass pellet fuels have high volatile content and are suitable for combustion.




3.2. Analysis of Thermal Weight Loss Characteristics of Five Kinds of Biomass Pellet Fuel


Thermal weight loss analysis was performed on five kinds of biomass pellet fuel which its heating rate is 20 °C/min. The TG and DTG curves were obtained (Figure 1 and Figure 2). It is found from Figure 1 and the TG and DTG curves have changed significantly during the process of heating from room temperature to 100 °C. The reason is that the sample had not dried completely before the experiment and the moisture content was high. The figures show that the pyrolysis of five kinds of biomass pellet fuel mainly includes three stages. They can be concluded as follows: (1) water evaporation stage (2) volatile component combustion stage (3) fixed carbon oxidation stage. The thermal weight loss analysis was carried out at the heating rate of 20 °C/min. In the first stage of drying, from room temperature to about 170 °C, the peak temperature of weight loss is at 100 °C, and the weight loss at this stage is about 10%. During the heating process, it absorbs heat to evaporate water (free water, crystal water, absorbed water, etc.). This is the drying stage of five kinds of biomass pellet fuel, and the composition has not changed significantly. The second stage is the volatile combustion stage, from about 190 to 450 °C. It is the stage of the main weight loss of five kinds of biomass pellet fuel and the formation of the initial carbon layer. The main chemical components in the husk of five kinds of biomass pellet fuel are cellulose, hemicellulose and lignin, etc. Five kinds of biomass pellet fuels are heated to decompose to generate volatiles at this stage. The heat is carried away by the nitrogen gas stream, and the weight is greatly reduced. The weight loss at this stage is about 75%. The third stage is after 450 °C, which is the slow oxidation and decomposition stage of the carbon layer. The weight loss at this stage is about 10%. The TG curve tends to be flat, and the pyrolysis of the organic matter in the five kinds of biomass pellet fuels are basically completed. The residual ash and other non-decomposable substances are left finally. The burning results of five kinds of biomass pellet fuel are roughly the same. The results of the other five forestry biomass are also roughly the same.



It can be seen from Figure 1 and Figure 2 that there is an obvious peak in the DTG curve. The trend is that there is a minimum weight loss first. After reaching the ignition temperature, the violent reaction reaches the maximum weight loss peak and then falls back until the reaction ends. This is because the content of hemicellulose is small. Therefore, in the low-temperature combustion stage, the thermal analysis of hemicellulose and cellulose shows volatile matter in the combustion process is superimposed and there is a peak in the DTG curve. This is because early thermal decomposition of a few hemicellulose generated volatile. It reveals the reason for the ignition of volatile components. It consumes a part of heat. It shows that the peak temperature in the DTG curve is 280–310 °C. The mean combustion rate, and the maximum combustion rate of samples which mainly occurs at the volatile matter combustion region. The maximum combustion rate of poplar was 117.45%/min at 301 °C. The maximum combustion rate of Slash pine is 158.25%/min at 287 °C. The maximum combustion rate of masson pine was 103.36%/min at 291 °C. The maximum combustion rate of Chinese fir is 134.1%/min at 297 °C. The maximum burning rate of willow is 68.12%/min at 309 °C.



The effect of heating rate on pyrolysis is more complicated. As the heating rate increases, the time for the sample particles to reach the pyrolysis temperature is shortened, which is beneficial to pyrolysis. However, the increase in heating rate also increases the temperature difference between the inside and outside of the particles [34].



Thus, considering Figure 1 and Figure 2, it is shown that the TG curves of five kinds of biomass pellet fuel are roughly the same at the same heating rate. The peaks of thermal weight loss rate and maximum degradation rate are both in the high temperature range. In addition, Figure 1 and Figure 2 show that the average mass loss in the second stage accounts for about 70% of the sample mass. Combining the composition of five kinds of biomass pellet fuel and the related properties of each component in Table 1, the holocellulose is basically degraded at this stage completely. The degradation of lignin runs through the entire high-temperature pyrolysis process.




3.3. Ignition Characteristics


The ignition characteristic is mainly correlated to the ignition temperature. The tangent method is usually to be used to calculate the ignition temperature. The peak point of the DTG curve is taken as a vertical line to intersect the TG curve at the point, and the tangent to the TG curve is crossed over it. The corresponding temperature is ignition temperature. When the ignition temperature is low, it is easy ignite the fuel. The ignition temperatures are calculated by the method, and the results are shown in Table 2. The highest ignition temperature of poplar wood is 271 °C. It indicates that five kinds of biomass pellet fuel are easy to ignite and is beneficial to combustion, and is suitable as a biomass fuel.




3.4. Burnout Characteristics


The burn-out characteristic is related to the combustion rate. The burn-out point can reflect the burn-out characteristic, and the burn-out point can be determined in the DTG curve. When the weight loss rate is below –1%/min, its corresponding temperature is the burn-out temperature. Table 2 is the burn-out temperature of each sample.




3.5. Comprehensive Combustion Characteristics


The combustion characteristics of biomass fuel can be evaluated by the index S of comprehensive combustion characteristics. When the index S of comprehensive combustion characteristic becomes higher, the combustion performance of biomass fuel is in good condition. The index S of comprehensive combustion characteristic can be calculated Formula (1):


   S =          ( dX / dt )    max   ×    ( dX / dt )    mean        T i 2  ×  T f     



(1)




where S is the index of comprehensive combustion characteristic (min−2·K−3), (dX/dt)max is the maximum combustion rate (%/min), (dX/dt)mean is the average combustion rate (%/min), Ti is the ignition temperature (K), Tf is the burn-out temperature (K).



The specific calculation method is as follows:



(1) Ignition temperature Ti: The vertical line passes the peak point P of DTG curve, the TG curve intersects at point A, and the tangent line L2 of TG curve passes through point A, which intersects the horizontal line L1 when the volatiles begin to lose weight. The abscissa value corresponding to point i is the ignition temperature (°C).



(2) Burn-out temperature Tf: The intersection of the tangent line L2 and the horizontal line L3 at the end of the TG curve weight loss is point f, the abscissa value corresponding to f is the burnout temperature (°C).



(3) Maximum burning rate vp: The ordinate value on the DTG curve corresponding to point P is the maximum burning rate (%/min).



(4) Maximum burning rate temperature Tp: The abscissa value on the DTG curve corresponding to point P is the maximum burning rate temperature (°C).



(5) Average burning rate va: The calculation formula is shown in Formula (2):


   v a  = β ×    α i  −  α f     T f  −  T i     



(2)




where β is the heating rate, the value is 20 °C/min, αi is the remaining sample percentage corresponding to the ignition temperature point (%), αf is the remaining sample percentage corresponding to the burnout temperature point (%).



The comprehensive combustion characteristic index S is used to evaluate the burning performance of five kinds of biomass pellet fuel. The comprehensive burning characteristic index S of each sample is calculated by formula (1). The results are shown in Table 3, the comprehensive combustion characteristic index of Chinese fir is the highest, and the comprehensive combustion characteristic indexes of other samples are similar.





4. Combustion Kinetic Analysis


4.1. Combustion Mechanism


The biomass pellet fuel is mainly composed of cellulose, hemicellulose and lignin, and the main components of hemicellulose and cellulose are volatiles. The main products of lignin pyrolysis are carbon, a little volatiles and other substances [35]. The starting temperature of pyrolysis for hemicellulose is 423–623 K, it is 548–623 K for cellulose, and it is 523–773 K for lignin. It shows that the ignition temperature range of samples is in the range of hemicellulose and cellulose. The thermal decomposition process of the three major components of biomass is a process of superimposing and mixing together. In the early stage, the combustion mainly reflects the precipitation and ignition process of volatile components. The latter stage mainly reflects the formation of coke and its combustion process. The analysis of combustion mechanism of biomass pellet fuel needs to be calculated in the stages [36].



In the stage of low temperature, the hemicellulose and cellulose of biomass pellet fuel thermally desorb volatiles. When it reaches a certain level for the temperature and oxygen, the volatiles will ignite and burn. The heat released from combustion of volatiles provides the subsequent precipitation and ignition of the volatiles. In this stage, a little porous coke is formed after the biomass produces precipitated volatiles. During this time, the ignition temperature has not reached its appropriate point, and the volatilization also hinders permeation and diffusion of oxygen to the coke surface. Therefore, the main manifestation in early stage is the combustion of volatiles. At this stage, the volatiles mixed with oxygen reached a certain concentration and temperature. It is a gas phase combustion. Therefore, in this stage, it follows the typical homogeneous ignition combustion model. The reaction rate is calculated by the exhalation rate and volatile concentration. When the temperature continues to rise, the amount of coke is relatively little. The coke is produced by the high-temperature thermal decomposition of the remaining lignin, and it spans the temperature range for a long time [37]. The ash which is produced by the previous cellulose thermal decomposition, it hinders the contact between coke and oxygen. The temperature has reached the ignition point of coke, but its combustion rate is relatively slow. Therefore, the later combustion stage biomass is mainly a slow process of combustion for the coke. The multiphase reaction between solid coke and oxygen on the carbon surface is a multiphase combustion model. The reaction rate is mainly calculated by oxygen concentration. Therefore, it is useful to study the kinetic parameters of combustion process of biomass pellet fuel in different stages.




4.2. Kinetic Calculation


The combustion belongs to the weight loss reaction of biomass decomposition. For the non-isothermal thermo-gravimetric experiment of biomass combustion, the combustion reaction is carried out at the programmed heating rate of 20 K/min [38]. The thermal decomposition reaction of biomass combustion accords with:



A (solid) + B (gas) → C (solid)



The kinetic parameters are calculated by the Arrhenius equation:


   d α  /  dt = kf  ( α )  



(3)






   k = A  exp [ − E / ( RT ) ]  



(4)




where k is the reaction constant, A is the pre-exponential factor (min−1), E is the activation energy of reaction (kJ/mol), R is the universal gas constant, 8.314 J/(K·mol). T is the absolute temperature (K), t is the reaction time (min), α is the conversion rate of reaction process, α = (m0 − mt)/(m0 − mf), where m0 is the mass of sample at the initial moment of pyrolysis, mt is the mass of sample at the moment t of pyrolysis, and mf is the quality of sample at the time when the solution is terminated.



The constant heating rate β is adopted in the process of thermogravimetric analysis, and the equation (t) can be obtained by substituting β = dT/dt into Equation (3):


   d α / f ( α )  = (  k / β ) dT   



(5)






   d α / f ( α )  = A exp [ −  E / ( RT ) ] / β dT   



(6)







Let   F ( α ) =   ∫ 0 α    d α / f  ( α )     , after integrating both sides of Equation (6), we get:


   F ( α  )  = A  / β   ∫   T 0   T    exp [  −  E / ( RT ) ] dT     



(7)







According to literature (26), the reaction order n = 1, and the equation is simplified according to the Coats–Redfern method:


  ln [ − ln ( 1 −    α ) / T   2  ] = ln [  AR ( 1  −  2 RT / E ) / β E ]  −  E / RT   



(8)







Among them, 1 − 2RT/E ≈ 1, ln[AR(1 − 2RT/E)/βE] is a constant, and the straight line can be obtained by plotting ln[−ln(1 − α)/T2] versus 1/T, and then the kinetic parameters activation energy E and pre-exponential factor A also can be obtained.



Figure 3 shows that the combustion stage of volatile of Chinese fir is divided into two parts. The first stage is 260–295 °C, its activation energy and correlation coefficient are 56.15 kJ/mol and 0.9401, respectively. The second stage is 295–310 °C. Its activation energy and correlation coefficient are 542.63 kJ/mol and 0.9966, respectively.



Figure 4 shows one part of the combustion stage of volatiles of masson pine. The temperature range is 260–310 °C, its activation energy and correlation coefficient are 172.99 kJ/mol and 0.9241, respectively.



Figure 5 shows one part of volatiles of the combustion stage of willow. The temperature range is 270–320 °C, its activation energy and correlation coefficient are 130.51 kJ/mol and 0.9252, respectively.



Figure 6 shows that the combustion stages of volatile of Slash pine are divided into two parts. The first stage is 270–310 °C, its activation energy is 269.49 kJ/mol, and its correlation coefficient is 0.9704. The second stage is 400–415 °C, its activation energy and correlation coefficient are 80.70 kJ/mol and 0.9984, respectively.



Figure 7 shows that the combustion stages of volatile of poplar are divided into two parts. The first stage is 270–900 °C, its activation energy and correlation coefficient are 70.11 kJ/mol and 0.9904, respectively. The second stage is 297–310 °C, its activation energy and correlation coefficient are 509.12 kJ/mol and 0.9978, respectively.



It can be seen from Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 that each sample begins to react at about 190 °C, and ends at around 420 °C. The temperature ranges from 190–440 °C, and the heating rate β = 20 K/min. According to different combustion reaction stages, multiple first order reaction is used for calculation. Since the combustion stage of volatile of five kinds of biomass pellet fuel is 190–420 °C, the activation energy parameters of combustion stage of volatile are calculated in one or two temperature ranges. The kinetic parameters of each sample in different temperature ranges are listed in Table 4.



Table 4 shows that the kinetic parameters are obtained by the first-order reaction equation in stages. The correlation coefficients are all higher than 0.92, and there are good fitting results. The activation energy of each sample is basically the same in the combustion stage, and the activation energy of volatile of combustion stage is 56~542 kJ/mol. The different combustion activation energy of each sample is mainly manifested in the volatile combustion stage. The decrease in activation energy of the volatile components of five kinds of biomass pellet fuel and seed during the combustion stage is due to the large amount of cellulose and lignin. The decomposition temperature of cellulose and lignin is low and volatile. The initial stage of volatile matter combustion is 190–320 °C. The first exothermic peak of five kinds of biomass pellet fuel appears at 210–320 °C. This temperature range is mainly the decomposition and combustion of the volatile matter. The middle stage of volatile matter combustion is 320–370 °C, the activation energy is lower than the first stage. This stage is volatiles continue to burn. Volatiles burned in the later stage at 370–410 °C remained stable compared with the other two stages. During the slow oxidation stage of the carbon layer, the activation energy increases sharply at 410–440 °C. This stage is mainly the secondary pyrolysis of lignin, which involves the ring-opening reaction of the aromatic ring structure. At this time, the coke content of the solid product gradually increases, and the originally disordered carbon structure gradually tends to be orderly. The reduction of active sites leads to a rapid decrease in reaction activity, which is reflected in a significant increase in activation energy value.





5. Conclusions


In order to study the combustion characteristics of five biomass pellet fuels (masson pine, Chinese fir, willow, slash pine, and poplar), five samples were analyzed and studied by using thermogravimetric analyzer. The combustion kinetics were calculated by Arrhenius equation and Coats–Redfern method, and the activation energy and pre-exponential factor of different temperature stages were calculated by the first-order reaction equation. The conclusions are as follows:




	(1)

	
The pyrolysis of five kinds of biomass pellet fuel mainly includes three stages: (1) water evaporation stage; (2) volatile component combustion stage; (3) fixed carbon oxidation stage.




	(2)

	
The TG curves of five kinds of biomass pellet fuel are roughly the same. The peaks of thermal weight loss rate and maximum degradation rate are both in the range of high temperature. The DTG curves of five kinds of biomass pellet fuel have an obvious peak. The range of peak temperature in the DTG curves is 280–310 °C.




	(3)

	
The kinetic parameters are obtained by the first-order reaction equation in the combustion stages. The correlation coefficients are all above 0.92, and the fitting results are good. The activation energy of each sample is basically the same in the combustion stage. The activation energy of the volatile matter in combustion stage is 56~542 kJ/mol, and the activation energy of the carbon layer slowly increases rapidly.




	(4)

	
The five kinds of biomass pellet fuels have good combustion characteristics and kinetic characteristics, and they can be promoted and applied as biomass pellet fuels in the future.
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Nomenclature




	
A

	
the pre-exponential factor(s−1)




	
E

	
the activation energy(kj/mol)




	
S

	
the comprehensive combustion characteristic index(min−2·K−3)




	
R

	
the universal gas constant (8.314J/(K·mol))




	
T

	
the absolute temperature(K)




	
m

	
the mass of the sample




	
Greek letter




	
α

	
degree of conversion




	
β

	
heating rate (K/min)




	
Subscripts and superscripts




	
0

	
initial value




	
f

	
burning-out value




	
t

	
the reaction time(min)




	
i

	
ignition
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Figure 1. TG curves of five kinds of biomass pellet fuel. 
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Figure 2. DTG curves of five kinds of biomass pellet fuel. 
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Figure 3. Fitting straight line for burning stages of Chinese fir. 
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Figure 4. Fitting straight line for burning stage of masson pine (260–310 °C). 
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Figure 5. Fitting straight line for burning stage of willow (270–320 °C). 
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Figure 6. Fitting straight line for burning stages of Slash pine. 






Figure 6. Fitting straight line for burning stages of Slash pine.
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Figure 7. Fitting straight line for burning stages of poplar. 
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Table 1. Industry analysis of five kinds of biomass pellet fuel (%).
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	Sample
	Moisture
	Volatile
	Ash





	Masson pine
	12.09
	62.65
	1.36



	Chinese fir
	11.05
	78.86
	0.52



	Willow
	10.21
	69.58
	1.95



	Slash pine
	15.46
	77.75
	1.34



	Poplar
	10.57
	75.14
	1.59
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Table 2. Ignition temperature and burn-out temperature.
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	Combustion Characteristics
	Masson Pine
	Chinese Fir
	Willow
	Slash Pine
	Poplar





	Ignition temperature/°C
	241
	267
	266
	256
	271



	Burnout temperature/°C
	318
	311
	331
	419
	316
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Table 3. Comprehensive combustion characteristic indexes.






Table 3. Comprehensive combustion characteristic indexes.





	Combustion Characteristics
	Masson Pine
	Chinese Fir
	Willow
	Slash Pine
	Poplar





	Ignition temperature Ti/°C
	241
	267
	266
	256
	271



	Burnout temperature Tf/°C
	318
	311
	331
	419
	316



	Maximum burning rate (%/min)
	103.35
	134.1
	68.11
	158.25
	117.45



	Average burning rate (%/min)
	22.1
	37.71
	25.23
	10.3
	36.08



	Comprehensive combustion characteristic index S (min−2·K−3)
	1.24 × 10−8
	2.28 × 10−8
	7.34 × 10−9
	5.94 × 10−9
	1.83 × 10−8
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Table 4. Kinetic parameters in different temperature ranges.
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	Sample
	Temperature Interval (°C)
	Fitting Equation
	Activation Energy E (kj/mol)
	Pre-Reference factor A (min−1)
	Correlation Coefficient r





	Chinese fir
	260–295
	y = −6753.69x + 24.316
	56.15
	4.91 × 1015
	0.9401



	
	295–310
	y = −65,266.75x + 27.685
	542.63
	1.38 × 1018
	0.9966



	Masson pine
	260–310
	y = −20,807.17x + 20.274
	172.99
	2.65 × 1014
	0.9241



	willow
	270–320
	y = −15,697.41x + 20.456
	130.51
	2.40 × 1014
	0.9252



	Slash pine
	270–310
	y = −32,414.51x + 21.157
	269.49
	1.00 × 1015
	0.9704



	
	400–415
	y = −9706.38x + 20.400
	80.70
	1.41 × 1014
	0.9984



	Poplar
	270–297
	y = −8432.88x + 27.376
	70.11
	8.97 × 1016
	0.9904



	
	297–310
	y = −61,236.51x + 20.076
	509.12
	6.41 × 1014
	0.9978
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