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Abstract. The combustion of fossil fuels such as coal, causing an increase in emissions of greenhouse gases (GHG) 
mainly carbon dioxide (CO2), which has direct link with global warming. Thus, increasing the use of renewable sources, 

such as biomass, for the production of energy is a solution to alleviate the crisis and negative impacts on the environment. 

The co-combustion of coal and biomass is shown as a short-term alternative to the problem of energy and environment 

and is considered as the most advantageous way of utilizing both resources. Brazil has large reserves of coal, as well as 

the availability of agro-industrial biomass, such as sugarcane bagasse and more recently inserting sorghum varieties. 

Biomass sorghum is one of the most promising crops for the production of energy and is an alternative to being used in 

the off-season of sugarcane. Their productivity is about 2.5 times higher than that of sugarcane. In this work, the kinetic 

combustion of blends between coal with sugarcane bagasse and biomass sorghum bagasse were studied and compared 

by TGA. The experiments were performed in a thermogravimetric analyzer SDTQ600, were used three heating rate 

(10°C/min, 15°C/min and 20°C/min) in an oxidizing atmosphere (synthetic air). Three biomass ratios were studied being 

25, 50 and 75% respectively. Iso-conversional kinetic method (model-free kinetics) was applied for determining the 

activation energies (Ea). Results indicate that the blending ratio of 25% has the better combustion performance for both 
biomasses, with the average value of the activation energy equal to 123.57 kJ mol-1  for sugarcane bagasse and 117.05 kJ 

mol-1 for biomass sorghum bagasse. 
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1. INTRODUCTION  

The burning of fossil fuels in power generation causes an increase in emissions of greenhouse gases (GHG), mainly 

carbon dioxide (CO2), which has direct link with global warming (Specht, Redemann, and Lorenz 2016). In order to 

gradually reduce the damage caused by the combustion of fossil fuels, the demand for alternative fuels that reduce 

emissions of greenhouse gases tends to increase in the coming years. Thus, biomass has great potential to supply 
renewable energy demand, and subject of several studies (Al-Shemmeri et al. 2015; Behera et al. 2015; Kumar et al. 2015; 

Kwon et al. 2011; Perego and Bosetti 2011; Frau et al. 2014). 

Biomass has some shortcomings, such as: seasonal availability, high moisture content, low heating value and low 

density. One way to overcome these shortcomings is to use the co-combustion technology of biomass and coal  (López 

et al. 2016). Brazil has various sources of biomass, among which the following may be noted: bagasse and straw from 

sugar cane and newly inserting the high biomass sorghum (lignocellulosic sorghum). Lignocellulosic sorghum has a 

greater amount of fibrous matter and your productivity is about 2.5 times higher than sugar cane or corn. The variety of 

sorghum developed in Brazil is an alternative used in the off-season of sugarcane (Farrow, Sun, and Snape 2015). The 

literature presents several works related to the co-combustion of coal and biomass mixtures. However, no literature 

reference on the mixture of coal and sorghum bagasse.  

Co-combustion is one of the most advantageous techniques for using biomass residues and reducing the use of fossil 

fuels, among the main advantages, we can highlight the low cost, increased participation of biomass for electricity 
generation and reduce CO2 emissions (Tabet and Gökalp 2015).  

The biomass and coal have different physical and chemical properties that provide different thermal behavior during 

co-firing (Park et al. 2010).  The proportion of each raw material used in the mix and the process temperature directly 

affects the performance of products (Morita, Pécora, and Ramirez-Behainne 2013). 

Thermogravimetric analysis (TGA) is used to investigate the thermal decomposition characteristics of materials. 

Thermogravimetric analysis (TGA) is a widely used technique for determining the kinetic parameters of the combustion 

of solid fuels such as biomass and coal. The kinetic parameters provide information about the thermal decomposition 

process, structure and composition of materials (Garcia-Maraver et al. 2015).  

The determination of the kinetic parameters of biomass and biomass-coal blends is critical to the development of 

technological processes and modeling ovens on an industrial scale (Mortari et al. 2010). Several studies in the literature 
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focus on the determination of kinetic parameters, such as activation energy and the constant of reaction in fuels 

combustion processes. Model-free methods (iso-conversional methods) enable determination of kinetic parameters 

without knowledge of the reaction mechanism (Álvarez et al. 2016). In iso-conversional methods, for a constant extent 

of conversion, α, reaction rate depends only to temperature and reaction kinetics does not related with heating rate (Ceylan 

and Topçu 2014). 

The aim of this study is to investigate the thermal behavior of coal blends with sugar cane bagasse and sorghum 

biomass combustion atmosphere (20% O2 – 80% CO2). The activation energy of the thermal decomposition process and 

ignition temperature of these fuels were determined using thermogravimetric techniques. Iso-conversional kinetic method 

(model-Free Kinetics) was used for activation energy determination (Ea) of the combustion process. 

 

2. MATERIALS AND METHODS  

2.1 Samples 

In this study, samples of Brazilian bituminous coal (CE4500), sugarcane bagasse (SB) Biomass sorghum (BS) were 

used. Table 1 shows the chemical composition of the samples.  

 

 

Table 1. Chemical composition of materials 

 

 
(Carvalho et al. 2015; Cruz and Crnkovic 2016; Kazanc et al. 2011) 

n.d. Not detected; * Calculated by difference 

 

 

 

2.2 Thermogravimetric analysis  

The study of the thermal decomposition behavior of the materials was performed with non-isothermal tests in a 

thermogravimetric analyzer TG/DTA/DSC - TA Instruments - SCTTGA-DSCQ600. Blends were then prepared with 25, 

50 e 75 weight percentages of biomass. Particle size of 63 μm was used for all materials in order to ensure homogeneity 

of the mixture. Approximately 5 mg of sample was used for all experiments. The tests were carried out in conventional 
combustion atmosphere with 20% O2 - 80% N2. The programming equipment was fitted with a heating rate of  10°C/min, 

15°C/min and 20°C/min from room temperature to 800 ° C.  The flow rate of carrier gas used was 100 mL min -1. 

 

2.3 Kinetic Method 

The model used to calculate the activation energy as a function of the conversion extent of a chemical reaction was 

the Model Free Kinetics. Model free kinetics was presented by ( Vyazovkin and Wight 1997; Sergey Vyazovkin and 

Wight 1999). The model free kinetics is based on iso-conversional techniques to calculate the activation energy (Eα) 

according to the degree of conversion (α) of the chemical reaction (Cruz and Crnkovic 2016). 

The kinetics of heterogeneous reactions in solids is usually described in terms of a single step kinetic correlation. 

Equation 1 shows the general equation of kinetic analysis, this equation allows to calculate the activation energy (Eα) for 

a conversion (α) (VYAZOVKIN; WIGHT, 1997). 
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𝑑𝛼

𝑑𝑡
= 𝑘 (𝑇)𝑓(𝛼)                                                                                                                                 (1) 

 
Under non-isothermal conditions, the temperature varies with a constant heating rate (β=dT/dt), according to Eq. (2).  
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 𝐾(𝑇) 𝑓(𝛼)                                                                                                                     (2) 

 

The rate constant (K) is expressed according to Arrhenius (Eq. 3). A is a pre-exponential factor and R (8.314 J K -1 

mol -1) universal gas constant. 

 

𝑘(𝑇) = 𝐴 exp (−
𝐸

𝑅𝑇
)                                                                                                            (3) 

                                                                                                                  
Equations 1, 2 and 3 may be generalized and shown as equation 4: 
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From Equation 4, obtains 
 

1
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Equation 6 represents the integration of equation 5 from zero to α in function of T: 

 

∫
1
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Provided that E/2RT>>1, the integral of temperature can be approximated as equation 7: 

 

∫ 𝑒−𝐸/𝑅𝑇𝑑𝑇  ≈  
𝑅

𝐸

𝑇

𝑇0
𝑇2𝑒−𝐸/𝑅𝑇                                                                                                  (7) 

 
Substituting Equation 7 into Equation 6, and applying the natural logarithm operator, one has:  

 

ln
𝛽

𝑇𝛼
2 =  ln [

𝑅𝐴

𝐸𝑎𝑔(𝛼)
] − 
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𝑅
 

1

𝑇𝛼
                                                                                                      (8) 

 
This method allows you to isolate the g (α) function of the linear coefficient. However, in complex processes determine 

this function is difficult, because it is assumed incorrectly, can lead to errors in determination of kinetic parameters. To 

apply the Model-Free Kinetics method it is necessary to obtain at least three different heating  rates (β) and respective 

conversion curves evaluated from the TGA curves measured (Vyazovkin and Wight, 1999). For each value of α, ln (
𝛽

𝑇𝛼
2) 

is plotted against  
1

𝑇𝛼
 for a line whose slope is –Eα/R, which provides the activation energy values. 

 

3.  RESULTS AND DISCUSSION 

3.1 Thermal behavior of pure materials 

The DTG curve of coal and biomasses in the combustion atmosphere (O2/N2) are illustrated in Figure 1. The DTG 

curves of biomasses showed two overlapping peaks producing a single peak, with a shoulder on the left side of the DTG. 

This shoulder corresponds to decomposition of the hemicellulose, which has low thermal stability and its decomposition 
occurs at lower temperatures. The peak with the shoulder hemicellulose corresponds to decomposition of cellulose, which 

is the main component of the cell wall of biomass (Kazanc et al. 2011; Vamvuka et al. 2003). The thermal decomposition 

hemicellulose and cellulose of SB occurs between 228-350 ° C, and the maximum rate of decomposition of cellulose 

occurs at 331 ° C. The decomposition of hemicellulose and cellulose of the BS has a behavior similar to SB and occurs 

between 180-340 ° C. The maximum rate of decomposition of  BS cellulose occurs at 304 ° C. Lignin is a component of 

stiffening cell wall of biomass and decomposes gradually over a wide temperature range. Lignin has a complex structure 

more thermally stable than cellulose and hemicellulose and total breakdown of the structure occurs at higher temperatures 

(Zhou et al. 2015). The thermal decomposition of SB lignin occurs between 390-465 ° C and the maximum rate of 

decomposition occurs at 442 ° C. The decomposition of BS lignin is more intense than SB, occurs between 420-440 ° C 

and the maximum rate of degradation occurs at 431 ° C. The thermal decomposition of coal occurs between 370-583 ° C, 

and the maximum rate of decomposition occurs at 498 ° C. 
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Figure 1.  Combustion DTG profiles of coal, SB and BS with heating rate of 10°C/min 

 

Table 2 shows the combustion parameters such as ignition (Ti) and burnout (Tb) temperature, maximum rate of weight 

loss (DTGmax/%min) for pure materials.  
 

Table 2 Combustion parameters for pure materials 

 
 

3.2 Co-combustion of blends 

The DTG curves of blends combustion atmosphere are illustrated in figure 2. The SB DTG curves have two mass loss 

events in all biomass ratios. The BS DTG curves show two mass loss events in the proportion of 25% biomass and three 

events in the proportions of 50 to 75%. In proportion of 25% of BS, degradation of cellulose and residual lignin overlaps 

the peak of coal degradation, and only two events are observed. The reduction of ignition and burnout temperature is 

proportional to the increased proportion of biomass in the mixture. 

 

 
Figure 2. (a) DTG profiles of Sugarcane bagasse blends at 10°C min; (b) DTG profiles of Biomass sorghum blends 

at 10°C min 
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4. ACTIVATION ENERGY DETERMINATION  

 

Model Free Kinetics was applied to determine the activation energy (Eα) based on the degree of conversion (α) of 

thermal degradation of materials. The activation energy curves versus the degree of conversion of the mixtures are 

presented in Figure 3. The activation energy values were obtained for a single event, between the ignition temperature 

and burnout temperature. For both biomasses, the lower activation energy metering is found in the proportion of 25% 

biomass in mixture with coal, 123.57 kJ mol-1 for sugarcane bagasse and 117.05 kJ mol-1 for biomass sorghum. These 

activation energy values are lower than the value found for pure coal (163.33 kJ mol-1). This shows that the presence of 

biomass facilitates the volatilization process, reducing the activation energy of the reaction.  

Up to 50% biomass in the mixture, the activation energy values are similar, 168.4 kJ mol-1 and 168.3 kJ mol-1 for 50% 

and 75% of SB and BS, respectively. For coal, blends with BS activation energy values are 144.6 kJ mol-1 for 50% and 
148.51 kJ mol-1 for 75% of BS. In proportions above 50% biomass in the mixture, the coal presence does not significantly 

affect the combustion. Thus the activation energy values are similar (Gil et al. 2010). 

The behavior found for both mixtures is consistent with the reported in the literature. The mixtures activation energy 

has a tendency to increase with the increase of the proportion of biomass in the mixture (Buratti et al. 2015). The co-

combustion of coal and biomass presents significant improvements in coal combustion and reduces the activation energy 

to the proportion of 40% biomass in the mix (Kocabas-Atakli, Okyay-Oner, and Yurum 2015). The curve versus activation 

energy conversion (α) indicates that the activation energy of both mixtures decreases with increasing degree of conversion 

ratios of 25 and 50%. This behavior is consistent with the one presented by (Leroy et al. 2010; Aboyade et al. 2011)     

 

 

 
 
Figure 3. (a) Activation energy versus conversion for coal and SB blends; (b) Activation energy versus conversion 

for coal and BS blends. 

 

The values of Eα (KJ mol-1) of mixtures with both the biomasses are presented in Tab. 3. These activation energies 

corresponding conversions between 0.1 and 0.9. 

 

Table 3.  Activation energy for conversions 0,1 - 0,9  
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5. CONCLUSIONS 

 

This study investigated the thermal decomposition of coal and biomass blends. Model-Free Kinetics was applied to 

determine the activation energy as a function of conversion (Eα) of the decomposition process in combustion atmosphere. 

The presence of biomass improves the performance of coal combustion and reduces the activation energy. Both mixtures 

in a proportion of 25% show a sharp inflection between 20% and 30% conversion. This fact is possibly related to the 

burning of bagasse components. The values obtained showed that, for pure biomass, sorghum has lower activation energy 

than sugar cane bagasse. For the mixtures, the lower activation energy is found in the proportion of 25% biomass, this is 

the optimal condition. The results of Eα are directly related to the conditions and types of fuel. 
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