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ABSTRACT: This work presents comparative study on the combustion of biomass 8 

pellets (BP) with Bituminous coal (BC), and Xiao longtan lignite (XL) using 9 

thermogravimetric (TG) analysis. The results show that the combustion process of 10 

BP:BC can be divided into the release and combustion of volatile compounds, oxidation 11 

of BP char and combustion of BC char. Whilethere are two stages for the blend of XL 12 

and BP, which are the combustion of volatile compounds and the char burning of BP 13 

and XL. With increasing BP ratio, the maximum combustion rate and combustion index 14 

increase, while the burnout temperature decreases, indicating the combustion 15 

performance of coal can be improved. In addition, interactions between BP and XL are 16 

more significant than that of BP and BC. The maximum deviations are found to be 30% 17 

BP with BC and 10% BP with XL. Reaction mechanisms are analysed using Coats–18 

Redfern method. The first order model is found to be suitable for the first stage of 19 

biomass burn (stage 1) and coal combustion of BC:BP blends. Diffusion controlled 20 

model D3 and D4 are the most effective for the second stage of biomass burn and XL 21 

combustion, respectively. The minimum activation energies of biomass blending is 22 

obtained with a BP ratio of 30% for BC and 10% for XL. 23 

KEYWORDS: Biomass Pellets, bituminous coal, lignite, combustion, 24 

thermogravimetric analysis  25 

1. Introduction 26 

Biomass pellets (BP) are used in combustion engineering due to its higher density 27 

and combustion efficiency than that of biomass feedstock [1]. Wood fuel is the main 28 

source of raw material for the production of biomass pellets. The increasing need of 29 

biomass pellets results in a shortage of wood fuel. Therefore, mixing non-woody 30 

biomasses with wood fuel becomes an effective way to provide sustainable source 31 

materials for biomass pellets production, such as rice straw and catkins [2]. Rice straw 32 



is a kind of agricultural residues with rich resources, which is widely used. Catkins are 33 

a type of compact or string-like inflorescence, produced from birches, willows, and 34 

oaks. They float easily in air, and excessive catkins often cause environmental pollution 35 

and disease transmission [3]. However, so far there is no effective method to dispose 36 

disposal catkins. Therefore, BP used in this study is a kind of innovative composite 37 

biomass pellets, including wood waste, rice straw, and catkins. 38 

Compared to coal, biomass has the advantages of low sulfur, low nitrogen and 39 

stable combustion. Therefore, the co-combustion of coal and biomass may be an ideal 40 

method for biomass waste. Biomass possesses higher volatile matter, shorter 41 

combustion time and lower ignition temperature, which has significantly different 42 

characteristics as compared to coal [4]. Therefore, it is necessary to study the 43 

thermodynamic characteristics of coal-biomass co-combustion. Compared with other 44 

analytical methods, thermogravimetric analysis (TG) is more convenient, fast and 45 

efficient, which is widely used in the field of combustion [5]. There are numerous 46 

researches presenting thermogravimetric analyses of coal, biomass and their blends. 47 

Table 1 is the short literature review of the co-combustion of different coal and biomass 48 

types. 49 

Magalhães et al. [6] studied the combustion behavior and kinetics of lignite and 50 

olive residue. Tunçbilek and Soma lignite had one major combustion stage and olive 51 

residue had two distinct stages for combustion. Kinetic analysis using Coats–Redfern 52 

method showed that Tunçbilek lignite had the highest activation energy. In contrast, 53 

during the combustion of laying hens manure and coal [7], it was concluded that 54 



activation energy was much higher for biomass than for coal. Moreover, the blended 55 

activation energy was increasing with increased biomass content. Jayaraman et al. [8] 56 

confirmed the activation energy of biomass was higher than that of coal because of the 57 

pore structures. Wang et al. [9] investigated the co-combustion of coal and the biomass 58 

(sawdust and rice straw). Kinetic calculation indicated the larger the biomass proportion, 59 

the lower the activation energy of blends. In addition, it was found that there was 60 

interaction between coal and biomass. Ignition and the burnout temperature were 61 

decreasing with increasing biomass ratio. As biomass ratio is 70%, the blends displayed 62 

the maximum burning rate and best combustion performance. By TG experiments, 63 

Ullah et al. [10] demonstrated that the ignition behavior and thermal reactivity of coal 64 

were improved by the addition of pine wood. Moreover, activation energy increased in 65 

volatiles burning profile and decreased in char combustion stage with elevated biomass 66 

proportion. Experiments by Wang et al. [11] showed that there was synergistic effect 67 

during combustion process of biomass and coal, the ignition performance was improved 68 

by increasing biomass. Activation energies had the lowest value at 60% rice husk (rice 69 

husk and coal), 20% pine sawdust (first stage of pine sawdust and coal), and 40% pine 70 

sawdust (second stage of pine sawdust and coal). Liu et al. [12] found that hydrochar 71 

addition increased the combustion efficiency of blends due to synergistic interactions 72 

between hydrochar and lignite. The first-order reaction mechanism can describe the 73 

combustion process of blends well. Li et al. [13] demonstrated that the addition of 74 

distillation residue can improve the combustion efficiency of lignite. With increasing 75 

distillation residue, the synergistic interactions between distillation residue and lignite 76 



firstly increased and then decreased. Moreover, the optimum mixture ratio of 77 

distillation residue (60%) in blends was obtained, with the lowest activation energy. Yu 78 

et al. [14] confirmed the synergistic effect between lignite and eucalyptus bark during 79 

their co-combustion and found 20-40% eucalyptus bark was the optimum blending ratio. 80 

Coats–Redfern analysis presented that the combustion of eucalyptus bark and their 81 

blends was controlled by diffusion model, and lignite burning was determined by 82 

reaction order model. 83 

However, because of the different species of biomass and coal, there are still 84 

different or even contrary conclusions. Despina and Stelios [15] observed that there was 85 

synergistic effect between lignite and cardoon, but there was no synergism between 86 

lignite and pine needles. Toptas et al. [16] investigated the combustion behavior of 87 

lignocellulosic and animal wastes, and their blends with lignite. The results indicated 88 

that biomass addition can improve the burnout performance of lignite, and the blends 89 

had a lower ignition and burnout temperature at 50% coal. However, there was no 90 

interaction between the lignite and biomass at initial step of combustion. Gil et al. [17] 91 

also demonstrated that there was no significant interaction between bituminous coal 92 

and pine sawdust in co-combustion process, and the combustion steps in blends were 93 

only the sum of the biomass and coal individual stages. In addition, Kawnish and 94 

Sankar [18] performed pyrolysis experiments of algae–coal blends. The results 95 

indicated that there was no interaction between the algae and coal during pyrolysis. 96 

Table 1 Thermogravimetric analysis of co-combustion: literature review 97 

Fuel type Method Experimental conditions Kinetic model Ref. 



Lignite from Tunçbilek and 

Soma, and olive residue 

TG and 

FT-IR 

Room temperature-1000 °C, 10 mg 

sample, 15, 20, 40 °C/min heating 

rate, and 120 ml/min flow air 

Coats-Redfern 

Magalhães et al. 

[6] 

laying hens manure, coal, and 

blends 

TG 

Room temperature-1000 °C, 20 mg 

sample, 5, 10, 15, 20 °C/min heating 

rate, and 70 ml/min flow air 

Ozawa-Flynn-

Wall 
Junga et al. [7] 

Poplar wood, 

hazelnut shell, bituminous 

coal, and blends 

TG-MS 

Room temperature-950 °C, 10 mg 

sample, 20 °C/min heating rate, and 

50 ml/min flow air 

 

Arrhenius and 

Coats–Redfern 

Jayaraman et al. 

[8] 

Sawdust, rice straw, coal, and 

blends 

TG 

Room temperature-1273 K, 10 mg 

sample, 10 K/min heating rate, and 

70 ml/min flow N2 /air (10% air) 

mixture atmosphere 

Coats-Redfern Wang et al. [9] 

Pine wood, coal , and blends TG 

Room temperature-800 °C, 10 mg 

sample, 20 °C/min heating rate, and 

75 ml/min flow air 

Coats–Redfern Ullah et al. [10] 

Bituminous coal, rice husk, 

pine sawdust, and blends 

TG 

Room temperature-900 K, 5 mg 

sample, 2.5, 5, 10, 20 K/min heating 

rate, and 100 ml/min flow air 

Double parallel 

reactions nth 

order rate model 

Wang et al. [11] 

 

Hydrochar, lignite,  and blends 

 

TG 

Room temperature-850 °C, 8 mg 

sample, 15 °C/min heating rate, and 

20 ml/min flow air 

Coats–Redfern Liu et al. [12] 

Pyrolysis oil distillation 

residue, lignite, and blends 

TG 

Room temperature-800 °C, 5 mg 

sample, 10, 20, 30, 40 °C/min 

heating rate, and 80 ml/min flow air 

Coats–Redfern Li et al. [13] 

Eucalyptus bark, lignite, and 

blends 

TG-MS 

50-800 °C, 10 mg sample, 10, 15, 

20 °C /min heating rate, and 100 

ml/min flow air 

Coats-Redfern Yu et al. [14] 

Olive prunnings, cotton 

residue, pine needles, cardoon, 

sewage sludge, lignite, and 

blends 

 

TG 

25-850°C, 20-25 mg sample, 3-

100 °C/min heating rate,  and 45 

ml/min flow air 

- 
Despina and 

Stelios [15] 

Lignocellulosic, animal wastes, 

and their blends with lignite 

TG 

Room temperature-900 °C, 30 mg 

sample, 20 °C/min heating rate, and 

100 ml/min flow air 

 

Coats–Redfern Toptas et al. [16] 

http://www.sciencedirect.com/science/article/pii/S0040603111004941#!
http://www.sciencedirect.com/science/article/pii/S0040603111004941#!


Bituminous coal,  pine sawdust, 

and their blends 
TG 

Room temperature-1000 °C, 5 mg 

sample, 15 °C/min heating rate, and 

50 cm3/min flow air 

 

Coats–Redfern Gil et al. [17] 

In general, the co-combustion of biomass with coal received fairly intensive 98 

studies. TG analysis can summarize combustion characteristics and kinetic model 99 

shows the variation of the activation energy. However, the reaction mechanisms 100 

between coal and biomass are not fully understood, and there are some different or even 101 

contrary conclusions [19]. In addition, there is nearly no research report regarding the 102 

utilization of catkins added into biomass pellets. In our study, the woody fuel is mixed 103 

with rice straw and catkins. It can not only provide source material, but also reduce the 104 

pollution emissions in the co-combustion process. Therefore, it is highly essential to 105 

fully understand the co-combustion processes of coal and mixed biomass pellets. The 106 

aim of this work is to determine the potential of mixed biomass pellets and to compare 107 

the co-combustion characteristics of different coal with mixed biomass pellets. 108 

Combustion characteristics and kinetic parameters are advantageous as a guide for the 109 

combustion application.  110 

2. Experimental and methods 111 

2.1 Materials 112 

BP has a cylindrical shape with 5-10 mm in diameter and 5-20 mm in length, 113 

produced by Corn Stover Pellet Mill (ZLSP200B). Bituminous coal (BC) is the most 114 

popular coal with large yield, which is obtained from Huainan Coalfield in Anhui, 115 

China. Lignite acquired from Xiao longtan power plant (XL) in Yunnan is the lowest-116 

grade coal with high contents of volatile matter and moisture. All samples are dried for 117 



5 hours at 100 °C, then ground to powders and sieved to ensure that the particle size is 118 

smaller than 0.18 mm. The properties of BC, XL and BP are decipated in Table 2. BP 119 

is separately added to different coal (BC and XL) at weight ratios of 0:100, 10:90, 30:70, 120 

50:50, 70:30, and 100:0. The contents of carbon and hydrogen are established by Liebig 121 

method (ISO 625:1996). The concentration of nitrogen is determined by Semi-micro 122 

Kjeldahl method (ISO 333:1996). The sulphur content is found by IR spectrometry 123 

(ISO 19579:2006). The remaining oxygen percentage is calculated by the difference. 124 

The proximate analysis is referred to GB/T 212-2008 standards. Element concentrations 125 

are analyzed by inductively coupled plasma-atomic emission spectrometry. 126 

Table 2 Property of BC, XL and BP 127 

Sample 

Proximate analysis, (wt.%, ad. basis) Ultimate analysis, (wt.%, daf. basis) 

HV 

(kJ/kg) 

Elemental analysis (g/kg) 

Moisture Ash Volatile 

matter 

Fixed 

carbon 

C H N S      O* Ca Fe K Na S 

BC 2.17 24.20 21.20 52.43 68.54 4.33 0.97 0.58 25.58 20.72 12.12 4.24 0.05 0.04 0.99 

XL 9.16 36.50 28.81 25.53 39.59 3.63 0.79 1.67 45.68 15.68 32.62 6.56 0.59 0.08 16.17 

BP 5.2 6.1 70.51 18.19 43.17 4.77 0.04 0.05 51.97 17.80 4.79 0.60 1.09 0.33 0.28 

Notes: ad-air dry; daf-dry and free; HV-heating value; O*=1-(C+H+N+S). 128 

2.2 Method 129 

Thermogravimetric experiments are performed by TG 209 cell (Netzsch). The 130 

blending samples (10 mg) are heated from 25 to 900 °C under air atmosphere (80 131 

ml/min) at heating rate of 20 °C/min. Both weight loss and temperature are obtained 132 

during the whole combustion. The combustion characteristic parameters are obtained 133 

from thermodynamic curves [3]. The value of differential thermogravimetric (DTG) is 134 

the slope for the TG corresponding to the point at the same temperature. This tangent 135 

intersects with dehydration smooth baseline and the temperature corresponding to the 136 



intersection is defined as ignition temperature (Ti). The peak temperature and 137 

combustion rate corresponding to the first combustion stage are T1 and DTG1, 138 

respectively. The second, third, and average burning stages follow this rule, such as T2, 139 

T3, DTG2, and DTG3. At the zero value of DTG, the corresponding temperature is 140 

referred to the burnout temperature (Tb). The comprehensive combustion characteristic 141 

index (S) reflects the performance of material ignition and burnout, which is determined 142 

in Eq.1. 143 S = 𝐷𝑇𝐺𝑚𝐷𝑇𝐺𝑎𝑇𝑖2𝑇𝑏    (1) 144 

where DTGm is the maximum mass lose rate and DTGa means the average mass loss 145 

rate, which is determined by total consumption of sample mass and reaction time. 146 

2.3 Kinetic theory 147 

        Combustion is a complex process, including gas phase and solid-gas reactions[17]. 148 

Kinetics parameters can be obtained based on Arrhenius equation (Eq. 2). 149 𝑑𝑎𝑑𝑡 = 𝐴𝑒−𝐸𝑅𝑇𝑓(𝑎)   (2) 150 

where a is the mass conversion ratio, t is time, A is pre-exponential factor, E is 151 

activation energy, R is gas constant, T is absolute temperature, and f (a) is decided by 152 

reaction mechanism. When heating rate (w=dT/dt) is constant, Eq.2 is transformed into 153 

Eq.3.  154 

g(𝑎) = ∫ 𝑑𝑎𝑓(𝑎)𝑎
0 = 𝐴𝑤 ∫ −𝑒𝑥𝑝𝑇

𝑇0
𝐸𝑅𝑇 𝑑𝑇 (3) 155 

where g(a) is the function of conversion ratio a, which is illustrated in Table 3. In 156 

general, the reaction mechanisms contain chemical reaction (O1, O2, and O3), phase 157 

boundary reaction (R1 and R2), and diffusion reaction (D1, D2, D3, and D4) [17]. 158 



Table 3 Reaction models and correspondent and g(a) functions  159 

Mechanism and model  g(α) 

Chemical reaction order controlled  

First order – O1 −ln (1 − α) 

Second order – O2  (1 − 𝛼)−1 

Third order – O3  (1 − α)−2 

Phase boundary controlled  

Contracting cylinder – R2  1 − (1 − 𝛼)1/2 

Contracting sphere – R3 1 − (1 − 𝛼)1/3 

Diffusion controlled  

1D diffusion – D1  𝛼2 

Valensi, 2D – D2  (1 − α) ln(1 − α) + α 

Jander, 3D – D3  [1 − (1 − 𝛼)1/3]2
 

Ginstling-Brounshtein, 3D – D4  1 − 2𝛼 3⁄ − (1 − 𝛼)2/3 

        160 

        Coats-Redfern method is extensively applied to calculate the kinetic parameters 161 

of coal and biomass during combustion [6]. Therefore, Eq.3 is integrated, giving: 162 ln [𝑔(𝑎)𝑇2 ] = ln [𝐴𝑅𝑤𝐸 (1 − 2𝑅𝑇𝐸 )] − 𝐸𝑅𝑇  (4) 163 

Because 2RT/E is much less than 1 in most combustion reactions, ln[AR/BE*(1-2RT/E)] 164 

is always constant in Eq.4 [9]. Therefore, ln[g(a)/T2] is plotted versus 1/T and a straight 165 

line with highest correlation coefficient (R2) is obtained when g(a) is suitable for the 166 

reaction. Then, the corresponding E, A values can be calculated. 167 

3. Results and discussion 168 

3.1 The properties of BC, XL and BP 169 

The properties of BC, XL, and BP samples are presented in Table 2. It is obvious 170 

that the BP has the highest level of volatile content, and the lowest level of ash content. 171 



In addition, the nitrogen (N) and sulfur (S) contents in BP are lower than BC and XL, 172 

indicating the characteristic of clean combustion. The properties of BP are similar to 173 

those of wood and straw pellets reported in previous studies [20]. In comparison with 174 

BC and XL, BP has a higher ratio of volatile to fixed carbon (approximately 4.0), 175 

indicating easier ignition. Moreover, the higher oxygen and hydrogen contents are 176 

helpful to raise the thermal reactivity. Therefore, the addition of BP in coal can promote 177 

the ignition temperature and improve the co-combustion. The fixed carbon 178 

concentration of BC is greater than that of XL, so there is a higher calorific value (20.72 179 

kJ/kg) in BC sample. It is also interesting to note that the heating value of BP is higher 180 

than that of XL (17.80 kJ/kg >15.68 kJ/kg), which can be explained by the lower carbon 181 

content in XL.  Previous research has also indicated that lignite form Xiao longtan is 182 

kind of coal with lower calorific value [21]. Moreover, the high heating value of BP 183 

(17.80 kJ/kg) suggests that it is presumably a better fuel choice. 184 

In addition, it is found that BP contains more alkali metals as compared to coal, 185 

which may aggravate slagging problem [22]. High level of alkali metals in XL also 186 

indicates that it is a kind of low-grade coal and has some characteristics similar to 187 

biomass. Meanwhile, high level of calcium and sulfur are found in XL, explaining the 188 

necessity of pollutants control in the process of lignite combustion. In general, the 189 

emission of sulfur dioxides can be reduced by adding limestone to coal combustion, as 190 

shown in Eq.5 [23]. 191 𝐶𝑎𝐶𝑂3 = 𝐶𝑎𝑂 + 𝐶𝑂2;     𝐶𝑎𝑂 + 𝑆𝑂2 + 0.5𝑂2 = 𝐶𝑎𝑆𝑂4      (5) 192 

3.2 Thermogravimetric analysis of BC, XL and BP 193 



As shown in Fig. 1, there is an obvious difference among thermal behaviors of BC, 194 

XL, and BP, while the same moisture dehydration range can be observed at 195 

approximately 80-180 °C. The order of weight loss between 80 and 180 °C is: 196 

XL>BP>BC, which is consistent with the moisture contents of raw materials in Table 197 

2.  198 

        For BC, the combustion process is mainly observed between 400 and 700 °C with 199 

a maximum weight loss rate 9.0 %/min at about 575 °C, which is caused by the 200 

simultaneous combustion of volatile matter and char. It is worth noting that there is a 201 

weak second oxidation region from 700 to 800 °C, may representing the decomposition 202 

of carbonates, such as calcite and dolomite. The main component of the calcite and 203 

dolomite is calcium carbonate, which can be explained by calcium (Ca) in Table 2. In 204 

addition, previous reports have demonstrated that calcium carbonate undergoes thermal 205 

decomposition above 650 °C and the decomposition ends about 800 °C [24, 25], which 206 

is consistent with the decomposition temperature in this experiment. Because the 207 

calcium content is less in BC, the corresponding oxidation peak is not very obvious. 208 

The same conclusion has been confirmed by Hiçyılmaz’s TG research on bituminous 209 

coal [26]. 210 

        As for XL, it is decomposed over a broad temperature range without obvious peak, 211 

which means the oxidation occurs at a relatively low rate during almost the whole 212 

temperature range. XL is a kind of inferior coal, including significant C=O and C-H 213 

bonds with low energies, which are easier to decompose than C=C bond in BC [6, 27]. 214 

From the above reason, it is found that the ignition temperature and maximum 215 



combustion rate increase with increasing coal quality from XL to BC. This is consistent 216 

with previous conclusions [26, 28]. Similarly, second peak at 750 °C attributed to 217 

carbonates is found from the thermodynamic curves. XL contains more calcium (32.62 218 

g/kg) than BC (12.12 g/kg) in Table 2. Thus the mass loss of XL during the second 219 

oxidation region is greater than that of BC in Fig.1 (7.5% > 2.08%). 220 

Different from BC and XL, the combustion of BP is clearly divided into two stages: 221 

the release and burn of volatile matter (250-400 °C), and the combustion of fixed carbon 222 

(400-550°C). As a kind of biomass, cellulose and hemicellulose are major chemical 223 

constituents, and their decomposition temperature ranges are from 220 to 315 °C and 224 

from 315 to 400 °C, respectively [29]. Therefore, the first combustion stage of BP is 225 

mainly attributed to the decomposition and combustion of hemicellulose and cellulose, 226 

and the mass loss accounts for about 62.59%. Lignin has high stability and decomposes 227 

over a broad temperature (160-627 °C) [30]. Therefore, fixed carbon and some lignin 228 

decompose at the second stage. It is clear that BP decomposes much faster than coal at 229 

the same temperature. Previous conclusions [31, 32] have indicated that the polymers 230 

of cellulose, hemicelluloses and lignin are linked by relatively weak bonds (380–420 231 

kJ/mole energy), which are easy to be broken down. 232 
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               Fig. 1.  DTG and TG curves for BC, XL and BP  234 

3.3 Co-combustion of BC, XL and BP 235 

Fig. 2 presents DTG curves of different blends arranged in order according to the 236 

mass proportion of BP. Dehydration and decomposition of carbonates are not discussed 237 

in this paper. 238 

For blends of BC and BP, they display three step mass losses (stages 1, 2 and 3). 239 

Stages 1 and 2 are mainly belonged to the release and combustion of volatile matter, 240 

and the char oxidation of BP, respectively. Stage 3 is mostly attributed to the 241 

combustion of BC. With the increasing BP proportion, the peak combustion rate 242 

increases continuously at stages 1 and 2, and decreases gradually at stage 3, due to the 243 

elevated volatile matter, BP-char and reduced BC-char, respectively. Moreover, the 244 

second peak of BP (stage 2) and the peak of the coal (stage 3) overlap together as the 245 

mass ratio of BP is less than 50%. The same overlap between coal and biomass has 246 

been found in previous research [17]. In addition, remaining mass of residual sample is 247 

also decreasing, suggesting the combustion of BC is promoted due to the addition of 248 



BP. For blends of XL and BP, only two obvious burning stages are observed in DTG 249 

profiles. The curve of stage 1 is mainly due to the release and combustion of volatile 250 

matter in BP and XL, while stage 2 is the combustion of BP-char and XL. Similarly, 251 

peak burning rate of the first evolution profile increases with increasing BP ratio. 252 

However, DTG profile in stage 2 displays an irregular variation with the addition of BP. 253 

It is assumed that there is no interaction between BP and XL. Because the burning rate 254 

of BP is far greater than that of XL, the DTG profile in stage 2 should show a regular 255 

variation, which depends on the BP ratio in the blends. However, experimental results 256 

are the opposite, suggesting that there is an interaction between BP and XL, which is 257 

discussed further in the next section. 258 
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      Fig. 2. DTG curves for the co-combustion of (a) BC and BP and (b) XL and BP 261 

The combustion characteristic parameters are presented in Table 4. In order to 262 

investigate the influence of BP addition on coal (BC and XL) combustion, Fig. 3 is 263 

established. For all blends, it is found that Ti and Tb decrease with increasing BP 264 



proportion, indicating combustion process is shifting forward by adding BP. In addition, 265 

DTGa and S increase with increasing BP ratio in blends due to the higher volatile matter 266 

than coal. Thus it is expected that the blending of BP with BC or XL would promote 267 

the combustion property. Similar thermal characteristics due to the presence of biomass 268 

are also reported by previous studies [8, 33, 34]. 269 

The maximum burning rates corresponding to different combustion stages are 270 

DTG1, DTG2, and DTG3, respectively. Fig. 3 (c) presents that DTG1 for all blends 271 

almost increases linearly with increasing BP proportion. A greater number of volatiles 272 

are formed and ignited due to the presence of BP in the blends. This result suggests that 273 

the higher BP ratio, the faster mass loss rate, in other words, the higher blends reactivity 274 

in stage 1. It is confirmed that the maximum burning rate is positively related to thermal 275 

reactivity [35, 36]. Nevertheless, DTG3-BC for the BC/BP blends is generally reduced 276 

with elevated BP ratio, which may result in negative effect on thermal reactivity. 277 

Accordingly, a desirable percentage of BP should be selected for co-combustion of BC 278 

and BP. Unlike BC/BP, DTG2-XL for XL/BP has a significant rise due to the added BP, 279 

and then the overall variation tends to be stable. This phenomenon seems to show that 280 

the more BP, the more conducive to the combustion of XL/BP. However, XL contains 281 

more ash and more alkaline metals than BC, and it is more likely to be slagging during 282 

combustion with biomass. Thus, it is still important to choose the appropriate BP 283 

proportion during the co-combustion of XL and BP. 284 

Table 4 Characteristic parameters for all samples 285 

Samples Ti Tb Stage 1 Stage 2 Stage 3 DTGa S 



(°C

) 

(°C

) 

T1 

(°C

) 

DTG1 

(%/min

) 

T2 

(°C

) 

DTG2 

(%/min

) 

T3 

(°C

) 

DTG3 

(%/min

) 

(%/min

) 

(10-

7) 

BC:B

P 

100:

0 

490 800 / / / / 577 8.96 1.68 
0.7

8 

90:1

0 

470 775 355 2.43 / / 565 9.97 1.70 
0.9

9 

70:3

0 

440 748 353 6.08 / / 565 8.10 1.84 
1.3

2 

50:5

0 

319 743 352 9.78 497 5.84 558 5.80 1.86 
2.5

6 

30:7

0 

315 710 352 12.53 474 6.18 555 3.95 1.95 
3.4

7 

0:10

0 

318 550 350 19.28 466 7.22 / / 2.14 
7.4

2 

XL:B

P 

100:

0 

345 900 / / 455 2.21 / / 1.61 
0.3

3 

90:1

0 

335 775 356 5.13 441 6.24 / / 1.68 
1.2

3 

70:3

0 

320 750 352 8.05 430 6.07 / / 1.72 
1.7

6 

50:5

0 

320 745 352 11.83 448 5.75 / / 1.79 
2.7

8 

30:7

0 

318 730 351 14.4 471 6.10 / / 1.94 
3.7

8 

0:10

0 

318 550 350 19.28 466 7.22 / / 2.14 
7.4

2 
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Fig. 3. Relationship between combustion characteristic parameters and BP percentage: (a) Ti , Tb; 290 

(b) DTGa, S; (c) DTG1, DTG2, DTG3 291 

3.4. Interaction between BC, XL and BP 292 

In order to investigate interaction between coal and biomass, theoretical 293 

thermodynamic behavior of the blends are obtained using the following formula [37]. 294 

TG= Xc* TG c + Xb * TG b                                             （6） 295 

where TGc and TGb represent the weight loss of coal and biomass, respectively. Xc and 296 

Xb are the percentages of coal and biomass, respectively. The theoretical TG curves at 297 

different percentages of BP (10%, 30%, 50% and 70%) are calculated. All the 298 

experimental and calculated TG curves are presented in Fig. 4. Moreover, deviations 299 

(subtract calculated TG from experimental TG) representing possible interaction 300 

between coal and biomass are also depicted.  301 

        The results show that TG curves for BC/BP blends are very similar, especially 302 

when the temperature is below 500 ºC. Some clear differences are visible above this 303 

temperature and disappear gradually as temperature is above 700 ºC. Although similar 304 

differences have been found in previous research by Zhou et al. [36], it was considered 305 

that this is an experimental deviation and there was no interaction. However, repeatable 306 

test in our experiment shows that this kind of difference always exists. Moreover, the 307 

maximum deviation is large enough (-7.69% for blends with 30% BP). Yao et al. found 308 

the interaction in co-fuels by the largest TG deviation 7.41% at 323 ºC [38]. Based on 309 

the above analyses, there should be an interaction between BC and BP. But this 310 

synergistic effect is relatively weak and mainly concentrated in stage 3 (500-700 ºC) 311 



due to BC combustion. The specific mechanisms involved in different coal with 312 

biomass require further investigation. In addition, it is found that synergistic interaction 313 

is not proportional to BP ratio, which is consistent with previous research [13]. Li et al. 314 

found that interaction between distillation residue and lignite was decreased as the 315 

distillation residue ratio is higher than 60%, due to the poor contact [13]. In our paper, 316 

the order of deviation of BC/BP with different BP proportion is: 30%>10%>50%>70%. 317 

Unlike BC/BP blends, there are very obvious deviations in XL/BP when 318 

temperature is above 300 ºC, and the difference reaches the maximum value -29.86% 319 

at 500 ºC. This temperature range (300-500 ºC) is the main combustion zone of XL/BP 320 

displayed in Fig. 2(b). Compared with BC/BP (500-700 ºC, -7.69%), the interaction of 321 

XL and BP begins early and is more obvious. This is mainly due to the distinct 322 

combustion characteristics (Table 4), caused by the different chemical compositions 323 

and energy bonds of BP and XL. Moreover, it is found that different deviation curves 324 

for all blends have almost the same trends as temperature continues to increase, which 325 

means deviations decrease gradually with the gradual burnout. In addition, the least BP 326 

ratio in XL/BP blends seems to have the greatest deviation, and the order of deviation 327 

with different BP ratio is: 10%>30%>50%>70%.  328 

        The synergistic mechanism between coal and biomass during co-combustion is not 329 

very clear. In comparison with calculated results, experimental curves basically shift to 330 

low temperature at the same TG. The deviation values are negative except for partial 331 

temperature range in BC/BP blends. The reason for negative deviation could be due to 332 

the fact that addition of biomass could release more heat, promoting endothermic 333 



reactions, which is favorable for coal burning. Previous researchers report that char 334 

generated in the process of biomass decomposition plays a catalytic role for coal 335 

degradation, which promotes coal burn completely in advance [32, 39]. In addition, 336 

some other reports indicate that the interaction between coal and biomass is mainly 337 

controlled by thermal effect [40, 41]. The released heat due to biomass combustion is 338 

quickly transferred to coal, enhancing the reaction rate of coal. Some slight positive 339 

values in BC/BP (50% and 70% BP) may be caused by experimental errors and ash 340 

slagging. Although repeated tests have been carried out, some small deviations (<5%) 341 

cannot be completely eliminated. It was reported that coal/biomass co-firing could 342 

result in significant changes in ash properties as biomass ratio is greater than 50%. 343 

Alkaline/alkaline-earth metals (in biomass) can react with minerals (in coal), which 344 

resulted in slagging and agglomeration, decreasing the combustion reactivity [42, 43]. 345 
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Fig. 4. Experimental, calculated TG curves and their deviations:  (a) BC/ BP; (b) deviation of 348 

BP/BC; (c) XL/ BP; (d) deviation of XL/BP 349 

3.5. Kinetics 350 

According to the DTG analysis in Section 3.3, coal (BC, XL) burning is mainly 351 

concentrated in one stage, whereas the combustion of biomass (BP) or coal/biomass 352 

blends can be divided into 2 or 3 stages.  Therefore, each stage should be analyzed 353 

separately, using the most suitable g(a) with highest correlation coefficient. Figs.S1 and 354 

S2 are the plots of ln[g(a)/T2] against 1/T with all reaction models. Table 5 displays the 355 

kinetic parameters with highest correlation coefficient for all samples. 356 

For BC, BP, and BC/BP blends, the chemical first order reaction (O1) correlates 357 

best (R2: 0.9439-0.9941) in stages 1 and 3, suggesting the rate-controlling step is the 358 

chemical reaction. Diffusion mechanism (D1) is the most effective for stage 2 during 359 

combustion (BP ratio: 50%, 70%, and 100%). These are consistent with the research of 360 

Gil et al [17]., who found that O1 model was the most effective mechanism for the first 361 

step of biomass oxidation and coal combustion, and D3 was responsible for the second 362 

step of biomass combustion. Moreover, the E values (40.92-118.49 kJ/mol) of BC/BP 363 

combustion are lower or higher than some previous reported from coal/biomass (141.0-364 

195.5 kJ/mol, 9.1-47.7 kJ/mol) [6, 16]. This may be caused by different sample 365 

properties, calculation models and heating rates [17]. In addition, with elevated biomass 366 

ratio, the activation energy of blends in first stage is decreasing first and then increasing. 367 

Unlike values in stage 1, E presents a downward trend in stage 3, which is similar with 368 

Zhou et al.’s research [36]. This indicates that there is an optimal biomass ratio based 369 



on the principle of minimum activation energy. When BP content is 30%, the activation 370 

energy is smallest, which is at the same biomass proportion when the deviation is 371 

highest from the aforementioned thermogravimetric analysis. 372 

Different from BC/BP blends, D3 mechanism for the first stage and D4 for the 373 

second stage have their highest correlation coefficients, respectively (D3:0.9615-374 

0.9883, D4: 0.9830-0.9975). This indicates that the combustion reaction is controlled 375 

by diffusion of the oxidizer into the reacting particle. In addition, it is worth nothing 376 

that adding biomass can increase activation energy of stage 1, whereas reduce the E 377 

value in stage 2. This is also consistent with Zhou et al.’s research [36], but not 378 

consistent with the trends of combustion properties of blends. Toptas et al. thought that 379 

calculated activation energies are not always consistent with the trends of combustion 380 

properties of biomasses, depending on biomass type [16]. Additive proportion of 10% 381 

BP is recommended for the combustion of BP and BC, due to the minimum activation 382 

energy. This conclusion is also consistent with the aforementioned thermogravimetric 383 

analysis.  384 

Although an appropriate biomass proportion can be determined based on the 385 

minimum activation energy principle, the combustion process involves many aspects, 386 

such as gaseous pollutants, heavy metals, ash slagging, etc. In order to choose the 387 

optimal proportion of biomass combustion, these studies still need to be completed in 388 

future. 389 

                                  Table 5 Kinetic parameters of all samples       390 

Sample 

 

Stage 1 

 

Stage 2 Stage 3 



E Model R2 E Model R2 E Model 
 

R2 

 

100BC       87.95 O1 

 

0.9909 

 

90BC:10BP 118.49 O1 0.9552    61.21 O1 
0.9797 

 

70BC:30BP 76.36 O1 0.9941    44.38 O1 
0.9439 

 

50BC:50BP 99.87 O1 0.9911 37.17 D1 0.9823 40.92 O1 
0.9755 

 

30BC:70BP 87.31 O1 0.9718 32.61 D1 0.9839 43.98 O1 
0.9926 

 

100BP 81.62 O1 0.9853 37.45 D1 0.9926  
  

100XL    51.90 D4 0.9927  
  

90XL:10BP 47.07 D3 0.9766 48.67 D4 0.9830  
  

70XL:30BP 81.81 D3 0.9883 46.45 D4 0.9876  
  

50XL:50BP 95.46 D3 0.9673 43.34 D4 0.9975  
  

30XL:70BP 95.32 D3 0.9615 41.80 D4 0.9930  
  

 391 

4. Conclusions 392 

Co-combustion of BP and the two kinds of coal (BC and XL) is investigated using 393 

a thermogravimetric analyzer. The combustion process of BP and BC is divided into 394 

three stages, including the release and combustion of volatile matter, oxidation of BP 395 

char, and the combustion of BC char. However, there are only two stages for XL/BP 396 

blends, which are the combustion of volatile matter in BP and XL, and the char burning 397 

of BP and XL. With increasing BP ratio, the maximum combustion rate and combustion 398 

index increase, while the burnout temperature decreases, indicating the combustion 399 

performance of coal can be improved.  400 

Due to different properties of coal, interactions between BP and XL are more 401 

obvious than that of BP and BC. The maximum deviations are 30% BP for BC/BP and 402 



10% BP for XL/BP, respectively. Kinetic analysis indicates that the O1 model is the 403 

reaction mechanism of biomass burn in first stage and coal combustion in BC/BP blends. 404 

D3 and D4 mechanisms are suitable for the second stage of biomass burn and XL 405 

combustion, respectively. Moreover, the minimum activation energies of biomass 406 

blending ratio are 30% for BC/BP and 10% for XL/BP. 407 
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