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1. Introduction

There has been a great interest in the use of lignocellulosic biomass 
for the power generation. The utilization of lignocellulosic biomass 
in the power plant does not produce the net CO2 emission since 
the same amount of CO2 was extracted from the atmosphere during 
the plant growth. Generally, lignocellulosic biomass can be catego-
rized into three main groups, namely agricultural wastes, energy 
crops, and forestry residues from forest logging sites [1, 2]. 
Currently, lignocellulosic biomass is generated significantly as 
a by-product on a global scale, with a projected production rate 
of 680 million tons annually by 2030 in the United States alone 
[3]. Various types of lignocellulosic biomass have used for power 
generation. Woody lignocellulosic biomass largely utilized in the 
coal-fired power plant includes wood pellet (WP) and chips, saw 
dust, tree trimmings and municipal tree, while agricultural wastes 
such as straw, nut shell, switch glass and rice husk have been 
also used for power generation. It is considered sensible to utilize 
lignocellulosic biomass for co-firing in the coal-fired power plant. 
Although the co-firing lignocellulosic biomass with pulverized 
coal in a boiler is the simple and convenient way for the utilization 

of lignocellulosic biomass, there have been many technical issues. 
The major technical areas of concern are associated with the higher 
fuel volume and moisture content, lower ash melting point com-
pared to coal, slagging and fouling tendency, chlorine level, and 
degradation of selective catalytic reduction (SCR) catalysts, etc. 
[4, 5].

WP has been widely used in pulverized coal-fired boilers in 
Korea, and 4% of lignocellulosic biomass is usually mixed with 
96% of pulverized coal on the basis of thermal input. WP is the 
most popular lignocellulosic biomass in Korea and the amount 
used in a 500 MW coal-fired boiler reaches around 34,000 ton/y. 
The equivalent power generation by WP equals to 63,000 MWh/y 
and its effect on the reduction of CO2 is estimated to be 50,000 
CO2 ton/y. Although WP is the most popular lignocellulosic biomass 
in Korea, majority of WP has been imported from other countries 
at relatively expensive price. The production of domestic WP was 
reported to be around 820,000 ton/y in 2015. Wood chip (WC) 
is also the main lignocellulosic biomass used in Korea. About 
373,000 ton/y has been produced domestically and half of them 
has been used in the 30 MW WC fluidized bed power plant. Since 
the lignocellulosic biomass like WP and WC is very limited resource 
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in Korea, there have been some trials to diversify the resource 
of lignocellulosic biomass, and these include coffee residue, im-
ported empty fruit bunch, domestic saw dust, cashew shell cake 
(CSC), and solidified sludge, etc. Among these lignocellulosic bio-
mass, the present study is focusing on CSC. 

Cashew shell (CS) is known to be by-product of cashew industry. 
Cashew nut is covered by a shell of about 2-3 mm thickness. 
Cashew nut shell liquid (CNSL) is extracted from the CS, and 
the residue after the extraction of CLSL from CS is CSC [6, 7]. 
There have been several studies on the kinetics of CS with thermog-
ravimetric analysis (TGA) and reported that the CS is different 
with ordinary woody lignocellulosic biomass of enriched hydro-
carbons [8-10]. Concerning CSC thermal decomposition, only 
one study has been found in the literature [9], which is compar-
ing the thermal decomposition kinetics of CS and CSC. The 
study claimed that CS is a different bio-material than CSC. 
In the literature, the study on the pyrolysis of CSC-coal blends 
has not been found elsewhere, so the present study is focusing 
on the TGA pyrolysis behavior of CSC-coal blend. In the present 
study, the products distribution and rate of biomass pyrolysis 
has not been investigated, and only the overall weight loss 
has been used to describe the pyrolysis behavior of the present 
samples. Generally, the composition of pyrolytic volatiles of ligno-
cellulosic biomass has been described by means of a relevant 
number of species: H2O, tar, CO2, CO, H2, CH4 and other light 
hydrocarbons [11].

In the present study, the temperature programmed, non-iso-
thermal thermogravimetric analysis was adopted to study the py-
rolysis behavior of the CSC-coal blend as well as the interaction 
between CSC and coal in the blend. CSC was blended with bitumi-
nous coal at the ratios of 20:80, 40:60, 60:40, 80:20 for CSC and 
coal on the basis of weight percentage. The overall pyrolysis charac-
teristics for CSC-coal blends are evaluated in terms of the maximum 
rate of weight loss, characteristic temperatures, char yields and 
the calculated thermogravimetric (TG) & differential thermogravi-
materic (DTG) curves. The kinetic data for the blends were obtained 
with the multi-stage Coats and Redfern method and used to check 
the interaction between CSC and coal in the blends.

2. Experimental

2.1. Materials

Austrailian bituminous coal (Glencore coal) was sampled from 
a 500 MW power plant, and the sampled coal was ground and 
sieved to fine particles of less than 75 μm (200 mesh). The sieved 
coal was used to make the binary CSC-coal blends for TGA tests. 
The lignocellulosic biomass types used in the present study was 
CSC after oil extraction, and Fig. 1 shows CSC sample before 
the grinding. The sample was ground and prepared with their 
sizes to be less than 75 μm. The blends tested were prepared 
with four different CSC-coal blending ratios of 20:80, 40:60, 60:40, 
80:20 on the basis of weight percentage. Ultimate and proximate 
analysis, lignocellulose components for coal and CSC were ob-
tained by standard procedures and their values are presented in 
Table 1.

Fig. 1. Photo of CSC used in the study.

Table 1. Properties of Biomass and Coal

Material CSC Coal 

Proximate analysis (wt.%) 　 　
  moisture 6.64 9.81 

  ash 3.08 8.53 

  volatile 71.7 34.52 

  fixed carbon 18.58 47.13 

Ultimate analysis (wt.%) 　 　
  C 54.82 78.58 

  H 7.17 5.25 

  O 36.86 13.74 

  N 1.14 2.01 

  S 0.01 0.42 

Heating value (kcal/kg) 4263 6761 

Lignocellulosic composition (wt.%) 　 　
  acetone solution 8.40 

  hot-water extract 25.61 

  ligin 25.11 

  Holocellulose (hemicellulose+cellulose) 38.51

2.2. Thermogravimetric Experiment

The pyrolysis characteristics of CSC-coal blends were studied by 
using TGA (Setsys Evolution, Setaram) in the temperature pro-
grammed heating mode. Each sample was heated at 10℃/min 
from room temperature to 1,000℃. To minimize the experimental 
error, the diffusion effect on the sample was checked with several 
sample weight and reaction flow rates in all TGA runs. 
Approximately 10 mg of sample and flow of 100 mL/min for N2 
were used. Those sample weight and gas flow were obtained from 
the preliminary tests to ensure the chemically controlled condition 
with the several sample weights and gas flows. 
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2.3. Kinetic Analysis

The Coats and Redfern integral method is widely used in analyzing 
the non-isothermal kinetic parameters for the pyrolysis of solid 
fuel, and adopted in the present study. The Coats and Redfern 
equation is given as:








  


 





(1)

where x is the conversion fraction of tested sample, t is the time 
in minutes. The plot of ln[-ln(1-x)/T2] versus 1/T gives a straight 
line, so the activation energy (E) and frequency factor (A) can 
be determined from the slope (-E/R) and intercept of the regression 
line, respectively.  

To describe the thermal behavior of CSC-coal blends, the present 
study adopted this reaction scheme, namely, the consecutive, mul-
ti-stage, Coats and Redfern equation, and the kinetic parameters 
for each stage were obtained for the present samples. The ex-
perimental conversion curves of the pyrolysis for the samples 
were again fitted with the obtained kinetic parameters to ensure 
the validity of the present kinetic analysis. The fitted conversion 
data are given as follows:
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The experimental conversion data were compared with the fitted 
conversion data of Eq. (2), and the comparisons are given in terms 
of the standard deviation (R2) between the experimental and fitted 
conversion data.

3. Results and Discussion

3.1. Single Fuels

The TG and DTG curves of coal and CSC are shown in Fig. 2(a) 
and (b), respectively. The de-watering stage commonly occurs be-
low 150°C for two samples. After the moisture evolution, the initial 
pyrolysis starts at 354°C for coal, 206°C for CSC, and the pyrolysis 
continues until 1,000°C. The DTG curve of CSC in Fig. 2(b) shows 
a rapid weight loss due to the thermal decomposition of hemi-

celluloses and cellulose, and then the subsequent weight losses 
attribute to lignin decomposition. It has been reported that the 
thermal decomposition for CSC starts around 200°C with hemi-
celluloses in the parent lignocellulosic biomass and reaches the 
peak around 238°C, and subsequently cellulose components are 
decomposed twice at 298°C and 418°C. The decomposition of lignin 
component in CSC occurs around 100-800°C and peaks around 
418°C [6]. 

The TG and DTG curves of CSC show the relatively earlier 
and slower weight loss, and two distinct peaks of 3.8 and 1.7 
wt.%/min occur around 299°C and 421°C, respectively. The second 
peak in the DTG curve of CSC is very clear and it is similar to 
that of coal, so it seems to be due to the coal-like volatiles such 
as higher hydrocarbon. The earlier and quicker pyrolysis of CSC, 
compared to coal, has been explained with the weaker bond energy 
of their molecular structure. A value of 380-420 kJmol-1 for the 
bond energy of hemi-cellulose, cellulose and lignin is much lower 
than 1,000 kJmol-1 of C-C aromatic bond of polycyclic aromatic 
hydrocarbons exhibited in coal [12].

In the present TG and DTG curves of themogravimetric analysis, 
the following characteristic temperatures have been used to charac-
terize the pyrolysis behavior. Initial pyrolysis temperature (IT) 
is the temperature at which the rate of weight loss exceeded 0.3 
wt.%/min after the moisture evolution, and burnout temperature 
(BT) is the temperature at which the rate of weight loss decreased 
to 0.3 wt.%/min. Peak temperature (PT) is the temperature at which 
the rate of weight loss was maximum. At PT, the peak height 
in DTG curve represents the maximum rates of weight loss, 
[d(W/W0)/dt]max, and it was designated as R (wt.%/min). In Fig. 2(b), 
two peak heights of CSC are designated as R1 and R2 (wt.%/min) 
corresponding to PT1 and PT2, respectively. Table 2 presents the 
values for IT, PT, BT, R and the char yields for the present CSC-coal 
blends. The higher R and lower IT of CSC show that the lignocellulo-
sic biomass pyrolysis is quicker and has more volatiles than coal 
pyrolysis, and the pyrolysis finish at the temperatures of 553°C 
for CSC and 698°C for coal.

Wu et al. [13] reported that, among lignocellulosic components, 
cellulose has exhibited the positive effects on the pylolysis behavior 
of its blends with bituminous coal, while hemicelluloses and lignin 
exhibited the negative effects. The positive or negative effects 
with the addition of lingocellulose components in the blends were 

Fig. 2. TG sand DTG curves for coal and CSC.
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explained with the increases diffusion of volatiles on the cellulose 
and coal, blocking effect on the volatile evolution of the blends, 
and the swelling of lignin component with some melting and 
blocking of the pore. They mentioned that three main components 
may compete against each other during the pyrolysis, so the syner-
gistic effects in the blends may depends on the competition effects 
of three model components. Since the positive and negative effects 
varied with the blending ratio and temperature range, further stud-
ies for the lignocellulose components in the present CSC are 
necessary.      

3.2. Lignocellulosic Biomass-coal Blends

The TG & DTG curves of CSC-coal blends, together with those 
of the parent coal and CSC, are given in Fig. 3(a) to (b), respectively. 
To investigate the effects of blending ratio on the pyrolysis behavior 
of the blend, it is convenient to compare the experimental TG 
and DTG curves of the blends with the calculated ones. The calcu-
lated TG and DTG curves were obtained by the weighted sum 
of TG and DTG curves for each component, and the calculated 
weight loss of the blends, Wcal, is expressed as follows:


 

 (3)

where xb and xc are the mass fractions of CSC and coal in the 
blends, and Wb, and Wc are the weight losses of CSC and coal 
in the individual TGA test, respectively. 

Similarly, the calculated rate of weight loss, (dW/dt)cal, is the 
weighted summation of the individual rate of weight loss, (dW/dt)b 
and (dW/dt)c for CSC and coal, respectively, and it is expressed 
as follows: 
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In Fig. 3(a) and (b), the experimental TG and DTG curves (marked 
with symbols) for CSC-coal blends are compared with the calculated 
ones (marked with lines). It is clearly seen that all the calculated 
lines are almost overlapped with the experimental data. After the 
de-watering stages occurred under 150°C, the first peaks represent 
the CSC pyrolysis, and the second ones are the summation of 
the rates of weight loss for both CSC and coal. The shapes of 

the first peaks in the DTG curves are proportional to the blending 
ratio, that is, the first peak decreases with increase of the CSC 
fraction in the blend. The second peaks show almost the same 
heights for all CSC-coal blends. 

The respective deviations between the experimental and calcu-
lated TG and DTG data, RMSTG and RMSDTG, have been used 
to evaluate the extent of interaction in the blend [13]. The smaller 
value represents the smaller interaction between two components 
in the blend, and they are calculated as follows:
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where Wexp and Wcal (See Eq. (3)) are the experimental and calculated 
weights of the blends, respectively, and  refers to the number 

of weight data. The term 

 


 is the experimental rate of 

the weight loss, and 

 


 is the calculated one given by Eq. 

(4). The term 

 


 is the experimental maximum value in 

the DTG curve. 
The RMSTG values for CSC-coal blends are all less than 2.3%, 

which are quite small values when comparing them to 17.4% 
by Lu et al. [14] and 11.09% by Meng et al. [12]. The values 
of RMSDTG for CSC-coal blends are ranged from 1.9% to 4.4%, 
which are reasonable values compared to 6% given by the in-
dependent parallel reaction scheme of Anca-Couce et al. [15]. 
The present values are quite reasonable to be accepted as no-inter-
action between two components in the blends.

As seen in Fig. 3(b), DTG curves of CSC-coal blends represent 
two distinct peaks. The first peaks stem from CSC, and the second 
peaks are resulted from the superposition of CSC peak and coal 
peak in the blend. If there is no-interaction between lignocellulosic 
biomass and coal in the blend, the PT would not be varied with 
the blending ratio, while the peak heights (R) would be proportional 

Fig. 3. The experimental and calculated TG and DTG curves for the blends.
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to the blending ratio. Fig. 4(a) and (b) show the variations of 
characteristic temperatures and peak heights depending on the 
blending ratio, respectively. The first PTs (PT1) are remained within 
± 1.0°C at 298°C for CSC-coal blends. The corresponding peak 
heights (R1) are varied linearly with the blending ratio. The second 
peak heights (R2) are nearly constant for all blending ratios, and 
the second PTs (PT2) are remained in the temperature of 420-437°C. 
As given in Table 2 and Fig. 4(a), the IT of the blends decreases 
gradually with the increase of CSC percentage in the blends. The 
present CSC has relatively lower BT of 553°C (compared to the 
temperature of 698°C for the present coal), so the increase of CSC 
percentage in the blends leads to decrease of the BT. 

The char yields in the pyrolysis of CSC-coal blends have been 
used to evaluate the interaction in the blend. If there is no interaction 
between CSC and coal in the blend, the char yields of the blend 
would be an arithmetic average of the individual char yield in additive 
manner [8, 10, 13]. The present char yields of coal, CSC and their 
blends against the blending ratio are plotted in Fig. 5, and the linearity 
indicates no-interaction between two components in the blend.

The experimental TG and DTG curves are quite well coincided 
with the calculated ones. The calculated shapes, peak temperatures 
and heights, and char yields of the blends well describe the ex-
perimental ones, which mean the additive rule is quite acceptable 
for describing the pyrolysis of the present CSC-coal blends. Overall, 
the present thermogravimetric curves show that there is no sig-
nificant interaction between CSC and coal in the blends, and it 
might be due the fact that the main reaction zones are distinctively 
different for two constituents. The additive rule is acceptable for 
describing pyrolysis behavior of the present blends.  

Fig. 5. Char yield against the blending ratio.

3.3. Kinetic Parameters

Table 3 shows the activation energies (E) and frequency factors 
(A) for the present CSC-coal blend pyrolysis, obtained with the 
multi-stage, Coats and Redfern method. Fig. 6(a) and (c) represent 
the experimental conversion (x) of the coal and CSC, respectively. 
In the figures, the lines are the fitted conversion data (See Eq. 
(2)), calculated with A and E values obtained by the Arrhenius 
plots in Fig. 6(b) and (d), respectively. The values of squares of 
residual sum, R2, in linear regression for obtaining the kinetic 
parameters are also given in Table 3, and they are not less than 
0.94 for the main stages, indicating that the present pyrolysis 
behaviors are well described with two or three stages, first order 
pyrolysis scheme. 

Table 2. Characteristic Parameters for the Present Biomas-coal Blends

Pyrolysis IT (°C) PT1 (°C) R1 (wt.%/min) PT2 (°C) R2 (wt.%/min) BT (°C) char yield  (wt.%)

Coal 100 354 445 1.66 　 　 698 60.8 

wt.% 
of CSC

20 214 298 1.02 437 1.72 633 53.9 

40 187 298 1.68 420 1.74 626 47.8 

60 176 298 2.60 420 1.73 601 40.6 

80 172 298 3.23 420 1.72 561 34.2 

100 159 299 3.82 421 1.68 553 29.0 

 

Fig. 4. Characteristic temperatures and peak heights against the blending ratio.
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Table 3. Kinetic Parameters for the Pyrolysis of CSC-coal Blends

CSC wt.% Temp. (°C) E(kJ/mol) A(min-1) x R2

1st stage 　 　 　 　 　
  100 152-334 50.862 3,394 0.0-0.51 0.9950 

   80 152-334 48.923 1,941 0.0-0.47 0.9923 

   60 152-334 45.539 750 0.0-0.41 0.9934 

   40 152-334 41.4 205 0.0-0.31 0.9960 

   20 152-334 37.364 50 0.0-0.21 0.9995 

(coal) 0 152-385 17.5 0.13 0.0-0.12 0.9900 

2nd stage 　 　 　 　 　
  100 335-472 13.138 0.42 0.51-0.84 0.9737 

   80 335-473 14.27 0.50 0.48-0.87 0.9854 

   60 335-472 15.99 0.64 0.42-0.84 0.9803 

   40 335-473 20.209 1.30 0.32-0.79 0.9765 

   20 335-472 27.521 4.56 0.22-0.73 0.9734 

(coal) 0 386-505 64.112 2637 0.13-0.58 0.9933 

3rd stage 　 　 　 　 　
  100 473-1,000 0.3 0.0012 0.85-1.0

   80 474-1,000 0.341 0.0013 0.88-1.0

   60 473-1,000 2.845 0.0149 0.85-1.0

   40 474-1,000 5.939 0.0425 0.80-1.0 0.9543 

   20 473-1,000 8.773 0.0827 0.74-1.0 0.9742 

(coal) 0 506-1,000 13.293 0.1837 0.59-1.0 0.9937 

The pyrolysis behavior of coal is divided into three stages, as 
seen in Fig. 6(a) and (b). The initial stage ranges from 125°C to 
385°C up to the conversion of 12%, and the second stage take 
places in the range of 386-505°C corresponding to the conversion 
from 13% to 58%. Finally, the relatively slow evolution of the 
remnant volatiles of 42% occurs at the temperature ranges of 
506-1,000°C. The kinetic parameters of coal for three stages are 
given in Table 3, and the values of 64 kJ/mol and 2,637 min-1 
for A and E in the main (second) stage are compatible with the 
values in the literature [15]. 

In the case of CSC, volatiles are evolved with three stages; 
the first stage gives the conversion of 51% up to the temperature 
of 334°C, and the second one up to 472°C yields 84% conversion, 
and then the subsequent evolution of about 16% volatiles take 
places in the third stage. The kinetic parameters and the three 
stages of CR pyrolysis have not been reported in the literatures. 
The respective values of A for the first and second stages are 
50.8 kJ/mol and 13.1 kJ/mol and these are respectively higher 
and lower values, compared to those of coal at each stage.

CSC-coal blends give three stages in their Arrhenius plots as 
seen Fig. 7(a) to (d) for the ratios of 20:80, 40:60, 60:40, and 80:20 
for CSC and coal blends, respectively. As seen in Fig. 6, three 
stages are applied to both coal and CSC pyrolysis, so it is obvious 
that their blends are described with three stages pyrolysis. The 
decrease of CSC in the blends causes the decrease of E and A 
values in the first stage, and the increases in the second and 
third stages. When the fitted conversion data obtained with A 
and E values are compared to the experimental data, the values 

Fig. 6. Conversions and Arrhenius plots for the pyrolysis of coal and CSC.
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of R2 are above 0.94 for the main stages, indicating that three 
stages are adequate for describing the pyrolysis of the present 
CSC-coal blends. 

Fig. 8(a) shows the variation of activation energy depending 
on the blending ratios for CSC-coal blends, respectively. Since 
the lignocellulosic biomass promotes the pyrolysis of coal in the 
blend in the first stage where the temperature is relatively low, 
the activation energy, E1, linearly increases with the increase of 
lignocellulosic biomass in the blend. The second and third activa-
tion energy, E2 and E3, mainly stemmed from the coal in the 
relatively high temperature ranges, linearly decreases with the 
increase of coal in the blend. Fig. 8(b) shows the variation of 
frequency factors depending on the blending ratio for CSC-coal 
blends. The frequency factors for the present blends show the 

same trends as observed in the activation energy distribution. 
The present linearity of activation energy and frequency factor 
against the blending ratio suggest the lack of interaction in the 
blend. 

4. Conclusions

In this study, the non-isothermal pyrolysis characteristics of 
CSC-coal blends have been examined through TGA. For the 
CSC-coal blends, the first peaks in the DTG curves stem from 
lignocellulosic biomass and their shapes and heights are linearly 
proportional to the blending ratio. The calculated TG and DTG 
curves of the blends are almost overlapped with the experimental 

Fig. 7. Arrhenius plots for the pyrolysis of CSC-coal blends.

Fig. 8. Activation energy & frequency factor for CSC-coal blends.
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ones. The deviations between the experimental and calculated 
TG and DTG curves presented appreciably low values for the 
present blends. The char yields of the blends decrease with increas-
ing CSC content in the blend, and there is a linear relationship 
between the char yield and blending ratio. The TGA results show 
that the additive rule is quite acceptable for describing the pyrolysis 
of the present blends and no-interaction between CSC and coal 
in the blends is presented. 

The kinetic parameters for the pyrolysis of the present CSC-coal 
blends were obtained with the multi-stage, Coats and Redfern 
method. An increase of lignocellulosic biomass in the blend leads 
to a decrease in the activation energy and frequency factor in 
the first stage, and it causes an increase in the second and third 
stages. The kinetic parameters for the CSC-coal blends are linearly 
varied with blending ratio. 
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