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ABSTRACT 

 
Biomass co-firing is recognised as a crucial technology to aid in the use of fossil fuels, particularly due 
to its relative ease of implementation. Many studies of the combustion processes associated with co-
firing have been conducted elsewhere. This paper discusses the combustion characteristics of coal 
and torrefied biomasses. Combustion profiles can be used to study certain combustion properties of 
fuels and fuel blends. The biomass fuels utilized in this study include twig, trunk and weed as the 
wastes from tea plantation. The results of this work provide data concerning the combustion processes 
of co-firing determined by simultaneous thermal analysis (STA) methods. Simultaneous 
thermogravimetric & differential scanning calorimetry/differential thermal analysis (STA, TGA-
DSC/DTA) measures both the heat flow (DSC) and the weight changes (TG) in a material as a function 
of temperature or time in a controlled atmosphere. The results indicate that the mixture of coal and 
torrefied trunk in the weight ratio of coal-trunk of 25:75 shows the best combustion performance 
compared to other compositions of coal – torrefied biomass. 
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ABSTRAK 
 
Sistem pembakaran bersama (co-firing) diakui sebagai teknologi yang dapat membantu dalam 
membatasi penggunaan bahan bakar fosil, terutama karena mudah untuk diimplementasikan. 
Beberapa studi tentang proses pembakaran terkait dengan pembakaran bersama ini telah banyak 
dilakukan. Makalah ini membahas karakteristik pembakaran batubara dan biomasa yang telah 
mengalami proses pengarangan (torrefaction). Profil pembakaran dapat digunakan untuk mempelajari 
sifat pembakaran bahan bakar dan campuran bahan bakar. Biomassa yang digunakan dalam 
penelitian ini adalah ranting, batang dan gulma yang diperoleh dari perkebunan teh sebagai limbah. 
Hasil penelitian adalah data mengenai proses pembakaran bersama yang ditentukan dengan metode 
simultaneous thermal analisis (STA). Simultaneous thermal analysis, thermogravimetry & differential 
scanning calorimetry/differential thermal analysis (STA, TGA-DSC/DTA) mengukur baik aliran panas 
(DSC) maupun perubahan massa (TG) sebagai fungsi suhu atau waktu dalam suasana terkendali. 
Hasil penelitian menunjukkan bahwa campuran batubara dan batang yang telah diarangkan dengan 
perbandingan berat batubara-batang 25:75 menunjukkan sifat pembakaran terbaik dibandingkan 
dengan komposisi batubara – biomassa lainnya yang diteliti. 

 
Kata kunci: batubara, biomasa, pembakaran bersama, pengarangan, pembakaran. 
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INTRODUCTION 
 
The rapid growth of industry and population 
during the last few decades increased both 
energy demand and pollution in the world. 
Electricity is the most convenient form of 
energy carrier necessitating a large demand 
in the modern society. In spite of the limited 
reserve, the fossil fuels are likely to dominate 
the electricity generating resources at least 
for the next few decades. However, the large-
scale use of carbon-based fossil fuels has 
resulted in utility power generation as one of 
the major contributors of anthropogenic 
carbon emission in the environment 
(Bhattacharya and Datta, 2015).  
 
Among various fossil fuels, coal and natural 
gas are widely used for electricity generation 
and are considered as main sources of 
greenhouse gas (GHG) emissions. Coal alone 
accounted for 46% of CO2 emissions in 2013 
and its consumption is expected to increase by 
33% in 2035 compared to that in 2009 (IEA, 
2011, 2014). However, due to the large 
reserves, Indonesia relies heavily on coal for 
electricity generation. Coal accounts for about 
a third of total power generation in Indonesia 
and therefore constitutes the second-largest 
energy source in Indonesia after oil (which 
accounts for 44 percent). Coal will continue to 
be the dominant fuel for use in electricity 
production in order to increase the 
electrification ratio from 87.5% in 2015 to 
97.2% by 2019. To support the project, the 
Government of Indonesia announced a target 
to develop 35 GW of new capacity where 60% 
of which is a coal-fired power plant 
(Kementerian Energi dan Sumber Daya 
Mineral, 2016). As such, the air pollution 
emissions accompanying the coal combustion 
will also significantly increase. Among these 
pollutants are oxides of sulfur (SOx) and 
nitrogen (NOx), which lead to acid rain and 
ozone depletion. In addition, greenhouse gas 
emissions (CO2, CH4, etc.) have become a 
global concern (Bhuiyan and Naser, 2015).  
 
One way of reducing carbon emission from 
the power sector is to avail energy 
conversion techniques with higher efficiency 
(Cheng et al., 2011). Combined cycle based 
power generation has the potential of 
significantly increasing the thermal efficiency 
of power plants. As coal is the most 
abundantly available fossil fuel, combined 
cycle with integrated coal gasification 
(IGCC) has a great promise as the 

alternative electricity generation technology 
of the future (Ahmed et al., 2017). 
 
Another practical and low-cost option of 
reducing carbon emission is the use of 
biomass as an energy resource (McIlveen-
Wright et al., 2011). Due to their short life 
cycle, biomass fuels are often considered to 
be carbon neutral in nature. Madanayake et 
al. (2017), noted that the major shortcomings 
of biomasses as a resource were their 
distributed nature and low energy and mass 
densities. Mun et al. (2016) showed that the 
optimal location of the plant with respect to 
the available biomass sites held a 
considerable impact on the cost of large scale 
energy production from biomass. 
Consumption of biomass as the sole fuel 
resource for a large power station may not be 
an attractive alternative either economically 
or logistically. However, biomass can be used 
as a supplementary fuel along with the 
conventional fossil fuel in the plant, either in a 
co-firing mode or as a re-burning fuel (Duong 
et al., 2010; Mun et al., 2016). Another 
characteristic of biomass is its climate neutral 
behavior. If biomass is grown in a sustainable 
way, its production and application produce 
no net amount of CO2 in the atmosphere. The 
CO2 released by the application of biomass is 
stored in the biomass resource during 
photosynthesis and is extracted from the 
atmosphere which means a climate neutral 
carbon cycle of CO2 (van der Stelt et al., 
2011; Madanayake et al., 2017). Another 
advantage of co-firing biomass with coal 
involves the higher volatility of biomass. This 
has the effect of improving the reactivity and 
ignition characteristics of the fuel, compared 
to pure coal (Restrepo and Bazzo, 2016). 
 
However, biomass is classified as a low-
grade fuel which naturally contains 
undesired properties, such as high moisture 
content, high ash content and low energy 
density. Thus, direct utilization of biomass 
seems to face great barriers overcoming the 
above drawbacks (Wannapeera and 
Worasuwannarak, 2012). Torrefaction is one 
of the thermal treatment techniques, which 
aims to improve the fuel properties 
attractively for further utilization such as 
combustion, gasification and/or co-firing.  
 
Torrefaction, sometimes also referred to as 
mild-pyrolysis, is a thermochemical process 
conducted in the temperature range between 
200 and 300°C under an inert atmosphere and 



Study on Combustion Characteristics of Coal-Biomass for Co-Firing System as ... Datin F. Umar et. al 

117 

low heating rate (Septien et al., 2012; Ma et 
al., 2016). Torrefaction is currently being 
considered as a biomass feedstock 
pretreatment particularly for thermal 
conversion systems. During torrefaction, 
various permanent and condensable gases 
with high oxygen contents, are formed mainly 
due to hemicellulose degradation. As a 
consequence, the final solid product, so-called 
torrefied biomass, will be composed mainly of 
cellulose and lignin and characterized by 
increased brittleness, hydrophobicity, microbial 
degradation resistance, and energy density 
(Medic et al., 2012).  
 
There are five main stages that have been 
defined in the total torrefaction process are: 

 Initial heating: the biomass is initially 
heated until the stage of drying of the 
biomass is reached. In this stage, the 
temperature is increased, while at the end 
of this stage moisture starts to evaporate. 

 Pre-drying: at 100°C the free water is 
evaporated from the biomass at a 
constant temperature. 

 Post-drying and intermediate heating: the 
temperature of the biomass is increased 
to 200°C. Physically bound water is 
released, while the resistance against 
mass and heat transfer is within the 
biomass particles. During this stage, 
some mass loss can occur as light 
fractions can evaporate. 

 Torrefaction: during this stage, the actual 
process occurs. The torrefaction will start 
when the temperature will reach 200°C 
and end when the process is again cooled 
down from the specific temperature to 200 
°C. The torrefaction temperature is 
defined as the maximum constant 
temperature. During this period most of 
the mass loss of the biomass occurs. 

 Solids cooling: the torrefied product is 
further cooled below 200°C to the desired 
final temperature, which is the room 
temperature.  

 
Thus torrefaction can play a significant role in 
decreasing transportation and storage costs 
of biomass in the large quantities needed to 
sustain biofuels production. In addition, 
torrefaction may have positive effect on 
pyrolysis, gasification, and co-firing units 
operation by lowering power consumption 
and cost for biomass grinding, eliminating 
compounds responsible for high acidity of 
pyrolysis oil, and by increasing the uniformity 
of biomass feedstocks (Yan et al., 2009). 

Indonesia as an agricultural country has 
huge resources of biomass. Wastes or 
residues of a tea plantation such as twigs 
and trunks that have been worn and 
discarded, likewise weed as undesirable 
plants in tea plantation and grow wild and 
regarded as hindering the growth of tea 
plants are interesting to be developed as 
biomass resources. The resources of those 
biomasses are abundant in tea plantation of 
Gambung, Ciwidey, West Java.  
 
Research on co-firing of coal and biomass of 
the tea plantation wastes were conducted to 
study the possibility of the use of the wastes 
as fuel with the co-firing system as coal-
biomass gasification feedstock. The resulted 
gas can be used directly for tea drying or be 
connected to a gas engine to produce 
electricity (small scale power plant) to meet 
power requirement of the tea plant and 
surrounding area. The main objective of this 
work was to investigate the combustion 
characteristics of blended coal and torrefied 
biomass of twigs, trunks, and weeds from tea 
plantation (Figure 1). Understanding of the 
combustion characteristics aids in design and 
maintenance of the gasifier. The good design 
helps to maximize combustion efficiency and 
assists in reducing carbon particle emissions. 
Thermal analysis data can be applied not 
only to the characterization of different fuels 
(coal and biomass) but also to the evaluation 
of combustion performance at high 
temperatures and heating rates. 
 
In this research, the effects of the properties 
of blended coal-biomass on its thermal and 
combustion behaviors were studied using 
simultaneous thermal analysis (STA) 
methods. Simultaneous thermogravimetric & 
differential scanning calorimetry /differential 
thermal analysis (TGA-DSC/DTA) measures 
both heat flow (DSC) and weight changes 
(TG) in a material as a function of 
temperature or time in a controlled 
atmosphere. Simultaneous measurements of 
these two material properties do not only 
improve productivity but also simplifies 
interpretation of the results. The characteristic 
parameters of each sample, including the 
ignition (Tig), temperature maximum (Tmax), 
burnout temperatures (Tbo) and the 
combustion rate (Rmax), were investigated 
during the process to identify the thermal 
properties in the thermal evolution profile of 
blended coal-biomass.  
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Figure 1. Twig, trunk and weed biomasses 

 
 
METHODOLOGY 
 
A coal sample comes from Sorong, Papua 
and three biomasses of tea plant twigs, tea 
plant trunks, and tea plant weeds, the 
wastes/residues of tea plantation were used 
in this study. The biomasses were torrefied 
in 1 L stainless steel container and heated in 
a reactor at a temperature of 300°C for 1 
hour under an inert atmosphere and low 
heating rate to obtain a complete torrefied 
biomass (Sarvaramini et al., 2014; Neupane 
et al., 2015). The final torrefied solid product 
was recovered from the reactor and kept for 
the next process. 
 
Each sample of the coal and torrefied 
biomasses was milled and sieved to the 
desired particle size (± 75 µm) and was 
analyzed in order to determine the 
proximate analysis and calorific value 
contents. The proximate analysis covers the 
determination of moisture, volatile matter, 
and ash and the calculation of fixed carbon 
according to ASTM D3172-07a Standard 
Practice for Proximate Analysis of Coal and 
Coke (ASTM D3172-13, 2013).  
 
Moisture was determined by establishing the 
loss in weight of the sample when heated 
under rigidly controlled conditions of 
temperature, time and atmosphere, sample 
weight and equipment specifications. One 
gram of 250-µm coal sample was placed in 
a fused silica capsule with a well-fitting flat 
aluminum cover. The capsule was then put 
in a preheated oven (at 104 to 110°C).Close 

the oven at once and heat for 1 hour. Open 
the oven, cover the capsule quickly, cool in 
a desiccator over a desiccant, and weight as 
soon as the capsules have reached room 
temperature.  
 
Ash was determined by weighing the residue 
remaining after burning the coal under rigidly 
controlled conditions of sample weight, 
temperature, time, atmosphere and 
equipment specifications. This test covered 
the determination of inorganic residue as ash 
in the coal. Approximately 1 g of 250-µm coal 
sample was weighed that placed in a 
porcelain capsule. The coal-containing 
capsule was then placed in a cold furnace 
and was heated gradually at such a rate that 
the temperature reached 450 to 500°C for 
one hour. The coal samples were heated until 
the final temperature reached 700 to 750°C 
by the end of the second hour. Heating was 
continued at the final temperature for 
additional 2 hours (total 4 hours). Then the 
sample was put in a desiccator in room 
temperature and weighed. 
 
The volatile matter was determined by 
establishing the loss in weight resulting from 
heating a coal under rigidly controlled 
conditions. The measured weight loss, 
corrected for moisture as determined in the 
test as above, establishes the volatile matter 
content. In this empirical method, the use of 
platinum crucible with closely fitting cover 
should be considered as the standard 
reference method for the volatile matter. 
One gram of the sample was weighed in a 

Trunk 

Twig 

Weed 
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weighed platinum crucible. The crucible was 
closed tight with a cover to prevent he 
carbon deposit from coal did not burn away 
from the underside, and inserted directly into 
a furnace at a maintained temperature of 
950 ± 20°C. The temperature was then 
lowered immediately to the 950°C zone. 
After 7-minutes heating, the capsule was 
allowed to be cooled and weighed as soon 
as the capsule was cold. 
 
Fixed carbon is the solid combustible 
residue that remains after a coal particle is 
heated and the volatile matter is expelled. 
The fixed carbon content of a coal is 
determined by subtracting the percentages 
of moisture, volatile matter, and ash from a 
sample. All percentages should be on the 
same moisture reference base. 
 
FC =100 – (M % + A % + VM %) 
 
The calorific value was determined according 
to the ASTM D 5865. Gross calorific value or 
Qv was the heat produced by complete 
combustion of coal at constant volume with 
all water formed condensed to a liquid under 
specified conditions, while net calorific value 
or Qp was the heat produced by combustion 
of coal at constant pressure of 0.1 Mpa (1 
atm) with any water formed remaining as 
vapour. In this research, the adiabatic bomb 
calorimeter was used to determine the 
calorific value. Adiabatic calorimeter was a 
calorimeter that operated in the adiabatic 
mode and provided with a microprocessor. 
The initial temperature before initiating the 
combustion and the final temperature were 
recorded by the microprocessor. 
 
To study the combustion characteristics of 
the coal-biomass as a co-firing system, the 
fine Sorong coal was blended with the fine 
torrefied biomass (around 75 µm) in a 
mortar and stirred constantly to form a 
homogeneous sample. The blending ratio of 
the coal to biomass based on the mass 
fraction was 25%:75%; 50%:50% and 
75%:25%. Combustion characteristics were 
conducted using a thermogravimetric 
analyzer of LINSEIS High-Pressure STA 
TGA-DTA/DSC as shown in Figure 2. A 12-
20 mg sample was placed in an alumina cell 

at an airflow rate of 25 ml/min and a heating 
rate of 10°C/min (Cheng et al., 2011). The 
maximum experimental temperature was 
800 °C. The weight loss of the sample and 
the rate of the weight loss were recorded 
continuously under dynamic conditions as 
functions of time or temperature, and all the 
experiments were performed at atmospheric 
pressure, under an inert air atmosphere.  

 
Based on the weight loss curve derived from 
TG analysis (delta m/mg in Figure 3), DSC 
was calculated. DSC is essentially the slope 
of the weight loss curve. DSC curves are the 
burning profiles of the fuels and are 
essential to clearly observing the onset and 
behavior of each of the combustion 
processes. The ignition temperature (Tig) 
was determined based on the temperature 
at which the DSC had its peak value and the 
corresponding slope to the intersection with 
respect to the TG profile. Tig was taken as 
the extrapolated onset temperature of the 
first peak of the DSC curve, which also 
corresponds to the temperature at which the 
TG curve departed from the baseline (Figure 
3). Ignition temperature corresponds to the 
Tig of the volatile matter. Tig is an important 
characteristic of combustion, especially for 
low-rank coal due to its high intensity of 
spontaneous combustion (Moon et al., 
2013). 
 
Temperature maximum (Tmax) is the 
temperature at which the maximum rate 
occurred from the DSC curve. Rmax relates 
to the maximum combustion rate was 
defined by taking the first differential at the 
intersection point of the vertical line at the 
maximum DSC peak and TG curve: 
 

Rmax= [d(TGA)/dt]T=Tmax 
 
where TGA and t are the weight of the 
sample in TG curve and time consumed, 
respectively. While char burnout temperature 
(Tbo) was defined as the temperature at the 
minimum DSC peak after the Tmax. Figure 3 
shows the determination of combustion 
parameters derived from the STA TGA-
DTA/DSC analyses. 
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Figure 2. LINSEIS High-Pressure STA 

 
  

 
 

Figure 3. Combustion parameters derived from TG-DSC analysis 

 
 
RESULTS AND DISCUSSION 
 
Chemical Characteristics 
 
The proximate analyses of inherent 
moisture, ash, volatile matter and fixed 
carbon as well as calorific value in air dried 
basis (ADB) of the coal and torrefied 

biomass including blended coal-biomass at 
some ratios are listed in Table 1. The 
analyses were only conducted on the coal 
and biomasses samples, whilst the blended 
coal-torrefied biomass the analysis results 
were obtained from the calculation based on 
coal-torrefied biomass ratio.  
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Table 1. Results of proximate analysis and calorific value (air dried basis) 
 

Sample 
mark 

Ratio of coal 
and biomass 

% 

Inherent 
moisture 

% 

Ash 
% 

Volatile 
matter 

% 

Fixed 
carbon 

% 

Calorific 
value 
cal/gr 

Fuel 
ratio 

FC/VM 
 

Coal  23.57 5.31 38.11 33.01 4461 0.87 
Twig  6.36 28.67 26.89 38.08 3290 1.42 
Trunk  6.39 3.58 26.62 63.41 6408 2.38 
Weed  5.93 59.59 18.73 15.75 1244 0.84 

Coal-
Twig 

25:75 10.66 22.83 29.70 36.81 3583 1.24 
50:50:00 14.97 16.99 32.50 35.54 3876 1.09 
75:25:00 19.27 11.15 35.31 34.28 4168 0.97 

Coal-
trunk 

25:75 10.69 4.01 29.49 55.81 5921 1.89 
50:50:00 14.98 4.45 32.36 48.21 5435 1.49 
75:25:00 19.28 4.88 35.24 40.61 4948 1.15 

Coal-
weed 

25:75 10.34 46.02 23.57 20.07 2048 0.85 
50:50:00 14.75 32.45 28.42 24.38 2853 0.86 
75:25:00 19.16 18.88 33.26 28.70 3657 0.86 

 
 
According to Wannapeera and 
Worasuwannarak (2012), the biomass 
generally has high moisture and volatile 
contents and low calorific value. As seen in 
Table 1, the torrefied biomasses have low 
moisture and volatile matter contents, lower 
than that of the coal. It shows that 
torrefaction process is effective to decrease 
the moisture and volatile matter contents of 
the biomasses. Torrefaction destructs not 
only the fibrous structure and tenacity of 
biomass but also increase the calorific 
value. Also after the torrefaction, the 
biomass has more hydrophobic 
characteristics that make storage of torrefied 
biomass more attractive to be stockpiled 
above non-torrefied biomass, because of the 
rotting behavior (Zellagui et al., 2016). 
During the process of torrefaction, the 
biomass partly devolatilizes leading to a 
decrease in mass, but the initial energy 
content of the torrefied biomass is mainly 
preserved in the solid product so the energy 
density of the biomass becomes higher than 
the original biomass which makes it more 
attractive for e.g. transportation. Another 
advantage of torrefied biomass is its 
uniformity in product quality. Woodcutting, 
demolition wood, waste wood after 
torrefaction have quite similar physical and 
chemical properties. (van der Stelt et al., 
2011). 
 
The coal used in this research was blended 
with torrefied biomasses. It has a high 
moisture content of 23.57%. Consequently, 
the calorific value is low (4,461 cal/g). 
Therefore, the coal is categorized as low 

calorific value coal (Pribadi, 2016) while the 
calorific value of the torrefied trunk is the 
highest compared to that of twig and weed. It 
could be understood because the trunk is 
similar to wood that burns quite easily and 
produces a great deal of heat energy 
(Tsalidis et al., 2014). Weed has the lowest 
calorific value, i.e. 1,244 cal/g. The lowest 
basic combustion characteristics of the 
calorific value are predominantly caused by 
the higher content of inorganic substances 
(ash) in the leaves, i.e. 59.59%. These results 
correspond with the results of the previous 
work by Pňakovič and Dzurenda (2015) who 
studied the combustion characteristics of the 
falling leaves from ornamental trees in the 
city and forest parks. They stated that the 
decline of leaves basic combustion 
characteristics is caused mostly by its high 
ash content and partially also by the higher 
nitrogen content – the endothermic 
component in the combustible matter of the 
leaf. The correlation between ash and 
calorific value of the investigated samples 
can be seen in Figure 4. The figure shows 
that the higher the ash content, the lower the 
calorific value. The twig and weed biomasses 
have low calorific value, i.e. 3,290 cal/g and 
1,244 cal/g respectively. The low calorific 
value is mostly due to the high of ash content 
(28.67% and 59.59%). A high ash content is 
avoided in a coal-fired power plant because 
the increase of every 1% ash content will 
decrease the boiler efficiency approximately 
by 0.02% (Ma et al., 2016). 
 
The content of fixed carbon divided by the 
content of volatile matter or known as fuel 

http://www.explainthatstuff.com/heat.html
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ratio is commonly used in evaluating the 
combustibility of coals. Generally, the fuel 
ratio corresponds to the heating value of the 
fuel. From the samples of coal, biomasses 
and the mixture of both that have been 
investigated from the trend line, it can be 
seen that the higher the fuel ratio the higher 
the calorific value of the fuel (Figure 5). The 
fuel ratio of the trunk is the highest, i.e. 2.38 
compare to that of coal and biomasses, it 
indicates the ease of ignition and burnout of 
the trunk (Tsalidis et al., 2014). The twig 
biomass has a moderate fuel ratio and the 
weed has the lowest compared to other 
biomasses of trunk and twig. The low fuel 
ratio of the weed corresponds to its low fixed 
carbon and calorific value. So does the coal. 

Its fuel ratio is low since the coal usually has 
high volatile matter content. According to 
Kurose et al. (2004), the lower the fuel ratio, 
the harder the coal to be burned. In contrast, 
the higher the fuel ratio, the easier the fuel 
to be burned. From the Table 1, the mixture 
of coal and biomass has the fuel ratio mostly 
>1 or nearly 1, except for the mixtures of 
coal and weed fuel ratio is relatively low due 
to the low fuel ratio of the weed. A low fuel 
ratio is caused by a high volatile matter, 
nevertheless, the volatile matter influences 
the NOx formation. Generally, for the same 
burner and the constant nitrogen content, 
the higher the volatile matter the lower the 
NOx (Wang et al., 2017). 

 
 

 
 

Figure 4. Calorific value vs ash of the coal, biomasses and the mixtures of both 

 
 

 
 

Figure 5. Calorific value vs fuel ratio of the coal, biomasses and the mixtures of both 
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Combustion Characteristics 
 
Combustion characteristics of the mixture of 
coal and biomasses for the co-firing system 
were tested by using an LINSEIS STA 
TGA/HDSC. From the test, the TG and 
HDSC curves were obtained and against the 

temperature. In this paper only three (3) 
TG/HDSC curves are shown in Figure 6 to 8 
as representatives of all investigated 
samples, i.e. the TG-HDSC of coal, torrefied 
weed and a mixture of coal and torrefied 
weed in the ratio of 50:50. 

 
 

 
 

Figure 6. TG-HDSC curves of coal 

 
 

 
 

Figure 7. TG-HDSC curves of weed  
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Figure 8. TG-HDSC curves of coal-weed mixture 

 
 
The TG-DSC curves indicate the relative 
weight loss and differentiation of released 
heat during testing time. The TG curves for 
the three samples that appear in Figure 6 to 
8 under oxidation in air. The initial mass loss 
was mainly led by water evaporation. As a 
result of oxygen uptake and formation of 
solid oxygenated complexes, the sample 
mass starts to increase. After reaching the 
maximum temperature (Tmax), the sample 
mass tends to decrease with the further 
increase in temperature. This is a sign to 
indicate the acceleration in the rate of 
thermal decomposition (endothermic) 
reactions. On the one hand, it makes the 
sample mass decreases; on the other hand, 
the heat absorbed by the thermal 
decomposition of unstable oxygenated 
complexes offsets in part of the heat evolved 
by the oxygen chemisorption, thereby 
reducing the rate of heat flow. The DSC 
curve rebounds again after slight decrease, 
which is assigned to the significant mass 
loss shown in the TG curve. This 
phenomenon suggests that another 
exothermic reaction comes into action at this 
stage. The variations of the TG and DSC 
curves for the sample heated in the aerial 
atmosphere are essentially related to the 
multiple reactions that occur during the 
oxidation process (Chukwu et al., 2016). 
 

It can be seen from Figure 6 that the coal 
corresponds to three (3) DSC peaks due to 
the complicated structure of the coal which 
is classified as a low- rank coal. (Mahidin et 
al., 2003). The first DSC peak appears at 
around 60°C (endothermic) due to the 
vaporization of moisture, the second peak 
occurs at around 360°C (exothermic) due to 
the combustion of the coal and the third 
peak (exothermic) represents the 
combustion of char occurs at around 500°C. 
The trend of the DSC peaks of the torrefied 
weed is a little bit different with the DSC 
peaks of the coal (Figure 7). There are also 
three DSC peaks, the first one or the 
endothermic occurs at about 80°C and 
correspond to the vaporization of the 
moisture.The second and the third peaks, 
both are exothermic, correspond to the 
combustion of coal. This phenomenon of 
two peaks might be caused by the low of 
fixed carbon due to the high of ash content. 
Those parameters may interfere the 
combustion process of the biomass such as 
weed (Idris, Rahman and Ismail, 2012). The 
TG-DSC curves of the coal-torrefied weed 
mix in the ratio of 50:50. The trend is almost 
the same as the TG-DSC curve of the coal 
(Figure 8). Several parameters derived from 
the TG-DSC analysis are summarized in 
Table 2. 
 

 

 



Study on Combustion Characteristics of Coal-Biomass for Co-Firing System as ... Datin F. Umar et. al 

125 

The ignition temperature (Tig) values were 
obtained during the TG analyses (Table 2) 
and the proximate analyses of the fixed 
carbon and the calorific value (Table 1) for 
the coal, the torrefied biomasses as well as 
the mixtures of coal and the torrefied 
biomasses. It can be concluded that the 
ignition temperature increases with the 
increase of fixed carbon and calorific value 
(Figure 9). The fixed carbon is the solid fuel 
that is left in the furnace after the volatile 
matter is distilled off. It consists mostly of 
carbon but also contains some hydrogen, 
oxygen, sulfur, and nitrogen, not driven off 
with the gases. The fixed carbon gives a 
rough estimate of calorific value. The higher 

the fixed carbon, the higher the calorific 
value and the higher the Tig.  
 
The highest Tig was reached by the trunk at 
247.7°C. It could be understood because the 
trunk has high fixed carbon and heating value 
(63.41% and 6,408 cal/g respectively). While 
the weed has the lowest Tig of 185.3°C due 
to its low fixed carbon and calorific value 
around 15.75% and 1,244 cal/g respectively. 
When the trunk was mixed with the coal in 
the ratio of coal to trunk of 25:75, the Tig 
provides the highest values compared to the 
other composition of coal and trunk, i.e. 234.0 
°C at the calorific value of 5,921 cal/g and the 
mixture of coal and weed in the ratio of coal 
to weed of 25:75.  

 
 

Table 2. Combustion parameters based on the TG-DSC analysis  

 
Sample 

mark 
coal -biomass 

ratio, % 
Tig 
°C 

Tmax 
°C 

Rmax 
Mg/min 

Tbo 
°C 

Coal  219.4 371.9 0.32 548.9 
Twig  221.2 381.8 1.00 545.5 
Trunk  247.7 373.1 1.64 515.9 
Weed  185.3 472.9 0.48 593.1 

Coal-
Twig 

25:75 221.0 384.4 0.92 552.6 
50:50 220.1 364.4 0.89 548.9 
75:25 219.9 299.5 0.88 558.2 

Coal-
trunk 

25:75 234.0 363.0 1.20 556.9 
50:50 227.3 436.8 1.12 547.4 
75:25 224.6 296.6 1.10 535.1 

Coal-
weed 

25:75 202.6 313.4 0.50 562.6 
50:50 208.0 356.2 0.25 555.2 
75:25 215.8 300.1 0.81 540.8 

 
 

 
 

Figure 9. Tig vs the fixed carbon and the calorific value for the coal,  
biomasses and the mixtures of both 

 
 

Ignition temperature (Tig), °C 
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Tmax relates to the reactivity. The reactive 
fuels have a lower Tmax. The reactivity is 
defined as the rate at which the fuel reacts in 
an oxidizing/reducing atmosphere, 
subsequently its de-volatilization. It describes 
the easiness of the fuel to reacts with the 
gasificant agent (e.g. oxygen). Figure 10 
shows that the Tmax has no definite 
correlation with the Tig or the Rmax. Unlike 
coal, where Tmax will increase with the 
increasing of Tig. The results of this study 
show that the thermal reactivity of the 
biomasses changes in a wide region. Besides 
the effects on the burning parameters such 
as the ignition point, maximum rate of 
combustion and its temperature, on the other 
hand, macromolecular ingredients of biomass 
such as hemicelluloses, celluloses, and lignin 
have significant effects on the combustion 
behavior of biomass (Haykiri-Acma and 
Yaman, 2011).  
 
The lowest Tmax is reached by coal at 
371.9°C due to the high moisture content. 
The lower the Tmax, the more reactive the 
coal at low-temperature oxidation causes 
spontaneous combustion. As a result, the 
coal has a high tendency for spontaneous 
combustion. This result corresponds to the 
result that has been done by Beamish et al. 
(2012) and Wang et al. (2014) who stated 
that low-rank coal has a high tendency for 

spontaneous combustion. As mentioned 
above, the studied coal is classified as a 
low-rank coal with high moisture content and 
low calorific value. As the result, the heat 
released by the coal at the Tmax is the 
lowest one i.e. 69.144 µv. 
 
The weed has a highest Tmax compared to 
the coal and the other biomasses. The high 
Tmax of weed (472.9°C) might be caused by 
the very high of ash content (59.59% adb). 
While the mixture of coal and trunk at the 
ratio of 50:50 shows the Tmax of 436.8°C 
with the heat release and calorific value of 
164.945 µv and 5,435 cal/g respectively. 
Heat released correspond to the activation 
energy for the thermal reaction. Heat 
released increases by the increasing of 
calorific value (Figure 11). 
 
A continuous increase trend is observed for 
the associated amount of the heat released. 
These results suggest no linear dependence 
between the calorific value increase and the 
amount of the heat released. This is 
understandable because the biomass as a 
plant material due to the broadness of the 
term, the composition of biomass is 
inconsistent. The amount of heat that is 
produced varies depending on species, 
climate, and other factors.  

 
 

 
 

Figure 10. Tmax vs Tig and Rmax for the coal, biomasses and the mixtures of both 
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Figure 11. Heat released vs calorific value for the coal, biomasses and the mixtures of both 
 

 
Different from Tmax, the Rmax indicates the 
maximum combustion rate has a correlation 
with the Tig. The higher the Rmax, the 
higher the Tig while the moisture content 
does not correspond with the moisture 
definitely, even though the trend shows that 
the moisture content decreases with the 
increase of Rmax (Figure 12). It shows that 
the fuel with high Rmax is easier to be burnt 
due to less the moisture content. 
Combustion rate is an important parameter 
in coal (or co-firing) fired power plant 
because it determines the rate at which the 
exhaust gases are generated from the 
burning propellant. This, in turn, decides the 
rate of fuel through the nozzle. 

The mixture of coal and torrefied biomass at 
the ratio of 25:75 has the highest Rmax 
compared to another coal-biomass mixture. 
The high Rmax of this mixture was caused 
by the high Rmax of the trunk itself (1.64) 
and the high of Tig. The high of Rmax and 
the Tig mean that the fuel is ease to be 
burned, however, this result is not in 
accordance with the moisture content. All of 
the mixtures of coal and biomasses have 
high moisture content, higher than that of 
the single biomasses (Table 1). The high 
moisture content due to the high moisture 
content of the coal. 

 
 

 
 

Figure 12. Rmax vs Tig and inherent moisture for the coal, biomasses and the mixtures of both 
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Figure 13. Tbo vs Rmax for the coal, biomasses and the mixtures of both 

 
 
The Tbo reflects the char characteristics of 
the fuel and end of combustion (Parshetti et 
al., 2014). The Tbo of all samples was 
almost similar in the range of 515.9 and 
593.1 °C that indicates the effect of moisture 
and the calorific value was insignificant. The 
lowest Tbo is reached by torrefied trunk 
around 515.9°C and the highest by weed, 
namely 593.1°C. The lowest Tbo of the 
torrefied trunk can be understood because 
the combustion rate of the trunk is also the 
highest one, namely 1.64 mg/min. The 
correlation between the Rmax and the Tbo 
can be seen in Figure 13. The figure shows 
that the trend line of the Tbo decreases with 
the increase of the Rmax. 
 
 
CONCLUSION 
 
The experiment results indicate that the 
wastes from tea plantation can be used as a 
fuel in a co-firing system with the coal as a 
feedstock of gasification to convert the coal 
and the biomass into a combustible gas 
mixture referred to a producer gas 
(CO+H2+CH4) or a Syngas. The moisture 
content in a biomass is an important factor 
when it comes to combustion. The best 
burning fuels are dry. The mixture of coal 
and torrefied trunk in the weight ratio of coal-
trunk of 25:75 shows the best combustion 
performance. The ignition temperature (Tig) 
of the fuel is 234.0°C while the maximum 

temperature (Tmax) is 384.4°C and the heat 
released at the Tmax is 214.411µv. The 
maximum combustion rate (Rmax) is 1.20 
with a moderate char burn out temperature 
(Tbo) of 556.9°C. These characteristics are 
the best condition compared to other 
compositions of coal – torrefied biomass.  
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