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In the present study, torrefaction of palm kernel shell (PKS) and petcoke blends was 

performed for the production of solid biofuels with high energy density. The torrefaction 

process was performed for mixtures with various mixing ratios (by weight) from 90:10 

to 60:40 (PKS:petcoke). For torrefaction under various temperatures of 250℃ to 300℃, 

the mixing ratio of 60:40 was used. Meanwhile, residence time and nitrogen flow rate 

were fixed at 30 minutes and 1 l/min, respectively. In general, the fixed carbon and ash 

contents increased, while the moisture and volatile matter contents decreased after 

torrefaction. It has been elucidated that mass yield is a dominant factor that affects the 

energy yield of torrefied mixtures rather than the higher heating value (HHV) ratio. Based 

on the energy yield and ultimate analysis, it was found that a higher amount of petcoke 

and higher temperature give better performance, thus causing the torrefied mixture to 

become very close to coals region in Van Krevelen diagram. In this case, the mixture 

with a mixing ratio of 60:40 torrefied under the temperature of 300℃ gives the best 

performance. It was also found that this mixture is thermally stable than the mixture 

torrefied at 250℃. 
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1. INTRODUCTION

The availability of massive amounts of biomass residues 

requires an effective conversion method for utilization as a 

feedstock for thermal power generation. During palm oil 

extraction at palm oil mills, for example, various types of 

biomass residues are produced, such as palm kernel shell, 

mesocarp fibre and empty fruit bunch [1]. In addition, biomass 

wastes are also produced at palm plantations, such as oil palm 

fronds and oil palm trunks [1]. It is interesting to note that 90% 

of the total weight of the dry matter of the palm tree is oil palm 

biomass [1], which emphasizes the importance of utilizing 

them in order to prevent dumping, landfilling or open burning. 

For combustion in boilers as example, various types of 

biomass have been mixed such as palm fibre and palm kernel 

shell with a ratio of 60:40 [2], pulverized empty fruit bunch 

and sawdust with a weight ratio of 50:50, and a mixture of 

palm kernel cake, EFB fibre and sawdust with a weight ratio 

of 30:5:65 [3]. Basically, the purpose of mixing various types 

of biomass is to improve the burning properties as well as to 

improve physical characteristics when converting into 

densified products such as briquette and pellets [2-4]. 

The combination of non-renewable fuels such as coal with 

biomass such as wood chips, softwood, and manure for co-

firing was introduced many years ago with the aim to reduce 

the environmental problems caused by the combustion of 

fossil fuels as well as to reduce the high costs associated with 

the alternative technique [5]. Meanwhile, for gasification, the 

coal and biomass blends offer several advantages, such as the 

enhancement of calorific value and cold gas efficiency [6]. 

The combustion characteristics of biomass blended with 

petroleum coke (petcoke) for thermal power generation have 

been studied by several researchers [7, 8]. Tilman et al. [7] has 

described based on a case study that the slag formation is not 

impacted by the addition of petcoke during combustion. They 

also mentioned that the combination of petcoke and wood 

waste could offset the carbon in fly ash during combustion, 

thus revealing the advantage of mixing petcoke with other 

materials for combustion. A recent study performed by Kumar 

and Nandi [8] demonstrated that the addition of petcoke in the 

blends basically improve the overall energy density. 

Meanwhile, their analysis also revealed that an increase in 

biomass portion in the blends could improve the combustion 

efficiency through catalytic effects of alkali oxides. In another 

study [9], a pressurized fluidized bed for pressurized oxy-fuel 

combustion was introduced to reduce energy loss during the 

co-firing of coal and biomass for effective carbon capture and 

storage technology. They also proposed to expand the 
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application of this combustion technique for various solid 

fuels such as sludge, petcoke and others [9].  

Torrefaction is also known as mild pyrolysis, is one of the 

thermochemical conversion processes that is conducted under 

an inert or limited oxygen environment within temperature 

range of 200℃ to 300℃ to convert raw biomass into solid 

biochar as the main product [10]. Torrefaction does not only 

improve the hydrophobicity (decrease in moisture content) of 

the biomass, but also causes an increase in carbon content of 

the biomass, thus improving energy density and heating value 

of the biomass [11]. The other advantages of torrefaction are 

improvement in homogeneity and grindability of the biomass 

[12]. Under temperature range of 200℃ to 300℃, 

devolatilization occurs thus causes a decrease in volatile 

matter and increase in carbon content. Lignocellulosic 

compounds such as cellulose, hemicellulose and lignin 

experiences thermal degradation under this temperature range 

[12], thus causing a change to the chemical composition of 

biomass materials. The torrefied products produced from this 

pretreatment has potential to replace coal in the power 

generation sector [13]. The performance of torrefied biomass 

and coal blends have been investigated by Ozonoh et al. [14]. 

They found that the blend of coal and torrefied pine sawdust 

gives the optimum performance with a higher heating value of 

28.27 MJ/kg and an enhancement factor of 1.41 [14]. In the 

other study [15], Is’yomin et al. (2020) investigated the 

fluidization of multicomponent beds that consisted of coal 

sludge and straw pellets for co-torrefaction [15].  

As mentioned previously, torrefaction offers numerous 

advantages in terms of energy content, moisture content, 

composition homogeneity and others. However, it is inevitable 

that torrefaction causes a mass loss to the biomass due to 

degradation of lignocellulosic compounds [12]. Therefore, to 

reduce the effect of mass loss during torrefaction so that high 

energy yield could be maintained, it is important to mix the 

biomass with a more stable material (such as petcoke [16]). In 

addition, petcoke that is enriched with carbon has higher 

energy content if compared to coal [7], thus giving a viable 

performance when mixed with biomass residues. To the extent 

of our knowledge, even though the advantages of using 

combination of biomass and petcoke or petcoke only for 

combustion have been demonstrated by the previous studies, 

the torrefaction of this type of mixture has not been performed 

yet until present. Thus, this becomes the novelty of the present 

study, in which torrefaction was carried out for the mixture 

with combination of biomass and a relatively more stable 

material such as petcoke. The aim of the present study is to 

investigate the effect of torrefaction on the performance of 

biomass and petcoke mixture for various mixing ratios and 

torrefaction temperatures. The physical appearances and 

physicochemical properties of the raw and torrefied mixtures 

were also investigated.  

 

 

2. METHODOLOGY 

 

2.1 Collection of raw materials and preparation 

 

Two types of raw materials were used in the present study; 

palm kernel shell (PKS) and petcoke. PKS was collected from 

a near palm oil mill, while petcoke was unprocessed waste 

from the crude oil refining process obtained from a refinery 

company. Firstly, the materials were ground and sieved by 

using a sieve shaker machine (Brand: RETSCH, model: AS 

200) to obtain particle size of below 500 µm. Next, both 

materials were mixed homogeneously for various mixing 

ratios of PKS to petcoke (90:10, 80:20, 70:30 and 60:40) by 

using a roller mixer. For the mixing process, the rotation and 

mixing duration were set to 165 rpm and 30 minutes, 

respectively.  

 

2.2 Torrefaction process 

 

The experimental setup used for the torrefaction process has 

been published elsewhere [4], as shown by Figure 1 below. 

The K-type thermocouple tip was placed very close to the 

sample in the reactor. Hence, the vertical distance between the 

tip and the sample was around 3 to 5 mm. The accuracies for 

K-type thermocouple and flow meter are ±0.75% and ±4%, 

respectively. The mass of the sample before the torrefaction 

experiment was fixed at 18g. 

 

 
 

Figure 1. Experimental setup for torrefaction [4] 

 

Initially, the torrefaction reactor was purged with nitrogen 

for one hour to remove air from the reactor. The sample was 

then heated under a nitrogen environment to the desired 

temperature of 275℃. Once the desired temperature was 

reached, the measurement of residence time was started. After 

completion of the residence time of 30 minutes, the sample 

was allowed to cool and finally, the sample was removed from 

the reactor for further analysis. It is important to note that the 

nitrogen was continuously flowed throughout the torrefaction 

experiment until completion of the experiment. Throughout 

the experiment, the nitrogen flow rate was fixed at 1 l/min. 

In the present study, the torrefaction was performed for 

various mixing ratios of 90:10, 80:20, 70:30 and 60:40 

(PKS:petcoke), in which the temperature and residence time 

were fixed at 275℃ and 30 minutes, respectively. After that, 

the same procedures were used to perform torrefaction for 

various temperatures of 250℃, 275℃ and 300℃. In this case, 

the mixing ratio of PKS to petcoke and residence time were 

fixed at 60:40 and 30 minutes, respectively. For each operating 

condition, the experiment was repeated twice. The torrefaction 

experiment was conducted in a laboratory room completed 

with a ventilation system. 

 

2.3 Determination of physicochemical properties 

 

Once the sample was removed from the reactor after 

torrefaction pretreatment, it was weighed by a precision 

mechanical balance (U.S. Solid, model: USS-DBS3-3). The 

mass yield was then determined based on the following 

formula: 
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𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 =
𝑀𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛

𝑀𝑎𝑠𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛
 (1) 

 

Next, the energy yield was calculated based on Eq. (2): 

 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 = 𝐻𝐻𝑉 𝑟𝑎𝑡𝑖𝑜 × 𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (2) 

 

where higher heating value (HHV) ratio is given as follows: 

 

𝐻𝐻𝑉 𝑟𝑎𝑡𝑖𝑜 =
𝐻𝐻𝑉 𝑎𝑓𝑡𝑒𝑟 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛

 𝐻𝐻𝑉 𝑏𝑒𝑓𝑜𝑟𝑒 𝑡𝑜𝑟𝑟𝑒𝑓𝑎𝑐𝑡𝑖𝑜𝑛
 (3) 

 

Based on Eq. (3), HHV of both raw materials and torrefied 

mixtures were determined by using bomb calorimetry (Model: 

IKA C2000, USA) based on the American Society for Testing 

Materials (ASTM) D240 standard. In the present study, higher 

heating value (HHV) was used to calculate the HHV ratio that 

leads to the results of energy yield. The higher heating value 

(HHV) has been used widely for torrefaction studies [11, 17, 

18], so that energy yield can be calculated for various cases 

with different biomass types. In addition, the direct 

comparison with performance of commercial fuels such as 

coal also could be performed since most of the heating value 

data are presented as higher heating value (HHV). For instance, 

based on previous studies [19], the HHV of commercial coal 

is around 27.4 MJ/kg. 

Proximate analysis was performed to determine moisture, 

volatile matter and ash contents based on ASTM D3173, 

D3175 and D3174 standards, respectively. The fixed carbon 

content was obtained by deducting the summation of the 

aforementioned contents from 100%. A chamber furnace was 

used (Brand: Carbolite, model: ELF 11/14B) for heating 

samples during the proximate analysis. For ultimate analysis, 

an elemental analyzer (Brand: Elementar, model: Vario Micro 

Cube) was used to determine the carbon, hydrogen and 

nitrogen contents (based on standard BS EN ISO 16948: 2015) 

as well as the sulfur content (based on standard DIN51724-3). 

Similar to previous studies [19, 20], the oxygen (O) content 

was estimated by deducting the summation of carbon (C), 

hydrogen (H), nitrogen (N), and sulfur (S) from 100 percent. 

Samples of the torrefied mixtures were also sent to a 

laboratory for further study on the thermal decomposition 

behaviour. The thermal decomposition behaviour of the 

mixtures was investigated by using thermogravimetric 

analysis (TGA), in which it was performed by using a high 

precision analyzer (Model: TGA 4000 Perkin Elmer) under 

nitrogen environment. The temperature range, heating rate and 

nitrogen flow rate selected for the TGA analysis were 30℃ to 

900℃, 10℃/min and 20 ml/min, respectively. From the TGA 

test, the graphs of weight percentage and derivate weight 

percentage were obtained. 

In the present study, the TGA analysis was performed for 

mixtures with mixing ratio of 60:40 that were torrefied at 

minimum temperature of 250℃ and maximum temperature of 

300℃. 

 

 

3. RESULTS AND DISCUSSION  

 

3.1 Properties of raw materials 

 

The results of ultimate analysis and higher heating value 

(HHV) for both palm kernel shell (PKS) and petcoke are 

shown in Table 1. 

Table 1. Properties of PKS and petcoke 
 

Analysis 
Element/ 

Property 

Symbol 

(Unit) 
PKS Petcoke 

Ultimate 

Carbon C (%) 
36.2647 

±1.1302 

91.7085 

±0.5778 

Hydrogen H (%) 
4.7438 

±0.1968 

4.2399 

±0.1818 

Nitrogen N (%) 
0.4057 

±0.0512 

1.1461 

±0.0734 

Sulfur S (%) 
0.2206 

±0.0099 

0.9898 

±0.0528 

Energy 

Content 

Higher 

Heating Value 

HHV 

(MJ/kg) 

15.26 

±0.64 

36.54 

±0.49 

 

The moisture, volatile matter, fixed carbon and ash contents 

of raw biomass PKS are 10.51±0.39%, 59.68±0.54%, 

15.91±0.44% and 13.91±0.49%, respectively. Based on Table 

1, it was found that the carbon composition of the petcoke is 

relatively high if compared to the commercial coals and 

similar to the petcoke used by the other studies (81.11%) [7, 

21]. In addition, it is interesting to note that the petcoke used 

in the present study can be categorized as low-sulfur petcoke 

since the sulfur content obtained by the other study was 5.11% 

[7, 21]. 
 

3.2 Physical appearance and mass yield 
 

Figure 2 shows the physical appearances of the mixtures 

with various mixing ratios while the temperature and residence 

time were fixed at 275°C and 30 minutes, respectively. Figure 

3 demonstrates the physical appearances of mixtures for 

various torrefaction temperatures, while the mixing ratio and 

residence time were fixed at 60:40 and 30 minutes, 

respectively. Based on both Figures 2 and 3, it can be observed 

that the surface colour of the samples becomes darker after 

torrefaction regardless of mixing ratio and temperature. The 

torrefaction experiment in the present study was successful 

because the physical appearance of ash could not be observed 

on the surface of solid products after torrefaction, thus 

revealing the combustion did not occur during torrefaction. 

Figure 4 shows the results of mass yield for various mixing 

ratios and torrefaction temperatures, in which several 

abbreviations were introduced. For instance, “PKS90-T275” 

represents the mixture with a weight ratio of 90:10 

(PKS:petcoke) torrefied under the temperature of 275℃. In 

general, it was found that the mass of all mixtures decreases 

after torrefaction due to the occurrence of devolatilization 

during the torrefaction process. Based on the proximate 

analysis conducted in the other study, the volatile matter of 

petcoke was 13.9% [7, 21], which was considered low, thus 

implying the high stability of the petcoke. Therefore, PKS with 

relatively high volatile matter content (around 59.7%) is 

supposed to be the main contributor to the drop in mass after 

torrefaction. This scenario causes the mass yield of the 

torrefied mixtures to increase from 0.664 to 0.801 (66.4% to 

80.1%) with an increase in petcoke portion from 10% to 40%, 

as demonstrated by Figure 4. In addition, Figure 4 

demonstrates that the mass yield drops from 0.838 to 0.741 

(83.8% to 74.1%) when the torrefaction temperature is 

increased from 250℃ to 300°C, thus elucidating the 

torrefaction becomes more severe with an increase in 

torrefaction temperature. Within the temperature range used in 

the present study (250℃ to 300℃), the mass drop of all 

mixtures was mainly contributed by the decomposition of 

hemicellulose and cellulose [22]. 
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Mixing ratio 

(PKS:Petcoke) 

Before 

Torrefaction 

After 

Torrefaction 

90:10 

  

80:20 

  

70:30 

  

60:40 

  
 

Figure 2. Physical appearances of raw and torrefied mixtures 

for various mixing ratios 

 

Raw 250°C 275℃ 300℃ 

    
 

Figure 3. Physical appearances of raw and torrefied mixtures 

for various temperatures 

 

 
 

Figure 4. Results of mass yield 

 

3.3 Energy yield, proximate analysis and ultimate analysis 

 

Figure 5 shows the HHV of mixtures for various mixing 

ratios and torrefaction temperatures. In general, it was found 

that HHV increases after torrefaction due to the significant 

removal of volatile matter and increase in carbon content. For 

various mixing ratios, PKS60-T275 gives the highest HHV 

after torrefaction, which is 25.87 MJ/kg. This is because 

PKS60-T275 has the highest composition of petcoke, thus 

leading to the highest carbon percentage. Meanwhile, for 

various torrefaction temperatures, PKS60-T300 gives the 

highest HHV, which is 27.47 MJ/kg. When the temperature is 

increased, torrefaction becomes more severe due to more 

significant devolatilization, thus causing the carbon content to 

increase.  

Figure 6 shows the results of mass yield, HHV ratio and 

energy yield for various mixing ratios. It was found that 

PKS90-T275 has the lowest energy yield, while PKS60-T275 

has the highest energy yield, that are 0.760 and 0.874, 

respectively. Although PKS60-T275 has the lowest HHV ratio 

of 1.090, it has the highest mass yield of 0.8013, which results 

in the highest energy yield. This scenario elucidates that the 

mass yield is a dominant factor that affects energy yield rather 

than the HHV ratio. 

 

 
 

Figure 5. HHV of mixtures for before and after torrefaction 
 

 
 

Figure 6. Mass yield, HHV ratio and energy yield for cases 

with different mixing ratios 
 

 
 

Figure 7. Mass yield, HHV ratio, and energy yield for cases 

with different torrefaction temperatures 

 

Figure 7 demonstrates that when the torrefaction 

temperature is increased from 250℃ to 300℃, energy yield 

slightly decreases from 0.889 (88.9%) to 0.858 (85.8%). 

Similar to the cases with different mixing ratios, the slight 
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decrease in energy yield is due to the more substantial effect 

of mass yield drop if compared to the effect of increment in 

HHV ratio. In addition, it is interesting to note that even 

though the mixture with a weight ratio of 60:40 was torrefied 

under sufficiently high temperature of 300℃, a sufficiently 

high energy yield of 0.858 (85.8%) was still possible to be 

obtained. Furthermore, this operating condition yielded an 

energy content (HHV) of 27.47 MJ/kg, exceeding the HHV of 

commercial coals (around 27 MJ/kg) [19, 23].  

Figure 8 shows the results of proximate analysis for all 

mixtures before torrefaction. Here, PKS90, PKS80, PKS70 

and PKS60 represent raw mixtures with mixing ratio 

(PKS:petcoke) of 90:10, 80:20, 70:30 and 60:40, respectively. 

Meanwhile, Table 2 shows the standard deviation for the 

results of proximate analysis. It can be said that moisture 

content decreases with an increase in the petcoke portion. 

Besides, it can be clearly observed that fixed carbon content 

increases while volatile matter decreases with an increase in 

petcoke portion, which is mainly due to the very high 

percentage of carbon content in the raw petcoke, as shown by 

Table 1. The figure also demonstrates the fluctuation of ash 

content within the range of 11.9% to 14.8%. 
 

 
 

Figure 8. Proximate analysis for all mixtures before 

torrefaction 

 

Table 2. Standard deviation for proximate analysis of 

mixtures before torrefaction 

 
 SD for 

Moisture 

(%) 

SD for 

volatile 

(%) 

SD for 

fixed 

carbon (%) 

SD for 

ash (%) 

PKS90 0.3 1.3 1.7 0.2 

PKS80 0.1 0.5 0.4 0.1 

PKS70 0.2 0.1 1.0 0.9 

PKS60 0.2 0.2 0.1 0.4 

Note: “SD” represents for standard deviation 

 

Figure 9 demonstrates the results of proximate analysis for 

all mixtures after torrefaction. Meanwhile, Table 3 shows the 

standard deviation for the results of proximate analysis. It was 

found that torrefaction improves the hydrophobicity nature of 

all mixtures, in which the moisture contents obtained after 

torrefaction were in the range of 2.1% to 4.2% only, whereas 

the moisture contents obtained before torrefaction were in the 

range of 6.5% to 9.5%. When the torrefaction temperature is 

increased, the torrefaction becomes more severe, thus the 

degree of degradation of hydroxyl groups that are responsible 

for binding moisture in the samples becomes higher [24]. This 

causes the decrease in moisture content with an increase in 

temperature. In general, it was found that the torrefaction 

process causes an increase in fixed carbon content and a 

decrease in volatile matter due to the significant 

devolatilization during torrefaction. The same trend was 

obtained when torrefaction temperature was increased. When 

the petcoke portion and torrefaction temperature are increased, 

volatile matter decreases while fixed carbon increases. Based 

on Figure 8 and 9, it was found that regardless of mixing ratio 

and torrefaction temperature, the ash content of all mixtures 

increases after torrefaction. This is because the ash content is 

further concentrated due to the occurrence of devolatilization 

during torrefaction [25, 26]. Based on Figure 9, the trend of 

ash content for various mixing ratios is not clear, fluctuating 

within the range of 21 to 26%. Meanwhile, for various 

torrefaction temperatures, it was found that ash content 

slightly increases with an increase in temperature. 
 

 
 

Figure 9. Proximate analysis for all mixtures after 

torrefaction 
 

The ultimate analysis was performed for cases with 

different torrefaction temperatures, in which the results are 

shown in Table 4. In general, it was found that carbon content 

increases after torrefaction and further increases with an 

increase in torrefaction temperature. Based on the correlation 

between HHV and elemental composition introduced in a 

recent study [27], the increase in carbon content is the main 

factor that contributes to the increment in HHV, thus 

improving the quality of biofuels produced. Besides, the 

hydrogen element is slightly removed during torrefaction due 

to the decrement in hydrogen content after torrefaction. In 

addition, it was found that nitrogen increases after torrefaction 

and further increases with an increase in torrefaction 

temperature, which is mainly due to the behaviour of the 

nitrogen element that most of them are remained intact in the 

solid biomass after torrefaction [28]. Finally, it can be 

observed that sulfur content just increases slightly after 

torrefaction and even when the temperature is increased. 

Figure 10 shows the Van Krevelen diagram for raw mixture 

and mixtures torrefied at different temperatures. As observed, 

the raw mixture (before torrefaction) falls under the peat 

region and closes to the lignite region. In this case, the use of 

petcoke in the mixture causes the raw mixture to become 

competitive with lignite. After torrefaction at temperature of 

250℃, the torrefied mixture falls under the lignite region. 

Meanwhile, the mixtures torrefied under temperatures of 

275℃ and 300℃ fall under the area very close to coals. Based 

on this diagram, it can be said that the best performance could 

be obtained when the mixture with a weight ratio of 60:40 

(PKS:petcoke) was torrefied under the temperature of 300℃. 
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Table 3. Standard deviation for proximate analysis of mixtures after torrefaction 

 

 
SD for 

Moisture (%) 
SD for volatile 

(%) 
SD for fixed 

carbon (%) 
SD for ash (%) 

PKS90-T275 0.6 0.3 1.2 1.4 

PKS80-T275 0.2 1.7 2.3 0.7 

PKS70-T275 0.3 2.3 0.9 1.0 

PKS60-T275 0.2 0.5 1.2 1.2 

PKS60-T250 0.3 0.9 1.0 1.9 

PKS60-T275 0.2 0.5 1.2 1.2 

PKS60-T300 0.1 1.0 0.5 0.8 

Note: “SD” represents for standard deviation 

 

Table 4. Results of ultimate analysis 

 
 Symbol (Unit) Raw Mixture (60:40) PKS60-T250 PKS60-T275 PKS60-T300 

Carbon C (%) 60.9492±1.8853 65.2842±1.9147 69.3609±2.3987 71.3640±2.9524 

Hydrogen H (%) 4.9935±0.0418 4.4616±0.1544 4.4290±0.0383 4.1776±0.1429 

Nitrogen N (%) 0.6898±0.0675 0.7700±0.0487 0.8747±0.1660 0.9058±0.1116 

Sulfur S (%) 0.4022±0.0083 0.4200±0.0068 0.4380±0.0060 0.4826±0.0076 

Oxygen O (%) 32.9652 29.0642 24.8975 23.0700 

H/C ratio - 0.9762 0.8143 0.7608 0.6975 

O/C ratio - 0.4060 0.3342 0.2694 0.2427 

 
 

Figure 10. Van Krevelen diagram for raw and torrefied 

mixtures 

 

3.4 Thermal decomposition of torrefied mixtures 

 

Figures 11 and 12 show the thermogravimetric (TG) and 

derivative thermogravimetry (DTG) curves for the mixtures 

torrefied at minimum temperature of 250℃ and maximum 

temperature of 300℃.  

In general, it can be said that both mixtures experience 

thermal decomposition due to drying, heating, devolatilization 

and char aggregation [29]. Figure 11 demonstrates that TG 

plot moves to the right when torrefaction temperature is 

increased from 250℃ to 300℃, thus indicating the thermal 

stability is increased with an increase in torrefaction 

temperature.  

Based on both Figure 11 and 12, it can be observed that from 

initial point until temperature of around 130℃, both torrefied 

mixtures experience drying process, in which the evaporation 

of water occurs. Then, within temperature range of 200℃ to 

650℃, both torrefied mixtures experience devolatilization, in 

which most of the volatile matter are removed during this stage. 

Based on Figure 12, the case of PKS60-T300 has lower peak, 

thus indicating lower derivative weight (or degradation rate) if 

compared to the case of PKS60-T250. The higher stability for 

the case of PKS60-T300 is mainly caused by the less amount 

of volatile matter that still remained after torrefaction 

experiment, in which the torrefaction experiment was 

conducted prior to this analysis. 

 

 
 

Figure 11. TG curves for torrefied mixtures 

 

 
 

Figure 12. DTG curves for torrefied mixtures 

 

 

4. CONCLUSIONS 

 

The torrefaction of palm kernel shell (PKS) and petcoke 

mixtures was successfully performed for various mixing ratios 
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and torrefaction temperatures. It was found that mass yield is 

a dominant factor that affects energy yield rather than the 

HHV ratio. In the present study, no significant difference in 

energy yield was observed for various torrefaction 

temperatures. Meanwhile, for various weight ratios, it was 

found that energy yield becomes the highest when the amount 

of petcoke used is highest. In general, fixed carbon and ash 

content increase while moisture and volatile matter contents 

decrease after torrefaction. Based on the overall results, 

especially in terms of energy yield and ultimate analysis, it can 

be concluded that a mixture with a higher amount of petcoke 

and higher temperature gives better performance, approaching 

the performance of coal. When considering both aspects of the 

utilization of biomass and the excellent performance of solid 

fuel, it can be concluded that the mixture with a weight ratio 

of 60:40 (PKS:petcoke) torrefied under the temperature of 

300℃ can fulfil these requirements. Based on 

thermogravimetric analysis (TGA), it was found that this 

mixture is thermally stable than the mixture torrefied at 250℃. 
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