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Abstract 

This study aimed to investigate the effect of batches (1, 2 and 3), particle sizes (<250 µm, range of 300 µm to 500 µm), 

and sections (bottom, middle and top) on combustion performance of the oil palm frond (OPF) petiole after torrefaction 

at 275 °C. The higher heating value (HHV), mass yield, energy yield, HHV yield and proximate analyses of the 

untorrefied and torrefied OPF petiole for all cases were determined.  The comparison between the untorrefied and torrefied 

OPF petiole as well as an international benchmark was also performed. In this study, the highest HHV of the torrefied 

OPF petiole (22.85±0.07MJ/kg) was obtained at the bottom section with the particle size of < 250 µm.  Furthermore, the 

fixed carbon content of the torrefied OPF petiole increased, whereas the volatile matter, moisture content, mass and 

energy yields decreased for all cases after torrefaction.  HHV yield of OPF petiole was recorded up to 141% after 

torrefaction.  The ash content was sufficiently satisfied the international benchmark for most cases, except for top section 

(300-500µm).  The changes in combustion properties of the torrefied OPF petiole for all cases were found to be 

insignificant whereas significant improvement could be observed when compared to untorrefied OPF petiole.  Overall, 

the study revealed that the appropriate particle size for torrefaction can promote it to be a vital source for energy 

production from oil palm biomass. 

Keywords: Torrefaction, oil palm frond, petiole, particle size, batch 

1.0 INTRODUCTION 

The sustainable development goal (SDG) “Affordable and clean energy” seeks to sustainably change the energy 

production landscape entirely. Hence, minimizing the use of fossil-based energy is one of the approaches. Alternatively, 

clean energy from renewable sources (such as biomass, wind, solar, etc.) is a good potential alternative to replace fossil-

based energy sources for energy consumption. The abundant sources of biomass such as agricultural and forestry have 

increased the potential for bioenergy utilization in Malaysia. The largest source of agricultural waste streams annually 

generated in Malaysia is from the oil palm industry [1].   

According to the report of the Malaysian Palm Oil Board (MPOB) in 2016 [2], about 56.45 million tonnes of oil 

palm waste ranging from empty fruit bunch to oil palm frond was generated. Oil palm fronds (OPF) contributed about 
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7% of waste from the total oil palm waste, hence promoting its utilization, as a vital energy source. Several studies have 

reported that raw OPF can be potentially upgraded to become a promising energy source similar to empty fruit bunch 

(EFB), palm kernel shell (PKS), and mesocarp fibre (MSF). This is due to its significant amount of carbon content, which 

typically ranges from 40.30 to 48.43% [1,3–9]. In the energy production, the amount of energy (known as higher heating 

value, HHV) that can be produced during the combustion of a fuel is vital [10], along with other requirements such as 

conversion efficiency, pollutant emissions, etc [11]. For the case of raw OPF, its HHV is typically considered low in the 

range from 16.3 to 18.1 MJ/kg [4–9,12–14].  Hence, as an effort in enhancing its performance, the pre-treatment such as 

torrefaction is necessarily suitable.  

Torrefaction is a pre-treatment process that solely focuses on the enhancement of solid-state fuel properties in an 

inert environment [15]. During torrefaction, the properties of the solid biomass fuel are significantly improved and 

sometimes higher than coal when heating at a modest temperature ranges from 200 °C to 300 °C [16]. Furthermore, there 

are two reactions that normally involved in torrefaction; mild (200 – 250 °C) and severe (250 – 300 °C). In most reported 

studies [16–21], severe torrefaction conditions significantly improved the fuel properties of torrefied biomass rather than 

the mild condition. This phenomenon is mainly due to the relatively high intensity of the biomass degradation process. 

This condition decomposes the lignocellulose components of biomass and further increases the carbon and fixed carbon 

contents of biomass [16,17]. Torrefied biomass has also shown potential performance for numerous applications such as 

combustion and gasification, which resulted in high combustion rates, high-quality syngas production and low toxic gas 

emissions [22,23] if compared coal-based energy source.  

The torrefaction of oil palm wastes such as EFB, PKS, and MSF is prominently examined based on various 

parameters; namely particle sizes, temperatures, and residence times [15,24,25]. In the case of OPF, the effect of 

torrefaction temperature [4,6,27,7–9,12–14,16,26] residence time [8,12] and flow rate of nitrogen gas [14] on the 

performance of OPF have been reported in several studies. The effect of torrefaction temperature on the torrefied OPF 

performance seem to be dominant compared to the other parameters. This can be found when the torrefaction temperature 

is increased, the HHV of torrefied OPF is enhanced (19.3 to 29.22 MJ/kg) [5,6,8,9,12,13,26,27], carbon content (44.5 to 

56.68%) [5,7,8]) and fixed carbon content (12.68 to 57.1%) [7,8,13,26,27] of torrefied OPF also increases. 

Since OPF consists of petiole, rachis, and leaflet components [28–32], the authors believe that none of the research 

studies have investigated the effect of a specific component of OPF, sections and particle sizes through torrefaction of 

OPF. Therefore, it can be said that the aforementioned effect on the torrefaction of OPF can become a novel study to be 

explored.  Meanwhile, the other studies have shown that the component of OPF has promising chemical compositions 

(i.e lignocellulose components, sugar, etc.) in which suitably used for various applications; chemicals [29], bio-materials 

[32], and other biofuels [32], bio-ethanol [33,34], and bio-mulch [35]. In addition, the petiole and stem contain 66% and 

34% sugar content, respectively, which can be converted into energy [36]. 

 Therefore, this study aims to fundamentally understand the effect of different sections and particle sizes of the 

petiole from three different batches of OPF on the performance of torrefied products.  In this study, the petiole of three 

different batches of OPF was examined along with the particle sizes <250µm and 300-500µm for each batch of the OPF 

petiole at 275°C during the torrefaction process. The torrefaction temperature of 275 °C has been found to significantly 

improve the combustion performance and fuel properties (i.e HHV, mass yield, energy yield, proximate and ultimate 

analysis) of torrefied biomass from previous studies regardless of the raw materials [19,24,25]. The physical appearance, 

mass yield, higher heating value (HHV), energy yield, HHV yield and proximate analysis of untorrefied and torrefied 

petiole of OPF were evaluated for each batch and particle sizes and subsequently compared with the international 

benchmarks.   

 

2.0 MATERIAL AND METHODS 

2.1 Material 

The OPF was collected from a palm oil mill located in Kota Tinggi, Johor. Three batches (labelled with batch one, two 

and three) of OPF with a total length of 1.78m from the same oil palm plantation area were used in this study.  The OPF 

for all batches was naturally dried of around three weeks and subsequently separated into two parts with a length of 1.08 

m for the petiole and 0.7 m for the rachis as shown by Figure 1. In this study, the OPF petiole of each batch was used, 

while the other components of OPF (i.e the rachis and leaflets) were discarded. Next, the petiole of each batch was 

separated into five sections labelled as; section 1-bottom, 2 and 3-middle, 4 and 5-top) with a similar length of 216mm 

(see Figure 1 (c) and (d)). The petiole of the OPF with the sections labelled 1-bottom, 3-middle and 5-top were 

subsequently selected for further tests. The selected petiole sections (1-bottom, 3-middle and 5-top) of each batch were 

then pulverized separately by using the crushing machine (Model: RETSCH BB50, Germany) and sieved through a sieve 

shaker machine (Model: RETSCH type AS200 digit, Germany) to obtain particle size of <250µm and 300-500µm. Table 

1 shows the properties of the different sections and particle sizes of the raw OPF petioles examined in this study. 
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Figure 1 Oil palm tree (a) [37], oil palm frond (OPF) and parts (b) [37], various sections of OPF petiole (c) 

and separated OPF petiole (d) used in this study 

 
Table 1 Properties of untorrefied oil palm frond petiole for each batch and particle sizes 

 
 

Batch Condition Proximate analysis (wt,%) Higher heating 

value, HHV 

(MJ/kg) Moisture 

content 

 

Volatile matterd 

 

Ash 

Contentd 

Fixed carbon*. d 

1 OPF petiole-bottom (<250µm) 9.25±0.30 75.87±0.55 3.38±0.04 20.75±0.51 17.21±0.47 

2 OPF petiole-bottom (<250µm) 9.87±0.23 78.12±0.50 4.32±0.1 17.48±0.40 16.26±0.45 

OPF petiole-middle (<250µm) 11.78±0.31 76.39±0.32 3.59±0.04 20.02±0.29 16.06±0.36 

OPF petiole-top (<250µm) 10.18±0.44 75.38±0.19 4.18±0.03 20.44±0.16 15.94±0.12 

OPF petiole-bottom (300-

500µm) 

10.68±0.73 74.55±0.21 3.24±0.05 22.21±0.14 15.80±0.06 

OPF petiole-middle (300-

500µm) 

10.18±0.44 75.38±0.19 4.23±0.13 20.39±0.33 15.52±0.08 

OPF petiole-top (300-500µm) 10.63±0.00 74.34±0.00 4.58±0.01 21.08±0.01 15.26±0.13 

3 OPF petiole-bottom (<250µm) 11.73±0.66 77.32±0.93 3.31±0.08 20.38±0.00 17.00±0.34 

Benchmark  <10a  <5b  >20c 

a EN ISO 18134-2:2015 [38]; b EN ISO 18122:2015 [39]; c EN ISO 18125:2017 [40]; d dry basis (db,%); 

* Calculated by difference 

 
For all conditions, the untorrefied OPF petioles exhibited considerably high moisture and volatile matter contents, 

showing that the samples are hygroscopic. Due to its hygroscopic nature, untorrefied OPF petiole has low HHV and fixed 
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carbon content which could be useful in direct combustion [41] after torrefaction pretreatment is applied. Lastly, the ash 

content of raw OPF petiole can be also considerably low.   

 

2.2 Torrefaction of OPF Petiole 

In this study, the experimental method and schematic diagram for the torrefaction process are based on our previous 

studies [19,25,42]. The torrefaction of OPF petiole was performed in a vertical reactor (internal diameter, ID = 100 mm; 

height, H = 150 mm) equipped with a clamp heater on the outer surface of the reactor wall. The torrefaction temperature 

was controlled by using a K-type thermocouple sensor connected to a PID controller. The tip of the K-type thermocouple 

sensor was set at 5 mm above the pulverized OPF petiole. In this study, the OPF petiole was torrefied at a constant 

temperature and nitrogen flow rate of 275℃ and 1 L/min, respectively.   

Initially, 4 g of pulverized OPF petiole was weighed and put in the rectangular-shaped stainless steel crucible 

before placing inside the reactor. Subsequently, the lid of the reactor was sealed tightly to initiate purging for an hour at 

a constant nitrogen flow rate of 1 L/min. The pulverized OPF petiole was later heated to the desired torrefaction 

temperature of 275℃ in an inert environment for 30 minutes. When the residence time of the torrefaction process was 

attained, the temperature was reset to an ambient condition to allow the torrefied pulverized OPF petiole to cool inside in 

the reactor with a continuous flow of nitrogen. Finally, the torrefied pulverized OPF petiole was removed and sealed in a 

sealed bag before stored in a desiccator.  

2.3 Characterization of Untorrefied and Torrefied OPF Petiole 

In this study, the proximate analysis of untorrefied and torrefied OPF petiole was determined in accordance with 

the standard methods; EN ISO 18134-2:2015 for moisture content [38], EN ISO 18123:2015 for volatile matter [43], and 

EN ISO 18122:2015 for ash content [39]. The higher heating values (HHV) of the raw and torrefied OPF petiole were 

determined by bomb calorimetry (Model: IKA C2000, USA). The mass and energy yields [44], as well as higher heating 

value (HHV) yield [45] were determined from equations 1, 2 and 3, respectively: 

𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑 𝑝𝑢𝑙𝑣𝑒𝑟𝑖𝑧𝑒𝑑 𝑂𝑃𝐹 𝑝𝑒𝑡𝑖𝑜𝑙𝑒 (𝑔)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑢𝑛𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑 𝑝𝑢𝑙𝑣𝑒𝑟𝑖𝑧𝑒𝑑 𝑂𝑃𝐹 𝑝𝑒𝑡𝑖𝑜𝑙𝑒 (𝑔)
×  100%           (1) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 (%) =  𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 ×
𝐻𝐻𝑉 𝑜𝑓 𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑 𝑝𝑢𝑙𝑣𝑒𝑟𝑖𝑧𝑒𝑑 𝑂𝑃𝐹 𝑝𝑒𝑡𝑖𝑜𝑙𝑒 (MJ

kg
)

𝐻𝐻𝑉 𝑜𝑓 𝑢𝑛𝑡𝑜𝑟𝑟𝑒𝑓𝑖𝑒𝑑 𝑝𝑢𝑙𝑣𝑒𝑟𝑖𝑧𝑒𝑑 𝑂𝑃𝐹 𝑝𝑒𝑡𝑖𝑜𝑙𝑒 (MJ
kg

)
    (2) 

Higher heating value yield (%) = 
HHV of torrefied pulverized OPF petiole (

MJ

kg
)

HHV of untorrefied pulverized OPF petiole (
MJ

kg
)
 x 100%    (3) 

 

3.0 RESULTS AND DISCUSSION 

3.1 Higher Heating Value of Torrefied OPF Petiole for Various Conditions 

Figure 2 (a and b) show the higher heating value (HHV) of the OPF petiole torrefied at various particle sizes with sections 

and batches, respectively. In the case of OPF petiole for batch 2 torrefied at various particle sizes and sections, generally, 

the HHV of OPF petiole increased after torrefaction. In terms of the effect particle size of the OPF petiole from batch 2, 

the torrefied OPF petiole with the particle size of <250µm at bottom section recorded a relatively high HHV of 

22.85±0.07MJ/kg compared to the torrefied OPF petiole with the particle size of 300 to 500µm (20.05±0.08MJ/kg). At 

the middle and top section, the HHV of the torrefied OPF with the particle size of <250µm recorded HHV of 

20.40±0.00MJ/kg and 19.85±0.03MJ//kg, respectively. In contrast, the HHV for 300 to 500µm samples at the middle was 

19.83±0.05MJ/kg, whereas the top section was 18.65±0.10MJ/kg. The phenomenon is mainly due to the enhanced heat 

transfer typically observed in smaller particle sizes (<250µm) [46], which thermally degrades the lignocellulosic 

components.   

Meanwhile, for the case of the different sections from the same particle size of <250µm, the HHV of torrefied 

OPF petiole from the bottom section recorded a highest HHV of 22.85±0.07MJ/kg compared to the other sections 

(20.40±0.00MJ/kg for the middle section and 19.85±0.03MJ/kg for the top section). This phenomenon was also found in 

the case of the HHV of the bottom to top section of torrefied OPF petiole with a particle size of 300 to 500µm. Based on 

the findings, it is asserted that the bottom section of the petiole may contain more carbon that potentially converted into 

higher energy after torrefaction.  However, the proximate results of fixed carbon do not really imply this situation, that is 

supposed due to the inhomogeneity of the torrefied surface of OPF. On the other hand, it may also contain less complex 

lignocellulose components than other sections due to the dissimilar HHV observed regardless of the particle sizes 

examined.  Generally, the values of HHV of torrefied OPF petiole examined at bottom section (particle size of <250µm), 

middle section (particle size of <250µm) and bottom section (particle size of 300-500µm) were higher than the 

international benchmark. In contrast to that, the HHV of the torrefied OPF petiole at the top section (particle size of 
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<250µm and 300-500µm) and at the middle section (particle size of 300-500µm) did not fulfil the benchmark 

requirements.   

 The study on the bottom section of OPF petiole with the particle size of less than 250µm for various batches was 

further investigated as shown in Figure 2 (b). The HHV of the torrefied OPF petiole for all batches observably increased 

compared to the untorrefied OPF petiole. The HHV of OPF petiole for batch 1 increased from 17.21±0.47 MJ/kg to 

23.12±0.03MJ/kg, 16.26±0.45 MJ/kg to 22.85±0.07MJ/kg for batch 2 and 17.00±0.34 MJ/kg to 21.85±0.58 MJ/kg for 

batch 3. Hence, the difference in HHV among various batches after torrefaction was insignificant, showing that the various 

batches of OPF petiole are comprised of similar properties and could be competitively utilized for energy production. 

However, the HHV of the torrefied of OPF petiole for each batch fulfilled the requirements as stated by international 

benchmarks.  Overall, the moderate amount recorded by HHV of torrefied OPF petiole if compared to the other torrefied 

oil palm biomass (i.e torrefied EFB, MSF, and PKS. This phenomenon is mainly due to the presence of relatively high 

hemicellulose and cellulose [31,47,48] in an overall OPF petiole compared to the other types of oil palm biomass.  

 

 
 
Figure 2  Higher heating value of untorrefied and torrefied OPF petiole: a) at batch 2 for various particle sizes 

and sections, and b) at a particle size of <250µm for various batches 

 

 

3.2 Proximate Analysis of Torrefied OPF Petiole at Various Conditions 

Table 2 shows the proximate analysis of torrefied OPF petiole for various particle sizes and sections.  In the case of the 

different particle sizes of the torrefied OPF petiole, it was found that the fixed carbon of torrefied OPF petiole for bottom 

section increased slightly from 35.18±0.39 to 40.81±0.27 db% when particle size is increased from <250µm to particle 

size with a range of 300 to 500µm. In the case of torrefied OPF petiole for middle and top sections, however, the fixed 

carbon decreased from 40.73±1.43 to 35.65±0.27db% (<250µm to particle size with a range of 300 to 500µm) and 

37.07±1.17 to 37.81±0.13db% (<250µm to particle size with a range of 300 to 500µm), respectively. Generally, the fixed 

carbon of the torrefied OPF petiole for all particle sizes and sections is considerably higher than the untorrefied OPF 

petiole, showing that torrefaction at severe conditions (temperature = 275℃) greatly improved the properties of the OPF 

petiole. However, based on Table 2, for the case of bottom part, the proximate results of fixed carbon do not really reflect 
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the trend of HHV increment when particle is decreased. This is supposed due to the inhomogeneity of certain part of OPF 

petiole, in which same experience has been faced by Uemura et al. [15] when investigating the change in ash content of 

empty fruit bunch (EFB) after being torrefied. 

The ash content and volatile matter of OPF petiole for all particle sizes and sections have recorded insignificant 

changes after torrefaction. The ash content was observed in the range 4.11±0.05 to 5.57±0.12db%, while the volatile 

matter was 54.67±1.48 to 59.97±0.28db%. However, compared to the untorrefied OPF petiole, the ash content of the 

torrefied OPF petiole increased up to 72%, although the volatile matter decreased by 30% for all particle sizes and 

sections. In the case of ash content, some studies have reported that the low vaporization of the alkali salts in ash, in which 

torrefaction condition is performed increases the ash content of torrefied OPF petiole for all conditions [15,49]. Based on 

the present findings, the ash content of torrefied OPF petiole at different sections and particle sizes fulfilled the 

requirements as stated by the international benchmark except for the top section of torrefied OPF petiole with particle 

size of the range 300-500µm.  Meanwhile, the moisture content of the torrefied OPF petiole for all particle sizes and 

sections was observed within the range 5.97±0.15 to 7.48±0.19%, although it is considerably decreased when compared 

to the untorrefied OPF petiole for all particle sizes and sections. This phenomenon is mainly due to the severe torrefaction 

condition (temperature of 275℃) phase caused deoxygenation [7], which fulfills the requirement as stated by EN ISO 

18134-2:2015 (<10%) [38].   

 
Table 2 Properties of oil palm frond petiole from batch 2 for various sections and particle sizes after torrefaction 

 

 

The proximate analysis of the torrefied OPF petiole of the bottom section for each batch with a particle size of 

<250µm is shown in Table 3. Generally, the fixed carbon of the torrefied OPF petiole of the bottom section considerably 

increased after torrefaction compared to the untorrefied OPF petiole of the bottom section. From Table 3, the fixed carbon 

of the torrefied OPF petiole of the bottom section was 39.78±0.26db% for batch 1, 35.18±0.39db% for batch 2, and 

38.02±1.92db% for batch 3. The volatile matter of the torrefied OPF petiole of the bottom section for all batches was 

recorded from 55.81±0.04 to 59.97±0.28db%, showing that the severe torrefaction condition (temperature of 275℃) 

intensely degraded the hemicellulose and cellulose [5] components of OPF petiole. In the case of the ash content of 

torrefied OPF petiole of the bottom section, it was found that the ash content for batch 1 and 2 were 4.40±0.22db% and 

4.86±0.11db%, respectively. However, for batch 3 a lower ash content (3.58±0.31db%) was observed for the torrefied 

OPF petiole of the bottom section.  Referring to this phenomenon, although alkali and alkaline earth materials (AAEMs) 

are not examined in this study, it is worth to said that, the uneven AAEMs within OPF petiole could possibly occur due 

to grinding effect [50], that in turn, cause an uncontrollable of fine AAEMs during preparation stage and subsequently 

increase the ash content when the biomass undergoes thermal treatment [51].  

In this study, the moisture content of the bottom section of torrefied OPF petiole for all batches decreased to 

within the range of 6.41±0.20 to 5.15±0.20% if compared to the untorrefied OPF petiole of the bottom section (9.25±0.30 

Batch Condition Proximate analysis (wt,%) Higher heating 

value, HHV 

(MJ/kg) 

  Moisture 

content 

 

Volatile matterd 

 

Ash contentd  Fixed carbon*, d  

2 OPF petiole-bottom (<250µm) 5.97±0.15 59.97±0.28 4.86±0.11 35.17±0.39 22.85±0.07 

OPF petiole-middle (<250µm) 5.97±0.15 54.67±1.48 4.59±0.04 40.73±1.43 20.40±0.00 

OPF petiole-top (<250µm) 6.85±0.15 58.13±0.87 4.80±0.30 37.07±1.17 19.85±0.03 

OPF petiole-bottom (300-

500µm) 

6.66±0.15 55.08±0.23 4.11±0.05 40.81±0.27 20.05±0.08 

OPF petiole-middle (300-

500µm) 

6.22±0.10 59.38±0.06 4.97±0.21 35.65±0.27 19.83±0.05 

OPF petiole-top (300-500µm) 7.48±0.19 56.62±0.01 5.57±0.12 37.81±0.13 18.65±0.10 

Benchmark  <10%a  <5%b  >20%c 
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to 11.73±0.66%).  Therefore, this proves that the vaporization of moisture occurred during torrefaction. Overall, it can be 

surmised that the moisture content and an ash content of torrefied OPF petiole for different batches have fulfilled the 

requirement stated based on EN ISO 18134-2:2015 (<10%) [38] and EN ISO 18122:2015 [39], respectively.   

 

 
Table 3 The properties of oil palm frond petiole (bottom part with particle size <250 µm) for all batches after torrefaction 

Batch Condition Proximate analysis (wt,%) High heating 

value, HHV 

(MJ/kg) 

  Moisture 

content  

 

Volatile matterd 

 

Ash  

contentd  

Fixed carbon*,d  

1 OPF petiole-bottom (<250µm) 5.15±0.20 55.81±0.04 4.40±0.22 39.78±0.26 23.12±0.03 

2 OPF petiole-bottom (<250µm) 5.97±0.15 59.97±0.28 4.86±0.11 35.18±0.39 22.85±0.07 

3 OPF petiole-bottom (<250µm) 6.41±0.20 58.40±1.61 3.58±0.31 38.02±1.92 21.85±0.58 

Benchmark  <10%a  <5%b  >20%c 

a EN ISO 18134-2:2015 [38]; b EN ISO 18 122:2015 [39]; c EN ISO 18125:2017 [40]; d dry basis (db,%); 

* Calculated by difference 

 

3.3 Mass Yield, Energy Yield and Higher Heating Value Yield of Torrefied OPF Petiole 

Figure 3(a) shows the mass and energy yields for torrefied OPF petiole of batch 2 at various particle sizes and sections. 

The mass yield of the torrefied OPF petiole with particle sizes <250 µm for all cases was slightly lower than the mass 

yield of torrefied OPF petiole with a particle size of 300 to 500µm. For example, at the bottom section, the mass yield of 

torrefied OPF petiole with the particle size of <250µm was 50.63%, while 55.85% was recorded for torrefied OPF petiole 

at 300 to 500µm. Similar trend was also found for the torrefied OPF petiole with a particle size of <250µm and 300 to 

500 µm at the middle section (51.25% and 54.72%, respectively).  In addition, mass yield for the torrefied OPF petiole 

with particle size < 250 µm and 300 to 500µm at the top section was 51.65% and 55.83%, respectively. Lower mass yield 

for particle size of <250µm regardless of section is mainly due to enhanced heat transfer within particles with smaller 

sizes [46], which significantly degrades the lignocellulose components of torrefied OPF petiole [9].  

The energy yield of the bottom section of the torrefied OPF petiole was 71.15% (for the particle size <250µm) 

and 70.88% (for 300 to 500µm). However, the middle section has an energy yield of 65.10% (for the particle size 

<250µm) and 69.92% (for particle size of 300 to 500µm), whereas the top section exhibited 64.32% (for the particle size 

<250µm) and 68.24% (for particle size of 300 to 500µm). Based on the findings, generally, the energy yield is slightly 

increased for middle and top sections when particle size is increased (from <250µm to the range 300 to 500µm), but, 

conversely occur for the case of bottom section. This phenomenon is supposedly due to the insignificant improvement of 

HHV of torrefied OPF petiole for middle and top sections while for bottom section, the energy yield is dominated by a 

significant improvement of HHV of torrefied OPF petiole. When compared with similar particle size (i.e <250µm) for all 

sections, the improvement of HHV of torrefied OPF petiole was more pronounced than that  for particle size of 300 to 

500µm. The results are well agreed by Ahiduzzaman and Islam [52] that the improvement of HHV of torrefied biomass 

is more influential than that of mass yield for the case of energy yield. Also, these phenomena can be noticeable in this 

study when the HHV yield of torrefied OPF petiole (particle size of <250µm for bottom section) recorded highest of 

about 141% than other conditions (HHV yield of ranging 122 to 128%).   

The mass and energy yields of torrefied OPF petiole for various batches with the particle size of <250µm are 

shown in Figure 3(b). Based on the figure, it can be seen that the mass yields of torrefied OPF petiole recorded 

insignificant difference between batches, showing that each batch experienced similar devolatilization at severe 

torrefaction condition (275℃). This phenomenon can be seen when OPF petiole is torrefied, the mass yield obtained was 

within the range of 51.23 to 53.61%. However, in this study, the energy yield of the torrefied OPF petiole was found to 

slightly differ between batches. For example, the energy yield of torrefied OPF petiole was recorded at 68.82% (batch 1), 

71.15% (batch 2) and 68.91% (batch 3). From the results, it can be surmised that the difference in energy yield of the 

torrefied OPF petiole is more affected by the improvement of HHV [52] (with HHV yield of ranging 129 to 141%) rather 

than the effect of mass yield of torrefied biomass.   
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Figure 3. Mass and energy yields of torrefied OPF petiole: a) at batch 2 for various particle sizes and sections, 

and b) at a particle size of <250µm for various batches. 

 

 
4.0 CONCLUSION 

 

The torrefaction process was performed at 275℃ to fundamentally examine the effect of torrefaction on the combustion 

properties of oil palm frond (OPF) petiole for various particle sizes, sections, and batches. In this study, the effect of 

particle size and section are found to be more pronounced than the effect of batches for the case of HHV. For both particle 

sizes, higher HHV was recorded for bottom section, while decrease when the section is approaching top section. It is 

observed that the change of HHV for each batch was insignificant, which within the range of 21.85±0.58 to 

23.12±0.03MJ/kg. Generally, the fuel properties of the OPF petiole improved after torrefaction. It can be deduced that 

the pulverized petiole of bottom section with particle size of less than 250µm gives the highest energy yield. From this 
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study, it is worth to said that the OPF petiole has potential to be used as solid fuel source due to improved performance 

after torrefaction. 
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