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Abstract 
Combustion is considered an efficient route for the sustainable valorisation of oil palm empty fruit 
bunches (OPEFB) generated in Malaysia. However, OPEFB requires pre-treatment through pelletization 
to improve its fuel properties for combustion. Therefore, this paper seeks to examine the physi-
cochemical, oxidative thermal (combustion), kinetic, and thermodynamic fuel properties of OPEFB 
pellets. Physicochemical characterisation revealed high elemental, proximate, and calorific values. 
Combustion characteristics revealed high thermal reactivity and conversion of the OPEFB pellets, as 
evident in its high mass loss (ML > 92%) but low residual ash (RM < 7.11%) during thermogravimetric 
analysis (TGA). Kinetic analysis revealed activation energies (Ea) in the range 77.9 to 303.4 kJ/mol 
and frequency factor (A) of 2.9×1004 to 5.3×1028 min-1 based on the Flynn-Wall-Ozawa (FWO) and 
Kissinger-Akahira-Sunose (KAS) models. The kinetic compensation effect (KCE) was detected in the 
plots of Ea against A for both FWO and KAS, whereas the compensation constants a, and b, were 
deduced from the plots of Log A against Ea. Thermodynamic analysis revealed a high degree of 
disorderliness in the reactants and products, which indicate high reactivity and shorter reaction times. 
Therefore, the OPEFB pellets can be effectively utilised as feedstock for energy recovery through 
combustion. 
Keywords: : Combustion; Biomass; Fuel Characterization; Oil Palm; Empty Fruit Bunches; Pellets. 

1. Introduction

The palm oil industry is a significant contributor to socio-economic growth and sustainable
development in Malaysia. According to the Agency for Innovation Malaysia (AIM), the palm oil 
industry (POI) accounts for 8% (RM 80 billion) of the nation’s gross national income (GNI) 
yearly [1]. Due to its strategic economic importance, the sector has expanded exponentially 
over the years with increased acreage cultivation of oil palm (Elaeis guineensis Jacq.) for the 
extraction of crude palm oil (CPO).  Similarly, the growing demand for CPO utilized for the 
production of household consumer products, biochemicals, and biodiesel has soared signifi-
cantly over the years [2].   

The Malaysian POI generates significant quantities of solid and liquid wastes from the cul-
tivation of oil palm trees and extraction of CPO. It is currently estimated that the POI generates 
over 80 million dry tonnes of wastes comprising; oil palm fronds (OPF) and trunks (OPT), 
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empty fruit bunches (EFB), palm kernel shells (PKS), and palm mesocarp fibre (PMF). The 
enormity of the wastes currently generated by the POI has prompted calls for swift action to 
address the impending problems that could arise from long term accumulation and prolifera-
tion of these wastes. Consequently, stakeholders in the industry have sought to explore sus-
tainable strategies to effectively dispose and manage the wastes, albeit with limited success. 
Therefore, there are growing concerns that the growing stockpiles and accumulation of oil 
palm wastes (OPW) could pose severe risks to human health, safety, and the environment [3]. 

In light of this, the government of Malaysia (GoM) promulgated the National Biomass Strat-
egy (NBS-2020) in 2011 (revised in 2013) to explore the most socially acceptable, economic, 
and environmentally friendly strategies to valorise the mounting stockpiles of OPWs generated 
in the nation’s palm oil mills. The policy aims to valorise 20%-25% or about 20 million dry 
tonnes of the OPW into high economic value products with the potential to contribute RM30 
million to the economy by 2020. This comes against the backdrop of AIM’s predictions that 
OPW tonnage will soar to over 100 million dry tonnes by 2020.  Therefore, there is an urgent 
need to explore and exploit efficient strategies and technologies to reduce not only the tonnage 
volumes of OPW but also minimise their effects on the environment owing to long term accu-
mulation by open dumping. 

One of the most effective measures for addressing the problems of disposal and manage-
ment of lignocellulosic wastes such as oil palm wastes (OPW) is through thermochemical con-
version. Several studies have demonstrated the potential of various thermochemical processes 
such as torrefaction [4-5], liquefaction [6-8], pyrolysis [9-10], gasification [11-12], and combustion 
[13-14] in valorising OPW.  The findings indicate that although these technologies can valorise 
and minimise the bulk of OPWs, the processes are hampered by numerous challenges.  In 
addition to low conversion efficiencies, emission of pollutants, greenhouse gases (GHG) and 
secondary wastes, these processes are primarily hampered by the bulk nature, high alkali 
content, and moisture content along with low energy density, calorific values, and logistics 
potential of OPWs.  The outlined drawbacks are particularly evident in the utilisation of oil 
palm empty fruit bunches (OPEFB), which is characterised by 60% moisture content, low cal-
orific value and high alkali. Typically, these fuel properties result in low conversion efficiencies, 
low product yield, tar formation and distribution along with operational challenges such as 
agglomeration, sintering, and equipment fouling [11, 15-16]. Consequently, OPEFB requires ex-
tensive pre-treatment and conditioning through drying, bulk reduction and densification to 
improve its fuel properties, energy recovery potential and suitability for thermochemical con-
version through combustion [17].   

Combustion is one of the oldest technologies for energy recovery from carbonaceous ma-
terials such as biomass.  It is an exothermic process that involves the oxidative conversion of 
carbonaceous materials into water, carbon dioxide, and heat at high temperatures [18-19].  The 
production of heat in combustion reactors (boilers) is a primary process in the palm oil mills 
for the production of steam used to strip, sterilise, and wash fresh fruit bunches. Currently, 
OPMs in Malaysia utilise OPWs such as OPEFB in boilers, albeit inefficiently, for steam produc-
tion.  The low efficiency is due to the poor fuel properties of OPEFB, which accounts for 23% 
or (23%) of all OPWs generated in the palm oil mills.  However, it is envisaged that the pre-
treatment of OPEFB through drying, mechanical disintegration, and pelletization will improve 
its fuel properties for effective utilisation as boiler fuel.  However, there are limited studies on 
the combustion of OPEFB pellets in literature.  Some researchers have examined OPEFB pellets 
pyrolysis [20-21], and gasification [22-25]. The findings revealed operational challenges such as 
poor ignition, low gas yields and product distribution, tar formation and high energy require-
ments. Other studies have shown that the combustion of pulverised EFB results in ash for-
mation and deposition [26-28], greenhouse gas and pollutant emissions, and low reactivity (high 
activation energies) [29], which are ascribed to the poor fuel properties pulverised OPEFB. 
Therefore, it is imperative to comprehensively characterise the fuel properties of OPEFB pellets 
to examine its physicochemical and thermal characteristics for application in future combus-
tion systems. 
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Based on the challenges outlined, this study seeks to examine the oxidative (combustion) 
thermal, kinetic degradation, and thermodynamic properties of oil palm empty fruit bunches 
(OPEFB) pellets through thermogravimetric analysis (TGA). It also seeks to characterise, ex-
amine, and highlight the physicochemical fuel properties of the OPEFB pellets as a potential 
feedstock for combustion.  The findings will present significant insights into thermal degrada-
tion behaviour, temperature profile characteristics, and potential reaction pathway for OPEFB 
pellet combustion. 

2. Materials and methods

2.1. Materials

The oil palm empty fruit bunch pellets (or OPEFB Pellets) were obtained from an oil palm 
mill in Kota Tinggi in the state of Johor (Malaysia). The OPEFB Pellets were subsequently 
transported to the Hydrogen and Fuel Cell Laboratory, Universiti Teknologi Malaysia for further 
analysis. The brown, uniformly shaped, and cylindrical 8 mm diameter OPEFB Pellets each 
weigh 2.5 g. Before characterisation, the OPEFB Pellets were pulverised in a high-speed 
crusher (Model: Panasonic Super Mixer Grinder MX-AC400, Malaysia).  The pulverised sample 
was subsequently sieved using a standard laboratory analysis sieve of mesh size 60 (250 µm 
or 0.0098 inches) (Brand: W.S. Tyler, Mexico) to obtain homogenous sized particles. Next, 
the OPEFB Pellets were subjected to extensive characterisation to determine its physicochem-
ical, thermal, kinetic, and thermodynamic fuel properties. 

2.2. Physicochemical analysis 

The elemental analysis of the OPEFB pellets was examined based on the ASTM standard 
D5291-10 (2015) for determining the elemental (CHNS–Carbon, Hydrogen, Nitrogen, and Sul-
phur, respectively) composition of fuels. For each test, 5 mg of pulverised OPEFB pellets were 
weighed, wrapped in a tin foil capsule, and placed in the autosampler of the CHNS analyser 
(Model: vario MICRO cube Elementar Analysensysteme GmbH, Germany). Next, the elemental 
carbon (C), hydrogen (H), nitrogen (N) and sulphur (S) in the sample were converted into 
CO2, H2O, NO2 and SO2, respectively through excess oxygen combustion in the bomb calorim-
eter at 1150°C. The evolved gases were subsequently detected using the TCD and quantified 
using column chromatography (CC) to detect the percentage elemental composition of CHNS 
in the sample. The proximate analysis was determined by the ASTM standards; D3173-87 
(2003) for moisture content (MC), D3175-07 (2007) for volatile matter (VM) and D3174-04 
(2004) for ash content (AC) in a muffle furnace (Model; NeyTech Vulcan D-130, USA). Lastly, 
the calorific analysis was performed using the isoperibol oxygen bomb calorimeter (Model: 
IKA C2000, USA) to determine the higher heating value (HHV) according to the ASTM standard 
D-2015. Each test was repeated at least three times to ensure the reliability and accuracy of 
the measurements and the results presented, as average values in Table 1.

2.3. Thermal analysis 

The oxidative thermal analysis of OPEFB pellets was performed by thermogravimetric anal-
ysis (TGA). The TGA runs were performed on the Shimadzu Thermogravimetric Analyser 
(Model: TGA-50, Japan). For each run, about 10 mg of sample was placed in an alumina 
crucible and transferred to the sample bucket of the TG analyser.  Next, the sample was 
heated under non-isothermal conditions from 30 °C to 800 °C at different heating rates from 
5, 10, 15, 20 and 30°C/min. During the TG analysis, air was used as the purge gas and to 
simulate the oxidative environment for combustion at a flow rate of 20 ml/min. On completion, 
the raw TG data were retrieved and analysed using the Shimadzu Thermal Analysis (STA) 
software (Version: TA-60WS Workstation) to deduce the mass loss (TG/DTG) data and char-
acteristic temperature profiles (TPC) for further analysis. Consequently, Microsoft Excel (ver-
sion 2013) was used to plot the mass loss (%) and derivative mass loss (%) data against 
temperature (°C) to obtain thermogravimetric (TG, %) and derivative thermogravimetric 
(DTG, %/min) plots, respectively. Based on the plots, the TPCs determined using the STA 
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software included; onset (ignition) (Tonset), peak decomposition (Tpeak), offset (burnout) (Tend), 
and midpoint (Tmid) temperatures.  Furthermore, the mass loss (ML), and residual mass (RM) 
were estimated to examine the thermal degradation behaviour, conversion and reactivity of 
the OPEFB pellets. 

2.4. Kinetic analysis 

This analysis was performed to determine the kinetic parameters for the oxidative thermal 
decomposition of the OPEFB Pellets.  This was accomplished by applying the multi-heating 
rate, non-isothermal thermogravimetric analysis (TGA) data to the isoconversional kinetic 
models of Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS).  The models are 
based on the one-step global model for the thermal decomposition of carbonaceous materials.  
According to the model, biomass decomposition occurs via a single reaction pathway ex-
pressed as [30]: 
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝑘𝑘
→𝐺𝐺𝐵𝐵𝐵𝐵 + 𝐿𝐿𝐵𝐵𝐿𝐿𝐿𝐿𝐵𝐵𝐿𝐿 + 𝐶𝐶ℎ𝐵𝐵𝑎𝑎 (1) 

Based on the model, the degree of conversion (α) for biomass at temperature (T, K) and 
time (t, in seconds) is represented by the relation: 
𝛼𝛼 =

𝐵𝐵𝑖𝑖−𝐵𝐵𝑎𝑎

𝐵𝐵𝑖𝑖−𝐵𝐵𝑓𝑓
 (2) 

The terms mi, ma, and mf denote the initial, actual, and final masses of the thermally de-
composing OPEFB Pellets in which the temperature dependency is described by Arrhenius 
equation: 

𝑘𝑘 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� (3) 

The term k represents the rate constant, A - pre-exponential factor (min-1), Ea - activation 
energy (kJ/mol), R - molar gas constant (J/mol K), and T - absolute temperature (K). Hence, 
the rate of thermal decomposition of the sample can now be expressed as: 
𝐿𝐿𝛼𝛼
𝐿𝐿𝑑𝑑

= 𝑘𝑘(𝑅𝑅)𝑓𝑓(𝛼𝛼) (4) 

where f(α) is the reaction model for OPEFB Pellet decomposition during thermal analysis. For 
a given order of reaction, n, the reaction model is defined: 
𝑓𝑓(𝛼𝛼) = (1 − 𝛼𝛼)𝑛𝑛 (5) 

Therefore, the multi-heating rate (β) decomposition of biomass can be deduced from the 
integral of relation [31]: 

𝐿𝐿𝛼𝛼
(1 − 𝛼𝛼)𝑛𝑛

=
𝐴𝐴
𝛽𝛽
𝐴𝐴𝐴𝐴𝐴𝐴 �

−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� 𝐿𝐿𝑅𝑅 (6) 

The integral solution of the equation is the basis for the FWO and KAS models used to 
determine the kinetic parameters activation energy, Ea and frequency factor, A, of thermally 
decomposing materials. Therefore, the kinetic analyses of OPEFB pellets decomposition under 
oxidative conditions was examined based on the corresponding temperatures (T, K) for each 
conversion (α) as determined from the mass loss (TG, %) data.  The values were consequently 
applied to the governing equations of the Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-
Sunose (KAS) models described in subsequent sections of this paper. 

2.4.1. Flynn-Wall-Ozawa 

The kinetic parameters for OPEFB Pellets decomposition under the oxidative conditions were 
examined based on the Flynn-Wall-Ozawa (FWO) model. This was realised by plotting In(β) 
against 1000/T for the degree of conversions α = 0.10 to 0.70 as described in the equation:  

𝑙𝑙𝑙𝑙(𝛽𝛽) = 𝑙𝑙𝑙𝑙 �
𝐴𝐴𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅(𝛼𝛼)

� − 5.331 − 1.052 �
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� (7) 

Next, the activation energy, Ea and frequency factor, A were calculated from the slope [-
1.052 Ea/R] and intercept [In (AEa/R], respectively. 

 

 

255



Petroleum and Coal 

                          Pet Coal (2021); 63(1): 252-263 
ISSN 1337-7027 an open access journal 

2.4.2. Kissinger-Akahira-Sunose 

The Kissinger-Akahira-Sunose (KAS) model was also used to compute the kinetic parame-
ters for OPEFB pellets decomposition under oxidative conditions.  Hence, the term In(β/T2) 
was plotted against 1000/T for the conversions of α = 0.10 to 0.70 as described in the equa-
tion: 

𝑙𝑙𝑙𝑙 �
𝛽𝛽
𝑅𝑅2
� = 𝑙𝑙𝑙𝑙 �

𝐴𝐴𝑅𝑅
𝑅𝑅(𝛼𝛼)𝐸𝐸𝑎𝑎

� − �
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� (8) 

Consequently, the activation energy, Ea and frequency factor, A were computed from the 
slope -Ea/R and intercept [In(AR/ Ea] of the plots, respectively. 

2.5. Thermodynamic analysis 

The thermodynamic parameters; enthalpy (ΔH), Gibb’s free energy (ΔG), and entropy 
change (ΔS) for the OPEFB pellets were computed from the Ea and A of the FWO model and 
DTG peak temperature (Tpeak = 302.20°C or 575.35K) at 5°C/min. The terms ΔH, ΔG, and ΔS 
were calculated from the equations [32]; 
∆𝐻𝐻 = 𝐸𝐸𝛼𝛼 − 𝑅𝑅𝑅𝑅 (9) 

∆𝐺𝐺 = 𝐸𝐸𝛼𝛼 + 𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘𝐼𝐼𝑙𝑙 �
𝐾𝐾𝐵𝐵𝑅𝑅𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘
ℎ𝐴𝐴

� (10) 

∆𝑆𝑆 =
∆𝐻𝐻 − ∆𝐺𝐺
𝑅𝑅𝑝𝑝𝑝𝑝𝑎𝑎𝑘𝑘

 (11) 

The terms; ΔH represent the enthalpy (kJ/mol); ΔG - Gibb’s free energy (kJ/mol); ΔS - 
entropy change (J/mol); Tpeak - peak decomposition temperature (°C); KB - Boltzmann’s con-
stant (1.38 × 10-23, J/K); and h - Planck’s constant (6.626 × 10-34, Js). 

3. Results and discussion 

3.1. Physicochemical properties 

Table 1 presents the elemental, proximate, and calorific fuel properties of the OPEFB pellets 
examined in this study.  All the fuel properties are averaged values from three determinations 
presented in as received (ar) basis. 

Table 1. Physicochemical fuel properties of OPEFB pellets 

Element/Property Symbol Units Composition 
Carbon C (wt.%) 41.71 
Hydrogen H (wt.%) 5.53 
Nitrogen N (wt.%) 1.12 
Sulphur S (wt.%) 0.12 
Oxygen O (wt.%) 51.53 
Moisture MC (wt.%) 7.78 
Volatile matter VM (wt.%) 75.19 
Ash A (wt.%) 5.80 
Fixed carbon FC (wt.%) 11.24 
High Heating Value HHV (MJ/kg) 17.57 

As observed, OPEFB pellets contain a high composition of C, H, and O but low N and S.  The 
high C, H, and O accounts for the reactivity and calorific value of oil palm biomass [33].  Fur-
thermore, the low N and S composition indicates the fuel has a low potential for SOx and NOx 
emissions, which makes it a potentially environmentally friendly feedstock for thermal con-
version.  Overall, the pellet properties are in good agreement with other biomass typically in 
the range C = 42–71 wt.%, H = 3–11 wt.%, N = 0.1–12 wt.%, S = 0.01–2.3 wt.% and O = 
16–49 wt.% [34]. The proximate analysis revealed high volatile matter (VM) and fixed carbon 
(FC) along with low moisture (MC) and ash (A) content. Similarly, the results are in good 
agreement with other biomass typically in the range MC = 3–63 wt. %; VM = 48–86 wt. %; 
A = 0.1–45 wt. %, and FC = 1–38 wt. % [34]. The VM indicates the high condensable and 
non-condensable gases, whereas the high FC indicates the thermal conversion of OPEFB 
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pellets could yield high gas products.  The low MC < 10% and AC indicate high conversion 
efficiency, lower energy input, and operating costs for thermal conversion of the OPEFB pellets [35]. 
Lastly, the higher heating value (HHV) of OPEFB pellets is 17.57 MJ/kg, which is in good 
agreement with reported values (14 – 22 MJ/kg) for other biomass in the literature [36]. 

3.2. Thermal properties 

The thermal degradation behaviour and temperature profile characteristics of OPEFB pellets 
were examined by TGA, as presented in TG and DTG plots in Figures 1 and 2, respectively.  
The resulting plots showed that the oxidative thermal degradation of OPEFB pellets resulted 
in progressive mass loss.  This is evident in the “double Z” downward sloping curves observed 
during TGA. This observation demonstrates that the increase in temperature and heating rates 
significantly influenced the thermal degradation of OPEFB pellets during TGA. This is evident 
in the shift in the TG plots to the right-hand side of Figures 1 and 2 as the heating rates 
increased from 5 °C/min to 30 °C/min.  As a result of the shifts, the temperature profile 
characteristics (TPC) were also transformed accordingly.  The changes in the TPC; onset (ig-
nition) (Tonset) and offset (burnout) (Tend) temperatures, along with the mass loss (ML), and 
residual mass (RM) during oxidative TGA were deduced, as presented in Table 2. 

  

Figure 1. TG plots for oxidative thermal degrada-
tion of OPEFB pellets 

Figure 2. DTG plots for oxidative thermal degra-
dation of OPEFB pellets 

Table 2. Combustion characteristics of OPEFB pellets 

Heating rate 
(°C/min) 

Onset  
(Tonset, °C) 

Offset  
(TEnd, °C) 

Mass loss   
(ML, %) 

Residual mass  
(RM, %) 

5 219.00 367.56 92.89 7.11 
10 249.03 318.14 94.14 5.86 
15 257.60 313.24 93.73 6.27 
20 262.01 327.97 94.90 5.10 
30 260.57 337.05 93.97 6.03 

As observed, the increase in the heating rates from 5 °C/min to 30 °C/min changed the 
TPC accordingly. Hence, the ignition temperature (Tonset) of the fuel increased from 219°C to 
262.01°C, whereas the burnout temperature (Tend) was from 313°C to 367.56°C. On average, 
the average ignition temperature (Tonset) was 249.64 °C, whereas the burnout temperature 
(Tend) was 332.79°C. The results indicate that the devolatilization of OPEFB pellets occurred 
primarily between 220 °C and 368 °C based on the conditions examined in this study.  Next, 
the mass loss (ML), and residual mass (RM) of the process was examined to examine the 
thermal degradation behaviour and potential ash yield from OPEFB pellet degradation.  As 
observed in Table 2, the ML increased from 92.89 % to 94.90 %, whereas RM was between 
5.10 % and 7.11 %. This finding indicates the oxidative degradation process resulted in 93.92 
% mass loss and 6.08 % residues or ash, on average. In comparison, the ash content of the 
fuel from the proximate analysis was 5.80% (Table 1), which is in good agreement with the 
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RM of the OPEFB pellets during the oxidative TGA process.  The results demonstrate that com-
bustion of the pellets may not pose significant problems such as ash sintering, agglomeration 
or fouling during thermochemical conversion in a future combustor. However, this is expedient 
on performing ash characterisation analyses, which is beyond the scope of this study. 

Based on the size, symmetry and position of the peaks, the oxidative thermal decomposi-
tion process occurred in four (4) stages namely: Stage I (30–200)°C, Stage II (200–325)°C, 
Stage III (325–525) °C and finally, Stage IV (525–800)°C.  Stage I is characterised by the 
peaks between 30°C and 200°C.  The mass loss during this stage is ascribed to loss of mois-
ture and low molecular weight volatiles.  Stage II, on the other hand, is attributed to the 
decomposition of volatile matter into char and other intermediate products.  The size of the 
peaks indicates the process is highly reactive, resulting in significant char or carbon formation.  
Stage III is due to the combustion of char (formed in stage II) into ash, mineral matter and 
other products. This stage of the process appears to be also highly reactive due to numerous 
smaller peaks from 350–550oC observed at each heating rate.  This observation suggests 
there may also be simultaneous or parallel formation and decomposition of char and other 
intermediates into ash and other products occurring during the oxidative process. Lastly, stage 
IV is characterised by the tailing observed after 550°C, as also detected in the TG plots.  This 
process is due to the decomposition of residual char and intermediate products in the residual 
ash. In summary, the processes occurring during the oxidative degradation of the OPEFB pel-
lets can be summarised as; Stage I – drying, Stage II – devolatilization, Stage III – char 
conversion and lastly, Stage IV – ash formation.  Next, the effect of heating rates on the DTG 
plots was examined.  Similarly, the increase in heating rates from 5°C/min to 30°C/min also 
significantly influenced the mass loss rate (ML) rate and peak decomposition temperatures 
(Tpeak) for drying and devolatilization, as presented in Table 3. 

Table 3. DTG peak temperatures for OPEFB pellets combustion 

Stage Drying (30 – 200 °C) Devolatilization (200 – 325 °C) 
Heating rate 

(°C/min) 
Drying temp  

(°C) 
ML Rate  
(%/Min) 

Tpeak 
(°C) 

ML Rate 
(%/min) 

5 75.76 0.15 272.93 3.04 
10 69.66 0.78 276.78 13.41 
15 80.01 0.63 277.17 27.80 
20 84.79 0.77 282.00 31.83 
30 98.13 1.05 286.46 42.60 

The results revealed that the drying process occurred between 69.66°C and 98.13°C with 
increasing heating rates.  Conversely, devolatilization occurred between 272.93°C and 
286.46°C. During the process, the ML rate for drying increased from 0.15 %/min to 1.05 
%/min compared to 3.04 %/min to 42.60 %/min observed for devolatilization.  This confirms 
that the devolatilization process is the most reactive and temperature-dependent stage of the 
multi-heating rate combustion of the OPEFB pellets.  However, the reactivity of the oxidative 
process and temperature dependency of the process is best examined through kinetic anal-
yses. Therefore, the kinetic analysis was performed to determine the oxidative degradation 
parameters for the OPEFB pellets by applying the TG data to the isoconversional kinetic models 
of Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS). 

3.3. Kinetic properties 

The kinetic parameters namely; activation energy (Ea, kJ/mol) and frequency factor (A, 
min-1) were deduced at degrees of conversions: α = 0.10 to 0.70 after applying the plots of 
FWO and KAS kinetic models presented in Figures 3 and 4. 
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Figure 3. FWO kinetic plots for the oxidative ther-
mal degradation of OPEFB pellets 

Figure 4. KAS kinetic plots for the oxidative ther-
mal degradation of OPEFB pellets 

As observed, the FWO and KAS kinetic plots for the oxidative thermal degradation of the 
OPEFB Pellets appear as sets of various distinguishable parallel lines. According to Miura and 
Maki [37], the parallel arrangement of kinetic line plots signifies the various stages thermally 
decomposing materials undergo during TGA. Therefore, the oxidative thermal degradation of 
the OPEFB pellets can be described in four (4) stages: α = 0.0 – 0.30; α = 0.40 – 0.05; α = 
0.60 and α = 0.70. This validates the earlier submission that the oxidative thermal degradation 
of the pellets occurs in four stages corresponding to drying (Stage I), devolatilization (Stage 
II), char conversion (Stage III) and ash formation (Stage IV). 

Next, the kinetic parameters Ea and A were calculated from the slope and intercept of the 
FWO and KAS kinetic plots in Figures 3 and 4, respectively.  The calculated Ea and A for the 
oxidative thermal decomposition of the OPEFB Pellets are presented in Table 4. 

Table 4. Kinetic parameters for OPEFB pellet combustion 

Conversion 
α 

FWO Model KAS Model 

R2 Ea 
(kJ/mol) 

A 
(min-1) R2 Ea 

(kJ/mol) 
A 

(min-1) 
0.10 0.9574 82.14 6.23×1008 0.9486 77.86 2.94×1004 
0.20 0.9747 109.21 1.37×1011 0.9706 106.00 1.08×1007 
0.30 0.9975 170.90 8.48×1016 0.9973 170.69 1.62×1013 
0.40 0.8900 295.30 5.34×1028 0.8838 303.36 3.01×1025 
0.50 0.7247 272.60 1.53×1026 0.7111 277.36 7.07×1022 
0.60 0.9711 194.04 2.66×1017 0.9680 194.08 5.37×1013 
0.70 0.9915 148.85 2.25×1012 0.9903 145.74 2.24×1008 

Average 0.9296 181.86 7.65×1027 0.9242 182.16 4.31×1024 

The results for the FWO model indicate that the Ea ranged from 82.14 kJ/mol to 295.30 
kJ/mol with an average of 181.86 kJ/mol, whereas A was from 6.23×1008 min-1 to 5.34×1028 
min-1 with an average value of 7.65×1027 min-1 at R2 = 0.93 on average.  As observed, the 
kinetic parameters increased gradually from 82.14 kJ/mol with a peak value of 295.30 kJ/mol 
before dropping to 148.85 kJ/mol. This indicates the reactivity decreased during conversion 
but slowed considerably at α = 0.40 (with Ea = 295.30 kJ/mol), indicating this is the rate-
limiting step of the process. Based on the earlier submission, the decomposition at α = 0.40 
falls into Stage II or the devolatilization stage of the process. In contrast, the kinetic param-
eters Ea for the KAS model ranged from 77.86 kJ/mol to 303.36 kJ/mol with an average value 
of 182.16 kJ/mol, whereas A was from 2.94×1004 min-1 to 3.01×1025 min-1 with an average of 
4.31×1024 min-1. The average R2 value for FWO was 0.92.  Similarly, the model’s kinetic pa-
rameters increased gradually from 77.86 kJ/mol, peaked at 303.36 kJ/mol before falling to 
145.74 kJ/mol. Therefore, the parameters for the model increased but slowed considerably at 
α = 0.40, as also observed for the FWO model.  Therefore, the rate-limiting step for the model 
occurs at 40% conversion.  Overall, the results demonstrate that the FWO and KAS models 
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successfully described the oxidative thermal degradation of OPEFB pellets.  Furthermore, the 
results revealed the kinetic parameters; Ea and A for the oxidative decomposition of the OPEFB 
pellets fluctuated between 77.86 kJ/mol and 303.36 kJ/mol and from 2.94×1004 to 5.34×1028 
min-1, respectively. To examine the extent of variability between the kinetic parameters typi-
cally described as the kinetic compensation effect (KCE), the relationship between the Ea, and 
A for the oxidative degradation of OPEFB Pellets was examined, as presented in Figures 5 and 6. 

  
Figure 5. KCE plots for FWO model Figure 6. KCE plots for KAS model 

 

 
Figure 7. KCE plots of Log A against Ea for OPEFB 
Pellets Degradation  

As observed in the FWO and KAS plots 
reveal that the activation energy (Ea) in-
creased concurrently with the frequency 
factor (A) as defined by the theory of the 
kinetic compensation effect (KCE).  The re-
sults demonstrate that irrespective of the 
selected model, the effect of kinetic com-
pensation occurred during thermal conver-
sion of the OPEFB pellets. In addition, the 
highest Ea and A values occurred at 40% 
conversion (α = 0.40), which confirms it is 
the rate-limiting step. Based on the Zsako 
[38] relation, the compensation constants a 
and b for OPEFB pellets were deduced from 
the plots of Log A against Ea in Figure 7. 

The results demonstrate there is a correlation between the natural logarithm of frequency 
factor (A) and the activation energy (Ea) for the oxidative TG decomposition of the OPEFB 
pellets. Based on the plots, the compensation constants for the FWO model are a = 0.095 and 
b = 0.15 with an R2 of 0.98. However, the values for KAS are a = 0.094 and b = -3.62 with 
an R2 of 0.98. 

3.4. Thermodynamic properties 

The thermodynamic parameters; enthalpy (ΔH), Gibb’s free energy (ΔG) and entropy 
change (ΔS) for OPEFB pellets degradation were also examined based on the procedure in the 
literature [32]. Similarly, the kinetic parameters Ea and A deduced from the Flynn-Wall-Ozawa 
(FWO) model and peak decomposition temperature Tpeak = 272.93°C (or 546.08 K) at 5°C/min 
were adopted for the parametric calculations. The calculated values for ΔH, ΔG, and ΔS for 
the oxidative thermal decomposition of the OPEFB pellets are presented in Table 5. 
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Table 5. Oxidative thermodynamic properties 

Conversion 
(α) 

ΔH 
(kJ/mol) 

ΔG 
(kJ/mol) 

ΔS 
(J/mol) 

0.10 78.03 310.57 -232.53 
0.20 104.91 362.11 -257.21 
0.30 166.45 484.36 -317.91 
0.40 290.72 732.11 -441.39 
0.50 267.95 682.83 -414.89 
0.60 189.12 512.69 -323.57 
0.70 143.58 414.46 -270.88 

Average 177.25 499.88 -322.62 

As observed, the ΔS fluctuated from -441.39 J/mol to -232.53 J/mol, whereas the ΔH was 
between 78.03 kJ/mol to 290.72 kJ/mol; and lastly, the ΔG was from 310.57 kJ/mol to 732.11 
kJ/mol. Therefore, the average thermodynamic values deduced are; enthalpy (ΔH = 177.25 
kJ/mol), Gibb’s free energy (ΔG = 499.88 kJ/mol) and entropy change (ΔS = -322.62 J/mol). 
Typically, the negative entropy (ΔS) values indicate that the degree of disorderliness of the 
initial reactants is higher than the products formed through the dissociation of bonds during 
the oxidative thermal degradation process [32]. However, the high entropy values indicate 
higher reactivity and shorter time to attain the activated complex and hence, the shorter 
overall time of reaction [39]. The values of Gibb’s free energy, on the other hand, showed that 
the total increase in energy of the system along with the formation of the activated complex 
is high for the oxidative thermal degradation of OPEFB pellets [40-41]. This accounts for the 
high mass loss (ML = 92.9 to 94.9%) and low yield of residuals (ash) observed for the OPEFB 
pellets, earlier presented in Table 2. 

4. Conclusion 

The paper presented the combustion kinetics and thermodynamic characteristics of oil palm 
empty fruit bunches (OPEFB) pellets. The fuel characterisation of the OPEFB pellets showed a 
high composition of elemental, proximate, and calorific content for efficient energy recovery 
through thermal conversion processes such as combustion. Consequently, the combustion 
characteristics were examined through oxidative thermal analysis, which showed that OPEFB 
pellets are highly reactive with high mass loss (ML = 92.9–94.9%), mass loss rates (MLR = 
3.0–42.6 %/min) along with low residual mass or ash yields (RM = 5.10–7.11%).  The kinetic 
analysis revealed that the oxidative thermal degradation of OPEFB pellets is also highly reac-
tive with kinetic parameters; activation energy (Ea) ranging from 77.86 to 303.36 kJ/mol and 
frequency factor (A) from 2.94×1004 to 5.34×1028 min-1 based on the isoconversional kinetic 
models of Flynn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS). Lastly, the thermo-
dynamic analysis revealed that the degree of disorderliness of the products formed through 
the dissociation of bonds is lower than the initial reactants during the oxidative degradation 
process.  The high entropy values recorded for the pellets indicate high reactivity, which could 
result in shorter times and overall reaction times for the formation of an activated complex. 
In conclusion, the OPEFB pellet is a potentially practical feedstock for efficient energy recovery 
through oxidative (combustion) thermal degradation. 
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