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Abstract

The valorisation of oil palm empty fruit bunches (OPEFB) in the palm oil industry is hampered by major challenges due to its
poor fuel properties, which require comprehensive characterisation and pre-treatment. This paper presents an overview of the
various technologies currently employed for the fuel characterisation and pre-treatment of OPEFB in the literature. Furthermore,
the paper presents the current challenges and prospects of OPEFB characterisation and pre-treatment techniques. The reviews
indicate that OPEFB characterisation studies in the literature are limited to the chemical, thermal, kinetic, and thermodynamic
fuel properties. The authors opine that future characterisation studies are required to examine the physical, morphological, and
microstructural properties of OPEFB. The paper also notes that drying, size reduction, and pelletisation are the most common pre-
treatment techniques for OPEFB. The various characterisation and pre-treatment techniques highlighted are prone to various
limitations, which indicate that more effective strategies are required to save the energy, time, and cost for future OPEFB
valorisation. The design, implementation, or adoption of hybrid biomass pre-treatment and conversion systems could effectively
address the issues of poor OPEFB fuel properties, operational challenges, and product distribution.
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1 Introduction of CPO has experienced geometric growth from 2.5 million

tonnes in 1980 to 20 million tonnes to date, thereby reinforc-

The oil palm tree (Elaeis guineensis Jacq.) is a tree crop native
to West and Central Africa [1]. It is now cultivated commer-
cially in Indonesia, Malaysia, Thailand, and Colombia owing
to its heliophytic nature [2]. Historically, oil palm was first
introduced into Malaysia as an ornamental plant in the nine-
teenth century [3]. Over the years, oil palm has been trans-
formed into a major agricultural commodity in Malaysia [4,
5], where it is cultivated for the production of crude palm oil
(CPO) and other palm oil-related products [6]. The production
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ing Malaysia’s position as a prominent stakeholder in the
global edible oil market [7]. Malaysia accounts for about
30% of the global production and trade in CPO, which gener-
ates significant socio-economic and technological benefits for
the country [5]. According to the Agency for Innovation in
Malaysia (AIM), CPO production accounts for about 8% of
Malaysia’s gross national income (GNI) [8]. The palm oil
industry also accounts for a significant proportion of the direct
or indirect employment of numerous individuals and commu-
nities in the country [9]. It is also a major source of raw ma-
terials for the manufacture of biofuels, oleo-chemicals, and
pharmaceuticals [10, 11].

The demand for CPO and palm kernel oil (PKO) has soared
over the years along with the concomitant increase in the
cultivation of oil palm in Malaysia, which currently spans over
5.9 million hectares of land [12]. According to the Malaysian
Palm Oil Board (MPOB) [12], the palm oil industry produced
19.5 million tonnes of CPO along with 2.29 million tonnes of
PKO in 2019. Furthermore, the export trade in palm oil and its
derived products comprising CPO (66.26%), oleo chemicals
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(12.43%), Palm kernel cake (9.22%), and PKO (3.71%) along
with biodiesel and other finished products amounted to 24.87
million tonnes cumulatively valued at RM41 billion [12].
Despite its socio-economic and technological importance,
CPO production along with the large-scale expansion of oil
palm cultivation have created significant environmental prob-
lems in Malaysia.

The oil palm industry in Malaysia generates 80—100 mil-
lion dry tonnes of solid-based oil palm wastes (OPW) annu-
ally [13]. Based on the source of origin, the OPWs are broadly
categorised into oil mill and plantation-based solid wastes.
The plantation-based wastes consist of oil palm fronds
(OPF) and oil palm trunks (OPT), which collectively account
for over half of all the solid wastes generated from the industry
[14]. Conversely, the remainder is derived from the processing
of fresh fruit bunches (FFB), which consists of oil palm empty
fruit bunches (OPEFB), palm kernel shell (PKS), and palm
mesocarp fibres (PMF) in palm oil mills. Typically, the per-
centage distribution of solid OPW generated from palm oil
mills after CPO and KPO extraction are OPEFB (22-23%),
PKS (5.5-7%), and PMF (13.5—15%) based on the residue-to-
product ratios [14, 15]. It is estimated that about 17 million
tonnes of OPEFB, 5.9 million tonnes of PKS, and 9.6 million
tonnes of PMF are generated annually on average in Malaysia
[16, 17]. Figure 1 presents an overview of the distribution of
solid wastes generated by the oil palm industry.

The largest fraction of OPWs generated from the palm oil
mills is the oil palm empty fruit bunches (OPEFB). It is esti-
mated that for every 1 kg of CPO produced, 1 kg of OPEFB is
generated as solid waste residue. OPEFB is the bulky brown
heterogeneous residue generated after the sterilisation and
stripping of oil palm fresh fruit bunches during the production
of CPO [18]. In its raw unprocessed form, OPEFB is
characterised by high moisture, ash, and mineral matter con-
tents along with low calorific value and bulk density [19]. Due
to these reasons, OPEFB is considered a low economic value,
feedstock material, and boiler fuel utilised primarily as organic
manure, composting, or mulching material in oil palm planta-
tions [14, 20, 21]. The low conversion efficiencies of these
strategies have resulted in the accumulation of large stockpiles
of OPEFB thereby increasing the costs of processing, dispos-
al, and management of the wastes [22]. The poor properties of
OPEFB have significantly hampered its sustainable
valorisation into clean energy and value-added products.

It is evident that if left unchecked, the current unsustainable
waste disposal and management practices in the industry
could aggravate environmental pollution and stall progress
towards mitigating greenhouse gas emissions, land degrada-
tion, and loss of biodiversity in the country. Given the
impending challenges, the government of Malaysia
established the National Biomass Strategy (NBS). The policy
aims to explore socially acceptable, low cost, and
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environmentally friendly technologies for valorising the na-
tion’s large stockpiles of solid oil palm wastes generated an-
nually. The long-term objective is to also generate RM 30
billion from OPW into higher-value products, reduce GHG
emissions, and create 66,000 jobs. It is envisaged that the
initiative will identify, examine, and highlight the biomass
and bioenergy potential of OPW for application in future
clean, renewable, and sustainable energy applications [13].

Numerous researchers have extensively identified, exam-
ined, and reported on various biochemical and thermochemi-
cal processes for the valorisation of OPW particularly OPEFB
in the literature. The most commonly employed techniques for
OPEFB valorisation include torrefaction [23, 24], pyrolysis
[25, 26], hydrothermal carbonisation [27, 28], liquefaction
[29, 30], gasification [31-33], and combustion [34-36].
Other studies have investigated the valorisation of OPEFB
through biochemical approaches [37-39]. According to the
findings, thermochemical OPEFB conversion through low-
temperature processes (LTP) such as torrefaction, pyrolysis,
HTC, and liquefaction results in low mass yields and conver-
sion inefficiencies. Additionally, the liquid products are
characterised by highly oxygenated or corrosive tar fractions
that require further pre-treatment, conditioning, and
processing.

In contrast, the high-temperature processes (HTP) of gasi-
fication and combustion of OPEFB generate fuel/flue gas
mixtures that could be directly utilised in power generation
equipment with minimal processing. Nonetheless, the HTP
are prone to sintering, agglomeration, fouling, and tar forma-
tion along with low syngas heating value, yield, and distribu-
tion during conversion. The outlined problems are largely
ascribed to the fuel properties of OPEFB such as high-
moisture and alkali—alkali earth metal (AAEM) content and
its low bulk density, heterogeneity, and hygroscopicity [40,
41]. Therefore, the pre-treatment, characterisation, and condi-
tioning of OPEFB are required to improve its fuel properties
for higher conversion efficiencies and effective yield and dis-
tribution of products. These processes could potentially im-
prove the effectiveness of current technologies and future
strategies for the disposal and management of OPEFB in the
oil palm industry [14, 42].

Previous researchers have presented comprehensive re-
views on the bioenergy and biofuel potentials of OPEFB
through gasification [43—45] and pyrolysis [19, 46], along
with hydrothermal [47, 48], chemical [49, 50], and enzymatic
treatments [51, 52]. Other studies have reviewed the prospects
of utilising OPEFB as sustainable biomaterials in hydrogel
[53], coatings [54], natural fibres [55], and polymeric com-
posites [56, 57]. The title search of studies on OPEFB in the
Web of Science (WoS) core collection from 1970 to 2019
revealed a total of 494 records comprising 384 articles, 108
proceedings, 7 reviews, and other materials specific to
OPEFB. However, the outlined review papers primarily

highlight the biomaterials, bioenergy, and biofuel applications
of OPEFB without comprehensive insights into the physical,
chemical, thermal, and kinetic properties of OPEFB deter-
mined through characterisation and pre-treatments.
Therefore, this paper presents a review of the characterisation
techniques and pre-treatment technologies for oil palm empty
fruit bunches (OPEFB). The paper also presents an overview
of the fuel properties of OPEFB based on the various chemi-
cal, thermal, and kinetic characterisation techniques employed
by researchers in the literature. The various experimental
methods, standards, and equipment for the characterisation
and pre-treatment of OPEFB are also presented. It is envis-
aged that this review will address the gap in knowledge on the
characterisation techniques and pre-treatment technologies
typically employed to examine the solid fuel properties of
OPEFB in the literature.

2 Characterisation techniques

The fuel characterisation of potential biomass feedstock is
required to assess its quality, quantity, and energy potential
using standardised laboratory tests [58, 59]. The characterisa-
tion techniques are also used to predict and estimate the prod-
uct yield, compositional profiles, or potential emissions from
biomass conversion [60]. Furthermore, the fuel characterisa-
tion of potential biomass feedstock is critical to the design,
optimisation, and scale-up of biomass conversion processes.
The major tests for characterising the chemical, thermal, ki-
netic, and thermodynamic fuel properties of potential biomass
feedstock for thermochemical conversion will be highlighted
next.

2.1 Chemical properties

The chemical properties of any potential biomass feedstock
consist of all the organic and inorganic structural constituents
used to examine its energy content and product yield. Due to
the complexity of biomass composition, it is important to
characterise its constituents for a better understanding of the
effects of conversion. The key characterisation techniques for
examining the chemical fuel properties of biomass include
ultimate, proximate, calorific (higher heating value, HHV),
and metal oxide composition analyses.

2.1.1 Ultimate analysis

This is a measure of the elemental composition of feedstock
biomass, as derived from the mathematical relation in weight
per cent (wt. %) [61, 62];

C+H+N+S+0=100% (1)
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The terms C, H, N, S, and O represent the carbon, hydro-
gen, nitrogen, sulphur, and oxygen contents, respectively, as
determined from an elemental analyser in weight percentage
based on ASTM D5291. The ultimate (elemental) analysis of
OPEFB has been examined by various researchers in the lit-
erature as presented in Table 1 based on its constituent ele-
ments; C—carbon; H—hydrogen; N—nitrogen; S—sulphur;
and O—oxygen in weight percentage.

As observed, the carbon (C) content of OPEFB can typi-
cally range from 40.70 to 49.50 weight percentage or an av-
erage of 45.85 wt%. The hydrogen (H) is from 4.03 to
7.33 wt% or an average of 6.20 wt%, whereas oxygen (O)
could be from 38.29 to 50.57 wt% or an average of 45.07
wt%. Nitrogen (N) is from 0.00 to 1.96 wt% or an average
of 0.79 wt% whereas sulphur (S) can range from 0.00 to
1.10 wt% or an average of 0.36 wt% for OPEFB in the liter-
ature. The elemental composition of potential biomass feed-
stock, particularly, the content of C, H, and O, is crucial to the
planning, design, and development of biomass conversion
processes. It is also critical to computing the feedstock feed
rates and reaction gas requirements (e.g. air factors, equiva-
lence ratios, and steam requirements) in process equipment
such as gasifiers and combustors (boilers) [76, 77].
Furthermore, the energy content (higher heating value,
HHYV), as well as the emission profiles and waste characteris-
tics, is also estimated from biomass elemental composition
using empirical relations proposed by researchers in literature
[78, 79].

2.1.2 Proximate analysis

This is the fuel composition of biomass measured in terms of
its moisture content (MC), volatile matter (VM), ash (AC),
and fixed carbon (FC), as expressed in weight per cent (wt.
%) [61, 80]. The MC is the gross content of inherent
(equilibrium) and external (free) water present in biomass,
whereas VM comprises the condensable and non-
condensable gaseous components released during biomass
conversion. The AC represents the inorganic solid residue that
typically consists of the alkali-alkali earth metals (AAEM)
from biomass combustion. The FC is the solid carbonaceous
material or char resulting from devolatilisation during biomass
pyrolysis. The compositions of MC, VM, and AC are derived
experimentally from various ASTM standards reported in the
literature [61, 80]. The MC can be either empirically deter-
mined from the ASTM Standards D-3173 or E-871, which
require heating a known mass of the biomass in a muffle
furnace or oven at 105 °C until constant weight. The mass
loss is subsequently computed as the MC of the biomass.
The volatile matter is determined from the ASTM Standards
D-3175 or E-872, based on the mass loss from heating the
biomass sample at 950 °C for 7 min in an oven or muffle
furnace. The AC content is computed from heating a known
mass of the biomass-based on the procedures of the ASTM
Standards D-3174 or D-1102 in a muffle furnace at 700 °C.
Alternatively, the proximate properties of biomass feedstock
can be deduced from thermogravimetric analysis (TGA) [81].

Table 1 Ultimate (elemental)

propertics of OPEFB C (Wt%) H (wt%) N (wt%) S (Wt%) 0 (Wt%) References
48.79 733 0.00 0.68 40.18 Yang et al. [63]
49.07 6.48 0.70 0.10 3829 Abdullah, Gerhauser [64]
48.79 733 0.00 0.68 40.18 Li et al. [65]
4352 5.72 1.20 0.66 48.90 Lahijani, Zainal [41]
46.62 6.45 121 0.04 45.66 Mohammed et al. [66]
40.70 5.40 030 1.10 47.00 Madhiyanon et al. [34]
45.00 6.40 025 1.06 4730 Langg, Pellegrini [67]
4830 6.66 1.00 034 43.70 Parshetti et al. [68]
49.50 5.90 0.00 0.50 40.60 Johari et al. [69]
43.62 4.03 1.96 0.17 50.22 Chan et al. [70]
46.62 6.45 121 0.04 45.66 Aziz etal. [71]
45.01 488 0.78 031 49.02 Chuah et al. [72]
4820 6.10 1.30 0.20 38.30 Nakason et al. [73]
42.08 7.00 0.99 0.00 49.90 Ariffin et al. [31]
46.77 6.84 0.71 0.29 4539 Hantoko et al. [74]
44.72 6.58 0.80 0.17 42.96 Yan et al. [75]
4523 6.00 121 0.13 4743 Nyakuma et al. [42]
42.82 6.07 0.54 0.00 50.57 Sukiran et al. [24]
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The FC is typically determined by difference using the rela-
tion for proximate analysis [61, 82];

FC = 100%—(MC + VM + AC) (2)

Table 2 presents the proximate properties of OPEFB based
on MC—moisture; VM—volatile matter; AC—ash content;
and FC—fixed carbon in the literature.

Based on Table 2, the moisture content (MC) of OPEFB is
typically in the range from 0.00 to 60 wt% or 12.45 wt% on
average, whereas the VM is between 66.10 and 83.86 wt% or
76.72 wt%. Furthermore, the ash content (AC) ranges from
3.00 to 7.70 wt% or 4.54 wt% on average, whereas the fixed
carbon (FC) is typically in the range 8.36 to 28.40 wt% or
14.98 wt% on average. The proximate analysis is also an
important technique for examining the energy content of po-
tential biomass feedstock. Several authors have processed em-
pirical relations to compute the higher heating values (HHV)
of’biomass feedstock based on its proximate properties such as
MC, VM, AC, and FC [85-87]. This approach provides a
quick, cheap, and reliable technique to compute the energy
content of biomass, particularly where standard bomb calori-
metric analysis cannot be utilised.

2.1.3 Lignocellulosic analysis

The structure of biomass typically consists of three major
polymeric components, namely, hemicellulose, cellulose,

and lignin. Other major constituents include ash and extrac-
tives (such as oils, proteins, starch). The composition of the
lignocellulosic components differs significantly based on the
type, age, plant part, and source of the biomass [61]. Figure 2
presents a pictorial depiction of the basic biomass
components.

Cellulose is considered the most abundant biopolymer or
organic compound on the planet formed by the process of
photosynthesis. It is a linear polymer with long chains that
consist of (3-1,4-linked glucose units arranged in alternate
orientation [88]. Chemically, it is denoted by the empirical
formula (C¢H;¢Os), along with a high polymerisation and
molecular weight of ~ 10,000 and ~ 500,000 g/mol, respec-
tively [61]. Structurally, cellulose accounts for 30-90% by
weight of most plants [61], thereby providing crystallinity,
strength, and rigidity for the skeletal structure of plants [89].
Due to its chemical and structural properties, cellulose is het-
erogeneous, highly insoluble, and resistant to enzymatic hy-
drolysis [90, 91]. Although thermally stable, it can undergo
decomposition or devolatilisation between 275 and 350 °C to
form the monomer levoglucosan, volatiles, tar, and other con-
densable vapours [92, 93].

In contrast, hemicellulose is an amorphous polymer with a
branched-chain structure and lower level of polymerisation of
~ 100-200 when compared with cellulose. Chemically, it is
represented by the empirical formula (CsHgOy,),, that consists
of 50-200 units of simple sugar residues such as d-glucose
and d-galactose, among others. It typically undergoes thermal

Table 2 Proximate properties and

higher heating values (HHV) of ~ MC (Wt%) VM (Wt%)  AC(wt%)  FC(wt%)  HHV (MIkg)  References

OPEFB
8.75 79.67 3.02 8.65 18.96 Yang et al. [63]
7.95 83.86 5.36 10.78 19.35 Abdullah, Gerhauser [64]
8.75 79.67 3.02 8.65 o Li et al. [65]
7.80 79.34 450 8.36 15.22 Lahijani, Zainal [41]
5.18 82.58 345 8.97 17.02 Mohammed et al. [66]
38.40 66.10 5.50 28.40 14.80 Madhiyanon et al. [34]
60.00 71.20 754 1830 18.30 Langg, Pellegrini [67]
429 82.21 3.09 10.41 17.93 Parshetti ct al. [68]
8.20 74.20 4.80 12.80 18.40 Ninduangdee et al. [83]
6.80 77.4 330 19.30 18.10 Johari et al. [69]
5.30 75.00 7.70 17.70 20.20 Chuah et al. [72]
5.30 72.13 3.05 19.52 20.20 Shahbaz et al. [84]
32.20 67.30 5.90 26.80 20.00 Nakason et al. [73]
5.00 83.00 3.00 9.00 16.00 Ariffin et al. [31]
0.00 78.34 320 18.46 19.54 Hantoko et al. [74]
7.86 69.92 477 1745 17.78 Yan et al. [75]
7.78 81.53 6.28 12.19 17.57 Nyakuma et al. [42]
455 77.42 419 13.84 17.57 Sukiran et al. [24]
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Fig. 2 Major components of
typical biomass

decomposition or devolatilisation in a wider temperature
range of 150-350 °C to generate non-condensable gases but
less tar compared with cellulose [61]. This indicates that hemi-
cellulose is more reactive than cellulose and undergoes ther-
mal degradation more rapidly based on its lower activation at
lower activation energy (£, = 41-68 kJ/mol) compared with
cellulose (E, = 187-235 kJ/mol) reported in the literature [93].

The third major lignocellulose component that forms an
essential part of the plant cell wall structure is lignin [94]. It
typically accounts for 15-40% by weight of most plants [95].
Structurally, it is a highly branched, aromatic, or phenolic
polymer comprised of monomer units of benzene-type com-
pounds (such as phenyl propane, phenyl analine) [95-97].
According to Sun et al. [97], lignin is the product of the oxi-
dative coupling of p-coumaryl, guaiacyl, and syringyl
alcoholic—based phenylpropanoid groups, which result in a
highly random tri-dimensional network structure within the
plant cell wall. Functionally, lignin acts as the cement, binding
agent, or matrix for cellulose, thereby enhancing the structural
rigidity and compressive strength to the plant cell wall [61,
98]. Similar to cellulose, lignin is largely resistant to the action
of enzymatic decomposition [99, 100] due to cross-linking
[97], although it is more thermally reactive (E, = 97-150 kJ/
mol) than cellulose [93].

Based on the foregoing, it can be reasonably inferred that
lignocellulosic composition is crucial to the process design,
operational parameters, product yields, and distribution from
the conversion of biomass. Hence, the lignocellulosic
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Hemicellulose

composition of OPEFB has been examined by many re-
searchers in the literature, as summarised in Table 3.

As observed, the composition of cellulose (%) for OPEFB
as empirically determined by the various authors ranging from
19.06-43.80% (or an average of 33.80%), whereas hemicel-
lulose (%) is from 13.50-47.91% (or an average of 28.75%),
and lastly lignin content is 16.40-35.10% (or an average of
26.29%). The findings revealed that extractives, sugars, pro-
teins, and ash other compounds also account for 0.00-26.73%
(or an average of 11.16%) of the remaining composition.

2.1.4 Calorific analysis

This is a measure of the energy content of biomass fuels
expressed either as the lower (LHV, MJ/kg) or higher
(HHV, MJ/kg) heating values [62]. The HHV is the amount
of heat evolved from the complete combustion of a unit mass
of fuel at 25 °C [79]. It is thus regarded as one of the most
important properties of any potential biomass feedstock for
energy applications [61]. This is due to its influence on ther-
mal conversion, efficiency, and potential energy application
[110]. Typically, the HHV of any biomass is measured by
bomb calorimetry according to the ASTM standard D-2015,
whereas the LHV is calculated from the HHV minus the heat
of vaporisation of water [61]. Alternatively, the HHV can be
calculated from the ultimate or proximate properties of any
feedstock, as earlier surmised. The values of HHV for various
OPEFB samples in Table 2 range from 14.80 to 20.20 MJ/kg
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Table 3 Proximate properties and

higher heating values (HHV) of Cellulose (%) Hemicellulose (%) Lignin (%) Others (%) References

OPEFB
22.24 20.58 30.45 26.73 Mohammed et al. [66]
38.30 35.30 22.10 4.30 Kelly-Yong et al. [101]
28.30 36.60 35.10 0.00 Palamae et al. [102]
19.06 4791 24.45 8.58 Rodriguez et al. [103]
39.13 23.04 34.34 3.49 Ishola et al. [104]
36.67 13.50 31.16 18.67 Isroi et al. [105]
33.25 2324 25.83 17.68 Barlianti et al. [106]
43.80 35.00 16.40 4.80 Hamzah et al. [107]
40.40 20.20 23.10 16.30 Zakaria et al. [108]
36.83 32.11 20.00 11.06 Rashid et al. [109]

or an average of 18.06 MJ/kg, indicating it is a potentially
viable bioenergy feedstock.

2.1.5 Metals or metal oxide analysis

This is the composition of alkali—alkali earth and metals
(AAEM) elements in biomass feedstocks and ash. These ele-
ments and compounds influence the yield, product distribu-
tion, potential emissions, and operational performance of bio-
mass feedstock during thermochemical conversion
[111-114]. Consequently, the AAEM compositions in bio-
mass ashes reportedly influence the potential selection of bio-
mass feedstocks [115, 116] due to their profound effects on
corrosion, fouling, and agglomeration of biomass conversion
equipment [117-119]. The determination of the inorganic
composition of biomass feedstock is thus an important char-
acterisation technique. The metal and oxide characterisation
of biomass is typically performed by x-ray fluorescence
(XRF) [22, 120, 121]. Other notable techniques including
energy-dispersive x-ray (EDX) spectroscopy, inductively
coupled plasma-optical emission spectroscopy (ICP-OES),
and atomic absorption spectroscopy (AAS) have been report-
ed [120, 122, 123]. Table 4 presents the metal element and
oxides composition of OPEFB determined by XRF as report-
ed by various researchers.

The findings reveal that OPEFB contains various concen-
trations of metal oxides, namely Al,O5, CaO, Cl, Cr,05, CuO,
FezO3, KzO, MgO, MnO, NIO, PZOS, szO, SiOz, SO3, SrO,
TiO,, ZnO, and ZrO,. The major oxides comprised of K,O,
Si0,, Ca0, Cl, MgO, P,0s, Fe,03, SOs, Al,Os, and Na,O,
whereas Rb,O, MnO, ZnO, TiO,, CuO, SrO, Br, and NiO are
typically detected in trace amounts in OPEFB. The metal ox-
ides are known to react with silica at high temperatures there-
by forming eutectic mixtures that melt in the range from 754
to 875 °C compared with 1450 °C for SiO,. As a result, the
bed materials are prone to sintering, clinker formation, and
bed agglomeration that result in the formation of hot spots

and de-fluidisation. The characterised metal oxide properties
of biomass can then be used to predict the behaviour of bed
materials in biomass reactors [77]. Such predictions are based
on empirical-based relations proposed by numerous re-
searchers to examine fouling, sintering, and bed agglomera-
tion based on the metal oxides [127, 128].

2.2 Thermal properties

The thermal characterisation of biomass feedstock offers valu-
able insights into the effects of temperature, heating rates, and
the isothermal/non-isothermal conditions on
the decomposition behaviour, stability, purity, potential prod-
ucts and yield during conversion. The thermal properties of
biomass can be characterised by thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and deriva-
tive thermal analysis (DTA). According to the analysts [59,
129, 130], TGA is the most frequently used analytical tech-
nique for analysing the thermal properties of biomass. TGA is
a high-precision and robust technique for investigating the
thermal degradation, reaction mechanisms, and kinetic prop-
erties of materials [131-133]. In practice, TGA measures the
mass (weight) loss of materials at specific heating rates and
temperatures under either inert (N, Ar), oxidising (air, O,), or
combined conditions [134, 135]. During each TGA run, the
selected material is heated in either isothermal [136—138],
non-isothermal, or mixed modes to examine its thermal prop-
erties [ 139, 140]. On completion, the resulting data is retrieved
and plotted as either mass loss (TG, %) or derivative mass loss
(DTG, %/min) against temperature (°C or K) or time (min or
s) [141].

The TG-DTG plots are then analysed to deduce the tem-
perature profile characteristics (TPCs) required to examine the
thermal properties of materials [142, 143]. The TPCs provide
insights into the thermal decomposition, degradation process-
es, and reaction mechanisms [129, 132]. The TPCs are deter-
mined using proprietary thermal analysis software installed
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Table 4 Metal oxide compositions of OPEFB

Metal oxide References

Lahijani, Zainal [41] Madhiyanon et al. [34] Mohammed et al. [66] Asadieraghi,

Fukuda [125] Ninduangdee, Kadir et al. [126]

Daud [124] Kuprianov [36]
Na,O 0.55 0.09 1.54 0.23 0.00 0.36 0.31
MgO 4.80 1.90 8.75 3.68 2.50 3.24 425
ALO, 0.97 0.26 1.22 0.77 0.40 3.11 8.27
SiO, 27.00 12.12 10.83 19.24 16.10 26.21 25.40
P,0s 3.60 0.00 1.84 429 6.80 1.21 0.87
SO; 2.70 1.66 0.00 0.00 0.40 0.00 7.56
Cl 5.30 6.84 5.30 0.00 4.30 2.54 0.00
K,0 44.00 55.48 53.73 39.98 53.20 47.21 7.41
CaO 8.00 9.65 12.50 15.52 12.50 12.54 13.33
TiO, 0.08 0.00 0.00 0.00 0.00 0.00 1.59
MnO 0.11 0.00 0.00 0.00 0.00 0.00 0.51
Fe,0; 3.00 0.00 3.60 5.78 3.50 3.21 15.84
NiO 0.01 0.00 0.00 0.00 0.00 0.00 0.00
CuO 0.04 0.00 0.00 0.00 0.00 0.00 0.15
ZnO 0.09 0.00 0.00 0.32 0.00 0.00 0.00
Br 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Rb,O 0.12 0.00 0.00 0.00 0.00 0.00 0.00
SrO 0.03 0.00 0.00 0.00 0.00 0.00 0.00
ZrO, Trace 0.00 0.00 0.00 0.00 0.00 0.00
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PbO Trace 0.00 0.00 0.00 0.00 0.00 0.00

during the commissioning of the TG Analysers. Conversely,
the tangent method proposed in the literature by various au-
thors can be used in place of the software [59, 63, 144]. The
TPCs employed to examine and describe the effects of tem-
perature or heating rates on the thermal decomposition are
onset (ignition) temperature (7 or Ty,se), Maximum (peak)
decomposition temperature (7inax OF Tpeqr), offset (burnout)
temperature (7.,q), mass loss (Mp), mass loss rate (MLR),
and residual mass (Ry) [60, 132].

The onset or ignition temperature (7; or Tynee), offset or
burnout (7,,q) temperature, mass loss (M ), and residual mass
(Ryy) are typically determined from the TG plots. The maxi-
mum or peak decomposition temperature (7iax Or Tpear), and
mass loss rate (MLR) are deduced from the DTG plots. Topse
is a measure of the ease of thermally igniting any material
during TGA. It is also defined as the temperature any material
starts to devolatilise or decompose during thermal analysis.
Tenq 1s the final temperature of devolatilisation and typically
marks the termination of the process. Tjcak is defined as the
temperature at which the maximum mass loss (%) of the sam-
ple occurs during TGA. It is typically characterised by high
rates of mass loss, denoted as MLR, which is ascribed to the
decomposition of volatiles (i.e. devolatilisation) and
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lignocellulosic components of biomass such as hemicellulose,
cellulose, and lignin [145]. The residual mass (Ry; in %) is the
final mass of the material remaining in the TGA crucible at the
final TGA temperature [140, 143].

Based on the thermal properties and TPCs deduced during
TGA from various studies [146—148], biomass decomposition
occurs in three (3) stages, namely a—drying (< 150 °C); b—
actively pyrolysis (> 150—-600 °C); and c—passive pyrolysis
(> 600 °C) as shown in Fig. 3 adapted from Cai et al. [59]. In
Fig. 3, the blue line represents the thermogravimetric (TG)
plot, whereas the red line denotes the derivative thermogravi-
metric (DTG) plot.

The mass loss during the first stage is attributed to the
removal of moisture and low molecular weight volatiles
[145, 147]. The second mass loss stage, known as the active
stage of pyrolysis or devolatilisation, is attributed to the sig-
nificant degradation of hemicellulose, cellulose, lignin, and
other organic matter components during TGA [132, 145,
149]. The final stage is mainly attributed to lignin decompo-
sition and characterised by slow rates of degradation and the
tailing observed after 600 °C in Fig. 3 [131, 148].

Table 5 presents the different operating conditions
employed to determine the thermal properties of OPEFB
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Fig. 3 TG-DTG plots and TPCs
for biomass decomposition

TG (%)
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during or after TG analysis. The key operating conditions for
the thermal decomposition of OPEFB are sample mass (mg),
heating rate (°C/min), purge gas, gas flow rate (mL/min), op-
erating atmospheric conditions, TGA temperature range (°C),

Temperature (°C)

and mode of heating. Furthermore, the thermal decomposition
behaviour, characteristic temperature profiles, and reaction
mechanisms of OPEFB decomposition have been examined
from the resulting TG-DTG plots. Typically, a small mass of

Table 5 TGA operating conditions for OPEFB decomposition
Sample mass Heating rate Purge Flow Operating Temperature Heating mode References
(mg) (°C/min) gas rate atmosphere range (°C)

(mL/

min)
20 10 Nitrogen 120 Non-oxidative 25-900 Isothermal/non-isothermal Yan et al. [150]
10 10 Nitrogen 100 Non-oxidative 100-600 Non-isothermal Abdullah, Gerhauser

[64]
20 10-20, 40, 60  Nitrogen 150 Non-oxidative 30-900 Non-isothermal Idris et al. [151]
10 10 Air 10 Oxidative 25-600 Non-isothermal Omar et al. [152]
15 10 Air 10 Oxidative 25-900 Non-isothermal Lahijani, Zainal [41]
20 10-20, 40, 60  Air 150 Oxidative 25-1100 Isothermal/non-isothermal Idris et al. [153]
10 10, 20, 30 Nitrogen 100 Oxidative 25-1000 Isothermal/non-isothermal Mohammed et al. [66]
7-20 10 Nitrogen 30 Non-oxidative 100-500 Non-isothermal Izani et al. [154]
2x10° 10 Nitrogen 100 Non-oxidative 25-200, 300 Isothermal/non-isothermal Sabil et al. [155]
20 10 Nitrogen 40-60 Non-oxidative 30-600 Non-isothermal Chowdhury et al. [156]
1x10° 50, 80 Nitrogen 150 Non-oxidative 25-700 Iso-/non-isothermal Alias et al. [157]
5.65 10 Nitrogen 20 Non-oxidative 25-900 Non-isothermal Auta et al. [158]
5 15 Nitrogen 150 Non-oxidative 35-850 Non-isothermal Asadieraghi, Daud [124]
10 10 Nitrogen 20 Non-oxidative 30-600 Non-isothermal Harmaen et al. [159]
10 10 Nitrogen 100 Non-oxidative 28-1000 Non-isothermal Mohamed, Hamzah
[160]

15 10, 20, 30,40  Air 50 Oxidative 30-900 Non-isothermal Ninduangdee et al. [83]
10 10, 20, 30 Nitrogen 20-50 Non-oxidative 30-900 Iso-/non-isothermal Dewayanto et al. [161]
10 10 Air 150 Non-oxidative 25-900 Non-isothermal Novianti et al. [162]
9.5 10 Nitrogen 20 Non-oxidative 50-850 Iso-/non-isothermal Yahaya et al. [163]
2 10, 20, 30 Nitrogen 60 Non-oxidative 25-600 Non-isothermal Poudel et al. [164]
9 5,10, 15,20,30 Nitrogen 20 Non-oxidative 25-800 Non-isothermal Nyakuma et al. [42]
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pulverised OPEFB of particle size ranging from 125 to 500
pm is heated in various types of crucibles (alumina, platinum,
aluminium) from 25 to 1100 °C at designated heating rates
from 5 to 60 °C/min.

Concurrently, the furnace is purged with air or nitrogen gas
at variable flow rates ranging from 10 to 150 mL/min to re-
move the gases released during TG analysis. Based on the
findings, the potential product yield, evolved gas composi-
tions, and decomposition behaviour of OPEFB under condi-
tions that simulate torrefaction [155, 164, 165], pyrolysis [64,
151, 152], and combustion [41, 83, 153] have been examined
comprehensively in the literature. Likewise, the TG-DTG
plots from the studies present comprehensive data on the
TPCs of OPEFB during thermal decomposition. Table 6 pre-
sents the TPCs; ignition (7 pser), maximum or peak decompo-
sition (Tpear), and offset (7.nq), temperatures along with the
mass loss (M), mass loss rate (M r), and residual mass (Ry)
deduced from the resulting TG-DTG plots for OPEFB.

The ignition (T,,ser) for OPEFB decomposition occurs
from 190 to 377 °C; the peak decomposition (Tpca) from
261 to 432 °C and offset (7,,q) from 315 to 641 °C. The mass
loss (M;) and residual mass (Ry;) revealed that the thermal
decomposition of OPEFB results in a significant mass loss
under the conditions investigated. The mass loss was observed
from My = 73-99.94%, whereas the residual mass was in the
range Ry = 0.06-27% during the thermal decomposition of
OPEFB. Furthermore, the results revealed the thermal decom-
position of OPEFB occurs in three stages; drying,
devolatilisation and char degradation, as earlier illustrated in
Fig. 3. For OPEFB, the drying stage of thermal decomposition
typically occurred below 150 °C, whereas the devolatilisation
or active pyrolysis stage was between 150 and 650 °C, and the
char degradation or passive pyrolysis due to lignin

Table 6 Characteristic temperature profiles (TPCs) for OPEFB

decomposition occurred above 650 °C. The results are thus
in good agreement with other biomass reported in the litera-
ture [146—-148]. The thermal analysis of biomass is a precursor
test for examining its kinetic properties such as the activation
energy (£,), pre-exponential or frequency factor (A, or k,,) and
reaction order (n) [129, 166]. The review of literature on the
fundamental theories, assumptions, and model equations
employed to characterise and examine the kinetic properties
of potential biomass in literature are presented next.

2.3 Kinetic properties

The kinetic properties of biomass provide valuable insights
into the reaction rates and energy required for thermochemical
conversion [166, 167]. Table 7 presents examples of the
models commonly adopted to examine the kinetics of biomass
in the literature [168, 169].

Typically, kinetic analyses are adopted to critically exam-
ine the effects of temperature and heating rate on the thermo-
chemical conversion process [132, 133]. Various kinetic
models, theories, and techniques have been proposed to per-
form kinetic analysis and elucidate the specific kinetic prop-
erties of biomass undergoing thermochemical conversion
[170]. Broadly, there are two major approaches for analysing
the kinetic parameters of biomass decomposition, namely
model-fitting, and model-free or isoconversional methods
[129, 133].

2.3.1 Model fitting

These methods are used to determine the kinetic parameters of
materials by first defining the best statistical fit from the TGA
data [129]. The advantage of the method is its ability to

Drying range (°C) Devolatilisation

DTG peaks Tonset (OC) Tpeak (OC) Tend (OC)

Residual mass Mass loss (M, %) References

range (°C) (R, %)
<250 250-380 2 285 355 375 5.43 94.57 Abdullah, Gerhauser [64]
<150 350-500 2 200 432 - 0.06 99.94 Idris et al. [151]
<150 175-550 3 190 315 - 6.00 94.00 Omar et al. [152]
< 100 220-460 3 200-250 268 400425 5.80 94.20 Lahijani, Zainal [41]
<150 200-550 3 371 396 - 3.57 96.43 Idris et al. [153]
< 150 200-600 3 170-187  270-303 489-616 - - Mohammed et al. [66]
<150 200400 2 237 261 315 27.00 73.00 Izani et al. [154]
<150 200420 2 - 329 - 14.50 85.50 Asadieraghi, Daud [124]
< 150 200400 2 200-220 337 375425 - - Mohamed, Hamzah [160]
<150 200-650 3 258-280 277-319 504-641 - - Ninduangdee et al. [83]
<150 150-380 3 - 308 - 8.77 91.23 Yahaya et al. [163]
<150 252-368 2 252-276  302-327 332-368 19.64-25.82  74.18-80.36 Nyakuma et al. [42]
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Table 7 Methods for examining

biomass decomposition kinetics Kinetic model

Approach Examples

Model fitting

Model free (isoconversional)

Differential,

Freeman—Carrol (FCM),
Horowitz—Metzger (HMM),
Coats—Redfern model (CRM).
Kissinger model (KSM),

Starink model (STK),
Kissinger—Akahira—Sunose (KAS),
Flynn—Wall-Ozawa (FWO).

Conventional (isothermal)

Standard (non-isothermal)

determine kinetic parameters based on a single TGA experi-
ment, which saves time, costs, and materials [149, 169]. The
major drawback is that forehand knowledge and appropriate
selection of the reaction model is required before analysis of
the kinetic properties [171]. Another drawback is that the
model fitting methods produce similar conclusions since any
function of conversion can suitably fit experimental data at the
expense of accurately determining the kinetic parameters
[172]. As aresult, the kinetic parameters calculated from mod-
el fitting models tend to differ significantly from
isoconversional model values as reported in the literature
[129, 173]. The most common examples of model-fitting
models adopted by researchers include the Freeman—Carrol,
Horowitz—Metzger, and Coats—Redfern (CR). The CR meth-
od is the most widely adopted model-fitting model, and as
such, it has been extensively applied to examine the kinetics
of biomass conversion [145, 174—177]. The governing equa-
tion for the kinetic parameter analysis from the CR method is
presented as

—In (1-a) AR 2RT E,
I =1 1- — 3
]l ()l w0
The expression used to describe the rate of biomass decom-
.. . . . _ dT
position at a constant heating rate is given as 3 = .. By
W} against 1, a straight line can be obtained
from which the activation energy (£,,) and the frequency fac-

tor (A) can be deduced from the slope, —% and In [%}

respectively.

plotting In{

2.3.2 Model-free (isoconversional)

These models are simpler, error-free, and more reliable
methods for determining the kinetic properties of biomass
based on multiple heating rates adopted during TGA. The
models can thus be applied without knowledge of the reaction
mechanisms involved in the process, as required by the model
fitting models [171, 178]. The uncertainties encountered while
estimating kinetic properties from model-fitting can thus be

avoided by adopting the isoconversional methods [133, 172].
The challenge of the model-free approach is that it is not only
expensive and time-consuming but requires more quantities of
materials for TG analysis. Nonetheless, the isoconversional
methods provide a compromise to the oversimplified single-
step Arrhenius kinetic treatments [166] or the model-fitting
approach. Over the years, the models have been successfully
applied to examine the thermal decomposition kinetics of a
wide variety of biomass, namely wood chips [147], corn cobs
[149], cardoon (Cynara cardunculus) [130], orange wastes
[148], hazelnut husks [132], blooming-forming cyanobacteria
[179]; Imperata cylindrica grass [60], red pepper waste [166],
biochar [138], and waste sawdust [180]. The most commonly
applied kinetic models for estimating the kinetic properties are
Flynn—Wall-Ozawa (FWO), Kissinger (KSM), and
Kissinger—Akahira—Sunose (KAS) models [181-183]. Other
notable models including Friedmann [184], Starink [185],
Vyazovkin [186], Cai-Chen [187], and the Distributed
Activation Energy Model (DAEM) [188] are also reported
in the literature.

In principle, the isoconversional models are developed
from the one-step global theory of solid-state decomposition.
The theory assumes that the thermal decomposition of any
solid material can be described by first-order reactions based
on the relation [166, 189]:

Solid biomass—"*")Volatiles + Biochar 4)

Based on this relation, the decomposition of biomass typ-
ically yields volatiles that consist of gases and liquid or tar,
along with biochar. The yield and composition of products are
influenced by the temperature-dependent rate constant (T)
described as

k(T) = A exp (—§T> (5)

The terms k(7) represent the temperature-dependent rate
constant; A—frequency factor (min ') at the degree of con-
version («); E,—activation energy (kJ/mol) at the degree of
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conversion («); R—molar or ideal gas constant (J/mol K); 7—
temperature (K) at the degree of conversion («). The rate of
biomass conversion into volatiles and biochar is given as

da
& kD) () (©)

where the term f{c) represents the reaction model at various
degrees of biomass conversion. Based on the selected
isoconversional method, the degree of conversion («) of ther-
mal decomposing material is expressed as [179]

- m;—myg

o= (7)

m;i—my

where the terms m;—initial mass of the sample; m,—actual
mass of the sample; and m—final mass of the sample. Thus,
the degree of conversion («) can be deduced from the relation
[129, 190]

P —new ()@ ®

Equation 8 is the fundamental governing equation for the
kinetic methods (models) used to examine biomass decompo-
sition. By applying the modified Arrhenius equation (Eq. 5),
an expression for the function flar) and its derivative (1 — «)"
can be applied to describe biomass conversion at the selected
heating rate () based on the expression

=5 ew () amar ©)

After the separation of variables, the integral that describes
the thermally decomposing materials can be expressed as

do A T E,
== - T
(ima)” ~ 3 e ( RT) ¢

Based on Eq. 10, the isoconversional models of Flynn—
Wall-Ozawa (FWO) and Kissinger—Akahira—Sunose (KAS)
methods could be applied to the TGA data to determine the
kinetic parameters for decomposition.

The FWO and KAS methods, as earlier stated, are the most
commonly applied isoconversional models used to determine
the kinetic parameters activation energy, E,, and frequency
factor, A. The FWO method is defined by the expression [181,
182]

glo) =1y

(10)

A(!E(l’
Rq(a)

The kinetic parameters E,, and A can be thus determined by
plotting /n () against I/T, where the slope is defined by —
1.052 E,/R for the FWO method. The KAS method was de-
rived from the original Kissinger model [183, 191]:

E,
RT

In(B)=1In ( )—5.331—1.052

(11)
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p AR\ E,

/7Y i — 12
! (Tfn "\E. ) RT.. (12)
The maximum peak decomposition temperature 7;,, can be

substituting for 7' in Eq. 12 to account for conversation («)
during TGA, to obtain the KAS model expressed as

5] AuR E,
T E.g(a)) RT.;

The terms [ represent the heating rate (°C/min); g(a)—
fractional conversion of the biomass; A,—frequency factor
at the degree of conversion () (min ); E,—activation ener-
gy at a (kJ/mol); T,,—temperature at « (K); and R—molar
gas constant (J/mol K). Similarly, by plotting In(3/T%) vs 1/T
or In(8/T*,) vs 1/Ty, using the KAS and Kissinger methods
respectively, the kinetic parameters can also be obtained. The
frequency factor (A, min ') is determined from the intercepts
of'the FWO and KAS plots. The values of A and reaction order
(n) can also be computed from the Coats—Redfern method
[130]. The values of A can be computed from the correlation
between the intercept and In(AR/BE,,) based on the assump-
tion that 2RT << E,,. The flexibility of the described models
ensures that the kinetic properties of materials undergoing
thermal decomposition can be determined from
isoconversional data. Based on the foregoing, the kinetic
properties of OPEFB decomposition have been examined by
several researchers in the literature.

Table 8 presents a review of literature on the kinetic param-
eters activation energy (E,, kJ mol ') and frequency factor (A,
min ") properties of OPEFB. Table 8 also shows that the
kinetic analyses of OPEFB under torrefaction [164], pyrolysis
[151], and combustion [83, 153] conditions were successfully
examined by TGA. The studies were extended to compute the
activation energy (E,), and frequency factors (A) values
through model-fitting and model-free models. The results
showed that under non-oxidative conditions, the E, for
OPEFB was between 37.85 and 209.68 kJ/mol (or 123.77
kJ/mol on average), which is significantly higher than the
oxidative process with E, values that ranged from 68.90 to
105.56 kJ/mol (or 83.09 kJ/mol on average). Likewise, the
frequency factor (A) under non-oxidative conditions was from
3.95 % 10° min~" to 1.45 x 10" min ' (or 7.25 x 10'® min"
on average), whereas the values were between 4.86 X 10°8
min " and 7.50 x 10'® min"! (or 2.73 x 10'® min"! on aver-
age) for the oxidative process. Although the kinetic parame-
ters were obtained at high regression coefficients (90-99%),
the thermochemical conversion of OPEFB under oxidative
conditions occurred more rapidly compared with non-
oxidative conditions. Based on the lower values of £, and A,
the plausible inference is that the OPEFB particles acquired
sufficiently higher thermal energy due to the exothermic na-
ture to undergo rapid degradation compared with the process

(13)
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Table 8 Kinetic parameters for OPEFB decomposition

Heating rate (°C/min) Start and end E,(kImol™") A (min?h R Kinetic models References

TGA temp. (°C)
10, 20, 40, 60 30-900 209.68 145 x 107 0.99 Kissinger Idris et al. [151]
10, 20, 40, 60 25-1100 105.56 o o Flynn—Wall-Ozawa (FWO) Idris et al. [153]
10, 20, 30, 40 30-900 68.90-84.70  3.95 x 10°7-7.50 x 10" 0.95-0.98 Coats—Redfern (CRM) Ninduangdee et al. [83]
10, 20, 30 30-900 37.85 3.95 x 10%7 0.97 Coats—Redfern (CRM) Dewayanto et al. [161]
10, 20, 30 25-600 97.6 ok s Coats—Redfern (CRM) Poudel et al. [164]
5,10, 15, 20, 30 30-800 144.30-146.63 2.42 x 10'-5.22 x 10"* 0.90-0.91 Flynn—Wall-Ozawa (FWO) Nyakuma et al. [42]

and Kissinger Akahira
Sunose (KAS)

under non-oxidative conditions. Other factors such as the en-
thalpy, entropy, and Gibb’s free energy of the thermal degra-
dation particles may also influence the process. Hence, ther-
modynamic properties of the thermally degrading particles
have also been examined in the literature, as described in the
subsequent section.

2.4 Thermodynamic properties

The thermodynamic properties present critical insights into
the extent of the conversion process and the energy require-
ments, the heat of formation, reaction mechanisms, degrada-
tion behaviour, and state of equilibrium of biomass during
thermochemical conversion [82, 166]. These outlined param-
eters influence the process design, engineering economics,
risk safety, product selectivity, and environmentally friendly
conversion of biomass [192-195]. Typically, the thermody-
namic properties comprise the enthalpy, Gibb’s free energy,
and entropy change of biomass [195-197]. Studies by Xu
et al. [196], Kim et al. [198], Vasiliu et al. [195], Maia, de
Morais [166], Kaur et al. [197] have highlighted the impor-
tance of enthalpy, Gibb’s free energy, and entropy change
during thermochemical conversion of biomass in chemical
reactors. The enthalpy (AH) is defined as the total heat content
or energy consumed during thermochemical biomass conver-
sion into its constituent products [197]. The Gibb’s free ener-
gy (AG), on the other hand, is the total energy of the system
required to form the activated complex [198-200]. The entro-
py change (AS) is the degree of disorderliness of a system or
the measure of the bond dissociation and state of equilibrium
of the reacting species [197]. The enthalpy (AH), Gibb’s free
energy (AG), and entropy change (AS) are computed from the
following mathematical expressions:

Enthalpy AH = E,—RT (14)

K Tea
Gibb’s free energy AG = E, + RTpeakIn( Bh: k) (15)

AH-AG

Entropy AS =
T peak

(16)

The term AH denotes the enthalpy (kJ/mol); AG is Gibb’s
free energy (kJ/mol); AS is the entropy change (J/mol); and
Theax 1s the peak decomposition temperature (°C) deduced
from the DTG plots. The symbol Ky represents the
Boltzmann’s constant (1.38 x 10_23, J/K), whereas & is
Planck’s constant (6.626 x 104, Js).

Kaur et al. (2018) investigated the thermodynamic proper-
ties of castor residues from the activation energy £, and pre-
exponential factor A based on the isoconversional models of
FWO and KAS. The findings showed that the enthalpy (AH)
fluctuated from 160.91 to 162.15 kJ/mol, whereas its Gibb’s
free energy (AG) was between 152.05 and 152.11 kJ/mol.
Maia and de Morais (2016) examined the thermodynamic
properties of red pepper wastes (RPW). The authors reported
that the enthalpy (AH) of RPW varied between 23.37 and
142.21 kJ/mol; Gibb’s free energy (AG) was from 71.77
and 207.03 kJ/mol, and entropy (AS) was between — 8.31
and — 249.52 J/mol. The findings of Maia and de Morais
(2016) were found to be consistent with rice husk—based com-
posites [199], rice straw, rice bran, and chicken manure [201].
The thermodynamic properties of pelletised OPEFB have
been reported for the non-oxidative thermal decomposition
of the OPEFB in literature [42]. The values of AH, AG, and
AS were calculated from the £, and A based on the FWO
model. The findings revealed that the enthalpy (AH) was from
79.05 to 190.57 kJ/mol, whereas Gibb’s free energy (AG) was
between 298.71 and 538.59 kJ/mol. The change in entropy
(AS) ranged from — 348.02 to — 219.65 J/mol. Based on the
reviewed studies, the thermodynamic properties of biomass
bear correlation with the kinetic properties, decomposition
mechanics, equilibrium state, and thermal reactivity during
thermochemical conversion. Babu, Chaurasia [192] also dem-
onstrated a correlation between particle size and thermody-
namic properties. For large-sized particles of biomass in a
thermally thick regime, the conversion time increases with
an increase in the thermal conductivity. Ultimately, this yields
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high char at the expense of gaseous products from the reactor.
Based on its thermodynamic properties, Nyakuma et al. [42]
reported that OPEFB pellets experienced rapid thermal de-
composition, shorter reaction times, and the formation of an
activated or intermediate complex. Drescher, Briiggemann
[193] observed that the thermodynamic properties of biomass
are critical to the design and operation of an organic Rankine
cycle (ORC) power plants. The study also observed that ther-
mal efficiency and total heat efficiency are the most critical
variables for the biomass plant design and operation. The au-
thors opined that it is critical to examine the thermodynamic
properties of biomass feedstock prior to reactor design and
thermochemical conversion.

3 Pre-treatment methods

This section presents the various pre-treatment techniques typ-
ically adopted to enhance the fuel properties of potential bio-
mass feedstocks such as OPEFB. The pre-treatment tech-
niques, namely drying, pulverisation, and pelletisation, typi-
cally adopted to process potential biomass such as OPEFB
before conversion, storage, or transport are highlighted here-
after. Figure 4 presents the schematic for the drying, size re-
duction, and pelletisation of OPEFB.

3.1 Drying technique

This is a pre-treatment process that involves the reduction or
removal of moisture from freshly harvested, raw (or green)
biomass [203]. Typically, moisture exists as either surface or
inherent or moisture that is stored in the interstitial spaces in
the dead cells and cell wall structure of biomass. The moisture
content of raw biomass is usually expressed as a percentage of
the overall mass of the biomass and typically varies from 25 to
90% for non-woody or algae species [58] and 40 to 70% for
woody species [110]. For oil palm wastes such as OPEFB, the
as-received moisture content is usually from 38 to 70% [67,
204-206]. Such high moisture content exceeding 50% pre-
sents major challenges during the thermal conversion of bio-
mass into bioenergy. Consequently, this necessitates pre-
treatment through the process of drying due to its critical im-
portance to the heating value and conversion efficiency [206,
207].

The direct firing of high moisture content biomass substan-
tially increases the energy requirements for conversion partic-
ularly drying. The surface moisture of biomass must be below
10% to ensure effective energy management and conversion
efficiencies [208]. In practice, the raw or freshly harvested
biomass is heated above 100 °C (or below 150 °C) to reduce
or remove the biomass moisture with the aid of external
heaters, hot flue gases [61, 77], or waste heat [209, 210].
The drying process accounts for 15% of the energy used
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during the pre-treatment of biomass for energy and industrial
applications [210, 211]. In context, a total of 3.8 MJ of thermal
energy is required to vaporise 1 kg of moisture and ignite
biomass during gasification [61].

The process of drying, also termed dehydration, has a sig-
nificant impact on the selection of a biomass conversion pro-
cess, product yield, and distribution of biofuels. Svoboda et al.
[212] stated that high moisture negatively affects the operation
of biomass boilers, lowers burning stability, and
typically generates large carbon monoxide (CO) and volatile
organic component (VOC) emissions. The formation of CO
and VOC is caused by high moisture content, which also
results in low flame temperatures and incomplete combustion
[213]. Likewise, the gasification of high moisture biomass is
also prone to operation problems such as low calorific value
fuel gas and high content of tar compounds [212, 214]. Hence,
the drying of biomass before gasification and combustion can
significantly increase conversion efficiency, operations, and
reduce flue gas emissions during operation [210].

Since moisture content is empirically related to the bulk
density and heating value [110], the drying process enhances
the physical, chemical, thermal, and calorific properties of
biomass. Stahl et al. [215] observed that the process of drying
sawdust lowered its moisture and volatile hydrocarbons,
thereby improving its pelletisation potential, energy content,
and application. Jewiarz et al. [216] demonstrated that optimal
drying alters the fuel properties of biomass such as
grindability along with particle size distribution and bulk den-
sity. Furthermore, the drying of biomass is also an important
requirement for the production of pellets [212, 217]. Lastly,
the storage, handling and transport of biomass feedstock are
also greatly enhanced by drying.

The drying of OPEFB has been examined by various re-
searchers in the literature using various innovative technolo-
gies such as superheated steam, fluidised bed reactors, and
hybrid systems comprising solar—thermal technologies to low-
er its moisture content and improve its fuel properties.
According to Ng et al. [202], the drying of OPEFB is accom-
plished through hot air and steam drying to produce long and
short dried fibres, which could be used as fuels for combustion
and gasification in flue gas and syngas fuels, respectively. Han
et al. [206] examined the use of a hot air dryer to simulate the
drying of OPEFB and enhance its fuel potential firing in bio-
mass boilers. The results showed that the process reduced the
moisture content of OPEFB from 60% in as-received basis to
20% with the optimal conditions of 23 min, the ratio of steam
circulation of 0.25 and ~ 5.5% reduction in the cost of drying.
The findings also showed that drying increased the heating
value and efficiency of the boiler.

Hasibuan, Daud [218] examined the drying of OPEFB
using superheated steam (SHS) operating at the temperatures
(122 to 152 °C, A10 °C), pressure (1 atm), steam velocities
(0.6to 1.2) ms !, and moisture content (1.8 to 2.3 g). The use
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Fig. 4 Schematic diagram for OPEFB pre-treatments (adapted from Ng et al. [202])

of SHS produces high-quality dry OPEFB, which is devoid of
the problems of browning, over-drying, and dust explosion
risks typically associated with hot exhaust gases and rotary
drum dryers. Lastly, the authors reported that the two-stage
(increasing drying rate period and falling drying rate) drying
process did not affect the mechanical properties (elastic mod-
ulus and strength) of the dried OPEFB fibres. Another advan-
tage of SHS, as reported in Svoboda et al. [212], is that it
presents opportunities for rapid and high-temperature drying
of small and or large particles below 15%.

In a different study, Hasibuan, Wan Daud [219] investigat-
ed the SHS drying of OPEFB at temperatures of 135 to 200 °C
and steam superficial velocities (0.30 to 0.49 m/s). The effect
of SHS parameters showed that the colour of the dried OPEFB
was not adversely affected, whereas the microstructure was

enhanced by the removal of silica particles. In contrast, the
SHS drying process caused cracks or splits in the microstruc-
ture of the dried OPEFB. The drying of OPEFB using
fluidised bed has also been examined in the literature [220].
Based on the exergy recovery and energy efficiency calcula-
tions, the drying of OPEFB with a fluidised bed is an efficient
process with the potential to recover and recirculate over 90%
of the energy utilised during the process.

Other innovative approaches for drying OPEFB include
hybrid solar-biomass thermal systems as reported in the liter-
ature [221]. The study by Al-Kayiem, Yunus [221] showed
that the use of the hybrid mixed-mode solar and biomass
burner drying system is a technically and economically prac-
tical approach for drying OPEFB. The findings also showed
that the drying time for OPEFB was 24-32 h using the hybrid
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solar—thermal dryer when compared with 52—80 h for
standalone solar and 100 h for open-air sun drying. Hence,
the hybrid system is more efficient compared with the
standalone methods of solar, sun drying, and thermal exam-
ined in the study. In general, the reviewed literature shows that
drying is an important pre-treatment process that not only
reduces the moisture content of OPEFB biomass but also en-
hances the physical (microstructure), thermal/calorific
(heating value), and operational efficiency of conversion.

3.2 Size reduction techniques

This is a critical physical pre-treatment process that involves
the mechanical fractionation or breakdown of large biomass
into small manageable sizes for effective handling, storage,
transport, or conversion. Since raw biomass is harvested in a
bulky or heterogeneous form, its direct conversion into
biofuels, bioenergy, or biomaterials requires pre-treatment
by size reduction. Typically, size reduction that occurs
through grinding, pulverising, chipping, and chunking are
the four (4) major classifications of size and equipment re-
quirements, as shown in Table 9 [222].

Typically, the process begins with the mechanical disinte-
gration or fragmentation of the large fractions of raw biomass
into large chunks, which are further broken down into uni-
formly sized fractions called chips. Finally, the chips are then
pulverised, ground, or milled using various types of dry
millers [58], the most common of which is the knife and ham-
mer grinding system [216]. In principle, the objective of size
reduction is to decrease the crystallinity of the lignocellulosic
fibres and minimize the heat and mass transfer limitations
during conversion [223]. In addition, the bulk density, surface
area, particle size distribution, and overall quality of biomass
particles are improved by size reduction, which enhances au-
tomated storage, feeding, and thermal conversion [216, 224].
The process also improves the conversion efficiencies [61], as
well as other pre-treatments such as drying and pelletisation of
biomass. Consequently, the shelf life, transport, and storage of
biomass are also greatly enhanced. The chipping and milling
(grinding) of biomass into particle sizes of 10-30 mm and
0.2-2 mm [223], respectively, also enhance the specialised
processing of biomass into microcrystalline cellulose,
nanocellulose, and cellulose nanofibers through ball milling

[225, 226]. Typically, the process of ball milling is a
specialised size reduction technique that mechanically breaks
down biomass into particle sizes below 90 pum [223], thereby
decreasing the crystallinity of cellulose [227, 228].

The effectiveness of the mechanical disintegration depends
on various operational and design factors such as surface area,
operating load, selected equipment, and processing method of
breaking down the biomass [216, 224]. Furthermore, the en-
ergy required for size reduction is usually dependent on the
moisture content, particle size required, material properties,
and feed rate during processing [229]. Bergman et al. [230]
on the energy consumption required for grinding dry and
moist poplar showed that grinding oven-dry wood expended
50-150 kWh/ton when compared with 100-325 kWh/ton for
wood chips. Due to its widely reported problematic nature,
several studies have been performed to improve the poor fuel
properties of OPEFB through size reduction pre-treatments
such as shredding, cutting, and crushing [231, 232].
Typically, shredder or shredding press machines (with the
capacity of 6-8 MT/h) are employed to break, squeeze, and
shred the bulky, heterogeneous, and high moisture content
OPEFB into short fibres [233, 234]. The breaking process
aims to mechanically disintegrate the OPEFB into sizes be-
tween 20 and 40 mm. Next, the materials are shredded into
OPEFB fibres below 20 mm before squeezing (pressing) to
remove residual oil and water. Lastly, the resulting fibres
could then be utilised directly for biomass conversion or fur-
ther ground into finer particle sizes using hammer mills for
various other applications such as pelletisation or briquetting.

3.3 Pelletisation technique

This is the physicochemical and mechanical process of
compacting or compressing loose particles of biomass into a
solid uniform cylindrical structure called pellets [235]. The
process of pelletisation transforms biomass particles into an
energy-dense, uniformly defined, quality, and durable biofuel
for various applications [236]. The pelletisation of particles
significantly improves the quality, handling, storage, and sup-
ply chain of the biomass [237-239]. Traditionally, the major
source of pellets is wood sawdust or timber or forestry wastes.
However, the soaring demand for renewable fuels over the

Table 9 Biomass size reduction

processes and properties [222] Process Final products  Particle sizes ~ Bulk density ~ Size (% of original) ~ Equipment
(kg/m?’)
Pulverisation ~ Sawdust < 100 um 600 60 Pulveriser, miller
Grinding Shavings < 80 mm 200 20 Hammer miller
Chipping Chips 5-50 mm 400 40 Disc/drum, chippers
Chunking Chunks 50250 mm 500 50 Spiral chunker
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years has necessitated the pelletisation of non-traditional bio-
mass sources such as agricultural residues [236].

The process of pelletizing biomass begins with the pre-
treatment (or modification) of the selected streams of hetero-
geneous feedstock materials through sorting, drying, size re-
duction, and sieving into various particle sizes [212, 235].
Consequently, the powdered biomass particles are compacted
or compressed into pellets using a pellet mill or press machine.
The pellets typically with a diameter of D < 25 mm are formed
by the backpressure caused by the friction between the feed-
stock and the channel walls in the pellet mill [236]. The sizes
of the channels in the matrix play an important role in deter-
mining the dimensions of the pellets, although the definite size
can be optimised for each biomass pelletised. Table 10 pre-
sents the standard specifications of pellets based on the
European Union STN EN 14961-2 Standard in the literature
[235].

It is important to state that other national standards such as
the O-NORM M7135 (Austria), SS187120 (Norway), DINS1
731/DIN Plus (Germany), CTIR (Italy), Agro/Agro+
(France), and British standards are also used to test the quality,
class, and durability biomass pellets based on various physi-
cal, chemical, and mechanical parameters, as outlined in
Table 11 [240]. The data on the various protocols highlight
the stringent standards for regulating the production, storage,
or use of wood pellets for various applications. However, the
French Agro/Agro+ standards are designed specifically for
pellets produced from agricultural materials and hence could
play a critical role in the transition from wood-based pellets to
agricultural residue-based pellets in the near future.

The quality of the final biomass pellets is largely dependent
on the material, structural, and technical parameters. For ex-
ample, the chemical composition (moisture, ash, and lignocel-
lulosic content), fractional size, additives (binder) materials,
and density of the feedstock biomass are crucial to pellet qual-
ity [241, 242]. The quality of biomass pellets is also influ-
enced by the pressing pressure, compaction temperature,
speed, and residence time and selected unit operations for
pelletisation [243, 244]. Other technical parameters such as

Table 10  Pellet specifications based on STN EN14961-2 standard
[235]
Code Dimensions in mm
Diameter Minimum length Maximum length
D06 6+1.00 3.15 40
D08 8+1.00 3.15 40
D10 10 £ 1.00 3.15 40
D12 12+1.00 3.15 50
D25 25+1.00 10.00 50

the dimensions of the matrix (length and radius of the chan-
nel), coefficient of sliding friction, and elastic modulus and
Poisson’s ratio of the biomass also influence the final quality
of the pellets [236]. Despite the numerous quality standards
and manufacturing guidelines, pellets are prone to mechani-
cally induced wear and tear during handling, which results in
fine dust (FD) or particulate matter (PM) production. The
presence of PM/FD presents significant risks to human health,
safety owing to fires, explosions, and hazards [240]. Despite
the outlined challenges, pelletisation is a practical approach
for pre-treating biomass and improving its fuel quality for
various applications.

Numerous studies have investigated the effect of
pelletisation on the thermochemical conversions of agricultur-
al wastes, forestry wastes, and biodiesel wastes [245-249].
Other researchers investigated the effects of pelletisation on
the fuel properties and energy conversion of oil palm wastes
(OPW) [250-253]. Rahman et al. [251] examined the power
generation potential of OPEFB pellets produced with a sago
starch binder. Pelletisation improved the durability, solid
form, and bulk density of OPEFB, although the calorific val-
ue, moisture, and ash content of the pellets were adversely
affected due to the sago starch-binding agent. The binder also
enhanced the durability of the pellets by reducing breakage,
particulates, and loose fibres in pelletised OPEFB under low
compression pressures [251]. Nasrin et al. [254] examined the
process of pelletizing OPEFB in a typical palm oil mill. The
study examined the effect of OPEFB and PKS blend ratios of
20, 30, 40, and 60% on the calorific values, density, and du-
rability of pellets. The results demonstrated that the pelletised
OPWs exhibited improved calorific fuel properties, lower
moisture, and ash contents compared with raw OPEFB. In
summary, the studies reviewed highlight the prospects and
benefits of characterising and pre-treating biomass feedstocks
such as OPEFB. Although the quality of characterised and
pre-treated biomass is superior to the raw or harvested ver-
sions, the processes are considered expensive and energy-in-
tensive, which could significantly influence the techno-
economic aspect of biomass pre-treatment and conversion.
The next section comprehensively reviews other significant
challenges associated with biomass characterisation and pre-
treatment techniques with emphasis on OPEFB in the
literature.

4 Challenges of characterisation
and pre-treatment

The direct utilisation of raw or freshly harvested biomass is
problematic due to their numerous heterogeneous fuel proper-
ties. The OPEFB generated from the extraction of CPO in
palm oil mills is characterised by high moisture (> 60%),
ash, mineral matter, metal oxides, and extraneous materials
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Table 11 Wood pellet quality

standard and values based on Norm of pellets DIN 51731 ONORM M7135 DINplus EN 14961  Agro+ Agro

European standards [240]
Diameter (mm) 4-10 4-10 wk 6-25 6-8 6-16
Length (mm) <50 <5*%d <5*%d 3.15-50 10-30 10-30
Abrasion (%) *k <23 <23 <1-3 <5 <8
Heating value (MJ/kg)  17.5-19.5 >18 > 18 >13.2-19 =155 >14.7
Water content (%) <12 <10 <10 <10-15 <11 <15
Ash content (%) <l5 <0.5 <05 <3-10 <5 <7
Density (kg/m?) > 540 > 540 > 540 > 600 > 650 > 650
Additives (%) Not allowed <2 <2 <2-5 No limit ~ No limit
S (%) <0.08 <0.04 < 0.04 <0.04-02 <02 <02
N (%) <03 <03 <03 <12 <15 <2
Cl (%) <0.03 <0.02 <0.02 <0.03-03 <02 <03

along with its bulky and heterogeneous nature. The high mois-
ture and heterogeneous nature of OPEFB account for its low
calorific value, energy density, bulk density, and poor
grindability. The moist, bulky, heterogeneous, and fibrous
nature of OPEFB could result in deposition, blockage, self-
ignition, and safety risks [255, 256]. The outlined properties
also hamper effective collection, handling, storage, and trans-
port. Furthermore, the presence of extraneous materials affects
the conversion efficiency, equipment lifespan, and operating
costs. The high ash and metal oxide content of OPEFB results
in fouling, sintering, and agglomeration during high-
temperature thermal conversion [40, 41, 66].

Mohammed et al. [66] observed that the particle size of
OPEFB in the range 300-1000 pm improved the TPCs and
thermal decomposition behaviour of the fuel during conversion.
Erlich [257], Erlich, Fransson [258] also examined the effect of
the shape, size, and density of OPEFB on the chemical compo-
sition and reactivity during thermal conversion. The results dem-
onstrated that low moisture content, size reduction, and
pelletisation improved the composition, distribution, and calorific
heating value of the OPEFB biochar and syngas products. The
results also demonstrate that comprehensive fuel characterisation
and pre-treatment (e.g. pelletisation) improve the overall energy
potential of the OPEFB.

Several authors have examined the effect of pelletisation on
the fuel and energy potential of OPEFB [241, 250, 259-262].
The characterisation techniques cannot specifically address the
factors that hinder biomass conversion into bio-based products.
However, the knowledge of the chemical, thermal, kinetic, and
thermodynamic fuel properties of OPEFB can enhance its energy
potential. The fuel characteristics, energy potential, and convert-
ibility of potential of OPEFB can be improved through pre-
treatment [263]. Pre-treatment techniques such as drying, size
reduction, and pelletisation are energy-intensive, time-consum-
ing, and expensive processes. These drawbacks increase the cost
of pre-treatment, conversion, and overall competitiveness of bio-
mass. However, the use of modern drying techniques such as hot
flue gases or waste heat presents health, safety, and
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environmental risks. The hot flue gas approach also contributes
to increased volatile organic compound (VOC) emissions [208],
browning, dust explosions, and other safety concerns [264].
Evidence of such risks is ascribed to chemical erosion, fires,
explosions, and non-uniform moisture as extensively document-
ed by various researchers [210, 265-268]. The use of pulverised
biomass with heterogeneous distribution also causes hot spots,
bridging, and clogging in gasifiers during thermal conversion
[256, 269].

The pelletisation process is also prone to various chal-
lenges. Despite its advantages, the pelletised fuels are prone
to grindability and hygroscopicity issues along with breakage
as reported in the literature [230, 270]. The thermal conversion
of pelletised fuels is prone to delayed ignition, poor gasifier
efficiency, smouldering, and low heating value syngas prod-
uct during gasification [258, 271], which is attributed to heat
and mass transport limitations [272]. The poor conversion
efficiencies of pellets in biomass reactors result in the emis-
sion of particulate matter (PM), pollutant gases, and
unoxidised compounds [273, 274]. Other studies have re-
vealed that the long-term storage of pelletised fuels results in
the emission of volatile organic compounds (VOCs) through
the phenomena known as off-gassing [275, 276]. The process
typically results in the depletion of oxygen and emission of
hazardous gases such as carbon monoxide (CO) beyond the
permitted 35-ppm safety limits [274, 277, 278]. Other studies
have confirmed that the long-term storage of biomass pellets
irrespective of product quality can affect indoor air quality and
pose significant risks to human health, safety and the environ-
ment. Despite improvements in quality after pre-treatment,
biomass feedstocks still require conversion through various
biomass conversion technologies.

5 Future outlook and applications

The utilisation of biomass for energy and other low carbon
applications is set to increase over the years due to rising
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global awareness on the challenges posed by fossil fuels to
humans and the environment. The transition from fossil to
clean energy sources such as biomass will help to address
global warming and climate change as highlighted in the
Paris Climate Accord. Biomass could help achieve the goals
of the agreement through the diversification of the global en-
ergy mix. This will be particularly crucial in developing coun-
tries such as Malaysia, Indonesia, Colombia, Thailand, and
Nigeria, which have abundant biomass in the form of the oil
palm mill and plantation wastes. As highlighted in the
National Biomass Strategy (NBS-2020) and the 5" Fuel
Policy (5FP) of the gth Malaysia Plan (8MP), the valorisation
of OPW is crucial to the establishment of a low carbon econ-
omy, energy mix diversification, and energy self-sufficiency.
However, the poor fuel properties and technical challenges
encountered with OPW pre-treatment need to be addressed
to ensure an effective transition from the fossil fuel economy.
To achieve this, the scientific community and other stake-
holders will need to design, develop, and adopt effective strat-
egies for the characterisation, pre-treatment, and valorisation.

Current studies on the characterisation of oil palm wastes
aim to examine and highlight the chemical, thermal, kinetic,
and thermodynamic properties with limited consideration of
the physical properties. The physical characterisation of bio-
mass feedstock provides insights on the properties such as
bulk densities, porosity (sphericity), grindability, and particle
size distribution. The enumerated parameters are crucial to
estimating the biomass characteristics, energy density, and
fuel value indices [279, 280]. Studies on the physical proper-
ties could also provide forehand information on the suitability
of the OPW for selected biomass application and design of
conversion equipment along with protocols for safety during
handling, storage, or transportation. Future studies need to
include characterisation of the physical fuel properties of po-
tential biomass feedstock. Studies on the morphological and
microstructural properties using microscopic techniques such
as scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and energy-dispersive X-ray (EDX)
spectroscopy could also present valuable insights into the
physical and chemical (or combined physicochemical) fuel
properties of OPEFB.

6 Conclusions

The paper presented a concise review of the fuel characterisa-
tion techniques and pre-treatment technologies for oil palm
empty fruit bunches (OPEFB). The current challenges and
prospects of pre-treating and characterising OPEFB are also
presented in detail in the paper. The findings reveal that the
studies on OPEFB characterisation in the literature are typi-
cally limited to the chemical, thermal, kinetic, and thermody-
namic fuel properties. The authors recommend that future

studies should also critically examine the physical, morpho-
logical, and microstructural properties of OPEFB based on
gravimetric, spectroscopic, and microscopic techniques such
as bulk density, SEM, TEM, and EDX such as bulk density,
porosity, energy density, and microstructure among others.
The paper also highlights the need for pre-treatment to ensure
efficient valorisation of OPEFB and address the challenges
associated with its poor fuel properties. The most common
pre-treatment techniques for OPEFB in the literature are dry-
ing, size reduction (comprising pulverisation, grinding,
chipping, and chunking), and pelletisation.
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