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Abstract—The increasing global demand for cleaner
energy sources has made the innovative conversion of
biomass residue from empty palm fruit bundles into
compressed fuel a reality. Empty palm fruit bundles have
become a significant source of renewable fuels with high
liquid and lower gas yields. To meet the global renewable
energy targets, lignocellulosic biomass stands out as the
most  cost-effective and environmentally  benign
feedstock available. Because it is effectively inexhaustible
and carbon-neutral, it can generate clean energy at
efficiencies of 80-90% of fossil fuel equivalents while
delivering superior long-term sustainability. At present,
the economic viability of energy derived from
lignocellulosic biomass is constrained by protracted
processing and conversion pathways, rendering it less
competitive than conventional fossil fuel systems.
However, projected advances in pretreatment,
enzymatic hydrolysis, and biorefinery integration
indicate a trajectory toward cost parity with fossil fuels
in the near to medium term. The fact that biomass is
inexhaustible and renewable, low in sulfur and nitrogen,
environmentally friendly, and sustainable is a major
advantage of its use for energy production. Furthermore,
unlike fossil fuels, which contribute to the increase in
greenhouse gas emissions (GHGs), biomass energy has
no impact on the natural carbon-CO2 cycle.
Thermochemical and biochemical routes are used to
obtain energy from biomass, with thermochemical routes
being more convenient and efficient. This article reviews
studies on the pyrolysis of empty palm fruit bunch
biomass for bio-oil production, to reduce environmental
impact and dependence on fossil fuels. It provides a
detailed description of the reactors and pyrolysis
technology.

Index Terms—Biomass; Pyrolysis; Reforming; Fossil
Fuel; Empty Fruit Bunch; Bio-oil

I. INTRODUCTION

High moisture content and low energy density. The use
of heat to break down biomass into intermediates like
biooil, biochar, and fuel gasses, which can then be
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upgraded into fuel and other products, would help
solve the problem of shipping and handling. When
pyrolyzing EPFB biomass, the problem of determining
the optimal parameters needed for the full output of
desirables has remained a processing issue due to the
source-dependent characteristics of EPFB. Another
problem is that empty fruit bunch biomass produces a
mixture of minerals called ash, some of which enhance
biooil yield, while others promote char formation [24,
25, 26]. Before pyrolysis, aqueous pretreatments could
be used to remove the ash content of EPFB biomass
selectively [27, 28, 29]. Fluidized bed reactors are
widely used in pyrolysis reactions due to their uniform
particle-fluid mixing, excellent heat and mass transfer,
absence of moving parts, operational continuity, and
improved heat and mass transport.[30]. Sukiran et al.,
Park et al., Tsai et al., and Radlein & Quignard [29, 31,
32, 33] have all found that the pyrolytic yield of bio-
oil and other desirable products is highly dependent on
the process operating parameters and biomass
characteristics. They achieved the highest biooil yield
of 42% and 63.9 wt% using a fluidized fixed bed
reactor. Other researchers have found that
temperature, nitrogen flow rates, heating rates, and
particle sizes significantly impact bio-oil yields for
soybean biomass and olive oil residue, while others
have investigated rapeseed biomass yields under static
atmospheric conditions.

Energy resources are central to the sustainability of the
development and technological progress of any nation
[38]. Malaysia and Indonesia are exploring biomass
pyrolysis to reduce dependency on fossil energy
imports. The energy and environmental benefits of
biomass pyrolysis are driving interest in producing
clean, sustainable energy from agricultural
residues.[39]. Biomass-derived energy is
environmentally friendly due to its lower greenhouse
gas emissions, but it also releases combustion products
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into the atmosphere [40, 41]. Biomass, currently
accounting for 14% of primary energy sources,
primarily from cellulosic starch sources, poses a threat
to food supply sources [42, 43]. Numerous
investigations exploiting the feasibility of converting
EPFB and other agricultural biomasses to bioenergy
are ongoing all over the world [44, 45]. Yaman [46],
in a review paper, reported over one hundred biomass
species whose pyrolysis behaviour has been studied.
The fast pyrolysis method can convert Empty Palm
Fruit Bunch (EPFB), a non-woody biomass waste
product from the palm oil processing industry,
normally discarded because of the high-water content
and inability to be used as boiler fuel, into value added
fuels and renewable chemicals [47, 48]. EPFB is a
common feedstock for the pyrolysis process and
bioenergy is now clean and sustainable, despite some
technological challenges on the path to converting
lignocellulosic biomass to liquid fuel. EPFB, rich in
phenolic compounds, is a promising energy source.
Commercialization of lignocellulosic biomass is
beneficial, and suitable feedstocks like palm shell,
mesocarp fibre (MF), and palm kernel shell (PKS) for
bio-oil production [49][50].

The palm oil industry, a significant agricultural sector
in developing countries, is growing due to increased
consumer demand for food, cosmetics, and sanitary
products. Processing palm oil fresh fruit bunches
generates waste biomass, which can be used as fuel in
various energy generation systems, including thermal,
thermochemical, and other processes [57]. Nigeria,

Indonesia, Malaysia, Thailand, and Colombia are
major palm oil producers, with empty fruit bunches
potentially producing biofuel if processed properly
[58].

EPFB (Empty Palm Fruit Bunch) is non-woody
biomass, a byproduct of the palm oil processing
industry, rich in cellulose, hemicellulose, and lignin
and represents the possibility for transforming
agricultural waste into useful energy recovery
valuables [13]. It is a popular feedstock for the
pyrolysis process. EPFB is also rich in phenol and
other phenolic compounds [49]. Empty palm fruit
bunches (EPFB) (Plate 1) and other palm tree-derived
biomasses have been investigated for use in bio-oil
production [59, 60]. EPFB biomass is a known energy
source, with a high moisture content of about 65
percent, resulting in a low heating value [61]. Though
EPFB biomass is frequently discarded as waste, it is a
viable choice for converting it to biofuel. Fast
pyrolysis, a thermochemical conversion process, can
optimize the biofuel capacity of EPFB solid waste by
converting palm tree-derived biomass at a temperature
of approximately 500°C and a vapour residence time
of approximately 1 second into a dense, compact
biofuel with 75% oxygen content [62, 63]. Oil palm
biomass holds significant potential as a renewable
energy source, with numerous pilot and commercial-
scale energy systems being tested [61, 15]. EPFB
biomass feedstock, rich in acids, aldehydes, ketones,
alcohols, phenols, and oligomers, is a popular fuel and
chemical feedstock for pyrolysis [64].

» ¢ % . - = - 1
Figure 1: Showing oil palm tree, shredded oil palm EPFB, and whole EPFB

Biomass is a hydrocarbon content that can be
biologically degraded and primarily consists of
carbon, hydrogen, oxygen, and nitrogen. [65]. Oil
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palm tree-derived biomass comprises various
compounds including cellulose, hemicellulose, lignin,
and others [66, 67, 68] (Table 1). The proportions of

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 2997



© September 2026 | IJIRT | Volume 13 Issue 4 | ISSN: 2349-6002

hemicellulose and cellulose in oil palm waste biomass
vary based on species and fraction examined [65, 69].
Hemicellulose, a lower molecular weight component
of biomass, makes up 12-33% of palm fruit mass and
serves as cement for cellulose micelles and fiber, while
lignin is a highly polar macromolecule with hydroxyl
and carbonyl functional groups [71] [72, 70]. The
lignin content in palm oil empty fruit bunch biomass,
despite variations in cellulose, hemicelluloses, and

lignin content based on the feedstock source, ranges
between 7.79 and 37% [73, 74]. The total composition
of each component in EPFB biomass is crucial for
determining the quantity of biomass required for bio-
oil or other essential chemicals production [75]. Yang
et al., [76], and Jahirul et al, [77] found that bio-oil is
primarily derived from cellulose and hemicellulose in
biomass, while bio-char is derived from lignin.

Table 1: Composition of Biomass-derived from oil palm tree

Fibre Cellulose (%) Hemicellulose (%) | Lignin (%) Ash (%) References
EPFB 43-65 17-33 13-37 1-6 [73]

EPFB 13.75-59.70 12.79-22.10 7.79-30.45 3.45-7.54 [79, 74]
Mesocarp fibre (MF) 40 20 30 1-11.8 [80]

PKS 27.7 21.6 44 0.87-4.6 [81]

This review synthesizes recent advancements in the
valorization of empty palm fruit bunches for transport
fuel production. Nevertheless, the scope of existing
investigations remains limited and has not been
comprehensively extended across all biomass
conversion domains.

I1. ANALYSIS AND HEATING VALUES OF
PALM FRUIT RESIDUES

The only renewable energy source that can be
converted to liquid fuel is biomass and the diverse
physicochemical compositions of palm biomass
significantly influence the most suitable conversion
technology [73][82]. The conversion process yield is

determined by biomass feedstock heating value, and
some thermochemical processes convert all biomass
fractions to biofuels. Analyses reveal bio-oil chemical
and physical properties. Ash is a mixture of several
minerals present in biomass, such as sodium and
potassium. Iron, copper, and chromium are typically
found in ash in concentrations ranging from 1.3 to 22.9
percent, and they increase the yield of bio-oil. The
remaining minerals minimize the yield of bio-oil and
increase char production [83, 25]. Selective extraction
of retardant minerals from biomass before pyrolysis
can increase bio-oil extraction. Table 2 summarizes
proximate, ultimate, and heating values for palm tree
residues.

Table 2: Proximate and ultimate analysis of heating values of palm tree residues from literature

Analysis Empty Palm Mesocarp  fibre| Palm kernel shell | Fresh  fruit
bunch (EPFB) (MF) (PKS) bunch (FFB)

Reference [84, 81] [85, 80] [86, 81] [87]
Proximate Unit (wt. %)
Volatile matter 67.59 — 83.86 6779 53.38-77.5 78.7
Fixed carbon 8.36 —21.80 9.3-28 18.84 - 20.3 15.44
Moisture content 5.18-8.31 498-5 8.4-9.55 7.38
Ash 3.45-7.54 1-11.8 0.87-4.6 4.64
Ultimate (Wt. %)
Carbon 43.52 — 49.07 30.02 - 52.2 43.8-60.9 51.78
Hydrogen 5.72-6.48 381-11 5.27-12.76 7.01
Nitrogen 0.25-1.65 0.7-1 0.36 — 0.66 0.72
Sulphur 0.04 - 1.06 0.07-1 0.03-0.19 0.1
Oxygen 38.29-48.9 23.35-42 31.18-37.7 40.31
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Chlorine | | 0.06 | 0.05 |
Lignocellulose (wt.%)

HHV (kJ/kg) 15220 — 19350 19331 - 21980 17930 - 20520 | 18740
Bulk density (kg/m3) 110 - 144 225 715 - 780

Table 2 reveals no significant differences in volatile
matter and fixed carbon contents among palm tree
biomass sources, but significant variations in moisture
and ash contents.

Ash is a byproduct of combustion, and the literature
suggests that EPFB contains a large amount of ash,
ranging from 0.8 to 12 moisture-free (mf) weight
percent [61]. The excess ash content of biomass is
correlated with emissions of obnoxious compounds
such as NOx with ash acting as a catalyst that aids its
processing [88], resulting in environmental problems.
Ash content of biomass significantly impacts pyrolysis
oil yield, with homogeneous oil obtained when EPFB
ash content is less than 3 mf wt percent, and maximum
bio-oil yield is 72 mf wt percent.

I11. BIOENERGY FROM EMPTY FRUIT BUNCH
(EPFB)

The assessment of fossil fuels is becoming more
challenging and  environmentally  damaging,
necessitating the creation of an alternative source of
energy. One recognized alternative is the conversion
of biomass to bioenergy. EPFB is waste biomass
generated by the palm oil industry that, when burned
in open air produces CO; or when left to rot in the open
produces CH4 and CO; [3]. Depending on the method
of processing, EPFB biomass will yield three different
liquid items (Bioethanol, Biodiesel, and Bio-oil).
Bioethanol is generated by pretreatment of EPFB
biomass, saccharification, and fermentation, while
biodiesel is produced by the recovery method. Bio-oil
is generated by rapidly pyrolyzing biomass and then
purifying it. Bio-oil offers numerous environmental
benefits over fossil fuels, including being CO»-neutral
and containing no SOx. Additionally, NOx emissions
are low for all biomass liquid items as compared to
diesel oil [71]. EPFB has a higher moisture and ash
content than palm oil shells or other forms of biomass
extracted from the oil palm tree, resulting in a lower
energy content. Researchers have performed a variety
of thermochemical studies focusing on the conversion
of EPFB to bioenergy. Several studies have suggested
that using an optimized fast pyrolysis process and
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washing the biomass can increase the bio-oil yield by
up to 80% and the distribution of pyrolysis products,
including bio-oil, fuel gas, and char, is based on the
operating conditions of the process [68] [89, 90].
Several researchers have found that the maximum bio-
oil yield occurs at temperatures around 500°C, with a
yield of around 20 MJ/L, using fixed or fluidized bed
reactors [44, 31]. Research indicates that most
pyrolysis occurs in fixed bed reactors at 450°C to
600°C, which are more efficient due to ideal plug flow
behavior, lower maintenance costs, and minor losses
[68]. Bio-oil is a depolymerization result of biomass
building blocks that are similar to the mother biomass,
but not like petroleum-derived oil and have special
properties as compared to other fuels. The bio-oil
extracted from EPFB is thermally unstable and polar,
making it difficult to separate from the water formed
during the pyrolysis process. In comparison to bio-oil
from various feedstocks, they are also very acidic and
have a high oxygen content (40 percent weight) [91].

The pyrolysis liquids extracted from EPFB are
separated into two stages, roughly 60% organic and
40% aqueous, making it highly unlikely to be used as
a fuel commercially [51]. The reactor's operating
parameters can improve the production of biochar and
biogas, pyrolytic products with high heating values,
which have potential as fossil fuel substitutes [92, 93].
Bio-oils can be efficiently utilized as a fossil fuel
substitute or directly used in various energy generation
systems without further processing.

IV. PYROLYSIS AS A CORE TECHNOLOGY IN
B1O-OIL PRODUCTION

Thermochemical processes are utilized to transform
biomass into high-value biofuels like biochar, bio-oil,
and volatile materials, which can be utilized as fuel or
converted into higher-value biofuels [94]. The
literature on thermochemical biomass reutilization is
extensive, covering biomass pyrolysis and catalytic
upgrading of the resulting bio-oil [71]. The global
interest in pyrolysis of EPFB biomass for bio-oil
production has prompted further research into this
technology [95, 96, 5]. Pyrolysis offers economic
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advantages over other thermal conversion processes
when used to produce bio-oil from EPFB [9, 97]. A
typical thermochemical bio-oil production route from
biomass is as shown in Figure 2.

This process is a unique thermochemical fuel
conversion method that produces petroleum-like
liquid products from biomass, while also offering
environmental benefits. [65, 96]. Fast pyrolysis, a
process where biomass feedstock is heated and vapors
condensed, has been proven to increase the bio-oil
yield of biomass [71]. Catalysis for deoxygenation and
upgrading liquid fuel production has been explored,
but current FCC conditions and catalysts do not
significantly reduce oxygen content, making desired
decarboxylation reactions rare [98, 99]. Research by
Woulf et al., [94], indicates that with minimal biomass
moisture content, the enthalpy needed to dry, heat, and
pyrolyze gases and volatiles can serve as the
feedstock. The pyrolysis system is generally
considered to be cost-effective on a small scale. [100,
101, 102]. The literature provides numerous
requirements for optimal pyrolysis plant operation
conditions to produce the desired products [71, 103].
Lede [104], argues that authors often set standard
criteria, making it challenging to compare
experimental systems uniformly, as requirements like
heating rate and temperature are often unquantified.
The highest bio-oil yield is often assumed to be
achieved through high heating rate and short reactor
residence time, influenced by the cellulosic content of
palm empty fruit bunch biomass [105].

l Thermo chemical conversion of biomass l

I Direct combustion l \ Gasification l Pyrolysis/Ligefaction

l Liquids

’ Charcoal

’ Producer gas

[ Heat | [ Heat | [ Motive power | [ Heat | [Transport fuels |

Figure 2: Thermochemical Conversion Route of
Biomass

4.1. The fast pyrolysis processes

Advanced thermal processing techniques have been
developed for the pyrolysis of woody biomasses,
breaking bonds to form solid, liquid, and gaseous
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products, and optimizing organic vapours for
oxygenated liquid products. Researchers have
investigated various methods for converting biomass
into densified energy products, including gasification,
torrefaction, pyrolysis, direct combustion,
densification, and shedding [106, 107]. Pyrolysis is a
thermochemical process that converts biomass into
vaporized organic products through rapid heating,
high temperatures and a short residence time. A
sequential processing of EPFB biomass using the
pyrolysis technology is depicted in Figure 3. EPFB
biomass material is a popular feedstock for pyrolysis
technology, with most of the process occurring in a
fixed bed reactor at 450-600°C atmospheric pressure
[68]. Fixed bed reactors are more efficient due to their
ideal plug flow behavior, lower maintenance costs,
and reduced attrition and wear loss [68].

For optimal performance, feedstock particles should
be less than 2mm in diameter, and 10% moisture
content and heated to produce vapor and condense into
liquid bio-oil [50]. Pyrolysis utilizes biomass
components like cellulose, lignin, and hemicellulose
for energy generation, converting solid biomass into
bio-oil and increasing energy density through
deoxygenation [14]. The bio-oil production process
involves pyrolysis, char formation, and condensing
into a liquid. It is cleaned and stabilized by filtering
out particulates and ash for storage, refining, and end-
use.

GAS.
CLEANING
PROCESS

EFBBIOMAS
STORAGE DEVING | PYROLYSIS

BIO-O1L
HYDROTREATING

CHAR

Figure 3: Sequence of the bio-oil production process
for EPFB biomass

4.2. Four stages of pyrolysis

The biomass feedstock is dried to reduce moisture
content and water content in the fast pyrolysis liquid
product. It is then ground to a particle size of about 2-
6 mm to produce small enough particles for the
pyrolysis reactor to react quickly. Inside the feeder, the
biomass is pre-dried using cross-flows of hot, dry air.
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The biomass is precharged and pre-heated in the
pyrolysis reactor, where it undergoes the following
processes:

4.2.1. Moisture Evaporation process

The de-carbonization process requires the removal of
accumulated moisture in biomass, which can take
seconds depending on the type and amount of
moisture, and the high temperature in the reactor. As a
result of moisture evaporation, the de-carbonization of
EFB proceeds via devolatilization, the thermal
breakdown of its three main lignocellulosic
constituents: hemicellulose, cellulose, and lignin. EFB
typically contains ~38-42 wt% cellulose, 21-25 wt%
hemicellulose, and 18-22 wt% lignin on a dry basis,
which directly dictates its volatile release profile.

4.2.2. Degasification processes

Biomass is degasified at 390-400°C for volatiles
extraction, consuming 40% of energy in pyrolysis.
The remaining gas can be used for energy after
combining with heated air, thereby improving overall
energy integration. EFB is particularly suited to this
temperature window because its high hemicellulose
and cellulose fractions undergo maximum volatile
release between 390-400°C, yielding ~55-65 wt%
bio-oil precursors and light gases. However, the
fibrous and porous structure of EFB also results in
elevated ash content of ~4-6 wt%, which can catalyze
secondary cracking and reduce tar stability if vapor
residence exceeds 2s. Consequently, rapid volatiles

extraction and quenching are recommended for EFB
to preserve fuel-quality intermediates.

The syngas produced, typically CO, CO., CHa, and Hz
with a low heating value (LHV) of 12-16 MJ Nm,
can be combusted with heated air to supply up to 60—
70% of the pyrolysis reactor’s thermal demand,
reducing external energy requirements.

4.2.3. De-carbonization processes

High-temperature treatment of degassed and dried
biomass increases elemental carbon concentration,
reduces fibrous structure, and increases grindability,
with calorific values varying from 21 to 29 MJ/kg.

V. CLASSIFICATION OF THE PYROLYSIS
PROCESS

The pyrolytic process can be categorized into flash,
fast, and slow pyrolysis, with product yield influenced
by feedstock and process conditions [92, 77][104].
Fast pyrolysis is a widely used method that uses high
temperatures in an inert atmosphere to degrade organic
biomass without oxygen, producing char, bio-oil, and
gases [108]. The proportion of products in pyrolysis
can be adjusted by adjusting process parameters such
as the composition of the starting material, the heating
rate, the residence time of the solid, the particle size of
the biomass and the operating temperature [109]. Fast
pyrolysis is a method for producing high-quality liquid
fuels from biomass [110, 111]. Table 3 shows a
summary of the standard operating parameters for
optimal product yield.

Table 3: Typical operating parameters and products for pyrolysis process

Pyrolysis process | Gas residence time (s) |Heating rate (K/s) |Particle size (mm) | Temperature (K) |Product
yield
Oil| Char| Gas
Slow 450-550 0.1-1 5-50 550-950 30(35 |35
Fast 0.5-10 10-200 <1 850-1250 50({20 |30
Flash <0.5 >1000 <0.2 1050-1300 75(12 |13

Adapted from [77]

5.1. Slow pyrolysis.

Slow pyrolysis is a conventional charcoal kiln method
for producing char from biomass at low temperatures
and heating rates, typically operating between 550 and
950 K. The slow pyrolysis reaction's high residence
time often leads to primary product cracking, affecting
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bio-oil yield, efficiency, and energy consumption
[112, 113].

5.2. Fast pyrolysis

The application of high temperature allows biomass to
decompose into vapours, aerosols, and some charcoal,
and the substance is characterized by properties that
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influence its use, such as its ability to be easily stored
or transported. Compared to other biomass conversion
processes, the fast pyrolysis process provides major
economic and processing benefits [9]. Rapid heating,
short vapour residence times, and relatively high
temperatures in the range of 400°C to 650°C are used
to achieve fast pyrolysis, accompanied by rapid
quenching of the emitted gaseous stream [114, 115].
Fast pyrolysis involves finely ground biomass feed,
controlled reaction temperature, short vapour
residence period, and rapid cooling of pyrolysis vapors
to produce bio-oil products [47]. The liquid produced
is a mixture of bio-oil, solid char, non-condensable
gases, and a homogeneous hydrophilic mixture of
polar organics and water, depending on the feedstock
used [77].

5.3. Flash pyrolysis.

Flash  pyrolysis,  characterized by  rapid
devolatilization, high particle heating, high reaction
temperatures, and short gas residence time, is utilized
to produce bio-oil with up to 70% vyield efficiency
[116]. Flash pyrolysis operates at 777-1027 °C,
producing bio-oil with pyrolytic water, low thermal
stability, and corrosive properties, which are
significant disadvantages. [117].

VI. PYROLYSIS REACTORS

Pyrolysis reactors in bio-oil production account for
10% to 15% of the total capital cost, with reactor
configuration  significantly influencing product
distribution [118]. The development of a reactor
system for liquids is crucial for ensuring high heating
rates, moderate temperatures, and short vapor and
substance residence time. [9]. Developing and
analyzing various reactor systems for the pyrolysis of
lignocellulose biomass has taken considerable
research effort over the years. Different reactor
configurations were tested on a variety of feedstock,
including EPFB. The tested reactors are categorized
into slow, intermediate, fast, and microwave pyrolysis
reactors, each with similar designs and complementary
technologies [119]. Slow pyrolysis reactors produce
char from larger biomass, while fast reactors process
small particles for bio-oil and other materials.
Intermediate reactors may be needed for largescale
production  without preprocessing. Microwave
pyrolysis is a cost-effective solution for managing
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solid waste and generating energy in modular,
autonomous devices, enhancing the quality of value-
added products.

Based on the starting dry biomass weight, it has been
demonstrated that the majority of reactor
configurations achieve a liquid-product yield of
approximately 70-80%. [71]. Research is underway to
improve and extend pyrolysis reactors to increase
heating rates and reduce power consumption, thereby
enhancing product yield. Vamshi & Qi [118],
emphasized the significance of a fast pyrolysis reactor
with high heat transfer rate, controlled temperature,
short vapour residence times, and rapid cooling for
efficient operation and scale-up capability. Numerous
reactor designs have been designed to meet the critical
requirements for fast pyrolysis [71]. Several authors
have studied and listed these pyrolysis reactors as
fluidized-bed reactors [120], transported and
circulating fluidized-bed reactors [121, 122], ablative
reactors, rotating cone reactors, and vacuum reactors
[123], as well as bubbling fluidized beds [124].

The pyrolysis of EPFB biomass has been demonstrated
in various reactors and several vessels using various
technologies, such as slow heating under vacuum [77],
quartz fluidized fixed bed reactor [31], entrained
coiled tube reactor [125], stainless steel fixed bed
reactor under atmospheric pressure [64], entrained
ablative vortex reactors [123]and ablative mill reactors
[47] fluidized bed reactors [97, 87], and in a vertical
fixed bed reactor [126]. Vamshi & Qi [118], classified
and discussed reactors used in the fast pyrolysis of
empty palm fruit bunch biomass materials. In Table 4,
the characteristics of the various reactor types, as well
as their complexity and status, are discussed and
summarized.

6.1. Fluid bed reactors

A fluidized bed reactor is a continuous flow reactor
that maintains a nearly constant temperature in the
reaction system. It is commonly used in the chemical
industry, but it has been modified for EPFB pyrolysis.
Fluidized bed reactors are widely used due to their ease
of operation and rapid scale-up, aimed at increasing
the production of bio-oil. Due to the low thermal
conductivity of biomass particles, ample heat transfer
between the gas and the solid is achieved by making
them extremely small. Fluidized bed reactors are more
efficient for continuous biooil production than other
reactor designs and have higher overall reaction
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effectiveness factors than other reactors. They are
frequently employed in solid-fluid reaction schemes.
They have a range of advantages, which include
uniform particle-fluid mixing, superior heat and mass
transfer, continuous operation without moving parts,
and increased reaction rates due to improved heat and
mass transport.

6.2. Circulating fluid beds and transported beds

A riser and a down-comber, similar to the FCC unit of
a crude oil refinery, are used in a circulating fluidized-
bed reactor, with a solid particle circulating between
them. A circulating fluid bed was initially developed
for coal combustion to achieve lower pollutant
emissions. Since the char's residence, time is shorter in
the CFB technology, the char will invariably be
contained in the pyrolysis oil. The technology of CFB
reactors is well understood; they are designed to use
larger particles, have a high throughput, and have
excellent temperature control.

However, CFB reactors consume a large amount of
inert carrier gases, thereby diluting the pyrolytic gases
and preventing bio-oil recovery [119]. CFBs initiate
pyrolysis in a fluidized bed unit, then feed char into a
second unit to combust in an inorganic heat carrier,
generating most energy needed in the first unit [127].
CFBs' utility is demonstrated when the inorganic heat
carrier has catalytic properties, enabling the char to
adhere to its surface and perform an effective reaction.
Bio-oil yields from a circulating fluid bed are
estimated to range between 54 and 71% by weight
[128, 119].

6.3. Bubbling fluid beds

The bubbling fluidized bed reactor is a pure
technology that uses gas at low velocity and does not
expand much beyond its volume at minimum
fluidization (solids are stationary). Because of its high
particle density, the bubbling fluidized bed has
excellent temperature control and effective heat
transfer [129]. The process involves transferring heat
from hot sand to biomass particles, with particle size
less than 2 mm, aiming for high heat transfer rate. The
bubbling fluidized bed reactor was historically used
for coal gasification, and many of them are still in use
today. An inert medium, such as sand, or a catalyst
material, such as CaO, is used as the bed material. The
fluidization of the solid fuel increases the heat transfer
between solids and gases [130].
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6.4. Rotating cone

Biomass pyrolysis is achieved in a rotating cone
reactor by transporting a particulate heat carrier
containing biomass particles into a heated cone,
passing heat to the feedstock. The bubbling-bed char
combustor uses residual char from pyrolysis to heat
sand in a rotating-cone reactor, acting as a transported-
bed reactor. The rotating cone initiates pyrolysis by
contacting particulate heat carriers and biomass, which
are then combusted in a fluidized bed to burn off the
char.

6.5. Ablative pyrolysis

The ablative reactor is a compact and efficient reactor
device that uses heat transfer from the hot reactor wall
to melt the biomass particles that come into contact
with it under pressure, with the residual oil
evaporating [9]. Ablative reactors are distinguished
from fluidized bed reactors by the fact that heat is
transmitted through a molten layer at the hot reactor
surface, obviating the need for a carrier gas [77]. The
rate of pyrolysis is restricted by the amount of heat
supplied to the reactor. Because the ablative reactor is
a surface area-controlled system, heat transfer is
improved by using small biomass particles on a large
heat transfer surface. The heat transfer through the
biomass particles does not limit the reaction rates in
ablative reactors, thereby allowing for the use of
largersized particles. Two common types of ablative
reactors are the revolving disk and the ablative vortex.

6.6. Fixed bed fast pyrolysis

The first drawback of fixed bed fast pyrolysis is its
batch-wise inefficiency. However, it satisfies the
fundamental requirements of rapid pyrolysis and has
been demonstrated to be efficient and useful for
producing biomass feed with consistent particle size
and low ash content [127]. This system consists of a
reactor and a fixed bed of pyrolyzed feedstock [118].
While fixed bed reactors and associated systems are
unlikely to produce large amounts of liquid, they often
produce phase-separated liquids [131]. The solids are
heated externally, falling down a vertical shaft and
encountering a counter-current upward-moving
product gas stream.

6.7. PyRos Reactor technology
PyRos reactor technology is an advanced flash
pyrolysis system designed to produce high-quality
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bio-oil from diverse biomass feedstocks. It achieves
rapid solid-vapor separation by combining a cyclone,
a rotating particle separator, and centrifugal force to
efficiently remove char particles [118]. PyRos
technology addresses one of the main challenges in
conventional flash pyrolysis: char contamination of
bio-oil. The system operates by feeding biomass into
a reactor where it undergoes rapid heating at high
temperatures, typically 450-550°C, with very short
vapor residence times. This flash condition maximizes
liquid yield.

6.8. Microwave pyrolysis.

Traditionally, pyrolysis has been described as a
biomass heating process that generates char, oil, and
gas in an oxygen-free environment with the assistance
of an external heat source. Microwave pyrolysis, on
the other hand, is a term that refers to the same process
of heating biomass through microwave radiation.
Microwave heating is a unique pyrolysis technique
that heats biomass particles internally, unlike other
methods that use external heat transfer from a high-
temperature source. It is a relatively new
thermochemical technology that is still in its infancy,

but it offers many advantages over conventional
pyrolysis. Microwave pyrolysis of biomass can assist
in energy recovery, waste management, biomass
conversion to usable energy products, and reaction
time reduction during pyrolysis [132]. The starting
material is thoroughly mixed with a microwave
adsorbing material (charcoal) that can absorb an
acceptable amount of microwave energy. Microwave
heating uses a high dielectric constant material like
water, offering processing advantages when wet
biomass is used. Microwave pyrolysis of biomass
produces a low liquid yield of about 30% but is
relatively free of entrained material due to the absence
of carrier gas, agitation, and fluidization, rendering the
process much cleaner and more controllable.
Numerous studies have explored microwave pyrolysis
of biomass using various feedstocks, including wood
[133], corn stover [134], rice straw [135], oil palm
biomass [136, 137], and oil palm empty fruit bunches
[138, 137, 139, 140] compared microwave pyrolysis to
conventional pyrolysis and found significant
differences in the purity of the bio-oil produced
between the two techniques.

Table 4: Overview of Fast Pyrolysis Reactor Characteristics and status for Bio-oil Production

Reactor Type | Status Bio-0il | Complexity | Feed  size | Inert gas | Specific | Scale-up | Gas

yield specification | requirements | ¢ reactor quality
size

Fluid bed Commercial 75 wt% | Medium High High Medium | Easy Low

CFB and | Commercial 75 wt% | High High High Medium | Easy Low

Transported

bed

Rotating Demonstration | 70 wt % | High High Low low Medium High

Cone

Ablative Laboratory 75wt % | High Low Low Low Difficult | High

Screw or | Pilot 65wt % | Medium Medium Low Low Medium High

Auger

Entrained Laboratory 60 wt % | Medium High High Easy Easy Low

flow

Vacuum None 60 wt % | High Low Low High Difficult | Medium

Adapted from [118]
VII. PYROLYSIS PRODUCTS
Pyrolysis of lignocellulose biomass, including EPFB,

produces biogas, bio-0il, and biochar, with
composition and distribution determined by feedstock

IJIRT 208797

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY

composition, moisture content, and pyrolysis process
characteristics.

7.1. Bio-oil

Pyrolysis is a new technique for extracting liquid bio-
oil from empty palm fruit bunches and solid char and
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gaseous products, yielding up to 75% wt with
significant water extraction from both the initial
biomass moisture content and reaction product [141].
Bio-oil, a liquid mixture of water and chemicals, is
extracted from EPFB biomass building blocks like
cellulose, hemicellulose, and lignin, used for
transportation fuels and other value-added products.
[47, 142, 143, 144]. Bio-oil, a dark brown liquid
produced by EPFB pyrolysis, is similar to mother
biomass in character and can be used in boilers,
engines, and gas turbines for heat and electricity
generation [145, 112]. Bio-oil's characteristics,
including thermal stability, combustion properties, and
corrosiveness, require careful attention in pyrolytic oil
processing, despite extensive research on biomass
feedstock, reactor sizes, and quality control [46].
Yaman, S [46], in his work, suggested hydrogenation
and catalytic cracking as potential methods to enhance
the bio-oil product by reducing oxygen content and
eliminating alkalis. Dynamaotive utilizes fast pyrolysis
technology to convert biomass into primary liquid
fuel, which can be blended with hydrocarbon fuels or
converted into transportation-grade liquid
hydrocarbon fuels like gasoline/diesel [150].

7.2. Biogas

Non-condensable gases, produced after pyrolysis,
consist of carbon dioxide, carbon monoxide, methane,
hydrogen, and trace amounts of ethylene, propylene,
chloromethane, butane, propane, and ethanol [151,
152]. The pyrolysis oil product and tar undergo
secondary reactions like decarboxylation,
decarbonylation, dehydrogenation, deoxygenation,
and cracking to produce gas components [153]. The
pyrolysis temperature significantly impacts gas
production during the reaction, with high temperatures
resulting in increased gas production due to the
transformation of tar into gases [46].

7.3. Biochar

Pyrolysis produces biochar, a dense material
containing metals and contaminants. It's formed when
lignin and hemicellulose are thermally degraded,
containing 10%-35% of biomass. Biochar is a mixture
of carbon, hydrogen, and inorganic species [77].
Pyrolysis residues accumulate in reactors, but exit
gases remove some during cleaning, preventing
secondary reactions. Increased temperature decreases
biochar production. Sukiran et al. [31] found that the
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highest biochar yield of EPFB occurs at 300 °C, while
the lowest is at 700 °C, primarily due to the biomass's
lignin content. Pyrolysis, a method of generating
biochar, is particularly advantageous due to its
versatility, especially when performed at moderate
temperatures and a short residence time [131].
Biochar, a soil amendment, retains mineral
components during pyrolysis, benefiting agriculture
and domestic use. It functions similarly to activated
carbon in gas cleaning and water treatment systems.
According to [154, 155], the likely usage of biochar
depends on its surface area, carbon recalcitrance, and
high nutrient content, as illustrated in Figure 4.

EORUELS AND.

Figure 4: Products from the pyrolysis of EPFB
biomass Adapted from [131]

VIII. PYROLYSIS PRODUCT DISTRIBUTION

Pyrolysis, a complex process involving biomass
heating in a non-reactive environment, is influenced
by parameters like reactor temperature, heating rate,
system pressure, reactor configuration, and feedstock
type [156]. The temperature is the key factor in
pyrolysis product distribution [157, 158]. The process
involves the thermal decomposition of organic
components in biomass at temperatures ranging from
350°C to 800°C, without the presence of air or oxygen
[159]. The influence of temperature on the yield of the
pyrolysis product is depicted in Figure 5. Pyrolysis
breaks down large biomass into gases, oils, and solid
char, with char production favoring low temperatures
and long residence times.

Bio-oil, the key product, has higher density and
heating benefits but is easier to handle [114, 5]. Bio-
oil with high oxygen content can be removed through
catalytic cracking and hydrodeoxygenation, with a
maximum yield of around 500 °C depending on
feedstock.
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Figure 5: Relative proportion of products in pyrolysis
of biomass

Adapted from [160]

IX. BIO-OIL STABILIZATION AND
UPGRADING

Improvements in the ignition properties of bio-oils are
the focus of comprehensive studies. Although bio-oil
has better characteristics than other traditional biomass
fuels, its properties are inferior to those of fossil fuels.
Advances in bio-oil hydrotreatment, fractionation, and
new products are transforming biorefineries to
enhance, stabilize, and improve the properties of bio-
oil [161] [162, 163]. Biomass pretreatment and hot
vapour filtering can enhance the stability of bio-oil by
reducing oxygen content, eliminating the carboxylic
acid group, and lowering char content [141]. To
produce stabilized bio-oil, a bio-oil recovery system
and a catalyst are needed. Mild hydrotreating extracts
pollutants like sulphur, nitrogen, and oxygen, while
other methods for extracting O2 and producing less
reactive bio-oil are being studied. Initially, efforts to
stabilize biomass pyrolysis products focused on using
microfiltration membranes for char removal and
catalytic processing for transportation fuel production
[164, 165].

Zeolite, a low-cost catalyst, is widely utilized under
atmospheric pressure to convert oxygenated bio-oil
into renewable gasoline and diesel fuels [166, 80]. Ro,
et al., [167], demonstrated the selectivity of aromatic
hydrocarbons through catalytic pyrolysis of EPFB
over zeolite, optimizing the molecule sizes of
hydrotreated bio-oil for gasoline, diesel, and jet fuel.

X. PROCESS CONDITIONS AFFECTING THE
PYROLYSIS PROCESS AND BIO-OIL YIELD

The biofuel industry's growth is hindered by a lack of
knowledge of pyrolysis technologies, as the process is
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influenced by wvarious variables [119]. The
composition of the biomass and the process conditions
have a direct impact on the production of bio-oil from
EPFB and other biomasses. Sand as a heat carrier with
smaller particle size, shorter vapor residence time, and
an average temperature of 5000C maximizes bio-oil
yields without relying on product quality carrier [168]
[169, 170], [171], [172]. Experimental studies reveal
various operating conditions, designs, and parameters
impacting final product yield and quality. These
include initial biomass moisture content, flow rate,
feedstock composition, reactor form, reaction
temperature, heating rate, and particle sizes. These
factors are summarized as follows:

10.1. Biomass Feedstock Composition and Particle
Size

Lignocellulose  biomass components, cellulose,
hemicellulose, lignin, and extractives, influence
pyrolysis product yield and distribution. The bio-oil
properties are greatly affected by the composition of
the biomass feedstock and particle size [169, 170].
Studies indicate that the size of biomass particles
directly impacts heating rate, aerosol release, and
product distribution. Garcia-Nunez, et al. [119] found
that particle size increases mass transfer limitations,
leading to higher char and gas yields in fast pyrolysis
reactors. Fast pyrolysis reactors typically utilize tiny
particles to achieve high heating rates and high bio-oil
yields.

10.2. Effect of biomass moisture content

Studies by Beaumont and Schwab [169], have revealed
that increased moisture content in biomass leads to
charring and lowers bio-oil yield, necessitating pre-
heating and grounding of feedstock before pyrolysis.
Generally, biomass performance in biofuel production
is influenced by its specific properties such as its
elemental composition, calorific value, moisture
content, ash content, volatile matter, and bulk density.

10.3. Effect of temperature

The temperature is crucial in the pyrolysis of
lignocellulose biomass as its degradation is influenced
by it [36]. Various authors suggest that the optimal
temperature for fast pyrolysis of lignocellulose
biomass is around 500°C and this temperature
encompasses the degradation ranges for the three
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major  biomass  constituents.  [173].  The
physicochemical properties of the pyrolyzed products
of EPFB, including bio-oil and biochar, are improved
with increasing pyrolysis temperature, while yield,
cation exchange capacity, and H, C, and N contents
decrease.

10.4. The Impact of Biomass Ash Content.

Ash content in biomass affects pyrolysis product
distribution, affecting bio-oil production. The ash
content also affects pyrolysis product distribution,
affecting bio-oil production by reducing bio-oil yield,
according to Venderbosch [78]. Similarly, Abdullah &
Gerhause [176], analysis of empty fruit bunch
pyrolysis revealed that organic yield can vary from
60% at 1 wt. percent ash to 35% at 3.5 wt. percent ash
content.

10.5. Heating rate

Literature indicates that heating rate significantly
influences biomass pyrolysis behavior. Elevated
heating rates shift pyrolysis to higher temperatures,
leading to an increase in the hydrogen/carbon (H/C)
atomic ratio and a concurrent decrease in the
oxygen/carbon (O/C) atomic ratio of the products.
Higher heating rates also promote greater bio-oil
conversion yields, accelerate biomass decomposition,
and enhance product formation across all pyrolysis
pressure regimes. Furthermore, bio-oil produced at
elevated heating rates exhibits physicochemical
properties that closely resemble those of conventional
diesel fuel.

10.6. Vapour residence time

The vapor residence time in a biomass pyrolysis
reactor significantly influences the distribution of
pyrolysis products, with prolonged residence time and
high temperatures leading to secondary cracking.
Long vapor residence times over 1 second enable
secondary reactions, leading to char production and
decreased bio-oil yield. [78, 177].

A short vapour residence time in the reactor, on the
other hand, would result in inadequate biomass
fragmentation, resulting in the output of a highly
viscous oil with a lower yield [178]. If biochar and
biogas are the desired pyrolysis products, a longer
residence time is preferred since studies show that the
yield of char and gasses increases with a longer
residence time.
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XI. MODELING AND OPTIMIZATION OF FAST
PYROLYSIS SYSTEMS

Fast pyrolysis processes are complex, with no
consensus on reaction mechanisms, making reactor
design and pilot industrial-scale operation challenging
due to the lack of a comprehensive model [6]. Energy
systems optimization and process modeling aim to
plan, design, and execute future energy systems.
Model design, implementation, and validation are
aided by understanding the theoretical context of the
model. Construction of a model, according to Lund, et
al. [179], entails defining and focusing on a single
feature, thus modeling the dynamic interdependencies
and characteristics of an engineering system. For the
pyrolysis of empty fruit bunch biomass, a variety of
energy optimization models have been developed,
each with its own set of features and outcomes [180,
181]. By optimizing the operating conditions, the
catalytic pyrolysis of EPFB could achieve the
maximum vyield of pyrolytic products at a higher
efficiency. Different methodologies have been used by
various researchers to improve the process conditions,
with varying degrees of success. Many have used the
Design of the experiment (DOE) response surface
technique to achieve the full yield of products by
considering the effect of each pyrolysis parameter as
well as their interaction [182, 183]. Yun, et al, [125]
developed a detailed Aspen Plus model for an
industrial plant generating biomethane from palm fruit
bunches, achieving 80.6 percent thermal efficiency
and a final gas product of 99.2 wt% CH4 and 0.8 wt%
Ho.

XII. PYROLYSIS OF EPFB CASE STUDIES

EPFB, lignocellulose biomass from the palm oil
industry, has potential as a bioenergy source, reducing
waste and fossil fuel reliance. Pyrolysis conversion to
bio-oil, bio-gas, and char is the most effective method
for maximizing its energy production, with pyrolysis
char being ideal for solid fuel use due to its high
calorific value.

Abdullah and Bridgwater [44], conducted a lab-scale
experiment to extract pyrolytic oil from EPFB
biomass, evaluating its potential as a renewable energy
source, while Abdullah and Gerhause, [176],
compared the properties of EPFB-derived oil with
wood-derived bio-oil.
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Khor and Lim [184], studied the impact of pyrolysis
parameters on product yield in EPFB pyrolysis. They
found optimal conditions for achieving a char product
with 74.8 percent fixed carbon and a calorific value of
28.61MJ/kg.

Mohamed, et al, [185], optimized a pyrolysis process
using EPFB feedstock and Central Composite Design,
achieving a 46.2% bio-oil yield at 442.15 oC, 866 pm
EPFB particle size, and 483 seconds reactor holding
time. Similarly, Mahmood et al. [186] successfully
optimized bio-oil production using an ablative
pyrolysis reactor by comparing the best Kinetic
parameters for pyrolytic processes. Shahlan, et al.,
[187], developed a gasification system for hydrogen
gas production from oil palm empty fruit bunches,
achieving optimal temperatures and pressures of
850°C and 1 atm, while Widiatmoko et al., [188],
utilized two-stage pyrolysis of oil palm fruit bunch to
increase graphene yield to 70% at 350°C,
characterized using SEM, TEM, Raman Scattering,
and X-ray.

XIIl. THE ROLE OF HETEROGENEOUS
CATALYSIS IN PYROLYSIS OF EPFB

Catalyst pyrolysis is the most promising method for
upgrading bio-oil to transportation fuel, but its
necessity depends on biomass cellulosic content and
reactor type [2][116]. Research by Thangalazhy-
Gopakumar, et al, [189], Zabeti, et al. [190], Mansur,
et al, [191], and others have demonstrated that
catalytic pyrolysis is a promising method for various
biomass feedstock applications.

Other researchers [193, 194] show that catalytic
pyrolysis, a method involving high heating rates and
short gas residence times, maximizes product yield
and improves bio-oil quality by removing oxygenated
compounds, increasing calorific value, and decreasing
viscosity.

Catalytic cracking and hydrodeoxygenation are
processes where bio-oil reacts with hydrogen at high
pressure and moderate temperature, resulting in the
production of hydrocarbon compounds and water.
Catalytic cracking and hydrodeoxygenation are widely
utilized methods to enhance bio-oil for fuel
applications [195].
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XIV. EXTRACTION OF CHEMICALS FROM BIO-
OIL

As a result, the chemicals derived from bio-oil
contribute significantly to the economic benefit of bio-
oil. By conducting an accurate assessment of the bio-
oil, both qualitatively and quantitatively, the most
important components of bio-oils would be identified,
allowing us to analyze and identify bio-oils with
desired characteristics for downstream production of
fuels or chemicals. Chemical extraction from bio-oil
involves adsorption, distillation, and fractionation,
with acetone as the adsorption solvent and phase
separation and aqueous extraction as the fractionation
process [196].

Bio-oils are divided into two fractions: a water-
insoluble phase for fuel or chemical manufacturing,
and a watersoluble aqueous phase constituted by
oxygenates. The aqueous phase of bio-oil is highly
heterogeneous in composition, with the main
constituents being acids (19-25 wt %), ketones (12-20
wt %), phenols (wt %), and furans (1 wt %). [197,
198]. Phenolic compounds extracted from biomass are
a critical feedstock for the sustainable development of
hydrocarbon biofuels. Due to the high concentrations
of phenol groups (phenol, 2methoxy-) and furfural,
they are especially well suited as value-added
chemicals for extraction from bio-oil. Separation of
bio-oil can be achieved in stages by precipitation and
extraction, or by deoxygenating the oil to produce a
higher-grade transportation fuel. The aqueous fraction
of bio-oils can be reformed through valorisation to add
additional value and gain.

XV. FUTURE CHALLENGES

e The primary challenge of EPFB pyrolysis is to
refine the process to increase product quality and
quantity while lowering costs and minimizing
environmental impact.

o Research should be focused on improving bio-oil
quality and developing high-grade pyrolysis oil
techniques while exploring alternative biomass
forms for pyrolysis feedstock.

o Biomass pyrolysis produces bio-oil with high
oxygen content, causing low calorific value,
corrosion, and instability. The cost of oxygen
removal is still higher than in fossil-based oil
production.
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XVI. CONCLUSIONS

¢ The environmental effects of continued use of fossil
fuels, the realization that the world's petroleum
reserves may soon be depleted, and rising crude oil
prices have thrown a wrench into the search for
alternative and sustainable energy sources.

o Fast pyrolysis of empty palm fruit bunches and other
lignocellulose biomasses, as well as related
processing, is a rapidly developing technology
sector with many participants from various
countries, mainly from Malaysia, Indonesia, and
India, where the palm oil tree is a popular plant.

o However, while the technology for converting food
crops to ethanol is well developed, converting
lignocellulose biomass to bio-oil through pyrolysis
faces numerous challenges.

e Pyrolysis technology offers technical advantages
over traditional biological conversion processes,
utilizing biomass for biofuel production. It produces
volatile gases, vapour fractions, tar elements, and
carbon-rich residues. Commercial viability is
limited, requiring further research for improved
reliability and efficiency.

e |t is hoped that an innovative breakthrough would
result in a higher quality bio-oil, lower subsequent
upgrading costs, allow for more storage space, and
increase commercial viability, as this will help bring
a safe, sustainable transportation fuel to market that
can be used as a replacement for crude oil.

e Various reactor configurations are being studied,
and a few have already been scaled up to large
demonstration units. Fast pyrolysis for fuel oil
production is on the verge of being commercially
viable.

o Research suggests ideal parameters like 500°C
temperatures, high heating rates, and short volatile
residence time maximize EPFB biomass bio-oil
yield, making fluidized bed reactors the most
common reactor type.

e Using edible crops for biofuel production, such as
corn, sugarcane, and soybeans, is not sustainable
because it depletes food supplies. Currently,
lignocellulose biomass such as EPFB is held in high
regard as a widely distributed biomass with
enormous potential for biofuel generation via
pyrolysis processes.
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