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Abstract: Biomass is an important renewable energy resource which primarily contributes to heating
and cooling end use sectors. It is also a promising alternative source of biofuels to replace the
depleting supply of fossil fuels. Surprisingly, few writers have been able to draw on the feedstock
significance for oil palm empty fruit bunch (EFB) as the biomass resource for biofuels compared to
the other types of biomass waste. Therefore, this paper presents a comprehensive review of EFB as a
biomass resource presented in four major parts. First, the introduction covers the demand for bio-oil
and describes the different kinds of feedstock, the relevance and potential of EFB biomass. Second,
the characteristics of biomass are explained before it is upgraded as biofuel, drawing similarities
and contrasts between EFB and other sources of biomass. Pyrolysis processes and reactors used for
EFB conversion are described, and the factors affecting the bio-oil yield and quality are discussed.
Major reactor parameters are summarized and reactor optimization is discussed. Third, comparison
on the properties of the bio-oil vs. petroleum in transportation, power generation, and heating are
compared followed by prioritizing the bio-oil properties from the most to least critical, revealing
the most promising methods for upgrading. Fourth, the environmental impact, including CO2

emission, of the use of EFB as a promising renewable energy resource and a cleaner alternative fuel is
recommended. This paper has comprehensively reviewed the conversion of oil palm empty fruit
bunches into biofuels, including the similarities and differences between biomasses, the best reactors,
its comparison with fossil fuels, and bio-oil upgrading methods. The upgrading mapping matrix
is created to present the best upgrading strategies for the optimum quality of biofuels. This paper
serves as a one-stop center for EFB conversion into biofuels.

Keywords: oil palm empty fruit bunch (EFB); biomass renewable energy; bio-oil; pyrolysis;
biofuels; feedstock

1. Introduction

Increasing energy consumption, limited fuel reserves and climate change are major
challenges of the 21st century. In 2016, the contribution of crude oil to global energy
consumption was 32%, followed by coal at 27% and natural gas at 21% [1]. This indicates
that approximately 80% of the energy consumed was supplied by fossil fuels. In 2017, oil
provided the largest increment to energy consumption at 77 million tons of oil equivalent
(mtoe), followed by natural gas (57 mtoe) and renewable power (53 mtoe) [2]. The current
petroleum reserves are estimated to last for less than 50 years.

Researchers are continuously exploring sustainable and cheaper substitutes of fossil
fuels. One of the most viable resources identified to replace the depleting petroleum
reserves is renewable energy resources. The Renewable Energy Policy Network for the 21st
Century (REN21) 2016 report indicates that an estimated 19.2% of the net global energy
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consumption in the year 2014 was provided by renewable energy, 78.3% by fossil fuels
and 2.5% by nuclear power. Known renewable energy sources are biomass, hydropower,
geothermal, ocean energy, solar, and wind [3]. The share of biomass in the net final
energy consumption by end-use sector is 14%, which comprises of heating and cooling
at 12.6%, transportation at 0.8% and electricity at 0.4% [3]. This shows that biomass is
a potential resource to replace conventional energy sources such as fossil fuel, natural
gas and coal. Bioenergy, the energy derived from biomass, is the highest contributor to
renewable energy supply.

Biomass is any organic matter obtained from plant or animal tissue, which includes
agricultural resources, forest resources, municipal solid waste, industrial waste and other
wastes, that can be used as an energy source [4]. Some well-established commercial
processes commonly applied to the biomass industry are combustion for heat or electricity
and methane for heat or power generation, and chemical conversion of sugar and starch to
produce bioethanol and vegetable oils to biodiesel [3]. Alternatively, liquid fuels or biofuels
can be produced from cellulosic materials by biological or thermochemical conversion
processes such as pyrolysis, liquefaction, and gasification.

The potential of biomass as biofuel is undeniable, although there are some critical
aspects to be considered. The impacts of EFB bio-oil has been presented by reflecting its
properties compared to petroleum-based fuel in transportation, power or electric genera-
tion, and heating by boiler and furnace are classified as the main three usages of bio-oil.
This paper presents the simplest and most concise way of making decisions for biomass
conversion into biofuels such as alternative biomass waste, reactor types, comparison of
most critical to least critical properties of bio-oil, and bio-oil refinery for the most economi-
cal and effective upgrading techniques. The paper ends with the environmental impact of
biofuels compared to other types of biomass waste conversion, especially in reducing the
emission of carbon dioxide into the atmosphere.

1.1. Biofuels

There are three main reasons for the need for biofuel as alternative fuels. First, the
limited fuel reserves which require the development of alternative sources of fuel in the
future. Second, alternative fuels are needed in order to minimize the greenhouse effects
generated from combustion of fossil fuel that cause climate change. The greenhouse gasses
(GHGs) in the atmosphere are water vapor (H2O), carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), ozone (O3), chlorofluorocarbons (CFCs), and hydrocholorofluoro-
carbons (HCFCs) [5]. Human activities have caused a 40% increase in the atmospheric
concentration of CO2 from 280 ppm in the year 1750 to 406 ppm in early 2017 [6]. The
principal contributor to CO2 emissions arises from the combustion of coal, oil, and natural
gas with minor contributions from deforestation, changes in land use, soil erosion and
agriculture [7,8]. Biofuels are environmentally friendly and potentially reduce greenhouse
gas and carbon dioxide emissions [9].

Third, due to air pollution which consists of SOx, NOx and particulate matter (PM) [10],
arising from combustion of fossil fuels, a cleaner alternative fuel is needed. Bio-oil from
biomass has high oxygen and low nitrogen content with trace amounts of sulfur, and
potentially demonstrates cleaner combustion that results in lower emission of SOx and
NOx [5,10,11]. Emissions of unburned hydrocarbons (HC), carbon dioxide, carbon monox-
ide, sulfates, polyaromatic hydrocarbons (PAHs), nitrated PAHs and ozone-forming HC
and PM are reduced by biodiesel in a conventional diesel engine. Rice bran fatty oil methyl
esters [12] are suitably converted into biodiesel for a compression ignition (CI) engine.
Biodiesel from rice bran [13] produced cleaner and lower emission of CO, CO2, HC, and
NOx emission from the vehicle’s CI engine.

The exhaust emissions of PM from biodiesel are estimated to be 30% lower than overall
PM emissions from petroleum diesel [10]. Therefore, replacing fossil fuels with biofuels
derived from biomass resources is more sustainable and has the potential to mitigate the
adverse environmental impact caused by fossil fuel. In the midst of efforts to develop
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biofuels as alternative transportation fuels, a shift has been seen toward electric vehicles
that are superior in terms of saving of primary energy (energy derived directly from natural
sources), security of energy supply and lower local emissions. On the other hand, there is a
need for biofuels to replace fossil fuels in aircraft due to the weight factor (i.e., the energy
density per unit weight) [14], thus emphasizing the importance of continuous research
in biofuels.

1.2. Generation of Biofuels

Fuel derived from biomass is classified in four different generations depending on its
feedstock [15]. First-generation biofuel usually refers to biofuel produced from raw materi-
als or traditional plant biomass which [16] mainly comprises of corn, oilseed, sugarcane
and other oil-containing food and animal feed crops [15,17] and may also be consumed by
human and animals. The most common first-generation biofuels include biodiesel, ethanol
and biogas [18]. Biodiesel is extracted from vegetable oil, with or without esterification,
from seeds of plants such as soybean, rapeseed (canola) and sunflower. The increase in
food process caused by the first generation of biomass has motivated research on the
second-generation biomass conversion which focuses on lignocellulosic biomass resources.

Second-generation biofuel is bioethanol or biodiesel that is produced from low cost
crops, non-food crops, forest residue and other lignocellulosic biomass waste such as
empty fruit bunch, rice husk and rice bran [12,13]. Lignocellulosic biomass comprises
of wood, grass and municipal solid wastes that are non-starch, non-edible and non-food
feedstocks [15]. Commercial scale-up of second-generation biofuels is challenging, and
will require advances in biomass-to-fuel conversion technologies.

Third-generation biofuels are derived from microbes and involve the utilization of
microbial growth to convert cellulosic or starchy biomass feedstock into lipids [15]. Microal-
gae are ideal for this purpose because of their rapid growth rate, ability to fix greenhouse
gas and production of high amount of lipids [19]. A further benefit of algae as biofuel is
that the resulting product can be manufactured into a wide range of fuels such as biodiesel,
butanol, gasoline, methane, ethanol, vegetable oil and jet fuel [20].

Fourth-generation biofuel uses genetically modified organisms for higher CO2 cap-
ture and lipid production [15]. Fourth-generation biofuels are produced by (i) designing
photosynthetic microorganisms to produce photobiological solar fuels, (ii) a combination
of photovoltaics and electro biofuels or (iii) tailored production of synthetic fine chemicals
(synthetic cell factories) biofuels [21]. The production of synthetic fine chemicals involves
capture and sequestration of CO2 which promotes carbon negative source of fuel [19,20].

1.3. Relevance of Oil Palm EFB

The major biofuel crops are switchgrass, wheat, sunflower, cottonseed oil, soy, jat-
ropha, palm oil, sugarcane, canola and corn [22,23]. The chosen feedstock is based on its
availability of supplies and costs [24]. Table 1 shows the feedstock used by countries to
produce biofuels and its total production costs.

Table 1. Feedstock used by countries for the production of biofuels. Adapted with permission from
Aziz Elbehri (2008) [25].

Biofuel/Country Feedstock Feedstock
(Percent of Total)

Total Production Costs
($ per Gallon)

Biodiesel:
United States Soybean oil 80–85 2.50

Malaysia Palm oil 80–85 2.04
EU Rapeseed 80–85 3.29

India Jatropha 80–85 1.99

Diesel
United States Diesel 75 1.50
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Table 1. Cont.

Biofuel/Country Feedstock Feedstock
(Percent of Total)

Total Production Costs
($ per Gallon)

Ethanol
United States Corn 39–50 1.50
Unites States Cellulosic sources 90 2.69

Brazil Sugarcane 37 0.98
EU Wheat 68 2.23
EU Sugar beets 34 2.88

Gasoline
United States Gasoline 73 1.29

In 2020, the world’s largest producer of palm oil at 43.5 million tons was Indonesia,
followed by Malaysia at 19.9 million tons [24]. In the form of empty fruit bunch; EFB,
1.07 ton of EFB is produced in every ton of palm oil. Consequently, the palm oil industry
generates 1.07 ton of EFB for every ton of palm oil produced [26]. Therefore, the amount of
EFB generated in Malaysia is approximately 21.3 million tons per year. Global production
of EFB in 2018 was approximately 80 million tons [26]. This amount is not insignificant
compared to other types of biomass: corn straw (128.02 million tons), rice husk (120 million
ton) [27], sugarcane bagasse (180.7 million tons) and wheat straw (354.34 million tons) [28].

Due to the large amount of biomass produced by Malaysia and Indonesia (85% of
global palm oil production), it is considered an appropriate feedstock to produce bio-oil.
As oil palm biomass is available in large quantities in Malaysia and Indonesia, which
constitutes 85% of the global palm oil production, the oil palm biomass is considered an
appropriate feedstock to produce bio-oil. As seen in Table 1, fresh oil palm fruit bunch
(FFB) contributed the highest quantity of agricultural produce in Malaysia in 2007 at
81,920 kilo tons [25].

As indicated in Table 2, in addition to biomass, a large amount of EFB residue is
produced, which might be used as a feedstock for second-generation biofuels [15] (Figure 1
and Table 2). Mesocarp fiber, shell, empty fruit bunch (EFB), frond, trunk and palm oil mill
effluent are also found in palm oil wastes (POME). POME (palm oil mill effluent) is an oily
wastewater produced by palm oil processing mills [29].

Table 2. Components of oil palm residues in Malaysia which have potential of generating energy.
Adapted with permission from Saad Mekhilef (2011) [30].

Type of Biomass by Quantity per Year (Million Tons) %

Empty fruit bunch (EFB) 15.8 30.9

Fronds 12.9 25.2

Mesocarp fiber (MF) 9.6 18.8

Trunk 8.2 16.0

Shell 4.7 9.2

Although oil palm EFB is abundant in South East Asia, there is a relative lack of
research on conversion of oil palm EFB to bio-oil. It is not commonly used as feedstock
compared to other kinds of biomass. As a result, technological advancements are needed
to fully utilize this renewable energy source. The focus of this paper is on oil palm EFB as a
resource for bio-oil production. The paper explains the application, principles, processes
and reactor design for conversion of oil palm EFB to biofuels. In addition, consideration
for biofuel refinement, methods, and environmental impact are discussed.
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Figure 1. Plantation and palm oil mill residual in production of crude palm oil from biomass. Adapted with permission
from Salman Zafar (2018) [31].

Table 3 The first category comprises papers on the methodology of biomass conversion
into bio-oil [32–41]. It covers the pyrolysis and liquefaction process in producing bio-oil.
The second category is bio-oil characterization and compound analysis [42–45]. The third
category covers the conversion process, experimental design and optimization, including
optimal design of reactors to achieve a high production yield, design of experiments,
Taguchi Method and other methodologies involved in optimizing the reactors [46–55]. The
fourth category covers bio-oil upgrading for fuel applications [56,57]. Finally, the fifth
category comprises studies on the impact of oil palm EFB on the environment and its
energy value compared to fossil fuels [30,58–67].

Table 3. Summary of EFB literature.

Category Major References

Method of bio-oil conversion [32–41]

Chemical compound analysis [42–45]

Optimization of process design and parameters [46–56]

Upgrading of bio-oil [57,58]

Energy and environment [30,59–68]

2. Conversion of Oil Palm EFB to Bio-Oil: Principles and Processes
2.1. Oil Palm EFB Characterization and Compound Analysis

Oil palm EFB is a plant biomass which is also called lignocellulosic material. It
is largely composed of various oxygen-containing organic polymers. Lignocellulosic
materials may be divided into six classes: crop residues, hardwood, softwood, cellulose
wastes, herbaceous biomass and organic solid wastes [60]. The chemical components of
lignocellulosic biomass are cellulose (polymer glucosan), hemicelluloses (polyose), lignin,
organic extractives and inorganic minerals [52,69].
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The fibrous material in oil palm EFB is cellulose. Cellulose is the fibrous material in
EFB. It forms the primary cell wall of green plants. Cellulose as shown in Figure 2a is a
polysaccharide chain of glucose monomers. Cellulose is a linear polymer made of 106 or
more β-(1→4)-D-glucose units in the 4C1 conformation. It is probably the most abundant
organic molecule comprising 40–60% volume of biomass. Cellulose chains interact with
each other via hydrogen bonds and make microfibrils, which constitute the basic unit of
complex fibers.
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Hemicellulose, also known as polyose, is a polymer of monosaccharides which are
glucose, mannose, galactose, xylose, arabinose, 4-O-methyl glucuronic acid and galactur-
onic acid [71]. Unlike cellulose, hemicellulose is branched and consists of shorter chains:
500–3000 sugar units as opposed to 7000–15,000 glucose molecules per polymer.

Lignin is the second most abundant natural polymer, and is rich in aromatic benzene
ring compound (Figure 2c), making up 10–25% of lignocellulosic biomass. Lignin is
insoluble in water, chemically stable and acts as the “glue” that connects cellulose and
hemicellulose. Lignin is a three-dimensional, highly cross-linked macromolecule composed
of three types of substituted phenols-coniferyl, sinapyl, and p-coumaryl alcohols (Figure 2b)
formed by enzymatic polymerization [70].

Inorganic minerals and organic extractives are two minor components of plant biomass.
Inorganic compounds, especially of potassium, calcium, sodium, silicon, phosphorus, and
chlorine are the main constituents of the ash in biomass feedstocks [69]. Major and minor
elements in biomass, in decreasing order of abundance, are commonly C, O, H, N, Ca, K,
Si, Mg, Al, S, Fe, P, Cl, Na, Mn and Ti [72].

The chemical composition of EFB fibers is similar to other biomass, but differs in
the relative proportion of compounds. Table 4 provides the proportions of the major
compositions in different kinds of biomass, including EFB. Interestingly, it shows that pine
has the most similar composition with EFB. Compared to some other common biomass such
as rice husk, corn cob, and soybean, EFB has a relatively high content of lignin. Figure 3
shows the ternary scatter plot of three main components: cellulose, hemicellulose and



Sustainability 2021, 13, 10210 7 of 29

lignin content of EFB (labelled as 1) compared to various biomass species. EFB composition
is mostly similar to pine (labelled as 2), followed by coconut shell (labelled as 7).

Table 4. Comparison of components composition (%) in EFB with various biomass species. Adapted
with permission from John Wiley and Sons (2014) [71].

Label Biomass Cellulose Hemicellulose Lignin

1 Empty fruit bunch (EFB) 42 28.8 29.2

2 Pine 40 28.5 27.7

3 Eucalyptus-1 45 19.2 31.3

4 Eucalyptus-2 50 7.6 38.8

5 Soybean 33 14 14

6 Bagasse 41.3 23.8 18.3

7 Coconut shell 36.3 25.0 28.7

8 Corn cob 40.3 26.9 16.6

9 Rice husk 31.3 24.3 14.3
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2.2. Pyrolysis Process

Pyrolysis is thermal degradation of biomass in the absence of oxygen [73]. It is one of
the most promising processes for conversion of biomass to bio-oil, char and gases. Pyrolysis
is classified based on heating rate: slow or fast. During slow pyrolysis, the biomass particles
are subjected to heating rates of about 100 K/s while in fast pyrolysis it is in the range of
1300 K/s [71]. The typical products of pyrolysis are liquid, solid and gaseous fractions of
C, H and O. Slow pyrolysis provides char or solid fractions and produces coke as a solid
fuel. Slow pyrolysis is also called carbonization. Its operating temperature of 400 ± 10 ◦C
is lower than fast pyrolysis [71], and it involves longer residence times, normally greater
than 5 s. It has slower heating rates, for example, about 0.1 to 2 ◦C per second depending
on the system, and moderately long, solid-and-vapor residence time. Biomass is slowly
devolatilized to produce tar and char.

Up to 80% yield is produced by fast pyrolysis [74]. Fast pyrolysis process provides
higher liquid fractions from biomass. Essential features of fast pyrolysis are very high
heating and heat transfer rate that require finely ground biomass feed, carefully controlled
temperature around 300 ◦C to 500 ◦C and rapid cooling of the pyrolysis vapors [71]. Fast
pyrolysis occurs on timescales of only a few seconds. Subsequent condensation of the
vapor on cooling yields dark brown liquid bio-oil. High heating and fast heat transfer rate
at the reaction interface are important factors to produce bio-oil. It also requires a finely
ground biomass feed for a larger surface area, good control of the reaction temperature
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between 450–600 ◦C and vapor temperature between 400–450 ◦C, vapor residence time
(often <2 s), followed by rapid cooling of the vapor in a condenser.

The fast pyrolysis process can be subdivided into non-catalytic and catalytic fast
pyrolysis. The catalytic fast pyrolysis is a promising route to yield higher liquid of bio-oil.
Catalysis is added for many reasons, to upgrade pyrolysis vapor to obtain a bio-oil product
with decreased oxygen in order to increase its heating value and thermal stability. Catalytic
pyrolysis converts biomass into hydrocarbons and higher-value chemicals in a single step.
The yields containing five major components, which are benzene, toluene, xylene, ethylene
and propylene, are increased with catalytic fast pyrolysis. Besides, the catalytic pyrolysis
reactions take place in an inert atmosphere. It is performed with a shorter residence time
that is less than 10 s to minimize secondary reactions [75]. The catalyzed pyrolysis oil has
lower oxygen content and increased hydrogen to carbon ratio. Thus, the energy content
of bio-oil is increased, lower oxygen content leads to lower acidic components and thus a
less corrosive nature compared to non-catalytic pyrolysis oil. The catalytic pyrolysis also
enables a lower reaction temperature, therefore reducing energy consumption and process
cost [75,76].

2.2.1. EFB Pyrolysis Reactions

The non-catalytic fast pyrolysis is a thermal cracking process to produce bio-oil from
EFB without using any catalyst. Non-catalytic fast pyrolysis was applied on EFB water
washing in order to reduce the ash content and consequently increase the bio-oil yield [42].
Non-catalytic fast pyrolysis produces oxygenated compounds and a small amount of
hydrocarbons [77].

Catalytic pyrolysis of EFB is the main method for removing the oxygenated compo-
nents in order to refine bio-oil with improved quality, stability and yield. Catalytic fast
pyrolysis on various feedstocks has been extensively studied [78–81]. The catalyst facili-
tates breakage of the C-O, dehydration, decarboxylation and decarbonylation, resulting
in improved characteristics of the products [53,82]. Examples of catalysts that have been
applied previously include zeolites (HZSM-5, HY and Al-MCM-41), Co-Mo, Ni-Mo [83]
and boric oxide [84]. Chang reported that Al-MCM-41 catalyst provides a high yield of
phenolic compounds and low yield (<5%) of undesirable olefins, carboxylic acids, ketones
and aldehydes [42]. Use of boric oxide as a catalyst, as reported by Lim et al., successfully
reduced hydroxyl and methoxy groups by 50–80% [84]. Crystalline zeolites A and Y; synthe-
sized from rice husk ash (RHA) were applied as heterogeneous catalysts [85]. The catalytic
conversion of oil palm EFB to bio-oil was conducted at a temperature range of 320–400 ◦C
with zeolite A catalyst loadings of 0.6–3.0 wt%. Four types of zeolite catalysts—Y, ZSM-5,
Y-ZSM-5 hybrid, and Y/ZSM-5 composite—were carried out for catalytic conversion of
palm oil to produce jet biofuel with high amounts of alkanes and low amounts of aromatic
hydrocarbons [86]. Zeolite Y-ZSM-5 hybrid catalyst (99%) produced the highest conversion
of palm oil to hydrocarbon compounds followed by zeolite Y/ZSM-5 composites (96%),
zeolite Y (91%), and zeolite ZSM-5 (74%).

Three catalysts’ (K2CO3, Ca(OH)2 and MgO) applicability in the pyrolysis of palm oil
empty fruit bunch (EFB) was investigated and Ca(OH)2 catalyzed pyrolysis showed greater
effect in improving the quantity of the targeted bio-oil product [87]. This study involved
evaluation of the fixed-bed operating factors’ impact on the product yield which included
pyrolysis temperature, sweeping gas (N2) flow rate and Ca(OH)2 catalyst weight percent.
The GC–MS analysis of the Ca(OH)2 catalyzed EFB pyrolysis bio-oil revealed a higher
percentage (>10%) of desirable phenolic compounds and lower undesirable acidic groups
(>35%) when compared with the non-catalyzed EFB pyrolysis bio-oil analysis. Inexpensive
catalysts such as Calcium Oxide has been introduced into fast pyrolysis of palm empty
fruit brunch (EFB) biomass [88]. The effect of Ni concentrations (1, 3, 5 and 7 wt.%) on the
characteristics of the catalyst Ni/Silica-Alumina and the performance test for the catalytic
cracking of bio-oil has been studied [89]. The presence of the HZSM-5 catalyst has also
increased the yields of non-condensable gas, water and coke, while decreasing the liquid
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and char yields from corn cob pyrolysis of the fluidized bed reactor [89]. The elemental
analysis revealed that the oxygen content of the collected liquid in the second condenser
with HZSM-5 was reduced by more than 25% when compared to that without the catalyst.
In the collected liquid with the catalyst, the H/C, O/C molar ratios, and higher heating
value of the oil fraction were 1.511, 0.149, and 34.6 MJ/kg, respectively. Overall, catalytic
fast pyrolysis of various feedstocks typically yields bio-oil of better quality.

2.2.2. Feedstock Preparation and Pretreatment

Differences in the type of biomass feedstock such as softwood, hardwood and agricul-
tural are associated with changes in the content of the three major structural components
that are hemicellulose, cellulose and lignin. These differentiations have led to the investiga-
tion of various methods and technologies for the efficient pretreatment of biomass before
entering the pyrolysis reactor.

Pretreatment is essential to remove EFB residue, the leftovers produced at palm oil
mills upon removing the fruit using rotary threshers [42]. EFB is not uniform in shape,
with a typical weight of 3.5 kg and dimensions varying from 170–300 mm in length by
250–350 mm in width [42].

In order to produce high yield and quality bio-oil, EFB needs to be pretreated. Pre-
treatment can be performed by submerging bundles of EFB in NaOH to expose the fibrous
materials [76]. In bioethanol production, the main role of pretreatment is the disruption
of the recalcitrant lignocellulose structure, enabling easier access of enzymes to cellulose
for a more effective hydrolysis toward fermentable sugars [90]. Pretreatment reduces the
crystallinity of cellulose, removes hemicellulose, improves the permeability of lignin seals,
delignification and increases the surface area, all of which facilitate the subsequent pyrol-
ysis reactions and make it more accessible to catalysts [46,74,91]. Then, EFB is sun-dried
to remove the remaining water content and further ground into fine fibrous biomass. The
particle size of the dried EFB is reduced with a shredder and is sieved to a particle size of
smaller than 500 µm.

2.3. Slow Pyrolysis Reactor

Slow pyrolysis is typically used to modify the solid material, minimizing the oil
produced. Fast pyrolysis and ultra-fast (flash) pyrolysis maximize the gases and oil pro-
duced. One of the applications of slow pyrolysis is on producing biofuels on diesel engine
performance, combustion and emission characteristics [92]. The pyrolysis process was
carried out at 650 ◦C, with a particle size of 250 µm and 3 h of reaction time. Martynia
annua seed pyrolysis oil can replace the petrodiesel up to 40% in an unmodified diesel
engine without any major variation in performance and emissions and 40% solid biochar
from slow pyrolysis of coffee silverskin [93]. A high amount of solid material from coffee
silverskin has been studied as an adsorbent of organic pollutants in water, using methylene
blue (MB) and methyl orange (MO) as model compound with 400 ◦C biochar giving the
highest removal values at 98 MB and 40% MO. The slow pyrolysis process has a higher
yield of biochar in comparison with fast pyrolysis. The biochar has a potential to be used
for soil improvement and act as a carbon sink. The oil and gas products from the pyrolysis
process can be used for power and heat.

2.4. Fast Pyrolysis Reactor

Pyrolysis of finely ground materials of several micrometer sizes occurs in a short
vapor residence times of 1 to 2 s with high cooling rates in order to minimize thermal
decomposition of the vapors after pyrolysis in the absence of, or less, oxygen [71]. Pyrolysis
is an endothermic process which requires a source of heat. Heat can be supplied to the
reactor by various methods depending on the reactor configuration. These methods are heat
transfer through the reactor wall, a regenerable heat carrier transfer between a heat source
and the reactor, preheated gases, hot tubes (inline heater), steam or a combination of one or
more of these methods. Heat is required to remove the moisture content and transform the
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solid biomass into vapor. The biomass vapor is channeled out into a condenser. The rapid
cooling in the condenser transforms the vapor into a liquid bio-oil and is collected at the
condenser outlet.

2.4.1. Types of Reactors

The reactor is a critical component of fast pyrolysis. Therefore, most of the research
is concerned with studying various reactor configurations and different feedstocks. For
EFB, some examples are fluidized bed, spouted fluidized bed, transported bed, circulating
fluid bed, rotating cone, vortex ablative, augur or screw, entrained flow, microwave, fixed
bed, hydropyrolysis and vacuum reactor. The most commonly reported reactors for EFB
pyrolysis are bubbling fluid beds [38,40,69,94], circulating fluid beds and transported
bed [39,69,95,96], ablative pyrolysis [46,51,97], microwave pyrolysis [98], rotating cone
reactor [99] and hydropyrolysis [100]. Table 5 lists the many types of pyrolysis reactors
available. Fluid beds and circulating fluid beds are the most popular configurations
for biomass pyrolysis because of their ease of operation and scale-up-ready modular
designs [101], which are listed in the first column with references, types of pyrolysis
reactors, operational characteristics, advantages and disadvantages of various types of
pyrolysis reactors

Table 5. Types of pyrolysis reactors, operational characteristics, advantages and disadvantages.

Reactor Operations Advantages Disadvantages

1. Fixed-bed (C,B)
[48,102,103]

Requires heat exchanger to cool the
exiting gas and regular cleaning of the
reactor. Low velocities, long residence

time of solids and low ash

Simple and reliable Tar removal
is difficult.

2. Fluidized-bed (C,B)
[38,40,45,69,94,104]

No char accumulation.
Types: bubbling and circulating

fluidized-bed; the latter has shorter
residence times.

Simple to construct and operate. Good
quality bio-oil with 70–75% yield.

Smaller feed
particles (<2–3 mm)

with low heating rate

3. Ablative (C,B)
[46,51,97]

Molten salt layer is used as heating
element. Types: vortex and

rotating-disk ablative

Large biomass feedstock particles and
does not require excessive grinding.

Mechanical
complexity; scaling

is governed by
surface area-limited

heat transfer.

4. Ablative vortex (C)

Use of steam and nitrogen as carrier
gas [94]. Tangential flow forces

particles against the hot walls at about
625 ◦C, creating a bio-oil layer.

Fast transfer of vapor of carrier gas in
50–100 ms to promote approximately

65% of bio-oil yield.
Low reaction rate

5. Rotating disk
reactor (C) Pressurized heated rotating disk. Small processing equipment in the

absence of inert gas

Governed by surface
area; ability to scale
up to large facilities

is limited.

6. Vacuum pyrolysis
reactor (B)

Low yields of 35–50% due to slow
heating rates. Burner and inductive

heater are used. Solid-feed is required
due to vacuum operation.

Ability to accommodate larger size of
biomass particles (up to 2–5 cm)

High
maintenance cost.

7. Rotating cone
reactor (C) [99]

Mixture of hot sand and feedstock.
Vapors enter a condenser, and solids

enter a combustor where sand is heated

Large-scale production of bio-oil is
possible [99,105,106]

Complex design
and process

8. Pyros reactor (C)
Cyclonic reactor produces bio-oil at

450–550 ◦C while separating particles
and vapors by centrifugation.

Secondary reactions are minimized due
to short gas residence (<1 s). Bio-oil

yield is high (70–75%), with low
operating cost.

High impurities
in the oil
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Table 5. Cont.

Reactor Operations Advantages Disadvantages

9. Auger reactors (B)
The feedstock moves through an

oxygen-free cylindrical heated tube at
400–800 ◦C [107].

Versatile feedstock, better strengths for
fast pyrolysis, slow and
intermediate pyrolysis.

Heat transfer is
suitable for
small scale.

10. Plasma reactor (C)
Inductively coupled plasma is

generated in a cylindrical quartz tube.
An inert gas is used [108].

No tar is produced due to cracking
effect of the highly activated species

produced in the plasma environment.

High power
consumption

operating cost.

11. Microwave
reactor (B) [88]

Molecules and atoms interaction by
a microwave-heated bed initiate the

energy transfer [109].

Efficient heat transfer, high syngas
and bio-oil yield.

Applicable to various types of biomass.

High electrical
power consumption.

12. Solar reactor (C) Solar concentrator directs energy to
a quartz tube reactor [110].

High temperatures of above 700 ◦C.
Fast start-up and shut down periods.

High costs and
weather dependent.

Note: C—Continuous, B—Batch.

2.4.2. Pyrolysis Parameters and Their Optimization

Gas, liquid bio-oil and bio char are three major products of pyrolysis. The relative
amount of product depend on the operating parameters, properties of biomass and types
of pyrolysis. Usually, decomposition of biomass at medium temperature (400–550 ◦C)
favors the production of liquid oils with short residence times. At higher temperatures,
its ability to produce gaseous products increases. Meanwhile, at low temperatures, char
is the dominant product [97]. Figure 4 shows the temperature-dependence of pyrolysis
product yield.
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For optimization purposes, it is therefore helpful to understand the effect of process
parameters on yield and characteristics of bio-oil as the following:

(a) Temperature, residence time, and heating rate: Javaid Akhtar et al. [97] reviewed
temperature as the most influential parameter in the biomass pyrolysis. If the purpose
is to maximize the yield of bio-oil, a low temperature, high heating rate and short
vapor residence time are desirable. In order to maximize fuel gas, a high temperature
and low heating rate with long vapor residence time is required. Lower temperature
with low heating rate maximizes bio char production [112]. Although very short vapor
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residence times (few seconds to minutes) are recommended, short residence times
may lead to incomplete conversion due to insufficient heat transfer into the particle;

(b) Feed size: fine particle sizes of feedstock are preferred to enable rapid and uniform
heating. Large particles have heat transfer limitations [53]. Some recommendations of
particle size provided are less than 200 µm for rotating cone pyrolysis, less than 2 mm
for fluid bed systems, less than 6 mm for circulating fluid beds and less than 10 mm
for rotary disc ablative processes [102]. For fixed bed pyrolysis of rapeseed, ideal
particle size between 0.85 to 200 µm were reported to yield 60% w/w bio-oil [113];

(c) Sweeping gas: Some reactors use a sweeping gas and steam for fast purging of
pyrolysis vapors. The sweeping gas (nitrogen) facilitates quick removal of the hot
vapor. Quick cooling of the vapor is necessary to stop secondary reactions.

(d) Biomass type: Different types of biomass contains different amounts of cellulose
and hemicellulose which affects the amount of volatiles that form in bio-oil. [99].
Lignin seal is difficult to break at higher temperature which results char residue.
Therefore, pretreatment is required in order to delignify the biomass hence maximize
the bio-oil yield;

(e) Moisture content: EFB needs to be dried thoroughly before being fed into the reactor,
containing at most 30% moisture (as compared to 50–60% moisture in green biomass).
Water content in EFB contributed by the pretreatment process can affect the heat-
ing rate during pyrolysis since energy is required to evaporate the moisture [114].
Lowering of heating rate due to moisture, reduces the bio-oil yield.

There are many methods to optimize the parameters. Thermochemical process can be
optimized through experimental design methods namely response surface method, design
of experiment, Taguchi method, numerical, stochastic and simulations [46–53,56]. The
optimization of process parameters such as pyrolysis temperature, biomass particle size
and holding time using ANOVA and Central Composite Design (CCD) are examples of
commonly used methods that have been reported to improve the yield of bio-oil. Bio-oil
yield is predicted by reaction kinetic simulation of pretreatment, fast pyrolysis, product
collection and upgrading sections [58]. Kinetic modeling of pyrolysis describes practical
conversion processes and optimizes the design of efficient reactors [105,115]. The reported
EFB pyrolysis of bio-oil yield is summarized in Table 6.

Table 6. Summary of reported EFB pyrolysis bio-oil yield.

Source Amount of EFB Input Yield

K.H. Khor et al., 2009 [45] 100 kg 12.9 wt%

Haryanti Yahaya et al., 2017 [46,76] 10 kg 30 wt%

Yi Herng Chan et al., 2014 [116] 15 g 44.05 wt%

Alina Rahayu Mohamed et al., 2014 [48] 5 g 46.2 wt%

Donghoon Ro et al., 2017 [117] not available 40–45%

Vecina Mentillo et al., 2014 not available 48–53%

Alina Rahayu Mohamed et al., 2013 [102] not available 45–46%

Table 6 shows the average yield of bio-oil production by thermochemical pyrolysis
is ~40%. The estimated bio-oil produced from EFB is 3 million tons/year [64]; which
is equivalent to 7% of the current crude oil consumption in Malaysia. The crude oil
consumption of Malaysia in 2016 is 283 million barrel per year which is equivalent to
45 million tons.

3. Bio-Oil Refinement
3.1. The Uses of Bio-Oil and the Need for Upgrading

By 2030, global demand for transportation fuel is expected to grow significantly, by
up to 55% [109]. Due to limited reserves, high costs and increasing demand from the
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transport sector, bio-oil is a promising alternative to petrol fuel [74,118]. Furthermore,
bio-oil provides more efficient combustion and cleaner emissions [10,11]. However, there
are currently recognizable drawbacks of bio-oil, or the pyrolysis process that produces it.
Some of the drawbacks of bio-oil compared to conventional fuels are low heating value,
thermal instability and high corrosivity, as shown in Table 7. Thus, bio-oil needs to be
upgraded so it is suitable as transportation fuel. Methods to upgrade bio-oil, such as water
extraction, catalytic cracking and hydrotreating, must be investigated in order to improve
the properties of bio-oil [74].

Besides being used in transportation, bio-oil can be substituted in gas turbine or
steam-based power plants for electricity generation [73]. There are five types of power
plants: oil-fired, coal-fired, gas-fired, hydroelectric power and others (biomass, biogas and
solar) [119]. Gas turbines are used to drive electric power generators and provide power
to aircraft [120] which mostly operate on petroleum distillates and gas fuel. However,
gas turbines can essentially burn bio-oil if it is properly designed [120]. However, the
use of bio-oil in turbines results in accumulation of deposits in the combustion chamber
and turbine blades. Therefore, the application of bio-oil for heat and power generation is
possible with minor modifications of the existing equipment.

Approximately three-quarters of the global energy used for heat is fossil fuel-based [3].
Bio-oil can be used as a substitute for fossil fuel oil or diesel in boilers and furnaces [73].
Furnaces heat air and distribute the heated air through the house using ducts. Therefore,
biomass from lignocellulosic material such as EFB is a promising alternative for heating
applications using boilers and furnaces to replace fossil fuels. Boilers and furnaces are
used for industrial and home heating [121]. Boilers heat water and provide either hot
water or steam for heating. There are two major types of boiler and furnace; gas-fired
and oil-fired. Gas-fired boilers and furnaces use natural gas or propane. Oil-fired boilers
and furnaces can be fueled by either petroleum fuel oil, or with renewable bio-oil with
simple modifications considering the different characteristics of the fuels [122]. Another
product of bio-oil is chemicals such as polyphenols for resins with formaldehyde, phenol
for wood adhesives, molded plastics and foam insulations [112], calcium and magnesium
acetate for biodegradable deicers, fertilizers [120], levoglucosan, hydroxyacetaldehyde and
a range of food flavorings and essences for the food industry [123]. Table 7 summarizes the
comparison of the properties, effects and impacts between bio-oil and fossil fuels:
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Table 7. Comparison of the properties, effects and impacts of bio-oil and fossil fuels.

Properties
Bio-Oil Derived

from EFB
Fast Pyrolysis

Bio-Oil Derived
from Other

Lignocellulosic
Material

Petroleum Fuel
Oil (Diesel/Light

Fuel Oil)

Effects of Difference in
Characteristics Compared to

Petroleum-Based Fuels

Impacts on the Uses of Bio-Oil

Transportation Power/Electric Generation Heating by Boiler
and Furnace

Moisture (%) 6.66–24.3 14–31 0.025

High water content leads to low
ignition, reduces heating

value [40], improves the flow
characteristic of oil and reduces

NOx emission [121]

Very critical—high moisture
content makes ignition

difficult [74,124]
Solution:

Pyrolysis parameters
are modified

Tolerable Tolerable

Ash, alkali
metals (%) 0.37–3.22 0.01–2 0.01

Smoky smell alkaline metal
leads to solid deposition during

combustion [123]; high ashes
reduce heating value

Very critical—solid residues and
tar droplets [125]

Tolerable—damage for
turbine with coated blades

Solution:
Hot vapor filtration,
pretreat feedstock

Not relevant

Solids, Char (%) 24.1 NA - Bio char/residue in the oil

Critical—impurities in fuel,
equipment blockage

Solution: hot vapor filtration,
liquid filtration [123,126]

Tolerable—impurities in
fuel, equipment blockage

Solution:
Hot vapor filtration, liquid

filtration, feedstock size
reduction [125,127]

Not relevant

Oxygen (%) 20.02–57.02 35–50 0.03

Thermal instability, limited
storage stability [42]. Higher

combustion efficiency, less CO,
CO2, HC and particulate matter

(PM) emission [11]

Very critical—high combustion
efficiency in transportation

engine [11]

Very critical, high
combustion efficiency in
power generation [11]

Very critical, high
combustion efficiency

in heating [11]

Nitrogen (%) 0.0113–2.74 <0.4 0.04–0.20 N2O emission is reduced [11] Cleaner transportation emission Cleaner flue gas emission Cleaner gas emission

Sulfur (%) <0.2 0–0.05 0.11–0.18 SO2 emission is reduced [11] Cleaner transportation emission Cleaner flue gas emission Cleaner gas emission

Heating Value
(HV) (MJ/kg) 20.23–36.06 13–18 40.3–45.8

Low Heating Value (LHV);
less energy

usage [116,127]

Very critical—less heat of
combustion lead to difficult

ignition [70]
Solution: water content
reduction and solvent

addition [126]

Tolerable
Solution: solvent

addition [126]

Tolerable
Solution: solvent

addition [126]
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Table 7. Cont.

Properties
Bio-Oil Derived

from EFB
Fast Pyrolysis

Bio-Oil Derived
from Other

Lignocellulosic
Material

Petroleum Fuel
Oil (Diesel/Light

Fuel Oil)

Effects of Difference in
Characteristics Compared to

Petroleum-Based Fuels

Impacts on the Uses of Bio-Oil

Transportation Power/Electric Generation Heating by Boiler
and Furnace

Kinematic
Viscosity
(mm2/s)

38.4 at 25 ◦C 13.5–128 3–7.5 at 40 ◦C

Viscosity of bio-oil is increased
by aldehydes and phenols in it
which can polymerize easily,

particularly in acidic
conditions [79]

Very critical—High pressure
drop in pipelines, pipe leakage,

pipe rupture [125]

Critical—high pressure drop
in pipelines, pipe leakage,
pipe rupture Solution: low
temperature heating [123]

Tolerable—high pressure
drop in pipelines, pipe

leakage, pipe rupture [123]

pH and total acid
number, KOH

(g/kg)

2.33–3.4,
67.75–110 2–8 Neutral, 0.451

Acidic pH of bio-oil leads to
corrosion of aluminum, iron and

steel [128]
Acidity results from high

concentration of carboxylic
acids, particularly lauric,

palmitic and acetic acids [45]

Very critical—corrosion of
vessels and pipework,

transportation engine and
piping part modification

Tolerable—piping part
modification Solution: Use

of compatible materials
such as stainless steel or

olefin polymers [123]

Tolerable—piping part
modification Solution: use of
compatible materials such
as stainless steel or olefin

polymers [123]
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3.2. Methods for Bio-Oil Refinement

The application of bio-oil as transportation, turbines for power generation and boilers
requires upgrading of the bio-oil to minimize undesired properties as mentioned in Table 7.
Bio-oil upgrading methods are classified into physical (P) and chemical (C) upgrading
methods [73]. Physical methods involve physical processes such as distillation, molecular
distillation, water extraction, hot vapor filtration, solvent addition and emulsification.
Chemical methods involve chemical reactions, typically aided by catalysts. Chemical
upgrading includes steam reforming, hydrogenation, hydrodeoxygenation (HDO), esterifi-
cation, one-step-hydrogenation-esterification (OHE) and catalytic cracking.

3.2.1. Physical Upgrading

(i) Distillation is a conventional method for separation which includes atmospheric,
vacuum, flash and steam distillation. Steam distillation is commonly used to refine
bio-oil by introducing steam into a distilling vessel, followed by heating the bio-
oil and decreasing its viscosity [129]. However, due to the thermal sensitivity and
susceptibility to reactions such as decomposition, polymerization, and oxygenation,
it is difficult to separate bio-oil using conventional distillation methods;

(ii) Molecular distillation—so-called open-path or short-path high vacuum distillation—
is performed in a vacuum, where the evaporating surface and condensing surface
are in close proximity, smaller than the mean free path [130]. Since there is no
atmospheric pressure, it does not involve boiling and evaporation and condensation
occur whenever there is a temperature difference. It is very suitable for thermally
unstable bio-oil. Due to its low operating temperature and short heating time, it
offers high bio-oil separation efficiency [131] with three categories of bio-oil fractions:
light, middle and heavy [132]. Molecular distillation consumes more energy than
conventional distillation [79]. Shurong Wang [129] proposed a scheme of the process
which is a combination of the molecular distillation separation with various methods.
Xiangping Li et al. [98] introduced the applications of noble metal and transition
catalysts supported on molecular sieves in HDO of lignin-derived bio-oil;

(iii) Water extraction is a simple fractionation and inexpensive method that separates
bio-oil constituents and extracts acidic compounds based on polarity and solubility
in water [133]. Water is added into bio-oil, or vice versa, with continuous agitation
to reach equilibrium, followed by centrifuging of the mixture. The solution forms
two phases; the water-soluble fraction (WSF) contains more polar constituents such
as acids and ketones. The water-insoluble fraction (WIF) contains hydrophobic com-
pounds that originate from lignin, which may react to produce chemicals such as
phenol-formaldehyde resins. Parameters in water extraction include water tempera-
ture, stirring time and water:bio-oil ratio. The acidity of pyrolytic lignin was reported
to decrease significantly and yield was increased as water:bio-oil ratio was varied
from 5:1 to 15:1 [134]. The upgraded bio-oil using water extraction has lower acidity,
a higher heating value and more stability due to removal of carboxylic acids, alcohols,
sugars, ketones, and other reactive compounds [133];

(iv) Hot vapor filtration (HVF) is a technique to reduce inorganic content in bio-oil. The
char particulates are removed by HVF at high temperature before condensation of the
vapors [135]. Hot-vapor filtration reduces the ash content of the oil to less than 0.01%,
the alkali content to less than 10 ppm and separates char from the pyrolysis gas or
vapor steam [70]. However, the yield of bio-oil is low and oxygen and water content
are high;

(v) Emulsification is a method of upgrading bio-oil by using surfactants [79] that can
favorably improve the ignition characteristics, but cetane number, corrosivity and
heating value are not improved. Emulsification requires significant energy input;
currently, most studies have reported emulsifying less than 400 mL of bio-oil [79].
Increasing the efficiency of fuel pumps, and testing, production and design of injectors
are highly needed. In addition, the cost of surfactants is high;
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(vi) Solvent addition is a process of adding polar solvents, especially methanol, into bio-oil
to homogenize oil stability and reduce the viscosity [73]. It is an economical and
simple way of bio-oil upgrading. The solvents can be expensive and organic solvent
addition is not really practical for commercialization due to its high cost [76].

3.2.2. Chemical Upgrading

(i) Steam reforming is a chemical process that occurs between the range of 600–800 ◦C, and
high space velocities with an Ni-based catalyst [74]. The output is syn-gas, which
can be converted into methanol and alkanes [74]. It is an endothermic two-step re-
action [94]. The first step involves reformation of natural gas to produce hydrogen
and carbon monoxide. In the second step, known as water gas shift reaction, car-
bon monoxide gas produced in the first reaction reacts with steam over a catalyst
to form hydrogen and carbon dioxide. A significant advantage of steam reforming
is its ability to simultaneously upgrade bio-oil while producing renewable hydro-
gen gas [79]. As discussed in Section 3.2.1, bio-oils separate into an aqueous and
organic fraction by water extraction. The water-soluble fraction can be converted
into syn-gas by steam reforming [74]. However, deactivation of the catalyst due to
coke is a challenge in steam reforming [74,79]; coking can be partially mitigated by
hydrogenating or hydrotreating the bio-oil. The hydrogen produced may be recycled
for hydrogenation purposes;

(ii) Hydrogenation is a process of saturating the double bonds through catalytic addi-
tion of hydrogen in a reactor [136]. Hydrogenation is the type of reaction which
occurs from hydrotreating of pyrolysis bio-oil, under specific conditions, such as
high pressure (10–20 Mpa), optimized temperature and hydrogen flow rate as well
as an appropriate catalyst [79]. Catalysts such as Al2O3 based catalysts [137,138] and
Ru/SBA-15 catalysts [139] have been found to be effective. Hydrogenation reduces
water content, increases pH and H element, improves stability, decreases viscosity
and organic, carboxylic acid [112], aldehydes and reactive compounds’ contents. In
addition, it is an efficient method to convert phenolic compounds into alcohol and
alkanes [139] which leads to higher heating value and stability;

(iii) Hydrotreatment is a chemical process of upgrading bio-oil, where hydrogen is added
to the carbonyl group with the addition of a catalyst. The hydrogen may be obtained
from the biomass itself if the system is integrated with a biorefinery [74]. Hydrotreat-
ing, when performed to minimize the oxygen level of the hydrocarbon, is called
hydrodeoxygenation (HDO). In HDO, ideally the oxygen-containing compounds are
converted to oxygen-free hydrocarbons and water using a hydrogen-using catalyst.
Hydrotreatment is carried out at high pressure (up to 200 bars) and temperature up to
400 ◦C and requires a hydrogen supply [140]. Hydrotreating processes remove sulfur
as well as other chemical compounds which are undesirable and detrimental to the
stability and performance specifications of the product. The catalyst used is cobalt,
molybdenum and nickel finely distributed on alumina extrudates [141]. HDO re-
moves oxygen under high pressure of hydrogen with moderate temperature (>400 ◦C)
in the presence of a heterogenous catalyst [142]. Sulfided Co-Mo and Ni-Mo-based
catalysts are commonly used in petrochemical industry for removal of sulfur, nitrogen
and oxygen from hydrocarbons. Pt/SiO–Al2O3, vanadium nitride and Ru have also
been used for HDO [74,142]. HDO improves ignition characteristics by increasing
the heating value, increases miscibility with hydrocarbon and improves stability by
decreasing organic acid, aldehydes and reactive compounds. However, HDO of
bio-oil is very costly, and requires high hydrogen consumption of 400 nitrogen per kg
bio-oil [57];

(iv) Esterification is performed by heating a mixture of bio-oil (carboxylic acid) with
alcohol and acid catalyst. Esterification converts carboxyl acid in bio-oil into their
corresponding esters; reduces the acid number, decreases water content, improves
viscosity, fluidity [79], stability, engine ignition, corrosion [143] and promotes ozone
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oxidation [144]. Zhou et al. [80] found that esterification removed char particles to
improve the homogeneity of dispersed organic droplets in bio-oil. However, large
molecules are still present in the upgraded bio-oil [79]. Esterification does not reduce
the oxygen content in bio-oil. Recently, hydrogenation and esterification were com-
bined in one step, called One Step Hydrogenation-Esterification (OHE), to convert
furfural and acetic acid into furfuryl alcohol and ester over a bifunctional catalyst.
OHE reduces the acid number and forms a combustible bio-oil by improving its sta-
bility and heating value [79,145]. OHE is a promising method to upgrade bio-oil due
to its capability to reduce larger oxygen content that limits many bio-oil applications.

(v) Catalytic cracking breaks down long-chain alkanes in bio-oil into smaller alkanes and
alkenes under hydrogen flow using catalysts and a temperature range above 350 ◦C
with high pressure. Catalytic cracking produces solid coke, liquid and combustible
gas. Oxygen level in bio-oil is mostly converted to H2O at lower temperatures, and to
CO and CO2 at higher temperatures. Catalysts such as aluminum silicate, HZSM-5
and bifunctional catalysts under supercritical conditions can convert the majority of
acids into esters [79], which reduces the density and viscosity and increases the pH
and higher heating value. Bio-oil has a high content of carboxylic acids that make it
corrosive and impart it with a lower pH and high acid number; the removal of acids
from the bio-oil could make it more stable and less corrosive. Shurong Wang et al.
used catalytic cracking with nitrogen purging to convert the carboxylic acids of bio-oil
into liquid hydrocarbons [78]. Catalytic cracking is typically performed using solid
acid catalysts such as aluminosilicates or zeolites [57]. Catalytic cracking of bio-oil
using zeolites can improve bio-oil stability and lower oxygen content. However, the
main challenges in catalytic cracking of bio-oil are coke formation (8–25%) [83] due
to thermally unstable components [74] and low yield of upgraded liquid oil. Coke
can be produced through homogeneous reaction in the gas phase and heterogeneous
reaction over the catalyst. Zhu et al. [146] studied catalytic cracking using MCM-
41, an acid cracking catalyst that was able to remove almost all acid in bio-oil to
obtain an upgraded bio-oil yield of 22.3% and coke yield of 20.5%. One of the ways
to reduce coking is to mix crude bio-oil with gas oil (C1–C4). Zhang et al. [147]
investigated cracking of crude bio-oil and butanol mixture using ZSM-5 catalyst,
which leads to an upgraded bio-oil and coke yield of 28.8 and 12.8%, respectively.
Sunarno et al. [57] obtained an improved yield of bio-oil (45.42%) and a very low
yield of coke (4.34%) using silica alumina as catalyst in a series tubular reactor under
atmospheric pressure. Catalytic cracking improved bio-oil properties with higher
heating value, lower density, and lower viscosity at 35.48 MJ/kg, 938.5 kg/m3 and
5.95 mm2/s, respectively [57].

3.3. Comparative Analysis of Upgrading Methods

Table 8 summarizes the undesired properties of bio-oil along with ways to remedy
them by suitable upgrading methods. It is shown in Table 8 that the decision for suitable
method of upgrading depends on the specific application needs. For example, deoxygena-
tion and conventional refining is suitable for upgrading bio-oil for use as alternative for
transportation fuels [73,79,112]. The degree of expensiveness is indicated by the quantity of
symbol $. The least value of $ indicates the cheapest and $$$$$ is the most expensive value.

The major effect to improve bio-oil quality can be mapped from six upgrading methods
as listed in Table 9. The six methods are selected based on the four to at most six negative
properties of bio-oil that can be overcome.
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Table 8. Effect of upgrading treatments on bio-oil properties.

P/C Upgrading Method Description Cost
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USD 2500/lab scale cata-

lytic cracking unit [151]. 
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Table 9. Major effect of bio-oil upgrading method summary.

Upgrading Method Description
Most Critical to Least Critical Property
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pH
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O2
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H2O
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H

High
Viscosity

Thermal
Instability

Ash/
Alkali Metal Char

Molecular distillation
5 properties, but

lack of most
critical properties
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gen 
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lytic cracking unit [151]. 
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catalyst 
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✓  ✓  ✓ ✓  ✓ 

Catalytic cracking 4 properties, but
critical to have

Sustainability 2021, 13, x FOR PEER REVIEW 19 of 29 
 

Table 8. Effect of upgrading treatments on bio-oil properties. 

P/C Upgrading Method Description Cost 

Most Critical to Least 

Critical Property 

L
o

w
 p

H
 

H
ig

h
 O

2 

H
ig

h
 H

2O
  

L
o

w
 H

 

H
ig

h
 V

is
co

si
ty

 

T
h

er
m

al
 I

n
st

ab
il

it
y

 

A
sh

/A
lk

al
i 

M
et

al
 

C
h

ar
 

P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 

Sustainability 2021, 13, x FOR PEER REVIEW 19 of 29 
 

Table 8. Effect of upgrading treatments on bio-oil properties. 

P/C Upgrading Method Description Cost 

Most Critical to Least 

Critical Property 

L
o

w
 p

H
 

H
ig

h
 O

2 

H
ig

h
 H

2O
  

L
o

w
 H

 

H
ig

h
 V

is
co

si
ty

 

T
h

er
m

al
 I

n
st

ab
il

it
y

 

A
sh

/A
lk

al
i 

M
et

al
 

C
h

ar
 

P Molecular distillation 

Short path, light, middle, 
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P Water extraction 
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Short path, light, middle, 
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USD 599/complete appa-
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P Emulsification 
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permers surfactant [25]. 
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[73,79] 
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P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 
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P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 
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[119,124]. [$$] Low cost 

and low oil yield [150] 
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P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 
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High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   
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Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-
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[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 
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Esterification

5 properties, but
lack of oxygen

removal which is
critical to have
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Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 
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P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 
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vent cost can be expen-

sive 
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P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 
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[119,124]. [$$] Low cost 

and low oil yield [150] 
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P Water extraction 

Separation of bio-oil by ex-
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pounds [134,151] 

[$] Low cost and wider 

option for other applica-
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C Steam reforming Produces syn-gas 
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catalyst deactivation 

[74,79] 
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gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 
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[74] 
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yield [74] 
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Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 
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the help of surfactant 

[148] 
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permers surfactant [25]. 
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[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-
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P Hot vapor filtration (HVF) 
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[119,124]. [$$] Low cost 
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P Water extraction 
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C Steam reforming Produces syn-gas 
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gen 
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T and P 
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yield [74] 
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Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 
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permers surfactant [25]. 
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P Solvent addition 
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duce viscosity) [73] 
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P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 
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P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 
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C Steam reforming Produces syn-gas 
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[74,79] 
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C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 
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High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
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Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 
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tants and high energy 

[73,79] 
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P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 
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C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 

Hydrogenation

5 properties, but
lack of oxygen

removal which is
critical to have
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 

Hydrodeoxygenation
6 properties and

tackling almost the
critical ones
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-

ratus [120]. Low, but en-

ergy consuming [79] 

✓    ✓ ✓ ✓ ✓ 

P Emulsification 

Emulsifying with fuel, with 

the help of surfactant 

[148] 

USD 6.35/kg for Hy-

permers surfactant [25]. 

[$$] High cost of surfac-

tants and high energy 

[73,79] 

✓     ✓   

P Solvent addition 

Add solvent for oil stabiliza-

tion (homogenize and re-

duce viscosity) [73] 

USD 0.31/L methanol 

[149], 

[$] Low cost, simple, and 

practical. Sometimes sol-

vent cost can be expen-

sive 

✓    ✓ ✓   

P Hot vapor filtration (HVF) 
Bio-oil vapor filtered by 

HVF column [73,150] 

USD 100/apparatus set 

[119,124]. [$$] Low cost 

and low oil yield [150] 

✓    ✓  ✓  

P Water extraction 

Separation of bio-oil by ex-

traction of acidic com-

pounds [134,151] 

[$] Low cost and wider 

option for other applica-

tions 

✓ ✓ ✓ ✓ ✓    

C Steam reforming Produces syn-gas 

USD 100/apparatus set 

[127]. [$$] Coking caused 

catalyst deactivation 

[74,79] 

   ✓ ✓    

C Hydrogenation 
Catalytic addition of hydro-

gen 

USD 500,000/petroleum 

refinery unit [128]. [$$$$] 

High cost of hydrogen 

[74] 

✓  ✓ ✓ ✓ ✓   

C Hydrodeoxygenation (HDO) 
Catalytic addition of hydro-

gen and removes oxygen 

USD 500,000/petroleum 

refinery unit [152]. [$$$$] 

High cost of hydrogen 

[74] 

✓ ✓ ✓ ✓ ✓ ✓   

C Catalytic cracking 
H flow and catalyst at high 

T and P 

USD 2500/lab scale cata-

lytic cracking unit [151]. 

[$$$] Coking and low oil 

yield [74] 

✓ ✓   ✓ ✓   

C Esterification 
Alcohol is added with acid 

catalyst 

USD 50/set (ethanol + 

Pd(II) catalyst) [130]. [$$] 
✓  ✓  ✓ ✓  ✓ 
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P Molecular distillation 

Short path, light, middle, 

and heavy fraction separa-

tion [129] 

USD 599/complete appa-
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In conclusion for upgrading method, hydrodeoxygenation (HDO) seems to be a
promising method for making bio-oil compatible with conventional fuel. High impact on
lowering oxygen content is mostly considered as this factor relates strongly with acidity,
corrosiveness, heating value and thermal instability [74,120]. However, the cost for setting
up the HDO process is quite high and difficult to maintain and commercialize. Water
extraction is another good upgrading method to consider due to its lowest cost; the
chemical compounds in the insoluble fraction can be used for other applications. As
shown in Table 7, in selecting appropriate methods, the properties of bio-oil are mapped
onto the critical requirements of various applications. In transportation fuels, properties
such as water content, alkali metal, hydrogen and oxygen content are crucial for smooth
ignition, minimizing blockage in equipment and ensuring high combustion efficiency.
Many properties are desirable but not critical, whereas others are more important. Oxygen
content is very critical to ensure high combustion efficiency for transportation, power
generation and heating applications. pH is another critical property to be considered as it
leads to corrosion of vessels and pipework. These properties can be overcome by HDO
and water extraction as shown in Table 9. Water extraction is considered a promising
method in upgrading bio-oil since it extracts acidic compounds, thus increasing its pH
and reducing oxygen content. This also increases thermal stability and reduces viscosity
in bio-oil. Compared to HDO, a water extraction method is less expensive, adding to
its potential [134,151]. Some challenges still exist for HDO such as catalyst development
and refinement, understanding the coke formation, and effect of impurities on bioactivity
and performance [153]. Although the benefits outweigh the challenges, it is important to
optimize the process and practical for industrial utilization. Continuous improvements are
also seen for other methods in bio-oil upgrading research. As for catalyst development,
Co-MoS2 system or metal catalysts have been extensively studied, but due to high carbon
emission and the high prices of raw materials for the noble metals, alternatives are desired.

4. Environmental Impact

In order to reduce pollution and create sustainability in the palm oil industry, several
efforts have been focused on biomass recycling involving the use of oil palm empty fruit
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bunches (EFB) [154]. Gases that trap heat in the atmosphere are called greenhouse gases
(GHG) and include carbon dioxide, methane, nitrous oxide and fluorinated gases such as
hydrofluorocarbons (HFC) and nitrogen trifluoride. The processing of EFB into bio-fuel and
value-added materials is classified into seven categories (Table 10) to compare their envi-
ronmental impact, including greenhouse gas emission [62]. Processes that produce fuel are
production of ethanol, methane, briquettes and biofuel for use in combined heat and power
(CHP) plants. Processes which create useful material are composting, medium density fiber-
board (MDF) production, and production of pulp and paper [62]. Saswattecha et al. [154]
considered six options for oil palm EFB treatment (mulching, composting plant, combus-
tion, pellet production, ethanol production and gasification), and concluded that com-
bustion was the most effective option as it reduced acidification by 20–238% and human
toxicity by 30–92%, whereas mulching was the most cost-effective [154].

Table 10. Environmental impact of commercial processes of oil palm EFB.

Categories Commercial Process Products from
1 Ton EFB

Energy Consumption
per Ton Environmental Impact

Biofuels

Ethanol
production [59,154] 94.7 kg ethanol 1.3 GJ Emitting 159.6 kg CO2 eq

Methane (biogas)
production [59] 79 m3 methane 0.52 GJ

High impact on eutrophication;
performs best for ecotoxicity
(fresh water and terrestrial);

GHG reduction of 154.6 kg CO2
eq, emitting 108.6 kg CO2 eq

Briquette
production [59,154] 0.33 t briquette 0.166 GJ

Performs best for ecotoxicity
(fresh water and terrestrial);

emitting 43.7 kg CO2 eq

As biofuel for CHP
plant [59] 0.43 MWh electricity 0.36 GJ GHG reduction of 218.6 kg CO2,

emitting100 kg CO2 eq

Material

Composting [59,154] 0.4 t compost <0.1 GJ GHG reduction of 176.5 kg CO2
eq, emitting 22.2 kg CO2 eq

Medium Density Board
(MDF) [59,154] 0.1 m3 MDF 1.07 GJ No significant reduction on

GHG, emitting 61.2 kg CO2 eq

Pulp and paper [59] 0.2 t pulp and paper 4.2 GJ No significant reduction on
GHG, emitting 361.8 kg CO2 eq

One ton of EFB is estimated to yield 94.7 kg ethanol, 79 m3 of methane, 0.33 t briquette,
0.43 MWh of electricity, 0.4 t compost, 0.1 m3 MDF and 0.2 t pulp and paper [62]. Pulp
and paper production requires about 4.2 GJ to process a ton of EFB and is the highest
among these processes. Ethanol production requires 1.3 GJ, and MDF requires 1.07 GJ. In
addition to the conversion processes, pretreatment of EFB such as shredding, washing, and
drying that is required to obtain the raw material in suitable form also requires energy.
Composting requires less than 100 MJ per ton, consumed by the required heavy equipment.
Methane, CHP plant and briquette production require 520, 360 and 166 MJ per ton energy
consumption, respectively.

As seen in Table 10, composting is the best commercial process, it is environmentally
friendly and it scores well on all aspects except toxicity for aquatic and terrestrial envi-
ronments, in which it is outperformed by briquette and methane production. However,
methane production has a relatively high potential for eutrophication. With respect to
global warming, use of EFB as biofuel in CHP plants reduces GHG emission by 218.6 kg
CO2 equivalent; the reduction for composting is 176.5 kg CO2 equivalent and for methane
production is 154.6 kg CO2 equivalent. GHG emissions are not reduced in pulp and pa-
per or MDF production. In terms of CO2 emission, composting releases the least CO2 <
briquette < biofuel for CHP plant < MDF board < biofuel for CHP plant < methane produc-



Sustainability 2021, 13, 10210 22 of 29

tion < ethanol production < pulp and paper [61]. However, for GHG reduction, biofuels
for the CHP plant gives the most significant impact > composting > methane recovery [62].
Based on this analysis, biofuels production from EFB imposes a significant environmental
impact compared to other materials. Table 10 summarizes the environmental impact of
seven commercial processes of oil palm EFB.

5. Limitations and Way Forward

Biomass has been identified as one of the potential sources of renewable energy, in-
volving a conversion of solid waste into biofuels by pyrolysis. It is favorable because of the
abundant supply of biomass and process feasibility. This review underlined the current
state of oil palm EFB as a second-generation biomass for conversion into bio-oil and its
potential to substitute for the depleting fossil fuels. The chemical composition of oil palm
EFB is compared with other forms of biomass to comply with the required characteristics
and properties of an alternative fuel. Chemical composition and physical properties of
lignocellulosic components of EFB materials are important criteria in determining the
product derived from it. The lack of a rigorous and uniform methodology for biomass
pretreatment [90,155] is one of the key issues connected with the first biomass pretreatment
process [90,155]. Physical pretreatment methods such as reduction in size, densification,
torrefaction and the chemical pretreatment processes such as alkaline, acid, steam ex-
plosion, hydrothermal and wet torrefaction have been studied and reported but there
is no study relating to the application of ionic liquids pretreated lignocellulosic biomass
in pyrolysis. Ionic liquids may positively impact the process of pyrolysis and facilitate
improved efficiency. Fast pyrolysis is presented as an effective method for thermochemical
biomass conversion into bio-oil. Circulating fluidized bed is the most widely used reactor
for EFB due to its simplicity and high liquid yield, followed by fixed-bed and ablative
systems. Although a fixed fluid bed reactor is a simple reactor with excellent temperature
control, it has a high requirement for rapid char separation to prevent vapor cracking. The
fundamental challenge in the circulating fluid bed is that the hydrodynamics are quite
complex and must be thoroughly investigated.

The barrier includes greater concentrations of oxygen and moisture in the bio-oil, thus
it is not suitable for direct use as a combustion fuel in automotive engines. Therefore, a
suitable method has to be developed to eliminate the water content and oxygen in order to
yield a high-grade bio-oil equivalent to the existing petroleum fuels. Several upgraded tech-
nologies for bio-oil have been reported so far, which includes in this paper, such as solvent
extraction, hydrodeoxygenation, emulsification, catalytical approaches and steam reform-
ing. However, the yield of the bio-oil in these processes is highly erratic, making it another
limiting factor for bio-oil production. Bio-oil products must be improved while yields are
maintained. Another problem is the lack of understanding of the relationship between the
preliminary precursors (raw material) and the overall operation of the pyrolysis plant.

Understanding the pyrolysis process parameters in a reactor system is important in
producing higher yield and best quality bio-oil. Three parameters, namely temperature,
residence time and heating rates, are the major parameters that affect the output of products.
A temperature range between 400 ◦C to 550 ◦C is effective in maximizing yield of liquid
oil. It is established that a short vapor residence time with a high heating rate maximizes
bio-oil yield, and long vapor residence time with a low heating rate maximizes yield of
fuel gas. Finally, it is observed that char is the dominant product when pyrolysis occurs at
low temperature with lower heating rate.

Oil palm EFB is an excellent non-conventional source of biomass energy. Deriving
alternative jet fuels from oil palm EFB is an important strategy towards achieving green
transportation, especially in Southeast Asia. Extraction or fractionation is a simple and
inexpensive bio-oil refinement method. It improves the properties of bio-oil by extracting
corrosive and thermally unstable acidic compounds by using their greater polarity and
preferential solubility in water. Parameters in water extraction are investigated to remove
high polarity compounds such as formic acid, acetic acid, ketone and reactive compounds,
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resulting in refined bio-oil with low pH for acidity, a higher heating value and more stability.
The CO2 emissions from oil palm EFB processes can be reduced significantly by converting
oil palm EFB into ethanol, briquette, biofuels for power plants and composting. Oil palm
EFB as raw material for energy applications has the potential to minimize greenhouse gas
emissions and pollution. Advances are needed to make pyrolysis as an efficient process
and to find economical and effective means to upgrade bio-oil into biofuels. Ongoing
research to commercialize biomass-derived bio-oil is still needed to provide a reliable and
sustainable source of biomass-derived fuels.

6. Conclusions

Biomass is an attractive clean energy resource which can be converted into biofuels
through biochemical and thermochemical technologies. It is favorable because of the
abundant supply of biomass and process feasibility. This paper underlines the current
status of oil palm EFB as the second-generation biomass for conversion into bio-oil and
its potential to substitute the depleting fossil fuels or petroleum with biofuels. The review
has presented important findings in oil palm empty fruit bunch conversion into biofuels
that covers the similarities and contrast between biomasses, the best reactors followed by
upgrading techniques for biomass conversion into biofuels. The biggest challenge is the
incompatible properties of biofuels including low heating value, thermal instability, and
high corrosivity that necessitates upgrading. In this paper, the comparison of the properties,
effects and impacts of bio-oil and petroleum-based fuels are reflected to the main three uses
of bio-oil that are transportation, power or electric generation, and heating by boiler and
furnace. The difficulties in overcoming the incompatibility for making biofuels through
bio-oil upgrading has been summarized in a mapping table arranged with the degree of
criticality of the properties. Besides properties, the cost of these upgrading methods and
its environmental impact which seldom been discussed in any reviews has been added
to optimize the selection criteria. A broad spectrum of biomass-to-biofuels is reviewed
concisely which is found to be unique to this paper.
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