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ABSTRACT

In this paper the authors provide comparative evaluation of current research that used liquefaction and pyrolysis method for bio-oil production
from various types of biomass. This paper review the resources of biomass, composition of biomass, properties of bio-oil from various biomass
and also the utilizations of bio-oil in industry. The primary objective of this review article is to gather all recent data about production of
bio-oil by using liquefaction and pyrolysis method and their yield and properties from different types of biomass from previous research. Shortage
of fossil fuels as well as environmental concern has encouraged governments to focus on renewable energy resources. Biomass is regarded
as an alternative to replace fossil fuels. There are several thermo-chemical conversion processes used to transform biomass into useful products,
however in this review article the focus has been made on liquefaction and pyrolysis method because the liquid obtained which is known
as bio-oil is the main interest in this review article. Bio-oil contains hundreds of chemical compound mainly phenol groups which make it
suitable to be used as a replacement for fossil fuels.
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1. Introduction 2. Biomass

The search for cleaner energy sources is expanding each day due 2.1. Definition
to the increasing of population and urbanization. Major energy
resources such as petroleum, coal and natural gas might be depleted
in the future. Global Energy Statistic reported that the overall
energy demand is predicted to increase by 50% compare to energy
demands reported in 2015. Besides that, burning of this energy
sources can cause atmospheric pollution like global warming, acid
rain and air pollution. With growing concerns for fossil fuel deple-
tion and environmental threat, there is a strong interest in exploring
renewable materials such as sunlight, wind, water and biomass
as alternative feedstock for energy sources.

Biomass is readily available and renewable; it does not contain
nitrogen and sulfur and does not affect the overall CO, concen-
tration in the atmosphere. Hence biomass is considered to be a
good source of energy.

Biomass is an organic material originated from plants, animals,
and microorganisms which is non-fossilized and biodegradable.
Biomass also comes in the form of products, byproducts, resi-
dues and waste from agriculture, forestry and related industries
as well as the non-fossilized and biodegradable organic frac-
tions of industrial and municipal solid wastes. Gases and lig-
uids recovered from the decomposition of non-fossilized and
biodegradable organic material also can be considered as bio-
mass [1].

2.2. Resources

Biomass exists in two forms, woody and non woody. The woody
biomass originates from plants while non-woody form originates
from excess waste of animals, industry and crops. Biomass feed-
stock can be used in the form of liquid fuels, heat, electric power,
and bio-based products. Fig. 1 shows most common biomass feed-

stock [2].
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Fig. 1. Sources and types of biomass [2].

2.3. Biomass Resource in Asian and European Countries Country Biomass resource References
Biomass is a renewable resource that is used to replace petroleum Spain Forest residue

for the production of steam, heat and electricity. There are several - Waste from the treatment and use [4]
Asian and European countries that have been using biomass as of forest strand

a source of energy such as United Kingdom, Spain, China, Kenya, - Wood agricultural residue

Finland, Brazil, Sweden, Malaysia, Thailand, Pakistan and India. - Olives

Biomass that is used in these countries is tabulated in Table 1. - Vineyards and fruit trees

Table 1. Biomass Used in Asian and European Countries .
Herbaceous residue

Country Biomass resource References - Cereal straw
United Arable crops: [3] - Corn cane
Kingdom - Wheat
- Barley Energy crops
- Oats - Rapeseed
- Rye, mixed corn and triticale - Sorghum
- Oilseed rape - Ethiopian thistle
- Linseed China Rice, wheat, maize, beans, yam, cotton, [5, 6]
- Potatoes oilseed crops, sugar crops
- Sugar beet
- Peas Kenya Charcoal, wood fuel and agriculture [7]
- Maize waste
Finland Woody plant [8]
Horticultural crops:
- Grown outdoors vegetable Brazil Sugar and alcohol sector [9]
- Orchard fruit Paper and cellulose sector

Agricultural residue
Wood industry residue
Oleaginous plants

- Soft fruit and wine grapes
- Outdoor plants and flowers
- Glasshouse crops
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Country Biomass resource References

Sweden Forest industry: pulp, paper mills and [10]
sawmills

Malaysia Shell, fiber, empty fruit brunch. [11, 12]
Rice husks, rice straw
Logging residue, plywood, sawmill

Thailand Bamboo biomass, woodchip, rice [13, 14]
husks

Pakistan Animal dung [15]

India Rice husk, waste wood, agricultural [16, 17]

residue

2.4, Composition of Various Biomass

Lignocellulosic biomass has varying amounts of cellulose,
hemi-cellulose and lignin [18]. Hemicelluloses are a polymer con-
stituted of sugar units. Cellulose is a glucose polymer which contain
(1, 4)-D-glucopyranose units link with 1-4 in the S-configuration.
Hemicellulose is different from cellulose, as it consist of primarily

xylose and other five-carbon monosaccharides[19]. Lignin consists
of cross linked, three-dimensional polymer formed with phenyl-
propane units. Generally, lignocellulosic biomass consist of 10-25%
lignin, 20-30% hemicelluloses, and 40-50% cellulose [20]. The
total amount of every component in lignocellulosic biomass is
important to determine how effective the biomass can be converted
into green fuels or valuable chemicals [21]. The weight percent
of cellulose, hemicelluloses, and lignin varies depending on the
type of biomass. Table 2 shows the compilations of lignocellulosic
contents in different type of biomass.

2.5. Elemental Composition and Physical Properties of
Various Biomass

Analysis of fuel is represented by the elemental composition (C,
H, O, N and S), ash content, moisture content and higher heating
value (HHV). The elemental composition of biomass is analyzed
to evaluate the capability of the biomass to produce high value
of bio-oil. The elemental analysis and physical properties of biomass
is tabulated in Table 3. Table 3 illustrates the analysis of 11 types
of lignocellulosic biomass.

Table 2. Chemical Compositions of Various Feedstock’s for Bio-oil Production

Biomass Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) References
EFB 59.7 22.1 18.1 [22]
Sugarcane bagasse 31.0 23.3 21.8 [23]
Rice husk 31.3 24.3 14.3 [24]
Coconut shell 34.0 21.0 27.0 [25]
Wood sawdust 41.0 19.0 23.0 [26, 27]
Corn stover 31.0 43.0 13.0 [22]
Wheat straw 32.4 41.8 16.7 [22]
Municipal solid waste (paper waste) 58.8 11.2 1.0 [28]
Banana stem 63.9 65.2 18.6 [29]
Softwood 42 + 2 27 + 2 28 = 3 [19]
Hardwood 45 + 2 30 = 5 20 + 4 [19]
Table 3. Elemental Analysis and Physical Properties of Various Biomass

Biomass C (wt%) H (wit%) O (wt%) N (wit%) S (wi%) ash moisture HHV Reference
EFB 51.78 7.04 40.31 0.72 0.16 4.64 7.38 18.74 [30]
Sugarcane bagasse 58.14 6.05 34.57 0.69 0.19 4.34 16.07 18.61 [31]
Rice husk 45.28 5.51 45.1 0.67 0.29 11.70 6.37 15.29 [24, 32, 33]
Coconut shell 63.45 6.73 28.27 0.43 0.17 3.38 11.26 22.83 [31]
Wood sawdust 52.00 6.07 41.55 0.28 - 0.10 - 20.407 [34]
Corn stover 46.60 4.99 40.05 0.79 0.22 4.88 7.66 18.3 [35, 36]
Wheat straw 47.3 6.8 37.7 0.8 - - 4.1 - [37]
?gzgéiifxists;hd waste 39.71 714  53.15 - - 6.03 6.51 - [38]
Banana stem 38.2 5.3 43.4 0.3 0.49 8.04 £ 0.17 10.89 = 0.2 13.70 = 0.10 [39, 40]
Softwood (av.) 52.1 6.1 41.0 0.2 - 1.7 - 20.0 [41]
Hardwood (av.) 48.6 6.2 41.1 0.4 - 2.7 - 18.8 [41]
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2.6. Compilation of Various Biomass Produce Bio-oil by
Liquefaction and Pyrolysis Method

Table 4 represents the compilation of 11 types of lignocellulosic
biomass used to produce bio-oil from recent research works which
is 5 y back (2013-2018). These compilations mainly focus on the
production of bio-oil by using liquefaction and pyrolysis method
with varied operational conditions. Table 4 lists all the parameters
that have been investigated from previous research such as types
of reactor and process, operational conditions, pressure, temper-
ature, and yield. From the table it can be deduce that several
types of process have been implemented by researchers, for instance
hydrothermal liquefaction, microwave pyrolysis, and slow py-
rolysis, but the most frequent process used are fast pyrolysis. Fast
pyrolysis process is favorable as it can maximize the yield of
bio-oil approximately about 80% based on dry feed and operational
conditions used. Liquefaction process is less attractive among re-
searchers compare to pyrolysis process as it produce lower yield
of bio-oil (between 20-55 wt%) and requires additional catalyst
or other reactants to facilitate the process which is major drawback.
Based on the compilation most of pyrolysis process takes place
in a fixed bed reactor at atmospheric pressure within temperature
range of 450°C to 600°C. Fixed bed reactor is more effective com-
pared to other reactor designs as it consist of ideal plug flow
behavior, lower maintenance cost and reduce loss due to attrition
and wear [42]. The highest yield of bio-oil is recorded from rice
husk, coconut shell, and softwood which are at 70.0%, 75.74%,
and 74.1%.

2.7. Properties of Bio-oil from Various Biomass

Bio-oil is the product of depolymerization of biomass building
blocks which are hemicelluloses, cellulose and lignin. Hence ele-
mental composition of wood bio-oil is similar to biomass rather

than petroleum oil. Table 5 shows comparison between properties
of bio-oils from different feedstock. Water content in bio-oil comes
from the original moisture in biomass and also from the product
after pyrolysis process. High amounts of water content in bio-oil
are considered as disadvantage for its usage as a fuel. The accepted
range of water content in bio-oil is between 25-26 wt% [87]. Table
5 deduce that the water content in the bio-oil extracted from empty
fruit bunch (EFB), sugarcane bagasse, banana stem and softwood
are in acceptable range. On the other side bio-oil of rice husk,
wheat straw and hardwood shows high amount of water content
and may not be suitable to be used directly without further
improvements. Density of bio-oil from all biomass was found to
be in between of 900 to 1,548 kg/rn3. These values are considered
higher compare to the density of crude oil which around 860
kg/m® [88]. High density values means that the bio-oil has high
amount of oxygen instead of polycyclic aromatic which presence
mostly in hydrocarbon oil. Bio-oil from woody biomass usually
has low pH value which is around 3.7 only because it contains
some organic acid such as acetic and formic acid [89]. Table 5
deduces that the pH of bio-oil from all the biomass is between
1.5-3.85 which is in the range of proposed literature. The proposed
viscosity for bio-oil derived from biomass is 40-100 cP. Table 5
shows that the viscosity of bio-oil varied over a wide range depend-
ing on the type of biomass and also experimental conditions. The
heating value of all the bio-oil is very low compared to heating
value of heavy fuel oil which is at 40 MJ/kg [90]. This may due
to the high amount of water content which results in the decreasing
of energy in the oil.

2.8. Bio-oil Utilizations in Industry

Bio-oil is obtained from the burning of dried biomass in a reactor
in the absence of oxygen at temperature about 500°C with sub-

Table 5. Comparison of Properties between Bio-oils from Different Feedstocks

t Wood
. FFB Sugarcane Rice husk Coconu 00!
Properties [91-93] bagasse [94] shell sawdust
[46] 31, 59] [95]

Kinemaic 384 2150 486116277 36 1
viscosity (cSt) ' ' ' ' (cP, at 40°C)
Density

3 900-1,548 1,150 1,138-1,170 1,090 1,060
(kg m)
pH 2.8 3.85 2.85-3.2 3.15-3.28 2.07
HHV

B 36.06 23.50 14.285-21.742 38.6 20.38
M kg')
Water content (%) 7.90 11.60 26.18-41.32 - -
Elemental analysis
(%)
C 69.35 52.62 37.86 + 0.21 75.4 24.86
H 9.61 7.40 5.24 £ 0.01 11.7 7.17
0 20.02 39.10 35.32 + 2.15 10.5 67.61
N 0.74 0.75 0.68 + 0.06 2.4 0.35
S < 0.07 - - -

24

Municipal solid

Corn Wheat Banana
waste Softwood Hardwood
stover straw (paper waste) stem [97] (98]
[95] oe] TP [81]
[38]
13 23.5 2.00 62 32.63
(cP, at 40°C) ' ' '
1,020 1,205 1,200 1,188 1,232
2.64 2.4 15 3.18 £ 0.02 3.00 -
20.39 24.2 13.10 7.97 27.9 14.34
- 26.7 200 £ 0.1 13.0 32
13.00 50.78 40.80 9.70 62.6 54.59
8.08 3.20 6.29 11.21 7.0 6.74
78.39 44.42 52.91 50.42 29.0 38.57
0.53 1.37 28.67 11 0.10
- - - - <01
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Table 6. Application of Bio-oil in Industry

Products Function References
. Asphalt or bitumen used in the road construction is produced from refining of crude oil. Bio-oil
Asph 1
sphalt binder is mixed with the base binder to produce a bio modified binder. [100]
. Adhesive is known as glue. Phenol component in adhesive is extacted from crude oil. Bio-oil
Adhesive . . . . . [101]
which comprises of phenolic compound is used to replace parts of the adhesive.
. Resin originated from plant or synthetic can be used in the making of polymer. Bio-oil was
Resins . . . . . [102]
used as a source of phenolic compounds in the production of a bio-based polymeric network.
Food flovoring Vanillin which is an artificial vanilla flavour is made from lignin extracted from bio-oil. [103]
Agrichemicals Bio-0il have many organic compound that can be used in the making of bio-based fertilizers [104]

and pestisides.

sequent cooling. The physical appearance of bio-oil is dark-brown
liquid with a strong odor [99]. Bio-oil produced from fast pyrolysis
and thermal liquefaction can be utilized in many sectors. It can
be used as heat and power generation, liquid fuels, and raw chemical
products. Chemicals extracted from bio-oil are mostly used in
construction, food flavorings, resins, adhesives, and agrichemicals.
Table 6 describes the application of bio-oil in industry and its
function.

3. Conclusions

It is crucial to select the best process to transform biomass into
bio-oil which can be a viable alternative to fossil fuels.
Thermo-chemical liquefaction and pyrolysis method is the best
process to achieve this goal. From the literature it can be concluded
that pyrolysis method has gained a huge amount of interest compare
to liquefaction method as it produces large quantity of bio-oil
and the quality is much better. Fast pyrolysis method with fluidized
bed and fixed bed reactor has been used the most by researchers
as it produce higher yield of bio-oil. This review article conclude
that high yield of bio-oil was obtained from palm EFB, sugarcane
bagasse, rice husk, coconut shell, wood sawdust, corn stover, wheat
straw, municipal solid waste, banana stem, softwood and hardwood
is at atmospheric pressure and temperature range between 400°C
to 615°C. Hydrothermal liquefaction, microwave pyrolysis and slow
pyrolysis method which is another way to obtain bio-oil, is also
a process of interest. Low quality of bio-oil properties such as
high-water content, low pH and heat value limits its utilization.
Hence further improvisation of bio-oil is required in order to pro-
duce a high-grade of liquid fuel.
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