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Abstract

Renewable energy production has attracted great attention due to public concerns about the depletion of fossil
fuels and the growing emphasis on zero carbon emissions. Two main drivers have pushed renewable energy pro-
duction to the top of the global agenda: climate change and energy security. Biomass is considered to be the only
sustainable source of organic carbon on earth and the perfect equivalent to petroleum for the production of bio-
energy, biofuels and fine chemicals with net zero carbon emission in a biorefinery. This review focuses on the
potential of producing energy from different biomasses and describes technologies such as direct combustion,
microwave technology, hydrothermal liquefaction, and fast pyrolysis to convert biomass into bioenergy. Herein,
innovative scalable concepts are provided to perform microwave pyrolysis on a larger scale. Current research is
mainly focused on the use of catalysts to enhance the process. Various parameters affect the biomass pyrolysis
process, properties, and yields of products. These generally include the biomass source, biomass pretreatment
(physical, chemical, and biological), the catalyst, the reaction atmosphere, temperature, the heating rate, and the
pressure and vapor residence time. The study also shows how various types of reactors affect the bio-oil yield in
the presence of a catalyst.
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Introduction

Fossil fuels play a major role in meeting the world’s
energy requirements. Large consumption of fossil fuels
creates many environmental problems, such as increa-
sed production of greenhouse gases (GHGs), and has
motivated the search for alternative renewable fuel op-
tions (Chinnappan et al., 2016). It has been recognized
that the formation of fossil resources is much slower
than their extraction, causing its depletion at a fast rate
(Höök and Tang, 2013). Faced with this reality, count-
ries have been developing policies to change the energy
matrix to enhance the share of renewable sources (Ga-
brielle et al., 2014). Biomass is one of the few resources
that has the potential to meet the challenges of sustain-
able and renewable green energy systems. Current bio-
mass resources comprise primarily industrial waste ma-

terials such as sawdust or pulp process wastes, hog fuel,
forest residues, clean wood waste from landfills, and
agricultural prunings, and residues from plants such as
lignocellulosic materials. Research studies have aimed at
obtaining energy from existing biomass that includes
solid residues from agriculture like coffee husks, sugar-
cane bagasse, rice husks, and wheat straw (Dickerson
and Soria, 2013). In many countries, agricultural wastes
are burnt, leading to the emission of GHGs such as CO2,
NOx, and SOx. Therefore, to achieve the Kyoto Protocol
(an agreement under the United Nations Framework
Convention on Climate Change) target of emission of
GHGs, it is necessary to convert biomass into liquid
fuels for direct use via biomass pyrolysis, catalytic crack-
ing, or a gasification process (Bradley and Solutions,
2006). The conversion of biomass to liquid products 
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Fig. 1. Conversion of lignocellulosic biomass (Zhou et al., 2011)

begins with a process called pyrolysis. It involves ther-
mal degradation of lignocellulosic biomass through a se-
ries of complex reactions by sweeping nitrogen gas in an
oxygenless environment. The structural components of
biomass are decomposed into lower molecular weight sub-
stances like biochar and bio-oil, along with gases. These
products are categorized as sources of chemicals and re-
newable energy (Aysu, 2015). A roadmap of the conver-
sion of lignocellulosic biomass is shown in Figure 1.

Various catalysts are used for cracking biomass to ge-
nerate different products (Mamaeva et al., 2016). Ligno-
cellulosic biomass catalysts are used in catalytic pyro-
lysis to produce high-grade bio-oil and chemicals. Bio-
mass pyrolysis catalysts like zeolite (FCC, ZSM-5, and
HZSM-5), and alkalis (Na2CO3 /γ-Al2O3, MgO, K2CO3, and
Ca(OH)2) help influence bio-oil quality (Gong et al.,
2011). The catalysis process in pyrolysis involves crack-
ing, deoxygenation, polymerization, oligomerization, al-
kylation, cyclization, aromatization, and isomerization.
The operating parameters for batch, fixed, auger, and
fluidized-bed pyrolyzers include nitrogen flow rate, bio-
mass loading, and biomass particle size (Adhikari et al.,
2014).

For the production of bio-oil, a wide range of biomass
sources is available and these are divided into groups
that include residues, municipal waste and virgin re-
sources. Figure 2 shows bio-oil upgrading via cracking.
A residue is a substance that remains after the process
of combustion or evaporation. Wood residues include
bark, leaves, and branches. Virgin resources are oil
crops and forest resources (Morgan et al., 2017). Algal
biomass has become the focus of attention of many re-
searchers due to its crude bio-oil content, a fuel pre-
cursor (Wang et al., 2018a). 

Fig. 2. Scheme of bio-oil upgrading via cracking
(Bulushev and Ross, 2011)

Grierson et al. (2009) performed a study on Nanno-
chloropsis sp. with slow pyrolysis parameters and re-
ported that the oil yield increased from 19 to 31% w/w in
the presence of HZSM-5 catalyst. An additional advant-
age of using a catalyst is the higher heating value of a li-
quid product (32.7 MJ kg!1). Cellulose has a rigid struc-
ture due to the presence of strong hydrogen bonds.
However, according to some literary sources, the pre-
treatment of cellulose is done before the liquefaction pro
cess to enhance bio-oil yield (Baloch et al., 2018; Kumar
and Sharma, 2017). Both hydrothermal liquefaction and
ultrasonic pretreatment have been used for the
production of bio-oil (Shi et al., 2013). 

Bio-oil

Bio-oil is a dark brown free-flowing, organic liquid
with 15–5% water content, comprising oxygenated com-
pounds. The synonyms used for bio-oil include bio-crude
oil (BCO), liquid wood, pyroligeous acid, wood distillate,
wood oil, liquid smoke, pyrolysis liquid, or pyrolysis oil.
It is a liquid produced by depolymerizing and fragmen-
ting biomass content during pyrolysis (Ren et al., 2009).
Chemically, bio-oil constitutes a chemical mixture of iso-
eugenol, furancarboxy aldehydes, pyrones, formic acid,
acetic acid, water, catechols, vanillins, guaiacols, syring-
ols, and other carboxylic acids. Other major compounds
present in bio-oils are sugars, phenolics, carboxylic
acids, hydroxy aldehydes, and hydroxy ketones. Ele-



A comprehensive review of renewable energy production from biomass-derived bio-oil 181

Table 1. Comparison of Bio oil and fossil oil obtained from fast pyrolysis

No. Substrates
Yield

ReferencesC
[%]

H
[%]

O
[%]

N
[%]

S
[%]

Density
[kg/l]

Viscosity
[Pa @ s]

Water
content

1 Wood 56.60 6.20 37.20 0.10 – 1.30 0.10 –  Mohan et al., 2006

2 Microalgae 62.52 8.52 20.19 9.89 – 1.16 0.11 16.7  Dote et al., 1994

3 Autotrophic
C. protothecoides 62.07 8.76 19.43 9.74 – 1.06 0.10 19.4  Rapagna et al., 2000

4 Fossil oil 85.00 11.0 1.0 0.06 1.0 0.86 2–1000  Miao et al., 2004

5 HTL lignocellulose 67 6 15 1 – 0.82 > 300 43 536  Hoffman, 2013

6 HTL algae (biocrude) 77 10 6 4 0.3 0.95 – 43 503  Duan et al., 2011

7 HTL algae (aqueous) 2.1 11 84 0.8 – 1.02 7.7 –  Biller et al., 2011

mental analysis, gas chromatography, and mass spectro-
metry are used for the determination of the quality of
bio-oil and the presence of phenolic compounds (Yaman
et al., 2018). Most of the studies are focused on the
optimization of bio-oil yield. Further research should be
carried out to improve the quality of bio-oil, such as
satisfactory content of volatiles, a lower content of ash
and increase in fixed carbon in bio-oil yield (Guedes
et al., 2017). The most prominent algae for bio-oil pro-
duction are seaweeds and multicellular green, brown, and
red algae that frequently and closely bear resemblance to
terrestrial plants (Duan et al., 2018). Microalgae have
a superior photosynthetic efficiency with a quicker growth
than lignocellulosic plants (Mohan et al., 2006). Distinc-
tive properties of bio-oil and fossil oil from fast pyrolysis
of wood and microalgae are compared in Table 1.

Properties of bio-oil

The exact chemical nature of bio-oil is largely de-
pendent on pyrolysis variables and feedstock. Several
compounds present in pyrolysis oils, like ketones or
aldehydes, can react with aldol condensations that occur
during handling or storage to form larger molecules in
pyrolysis oil. The produced bio-oil production has 25%
water (by weight) which cannot be readily separated and 
high oxygen content, about 45–50%. The amount of oxy-
gen is the major reason for the variation in the behavior
and properties of pyrolysis oils and hydrocarbon fuels.
Bio-oil is immiscible with liquid hydrocarbons as it is
hydrophilic and polar in nature. Its physical properties
include water content, pH value, stability, viscosity, lo-
wer heating value (LHV), and higher heating value

(HHV). An oxygen bomb calorimeter is used to measure
HHV. Proximate analyses, with elemental analysis, is
given in Table 2, for different biomass sources. HHV and
LHV of bio-oils can be calculated approximately from the
following empirical correlation (Kan et al., 2016):

HHV [MJ/kg] = 0.3491 × C + 1.1783 × H + 0.1005 × S –
 ! 0.1034 × O – 0.0151 × N – 0.0211 × A

where C, H, S, O, and N are the weight percentages of
carbon, hydrogen, sulfur, oxygen, and nitrogen, respecti-
vely, and A is the weight percent of ash.

LHV [KJ/kg] = HHV [KJ/kg] ! 218.3 × H

where H is the weight percentage of hydrogen.

Biomass conversion technology

Biomass conversion from solid to liquid form is a non-
spontaneous process. Biomass conversion technologies
are classified into two categories,thermochemical, and
biochemical conversion. Biochemical conversions are
performed at lower temperature ranges than thermo-
chemical conversion. Thermochemical conversion is cha-
racterized by the use of catalysts for obtaining liquid pro-
ducts and is classified into pyrolysis, gasification, direct
conversion and liquefaction (Ross et al., 2010). Xiong
et al. (2009) reported that thermal pyrolysis converts
lignocellulosic biomass into bio-oils with a range of con-
stituents such as phenolics, acids, hydrocarbons, and
oxygenates. Cellulose gets decomposed to levoglucosan
and fragmented into linear compounds such as acetones,
alcohols, and ketones, and furfural (Hilten et al., 2009),
and hemicellulose (cross-linked cellulose that primarily



Table 2. Elemental (C, H, O, N, S) and proximate (MC, volatile, HHV, ash) analysis of biomass

Biomass C H O N S H/C O/C MC
[wt%]

Volatile
[wt %]

HHV
[MJ/kg]

Ash
[wt%]

Analysis method
of HHV

Tempera-
ture
[EC]

Reference

Wheat straw 58.4 6.0 38.20 0.1 nd 1.46 0.258 nd 75.00 nd nd calorimeter 750  Ren et al., 2009

Almond shell 47.63 5.71 44.48 nd nd 1.44 0.700 7.90 24.00 nd 1.16 calculation 750  Braz et al., 2014

Corn 43.04 6.42 49.27 1.03 nd 1.76 0.858 7.8 28.54 nd 8.06 calorimeter nd  Ren et al., 2009

Corn cob (fruits part) 42.90 6.41 49.23 0.70 nd 1.79 0.8600 6.44 nd nd 2.3 oxygen bomb calorimeter 923  Yanik et al., 2007

hardwood 55.3 6.6 51.29 0.4 nd 1.56 0.934 nd 85.58 19.9 0.6 calorimeter 950  Singh et al., 2016

Cottonseed 48.28 5.69 38.77 1.33 nd 1.36 0.588 nd nd 18.3 5.8 calorimeter 700  Ozbay et al., 2001,  Demirbas, 2001

Pine sawdust 44.80 6.56 48.49 0.05 0.1 1.08 0.14 18.76 80.2 17.13 nd oxygen bomb calorimeter nd  Ronsee et al., 2013

Groundnut shell 48.27 5.70 39.40 0.80 nd 1.42 0.612 nd 54.58 nd nd calorimeter nd  Perez et al., 2002

Hazelnut shell 49.94 5.65 42.81 0.27 nd 1.36 0.643 5.73 nd 2.21 5.73 calculation 600  Yang et al., 2009

Microalgae 50.00 7.11 30.70 7.25 0.54 0.14 0.614 4.59 nd 21.10 7.30 calorimeter 450  Ahmad et al., 2011

Peanut shell 46.59 6.00 53.65 2.06 nd 1.55 0.703 7.98 nd 16.52 12.80 calculation 650  Safi et al., 2004

Rapeseed plant 57.29 6.63 34.08 1.03 nd 1.96 0.265 nd nd nd nd nd nd  Karaosmanoglu et al., 1999

Pine needles 45.81 5.38 46.11 0.98 nd 1.41 0.755 nd 78.54 nd nd nd 900  Ren et al., 2009

Rice straw 45.14 5.85 46.69 0.62 nd 1.56 0.793 8.19 61.00 15.39 12.80 oxygen bomb calorimeter 750  Ren et al., 2009

Sunflower shell 47.40 5.80 41.40 1.40 nd 1.47 0.655 7.1 nd 20.25 4.7 calorimeter 850  Demirbas, 2006

Jute stick 47.18 8.36 44.1 nd nd 1.96 0.085 nd 74.58 nd nd calorimeter 1000  Islam et al., 2005

Wheat straw 47.33 2.55 48.12 0.79 nd 0.63 0.748 8.5 75.00 18.25 3.4 calorimeter 800  Ren et al., 2009

nd – not determined; C, H, O, N and S all are in % terms. HHV and MC refers to high heating value and moisture content respectively
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contains xylan) is thermally pyrolyzed to furfural, me-
thanol, acetic acids, acetones, and phenols. Ketones and
acids are converted in catalytic pyrolysis to phenols,
aromatic hydrocarbons, and polycyclic aromatic hydro-
carbons (Zhang et al., 2007). Lignin gets decomposed
into phenolic compounds which cannot be altered cata-
lytically due to the presence of the aromatic phenol
structure. However, the phenolic structure is converted
into new compounds in catalytic pyrolysis (Kabir and
Hameed, 2017; Dong and Xiong 2014). Direct com-
bustion is the most used and oldest process to obtain
energy; it can also be used to dry of agricultural products
and to generate steam and heat (Saidur et al., 2011).

Conventional pyrolysis

Pyrolysis is a thermal process by which an organic
substance is decomposed at elevated temperatures and
in the absence of oxygen (Fig. 3). Pyrolysis converts
lignocellulosic biomass to bio-oil which is a precursor to
fuels. The high oxygen content of bio-oil deteriorates its
fuel properties. Catalytic pyrolysis of lignocellulose bio-
mass to upgrade bio-oil through selected bond cleavage
reactions such as deoxygenation, cracking, decarbony-
lation, and other reactions has been investigated to date.
Batch, semi-batch, and continuous processes are com-
monly used for bio-oil production by biomass pyrolysis
(Kabir and Hameed, 2017).

Fig. 3. Fast pyrolysis process flow (Beneroso et al., 2017)

Fast pyrolysis

Fast Pyrolysis technology can be used for volatilizing
a broad range of feedstock from organic wastes to plas-
tics. This decomposition, which is irreversible and gene-
rates three types of products i.e., bio-oil, gases, and
char, leads to variations in the chemical composition and
physical characteristics of the biomass produced (Neves
et al., 2011). Pyrolysis is classified as slow, intermediate,

and fast depending on various parameters like the rate
of heating, residence time, feed rate, and reaction tem-
perature. Both slow and the intermediate pyrolysis are
performed below 500EC, but fast pyrolysis is performed
at 500–700EC (Park et al., 2014). Fast pyrolysis gene-
rates a higher amount of cellulose and hemicellulose
content when compared to lignin (Zhang, 2007; Chen
et al., 2011). It typically involves a higher heating rate
(10–200EC/s) for a particle size < 2 mm and a very short
residence time (< 2 s) (Demirbas, 2001; Safi et al.,
2004). Bio-oil obtained from fast pyrolysis is a dark
coffee-colored liquid, mainly composed of carboxylic
acids, water (15–35 wt%), chemical components, and
carbohydrates, which can further be recovered from the
chemical or food industry (Yanik et al., 2007; Karaos-
manogly et al., 1999). The calorific value of bio-oil ran-
ges from 15 to 38 MJ/kg (Asadullah et al., 2007). The
gaseous product of pyrolysis is called synthesis gas
(syngas), and it primarily contains CO2, CO, CH4, and H2

with a gross calorific value of 6.4–9.8 MJ/kg. It can be
used for heating the biomass during pyrolysis, and is
considered a significant gas for drying the biomass in the
pyrolysis process (Islam et al., 2005; Tekin et al., 2014).
It is presented in Figure 4 (Quispe et al., 2017).

Microwave pyrolysis

Conventional heating requires energy supply to the
biomass by heat transfer but microwave heating occurs
through biomass interaction with the electric field,
a component of electromagnetic waves. Thus, micro-
waves provide direct electromagnetic energy transfer
that leads to instantaneous and volumetric heating (Ber-
múdez et al., 2015). Therefore, particle size is reduced
without energy and without requiring pre-treatment, un-
like in the conventional pyrolysis technique (Fig. 5).
When compared to conventional pyrolysis, microwave
heating provides various advantages such as enhanced
quality of biomass derivatives and a simpler process,
(Fig. 6). Microwave pyrolysis of biomass is of much im-
portance in bioenergy research. Microwave pyrolysis can
be scaled up in terms of high power density, very low re-
sidence time, and continuous operation mode (Beneroso
et al., 2017; Önal et al., 2011).

Hydrothermal liquefaction

Hydrothermal liquefaction is a method of obtaining
bio-oil from biomass at a moderate-to-high temperature 
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Fig. 4. Direct combustion and fast pyrolysis processes (PM: particulate matter) (Quispe et al., 2017)

Fig. 5. Pyrolysis process scheme (Quispe et al., 2017)

Fig. 6. Microwave pyrolysis process flow diagram (Beneroso et al., 2017)

(250–550EC) and pressure (5–25 MPa) in the presence
of a solvent in a batch reactor (Akhtar and Amin, 2011).
A vast amount of literature is available to show the role of
alkaline or neutral conditions in hydrothermal liquefaction
of biomass to bio-oil (Yin, and Tan, 2012). Xu and co-
workers (2014) investigated the hydrothermal liquefaction
of Chlorella pyrenoidosa catalyzed by Ce/HZSM-5 for the

production of bio-oil. It is a thermochemical conversion
technique used to convert biomass into liquid fuels, and is
shown in Figure 7.

Hydrothermal liquefaction (HTL) helps in direct con-
version of wet biomass to liquid bio-crude (Yu et al.,
2009). The thermochemical reaction takes place on wet
biomass in water under critical conditions, i.e., process 
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Fig. 7. Hydrothermal processing of biomass (Tekin et al., 2014)

temperatures 270–370EC and pressures of 10–25 MPa
(< 2 MPa: hydrothermal carbonization) (Li et al., 2011; El-
liott et al., 2013). HTL oil has approximately 10–20% w/w
of nitrogen and oxygen, and the energy density in the
range 30–37 MJ kg!1 (Yang et al., 2009; Maggi and Del-
mon, 1994). Macroalgae have also attracted attention as
a feedstock for biofuels. In a study of fast pyrolysis of
Saccharina japonica at 350EC, the highest bio-oil yield of
44.9% was obtained (Ly et al., 2015). Non-catalytic tests
performed on Cladophora glomerata resulted in the high-
est bio-oil production at 500EC (Norouzi et al., 2016).

Hydrothermal torrefaction

Hydrothermal torrefaction is a promising method for
dealing with wet organic matter such as agricultural and
forestry residuals, animal manure, and human waste (Xu
et al., 2018). The wet torrefaction technique is used to
produce high bio-oil yield at mild reaction conditions in
the temperature range of 150 to 240EC in 60 min using
rice husk (Zhang et al., 2017; Wang et al., 2018c). Torre-
faction decreases the oxygen content of the solid pro-
duct. It has been observed that bio-oil obtained from bio-

mass pyrolysis is unstable and low industrial use is due
to the high oxygen content (He et al., 2018).

Gasification

Gas production via bio-oil gasification acts as a bridge
between bio-oil and transportation fuel. Biooil gasifica-
tion is performed by using the air stream as a gasifying
agent (Zheng et al., 2018). Gasification of biomass and
bio-oil produces syngas which can be transformed into
diesel by the Fischer-Tropsch synthesis (Bulushev and
Ross, 2011). Figure 8 shows the use of biomass gasifica-
tion for fuels.

Parameters influencing conversions

Reaction atmosphere

An inert atmosphere is required for the pyrolysis of
biomass. However, other gases can also be used for this
purpose (Putun et al., 2008). Steam performs partial ga-
sification as it may weakly oxidize the biomass. As com-
pared to other atmospheres, under H2 atmosphere, the
HHV of the bio-oil may reach the highest value of
24.4 MJ/kg while oxygen in the biomass is converted to
H2O. In another study, the effects of CO2, CH4, CO, and
N2 atmospheres were observed in a fluidized bed reactor
to assess the potential use of the gasifying medium (Gui-
zani et al., 2014).

Temperature

Pyrolysis temperature influences the properties and
distribution of products. Generally, peak concentrations
of bio-oil yields can be obtained in a temperature range
of 400–550EC, and it declines as the temperature is in-
creased. When the temperature exceeds 600EC, some
parts of bio-oils and biochar products get converted into
gas due to secondary cracking reactions (Li et al., 2007).
With a further increase in temperature i.e., above 700EC,
the carbon content of bio-oil increases (Ates et al., 2008).

Heating rate

Heating rate is an essential parameter for bio-oil pro-
duction during pyrolysis. It defines the type of biomass
pyrolysis i.e., fast, flash and slow pyrolysis. Fast heating
rates are more favorable for higher of yields of gases and
faster fragmentation with a low production of char. Simi-
larly, bio-oil yield also gets enhanced at fast heating rates
due to reduction of mass for secondary reactions. In an 
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Fig. 9. Biomass conversion to biofuels (Isa and Ganda, 2018)

experiment performed on sawdust, it was observed that
when the heating rate was increased beyond 500EC/min,
the bio-oil yield increased by 8%. Furthermore, when the
heating rate was increased to 1000EC/min, no change in
bio-oil yield was observed due to heat and mass transfer
limitations (Salehi et al., 2009). 

Residence time

Bio-oil production requires a shorter residence time
to minimize secondary reactions in the reactor. In an
experiment performed on the pyrolysis of raw sorghum
bagasse at 525EC, an increase in residence time from
0.2 to 0.9 s resulted in a decrease in bio-oil yield from 75
to 57% (Scott et al., 1999).

Pressure

Pressure influences the quality of the product formed
in pyrolysis. High pressure promotes deoxygenation of
bio-oil and increases its combustible performance (Pay-
separ et al., 2018). A study performed on pressurized
pyrolysis of wheat straw indicated the significant in-
fluence of reactor pressure on both the quality of the

product and the yield. However, only a narrow range of
pressures was considered, 0.0689 bar (10 psi) to
2.758 bar (40 psi). Mahinpey et al. (2009) concluded
that the optimum pressure for wheat straw pyrolysis was
1.379 bar (20 psi).

Catalysts

Homogeneous catalysts (such as KOH, Na2CO3, and
alkaline salts) and heterogeneous catalysts (such as Pd/C,
Pt/C, Ru/C, Ni/SiO2-Al2O3, CoMo/γ-Al2O3, zeolites, and Fe)
improve bio-oil quality (Mostafazadeh et al., 2018). Va-
rious catalysts help to form products with different pro-
perties at the same temperature and from the same raw
material (Valle et al., 2013). These compounds have
a higher thermal stability, an acidic site, excellent activity,
a large surface area, and good shape selectivity for hydro-
carbons, thereby enhancing bio-oil production.

Bio-oil applications

Thermal cracking, hydro treatment, and catalytic
cracking are the conventional methods of upgrading bio-
oil (Ma et al., 2018). Petroleum range hydrocarbons can
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be produced by the secondary processing of bio-oils
through the use of various catalysts like metals, metal
carbonates, and oxides, and aluminosilicates (Isa and
Ganda, 2018). Biomass conversion to biofuels is shown
in Figure 9 (Isa and Ganda, 2018). Bio-oil can be used as
an alternative source of fuel in various applications like
engines, turbines, furnaces, and boilers for heat and
electricity generation (Shihadeh and Hochgreb, 2002).

Electricity production

The use of bio-oil requires engine modifications, prima-
rily due to its high acidic value. Major changes in the li-
nings, pumps, and injection systems of engines are neces-
sary for the use of bio-oils. Bio-oil blended with standard
bio-diesel fuels is also achievable (Bertero et al., 2014).

Heat production

The heating value of bio-oil is less in comparison to
fossil fuels because of the amount of oxygenated com-
pounds present and a considerable water content. How-
ever, flame combustion tests have proved that fast pyro-
lysis oils can substitute backlight and heavy fuel oils in
industrial boiler applications (Bridgwater, 2003).

Chemicals obtained from Bio-oil

More than 300 compounds are recognized as wreck-
age from the essential components present in biomass
like the cellulose, lignin, and cellulose derivatives. The
only commercially significant application of chemicals
obtained from bio-oil is liquid smoke or wood flavor
(Montazeri et al., 2013; Akharume et al., 2019; Boocock
et al., 2001). 

Transport fuels

The limitations of bio-oil fuels include high viscosity,
chemical instability, heating value, and incomplete volati-
lity. To enhance the quality of bio-oil as transport fuel,
the application of simple physical methods is necessary.
Surfactants are mixed in pyrolysis oil so that it can be
emulsified with diesel fuel. In Canada, the microemul-
sion technique is being used with 5–30% bio-oil at the
University of Florence to convert bio-oil to transport fuel
(Baloch et al., 2018; Baglioni et al., 2001). 

Reactor type

To maximize the yield of bio-oil with a wide variety of
feedstocks, efforts are being made to develop and test

different reactor configurations based on different fluid
dynamics. It has been estimated that the initial invest-
ment for the reactor configuration represents approxi-
mately 10–15% of the total capital cost of the pyrolysis
process (Bilbao et al., 2018). Various types of bioreac-
tors are used in pyrolysis systems; they are fixed bed,
Heinze-type reactor, Auger reactor, vacuum pyrolysis,
ablative pyrolyzer, rotating cone pyrolyzer, circulating
fluidized bed/transport reactor, and bubbling fluidized
bed. Similarly, for a slow pyrolysis system, microwave
and tubular reactors are specifically used. An overview
of the work done in slow and fast pyrolysis on various
biomass sources is presented in Table 3. Major high-
lights of significant reactors are as below.

Bubbling fluidized bed reactor 

A bubbling fluidized bed reactor is made of stainless
steel pipes, and nitrogen is used as the fluidizing me-
dium introduced via a 100 μm porous gas distributor.
The system uses silica sand and dolomite with a particle
size 180–250 μm as the fluidized bed material (Ly et al.,
2018; Wang et al., 2018b). These are simple fluidized re-
actor beds with modifications as opposed to circulating
fluidized beds (Fig. 10). These are simple to operate and
construct, and in addition, they provide efficient heat
transfer with good temperature control because of the
presence of high solid density. Sand is often used for the
solid phase. These beds increase the yield of good qua-
lity bio-oil. Moreover, char accumulation is negligible
and is eluted rapidly (Ren et al., 2009; Ly et al., 2015; Lu
et al., 2008; Miranda et al., 2009).

Circulating fluidized beds

The circulating fluidized bed has features similar to
that of a bubbling bed reactor. The residence time of va-
por and char is approximately similar (Pütün et al.,
2005). The majority of circulating beds appear to be di-
lute phase units. As they are dependent primarily on gas,
their heat transfer rates are very low (Ambler et al.,
1990). Biomass ash, also known as a cracking catalyst,
causes a loss of volatile particles in bio-oil yield. This
technique is majorly used in the petrochemical and pe-
troleum industry (Reyhanitash, 2013).

Vacuum pyrolysis reactors

The heat transfer rate of a solid biomass is much
lower in vacuum pyrolysis reactors when compared with 



Table 3. Various reactors used for different biomass

Type
of

pyrolysis

Reactor
type System Reactor configurations Biomass

type
Cellulose

[%]

Hemi-
cellulose

[%]

Lignin
[%]

Yield
[%]

Tempera-
ture
[EC]

Pressure
Carrier

gas
need

Catalyst
type

Residence
time Reference

Slow
pyrolysis

tubular
reactor batch made up of stainless steel, height

800 mm, inner dia. 20 mm
banana

peel 15.07 34.8 15.98 0.35 250 1 atm low ZSM-5 – Onal et al., 2011

Slow 
pyrolysis

semi-
continuous batch – orange

peel 17.58 28.58 12.39 53.9 250 – low zeolite – Miranda et al., 2009

Slow
pyrolysis

Heinze
type

reactor
batch – cotton

stalk 25.3 27.8 24 0.2382 300 – low ZnCl2 – Dickerson 
and Soria, 2013

Slow
pyrolysis

fixed
bed batch – micro-

algae 36.64 4.82 39.61 0.4636 450 20 Mpa high – 30 min Mohamed et al.,
2013

Fast
pyrolysis

bubbling
fuidized

bed
continuous made up of alumina tube, height

2.3 m, dia. 0.075 m
wheat
straw 16 26 29 0.55 450 10 bar high Al-SBA-15 15–30 min Karoasmanoglu 

et al., 1999

Fast
pyrolysis

circulating
fluidized

bed
continuous

made up of 316 stainless steel,
height 915 mm, bed diameter
30 mm

corn
cob 41.7 30.84 30.1 34.0 500 30 Mpa high zeolite 5 min Cao et al., 2004; 

Lu et al., 2008

Fast
pyrolysis

tubular
bowl continuous stainless steel, diameter 125 mm,

height 500 mm
pine
wood 46.4 31.7 21.9 42 500 – low BEA

zeolite 0.5 s Jand and Foscolo,
2005

Fast
pyrolysis ablative batch – saw

dust 15.25 25.58 13.25 45 750 – low Al2O3 – Reddy et al., 2014

Fast
pyrolysis

fluidized
bed continuous cylindrical horizontal, height 3 m

long, 0.6 m diameter
sugarcane
bagasse 20 25 42 38–48 550 8 Kpa high – 0.5 s Putun et al., 2005

Fast
pyrolysis

fixed
bed continuous made up of high temperature

stainless steel
almond

shell 29 28 35 41.3 550 2.5 bar high CaO 30 min Gomez et al., 2009

Fast
pyrolysis batch continuous – olive

husk 22.5 21.1 44.9 18.0 500 0.21 bar low Na2CO3 – Zabaniotou et al.,
2000

Fast
pyrolysis

fluidized
bed continuous made up of alumina tube rice

husk 34.0 27.2 14.2 0.2711 500 350 Mpa high Al2O3 2–3 s Park et al., 2008;
Chen et al., 2011

Fast
pyrolysis

fixed
bed batch – potato

skin 15.07 31.45 14.58 0.1386 550 20 Mpa high – – Ji-lu et al., 2007
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Fluidized
bed reactor Biochar Quench cooler Electrostatic

precipitator

Bio-oil

Fig. 10. Bubbling fluidized bed reactor (Mohan et al., 2006)

other reactors. During the thermal decomposition of the
biomass under reduced pressure, complex molecules in
the reactor break down into simpler ones. These smaller
fragments are swiftly withdrawn by vacuum, and are
further recovered as pyrolytic oil (Li et al., 2007). The
process is performed at approx. 450EC at a total pres-
sure of 15 KPa. The major advantage is that volatiles can
achieve short residence times. Thus, the biomass par-
ticle residence time does not couple with that of volatile
particles (Bridgwater, 2019; Bridgwater, 1999).

Ablative pyrolysis reactors

The ablative process depends on the heat transfer
that occurs when any particle from the biomass slides
over a solid heat source. Here, the reaction is limited by
the rate of heat transfer to the biomass particle; there-
fore, small particles are essential. The principle behind
this reactor is scraping a stream of biomass particles
over a heated surface. The conditions required are high
pressure and high relative motion (Mohan et al., 2006).

Fixed bed reactors

Fixed bed bioreactors may be used to maximize the
bio-oil yield. The reactor tube is made of stainless steel
and is heated independently by an electric furnace to
ensure an isothermal region in the reactor. David and
Kopac (2018) demonstrated that the bio-oil produced
from rapeseed oil cake at a pyrolysis temperature of
500EC results in 34.6% yield. The calorific value of the
bio-oil produced at 500EC was 33.13 MJ/kg which is si-
milar to that of coal. In another research, cotton stalk
was used for pyrolysis to obtain bio-oil with a maximum
yield of 55% at 510EC (Li et al., 2007).

Kinetic modeling study of the bio-oil formation

Biomass degradation requires comprehensive models
for the kinetic mechanisms. These mechanisms require
chemical equations for both mass and heat transfer. To

determine the kinetic parameters, model fitting, or iso-
conversional models are used. Model fitting models are
classified as either one-component or multi-component
(Resende et al., 2010). In one component modeling of
the formation of tar, char and gases occur from the bio-
mass in a single, independent, and global reaction me-
chanism. But multi-component modeling characterizes
the initial biomass of lignin, cellulose, and hemicellu-
loses (Ranzi et al., 2014). The former is mainly related
to thermo gravimetric analysis (TGA). TGA helps in
proximate analysis (fixed carbon, ash content, moisture,
volatile content) and also studies the kinetic mechanism
of pyrolysis. Here, weight change in the biomass sample
is measured under isothermal (mass loss vs time) or
nonisothermal conditions (mass loss vs temperature).
Every pyrolysis model helps to describe the process with
mathematical expressions which rely on either system
components (mechanistic model) or experimental data
(empirical model). Pyrolysis models are called pseudo
mechanistic models. The multi-component model is
based on the devolatilization reaction of biomass com-
ponents (lignin, cellulose, or hemicellulose) and secon-
dary phase pyrolysis reactions. This model is suitable for
a wide range of biomasses as long as biomass characte-
rization is performed properly. In this process, it is ge-
nerally assumed that there is no interaction between the
components of the biomass. A simplified detail of bio-
mass is given as elemental analysis (C, H, N, O, S),
proximate analysis and biochemical analysis. 

In a recent research, the detailed chemistry of the
devolatilization of cellulose, hemicelluloses,, and lignin
was studied using Gas chromatography–mass spectro-
metry (Azeez et al., 2010).

The research was performed on a cellulose sample to
observe the kinetics of pyrolysis; cellulose degradation
was assumed to be occurring with first-order reaction
kinetics. Cellulose is degraded into a) volatiles (conden-
sed fraction) and b) gaseous and char fractions (includes
carbon monoxide, water, and carbon dioxide), with kv

and kc being the respective rate constants. Figure 11
shows the kinetics of cellulose pyrolysis.

Wcell, Wc, Wg, Wv are the normalized weights of cellu-
lose, char, gases, and volatiles, respectively. Also, Wcell

+ Wc + Wg + Wv  = 1. Further, by using the rate equation

!dWcell / dt = (kv + kc) [Wcell].
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Cellulose

Volatiles
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Kc Char + Gases
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Cellulose Active cellulose

Volatiles

Char + Gases

Fig. 11. Kinetics of cellulose pyrolysis
(Resende and Savage, 2010)

Hence, modifications were made to the kinetic model
as shown in Figure 12, which revealed cellulose thermal
decomposition kinetics.

The rate constants kv and kc are expressed by the
Arrhenius equation:

kv = 1.9 × 1016 × e!(47 300/RT) min!1

and

kc = 7.9 × 1011 × e!(36 600/RT) min!1

Fig. 12. Cellulose thermal decomposition kinetics
(Resende and Savage, 2010)

This suggests that cellulose does not get converted
directly to volatiles but undergoes intermediate chemical
and physical changes during pyrolysis (Resende and
Savage, 2010). 

Conclusions

The rising concerns about depleting fossil fuels and
greenhouse gas limits have resulted in a great interest
in non-conventional fuels originating from bio-renewable
sources including sugars, starches, lignocellulosic ma-
terials, and algal biomasses. Bioenergy crops can be
grown for two contrasting markets: power generation
(electricity, heat, and combined heat and power), and
liquid transport fuels. Although, over one billion tons of
biomass per year would be potentially available to meet
the 30% replacement requirement of petroleum-derived
gasoline in 2030, the high cost of biomass could be a se-
rious issue if potential lands and feedstocks are not ma-
naged and utilized efficiently. Biofuels such as ethanol,

butanol, hydrogen gas etc. produced from various ligno-
cellulosic materials such as wood and agricultural, and
forest residues have the potential to be a valuable sub-
stitute for, or complement to, gasoline. The review de-
scribes technologies such as direct combustion, micro-
wave technology, HTL, and fast pyrolysis to convert
biomass into bio-oil. Current research is mainly focused
on the use of catalysts to enhance bio-oil production and
quality. Various parameters affect the biomass pyrolysis
process, properties, and yields of products. These gene-
rally include the biomass source, biomass pretreatment
(physical, chemical, and biological), the catalyst, the re-
action atmosphere, temperature, the heating rate, as
well as the pressure and vapor residence time. In in-
dustrialized countries, direct combustion technology is
mainly used because of its economic viability. Currently,
a new biomass-based economy may be established by
developed countries by incorporating bio-oil into refinery
units to fulfil the market demand of fuels. The asses-
sment of the potential economic impact of biomass on
the fuel industry should account for the limited avai-
lability of biomass. Biomass-based technology, which is
still in a nascent stage, cannot compete with conventio-
nal fossil fuels. Further research is required to design
and implement new units for upgrading raw bio-oil within
the scope of the petrochemical industry.
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