ISSN: 2455-5584
Volume 11, Issue 1, 2025

International Journal of

Nanomaterials and Nanostructures

January—June
DOI (Journal): 10.37628/IJNN

https://journalspub.com/journal/ijnn

A Review on Bio-Oil Production from Agricultural Waste
Based on Various Processes, Bio-Qil Yield and Energy
Recovery

Sonali Samanta', Asit Kumar Saha®, Rajat Chakraborty™

Abstract

Agricultural waste generated through cultivation of crops, vegetables, fruits, and poultry can pollute
the environment and affect the health of both humans and animals. Traditionally, most agricultural
wastes are either burned or disposed of in landfills which cause acute environmental pollution. These
easily accessible and underutilized agro-wastes remain a potential resource for biofuel production. This
review analyses several thermochemical and biochemical methods encompassing pyrolysis,
gasification, and hydrothermal carbonization (HTC) and fermentation to convert agricultural wastes
including crop stalks, husks, straw, and bagasse into biofuel. The highly accepted method is pyrolysis
which results in bio-oil; whereas gasification produces syngas utilized for electric power production as
well as conversion to liquid fuels. HTC at lower temperature and pressure produces hydrochar which
can act as a solid fuel or be transformed into liquid biofuels. Apart from biofuels, biochar, which is a
by-product of pyrolysis, HTL and gasification processes, is also useful in the enhancement of soils as
well as for carbon storage. Based on energy recovery, the processes are ranked as follows:
Fermentation>Pyrolysis>HTL. Despite its potential, geographical diversity causes feedstock
variability necessitating process optimization, technology advancement, economic feasibility toward
sustainable implementation. Additionally, scalability and environmental concerns, including pollutant
emissions, need to be addressed for large-scale commercial biofuel production.
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INTRODUCTION

The global demand for production of environmentally friendly alternate fuel surged in recent years,
as the depletion of finite resources became a severe problem to the world [1]. On the other hand, the
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estimated in 2020 that, annually India generates
more than 350 million tons of agricultural waste,
with a trend of 5-10% annual growth [2, 3].
Conventionally, these residues have been disposed,
burned, or used for low-value purposes, which can
come up with environmental pollution. According
to estimations provided by the Ministry of New and
Renewable Energy this trash can provide over
18,000 MW of electricity annually aside from
producing green fertilizer for use in agriculture [4].

Thermochemical conversion methods, such as
pyrolysis [5, 6], gasification [7], and hydrothermal
carbonization (HTC) are the most widely accepted
techniques for converting agricultural waste into
biofuel. These processes not only generate biofuels,
such as bio-oil, syngas, and biogas but also produce
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biochar and hydrochar — carbon-rich materials that can use in multiple sectors [8]. The high surface area
and porosity of biochar and hydrochar also make them suitable for various industrial applications, such
as adsorption of pollutants from wastewater and air [9, 10]. In addition, biochar is also used as a soil
fertilizer to enhance soil fertility [11]. Pyrolysis is a common method for producing biochar and bio-
oil. This process can be defined as thermal decomposition of organic materials in the absence of oxygen.
Gasification, on the other hand, involves partial oxidation of organic matter at high temperature to
produce syngas (mixture of carbon monoxide, hydrogen, and methane) which can be further converted
into vehicle fuels or used for electricity generation [12]. Hydrothermal carbonization (HTC), a recent
method, is particularly well-suited for wet feedstocks, such as food waste and agricultural residues with
high moisture content. This process is conducted under moderate temperature and pressure to produce
bio-oil and hydrochar [13]. HTC is advantageous due to its ability to process wet biomass without
requiring the energy-intensive drying step typically needed for other thermochemical processes like
pyrolysis [14].

Despite the considerable potential of agricultural waste for biofuel production, several challenges
remain. These include feedstock variability, as the chemical composition of agricultural residues can
vary significantly depending on the crop type, growth conditions, and geographical region [15].
Variations in the lignocellulosic content of feedstocks can affect the yield and quality of the biofuels
produced. Additionally, the economic feasibility of large-scale biofuel production from agricultural
residues is influenced by factors, such as feedstock collection, transportation, and processing costs.
While agricultural residues are widely available, their utilization for biofuel production may not always
be economically competitive with fossil fuels without technological advancements to lower processing
costs and improve efficiency [16]. Furthermore, environmental concerns related to pollutant emissions
during thermochemical conversion processes, such as tar formation and the release of volatile organic
compounds (VOCs), need to be addressed through improved emissions control systems [17]. Despite
these challenges, ongoing research and technological innovations offer promising solutions to optimize
the transformation of agricultural waste into high-quality biofuels, making this approach a viable and
sustainable option for energy production.

VARIOUS TECHNIQUES OF BIO-OIL GENERATION

The various conversion ways of bio-oil generation from agro-waste are given in Figure 1. Recent
studies focused on thermochemical conversion over biochemical conversion as huge waste can be
manged by producing a variety of fuels and useful chemicals. Bio-oil is produced through pyrolysis
(fast, slow, and intermediate), which thermally decomposes biomass without oxygen, hydrothermal
liquefaction (HTL) processes wet biomass under high temperature and pressure, Gasification and
Fischer-Tropsch synthesis convert biomass into syngas, then into liquid fuels [18, 19]. Solvent
liquefaction uses organic solvents, and microwave-assisted pyrolysis to enhance the process efficiency.
Whereas fermentation process is a biochemical conversion process. The thermochemical methods vary
in temperature, pressure, and catalysts to optimize bio-oil yield, quality, and energy efficiency based on
feedstock type. Whereas the yield of bio-o0il depends on the microbes used. A comparison study of these
process is given in Table 1.

The slow pyrolysis process due to its long residence time the production of biochar is much more
efficient than bio-oil. Whereas fast pyrolysis, catalytic pyrolysis and microwave-assisted pyrolysis
(MAP) gives notable bio-yield [20, 21, 23]. However, the MAP process necessitates specialized reactors
which leads to high capital investment. In case of catalytic pyrolysis, selection of catalyst, its cost and
regeneration are the challenging part [22]. HTL is suitable for wet feedstock, therefore, the operating
cost is low compared to the pyrolysis process. But, due to the presence of water in feedstock the energy
recovery and bio-oil yield are notably low [23]. Though fermentation process is natural process, the
proper selection of microbes is a challenging part to achieve adequate yield. Thermochemical methods,
like fast pyrolysis and HTL, excel in scalability and yield, while fermentation offers eco-friendly
pathways for specific waste types [24-27].
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Figure 1. Different routes of transformation of agro-waste to biofuel.

Table 2 indicates that the yields can vary significantly based on the composition of the feedstock, its
moisture content, reactor types and the specific parameters of the pyrolysis process. For example, bio-
oil yields from rice straw can achieve levels of 40-60%, while similar yields are observed for wheat
straw and sugarcane bagasse. In contrast, denser materials, such as coconut shells generally result in
lower bio-oil yields, approximately 35-38%, due to their higher lignin content, although they also
produce biochar, which is a valuable by-product [28—32]. Though both are high lignin content material,
palm Kernel shell and coconut shell, bio-oil yield from palm kernel shell in fluidized bed found 57%
which is higher than that of the coconut shell in fixed bed reactor. These agricultural residues represent
promising feedstocks for bio-oil production, given their widespread availability and their potential role
in advancing renewable energy and waste valorization initiatives.

STUDY OF BIO-OIL YIELD FROM SOME AGRICULTURAL WASTE

Bio-oil production from agricultural residues, including rice straw, oat straw, sawdust, wheat straw,
coconut shells, sugarcane bagasse, and palm kernel shells, primarily utilize pyrolysis as the main
processing method. This technique involves the thermal decomposition of biomass in an oxygen-free
environment, typically conducted at temperatures between 300°C and 600°C [18]. Fast pyrolysis,
characterized by elevated heating rates, is favored for optimizing bio-oil yields [19]. Moreover, the use
of a catalyst reduces the oxygen level and increases oil stability. The results demonstrate the potential
of bio-oil as a renewable energy source that provides sustainable waste management and the generation
of biofuel. Yields can be further increased by optimizing the process conditions.
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Table 1. Comparison table of bio-oil production through different routes.

Techniques|{Reaction Condition Products Advantages Disadvantages References
4 Lower Heating Rate (5—|Biochar (High|Can handle diverse|Low Dbio-oil yield,|[18]
'z 30°C/min) and Higher|yield) Bio-oil and|feedstocks. long residence time.
'S % Residence Time (>30|Biogases.
25 min).
High heating rate (10—|Bio-oil (High|High-quality bio-oil|Complexity in([19]
5 1000°C/S) and Shorter|yield) Biochar and|with low tar, High|operational, Cost
I3 Residence time (<20 s). |Biogases efficiency, short|effective.
S 2 (Methane, residence time.
s Hydrogen).
§ Electromagnetic radiation|Bio-o0il,  Biochar|Selective and|Higher power|[20]
'% heating (frequency 300|and syngas instantaneous on/off|requirement for poor
S MHz-300 GHz and control heating,|microwave absorbing
5 % wavelength of 0.1-100 shorter reaction time,|materials, uneven
i % o cm) Fast pyrolysis-temp- Energy efficient, Eco|heating, more
S 5= (450-650°C) and friendly. complicated reactor
&S % residence time (0.5-10 s). design.
Temperature: 400-500°C,|Bio-oil (high|Improved bio-oil| High cost of{[21, 22]
Catalyst: acidic (Zeolites,|yield), Biochar and|quality, reduces|catalysts,  Catalyst
N AlL03), Time: [syngas. oxygen content, can|deactivation due to
g milliseconds to seconds A produce coke formation, more
£ modified pyrolysis hydrocarbons complex operational
bs process that uses catalysts directly. requirements.
2 to enhance bio-oil yield
g and reduce the oxygen
& content.
a Temperature: 250-350°C,|Bio-oil (major|Direct conversion of|High pressure and|([23, 24]
E Pressure:  5-25  MPa,|part), Biochar and|wet biomass (no|temperature
sz Time: 30 minutes to 1|syngas. drying needed), |requirements,
g 2 hour, using water as a Produces high-|Corrosive
g & solvent improving fuel quality bio-oil. environment, High
5 % quality. capital and
E 3 operational costs.
Temperature: 800—|Syn Gas, Biochar,|Produces syngas,| Requires high|[25]
- 1000°C, Pressure: 1-10{Bio-oil from|which can be|temperature, Low
S MPa, with limited oxygen|syngas can be|converted to bio-oil|bio-oil yield,
] for partial combustion of|produced throughjor  other  fuels,|Complex gas
-L‘a biomass. subsequent Reduces feedstock|cleaning processes.
8 process. volume significantly.
Enzymatic hydrolysis of|Bioethanol. Utilizes low|Requires pre-|[26, 27]
sugar fibers, fermentation temperatures, treatment for
of derived sugar to convert Converts sugars to|lignocellulosic
g ethanol. Temperature: 30— bio-oil  precursors,|biomass, Limited to
= 35°C, pH: 4.5-5.5, environmentally specific  feedstocks
‘g Anaerobic conditions, in friendly. with  high  sugar
g presence of microbes, content, Long
o Time: 2448 hours. process time.

Comparison Study of Bio-Oil Yield from Rice Husk Through Different Production Techniques

A comparison study of various bio-oil production techniques from rice husk is investigated based on
process efficiency, bio-oil yield given in Table 3. Slow pyrolysis process is less energy intensive, but
bio-oil yield is lower due to higher content of water and oxygen. Fast pyrolysis produces bio-oil of
better quality with higher heating rate and uniform heat distribution. Microwave-assisted catalytic
pyrolysis, an energy efficient method, enhances quality product with improved hydrocarbon fractions.
Thermochemical liquefaction yielding a denser, lower-oxygen bio-crude suitable for refining.
Fermentation-based bio-oil production, a bio-chemical conversion to produce bioethanol, offers
sustainability benefits using mild reaction conditions [33, 34].
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RICE HUSK

Rice Husk is a waste byproduct of rice grains for the time of the shelling and milling processes
(Figure 2), from which white and polished grains without husk are produced. Rice husk is composed of
25-33% cellulose, 18-21% hemicellulose, and 25-31% lignin, with 43—-58% silica content [35, 36],
making it unique among agricultural residues. It has a high carbon content, making it suitable for bio-
oil production through pyrolysis and hydrothermal liquefaction while also generating biochar and silica-
rich ash as byproducts. Due to its low bulk density and high ash content, proper pre-treatment is
necessary for efficient conversion. Besides bio-oil, rice husk is used for biochar, silica extraction, and
energy generation, contributing to waste valorization and sustainable biofuel production.

Comparative Study Energy Recovery (ER) of Pyrolysis,
Hydrothermal Liquification (HTL) and Fermentation Process

Energy recovery can be defined as the fraction of energy contained in the feedstock that is converted
into usable energy forms, such as fuels, electricity or heat through a process. In this section energy
recovery is calculated by using the Equation (1) [37—42] to identify the most efficient and sustainable
process among pyrolysis, HTL and fermentation process for bio-oil production from rice husk.

HHVBjo—0i1XYBio—oil

ER =

x 100% (D

HHVpiomass
where HHV represents the High Heating Value (MJ/Kg) and Y represent the Yield Fraction.

Table 2. A brief informative table of bio-oil production considering few agro-waste examples.

Agricultural Waste |Process Bio-Oil Yield References
Rice Straw, Oat Straw, |Pyrolysis in a fixed-bed reactor 40-60% depending on conditions|[28]
Saw Dust (temperature, particle size)
Rice straw, corn sticks,|Hydrothermal liquefaction 17.49% (light oil from palm leaves) to([29]
palm leaves 24.7% (heavy oil from corn sticks)
Wheat Straw Fast Pyrolysis in a Fluidized Bed|28-42% as temperature increases from|[30]
Reactor 400-500°C
Coconut Shell Catalytic pyrolysis (HZSM-5 zeolite|35.10-38.93% as temperature increases|[5, 31]
catalyst) in fixed-bed quartz reactor from 450-550°C
Sugarcane Bagasse Pyrolysis in fixed bed reactor with CO2|41.1% at 850°C after 4.5hr. [32]
activation
Palm Kernel Shells Fast Pyrolysis in a Fluidized Bed|57% at 550°C [33]
Reactor
4§ Component Wt. % Referen
\.f’ Husk ces
(~20%) Moisture 11502020 | [35]
Ash 2291 =0.15
Bran < Fndox‘pcrm Volatiles on dry basis 60.50 = 0.16
(~8%) T (white rice, ~70%) || Fixed carbon 13.76  0.13
) C 34.79 = 0.15
Paddy Rice o | -
W R H 5.86 +0.01
i U—» Embryo S 0.21=0.01
White Rice . (~2%) N 0.79 +0.00
Grain SR
0! 58.350.73
(4] Silica 58.19-43.17 [36]
K 1.36-1.66
cellulose 25-33
lignin 25-31
hemicellulose 18-21

Figure 2. Component of rice husk.
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Table 3. Comparison study of various techniques of bio-oil production from rice husk as feedstock.

References [35] [37] [38] [39] [40] [41]
Bio-Oil FTIR Physical FTIR Analysis:|%Yield: Acids: 7, [HV- 27.04|HPLC analysis
Characteristics | Analysis: properties:  |% Yield: Ketones: 10 MlJ/kg, Ratio:|confirms the
Wave Water Acids: 8.46,|Phenols: 8,|H/C-1.25 properties of]
number content: Aldehydes:2.18 |Alcohol: 7.8 0/C-0.07 bioethanol.
3000-3500 (34.71 + 3.14|Ketones:7.93, |Hydrocarbons: 28
cm’! and|Wt.%, Phenols:9.31
1000-1750 |Viscosity: Ethers:  2.72,
cm! 5.6-19 cP. Carboxylic
indicates Heating Anhydrides:
presence of|value: 14.285|0.98,  Furans:
C=0, C=C,|to 21.74214.19
C-0, C-H, O-MJ/kg
H groups.
Properties Of|Moisture: Moisture: 9.5(Moisture: 1.1,|---- Moisture: -—
Rice Husk|11.50 +0.20,|+ 0.1, Volatile|Volatile matter: 8.38
(Wt.%) Ash content:|matter: 62.7 £|70.5, Volatile
2291 +0.15,|0.3, Fixed|Fixed carbon: Matter: 76.85
Volatile carbon: 15.1,{16.6, Ash: 12.9, Ash:14.77
matter: 60.50{Ash: 12.7 +|C: 42.0, H: 5.4, N 426, C:
+ 0.16, Fixed|0.1, 0:39.3, 43.06, O:
carbon: C: 3786 =£|N: 04, HHV: 46.60, H:6.08
13.76 £0.13,|0.21, H: 5.24|16.8 MJ/kg
C:3479 £+ 0.01,
0.15, H: 5.86|0: 35.32 =+
+0.01, 2.15, N: 0.68
S: 021  +[+0.06.
0.01, N: 0.79
+0.00,
0% 5835 +
0.73.
Yield (%) Bio-oil: Bio-oil: 53.2 |Bio-oil: 70 Bio-oil: 47.6 Bio oil: 20% |Bioethanol: 85.4 %
38.13 Char:  30.0{Char: 26 Char: 24.1
Gas: 16.8
Process Temperature |Temperature- |Temperature  [Ratio of Rice|Autoclave pretreatment at
Condition (650 °C),[(560 °(C),[(450 °C),|Husk & Catalyst|temperature |80°C with (0.1 M of]
heating rate|Feeding rate|Feeding  rate|{(HZSM-5/MCM- (533 K,|FeCI3, HCI, and
(9750 °C/hr),|(2.1 ton/hr)  [(200 g/ h) 41)-1:1, Power:|Pressure  30|NaOH), Enzymatic
and holding 1500 W,|MPa, (Saccharomyces
time (1800 s) frequency:  2.45|retention cerevisiae)
GHz, Temp: Hydrolysis at 40-
550°C 60°C for 24 hours.
Process Slow Fast Pyrolysis|Fast Pyrolysis|Micro-wave Hydrothermal |Fermentation
Pyrolysis (Fluidized (Fast Pyrolysis|assisted Catalytic|liquefaction
bed reactor) |(Conical Pyrolysis
Spouted Bed

Again, HHV can be calculated from equation (2) [42]. Carbon, Hydrogen and Oxygen contained
feedstock can be obtained by proximate analysis, whereas that of bio-oil can be achieved from GC-MS
analyzer.

HHV = 0.3383C + 1422 (H - 2) (2)

The Table 4 indicates that if the suitable bacteria is selected, the fermentation process is most
sustainable process. In fermentation process using Saccharomyces cerevisiae with rice husk as
feedstock gives 85.4% bioethanol, whereas Pichia occidentalis with rice straw produce bioethanol with
only 23.7% yield. In addition, 2448 hours required for completion of fermentation process. These
drawbacks make this process highly contentious. In contrast, pyrolysis and HTL both processes are very
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fast conversion processes. In comparison of these two processes, pyrolysis is more energy efficient than
HTL, as wet biomass feedstock is used in HTL process, which reduces the bio-oil yield. So, based on
present values, the energy recovery is ranked as follows: Fermentation>Pyrolysis>HTL. In summary,
the choice of process depends on feedstock characteristics, desired product quality, and economic
constraints.

Table 4. Energy Recovery comparative Study.

Production Process Bio-oil |HHV Of RicelHHV Of Bio-[ER % (Based On|References
Yield % |(Husk (MJ/Kg) |oil (MJ/Kg) Bio-oil Yield)

Pyrolysis 30 15 22 44 [43]

HTL 23.8 16.19 26.12 38.40 [42]

Fermentation (Bacteria-|85.4 15 27 47.4 [44]

Saccharomyces cerevisiae)

Fermentation (Bacteria-Pichia|23.7 15.09 27 13.24 [44, 45]

occidentalis) with rice straw as

feedstock

ADVANTAGES OF BIO-OIL

Bio-oil is applied as transportation fuel, power generation and precursors of various chemical
industries. The bio-oil includes valuable chemicals, such as phenol, cresol and furfural can be utilized
further in different sectors. Phenol and its derivatives serve as important chemicals in the production of
phenolic resins, bisphenol-A and caprolactam, which are precursors for synthetic fibers nylon adhesives
and plywood manufacture [46]. In addition, bio-oil can also be used as a binder to produce pellets of
combustible organic waste. Bio-oil is now broadly applicable as a fuel source for combustion, electricity
generation, transportation, and the generation of chemicals.

Future Perspectives, Challenges, and Recommendations

Bio-oil production from agricultural waste is getting more popular as a renewable energy source.
Advances in catalytic cracking, hydrothermal liquefaction (HTL), and pyrolysis processes are
increasing energy recovery and yield. The integration of biorefinery concepts with bio-oil upgrading
could enable large-scale commercialization [19]. Additionally, emerging techniques, like microwave-
assisted pyrolysis, offer improved efficiency, better quality bio-oil, and lower emissions [47].

The main issues are that bio-oil is unstable and has a low heating value due to its high oxygen and
water content. Also, the variability in feedstock in agricultural residues impacts process effectiveness
and the composition of bio-oil [48, 49]. Moreover, Commercial implementation is also inhibited by
scalability problems, high capital costs, and poor catalyst efficiency. Energy recovery also depends on
optimizing process parameters to maximize bio-oil yield and selectivity. Therefore, catalytic
upgradation, process integration and feedstock optimization through pretreatment can enhance bio-oil
yield, stability, and selectivity.

CONCLUSIONS

Agricultural waste represents a valuable energy resource, exhibiting significant potential as a source
of solid, liquid or gaseous energy. Pyrolysis is the most common technique to transform lignocellulosic
agro-waste into renewable energy. Though based on the operating cost, hydrothermal process is
advantageous over pyrolysis as this process can deal with wet material so no pre-treatment is required
for drying the raw materials, but the presence of water in feedstock reduces the yield subsequently
reduces the energy recovery. Despite the eco-friendly process, the long conversion time and proper
selection of bacteria make the fermentation process challenging. Thus, through gradual upgradation of
techniques would enable transforming waste into valuable products in a sustainable as well as
economically viable way.
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