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1. Introduction

1.1. Background and Significance

The agriculture sector is a major contribu-
tor toward the generation of large amounts
of biodegradable solids and liquid waste.[1]

Approximately 26% of the food waste is
generated from the drinks industry, which
is followed by dairy industries, adding up to
21% of the total waste,[2] production and
processing of the fruits and vegetables
industry, contributing to about 14.8%
and the cereal processing and manufactur-
ing industry which contributes to about
12.9%. About 8% of the total waste is added
by the processing and preservation units
related to meat, and 3.9% of the waste is
added by the manufacturers and processors
of vegetable and animal oils.[2] The main
characteristics of such waste are its high
moisture content, increased biological
instability, and high organic loading, which
facilitates and promotes bacterial activities
and growth, requiring immediate action
toward its treatment.[3] Inappropriate dis-

posal practices of kitchen and agricultural waste have also
resulted in increased challenges and difficulties for the

Fossil fuels are primary sources for energy production. Increased dependence on
fossil fuels has resulted in increased environmental issues demanding alternative
sources. Bioenergy is becoming a popular alternative energy source due to its
positive environmental impact and the availability of renewable sources.
However, the availability of renewable energy sources in the energy sector
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with their role in the green economy. Different physical characteristics of biomass
resources are important and contribute to determining their potential for pro-
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environment, especially for aquatic life.[4–6] To deal with such
issues, different countries across the globe have introduced dif-
ferent legislation to handle waste, its treatment, and appropriate
disposal.[2]

The concept of reducing, reuse, and recycling waste can help
in mitigating the environmental issues deteriorating environ-
mental conditions.[7] Increased human activity due to rapid
urbanization and increase in population has disturbed the
balance between nature and man-made activities. As a result,
the earth is facing several climatic challenges that need to be
addressed appropriately.[8,9] For this purpose, different countries
across the world have agreed on the adoption of the concepts of
reducing, reusing, and recycling waste in order to produce com-
mercially viable products and energy.[10] For this purpose, bio
refineries are being established as they are considered sustain-
able options. The products obtained from the biorefinery include
biofuels, biomass, biofertilizers, and various other secondary
chemicals that are obtained by utilizing the waste material as
a source. With the help of anaerobic digestion, fermentation,
and various other composting techniques, the biotechnological
transformation of such waste material results in usable products
that are in demand to overcome energy needs.[2]

Rapid industrial growth and development is essential for eco-
nomic growth of countries; however, this increased activity has
also raised the concerns regarding the environment due to dras-
tic increase in the pollution ratio. Air and water contaminations
are significant concerns as both have several harmful impacts on
the overall environment and human beings.[11] As a result, there
has been a rise in the use of conventional and primitive energy
resources for electricity generation.[12] Coal, crude oil, and natu-
ral gas comprise conventional energy sources that are extensively
used for energy production, as about 86% of the total energy pro-
duction utilizes these actual resources, leading to increased envi-
ronmental challenges. The significant environmental challenges
include the increase in global warming and GHG emissions.[13]

The International Energy Agency (IEA) has observed that within
the year 2000 in 2010, a 26% increase in energy consumption

was observed, which is double the energy consumption between
1970 and 2000. In 2017, about 13.5 million terms of oil were used
to get the increasing amount of energy consumption, which
showed a 1.7% annual growth.[14] According to an estimation
by the year 2040, the overall energy need of the globe is expected
to rise by 28%, which, according to the US Energy
Administration, is 739 quadrillion BTU.[15] Without the use of
these natural resources, the increasing energy demand cannot
be catered to; therefore, fossil fuels are dominating energy pro-
duction sources.[16] The unjust and increased utilization of fossil
fuels has fastened its extinction, making it a concerning issue
and challenge for the energy sector.[17,18] As a result, the attention
is diverted toward the use of environment-friendly alternative
sources having low emission ratios and abundance in nature
in order to meet the increasing energy demands.[19]

Green economy, including the fundamentals of circular econ-
omy and bioeconomy, is now being forced as a new strategy and
tool for the generation and implementation of novel environmen-
tal policies.[20] The main concept of a green economy revolves
around the idea of the reduction of consequential environmental
effects due to growth in the development of economic factors by
introducing low-carbon economic and renewable energy sources
in order to improve eco-efficiency.[21] The green economy is sup-
ported and encouraged by policymakers as it promotes sustain-
able energy, helping the economic sector to flourish while
maintaining environmental and social sustainability.[22] The pol-
icies under the green economy also comply with the objectives of
different environment-related pacts and protocols including
“Kyoto Protocol and the Climate and energy package 2020”.[23]

One of the significant and crucial steps in moving to sustain-
ability, especially in the energy sector, is to look for sustainable
resources.[24,25] The government and policymakers of the energy
sector and industry are aiming to formulate sustainable
energy policies that not only cater to the need of increasing
energy demand but also contribute toward environment conser-
vation. Sustainable energy is aimed at the exploitation of renew-
able energy sources that are abundant in nature and help in the
production of green energy.[26] The sources can be solar, geother-
mal, wind, biomass, and hydroelectric, which can be used accord-
ing to their suitability and availability in respective areas.[27,28]

One of the significant challenges in the utilization of renew-
able energy resources includes geographical and environmental
limitations. Due to these challenges, appropriate and complete
utilization of these resources for energy production is limited.[29]

Biomass has emerged as a potential substitute to fossil fuels and
a powerful energy source.[30] Along with that, it also has the
capacity to produce several by-products along with production
of energy.[31] Biomass can be efficiently used to replace petro-
leum and its related products as a potential energy source and
can be considered a sustainable energy source that also promote
environmental conservation. Lignocellulosic biomass is cheaper
and considered sustainable, which majorly depends on cellulose-
based biomass and is available to be used in the energy produc-
tion process.[32] Biomass is organic matter that originates from
biogenic sources. Biomass can be regarded as a source of depos-
ited solar energy, in which plants act as a medium to store this
energy through photosynthesis and is converted into different
forms, including cellulose, hemicellulose, and lignin.[33]

However, different cellulosic materials, including vegetable oil,
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fish oil, agriculture residues, or cellulosic waste and microalgae,
are considered volatile thermodynamically and oxidatively in
comparison to petroleum-derived fuels.[16,34,35]

The estimated production of lignocellulosic biomass is consid-
ered to be 181.5 billion tons across the globe. Energy production
by the utilization of lignocellulosic biomass is 10%. The agricul-
ture and forest biomass adds only 30EJ–4500EJ of the total
energy utilization per annum.[23] Lignocellulosic biomass has
the potential to be used and converted into other products that
may include bioethanol, bio-oils, chemicals, biofuels, and gaso-
line. The use of plant biomass for the production of bioenergy is
considered crucial as it needs energy demands and is considered
an environment-friendly approach for energy production.[27]

There has been an increase in overall waste production, which
is majorly due to increased population and urbanization, result-
ing in increased industrial activity.[36] The use of such waste can
help in overcoming the energy demands while also managing the
issues of waste management.[37] As a result, the dependence on
conventional energy sources like fossil fuels can be lowered and
ultimately eliminated, conserving the biofuel resources and the
environment.[38] Countries having a wide range of forest and
agricultural lands have access to the abundance of forest and agri-
culture bio waste that can be readily available as a feedstock for
biofuel production, making it a potential source for energy pro-
duction. Industrialized countries utilize various fuels, including
agriculture and forestry, building and industrial waste, and
municipal solid waste.[39] The biofuels generated from such feed-
stocks are second-generation biofuels. First-generation biofuels
are usually derived from edible food crops, which majorly
depend on a wide range of crops. In contrast, second-generation
biofuels include lignocellulosic material and residues of agricul-
ture waste.[14,40] The reuse of waste comes with a variety of advan-
tages, including the reduction in the emission of hazardous
greenhouse gasses, appropriate waste management, and genera-
tion of energy leading toward the development and progress of
green markets, generation of employment, increased bioenergy
production, and efficient waste management.[41,42]

This review aims to highlight the technological details regard-
ing server conversion techniques that are being applied for the
conversion of biomass waste and residues to energy in the form
of biofuels and bioelectricity. This review focuses on the current
use of existing conversion technology, including gasification
liquefaction, anaerobic digestion, alcoholic fermentation, photo-
biological hydrogen protection, transesterification, pyrolysis,
combustion, photosynthetic microbial fuel cells, and supercriti-
cal fluid processing. This review focuses on the provision of
updated information regarding various processes and conversion
techniques related to the production of bioenergy by the treat-
ment of biomass residues and waste in the bioenergy field.

2. Waste Biomass as a Resource

2.1. Types and Sources of Waste Biomass

Using biomass residues and wastes is beneficial because it does
not require any preparation for its generation as it is generated as
a by-product alongside the desired material. There is no need to
take special measures, which in the case of biomass cultivated for

energy purposes is required.[43] The residues of biomass can be
categorized into different groups, namely primary, secondary,
and tertiary. The residues that are generated by cultivating tar-
geted crop are known as primary residues which majorly
includes forest products, such as stems, stalks, and leaves.[44]

The secondary residues comprise the waste products and mate-
rial that is derived after the processing of food crops. This may
include wood chips, rice house, sugarcane bagasse, and palm
kernel cake. These products are obtained from the processing
of main crops and are the result of agriculture and food process-
ing waste.[45] The tertiary residues are regarded as the waste
obtained from biomass-derived products after their consumption
by human beings or animals.[46] The majority of the waste in this
category includes sewage or sludge, wastewater, and municipal
solid waste. Such biomass includes a variety of residues that can
include the combination of primary and secondary master resi-
dues, cooking oil waste, and microalgae biomass.[14]

2.1.1. Agricultural Residue

Agriculture waste includes the residues that are generated as a
by-product during the harvesting and processing of agricultural
products, including crops. These crop residues can be catego-
rized into two major types where the field residue and agro-food
processing residues are separated due to their processing.[47]

These residues are nonedible parts of the crops; therefore, there
is no risk or challenge toward the competition to the food supply
or any disturbance to the existing food security issues or fertile
lands.[48] Agriculture and forest residues are considered as one of
the significant and major sources of environmental wastes. This
wastes act as the potential resource for the development and pro-
duction of biofuels after the conduction pretreatment to the avail-
able biomass in relative areas. The agriculture and forest residues
include rice husks, straws, wood, and other plant residues rich in
lignocellulosic material.[49] The classification of agriculture waste
is shown in Figure 1.

Composition of Agriculture Waste: The majority of agricultural
products are rich in cellulose in comparison to hemicellulose and
lignin. Cellulose is considered an essential and integral structural
element of lignocellulosic biomass, making plants harder and
sturdier, fibrous, and impenetrable polysaccharide, which is
arranged in the form of change as the packs of microfibrils
for the maintenance of the stability and rigor of the plant struc-
ture. The cellulosic characteristics of the plants show the
mechanical stability and chemical fingerprints of the biomass.[50]

Hemicellulose is insoluble in water; however, they are
readily soluble in alkaline, weak acid, and enzymatic media.
Hemicellulose is considered weak in comparison to cellulose
and is more susceptible to chemical exposure. Therefore, the
majority of the biomass that is required to be converted into bio-
fuel depends on the hemicellulose content of the waste material.
Lignin is also an important component and integral part of the
plants, which is considered second to cellulose.

The agricultural waste and the crop residues comprise dry
basis, among which 35–50% is cellulose, 20–35% is hemicellu-
lose, lignin forms 15–20%, and 15–20% comprises extractive
compounds, including ash and protein.[38] There is a variation
in the ligament content in different crops, which varies from
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7–21%. The waste obtained from processed agricultural products
is considered to have a high ratio ranging between 21% and 45%,
with 15–33% hemicellulose and 5–24% lignin. The content ratio
is highly dependent on their source of origin. For example, waste
rice bran is considered to have a low lignin content of up to 5%
and is considered a potential field stock for the production of bio-
ethanol. The waste material having high lignin content, for exam-
ple, sugarcane bagasse, requires pretreatment for the removal of
additional lignin before ethanol production. The preferred raw
material for biohydrogen biogas and alcohol production needs
certain characteristics, which include carbohydrates, which sub-
tract due to ease in degradation. Structural composition of waste
agricultural biomass is depicted in Table 1. Industrial waste is
usually rich in carbohydrate content, where the carbohydrate
comprises 42–85% of the total solids.[51] In general, agricultural
waste is categorized into four major groups, which include crop
residues, the waste generated from industrial processing, live-
stock, and food waste.[52]

Crop Residues: In fields, the majority of the waste residues
obtained from the agricultural products include crop residues
which include straws, seed pods, leaves, and stover.[53]

According to the estimation, the annual yield of residues of crops
revolves around 2802 million tons.[51] The agricultural wastes
collected from the crop waste materials are abundant and low
cost.[54] These waste materials can be utilized for the manufac-
ture of different products. Rice straw, wheat straw, and corn
stover are considered three major residues that can extensively
be used for bioethanol production.[55] The availability of these
drops across the year and utilization of a small portion of the
crop for food purposes makes these crops suitable to be used
as fodder to produce biofuel. In traditional and conventional
methods, the rest of the plant is usually burnt which not only
enhances the waste material but also deteriorates the environ-
ment leading to several environmental issues and problems.

The utilization of the raw material obtained from these three
major crops to produce biofuel has served dual purposes.[56,57]

Among these, rice straw is the most abundant and available bio-
mass with the global production of 731 million tons per annum.
Asia is considered as one of the largest producers of rice straws.
The other crop residues to be declared as agriculture waste and to
be used for biofuel production include barley, sorghum, and
oats.[58]

Agro-Industry Wastes: Agro-industry wastes contribute to over-
all waste making it a second largest waste producing sector. This
sector facilitates the production of a variety of by-products
obtained from processing food at industrial levels. This waste
may consist of fruits and vegetable waste, fruit pomace after juice
extraction, the residue generated from starch manufacturing
industries, sugar bagasse and molasses from the sugar industry,
the oil seed cake from oil manufacturing industries, eggs, meat
and animal fat and chicken skin from water houses and other
meat processing units.[59] The structural composition of agro-
industry waste is explained in Table 2. The overall worldwide
availability of sugarcane bagasse ranges around 180.73 million
tons. The palm oil industry is involved in the production of edible
oil and is responsible for the production of about 35.19 million
terms to 85.84 million terms of fresh fruit palm bunches. Other
industrial waste ranges according to their processes, which may
include apple pomace, orange peels, and various other varieties
of fruit waste generated from the food processing units.[60]

2.1.2. Forest Residue

The extraction and utilization of residues from the forest for bio-
energy and biofuel production have gained immense interest due
to its potential to contribute to the economy of forest sector. The
use of forest produce for the generation of energy is also facili-
tated toward the reduction of greenhouse gas connections while

Figure 1. Classification of agriculture waste.[236]
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helping the forest and its associated community to enhance their
energy sources while achieving energy independence[61] The
majority of the forest residues include harvesting residues.
Different by-products, including the plant residues, are based
on the tops, logs, and branches. Other types of residues gener-
ated from the forest include sawmill waste, which depends on
sawdust, shavings, and barks. The forest residues can efficiently
be used for fuel production by passing them through different
processes to convert it to different biofuels or other products.
Currently, meal waste usually includes the use of forest product
mills, including pallets and pulp. The interest in the utilization of

Table 1. Structural composition of biomass (agricultural waste).[52,241–244]

Agricultural and
agro-industrial
waste

Chemical composition of waste samples

Cellulose Hemicellulose Lignin Extractives

Corn cob 37.52 47.47 6.85 25.78 t

Corn cob 31.7 3.4 31.7 N/A

Corn cob 52 32.5 15.5 EF

Rice husk 38.35 11.14 15.5 10.35

Rice husk 32� 0.21 19� 0.39 26� 0.31 NA

Rice husk 37.34� 0.14 10.07� 0.51 41.08� 0.18 11.51� 0.28

Wheat straw 45.12 9.16 37.14 8.31

Wheat straw 35� 0.29 36� 0.65 18� 0.38 NA

Wheat straw 32.6 22.6 16.9 NA

Corn straw 43.82� 0.36 24.39� 0.34 9.03� 0,04 22.76� 0.25

Rice straw 32.03 8.42 30.34 29.21

Rice straw 40� 0.27 26� 0.56 19� 0.26 NA

Rice straw 31.84� 1.82 7.29� 1.80 28.39� 2,25 32.48� 1.96

Olive husk 25.2 24.2 50.6 EF

Olive husk 24 23.6 48.4 9.4

Tea waste 33.2 23.3 43.5 EF

Barley straw 46 23 15 NA

Peanut straw 36.56 20.27 18.36 NA

Soybean straw 42.39 22.05 18.93 NA

Canola stalk 38 29.42 20 NA

Almond shell 50.7 28.9 20.4 2.5

Almond shells 29.8 19.3 50.7 0.2

Almond shell 50.7 28.9 20.4 2.5

Hazelnut shell 26.8 30.4 42.9 3.3

Hazelnut shell 26.8 30.4 42.9 3.3

Walnut shell 25.6 22.1 42.9 3.3

Walnut shell 25.6 22.1 42.9 3.3

Sunflower shell 48.4 34.6 17 2.7

Sunflower shell 48.4 34.6 17 2.7

Sugarcane bagasse 43� 0.19 26� 0.32 12� 0.36 NA

Sugarcane bagasse 42.96� 1.22 22.45� 0.09 12� 0.36 19.20� 1.04

Bagasse 43.87 21.49 17.-2 17.62

Jatropha cake 10.08� 0.40 48.83� 1.73 13.96� 0.94 27.13� 1.02

Moringa cake 17.97� 1.47 1.85� 0.16 24.96� 1.26 55.27� 0.9

Table 2. Properties of FW, influencing the performance and efficiency of
bioconversion process.[245–247]

Physical
properties

Moisture content FW has moisture ranging from
50 to 80%

Increase in moisture content helps in
✓ enlargement

✓ decreases volume of porosity
✓ pH drops

Bulk density FW has 120–480 kg m�3

High value of BD indicates
✓ low porosity

✓ high FW compaction

Chemical
properties

pH The pH of FW lies in the range
of 4.2–5.3

pH improves microbial activity in
bioconversion process

The microbial activity lies in neutral and
slight acidic pH

Electrical conductivity
(EC)

The EC of food waste is directly
associated with conc. Of total dissolved

solids (TDS) and salinity

The increase in concentration of TDS
and salinity increases EC

Proximate
analysis (wt%,
dried food)

Moisture content 6.09

Ash content 1.61

Volatile matter 80.9

Fixed carbon 11.4

Proximate analysis helps in the
determination of combustion

properties of waste

Ultimate analysis
(wt%, dried food)

Carbon 41.53

Hydrogen 5.76

Nitrogen 1.55

Sulfur 0.12

Oxygen 51.04

C/N ratio C/N ratio helps in appropriate
mixing of waste which falls in the range
of 10–30 for efficient bioconversion

Biopolymers
contents

carbohydrates 30–60%

proteins 5–20%

lipids 15–40%

Impact of food source
on biopolymer

contents

FW rich in rice and vegetables, shows
high concentration of carbohydrate.
Meats and eggs show high ratio of

proteins and lipids.

Protein is important for
bio-methanation

Increased carbohydrates in FW helps in
biohydrogen

Liquid biofuel can be increased through
high lipid content
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forest waste is increasing, especially in the energy production
sector. The forest residues in Canada are estimated to be between
20� 0.6 million oven-dry metric tonnes (odmt) per year.[62,63]

The biomass can be transformed into different products, includ-
ing bio-oil, leading to 61% yield, char, up to 24%, and gasses, up
to 15%. The overall final yield of mass based on gasoline or diesel
hydrocarbons is 16%, with a 40% energy yield. Therefore, the
forest residue can act as a substitute for fossil fuels because
the process of pyrolysis char or gasses are used for thermal
and hydrogen energy production, leading to a decline in the inde-
pendence of fossil fuels. Considering these factors, the overall
capital investment for the cultivation of grassroots plants was
estimated at around US$427 million, with US$154 million in
operation costs.[63]

2.1.3. Food Waste

The ratio of municipal solid waste (MSW) is increasing, where
the food waste in MSW has reached up to approximately 70%,
making it a significant challenge across the globe. The increase
in food waste is directly associated with increased environmental
pressure for its decomposition. Untreated food waste is linked
with the generation of unpleasant odors and smells, emission
of toxic gasses, and vermin attraction. The UN highlighted that
the food waste material can be used as composting matter, ani-
mal feed, and bioenergy. The utilization of food waste not only
helps in avoiding food wastage but also reduces the emission and
generation of greenhouse gasses, which in other cases occur due
to landfill activities.[64] In the absence of appropriate waste man-
agement, tonnes of food waste go to landfills without any appro-
priate usage. For instance, every year, about 1.3 billion tons of
food are wasted, which adds to one-third of the total
Municipal waste. The overall waste includes spoiled food and
other food particles that are associated with the release of bad
odor upon decomposition. Food waste is considered rich in sev-
eral nutrients, including carbohydrates, proteins, and lipid con-
tents, that are highly degradable in comparison to other organic
wastes as shown in Table 2. The composition of the food waste
differs according to their source.[65,66] However, in general, food
waste is collected from different locations and is usually dumped
in the land source or is incarcerated without appropriate

treatment before its disposal. Improper treatment or directing
the food waste to incarceration adds to the cost of waste decom-
position and enforces negative impact on the environment, lead-
ing to increased air pollution and release of gas and ash in the
atmosphere, affecting the respiratory system of the organisms.
Similarly, landfilling of food waste is linked with the production
of several toxic by-products, including leachates contaminating
groundwater and the release of toxic gasses like hydrogen sulfide
and methane. Safe disposal of food waste requires technology,
which adds to the costs. Therefore, the utilization of food waste
as a potential energy source provides an alternative to various
existing challenges and overcomes increasing energy
demand.[67,68]

Waste Cooking Oil (WCO): Waste cooking oil is regarded as
the used vegetable oil, which is not considered appropriate for
human use. Such oil can be used to extract low-cost biodiesel,
which may require used cooking oils. The waste cooking oil
has the capacity to be used as a feedstock for reproduction of
biodiesel, which is one of the significant and efficient methods
for the reduction of material cost during the production of
biodiesel.[69] According to an estimation, biodiesel production
cost can be lowered by 60 to 90% if the waste oils are being used
as a resource to extract biodiesel. Moreover, the reuse of waste
oils is also associated with the disposal of frying oils that are not
suitable for edible purposes.[14,70] The conversion of WCO to bio-
diesel is not sufficient to meet the energy and fuel demands.
However, it can contribute significantly toward an environment-
friendly approach of energy production while reducing the
use of fossil fuels. The use of WCO as a potential fuel source
is also celebrated with the reduction of pollution which in
other cases would be released to the environment upon its
decomposition.[71] Although research is being conducted for
the development and introduction of an appropriate system to
utilize used cooking oil as a feedstock for the generation of bio-
fuels; however, there is a lack of an appropriate system due to
various restrictions that prohibit the use and specifically supplies
as a raw material. Different barriers include increased by refined
recast, lack of recycling units, inappropriate recycling of the
material, nonavailability of stakeholders, lacking technologies
for proper degradation or utilization of WCO as biofuel,
increased transportation cost, and nonavailability of proper infra-
structure to facilitate the production technologies.[72] One of the
prime examples of these barriers includes China where the recy-
cling and disposal of WCO are nonsmooth due to demanding
policies that require optimization of the system. Restaurants
are the potential source providers of WCO, however, due to lack
of appropriate attention to this source the majority of the restau-
rants are neglected which leads to an increase in WCO.[73]

Supply chain is considered one of the significant elements
for the continuation of biorefineries in order to attain
sustainability.[34]

The waste cooking oil used to get disposed of to the environ-
ment directly in Japan, before 1997. In 2000, Japan passed a pro-
motion law on efficient resource use and for recycling of food
waste 2001 act was introduced in order to support the recycling
procedure targeting edible food especially the waste cooking oil.
Japan also introduced several tax incentives and subsidies
Today’s awareness toward recycling of the raw materials.
The introduction and implementation of such policies at national

Table 2. Continued.

Heavy metal
contents
[mg kg�1]

pb 69

Zn 57

Cu 6

Ni 15

Properties High relative density is associated
with increased toxication at low

concentration

Considered as primary pollutants

A few of the metals are essential for
microbial growth
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level by the government have resulted in increased recycling
ratios in the US and Japan.[74] The WCO is being used as a
raw material for the generation of cost-efficient biodiesel which
not only helps in dealing with the recycling of waste material but
also contributes to the energy sector. Currently, WCO can be
used as a source of biodiesel production leading to estimated
approximately 70–95% of the total cost.[75]

Kitchen Waste: Kitchen waste is an important element of
municipal domestic waste. In China, per annum production of
kitchen waste revolves around 6.00� 107–9.24� 107 tons,
whereas globally the production revolves around 1.3� 109 tons.[75]

This organic waste is collected from different sources, including
households and restaurants. These sources include certain food
industries where the food is created and prepared, including
the processing units handling meats, rice, vegetables, or other
dairy products. The ratio of kitchen waste is increasing due to
the increase in population, especially in Asian countries.[64]

Kitchen waste is problematic as it is associated with the gen-
eration of unpleasant smells and leachate, which can occur at any
stage from its collection to storage before disposal, leading to the
emission of greenhouse gasses up to 6%. The composition of
kitchen waste depends on the type of food source it has been
using as shown in Table 3. The kitchen waste varies according
to economic status, time, climate, region, and cultural back-
ground. Moreover, it also depends on the content of solids, water,
salt, and fat. The knowledge of these contents is necessary for
easy deterioration. There is an increased probability of contami-
nation of surface and groundwater along with the soil atmo-
sphere.[76] The probability of the spread of certain diseases is
also high as it may contain different contaminants. Food waste
is cheap and renewable due to its increased abundance across the
world with changes in its content. Kitchen waste is usually high
in glucose productivity in comparison to other types of bio-
masses, specifically agricultural residual. Therefore, it requires
pretreatment and enzymatic hydrolysis, especially during the
process of the production of bioethanol. These characteristics
enable kitchen waste and eco-friendly and economic approaches
to be used as a potential source for energy generation, leading
toward sustainability.[75]

2.1.4. Municipal Wastewater

The overall global accumulation of municipal waste is around 1.9
billion tonnes per year, where the probability of increased munic-
ipal waste is hired due to a rise in population growth and rapid
organization. The majority of the municipal waste is collected
from different municipalities, including household waste, insti-
tutions, different offices, and garden waste. According to their

chemical composition and properties, municipal waste can be
categorized into three main groups: polymeric, triglycerides,
and lignocellulosic waste.[77] The estimation for the increase
in overall worldwide waste is about 70% by 2025, where the
lower- and middle-income countries are expected to contribute
more toward increased waste production.[78] From the total
municipal solid waste, only 45% of the waste is created and used
through recycling or other procedures, while the rest of the waste
goes to landfills or nearby water bodies.[79]

The increased preference for municipal solid waste is due to
its increased degradability at a calorific heat value, whichmakes it
a suitable candidate to be considered as an efficient source for
biofuel production in the energy sector despite its increased var-
iability in its composition. One ton of MSW produces approxi-
mately 8–12 GJ, which is 1/3 of the calorific value of coal,
generating about 600 kWh of electricity.[77,80] Valorization of
different types of municipal waste in value-added products is
one of the significant uses of waste material that require efficient
management, especially when converting MSW into liquid fuels.
The management of MSW includes the valorization through dif-
ferent energy sources and the addition of chemicals and activated
carbon. In the past, transistor certification has been a prominent
way to produce biodiesel from triglyceride oil and fat waste.
Biodiesel is involved and provides more benefits in comparison
to plant-derived lignocellulose by providing high energy density.
The attention is being diverted to the process of valorization with
the use of the thermochemical conversion process, especially
gasification and pyrolysis, in comparison to transesterification
due to limitations. Modern technology including integrated gas-
ification, and Fischer�Tropsch is gaining popularity for the gen-
eration and synthesis of gas by using municipal solid waste and
garbage as a potential source.[81] The technique of gasification is
involved in the production of particulate matter, which majorly
includes carbonaceous residues, ash, dust, and tar. It is devel-
oped from complex aromatic hydrocarbon compounds.
However, for biomass classifiers dependent on tar and particu-
late matter introduce limitations, which include the falling of
downstream equipment, blockage, issues in the engine and
the cost of management and maintenance.[77]

2.1.5. Animal Manure

An increase in the global livestock industry has been reported in
past years. This has resulted in the increase in the number of
anthropogenic land users while employing 1.3 billion people
leading to 42–50% of overall agriculture GDP. In the last
50 years, the increase in the maid consumption by twofolds
has been observed, where it has risen from 23.1 kg per person
per year 24.1 kg from the year 1961 to 2011. The increase in
pig and poultry production has also been observed by fivefolds.
As a result, there is an increase in the animal manure that can be
considered a potential risk to the environment. The decomposi-
tion of animal manure is associated with the release of chemical
substances with increased chances of the pollution to the soil,
underground water, and air.[82] The careful handling of animal
manure is required to avoid the contamination. Majorly the
nitrate and ammonium ions are formed leading to the release
of gaseous ammonia through nitrification and modification.

Table 3. Ratio of biopolymer concentration in waste.[246,248]

Waste type Protein [%] Carbohydrate [%] Lipid [%]

Food waste 10–30 40–60 15–40

Synthetic FW 16 62.6 21.3

Kitchen waste 12–20 52–65 15–35

Food waste 27.8 35.1 22.4

Food waste 7 67 10
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The process of decomposition includes the production of the sol-
uble compounds and gasses, which upon a proper handling can
contaminate soil solutions, air and groundwater. The growth in
livestock has resulted in a total of 14.5% of anthropogenic
GHG emissions at global levels with the amount of 7.1
GtCO2eq year�1. Untreated and improper handled manure is
also a major source of heavy metals and zoonotic pathogens that
can be saved in the groundwater through water run off enhanc-
ing the ratio and chances of contamination upon consumption.
Therefore, appropriate handling of manure is required for which
the traditional methods like composting and incineration are
being used.[83] Despite increased use of these methods, the viabil-
ity and practical implementation of these methods are unsuitable
for the environment. Anaerobic digestion (AD) can be considered
a significant and the most common biochemical process applied to
treat solid waste andwastewater. AD has its own drawbacks among
which one of the significant is its applicability to large quantities of
manure. Other drawbacks include the restriction of this method to
high moisture content, for example, sewage sludge and cow
manure. Other methods include thermochemical conversion pro-
cess, which is also known as the depolymerization. This process
includes the reforming reactions of lignocellulosic compounds in
the biomass with the help of heat and oxygen control and closure
under low to relatively high pressure. The main products obtained
from this process include bio-oil, syn-ga or product gas and bio-
fertilizers.[84] Thermochemical conversion includes both dry or
nonaqueous and hydrothermal or aqueous techniques.

Composition: Livestock, specifically cattle manure, is rich in
carbohydrate content having about 50 to 60% carbs, which makes
it a significant source and the feedstock for biogas production.
The protein and lipid contents are also important for the deter-
mination of the potential of biogas in terms of different agricul-
tural waste feedstock.[51]

2.1.6. Industrial Organic Waste

Themajority of industrial solid wastes include peelings and scrap
of fruits and vegetables. It also includes the scraps frommeat and
poultry, pulp, and coffee grounds. Current waste management
practices involve a waste-to-energy approach, which has intro-
duced the concepts of recovery, reuse, recycling, and reduc-
tion.[85] The utilization of these sources for biofuel production
has introduced the replacement of fossil fuels along with envi-
ronmental benefits, saving landfill space and GHG emissions
reduction.[80] The majority of industrial waste does not comply
with quality control standards and, therefore, is dumped in land-
fills. Similarly, different liquid wastes from paper and food
industries having high sugar starch and other content are dis-
posed of without appropriate treatment or utilization. The inclu-
sion of such industrial organic waste for the production of biogas
through aerobic digestion cancels dual purposes by involving it
as a potential source for biofuel generation and recycling the
material, leading to the conservation of the environment.[79]

2.1.7. Theoretical and Practical Implications of Biomass

Different processes can be used to recycle and reuse the biowaste
material. Some of the processes may include chemical

conversions, while the others may not depend on its use and
need of the time. Theoretically, the woody biomass can be com-
busted without the need of intense processing, for example, by
applying the woody biomass as a few to use it as a low-grade fuel.
However, the processes including good size reduction, steam
explosion, hydro thermal carbonization, biological treatment,
can be considered as significant processing methods to practi-
cally convert woody biomass into efficient fuel. Similarly,
dehydration is regarded as the seeds horns leaves in stems.
The herbaceous biomass is usually generated during post-harvest
handling and requires similar procedures. Its rich moisture con-
tent is one of its significant and major limitations to be used for
the fuel generation. Therefore, different free treatment methods
are applied that add to its cost. However, the biomass waste
materials also create a variety of opportunities. For example,
the by-product is the form of digestate rich in nutrients and
can be converted into fertilizers or can be recycled as energy pel-
lets. The practical implementation of the processes by utilizing
waste biomass can be considered helpful in handling the current
energy crisis.[86]

2.2. Environmental and Economic Importance

With increasing awareness regarding environmental conserva-
tion, the environmental and economic effect of every aspect of
the energy generation procedure is being considered. The
impacts of energy generation activities on the environment
and economy are gaining enormous attention. Different forms
of combustion have a significant influence on our environment
because they are involved in the emission of pollutants in the
form of fuel combustion; however, the amount and type of pol-
lution before and after vary according to the combustion process.
In comparison to the combustion of fossil fuels, the combustion
of forest and agricultural residues involves the emission of simi-
lar levels of nitrogen oxides. However, the combustion of plant
residues involves less emission of sulfur dioxide. Moreover,
waste biomass combustion is observed to have low GHG emis-
sions.[87] The release of carbon during the combustion or utili-
zation fossil fuels by an increase in biomass production as,
according to an estimation, after 30 years, only 13% of the carbon
will be released from the residue combustion process in the
atmosphere it is one of the significant steps to overcome the envi-
ronmental degradation. There are several limitations in the use
of waste biomass as a potential energy source, among which the
need for financial assistance to establish and operate plants and
units and increased cost to take initiatives can be significant
reasons.[88]

The requirement of the preliminary investment cost includes
the cost of different components of the power plant along with its
installations. The cost of the capital includes the consideration of
different technologies that need to be implemented. Along with
that, the size and energy of the potential plant are also potential
contributors to the determination of the general cost of the plant
or the whole procedure. Also, it is difficult to estimate the exact
cost because a diverse range of technologies can be applied to
obtain biofuel from the waste biomass. However, after initial
investment, there is an increased probability of long-term bene-
fits as these technologies are considered economically viable
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because of their estimated life ranging between 15 and 35 years.
The technology also has an increased efficiency by considering
the source type and the conversion technology used.[89,90]

3. Biofuels and Their Role in Power Production
and Transportation

3.1. Overview of Biofuels

The major sources for biofuels include different types of biologi-
cal materials, which mainly compressors of plant and animal
waste. Biomass comprises organic components that can serve
as a potential substitute for the energy sector. Biofuels can be
categorized into solid gaseous and liquid fuels, which are being
introduced in the energy sector as a potential alternative to the
existing energy sources. Solid waste comprises firewood charcoal
and fibrous material. These types of solid fields are extensively
used to fulfil domestic needs. Methane is a fuel that is usually
obtained from the fermentation of the waste of domestic ani-
mals.[91] At a commercial level, the process of fire can also be
used for commercial extraction of biogas by using a variety of
wastes, including food waste, agriculture and forest residues,
and municipal solid waste. Different types of liquid biofuels,
including organic oils, ethanol and methanol, are generally cate-
gorized as biodiesel. Different types of biofuels are recognized
for their energy inception because of their efficient cost and envi-
ronment friendly properties.[92] In recent years, biofuels use
instead of fossil fuels has been emphasized because of their
environment-friendly approach. Biofuels are also categorized
as renewable energy sources. Moreover, the diminishing sources
of fossil fuels are also a concern for future generations, demand-
ing the increased use of renewable energy sources to overcome
increasing energy demands. Another important aspect of the
shift toward biofuels is the environment and climate conserva-
tion. Biofuels are regarded as everlasting and renewable sources
because of their capacity to be used without getting brained out
from the Earth.[93]

3.2. Importance of Biofuels in Energy and Transportation
Sectors

Currently, major and critical problems related to the energy and
transportation sector include high fuel prices, concerns regard-
ing climate change, and increasing pollution. To fulfill current
energy demands, the energy sector relies on fossil fuels, which
include petroleum, coal, and natural gas. From the last century,
the world has observed a rapid boom in the industrial sector,
where different measures have been taken to improve the econ-
omy of the world. Among these, the transportation sector has
also contributed significantly toward the expansion of economies
across the globe. However, the transportation sector demands
fuel, which mainly comes from existing natural resources.
The outcomes of using such natural resources in the form of cli-
mate change are also evidence and cannot be neglected. As a
result, the shift to fulfil the fuel demands has been diverted
toward the use of biofuel, and fuels are being produced with
the help of biomass.[94] Biofuel is considered a potential replace-
ment of existing fuel sources, especially petroleum-based fuels.

Biofuels are prioritized due to their contribution toward stability,
decrease in GHG emissions, and reuse of renewable sources,
especially waste biomass.

Liquid transportation fuels include gasoline and diesel that are
replaceable by biomass-based liquid fuels. The introduction of
bioethanol and biodiesel has emerged as a potential replacement
for gasoline and diesel, respectively. The major potential of
biomass-based energy sources includes their potential to be car-
bon dioxide neutral and recyclability of carbon atoms. Bioethanol
is considered a promising fuel because of its environmental ben-
efits. According to an estimation, the European Union is involved
in the production of biofuel, which in 2004 was around 2.9 billion
litter. The ratio of biofuel generation is increasing with every
passing day due to their increased applicability and environmen-
tal benefits.[95]

4. Conversion Technologies for Waste Biomass

4.1. Thermochemical Conversion

Thermochemical conversion is regarded as a controlled heating
or oxidation system used for the biomass to produce intermedi-
ate energy careers or heat. It is considered as one of the simplest
examples of the experimental technology to be used by human
beings for the generation of liquid fuels for transportation.
The technology is associated with thermochemical conversion.
The oxidation environment, size of particle, and heating rate
are the major determinants of different categories of thermo-
chemical conversion technologies.[96]

4.1.1. Pyrolysis

Pyrolysis has gained attention because of its extensive use in liq-
uid fuel production due to its several advantages in terms of its
storage and transportation. This method is versatile and is
applied in combustion engines, turbines, and boilers, etc. The
treatment and management of solid biomass and waste are
costly; therefore, pyrolysis is preferred. The process of pyrolysis
is going through the development and is facing several technical
and economic challenges to become a potential technique for bio-
energy production against conventional fossil fuel energy.[97]

Extensive research on the use of pyrolysis for the production
of bioliquids has been conducted among which wood bagasse,
straws, seed cakes, and MSW, etc. are some known biomass spe-
cies. Pyrolysis is regarded as thermal decomposition of biomass
in the absence of oxygen. The word is derived from Greek word
pyro depicting fire and lysis meaning decomposition.[98]

During pyrolysis, the biomass goes through an irreversible
thermochemical decomposition reaction for the production of
biofuels. The classification of pyrolysis (slow, fast, and interme-
diate), their operating parameters, and the features of obtained
products are shown in Table 4 and 5, respectively.

The short vapor residence and fast heating rate are associated
with rapid condensation of the volatile hydrocarbon vapors into
bio-oil. Slow pyrolysis is associated with increased char produc-
tion because of slow carbonization of biomass, which occurs due
to slow heating rate and longer vapor residence time.[48,99]
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Pyrolysis is also considered as a thermal cracking method that
requires a temperature of 300–700 °C without oxygen for biochar,
bio-oil, and noncondensable gasses (H2, CH4, CO, and CO2) pro-
duction. During this process, thermal decomposition initiates at
the temperature of 350–550 °C leading up to700–800 °C. Bio-oil
consists of two distinct phases namely water and organic. The
organic phase includes tar and hydrocarbons, which are usually
upgraded to retrieve clean transportation fuels. An upgrade is
required to eliminate oxygen, nitrogen and sulfur through cata-
lytic and noncatalytic processes to lower fuel’s heating value.
However, during this the ratio of the release of NOx and SOx

increases. The water phase of bio-oil includes esters, ethers,
ketones and aldehydes, phenols and alcohols, acids, and other
biochemicals. The gas phase depends on hydrogen and carbon
monoxide, which can be converted into hydrocarbons through
the catalytic synthesis of Fischer–Tropsch.[48]

Implementation of these in center and regulatory frameworks
is focused on reducing the pollution levels in order to mitigate
climate change. For this purpose, various climate change confer-
ences have been organized among which the Paris Agreement is
currently serving as an international treaty. According to this
treaty, there is a need to establish nationality determinant con-
tributions (NDCs) for different countries in accordance with
their use of energy and fossil fuel and implement relevant strat-
egies to reduce emissions of GHG and other gasses. Biochar can
be considered significant in meeting NDCs in agriculturally
diverse countries.[100] Biochar is often obtained through the pro-
cess of pyrolysis which has been going through by refining in
order to make a scalable production.[101] Biochar is usually pro-
duced from a variety of biomass materials including agriculture
and forest residues which are usually subjected to pyrolysis. The
main reason for increasing popularity of biochar and the market
is its increasing demand in mitigating the hazardous gas emis-
sions as it is actively being used for the carbon dioxide removal
credits which are developed after the generation and utilization
of biochar.[102] However, there are several barriers to increasing

biochar scale among which expensive processing, limitations in
the availability of rawmaterial, and lack of appropriate infrastruc-
ture for its white scale production along with volatile markets
required efficient strategies. Considering these limitations and
barriers, improvement in the pyrolysis process can be considered
efficient in achieving the targeted goals regarding biochar pro-
duction which ultimately can help in achieving carbon credit with
the help of NDCs.

Advantages of Pyrolysis: The following are the advantages of
pyrolysis: 1) Renewable fuel for turbine, engine, boiler, and sev-
eral industrial processes; 2) Neutral CO2 balance with low cost;
3) Uses waste material including municipal industrial and forest
residues and second-generation bio-oil feedstocks as a source;
4) Enable the storage and transportation of liquid fuels;
5) High energy density in comparison to atmospheric biomass
gasification fuel gasses; 6) High probability of the separation
of minerals on the side during liquid feel production and recy-
cling of such minerals as the soil nutrients; 7) Can be converted
into motor fuels, special chemicals, or additives; 8) Separation of
fractions of lignin and sugars in biomass[98]

Pyrolysis Behavior of Lignocellulose Biomass: Cellulose is the
major constituent of lignocellulosic biomass which comprises
60% water and is made up of different glucose molecules
linked together by β-(1-4) glycosidic bonds. At the temperature
315–400 °C, the decomposition of cellulose is possible, whereas
different ranges of activation energy are required for the break-
down of cellulose which depends on the type, computation pro-
cess, parameters, and other factors. The most common range for
the activation energy revolves around 166–250 kJ mol�1.
Different operating conditions including the heating rate, resi-
dence time, and temperature have a significant influence on
pyrolysis. Levoglucosenone (LGO) is produced at low tempera-
ture, while the production of hydroxyacetaldehyde (HAA) is
promoted and accelerated at high temperatures, which is a
low molecular weight linear compound. LGO is one of essential
constituents of pyrolysis oil and is considered thermal stable.

Table 4. Operating parameters and products during pyrolysis.[48,98,99]

Pyrolysis process Solid residence
time [s]

Heating
rate [K s�1]

Particle
size [mm]

Temperature [K] Yield of product [%]

Oil Char Gas

Slow 450–550 0.1–1 5–50 550–950 30 35 35

Intermediate pyrolysis 600 278 – 573–723 35–50% 25–40% 20–30%

Fast/Flash 0.5–10 200–1000 0.2–1 850–1300 50–75 12–20 13–30

Table 5. Features of products obtained in pyrolysis.[112]

Temperature Process reaction Properties of the products

Below 350 °C Depolymerization makes free radicals with
elimination of water

Forms carbon monoxide and carbon dioxide, carbonyl and carboxyl
compounds with char residues

350 to 450 °C Glycosidic bond is broken Oligosaccharides, anhydrides, and levoglucosan mix to form tar fraction

Above 450 °C Sugar units are formed from dehydration Carbonyl compounds are obtained

Above 500 °C Mixture of different reactions Different products are formed

Condensation Unsaturated products condense Char residues are formed having trapped free radicals
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Once the temperature reaches between 430 and 650 °C,
deoxygenation and condensation occur. Several oxygenated com-
pounds are produced having different properties, including a
variety of compounds having low molecular weight and dehy-
drated saccharides. These are produced due to several reactions
that takes place in cellulosic pyrolysis.[103] There is a wide range
of pretreatments that facilitate hemicellulose extraction from bio-
mass. These pretreatments include autohydrolysis, alkali-based
solutions, ozonolysis, wet oxidation, enzymatic hydrolysis,
microwave-assisted heating. There is a lack of a single successful
extraction method to successfully extract hemicellulose from the
biomass. However, alkali solutions are considered to be efficient
in hemicellulose extraction. This method shows the maintenance
of integrity of hemicellulose leading to a sufficient amount of
char due to thermal decomposition.[99,104]

4.1.2. Gasification

Gasification is crucial for thermochemical biomass conversion.
The conversion of biomass into a multifunctional gaseous mix-
ture, which is also known as syngas in the presence of a gasifying
agent, leads to the production of energy, chemicals, and biofuels.
Char is usually obtained after biomass conversion, making it a
solid residue. A mixture of different gasses makes syngas, which
includes CO, H2, CO2, and CH4, also known as primary compo-
nents and H2O, H2S, NH3, tar, and other trace species known as
secondary components. Specification can be divided into four
major steps, which include drying (endothermic step), pyrolysis
(endothermic step), oxidation (exothermic stage), and reduction
(endothermic stage). Tar reforming can also be considered a sig-
nificant step in the production of light hydrocarbons[105,106]

Biomass ! COþH2 þ CO2 þH2OþH2Sþ NH33

þ CxHy þ Tarþ Char
(1)

The process of gasification is based on four major steps: the first
step is heating a drawing to reduce moisture content, the second
step is per analysis, the third step is known as oxidation or partial
combustion, and the fourth step is gasification. About 30–60% of
the total measure content is vaporized at 200 °C. Pyrolysis comes
with the decomposition of biomass, which includes cellulose,
lignin, and hemicellulose in different other solid residues and
volatile compounds.[107] The third step, oxidation of partial com-
bustion, leads to resultant volatiles and char residues. This leads
to the oxidation of CO, CO2, and H2O in the presence of a
gasifying agent with a temperature of more than 700 °C.
Simultaneous exothermic and endothermic reactions are contin-
uous in this process, where the reactions act as a heat supplier for
endothermic reactions. Carbon reactions are the main classifica-
tion reactions, which may include primary or secondary steam
reforming, hydrogasification, shift reaction, mechanization,
and steam reaction. Plasma, supercritical, and microwave are
being used to improve gasification yields. The plasma precipita-
tion leads to intense plasma thermal processes, which are
majorly used for the catalyzation and ionization of the organic
compounds, leading to the development of syngas with the help
of a plasma torch, which is generally powered by an electric arc
having a temperature of more than 2500 °C. Supercritical water

gasification includes the availability and presence of water to gen-
erate H2 and CH4. The process facilitates high yield. However,
several factors, including catalyst, biomass/water ratio, and tem-
perature, also play a significant role. Microwave gasification is
another transformation technique that includes uniform distri-
bution of temperature, efficiency in handling large particles,
and higher heating values. The scrubbers and filters are used
to clean syngas.[108]

Parameters: Sikarwar and Molino et al.[106,109] have combined
different parameter that can have a significant effect on the feed-
back and affect the performance of the gasification process.

Biomass Type: 1) The yield of syngas is associated with the
cellulose and hemicellulose proportion, whereas the residue
yield is associated with lignin; 2) The yield of syngas can increase
by increasing the ratio of cellulose and hemicellulose to lignin.

Particle Size: 1) The surface area can be increased by the reduc-
tion of particle size, which leads to a decrease in diffusion resis-
tance; 2) The heat of syngas can be increased by the improvement
of heat and mass transfer between different particles, increase in
reaction rates, and improvement in fuel conversion and gasifica-
tion efficiency; 3) The reduction in the size of the particles can
enhance the cost of pretreatment of the feedstock; 4) The par-
ticles larger in size are associated with decreased cost; however,
they make the feeding and devolatilization complicated, leading
to a reduction in gasification performance; 5) The higher temper-
atures can have a significant impact on the gasification process,
whereas the particle size can also produce the performance at
high temperatures; 6) The particle size varies between 0.15
and 51mm for conventional gasifiers, whereas the particle sizes
up to 51mm is facilitated by fixed bed reactors that are consid-
ered less sensitive to the size of the particle because of longer
residence time; 7) The smaller side particles up to 6mm can
be facilitated in bubbling bed reactors.

Moisture Content: 1) The reduction in moisture content can
help in increasing energy efficiency leading to the improvement
in the quality of syngas. It is also associated with higher heating
values and decrease in conversion emission; 2) The dark content
can be increased by enhancing the moisture content more than
30–40% w/w; 3) Convention classification demands a moisture
content ring between 10% and 20% w/w; 4) The moisture con-
tent up to 60% w/w can be operated by the updraft fixed bed
gasifiers.

Ash Content: 1) Fixed bed updraft gasifiers usually prefer the
biomass having low as content (lower than 2% w/w); 2) Slag can
be formed when the biomass having high content, which is usu-
ally more than 10% w/w is treated. This may include the use of
cereal crops, oil seed, and route cross and flowers. The slag for-
mation is more common in down draft classification; 3) Slagging
can be reduced when the gasifier is operated below ash flow tem-
perature or above its melting point.

Bed Material: 1) The material used for the beds usually acts as
an energy transfer medium and can be inert; 2) The bed material
has the capacity to show catalytic activity leading to improved syn-
gas quality, captures CO2, leading to reaction reforming and tar
cracking; 3) Different types of catalyst for bad materials that may
include olivine, limestone, silica, dolomite, and various other
metal oxide and Ni and K-based catalysts.

Operating Parameters: 1) The increase in heating rate can
enhance the yield of syngas leading to the reduction in tar
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formation; 2) High conversion rates of carbon to char with
increased CO and H2 contents can be obtained by a printing
specification process at elevated temperature; 3) 750–850,
800–900, and 850–950 °C are considered as a temperature range
for the gasification of agriculture waste, RFD, and woody bio-
mass, respectively; 4) Increase temperatures, especially more than
1000 °C, are associated with two drawbacks including the melting
of air and the requirement of rigor reactor; 5) Atmospheric and
higher pressures both can be used in the gasification.

Steam to Biomass Ratio (SB): 1) 0.3 to 1 is considered as SB
optimal value; 2) The range of 1.35–4.04 for SB values can lead to
increased H2 and CO2 concentrations; 3) The increased SB is
directly associated with the increased heating value of syngas,
H2, and CO2; 4) However, during the procedure, increased steam
formation can reduce the temperature that facilitates the forma-
tion of tar. In other cases, higher SB is required.[109]

Syngas Processing: Syngas cleaning technology is divided into
hot and cold gas cleanup according to the condensation temper-
atures of different species. This includes the use of water sprays
that also allow the contaminants to get absorbed in the water
droplets and condense at low temperatures (300 °C). At this tem-
perature, various alkalis condense. While hot gas technologies
require a very high temperature of thousand degrees or more.
Different syngas transformation routes to synthesize fuels and
chemical are shown in Figure 2.

4.1.3. Combustion

Biomass combustion is considered as a series of reactions that
involves CO2 and H2O formation which results after the trans-
formation of carbon and hydrogen during oxidation reactions.
The lack of appropriate quality of oxygen can leads to incomplete
combustion, which can be associated with the release of several
atmospheric pollutants that may include the traces of carbon
monoxide, nitrogen oxides, and sulfur oxides along with partic-
ulate matter.[108,110] The flame temperatures can exceed the tem-
perature of 1650 °C majorly relying on the moisture content and
heating value of the fuel, the air used for burning the fuel, and
the construction of the furnace.[111]

The biomass combustion constitutes to the 11% of current
demands of energy of the globe which highlights its usefulness.
other uses of combustion include the fulfilment of daily heat con-
sumption, heating applications at community level, requirement
to full fill the industrial energy demand along with electricity pro-
duction, extensive use in paper industry, and required for the
processing of sugarcane.[112,113]

Combustion is important as it is one of the highly reliable
technologies in the energy sector that is also commercially avail-
able. The combustion includes three main stages named drying,
pyrolysis, and reduction and combustion of volatile gasses and
solid char. The volatile gas combustion adds to 70% of the overall

Figure 2. Thermochemical conversion processes products and its applications.[237]

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2024, 5, 2400104 2400104 (12 of 37) © 2024 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202400104 by T

he R
obert G

ordon U
niversity, W

iley O
nline L

ibrary on [15/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


generated heat, which usually took place above the fuel bed and is
evident due to the presence of yellow flames. Fluid bed chamber
is combusted and is evidenced from its small blue flames. The
combustion of biomass at the largest scale is complex due to sev-
eral technical challenges which may include different character-
istics and traits of biomass, types of combustors, and the
challenges of co-firing processes.[114] It has been observed that
about 418 kJ of heat energy is required for per mole combustion
reaction of oxygen molecules. A few of the industries incinerate
or combust biomass waste.[112]

The moisture content of about 65% is required to support the
self-supporting combustion process. The heating value is negative
with the relevant amount of water despite the availability of mois-
ture content in its maximum acceptable limit. During biomass
combustion, the significant issues that a combustor can face
include fouling and corrosion.[115] Fouling occurs due to availabil-
ity of alkali metals and other elements including chlorine, calcium,
silicon, sulfur, and iron in the biomass ash. Due to a series of
chemical reactions, there are increased chances of the deposition
of such elements in the forms of silicates sulfates and chloride
alongside the walls of the combustor or on the surface of the heat
transfer elements. The herbaceous material including straws and
grass are considered to have a great potential to have high content
of alkali sulfur and chlorine leading to the corrosion in compari-
son to woody biomass.[114] A comparison of different parameters
of both gasification and combustion is given in Table 6.

4.1.4. Liquefaction

The hydrothermal liquefaction (HTL) is well known for its avail-
able at water which is crucial and essential in thermochemical
processes earning its name.[52] Liquefaction can be linked with
liquid biofuel production from biomass, and the reactions occur
in the presence of water or organic solvents. The process of
hydrothermal liquefaction is related to the generation of bio-oil

with low temperatures and elevated pressures with or without a
catalyst in the presence of hydrogen.[14] In this procedure, the
temperature ranges between 200 and 400 °C, and the pressure
is between 4 and 20MPa. The use of alkaline catalyst is common,
and the reactants including CO or H2 are often known to improve
the process performance. The hydrolysis of macromolecules in
the biomass (lignin and cellulose) is hydrolyzed into smaller mol-
ecules under decarboxylation, dehydrogenation, dehydration, and
various other reactions leading to the production of smaller com-
pounds. If the water acts as a solvent, then the process is known as
hydrothermal process, which is known for its use of wet biomass.
However, the limitations in its use include the lower yield of bio-
oil in comparison to pyrolysis, decreased quality, and high cost as
it requires increased temperature and pressure, catalyst, and reac-
tants.[116] This has resulted in the shift toward other methods
including moderate acid catalyzed liquification or MACL, which
can be conducted at atmospheric pressure and lower temperature
with the use of organic solvent and catalyst. The increase in lignin
content of biomass leads to probability of reduced yield of bio-oil
and increases challenges regarding lignin degradation. Upon
combustion in the majority of the part of the solid waste and
ash content. In hydrothermal liquefaction, different catalysts
either acid or alkaline are used, whereas alkaline catalysts are con-
sidered more efficient however are also more corrosive. Water is
used as the solvent, which comes with several drawbacks. For
example, water and soluble leading to low yield. The bio-oil com-
prises increased oxygen content and low heating values, which
demands the use of organic solvent. The process of hydrothermal
liquefaction can be efficiently in compliance with other processes
to improve the performance of gasification.[117]

4.2. Biochemical Conversion

The organic waste and energy products are correlated with each
other in order to extract energy from waste. A variety of products

Table 6. Gasification and combustion; a comparison.[114]

Characteristics/Features Combustion Gasification

Aim Heat generation Production of eco-friendly and usable products from waste

Type of process Use of excess oxygen to facilitate complete combustion Conversion (thermally or chemically) without or little oxygen

Raw gas CO2, H2O, SO2, NOx, and particulates H2, H2S, NH3, CO, and particulates

Gas cleanup Cleanup of flue gas at atmospheric pressure Discharge of
treated flue gas in atmosphere

Cleanup of syngas at atmospheric and high pressure

Treatment of sulfur if present in the gas Use of treated syngas for various uses
(chemical, fuel, or power generation)

Recovery of sulfur species

Solid by-products Ashes Char or slag

Handling of ash and slag/char Collection, treatment, and disposal of bottom and fly ash Processes at low temperature produce char

High temperature produces slag or other materials

Pressure Atmospheric Atmospheric to high

Economic benefits Facilitates the reactions require high temperature Reduces cost waste handling

Facilitates less emissions

New combustion techniques are being introduced in energy
sector for sustainable energy production.

Transform low-priced feedstock into valuable products
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and various other value-added compounds related to energy can
be extracted from liquid and solid waste with the help of aerobic or
anaerobic digestion.[118] Aerobic digestion requires the availability
of specialized specifiers to obtain gaseous fuels. Anaerobic diges-
tion also known as dark fermentation is considered a crucial bio-
logical process for the extraction of gaseous fuels from waste.[79]

4.2.1. Fermentation

The use of faculty or obligate anaerobes can promote the process
of dark fermentation, which is used for the production of bio-
hydrogen. During this process, the breakdown of complex organic
polymers occurs leading to the formation of monomers using fer-
mentative bacteria to obtain organic acids and alcohols by using
acidogenic bacteria. Dark fermentation is facilitated by a variety
of bacteria which continues with a series of biochemical reactions
demanding similar steps to anaerobic digestion process.[119] The
waste biomass service for the production of hydrogen by fermen-
tative bacteria is considered an optimum source in terms of its
availability, cost, and biodegradability. The inclusion of waste from
diverse industries as a substrate provides efficient waste manage-
ment and contributes to the production of hydrogen facilitating the
energy sector to utilize the waste in a sustainable manner.[120]

4.2.2. Anaerobic Digestion (AD)

AD occurs in the absence of oxygen, where the organic waste is
degraded with the help of microbes, which results in the genera-
tion of gas mixtures including methane (50–75%), CO2 (25–50%),
hydrogen (5–10%), nitrogen (1–2%), and traces of H2S. The anaer-
obic digestion consists of four stages named: hydrolysis, acidogen-
esis, acetogenesis, and methanogenesis. These four steps occur
with the sequence to convert ways into biogas in the presence

of a diversity of bacteria.[121] The anaerobic digestion process
includes its first step, which is known as hydrolysis, followed
by acidogenesis of the products. During this process, waste mate-
rial is converted into several other components, including organic
acids, carbon dioxide, hydrogen, alcohol, ammonia, sugars, and
proteins.[122] Organic acids are then converted into acetic acid
hydrogen carbon in the presence of acetogenic bacteria. In the last
stage, methanogenic bacteria are used to convert the above-
mentioned products into biogas, precious hydrogen sulfide, and
nitrogen. The transformational route of biomass into biofuel is
described in Figure 3.

Different types of lignocellulosic biomass are used as a poten-
tial source in the biodigesters.[123] Lignocellulose is a complex
material that requires a print treatment for its conversion into
biogas. The breakage of the barriers of biopolymers can be con-
sidered an efficient free treatment that can open the lignocellu-
losic structure, leading to increased probability of biodegradation
and biogas production.[124] Different studies have depicted the
pilot scale pressing system depicting the pretreatment of bio-
mass for biogas production, among which the autoclave and
microwave strategy for improved hydrolysis is considered effi-
cient. However, there are several drawbacks to these strategies
as they require increased financial assistance to improve their
efficiency and application at a large scale to make it commercially
feasible.[79] Different mechanisms involved in biogas production
through waste biomass are shown in Table 7.

4.3. Hybrid Conversion Technologies

4.3.1. Solar Thermal Pyrolysis

The increasing energy demand has diverted the world’s attention
toward utilizing several renewable material sources, among

Figure 3. Different syngas transformation routes to synthesize fuels and chemical.[106]
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which solar thermal pyrolysis has emerged as a promising choice
to fulfil increasing energy demands Table 8–10. The rise in
energy demands revolves around the transportation and indus-
trial sectors, demanding increased availability with low cost. For
this purpose, solar energy can be considered a potential substi-
tute that not only provides an abundance of energy with low-cost
efficiency but is also a renewable source.[125] Solar energy is cost
efficient because it only demands an initial investment, for which
the payback period toward its financial efficiency can be com-
pared with the cost of energy provided through the conventional

system. In solar thermal power, the radiations reflected from the
concentrator are directed to the pyrolysis reactor. When the tem-
perature goes up to 300–350 °C, thermochemical reactions occur,
directing toward pyrolysis-related products.[126] This process
reduces the efficiency of energy conversion due to certain
problems associated with the loss of radiation and heat
transfer.[127]

This methodology and technique are most appropriate for
remote and hilly areas where access to energy is difficult. As a
result, solar thermal pyrolysis emerged as a productive

Table 7. Typical comparison of thermochemical conversion technologies for bioenergy production.[249–252]

Parameters Conversion technologies

Combustion Gasification Pyrolysis Hydrothermal liquefaction

Process
temperature

Up to 1400 °C Up to 1600 °C Up to 900 °C Up to 400 °C

Products Heat, electricity Syngas, bio-oil, electricity Biogas, biofuel, biochar Biofuels, biochar, valuable biochemicals, gas

Emissions Produces GHG emissions
causing air pollution

Extensive gas cleaning Cleaning of biogas Biocrude needs to be processed to remove
oxygen and heteroatoms like nitrogen[253]

Flue gas cleaning Ash content Heavy metals in biochar

Ash

Feedstock
pre-treatment

Drying is needed to directly burn
biomass feedstock

Low moisture content and
tolerance in feedstock

Pretreatment is needed to achieve
high efficiency

High moisture content feedstock is used.

Drying is not needed

Capital cost High High High High

Operating
cost

High (drying of feedstock
requires extensive energy.

High (drying of feedstock
requires extensive energy.

High (pretreatment of feedstock
requires extensive energy)

Zero to low pretreatment cost Less energy
intensive interms of process temperature

Achieving high temperatures
increases energy capitals)

Achieving high temperatures
increases energy capitals)

Feedstock
quality

Feedstock quality is not required Low sensitivity toward
feedstock quality

Sensitive to feedstock quality while
producing valuable chemicals

Sensitive to feedstock quality while producing
valuable chemicals

Commercial
use

Heat and electricity Syngas, electricity and
methanol

Valuable chemicals mainly, electricity
and waste management

Valuable chemicals, upgrading gasification fuels

Status Commercial/mature technology Commercial/mature
technology

Immature Immature

Product cost High compared to gasification Low High High

Atmosphere Oxidizing atmosphere Partial oxidizing No oxidant High pressure

Pollutants SOx, NOx, dust, polycyclic
aromatic hydrocarbons (PAH)

H2S, CO2, and tar H2S, NH3, and dust HTL biocrude contains sulfur and nitrogen

Maintenance Ash fouling and slagging Blockage of downstream
processes due to tar

Clogging or corrosion can occur in
reactor and cooling system

High pressure conditions can lead to corrosion

Table 8. Mechanisms involved in energy production through waste biomass.[79,254]

Energy product Type of feedstock Bioprocesses Involved processes Lab scale production

Biogas Agriculture waste, food
waste, MSW

Aerobic digestion of glucose producing
methane and CO2

Hydrolysis, acidogenesis,
acetogenesis, methanogenesis

0.211 m3 kg�1 by using MSW

Biohydrogen FW, kitchen waste Fermentation of glucose into acetic acid,
butyric acid, and acetic acid

Catalytic methane conversion Increase in hexose by 23%

Catalytic gas-shift fraction 14.27% H2 using kitchen waste

Biomethane FW, sugarcane bagasse, rice straw,
food waste, algal biomass

Hydrogenotrophic methanogenesis Glucose to methane conversion 0.54–1.62 L CH4/L
�d from

algal biomassAcetoclastic methanogenesis

Biohythane Wheat bran, MSW, FW 2-stage anaerobic digestion H2 and CH4 (334.7) L kg�1
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alternative technology with the potential to meet global
energy demands. However, it also faces several challenges and
difficulties, which are as follows. This required an appropriate
solar concentrator with a reactor-integrated system. This system
currently attains lower reactor temperatures at off times.
There are also several issues associated with the solar energy
storage that can be used in the absence of solar radiation.
Another important challenge associated with solid thermal
power is the low ratio of energy conversion efficiency.
Irregular distribution of heat energy in the pyrolysis reactor sys-
tem and the loss of heat due to air convection on the surface of a
reactor are also notable challenges. The compatibility issues of
the reactor material are also a concerning challenge of this
emerging technology.[128]

4.3.2. Upgrading of Pyrolysis Oil

Olefins comprising gas fraction and aromatic hydrocarbons are
some of the notable and essential products that are usually
obtained from catalytic cracking of biomass. The process of olig-
omerization facilitates the production of olefins-rich fuel gas that
can be upgraded to C5-C12 iso-olefins and iso-alkanes, contrib-
uting to increased gasoline production.[129] Oligomerization pro-
cess involving a mixture of low carbon olefins over an amorphous
silica-alumina (ASA) catalyst in the temperature of 280 with
3–4MPa leads to the conversion of ethylene, propylene, and butyl-
ene reaching 19.2, 37.3, and 58.7 c-mol%, respectively. The yield
obtained was 23.43 c-mol%, and the gasoline-producing species
was C6 to C10 olefins and alkanes. The outcomes of the study

Table 9. Hybrid conversion techniques for waste biomass to electricity generation.

Biomass
type

Biomass/
plant

capacity

Catalyst/pretreatment Hybrid technology Capital cost Annual
electricity
production

Electricity cost software Location References

Red oak
biomass

2000 MTPD Drying and grinding Fast Pyrolysis-bio-oil
fuel cell

16.74 $MM (15.02 for
bio-oil, 1.72 for fuel

cell stacks)

1.50� 107 kWh 5.36 $ kWh�1 Aspen – [255]

Forest
biomass

22.5 MWe – Concentrated solar
power (CSP)—direct

combustion

$210 million 98 GWh 0.42 $ kWh�1 – Spain [256]

Municipal
solid waste
(MSW)

500 t day�1 – Waste to Energy (WtE)
plant—biomass fired

power plant

$2.24 Million 64.52 GWh – EBSILON – [257]

Forest
biomass

2.1 MWe – Solar-biomass
combined heat system

(CHP)

4.3–9.5 million Eur – 100–220
Eur MWh�1

– Italy [258]

Animal
manure

Expected to
meet

60 kW day�1

Directly fed to the
anaerobic digestor

without any pretreatment

Wind energy-diesel-
anaerobic digestion

$183 850 – 0.202 $ kWh�1 Homer Pakistan [259]

Table 10. Different parameters and techno-economic analysis of thermochemical technologies.

Thermochemical
technique

Working
temp

Working
pressure

Type of feed stock /biomass Moisture
content

Product/
biofuel

Byproducts Cost Status Ref

Direct
combustion

1650 °C 1 atm Wood, agriculture residuals,
and municipal solid waste

20% Heat,
ethanol,
and

biodiesel

Ash and exhaust
gases

68–78 $MWh�1 Mature
(commercial

level
production)

[112,212,260]

Gasification 700–1000 °C Atm/
pressurized

Municipal solid waste, wood
chips, agricultural waste

10–20% Bio-oil
and

Syngas

Ash/char, slag,
and metals

49–54$MWh�1 Mature
(commercial

level
production)

[209,261]

Pyrolysis 350– 900 °C 1 atm Agriculture and municipal
waste and wood chips

15–30% Bio-oil
and

biochar

Char, heavy
metals, and

gases

88.78–
177.56 $MWh�1

Immature [262,263]

Hydrothermal
liquefaction

200–374 °C 15–220 bar Algae, municipal sludge,
lignocellulose, or an organic
component of municipal solid

waste

High
moisture
content

Bio-oil Solid residue,
aqueous phase,
and gas phase

products

– Immature [260]
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have depicted that the coupling of olefins oligomerization to gas-
oline and biomass catalytic pyrolysis can give high efficiency.[130]

4.3.3. Combined Hydrothermal Carbonization and Anaerobic
Digestion System

Heidari et al.[131] conducted the study to observe biomass conver-
sion to fuel with the help of two methods named hydrogen car-
bonization (HTC) and anaerobic digestion (AD). The study
focused on the design and analysis of two scenarios for the pro-
duction of undervalued biomass, mainly sawdust. In one of the
scenarios, the combustion or burning of raw biomass was con-
ducted by the provision of heat, which is required by the Rankine
cycle for electricity generation. In anaerobic digestion, the raw
biomass initially underwent HTC treatment. The solid product
is used for the production of power by the Rankine cycle, in
which the liquid by-product undergoes an AD process.

It has been observed that a 16 g s�1 sawdust biomass stream
with 10% moisture content has the capacity to produce 95.79 kW
power for the HTC-AD scenario. In comparison to this, direct
combustion (DC) can produce 101 kW. The HTC-AD scenario,
despite its complexity and potential capital cost, can be efficient
if it undergoes direct use of biomass. The increased moisture
content enhances efficiency and production power. In an inte-
grated system, different parameters can have a significant influ-
ence. It has been observed that when the initial HHV of biomass
is lower, with a low water-to-biomass ratio, then the benefits of
the HTC-AD scenario are greater. It also depends on the type of
biomass that generates acid like HMF (levulinic acid).[131]

4.3.4. Lignocellulosic Biomass-Based Bio-Refinery

A bio-refinery is a facility or unit that is used for the integration of
the processes and equipment to generate or produce chemicals
or biofuels by utilizing a variety of sources. Different conversion
techniques and their combinations are used to produce value-
added products to be used in the transportation and energy sector
by the use of biomass feedstock through the process of gasifica-
tion or fermentations.[132] The categorization of biorefineries is
based on the nature and the type of biomass used. For example,
crop-based materials, e.g., cereals, are usually employed in crop
bio-refineries, and the cellulosic biomass is directed to lignocel-
lulosic biorefinery. A biorefinery is like a petroleum refinery,
where the input of the feedstock can lead to diverse outputs.
However, there is a difference in the input material that leads
to the variation in the properties of biomass, leading to a diverse
range of products.[133] Different mills, including pulp and paper
mills, are categorized under biorefineries because of their ability
to reuse different products to formulate or produce a usable prod-
uct. Research is underway to establish large-scale production of
different products to strengthen the biorefineries with the aim of
producing high-value products, including chemicals and bio-
fuels, to overcome energy requirements while strengthening
the economy.

The significant challenges of biorefineries include the efficient
and economic transformation of 5 and 6 carbon sugars present in
lignocellulosic feedstock into value-added products that can be
used in the energy and transportation sector. Different

thermochemical platforms used for biorefineries are involved
in providing a diverse range of options in which processes like
liquefaction, combustion, gasification, and pyrolysis are con-
ducted. This unit has the capacity to convert biomass into differ-
ent products, e.g., chemicals, liquid, heat electricity, and syngas.
These versatile and renewable energy sources are obtained due to
the diversity of raw materials. However, these processes come up
with several limitations, which may include reduced energy den-
sity, high fiber content, ash in certain types of feedstocks, and
diverse composition of the material used in these refineries.[134]

The potential of nonedible crops, especially waste materials rich
in lignocellulose, is one of the main reasons for the successful
installation and operability of these biorefineries as they are
involved in the production of integrated biofuel and renewable
chemicals. However, there is a need to tackle different technical
challenges that are involved in the increased cost and reduced
efficiency of these biorefineries.[106]

4.4. Emerging and Innovative Conversion Techniques

4.4.1. Nanomaterial for Dark Fermentative Biohydrogen
Production

Nanomaterials are considered efficient for their catalytic activity
in dark fermentative biohydrogen reactions. Nanomaterials or
nanoparticles are efficient due to their large surface area and
biocompatibility.[135] In dark fermentation, a wide range of
microbes because of the availability of hydrogen is enzymes,
which is essential for the degradation of organic subtracts in
the absence of light under the conditions. According to the pres-
ence of metal on its active sites’ dehydrogenase enzymes can be
grouped into two categories. Fe�Fe hydrogenase and Ni�Fe
hydrogenase. Nanomaterials act as cofactors including iron
and nickel (also known as magnetic nanoparticles) and therefore
lead to improve the efficiency of the process as they are involved
in altering enzymatic activity and stability. Nanoparticles are also
known to facilitate the transfer of electrons to their respective
electronics sectors, which is necessary for the reduction of hydro-
gen to biohydrogen leading to improved yield. Nanoparticles also
have a significant impact on the microbes morphology during
biohydrogen production leading to improved yield.[136]

4.4.2. Biomass-Based Catalyst

Modern technology is promoting innovative heterogeneous cat-
alysts that are majorly extracted and derived from agricultural
waste. The use of biomass is efficient as it is involved in the pro-
vision of effective catalysts that can be used for the production of
high-quality, cost-efficient, and lasting biofuels, which can vary in
their structure and usage. Different carbon-based catalysts are
distinctive because of their lower cost as they are usually
extracted and derived from low-value biomass with a large sur-
face area and porosity.[137] The majority of the catalysts that are
derived from biomass usually exhibit a large surface area and
increased porosity. The method of chemical activation by the
use of H2SO4, H3PO4, and KOH to improve the acidity and tex-
tile properties of reactivated carbon catalysts is being used,
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leading to the promotion of esterification and transesterification
reactions.[138]

4.4.3. Energy-Saving Techniques

In order to produce and manufacture biodiesel to meet current
energy demands, especially in the transportation sector, different
robust and innovative methods for biodiesel production have
been introduced. These methods mainly include ultrasonic irra-
diations, a motionless mixer, microwave heating, a membrane
reactor, and reactive distillation. All of these methods are
involved in improving the reaction rate and the production of
biodiesel. Although the fact that these technologies are still in
the early stages and require more research cannot be denied.[138]

5. Optimization Techniques for Biofuel
Production

5.1. Process Optimization

5.1.1. Design and Operation Parameters

Gasification: The gasification reactions can take place at both high
and low temperatures. Operation parameters for gasification are
discussed in Section 4.1.2. Summary and comparison of differ-
ent reactors for gasification are given in Figure 4:

Pyrolysis: Pyrolysis is divisible into three main categories: slow
or conventional, fast, and flash pyrolysis. The type of pyrolysis to

be used depends on the condition of the reactive, with the main
focus on the operating temperature, heating rate, particle size of
the field stock, and solid/vapor residence time. Table 5 shows
operating conditions for all three types of pyrolysis. Fast pyrolysis
produces increased numbers of bio-oils, whereas slow pyrolysis
leads to the production of biochar.

Fast pyrolysis prefers particle sizes less than 0.2 and 1mm.
The particle size of 5–50mm is preferred in slow pyrolysis. A frac-
tion of noncondensable gasses is observed in both slow and fast
pyrolysis. This is because of secondary reactions that occur during
the process of mass transfer and are catalyzed by char fines and
other particulate matter. The noncondensable gasses can be
recycled during the process of pyrolysis for heat recovery.
Organic vapor is a complex mixture of different elements, includ-
ing aerosols, particulate matter, noncondensable gasses, and mist.
In order to extract bio-oil, different reactor technologies, including
circulating fluidized beds, ablative reactors, rotating cones, trans-
ported beds, and vacuum moving beds, are being used as shown
in Figure 5. The bio-oil that is obtained from the majority of the
reactor systems changes between 65 and 75wt%.[139]

Combustion: The combustion of biomass is referred to a series
of chemical reactions that can result in carbon dioxide and water
formation during oxidative reactions. The availability of oxygen
affects the combustion as the release of atmospheric pollutants in
the air Figure 6.

Types of Combustion: Following are the types of
combustion:[112] 1) Complete combustion; 2) Incomplete com-
bustion; 3) Smoldering combustion; 4) Rapid combustion;
5) Spontaneous combustion; 6) Turbulence; 7) Microgravity

Figure 4. Process of energy production through anaerobic digester.[79,238]
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Liquefaction: The slowdown of the reactions has been observed
after the addition of solvent as it reduces the undesirable conden-
sation reactions that are required for the formation of char. The
catalysts are involved in the reduction of the reaction tempera-
ture, improve kinetics, and enhance the yield of bio-oil.[140]

The addition of alkali catalysts during the reaction improves
oil yield and reduces charge formation, whereas acid catalysts
are involved in reducing the reaction temperature and time.
For the process of liquefaction, the temperature ranges between
250 and 350 °C, and the pressure changes between 5 and 20MPa.
However, the process of liquidation demands the availability of
the catalyst in which different alkali metal catalysts at supplemen-
tal reactants facilitate the overall process.

5.1.2. Reaction Kinetics

Pyrolysis: The cleavage of the macro polymeric bond of demerits
demands immense heat as the thermal degeneration of lignocel-
lulose in the feedstock needs heat to be broken down into smaller
fragments. When the temperature is raised to about 400 °C, the
oxygen becomes unstable leading to chemical changes until they
are quenched thermally.[141] There is a need to maintain the heat

flux of the biomass during the transfer of heat from one particle
to another which usually takes minimum time. This depicts that
there is a need for a short resistance time during the reaction
which is necessary to terminate the cooling of waffles and intro-
duce cracking severity. In case of improper condensation, there
is a probability of the production of smaller fragments or par-
ticles of the compounds. In certain cases, the procedure can also
polymerize to large particles. The actual value of the heat transfer
is debatable; however; it is observed that 600 to 100W cm�2 is
considered an optimum rate of heat transfer. The value depends
on this applied energy to the reaction vessel, the quality and
quantity of the by-product, and the time of reaction.[112]

Tahir et al.[142] demonstrated that the canola residues are suit-
able to be used as a biomass to convert it into biofuel via pyroly-
sis. This included reaction kinetics, evolved gas analysis, and
thermodynamics. Different thermodynamic parameters and
the measurements of kinetics depict that the conversion
activation energy is below 70 wt%, and enthalpies lead to similar
outcomes in terms of biomass residues. However, if thermody-
namic parameters and activation energies increase from 154.3 to
400 kJ mol�1, then a conversion of 65 to 80% is observed that is
thermodynamically unsuitable. This is because of increased ele-
mental carbon content, which leads to increased carbonization.

Figure 5. Advantages and Disadvantages of Gasifiers.[48,114]

Figure 6. General depiction of electricity production.[48,239]
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When the temperature is high, the entropic forces combine with
other high activation energy and cause diminishing returns for
the biorefinery. However, if the temperature is below 450 °C, the
process of slow pyrolysis is used for the recovery of biofuels lead-
ing to an increased yield of ethanol, methane, and condensable
bio-oil.

Kinetics of Gasification: Biomass classification involves com-
plex overlapping steps with highly variable physical and chemical
properties of biomass feedback. The thermodynamic predictions
do not need the type of reactor, the time, and network of reaction.
Practically, the outcomes of thermodynamics are appropriate for
gasification depicting longer reaction turning because of the key
role of kinetics. Practically, chemical reactions occur in a gasifier
for a nighttime; therefore, the equilibrium models predicted
mixed suggestions regarding the success ratio which depended
on the reaction temperature and residence time. According to
these predictions equilibrium models are more efficient at high
temperatures because of their entrainment for the flow gasifiers
in comparison to the fluidized bed systems. Lopez et al.[143] have
suggested that the rise in temperature from 800 to 900 °C is effi-
cient in reducing the time that is required for the conversion of
charge to one-sixth. The impact of steam pressure was insignifi-
cant and did not show any influence on the particle size below
2mm on the reaction rate.

Gao et al.[144] have conducted the gasification of by the imple-
mentation of carbon dioxide as the justifying agent to observe
intrinsic kinetic parameters. The activation energy and reaction
order were » 226–232 kJ mol�1 and 0.28–0.35, respectively.
The pre-exponential factor was observed to be 2.38� 105–
2.82� 105 s�1 at the temperature of 700–900 °C. Enhancement
rate constant bringing between 7.36 and 7.64 was observed when
the temperature increases from 850 to 950 °C. The rate constant
increased 1.48 to 1.63 times when the concentration of carbon
dioxide was increased from 25 to 100%.

5.2. Feedstock Selection

5.2.1. Composition of Biomass Feedstock for Pyrolysis

Lignocellulose is considered as an efficient biomass used in
pyrolysis which majorly comprises cellulose, hemicellulose,
and lignin which upon decomposition at different temperatures
give satisfactory outcomes due to thermometer reactions. During
pyrolysis, the three components are decomposed at different
times and temperatures. Hemicellulose is pyrolyzed in the begin-
ning that is followed by cellulose and lignin. Lignin has a signifi-
cant influence on cellulosic decomposition; however, it does not
affect the overall process of pyrolysis. Cellulose is considered as
the main source of bio-oil obtained from the biomass, whereas
linen is responsible for the provision of solid residue or bio-
char.[112]

5.2.2. Feedstock Composition for Gasification

Biomass with low ash content is used for the production of syn-
gas. The availability or increased concentration of ash results in
slagging. Syngas is used for various purposes that are as follows.
Synthesis of mixed alcohol, by Fischer–Tropsch which is based

on catalytic procedure for the production of liquid fuel from syn-
gas and coal-derived natural gas, fermentation of same gas which
involves farewell biological procedure based on anaerobic
microbes for the fermentation of syngas to produce alcohol
and methanol synthesis.[112]

5.2.3. Feedstock for Combustion

A wide range of biomass is used according to their availability
and the purpose. Lignocellulosic fibers that includes wood, nut-
shells, straws, and stalks are extensively used as the main source
of biomass.[112]

5.2.4. Pretreatment Methods

Single Pretreatment: The subtract quality can be improved by
using different pretreatment methods subscribed easily available
for the enzymes facilitating the conversion to the biofuel. The
following are the single pretreatments.

Physical: In physical pretreatment, the reduced particle size by
the removal of lignocellulose can be efficient. It includes thermal
and microwave treatments. In microwave pretreatment, the
molecular collision due to dielectric polarization helps in the dis-
ruption of lignocellulosic biomass.[145] The thermal treatment
occurs between the temperature of 150 and 240 °C and the pres-
sure of up to 35 bar, leading to reduced particle size and
increased surface area for enzymatic hydrolysis. It also facilitates
reduced crystallinity.[146] The yield of thermally pretreated wheat
straw can be enhanced by 53% by adding 180 °C.

Chemical: In chemical pretreatment, hydrolysis depends on
the pH. At low pH, hemicellulose solubilizes in comparison
to cellulose and lignin. Higher pH dissolved lignin, however,
increases the overall cost. The commonly used agents include
sodium hydroxide, along with the cheapest alkali agent, calcium
hydroxide. For acidic pretreatment, dilute acids at height and
bridges are used. Highly concentrated sulfuric acid, which con-
verts crystalline cellulose into an amorphous form, is common
for acid hydrolysis. Sulfuric acid reacts with cellulose, breaking
hydrogen bonds and leading to amorphous cell loss, forming a
gel-like consistency in acid solution.[147]

Mechanical: Mechanical pretreatment demands high force for
the degradation of the components in lignocellulosic biomass.
Ultrasonication and dispersal are efficient mechanical techni-
ques. Ultrasonication follows the cavitation principle, which
facilitates the implication of ultrasonic radiation. It also provides
physical and chemical effects while helping in the modification
of the structure. During the process, cavitation bubbles allow the
disruption of cellulose and hemicellulose, leading to enzymatic
hydrolysis. The dispersal pretreatment helps reduce particle size,
destroys the structure, and changes its crystallinity, leading to
increased surface area for anaerobic hydrolysis.

Biological: It is one of the cost-efficient treatment methods that
do not demand high energy, reagents, or equipment. In this pro-
cedure, the living organisms are involved that are direct to the
bracket and cleavage of the components. These microbes include
a variety of bacteria and fungi that release different enzymes to
degrade the biomass. However, it is important to consider the
cost and environmental impacts during the build-up of microbes.
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For example, different types of fungus, including white rot,
brown rot, and soft fungi, can be used for the alteration of lignins
as they are involved in the release of lignin peroxides, manganese
peroxidase, and laccase that leads to the degradation of lignin.
Other enzymes, including endocellulase and β-glucosidases,
are involved in the hydrolysis of cellulose and convert it to
sugars.[148] Similarly, the enzymes αarabinofuranosidases and
esterases hydrolyze xylan to sugar.

5.3. Catalysts

Heterogeneous and enzymatic agents are the two catalysts
having hypertension instead of homogeneous catalysts.
Heterogeneous catalysts are preferred because of several proper-
ties, including their segregation and recycling, which allow effi-
cient and easy reactions that lead to a reduction in manufacturing
costs. Enzymatic agents are preferred in less extreme processing
conditions, for example, cheap oil. Both of these enzymes have
significant contributions toward the development and processing
of biodiesel.[138] The typical catalysts that are used for gasification
are usually active metals and provide support. For example,
nickel was used in methanation. Even after 100 years of its dis-
covery, it is still preferred because of its high activity and sea
activity along with produce, making it one of the primary choices
for commercial-scale bio-methane production. Ru is another
important catalyst that is extensively used for methanation; how-
ever, its increased cost, which is almost 120 times that of nickel,
restricts its large-scale commercial application. Other catalysts
used for methanation include Co, Fe, and Mo. The choice of sup-
port for active metals depends on the choice of the catalyst. Metal
oxides (Al2O3, SiO2, TiO2) having a lot of surface areas are
responsible for making the primary choices for the supports.[106]

Zeolite is considered a complex and three-dimensional porous
structure having different elemental compositions, which are
used for the upgradation of paralysis bio-oils. Zeolites exhibit cat-
alytic activity exceeding up to 50% of their volume. Zeolites are
involved in the production of aromatic atmospheric pressure
without hydrogen. The final product obtained usually has a
low heating value because of its low hydrogen–carbon ratio
and high oxygen–carbon ratio in comparison to hydrodeoxygen-
ated oils. In the presence of nitrogen gas, catalytic tracking is con-
ducted, which is necessary to stabilize the product. Amorphous
silica alumina (ASA) is also used for oligomerization.[130]

5.4. Sustainability

Biofuels have emerged as sustainable and renewable energy
sources due to their potential to reduce pollution, which mainly
comprises increased levels of greenhouse gasses, especially car-
bon dioxide.[34] The increased use of biofuels promotes a carbon-
neutral path as waves of carbon dioxide during their production
from their environment. Sustainability has a significant influ-
ence on the resources in their long-term use. There are several
factors that can affect sustainability, which may include energy
return on investment (EROI) and efficiency in resource use. The
EROI for fossil fuels is 20, while for biofuels, it is five, which
makes biofuels closer to the needed EROI, providing an efficient
energy source to fulfil energy demands. A significant limiting

factor is the high energy demand, which requires the production
of energy at a large scale, leading to the large-scale conversion of
biomass into biofuel. This may lead to an increase in the utility of
water and an increase in the collection, extraction, and separation
of raw materials by implementing different techniques and
methods. Despite these limitations, biofuels are considered to
be eco-friendly because of their low impact. However, their
large-scale implementation is limited by several factors which
require intensive research and study.[149,150]

All types of biofuels cannot be categorized as sustainable. For
example, the biofuel generated from edible food crops is not
acceptable due to its competition with the food shortage.
Similarly, the use of oil seed crops, including palm and canola,
for biofuel generation as a feedstock is not acceptable due to their
use as a food crop. The main criterion for sustainable biofuel
generation is that the sources used as feedstock do not compete
with food or any other basic requirement. Therefore, the prefer-
ences are more diverted toward the use of nonedible food as a
potential feedstock, which serves dual purposes.[151,152]

The second generation of biofuel production is an energy-
intensive process. However, microwave reactors facilitate several
chemical processes, which reduce energy consumption and the
length of the reaction.[5] Several factors, including the use of land,
probability of disease, and transportation of lignocellulosic
biomass, are responsible for determining the price of second-
generation fuel. Biofuels are majorly criticized for their eco-
nomic and energy-intensive approach, which can be mitigated
only through their large-scale production.[153–156]

6. Power Production from Biofuels

6.1. Electricity Generation

The use of biomass for electricity goes through different steps
and stages.[157] The process depends on different physical char-
acteristics along with the chemical composition of the solid by a
fuel that is being used for the conversion to electricity. These
characteristics and properties of the fuels are important, espe-
cially in terms of biomass combustion. For example, the heating
value, which is known as the amount of heat released during oxi-
dation, is important as this heat is used to stay in the water in the
flue gas. There is a variation in the gross calorific value (GCV) of
biomass, mainly lignocellulosic biomass. The variation in GCV is
in a small bandwidth, around 18.5MJ kg�1.[158] Along with that,
the water or the moisture content varies according to the season
of the year and the harvesting time. The moisture of the biomass
depends on the weight of water in the lignocellulosic biomass,
which is usually expressed as the weight of the oven-dry biomass.
The water content of the biomass differs between 10% and 50%.
The ash content of the biomass fuel is observed to be 0.5%.
However, the ash content is affected by de-ashing and combus-
tion technology.[159] The transportation and storage of the ash are
also dependent on the ash content of the fuel. Low-content fuel is
considered better and optimum for thermal utilization in com-
parison to high-content fuel. The reduced levels of low fuel con-
tent are facilitated by de-ashing and its utilization and disposal.
Fuels with higher ash content are involved in increased estima-
tion, which affects the heat exchanger design, cleaning system,
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and dust precipitation technology.[160,161] The increase in the pro-
cess temperature reserves in the melting of ash, solid deposition,
loss of efficiency, and breakdown of the plant require high main-
tenance. Therefore, the sources and the fuse having low content
are preferred.

6.1.1. Combustion-Based Power Plants

Almost all types of solid biomass can be used when it comes to
the combustion of biomass for electricity generation. A similar
strategy is applied for the plant residues, where almost all types of
plant material in the form of residues after harvesting are col-
lected. After the collection of the plant-based residual biomass,
it is transported to its location, where it is subjected to a pretreat-
ment facility or the combustion plant. After combusting, the
residual heat is generated, which is transferred to run the tur-
bines or engines, which ultimately produce and generate electric-
ity. The efficient use of biomass with the help of the combustion
process includes the combination of electricity and heat in par-
allel, which leads to combined heat and power plants (CHP).
According to an estimation, the overall MSW combustion plants
have the capacity to consume about 67% of collected MSW add-
ing to about 3% towards electricity.[162,163]

Energy Conversion Technology: The following energy conversion
phases take place in a typical facility used for the combustion of
biomass to generate electricity. 1) Conversion from chemical to
thermal energy; 2) Conversion from thermal to mechanical
energy; 3) Conversion from mechanical to electrical energy

Biomass Preprocessing: Before the arrival to the combustion
site, the biomass fuel is preprocessed and becomes ready to
get burnt. The treatment is required for various purposes that
may include homogenization for improved handling and can
be fed directly to the combustion chamber for better combustion.
preprocessing is also required to reduce the same purity which
enhances the combustion quality. All these steps ensure the
improved efficiency of the biomass to avoid any technical issues
or mishaps and also improve environmental impacts. The steps
are also necessary to lower the investment cost along with the
maintenance of the power plant.[164]

Storage Facilities: Different types of storage facilities can be
used to store biofuels that may include ground storage or in
buildings. Both types of facilities are available in the electricity
generation plants; therefore, the biofuels consisting of food or
wood chips are often directly stored on the ground. However,
the ground storage facilities do not use any protection devices
to protect the biomass from snow, rain, or any other environmen-
tal change. On the other hand, on-plant storage facilities reduce
the transportation cost and save time.[165]

Conversion of Chemical Energy into Thermal Energy: In biomass
to electricity plants, the combustion facilitates the conversion of
chemical energy to thermal energy. These reactions usually take
place in boilers, which are mostly a combination of a steam gen-
erator and a combustion device. The conversion of solid biomass
into gaseous or liquid energy carriers can be burnt in the boiler.
However, in the majority of the scenarios, such carriers are burnt
in other devices, which can be either internal combustion
engines (ICEs) or combustion chambers of gas turbines.[166]

Combustion is explained as deoxidation of the fuel, which is

an exothermic chemical reaction involving any type of fuel or
the oxidant releasing heat. This release of heat leads to the light
production producing a glow or a flame, which can be explained
by the sum formula. Biomass consists of carbon, oxygen, and
hydrogen, which reacts with oxygen to produce carbon dioxide
and water.[167]

CnHmOp þ nþm
4
� p

2

� �
O2 ! nCO2 þ m

2
H2O (2)

The following is the categorization of combustion process,
which includes drying, pyrolytic decomposition, gasification,
and complete oxidation. During the drying phase, the moisture
content available in the biofuel evaporates at temperatures less
than 150 °C. Pyrolytic decomposition is regarded as thermal deg-
radation, which occurs at a temperature between 150 and 500 °C
without any oxidizing agent with zero excess air oxidation.[168]

Gasification is considered the conversion of solids, which in
the majority of cases is which are coal and the remains of the
wire after pyrolytic decomposition in two gaseous fuels. This
is an endothermic process that occurs in the presence of an oxi-
dizing agent. The excessive coefficient lies between zero and one,
which is reserved for partial oxidation.[169] For gasification, the
temperature range usually lies between 400 and 1000 °C. At this
stage, different products are obtained, among which combustible
product gasses have traces and components of carbon monoxide,
carbon dioxide, hydrogen, methane, and water. The last step in
the combustion process is oxidation, which is the process of com-
plete oxidation.

Combustion efficiency explains the overall efficiency of the
combustion process, which is also described as the ratio of heat
energy produced during the combustion and the heating value of
fuel. Incomplete oxidation results in losses, which can be due to
unoxidized components. Currently, modern combustion pro-
cesses or CHPs have improved their efficiency to more than
95%. The performance is not expressed in terms of efficiency;
however, it is controlled by the analysis of ash, which explains
unburned matter and flue gas.[170]

Thermal Cycle: The organic Rankine cycle (ORC) is a closed
cycle that is used in biomass combustion facilities which is like
Rankine cycle. The only difference is the use of organic fluid
instead of water having a low-boiling temperature.[171] This
allows the operation to be conducted at relatively low tempera-
tures ranging between 90 and 150 °C making the cycle more effi-
cient to be used to generate electricity from geothermal energy.
In the biomass sector, usually ORC processes are added after the
Clausius Rankine cycle in order to utilize residual heat at low
temperatures for electricity generation. The thermal efficiency
of the ORC is less in comparison to the Clausius Rankine process
which lies between 12% and 17%. The reason for lower efficiency
can be the low temperature of the driving heat source.[172]

Reactors: The boilers are commonly used to carry out the
combustion procedures to produce electricity from biomass.
Different types of combustors including fixed bed, fluidized
bed, and pulverized fuel combustors are being used. These com-
bustors are commonly used for burning the biomass from which
thermal heat is generated, which is used to heat the water in the
pipes. After preheating, the water is heated until its evaporation

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2024, 5, 2400104 2400104 (22 of 37) © 2024 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202400104 by T

he R
obert G

ordon U
niversity, W

iley O
nline L

ibrary on [15/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com


point. Biomass boilers or combustors are energy efficient, and
their energy efficiency is associated with net calorific value.[173]

Conversion from Thermal to Mechanical Energy: Different
devices are used for the conversion of thermal energy into
mechanical energy and are generally divided on the basis of tur-
bine type (steam turbines and engine types (steam engines and
Stirling engines). Steam turbine is most commonly used in the
process of the conversion of biomass to electricity.[167]

Conversion from Mechanical to Electrical Energy: The generator
is used to convert mechanical energy into electrical energy with
the help of the basic conversion principle of electromagnetic
induction. A variety of generators are used in different processes;
however, in thermal power plants, synchronous single-fed gen-
erators are used to convert biomass to electricity. Other genera-
tors include asynchronous or induction single-fed generators,
doubly-fed generators, or brushless wound rotor doubly fed gen-
erators.[174] The voltage levels for the biomass combustion plants
of 20MW are up to 400 V. Several losses can occur in different
forms including heat, wire resistance, and mechanical losses in
the bearings of rotors. The efficiency of modern synchronous
generators is between 96% and 98%.[172]

6.1.2. Gasification-Based Power Plants

The process of gasification involves different steps, for example,
drying, devolatilization, and gasification of the remaining char.
The gasification of the remaining charge is an endothermic reac-
tion for which the heat is supplied to continue the process.[175]

The design of the gasification reactors also needs consideration.
About 80% of a total weight of the biomass is released during the
process of devolatilization and the remaining 20% is char.
During pyrolysis, after devolatilization, the reaction is ceased
with three available products, i.e., char, condensable volatiles,
and gasses. Such a type of pyrolysis is well known as a thermal
conversion process but also acts as a pretreatment for gasifica-
tion. Other types include the mixture of steam and oxygen, which
is used to obtain nitrogen-free producer gas in order to apply it at
a large scale.

6.2. Cogeneration and Combined Heat and Power (CHP)

Combined heat and power generation is normally applied if there
is a need and requirement for high energy utilization. The
increased electrical output is equivalent to the improved eco-
nomic performance of a plant. The processes that use gasifica-
tion results in improved electrical output and high energy
utilization. For CHP, the producer gas is fed in gas engines
and turbines.[176] These types of plants consist of gasification,
gas cooling, gas cleaning including tar and particle separation,
and use of the clean and cold gas in gas engines. From these
plants, the overall electrical efficiency ranging between 20%
and 30% and overall energy utilization degrees between 75%
and 80% can be achieved.

In current scenarios, the majority of the installations apply
cold gas or wet gas cleaning. Fixed bed or fluidized bed gasifiers
are used for the generation of producer gas in the presence of
atmospheric air or steam gasification. On the discharge from
the gasifier, the temperatures are dropped from 180 to 200 °C

to cool down the producer gas which results in the selection
of cooler construction and cooler operation. This is necessary
to avoid tar condensation that can result in plugging of the pipes
and heat exchangers.[172] This temperature allows the separation
of the particles from the producer gas with the use of fabric filters
or electrostatic precipitators. In some situations, the fabric cloth
is protected from that dust or tar mixture with the help of pre-
coated materials. Dust to tar ratio is also an important parameter
for smooth continuation of the operations that requires a certain
ratio of the heat exchanger or tubes clean. This ratio can be con-
trolled by the recycling of ash and feeding it back to the gasifier
with the fuel. The tar components can be removed by scrubbing
the producer gas. There have been advances in the cleaning pro-
cedures and processes in the last decade where different tradi-
tional cleaning tools and chemicals have been replaced by the
modern one. For example, water scrubbers have been replaced
by solvent scrubbers. The catalytic cracking of tar is followed by
the procedure of cooling down without any issues related to tar
condensation. In a conventional particle separation system, the
particles will be removed at a low temperature making the energy
in the flu gas to be utilize the game to fulfill heat-demanding
processes.[172] An example of CHP is given in Figure 7 for sus-
tainable production of biomethane Figure 8 and 9.

7. Biofuels for Transportation

7.1. Bioethanol

Biomass-based ethanol is considered one of the main candidates
for the adoption of a sustainable choice of fuel, especially for the
transportation sector. The increased use of ethanol as a potential
biofuel, especially E85 for mid-sized passenger vehicles, can
equal about 32% of global gasoline consumption. These alterna-
tive choices can help us reduce the use of nonrenewable resour-
ces, especially fossil fuels, which will not only lead us towards the
conservation of these natural resources but also help in reducing
the drastic effects of climate change.[177]

The shift toward the utilization of renewable energy sources
can help in reducing the concentration of carbon dioxide in the
atmosphere. This will also help us reduce our reliance on fossil
fuels for the generation of energy and electricity. The depen-
dence and increased use of bioethanol can lead toward the effi-
cient utilization of carbon dioxide as similar carbonate can be
consumed by the crops during the development of stages that
serve as potential feedstock. Bioethanol has the potential to
reduce the amount of highly obtained additives in gasoline.
Therefore, the fuel spills containing ethanol are considered to
be biodegradable as they are involved in the revolution of the sub-
stances to nontoxic levels.[178] For example, the blend of 10% bio-
ethanol and gasoline can result in the production of E10.
Additional uses of bioethanol include the synthesis of ethyl ter-
tiary butyl ether, which is usually mixed with gasoline to enhance
the oxygen content and reduce pollution. However, biotechnol-
ogy comes with a few disadvantages; the significance includes
the huge intake of large quantities of energy and increased land
utilization. Other drawbacks include the ferrous deterioration of
the fuel containing more than 10% ethanol content until it is pre-
pared to be used as E85. These conditions can lead to a negative
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impact on the electric fuel pump as these factors accelerate inter-
nal deterioration.[179]

7.2. Biodiesel

Biodiesel is often used as a blank with regular diesel fuel and can
be used in different diesel vehicles without any modifications to
the engine. These properties of biodiesel make it suitable for use
with conventional diesel vehicles. B20 is one of the most com-
mon biodiesel blends, having 20% diesel and 80% petroleum die-
sel. B20 is famous because of its cost efficiency, improved
performance in cold weather, material compatibility, and capac-
ity to act as a solvent. The engines that can be operated on v20
include similar fuel consumption, horsepower, and torque to run
the Engines on petroleum diesel. b20 is also important because it
has a higher seating number, which is regarded as the measure
of the ignition value of diesel fuel and higher lubricity, the capac-
ity to lubricate fuel pumps, fuels, and injectors. The efficiency of
biodiesel can be measured by the variability of its energy, which
is less than 8% per gallon.[180]

7.3. Biogas

The growing market for renewable energy can greatly benefit
from biogas because of its protection and contribution to the
global energy demand. According to an estimation, the consump-
tion of biogas will double over the next several years from 14.5 to
29.5 GW. The combustion or burning of fossil fuels for energy
purposes has various drawbacks, among which the generation

and release of greenhouse gasses in the atmosphere is a signifi-
cant environmental concern that is demanding renewable energy
sources for power generation. Purified biogas has various poten-
tial uses, including the production of heat and staying to be used
for domestic and business processes, the injection of the gas into
natural gas grids, and fueling automobiles.[181] Sweden is facing
an increase in the demand for biogas to be used as a fuel for
vehicles. Other than Sweden, various countries, including
Germany, Austria, and France, are also making progress toward
the production and utilization of biogas as a potential fuel for
automobiles.[182]

In order to be competitive in the market, biogas is expected to
be at least 20 to 30% less expensive in comparison to bioethanol
and biodiesel. The production and utilization of biogas are still in
their early phases; therefore, there are certain barriers to their
adoption and spread across the globe. The significant barrier
is the limited number of gas stations, which serves as a potential
obstacle to the use of biogas, leading to an increased infrastruc-
ture cost. The use of the mixture of liquid in the kitchen acts as a
potential field stroke contributes toward the cost of the produc-
tion of commercial biogas, which may range from USD 0.45 to
USD 0.55 per liter. This commercial value is also dependent on
the utilization of the technology, which is used to develop and
produce biogas. Therefore, upon drawing the comparison
between the economic value of the production systems of bioe-
thanol and biodiesel, the production value of biogas and its utili-
zation as a potential fuel is limited.[183] Despite the availability of
government support in the form of subsidies, the biogas genera-
tion system, which is dependent on the organic waste in liquid

Figure 7. Process flow diagram of combustion of biomass to electricity production.[172,240]
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manure, can be considered more competitive than wheat-based
ethanol production.

7.4. Hydrogen from Biofuels

Hydrogen depicts the highest energy content per unit weight of
known fuel leading to high energy density in comparison to other
biofuels including methanol, ethanol, and methane. These char-
acteristics make it a potential fuel to be used for direct combus-
tion in ICE or as a fuel for a fuel cell. Moreover, hydrogen
gas is also considered to be an efficient agent to be used as
environment-friendly fuel to generate energy.[184]

7.5. Challenges of Biohydrogen Production

Hydrogen is considered as one of the simplest elements in the
world playing an important role as an energy carrier in the energy
systems. Hydrogen has emerged as a potential renewable and
low-carbon energy source named as green hydrogen. Green
hydrogen has the capacity to limit less carbon in comparison
to the hydrogen obtained from the steam reforming of natural
gas. Green hydrogen is being implemented in several industries,
and it is considered as a significant energy source for transpor-
tation, i.e., green energy product.[185] The biohydrogen produc-
tion with the help of biological methods including dark
fermentation has the capacity to produce hydrogen without light
along with photo fermentation and where the photosensitive bac-
teria have the capacity to use a wide range of spectral energy. The
energy conversion efficiency is low for dark and photo fermen-
tation methods achieving 4.3 and 5.11% efficiency, respec-
tively.[186,187] One of the major challenges includes the limited
rate and efficiency of biohydrogen protection along with an
increased cost of raw feedstock. Overall, hydrogen production
may include different sources including renewable electricity,
nuclear power, and lignocellulosic biomass. Currently, the sector
is dominated with the use of fossil fuels. Therefore, biohydrogen

Figure 8. Biomethane from anaerobic processes combined with
gasification.[172]
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Figure 9. Fuel contribution to total energy consumption.[110]
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production faces various challenges including barriers in fer-
mentation due to increasing cost of raw material, lack of suitable
industrial support for efficient production, and lack of appropri-
ate design to continue and improve its production at a large
scale.[188] On the other hand, hydrogen production occurs
through anaerobic digestion, fermentation, or gasification.
Hydrogen production is based on different sources, i.e., natural
gas and coal; however, during this process, huge amounts of CO2

are released into the atmosphere. Advanced technological sys-
tems have resulted in the production of both low and high-carbon
hydrogen, which may include the development of solar photovol-
taic and wind renewable energy technologies. The production of
hydrogen from natural gas is one of the cheapest methods across
the world with an average cost of 1$ kg�1, while the electrolysis
can cost up to 10–40 $MWh�1.[189]

8. Environmental and Economic Assessment

8.1. Environmental Impact

8.1.1. Greenhouse Gas Emissions

Low energy inputs are dissipated and expected from biofuel pro-
duction because it is considered to be a sustainable approach from
the very first step of growing crops to the processing until its pro-
duction. The biofuels are also considered to have better perfor-
mance in terms of providing an energy balance to the engine
while releasing very few greenhouse gasses in the atmosphere.[190]

Different studies regarding the effect of the environment on
the synthesis of methanol have been conducted that are directed
toward the use of different types of feedstocks including corn,
sugarcane bagasse, and food waste. The amount of the release
of greenhouse gasses of methanol varies from 20/9 to 45.5 kg
CO2/GJ. This amount is also dependent on the raw material used
to produce biofuel. It has been observed that the methanol and
ethanol produced from corn have less effect on the environment.
The lignocellulosic biomass (LCB) including rice husk, barley,
pinewood, or coffee pulp is considered to be beneficial for the
environment in terms of ethanol production. It was observed that
the ratio of greenhouse gas emissions is lower in the fuels pro-
duced by LCB in comparison to conventional fossil fuels.[191]

The worldwide aviation sector aims to reduce emissions by
50% by 2050 by introducing aircraft designs, streamlining air
traffic control, and encouraging the use of biomass-based fuels
at commercial levels. The life cycle missions of renewable fuel
production from sugarcane bagasse are 21 g CO2 eq./MJ in com-
parison to the emission range of fossil fuels which is observed to
be 8095 g CO2 eq./MJ. The production of biogas is more energy
efficient in comparison to the combination of biogas and bioe-
thanol production. It has been observed that the biofuel gener-
ated from the biomass is still in its early phases and requires
more research work to become efficient in terms of cost and
energy utilization.[190]

8.1.2. Air and Water Quality

The transesterification process uses an acid/base catalyst and
methanol as a reactant. The use of these compounds increases

acidification and human toxicity. Hydrogen is used in the hydro-
treatment, and the reaction is conducted at high temperatures
and pressures. The carbon dioxide and carbon monoxide are col-
lected as by-products. One of the major factors of concern is the
contribution of the transportation sector to the increased emis-
sions of GHG, which are often transported from the side of pro-
duction to the processing units.[190]

The treatment stage of wood biomass is considered to have a
greater influence on the potential for land usage. Land use,
human carcinogenic toxicity, and global warming are some of
the significant factors that affect the production of Na2CO3 for
pretreatment. The method of manufacturing also causes certain
effects on the environment, which may introduce acidification,
eutrophication, global warming, photochemical oxidation
demands, and increased probability of marine and human eco-
toxicity due to the increase in the use of chemical pretreatment
processes. The reduction in greenhouse gases is one of the sig-
nificant roles in stabilizing the climate and reducing climate
change and its impacts. The production and utilization of fire
fields such as ethanol, along with the use of these as fuel for elec-
tricity generation, is an eco-friendly approach serving dual
purposes, i.e., fulfilling energy and electricity demands and con-
serving the environment.[191] Meanwhile, food waste valorization
into biofuel is efficient due to its rich content of nutrients that
prefer microbial growth, which is necessary for bioconversion
processes. Currently, there is a lack of propagated management
of food waste because of the increased probability of its hazards
to the environment due to the release of toxic components that
can run off in nearby water bodies and pollute them. Appropriate
management of the waste and the recycling of food waste can not
only prevent the above-mentioned situations but also help the
energy and transport sector.

8.2. Life Cycle Assessment of Bioenergy Produced from
Lignocellulosic Biomass

Bioenergy has emerged as a significant alternative to fossil fuels
because of its efficiency and potential to limit and reduce green-
house gas emissions. It is considered as a renewable energy
source that utilizes carbon as the main supply making it an
essential element of renewable energy mix. Atmospheric carbon
dioxide can serve as the main element and source of the carbon
used in bioenergy, which is generally absorbed during the pro-
cess of photosynthesis by the plants. Bioenergy can serve as car-
bon emission neutral leading to negative when the captured
carbon is combined with the stored carbon. The potential to
reduce greenhouse gas and the availability of biomass are con-
sidered important factors for determining the development of
bio energy chains during the transition towards low carbon.[189]

Life cycle assessment (LCA) is considered as an evaluation that
aims to measure environmental effects during the production of
biofuels.[108,192] LCA focuses on the provision of comprehensive
insights toward human activities and the environment, which is
essential for successful strategic planning. Renewable bioenergy
synthesis is a significant and intriguing source for the production
of low-carbon energy, which is currently the need of time to
reduce environmental toxicity. Efficient use of lignocellulosic
biomass for bioenergy production is an optimum alternative
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to achieve a carbon zero footprint. The growth stage of the plants
from their germination till the conversion of the obtained bio-
mass into biofuels and their utilization as potential energy sour-
ces is considered as life cycle assessment of biofuel production.
One of the significant potentials of the biofuels obtained from
lignocellulose derived materials is eco-friendly nature which is
currently the necessity of the time to reduce GHG emissions
and achieve zero carbon footprint.[193]

Among different physicochemical treatments based on steam,
liquid hot water, organosolvent and dilute acid, and liquid hot
water are promising when used as pressurized deionized water
for the reduction of GHG leading to increased sugar yield for
fermentative production of biofuels. According to the research,
methanol has a limited impact on eutrophication, acidity, and
global warming. However, the inclusion of NaOH demonstrated
an adverse impact on the ecosystem. The application of com-
bined methods including the combination of mechanical, chem-
ical, and enzyme-mediated treatments can efficiently reduce
energy consumption and lower the generation of waste in com-
parison to the primitive processes which mainly relied on
chemicals.[194]

According to Prasad et al. (2015), 385 kg of CO2 is being pro-
duced. The overall production of electricity through dilute acid
pretreatment produces about 54.6 kg of CO2 is produced, while
the line treatment that involves the alternation of living structure
and swelling of cellulose surface leads to 85% CO2 emissions.
The process for the implementation of a water bath is usually
maintained at 60 °C for 12 h. The huge difference is due to
the difference in operation time which is combined with
increased temperature in comparison with other treatments.
Irrespective of the choice of the treatment (i.e., stream expulsion
or dilute acid), the produced electricity is the major shareholder
toward CO2 emissions accounting for 88% and 99%, respectively.
This is one of the significant representations of the efforts being
made to reduce CO2 emissions by adopting green and renewable
energy sources during the process of production.[132]

Soleymani Angili 2023 et al. focused on an early-stage LCA for
catalytic intermediate pyrolysis for the valorization of rapid neem
with the help of ZSM-5 and zeolite Y catalysts. Catalysts are
important and play a significant role in the emissions from
the products; therefore, catalyst cars are considered important
for LCAs. The application of ZSM-5 to pyrolysis increases
Burden in nonrenewable energy, respiratory in organic and eco-
toxicity by 140.88MJ 8.83� 10�3 kg PM2.5 eq. and 125.63 kg
TEG soil, respectively. The natural gas and relevant chemicals
including phosphorus trichloride, sodium hydroxide, and
sodium silicate can be used as a driving factor for the
manufacturing of ZMS-5.[195]

According to Isabel Quispe et al. (2019), the outcomes of a
study based on the rice husk depicted that the environmental
effects of obtaining 1MJ of rice husk are less than 1MJ from
coal including global warming acidification and eutrophication.
In the case of water depletion, the environmental impacts are
98% better with the use of coal in comparison to the rice husk.
Other potentials include global warming potential to upto 1.96 kg
CO2 eq, water depletion potential equal to 2.3 m3, eutrophica-
tion= 12.5 g PO4 eq, and acidification potential= 50.3 g SO2

eq. Similarly, for coal systems, the potential of global warming

equals to 61 kgCO2 eq, water depletion 23m3, eutrophication
potential 63 g, PO4, and acidification potential 462 g SO2.

[196]

Santoyo-Castelazo et al. (2023) conducted the study by consid-
ering cradle-to-grave perspective for the quantification of major
environmental concerns. Aspen Plus v11 software was used for
the simulation of bioethanol production with a yield of 0.42 L bio-
ethanol per kg of bagasse for the production of 100 L h�1 with the
purity of 98.6%. The biofuel used in the vehicle and production
stages have different highest contributions which in total can be
quantified as approximately 26.7 kg CO2 eq/L. after the imple-
mentation of cradle-to-gate perspective the amount was reduced
to approximately 8.4 kg CO2 eq/L.[197]

Winjobi et al. (2016) conducted the LCA two bio-oil obtained
from woody biomass with the help of two pathways including
one-step pathway of fast pyrolysis and two-step pathways of tor-
refaction prior to fast pyrolysis. Both have a collective potential of
about 6 g CO2 equivalent per MJ of bio-oil in comparison to 39 g
CO2 equivalent per MJ of bio-oil for one-step pathway with the
help of energy allocation-based analysis. The use of a two-step
pathway against the one-step password has the capacity to save
up to 80% GHG in comparison to heavy fuel oil (HFO). The
increase in the temperature of torrefaction prior to fast pyrolysis
is effective in reducing environmental burnt burdens associated
with global warming. The utilization of renewable energy in the
form of char burning or torrefaction of low-quality liquid fuel
leads to satisfying heat energy requirements while reducing
GHG emissions in comparison to natural gas use for process
heat.[198]

8.3. Economic Viability

The utilization of cellulosic feedstock, mainly consisting of waste
and leftover material that can be used as a potential feedstock for
biofuel production, can be considered an economically viable
option for the energy sector. The majority of the waste materials
that serve as the potential source usually do not cost much; how-
ever, the cost of the technology that is required for its preprocess-
ing and conversion of these materials into biofuels can be higher,
adding to the cost of the process and the energy produced.[199]

Treatment has become a necessary measure prior to hydrolysis,
especially for second-generation biofuels because of the strong
crystalline structure of cellulose.[149,200] The overall cost of the
feedstock accounts for between 35% and 50% of the entire pro-
duction cost of second-generation bioethanol. However, in order
to produce large-scale commercial second-generation biofuels, it
is necessary to cogenerate chemicals and biofuels.

Third-generation biofuels are not being commercially pro-
duced due to several biological and technical issues leading to
the imitation of the scale-up of personalities, making them
incompatible with the market. Microbial growth and develop-
ment contribute majorly to the overall cost of the procedure
because the day watering and harvesting accounts for 20 to
30% of the production cost. Water is also necessary for microbial
growth, which acts as a medium to provide nutrients to the
microbes, along with maintaining temperature and other condi-
tions.[201] This requirement of water for microbial growth can
compete with human water needs, leading to the generation
of controversy. Although the concept of recycling water is
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suggested, there are increased chances of competition, which can
add to the cost of the procedure. Another argument is generated
regarding the utilization of bioproducts to mitigate the cost of
microbial growth.[201,202] For this purpose, the utilization of lipid
content is emphasized; however, the limit content only contrib-
utes to 30% of the total harvested biomass. Therefore, the proce-
dure requires more economic viability to make it a cost-efficient
and commercially available process for power generation.

8.3.1. Techno-Economics of Sustainable Bioenergy Production

Lignocellulosic biomass is considered less expensive and does
not affect the food supply as it is mainly made up of food waste
material.[16] The butanol derived from starch is being sold for
$1.41 per kg, while for wheat stover, it is $1.25, and for corn sto-
ver, it is $1.10/kg. Therefore, the feedstock reaction has a signif-
icant influence over the determination of the price. The yield and
the trend of the resources that are used for the production of
lignocellulosic biomass can vary in quality and quantity.[203]

The cost and the technology used for the conversion of lignocel-
lulosic biomass to the fuel outweigh the cost of the final product
(biofuel). However, the current cost of technology is higher than
the overall production of the biofuels in comparison to the first-
generation biofuels, which make the second-generation biofuels
economically unfeasible. Another important barrier is the stor-
age of the biofuel field stock. The majority of the feedstock is
high in water moisture content, which affects the cost of supply
as increased moisture content increases the volume and the
number of vehicles used for transportation.[204]

The location of the bio refinery, along with its proximity to the
source of the stock, is also a major and leading concern. The
majority of resources (feedstock) are at a distance, which requires
transportation, adding to its production cost. Transportation con-
tributes to about 10 to 25% of the total cost, and in certain con-
ditions, it can go up to 65%, making the generation of biofuel
more expensive. Moreover, the pretreatment processes cannot
be overlooked in terms of the addition of cost. All of these factors
together increase the overall price of buyer fuel in comparison to
fossil fuels, making it a nonviable option.[205]

Feedstock: The estimated cost of lignocellulosic biomass (LCB)
Is between $22 and 85/t. The cost depends on the category and
accessibility of LCB. A constructive relation can be observed
between the biomass and biofuel cost. With an increase in the
related factors including labor, fertilizer inflation, and transpor-
tation costs, the overall cost of biomass also increases. Jung and
Choi (2018) conducting the study use concentrated acid prepara-
tion of LCB in order to produce but an all and conduct a technical
economic analysis. The analysis is based on the plant capacity of
40 000 t/y with the feed cost of 60 $/t. There has been a decrease
in the price of butanol from 2668 to 2139 $/t with double the
capacity of the plant. With the reduction in production cost by
55%, commercial feasibility can be achieved[206]

Pretreatment Cost: Acid and alkali treatment results in the yield
of 56.1- and 48.9-MM gallons per year. The techno economic
analysis for acid and alkali treatment indicates the cost of
25 $MM and 22.3 $MM with the capital cost of 208.6 and
163.6 $MM.[191] The operational cost depends on energy produc-
tion and integration of processes. In case of chemical-free

treatment, the increase in the chemical cost is usually compen-
sated with the increased yield of the product. Unique material is
required for the storage of chemicals along with their transpor-
tation that adds to its increased cost. The general operational cost
of pretreatment involving chemicals is usually high; however, it
can be reduced by the implementation of different technology
involved in the chemical retrieval.[207]

Production Cost: Operating and capital cost constitutes the pro-
duction cost, whereas the investment cost is considered indepen-
dent of yield of the biomass where this cost can largely depend on
the degree of pretreatment. In order to produce biogas, different
parameters have a significant impact on the operational and
implementation cost. These factors were analyzed and studied
by ref. [191]. High temperature and atmospheric pressure can
be maintained for the gasifiers. The production cost of the bio-
chemicals including methanol, ethanol, and dimethylether can
vary in accordance to their availability and the conditions they
are exposed to. The methanol production through gasification
leads to minimum selling unit price from 92 to 117 $ kg�1.[208]

For example, methanol production costs produced from atmo-
spheric and pressurized gasifiers within the same capacity at
2000 dry tons per day are $0.2 and $0.45 kg�1.[209] The capital
cost of pressurized equipment is higher in comparison to atmo-
spheric equipment which is the main cause of the price differ-
ence. The pressurized gasification system can be four times
costlier in comparison to the atmospheric system for a power
plant having the capacity of 20 MWe. The majority of the feed-
back used for gasification includes woody and agriculture bio-
mass along with the energy crops. Biomass feedstock can be
considered a responsible element for the determination of the
economics of classification for example the use of woody biomass
including forest residues whole trees for hydrogen production has
a lower production cost around 1.17–1.3 $ kg�1 in comparison to
agriculture biomass with the overall cost of $1.29–1.33 kg�1.[209]

Different types of boilers can be used for the combustion of
biomass required in the power generation. With time, modern
combustion techniques are being introduced which are effi-
ciently being used due to their increased efficiency.[210] Other
methods to remove environmental pollutants include the use
of polymer microgels that are aimed at encapsulating different
enzymes.[211] In general, pulverized coal-fired boilers dependent
on biomass feedstock cofired with the coal as the capacity to give
a lower cost of electricity in comparison to the fluidized bed boil-
ers. Circulating fluidized bed boilers are usually involved in gen-
erating low-cost electricity in comparison to bubbling circulating
bed boilers. Moreover, supercritical boilers are considered to
have low cost of electricity compared to subcritical boilers.
A solely biomass fuel power plant system has higher electricity
cost than a coal power plant because of increased prices of bio-
mass in comparison to coal leading to the effect of cost on elec-
tricity production.[209]

In comparison to co-generation plants, conventional biomass
power generation systems have increased selling price in terms
of break-even electricity due to increased installation cost of
cogeneration plants. The use of wood biomass and coal in a
supercritical pulverized coal fired boiler leads to the production
of 500MVe costing to about 86.91–133.3 $MWh�1.[209] The capi-
tal costs for necessary modifications to co-fire woody biomass
with the help of PC boilers range between $250 kW and
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$1000 kW.[212] On the other hand, the use of wood even as in
subcritical circulating fluidized bed boilers, the electricity pro-
duction is halved, i.e., 250 MVe within the price range of
173.82–318.68 $MWh�1 with the inflation factor of 2%. The
co-generation of heat with power is associated with a better eco-
nomic solution.[209]

Brigagão et al. (2019) reported that in the corncob-fired
Rankine cycle, the biomass combustion route is dependent on
the electricity generation. In the furnace radiation zone, heat
recovery is involved in generating superheated steam for the tur-
bine. This results in an estimated net efficiency of 30.2% LHV
with the ability to export 114.10MW electricity.[213] Rhenals-Julio
et al. (2023) stated that overall efficiency of Rankine cycle is
24.4%with a net specific power of about 2.790MWkg�1.[214]

Fast pyrolysis of different energy crops during the production
of bio-oil has an estimated cost of around 12–26 $ GJ�1.
Surplus char selling and electricity consumption are the signifi-
cant important factors that affect the cost of bio-oils generated
from pyrolysis. According to the estimation, about 18% of the
generated bio-oil can be consumed if the bio-oils are to be used
in diesel engines for power generation in order to generate inter-
nal electricity for pyrolysis plants. The sale of the by-product pro-
duced during the process of pyrolysis, i.e., char can be helpful in
reducing the cost to up to 18%; however, this depends on the
market value of char in different regions.

Wright et al. (2010) concluded that the production of naphtha
and diesel from bio-oil can lower the transportation fuel cost to
up to 0.56–0.82 per liters in the year 2007 with a capacity of 2000
dry tonnes per day. Diesel engine systems and fast pyrolysis can
be considered suitable options for power generation. 1–20 MVe
with an estimated cost of 88.78–177.56 $MWh�1 is generated
with the help of pyrolysis of biomass.[215] The electricity gener-
ated is higher than the combustion system and lower than other
biomass power generation systems. Diesel systems and fast
pyrolysis are considered inefficient due to low energy rate of feed-
stock and production costs.[209] If the operations can be carried
out in two or three shifts for the production of efficient biofuels,
then it can lead to an increase in return of investment from 4.19
to 116.63%.[191]

8.3.2. Policy and Incentives

In Europe, cellulosic ethanol production could not attract much
attention as there was a decline in the demand for biofuel due to
different policies. Technical issues, increased cost, challenges
associated with supplier change, and delayed commercialization
of second-generation biofuel are a few of the barriers that con-
tribute to reduced demand. The ideal locations for biofuel gen-
eration are landfills, which can be upgraded for the production of
biogas or the areas that can reach the corn stover or cornstarch
for ethanol production. Third-generation biofuels are facing var-
ious biological and technical issues, while first-generation bio-
fuels are still in their experimental stages.[216] There is a need
to implement rules and regulations to avoid generation of waste.
One of the significant examples can be found in South Korea
where the government has implemented the same “pay as you
throw” to avoid or reduce the overall waste generation. In
1994, South Korea implemented this game by allowing the waste

1.3 kg per person per day. However, in the year 2014, it has been
reduced to 0.95 kg per person per day. This policy has resulted in
overall reduction of the waste from 97% in 1994 to 2% in 2014.
Moreover, there has been increased interest in the recycling of
food waste for the recovery of biofuels and other value added
products which has increased up to 59% from 15.4% in the simi-
lar years.[67]

In the energy sector, the need for sustainable economic
growth is not dependent on fossil-based resources. However,
these are the major drivers toward economic growth.
However, current environmental concerns have highlighted
the need for alternatives that has introduced biofuel as a
potential economy.[217] Similar to other economic sources, bio-
fuels have the capacity to generate important social and economic
benefits for rural and local economies. Significant elements of
biofuels include the environmental compatibility that makes
them an eco-friendly fuel and overall economic importance.
Although biofuel production in OECD countries is higher than
conventional fuels, however, for developing countries the first of
biofuel production is close to conventional fuels. The developing
countries are usually rich in raw materials that are required
for biomass, reduced consumption per capita, and low labor
cost.[218]

Different countries have their own policies, regulations, and
standards toward the production and utilization of biofuels.
The Europe framework is based on EU’s laws and member
state’s law where the biofuels are regulated by establishing gen-
eral goals to achieve the aim of maintaining environmental sus-
tainability. A general framework is established, which is
modified and implemented by member states in accordance with
their own legal and administrative systems. Similarly different
support schemes including the RED directive which focus is
on the utilization of the minimum of 10% of the final energy
consumption from renewable sources. The US framework is
based on the energy policy act 2005 and energy independence
and security act 2007.[218] These acts are responsible for setting
renewable fuel standards making the use of biofuels essential.
Different support mechanisms and schemes introduced by the
US promote the use of biofuels. For example, the renewable fuel
standard (RFS) necessitates use of a certain share of renewable
fuel along with the conventional fuels.[219] The establishment and
implementations of the standard and promotion of schemes for
the use of biofuels can be considered a promising step to mitigate
environmental effects of conventional source and attain
sustainability.

Along with the above-mentioned issues, there is also a need to
resolve social compliance with biodiesel, which is majorly con-
nected to people’s beliefs. The community cannot be forcefully
made to accept biodiesel as a fuel as they might consider it
unworthy to be used in their vehicles. In this regard, there is
a need for the government and industries to take serious meas-
ures and efforts to encourage people to switch their fuel prefer-
ences, which can be possible through awareness campaigns.
Along with social compliance, there is also a need to discover
new feedstock sources that are not only cost efficient but also
do not pose a threat or competition to the food industry.
There is also a need to improve existing methods for biodiesel
synthesis and to promote the use and efficiency of biodiesel.[138]

1) Interference of government is also important, especially for
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policy making and its implementation at the national level. For
this purpose, awareness campaigns and incentives can be bene-
ficial to promote biofuel production. Following are some of the
recommendations that can promote biofuels. 2) The introduction
of a rural development strategy is efficient in increasing the
social acceptability of biofuels. For this purpose, NGOs can be
efficient and, in coordination with another institute, can launch
public awareness campaigns to spread awareness and enhance
the acceptance of biofuels. 3) The market value of agricultural
goods varies over time, for which biofuels can act as a buffer
because they can be swapped for fossil fuels. During the time
of surplus production of agricultural products, the access can
be used for the production of biofuels. Modifications in the
global framework can contribute to the utilization and acceptance
of biofuels. 4) The storage facility and supply chain are
required, which can contribute to the capital cost. There is also
a need to build facilities that can ensure the availability of the
feedstock throughout the year. 5) The supply system of the
feedstock at the commodity scale is required in order to connect
the standardized infrastructure of the supply system and
biorefineries.

Different biofuel strategies and policies are being
implemented in different countries according to their goals
for trade and commerce and policies related to environmental
conservation and issues related to food security.[220] Biofuel
policies are considered an efficient component of environmental
policies in industrialized countries. South Korea, Japan, and
China are aiming to reduce the impact of global warming by
reducing their greenhouse gas emissions and air pollution levels.
Along with various national benefits and advantages of the pro-
duction and utilization of biofuels, it is also significant for the
development of rural areas or areas generating feedstock.
These benefits are integrated with each other, promoting local
production. Different nations and countries have developed leg-
islative frameworks for the establishment of sustainable
development.

8.3.3. Socioeconomic Benefits of Biofuels

Production has several social economic benefits that can contrib-
ute significantly toward the development of rural areas. The
important benefit includes the availability of the potential market
for the biomass, increased transportation, and installation of new
plants providing different employment opportunities.[221] The
farmers can also have the opportunity to improve their income
levels by utilizing the agriculture and forest residues as the
potential biofuel feedstock. Biofuels can also add to the environ-
mental and landscape benefits by revitalizing the degraded land
through the initiation of forestation along with the utilization of
excessive water for energy production. As a result, the rural areas
that are the main providers of the primary sources or raw mate-
rial of biofuels can have various positive implications leading
toward increased rural diversification, availability of electricity
supply, and employment opportunities.[218]

Biomass and its practical implications in the form of energy
generation are actively contributing to upgrading the living styles
of the adjacent community. It involves the associated farmers
creating the supply chain to the industry from where it is

processed and is actively used as an efficient form of bio energy.
During the process, the areas from where the raw material is
accessed are involved as it creates another employment of oppor-
tunities for the native including vulnerable communities.
However, due to lack of appropriate knowledge and awareness
regarding the practical and positive implications of renewable
energy, there is a need to initiate campaigns to inform adjacent
communities and the general public.[222]

8.4. Green Economy

Rapid economic expansion across the globe has increased the
consumption of fossil fuels, which has resulted in increasing
emissions which are actively contributing toward global warm-
ing. Different types of energy sources including gas, coal, and
oil are the major contributors toward GHG emissions.[223] In
order to mitigate the impacts of these emissions, different coun-
tries are contributing to achieve net zero by 2030 through sus-
tainable development goals. Green energy transition (GETR)
has now become a necessity for the attainment of sustainable
growth while utilizing renewable alternative energy sources.
GETR includes the production of clean energy with the help
of different renewable sources including hydrowave, tidal, solar,
wind, geothermal, and bioenergy. GETR can be challenging for
developing nations due to the lack of required technology and a
strong economy to support the import of technology. Economic
globalization can be considered important in this regard as it
facilitates imports with the help of international trade. Foreign
direct investment can also contribute toward the goal of net zero
by encouraging investments along with supportive and eco-
friendly regulations. Direct import and export of green technol-
ogy in order to promote green energy not only solve the issues of
green energy but also facilitate the economy of different coun-
tries.[224] The environmental issues in economic development
are complex and multifaceted with each other because the
increase in economic growth leads to increased industrialization
and consumption causing increased pollution and resource
depletion.[225] However, this increase in economic growth is
associated with uplifting different social and economic elements
that are necessary to uplift the lifestyle of adjacent areas and pop-
ulations.[226] However, considering current environmental
issues, it has become the necessity to implement environmental
protection measures along with sustainable resource manage-
ment which can have a negative impact on overall economic
development. The green economy revolves around the establish-
ment of environmental regulations in policies that not only pro-
mote clean energy production and consumption practices but
also create a balance towards sustainable economic growth.
Saudi Arabia is actively pursuing clean energy through hydrogen
production for a clean environment and economy.[227] The CO2

level in every country varies as it depends on their industrial
activity or in other terms their carbon footprint. Therefore, there
is a need to implement relevant policies and strategies that not
only depend on their current carbon footprint but also ensure
their economic development. The implementation of legal
reforms in accordance with the Paris agreement can help the
countries to achieve net zero by reducing the global warming
below 2 °C.[228]
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9. Case Studies and Examples

In different countries, the use of agricultural residues for the pro-
duction of energy is being prioritized. Currently, almost all coun-
tries are dependent on conventional energy production methods,
which include the use of fossil fuels for power and electricity gen-
eration. However, the concerns regarding the environment and
the threat of the declining ratio of fossil fuels have diverted atten-
tion toward the use of renewable energy sources. Among several
available options, the utilization of agriculture residues or food
waste as a potential biomass or feedstock for power generation is
being introduced because of its several benefits. Bolivia is one of
the promising countries to use agricultural residues as a source
of energy. Bolivia is also aiming to increase its share of renewable
energy sources to support its power sector by considering agri-
cultural residues as a potential source for power and electricity
generation. The promising biomass feedstock in the form of res-
idues included harvested sugarcane, soybean, corn, sorghum,
rice, and sunflower. The availability of residues of the above-
mentioned crops depends on the season. For this purpose,
the government has supported the whole procedure by providing
a novel framework to geographically locate different biomass col-
lection points, which were used for the collection and storage of
the residues. Although there is a diverse range of convergent
technology available, Bolivia focused on grate-firing and fluidized
wet combustion. This integration was named Energy from
Biomass Techno Economic Model (ENBIOTEM), which led to
the generation of energy, which caused about 71.6 $MWh�1

for the plant capacity of 300MW.[229]

There has been an increase in energy demand along with the
growing economies that are the major consumers of energy
across the world. The rise in industrial development in develop-
ing countries has resulted in an increase in the demand for
energy. Along with this, it has also led to increased pollution
due to the emission of carbon dioxide and other greenhouse gas-
ses.[230] Brazil is also a country involved in increased industrial
development. Along with that, Brazil is also blessed with various
agricultural products, which results in increased biomass resi-
dues every year. According to an estimation, Brazil produces
about 330 million metric tons of biomass every year, which
demands increased efforts to manage the waste appropriately.
However, the utilization of crop residues in the energy sector
not only fulfills the energy demands but also conserves the envi-
ronment by producing sustainable energy and managing the
waste in a sustainable way. Brazilian agroindustrial biomass
sources and residues are being valorized for the production of
biofuel change as a way to introduce renewable and sustainable
energy sources. Brazil is rich in its residual production, which is
subject to pyrolysis. For specific purposes, a combination of dif-
ferent sources is subjected to flow gasification to produce syngas.
This combination provides a unique arrangement which allows
the use of low-value lignocellulosic biomass as an available
energy source, which often goes through catalytic synthesis to
fulfill energy demands.[231]

Developing nations like Uganda are facing several challenges,
including the lowest electricity access levels. However, the coun-
try is rich in banana farming, which can serve as a potential bio-
waste source for energy production. Several banana farmers have
limited financial capacity and are therefore unable to access

modern solid technology, leading to a great loss and lack of
access to energy and electricity. The utilization and implementa-
tion of potential ways to energy technology can be efficiently used
in the valorization of banana waste. The three main technologies
include thermal (consisting of direct combustion and incinera-
tion), thermochemical (torrefaction, plasma treatment, gasifica-
tion, and pyrolysis), and biochemical (ethanol fermentation and
anaerobic digestion). However, despite the availability of these
potential techniques and technologies for the utilization of waste
biomass in energy generation and production, Uganda is lacking
due to several technical limitations and low economic capacity to
build up the setups that can promote conversions of biowaste to
energy.[232]

The energy need is increasing due to several reasons, among
which increased population and rapid urbanization are the main
drivers for high energy demand. Different technologies are being
developed to fulfill current energy demands among which the
management of agriculture biomass and waste and its utilization
for power and electricity production is a significant solution
which not only provides sustainability but also helps in achieving
financially feasible with abundance of raw material.[233] One sig-
nificant example is the use of banana waste as a potential source
of energy production in Turkey with a specific emphasis on
Mersin and Antalya. Although several types of thermochemical
biomass conversion processes are being used, among which
combustion, gasification, pyrolysis, and liquefaction are signifi-
cant. The most abundantly used method for the conversion of
biomass is the combustion process. The outcome of the study
has revealed that the conversion of banana waste material into
biogas and then to electricity is one of the significant methods
to efficiently utilize energy and employ the principles of circular
economy.[234] In the past 5 years, the electrical energy generated
from banana waste is about 2218.26MWh in Antalya and in
Mersin it was 2884.43MWh. The electricity generated was being
used for household uses, emphasizing the use of agricultural
waste for energy production.[235]

10. Conclusions and Future Recommendations

The need for alternative energy production sources has resulted
in the development and introduction of sustainable fuels. These
fuels are generated through the waste biomass making it a poten-
tial reliable and sustainable solution to increasing energy
demands and environmental concerns. The use of biomass or
other organic waste material has resulted in the development
and production of a useful solution to introduce sustainable
and green energy for our future generations. Although new tech-
nologies are facing several challenges especially in terms of tech-
nician; however, progress is being made to utilize the food waste
or other organic waste materials. The technology requires appro-
priate analysis and optimization in order to completely utilize the
waste. The optimization is based on several factors, which
include the selection of feedstock, different methods used for
pretreatment, reaction and separation processes, recycling of
water and waste, integration of energy, and the utilization of
the products obtained from the biomass for economic gains.
Thermochemical processing has gained more popularity as it
is considered an efficient technology to convert biomass into
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valuable products. Combustion is one of the most conventional
technologies that has been used for the processing of biomass;
however, other technologies including pyrolysis and gasification
are also being evolved. The study also considered LCA, cost anal-
ysis, and techno-economic assessment along with socioeconomic
importance of biofuels and their roles in society. The process is
efficient in promoting the power generation while incising the
specificity of different forms of biology. The product of these
thermochemical conversions is being used as a substitute for
conventional methods providing a sustainable way to meet cur-
rent energy demand.

Several methods have been explained where this method has
its advantages and disadvantages; however, implication in indus-
trial production is limited. The main challenge for the industrial
implication is the lack of appropriate knowledge, cost efficiency,
and technical complexity affecting their performance at a larger
scale. Therefore, inappropriate extensive research is required to
identify the efficiency of existing processes and two observe their
suitability. Current energy demand and concerns toward the
environment are also in demand for cheaper fuse and energy
sources along with environment sustainability. Therefore, there
is a need to pay more attention toward green energy and sustain-
able approaches. This demand probed research for the selection
of wisdom, preprocessing procedures, identification of a differ-
ent parameter and their impact on the process, design of the reac-
tors, separation of a product, value-added product, and their
complete utilization to make them viable and economical for
the industrial and social use. The co-gasification of biomass with
coal is a viable alternative because of the availability of volatile
matter in biomass that helps in achieving auto thermal gasifica-
tion. Decoupling is regarded as the use of a single, high-speed
pyrolysis plant to supply diesel engines. The decoupled system is
significant in reducing the cost of electricity production in com-
parison to close-coupled systems. The use of a decoupling system
allows for efficient power management during peak and off-peak
periods during the time of independent operation of pyrolysis.

This study focuses on the valorization of biomass potential
alternatives toward the energy production to be used as a fuel
for electricity and transportation. The study also highlights the
role of biomass in the green economy. However, the study lacks
and represents experimental work that can be extended to the
experimentation of relevant models highlighting the importance
of biomass as an alternative renewable fuel energy source while
considering its role in the green economy. The study can further
be extended to the determination of biomass as a potential source
to mitigate environmental challenges while maximizing the
value of biomass by analyzing its practical participation in the
circular and green economy.
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