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A must-read book for young and experienced researchers in the field of biomass
valorization. The chapters in the book are well designed to educate and inform the
readers about the various processes and possibilities available in the domain of
biomass conversion. The book has chapters on conversion processes as well as
talks about the applications of the different products of biomass conversion. It
would be useful to get a holistic understanding of the nuances in biomass utilization
and value addition to high-value products. With the increased emphasis on climate
change mitigation processes, the book becomes all the more relevant in terms of
biomass valorization and application for products.

Material Resource Efficiency Division, CSIR Indian Thallada Bhaskar
Institute of Petroleum
Dehradun, India



Cultivation, harvest, and crop processing result in enormous quantity of agricultural
waste generation. The current practice of mass burning or mulching in land leads to
air pollution and land pollution. Adopting appropriate management techniques for
agricultural waste management is an essential aspect of sustainable development.
Alongside, the urge for renewable energy sources is ever increasing following the
depletion of fossil reserves globally. Waste to energy processes and biomass to
biofuel have begun taking shape in the global energy sector, curbing both the
problems of solid waste and energy demand. Waste to value-added products is a
sustainable way of managing massive agricultural waste.

This book reviews ongoing research and recent trends in creating value-added
products from agricultural waste. It provides an overview of agricultural waste
treatment, management, and sustainable use as biofuels, fertilizers, and other
value-added products. In addition, techno-economic analysis is used to present an
assessment of the economics and practical feasibility of agricultural waste-based end
products. This book contains 18 chapters providing state-of-the-art reviews on the
current developments and research on agricultural waste production and treatment
methodologies. Consequently the book is divided into two sections: Chapters 1—
8 focusing on the advancement in technologies involved in the production of value-
added products from agricultural waste and Chapters 9—18 focusing on the applica-
tion of various value-added products like biochar, bio-oil, nano-materials, etc. in the
current scenario for various purposes. Chapters 1 and 2 provide detailed information
regarding the production of agricultural by-products along with the challenges the
agro-industries face due to conventional/traditional technology on the global plat-
form. These chapters showcase the disadvantages of the traditional methods
involved in biomass waste treatment and thereby stress upon the need of novel
technologies to be implemented. Chapter 3 focuses on the concept of circular
bio-economy emphasizing the technoeconomical aspects of advanced technologies
for bioenergy production from agricultural waste. Furthermore, it examines the
environmental performance of agricultural waste via life cycle assessment of biofuel
generation following modern approaches. Chapters 4 and 5 focus on the
bioelectrochemical system for agricultural residue treatment and their effects on
bioenergy production and other value-added product recovery. In addition, recent
developments in potentially impending research areas of BES supporting
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agricultural waste are also covered to prepare this nascent technology for large-scale
deployment. Chapter 6 provides a comprehensive insight into the trends, challenges,
and prospects related to microbial methods of transformations of agricultural waste
into organic fertilizers and its further sustainable development. Chapters 7 and
8 provide a critical review of the current thermo-chemical conversion technologies
to turn “agro-trash into treasure” and details on the recent advancements in thermo-
chemical technologies, and the influencing parameters for their practical
applications. Chapter 9 deals with distinctive agricultural wastes, their impact on
the environment, and the significance of lignocellulosic characteristics for the
blossoming of biochar through various thermochemical techniques. Alongside, it
also emphasizes on different characterization studies of biochar implicating its
efficacy for various applications like adsorption, energy resource, soil improvement,
etc. Chapter 10 focuses on providing insights into the properties of agricultural
waste-based biochar related to carbon fixation and sequestration using greenhouse
gas (mainly CO,) balance model and energy balance model. Chapter 11 elucidates
the contaminant management potential of biochar obtained from different feedstock.
On the other hand, Chapter 12 focuses on the review of the valorization of sugarcane
bagasse fly ash and its application as an adsorbent for heavy metal removal. The
investigation of different feedstock composition, microstructure, by-products, and
their applications has been done intensively in Chaps. 13 and 14. Chapters 15 and 16
focus on the mechanisms of synthesizing nano-materials (NMs) from agricultural
wastes (AWs) and their possible applications in various industries to reduce the
accumulation of various contaminants, via analyzing different synthesis methods.
The book closes with Chaps. 17 and 18, which provide detailed information on the
large-scale feasibility of different waste-to-energy conversion technologies for both
centralized and decentralized systems, alongside their advantages and
responsibilities in building a sustainable circular bio-economy.

We believe this book will be an invaluable resource for academics, policymakers,
practitioners, and students interested in the field of agricultural waste management.

Khordha, India Remya Neelancherry
Troy, NY, USA Bin Gao
Sao Cristoviao, Brazil Alberto Wisniewski, Jr



The editors are grateful to the chapter authors and publishers in bringing this
collection of key information relating to conversion of agricultural waste to value-
added products into the format of a book. We appreciate the time and effort put in by
everyone who contributed to this volume. The views and opinions conveyed in each
chapter of this book are those of the respective authors and should not be construed
as representing the organizations for which they work.

Despite the great effort that editors have invested in this work and the extensive
checks conducted by many experts in the field of valorization of agricultural
by-products, mistakes may have been made. We would like to highlight that any
comments or suggested changes to improve and update the book contents for future
editions are welcomed.

Remya Neelancherry
Bin Gao
Alberto Wisniewski, Jr
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Abas Siraj Hamda, Lata Deso Abo, Mani Jayakumar,
Kuppusamy Vaithilingam Selvakumar, Selvakumar Periyasamy,
and Abdi Nemera Emana

Abstract

Agricultural wastes are byproducts of growing and processing agricultural raw
materials such as vegetables, fruits, livestock, dairy products, poultry, and crops.
They consist of the agricultural processing of non-product outputs that may
include elements that are valuable to people. Still, the economic value of the
material is less than the cost of gathering, processing, transporting, and
processing them for those uses. They can exist as solids, liquids, or slurries,
and their percentage composition will vary according to the farming system and
kind. Agricultural waste includes waste from animals (manure, animal carcasses);
waste from the food industry, for instance, 80% of corn is wasted and only 20% is
canned; waste from crops (sugarcane bagasse, corn stalks, fruit and vegetable
drop and culls, prunings); and toxic and dangerous agricultural waste (herbicides,
insecticides, pesticides, etc.). Wastes from the inappropriate use of intensive
farming techniques and the improper handling of agricultural chemicals typically
accompany agricultural development, negatively impacting rural settings and the
global environment. This chapter thoroughly summarizes current developments
in the idea and production of agricultural waste. In addition, characteristics of the
agricultural waste strategy, hierarchy of agricultural waste, and different

A.S. Hamda - L. D. Abo - M. Jayakumar (D<) - A. N. Emana

Department of Chemical Engineering, Haramaya Institute of Technology, Haramaya University,
Dire Dawa, Ethiopia

e-mail: drjayakumarmani@haramaya.edu.et

K. V. Selvakumar
School of Chemical and Bio Engineering, Dire Dawa University Institute of Technology, Dire
Dawa University, Dire Dawa, Ethiopia

S. Periyasamy
Department of Chemical Engineering, School of Mechanical, Chemical and Materials Engineering,
Adama Science and Technology University, Adama, Ethiopia

© The Author(s), under exclusive license to Springer Nature Singapore Pte 1
Ltd. 2023

R. Neelancherry et al. (eds.), Agricultural Waste to Value-Added Products,
https://doi.org/10.1007/978-981-99-4472-9_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-4472-9_1&domain=pdf
mailto:drjayakumarmani@haramaya.edu.et
https://doi.org/10.1007/978-981-99-4472-9_1#DOI

2 A.S. Hamda et al.

management techniques such as landfilling, incineration, composting, anaerobic
digestion, and other methods, as well as health and environmental concerns, are
discussed.

Keywords

Agricultural waste - Agricultural development - Waste disposal - Sustainable
resources - Environmental issues

1.1 Introduction

Increased agricultural productivity is required due to the growing human population.
Over the previous 50 years, agricultural output is thought to have expanded by a
factor of more than 3. Other elements that have boosted agricultural output include
advancing green revolution technologies and spreading agriculturally productive
soil. Around 24 million tons of food are produced globally by the agriculture sector.
A substantial volume of nutrients, water, and energy is extracted from the soil during
crop harvest. As a result, the ground becomes sterile and adverse to developing new
species and ecosystems. This is especially true of land used for industrial monocul-
ture farms. Food is a necessity that we cannot live without, but it is also clear that
agriculture affects the ecosystem. For instance, it is well known that around 21% of
greenhouse gas (GHG) emissions are caused by agriculture because of agriculture’s
negative consequences on marine life, human health, and the environment; a more
effective and efficient way of processing agricultural solid wastes is needed to
increase agricultural production (Jayakumar et al. 2023; Periyasamy et al. 2023).
The agricultural wastes produced by agricultural activities seriously harm the envi-
ronment and have a worrisome impact on the natural environment’s ecological
system (Adejumo and Adebiyi 2020; Selvakumar et al. 2022).

Agricultural items such as vegetables, fruits, grains, dairy, meat, poultry, and
other unprocessed agricultural products are produced and processed, and as a result,
agricultural wastes are produced (Kavitha et al. 2022; Periyasamy et al. 2022).
Organic and inorganic waste products produced at a farm from various farming
operations, such as dairy farming, horticulture, seed planting, livestock breeding,
harvesting, and processing, are examples of agricultural wastes (Selvakumar et al.
2021; Selvakumar and Sivashanmugam 2018). Because they are not the main
products, the byproducts of agricultural activities are frequently referred to as
“agricultural waste.” Because they are readily available, reproducible, and virtually
wholly free, agricultural wastes can be important. They are waste products from the
processing and manufacturing of agricultural products that may contain components
that are advantageous to people but whose economic value is less than the cost of
collecting, transporting, and processing them for such reasons. These agricultural
waste materials might be solids, liquids, or slurries, depending on the system and
type of agricultural techniques used to produce them. Agricultural waste is also
referred to as agro-waste. These wastes include both hazardous and toxic agricultural
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wastes such as herbicides, insecticides, and pesticides, as well as animal waste such
as animal carcasses and manure; food processing waste (80% of corn is wasted since
only 20% is canned); crop waste such as leftover leaves, stalks, straw, husks, roots,
and shells; and waste from the harvesting of crops (Jayakumar et al. 2022;
Selvakumar et al. 2019; Kavitha et al. 2021). Estimating agricultural waste is
uncommon, although it is generally accepted that they provide a sizable portion of
the world’s total garbage to the industrialized world. As agricultural production has
increased, the amounts of livestock waste, crop residues, and other agricultural
byproducts (Obi et al. 2016; Neh 2020) have also increased. Techniques for efficient
processing of agricultural wastes needed for eco-friendly agriculture and sustainable
growth have recently been attracted to prevent the contamination of air, water, and
land resources and the transmission of dangerous compounds.

The waste management hierarchy system (WMHS) must be used since agricul-
tural waste harms the environment. Particularly, waste management lessens the
influence of agricultural waste on the ecological system. As a result, waste manage-
ment includes waste minimization (reduction), recovery, reuse, and recycling, in
addition to trash disposal (landfilling). The most advantageous choice from the
abovementioned waste management system is waste reduction or minimization,
and the least advantageous alternative is disposal (landfilling). Thus, the develop-
ment of agricultural waste, its disposal, environmental challenges, and agricultural
waste management systems are the main topics of this study.

1.2  Concept and Generation of Agricultural Waste

Because of population expansion, which directly impacts the economy and the
environment, the waste output is increasing daily (Dhandayuthapani et al. 2022;
Mohamed et al. 2022b). Agricultural wastes have recently emerged as a substantial
source of pollution. The wastes produced by the agricultural industries include
animal dung, residual plant material from harvesting, lipids, proteins, and other
organic materials (Mohamed et al. 2022a). A growing government priority is
agricultural waste management (AWM) for sustainable development and ecological
agriculture. For instance, almost all of these agricultural “wastes” can be easily
metabolized. In addition to giving plants vital nutrients, the byproducts of the
decomposition process also make the soil porous and enhance its properties, partic-
ularly its capacity to hold water, helping to promote healthy, sustainable agriculture.

Moreover, the haphazard burning of wastes like cattle manure and straws in an
agricultural nation leads to several environmental issues. The safety of the
environment’s population health has always been under pressure because of the
growing garbage and improper clearance, especially in emerging nations
(Selvakumar and Sivashanmugam 2017). At the same time, this has amplified the
contribution of these nations to the worldwide emissions of GHGs (Hai and Tuyet
2010; Elbasiouny et al. 2020).
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1.2.1 Waste from Farming Activities

Agricultural operations result in the production of waste from farming activities.
This waste includes harvest trash, fertilizer runoff from fields, pesticides in water
streams, the atmosphere, soils, and manure and other waste products from
slaughterhouses, poultry houses, and farms (Asaithambi et al. 2020; Rajesh Banu
et al. 2021). A sizable amount of agricultural waste, including animals and manure,
has not been immediately disposed of during the development and management of
family farms, dangerously damaging the environment. Small farms benefit from the
economic and environmental advantages of recycling animal and poultry manure to
fertilize crops.

1.2.2 Waste from Livestock

Livestock waste is defined as animal excrement, bedding material, water from rain or
other sources, soil, hair, feathers, and other detritus typically handled with animal
waste. Excreta (manure), litter like wood shavings or straws, waste feed or bedding
materials, dead birds or animals, feathers, broken eggs, and farm sweep-outs are all
examples of waste from the livestock and poultry industries. Additionally, it might
contaminate water supplies and aid in the spread of infectious diseases. Improper
water disposal planning could cause discontent due to the release of smell and
infectivity of water sources. The efficient use of waste on large farms requires
pollution and the spread of illnesses and infections (Parihar et al. 2019).

Meanwhile, the meat, milk, and egg sectors all produce a lot of wastes that, if not
properly managed, could affect the environment. The wastes produced by the cattle
industry can significantly complement inorganic fertilizers. Animal manure is a
valuable source of nutrients and organic matter that can preserve soil fertility and
increase crop yields. According to studies conducted on animals, feces and urine,
typically employed as manure, contain between 55% and 90% of the nitrogen and
phosphorus content of the animal feed. Recovered chicken and swine manure from
confinement feeding facilities have been supplied to beef cattle, dairy cattle, and
sheep. It was discovered that these feeds caused no severe health risks to ruminants
and poultry nor did they have any detrimental effects on the quality of the meat,
eggs, or milk. Biogas has traditionally been produced from animal manure. How-
ever, the health of people and animals is greatly endangered by the negligent
disposal of livestock waste on farmlands, direct discharge to waterways, and perco-
lation to groundwater, typically in bypass flow via cracks and fissures (Atinkut et al.
2020).

Animal manure storage, field application, and livestock waste are the main
sources of offensive odors. For neighbors living near animal manure, odor intensity
is frequently intolerable. Since 1850, greenhouse gas methane (GHGM) in the
atmosphere has increased by 45% globally. This growth has been strongly
influenced by increases in livestock production, with enteric fermentation of
ruminants estimated to account for 13—-15% of the total 1990s methane emissions
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and livestock waste for 5%. Animal and human health hazards are often associated
with improperly managed livestock manure. As a result, there is a pressing need for a
thorough investigation of effective ways to use animal waste to develop environ-
mentally responsible, long-term livestock production systems. Systems must ensure
their long-term use as organic manure, alternative feed, and a source of biogas and
decrease its detrimental impacts on the environment, the health of people and
animals, and both (Yang et al. 2021).

1.2.3 Waste from Processing

Processing waste from agriculture is created when crop or animal products are
processed for human consumption in facilities like abattoirs or slaughterhouses.
These wastes include banana peels, hoofs, bones, and other objects. Additionally,
some processing wastes can be employed as natural antimicrobials. Pomegranate
peels, lemon peels, and green walnut husks are a few examples. Environmental risks
are associated with organic wastes, but they also hold the potential for creating
bio-based products like bioenergy and biofertilizers, as well as delicacies like
mushrooms. A portion of the agricultural waste is turned into animal feed. However,
these wastes have various components, including many proteins, carbohydrates, and
minerals. Including these nutrients in raw materials allows for the development of
microorganisms in favorable environments. These bacteria can recycle raw materials
through fermentation processes (Sadh et al. 2018). Process residues remain leftovers
even after the crop has been processed into another meaningful resource. Agricul-
tural husks, seeds, leaves, straws, stalks, stems, roots, shells, peels, pulp, stubble,
bagasse, molasses, and other materials make up these wastes, as represented in
Fig. 1.1 and employed in various industries, including manufacturing, soil enhance-
ment, fertilizer application, and animal feeding.

. Husks
. Seeds

. Bagasse

'_

Fig. 1.1 Agricultural wastes and their source classifications
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1.3 Characteristics of Agricultural Waste

Due to the abundance of organic components in agricultural and food industry
wastes, biological degradation occurs often. These wastes typically have enough
phosphorus, trace elements, and nitrogen for biological growth. Depending on the
type of procedure, the size and age of the plant, the season, and the waste’s
composition, both the amount and composition of solid and liquid wastes from
farming and food processing might vary. Based on their physical and chemical
characteristics, agricultural wastes are categorized. Agricultural wastes’ physical
characteristics include their weight, volume, total solids, and moisture content,
while their chemical characteristics include nitrogen, phosphorus, and potassium
levels. The characteristics of agricultural waste are described under the physical
characteristics. They indicate the quantity and consistency of the material to be
handled by machinery and in treatment and storage facilities.

On the other hand, nitrogen, phosphorus, and potassium are present in the
chemical makeup of agricultural waste. The makers, planners, and designers of
waste systems value these chemical components highly. The main waste utilization
method for agricultural waste is land application. When creating an agricultural
waste management strategy, the main factors considered are nitrogen, phosphorus,
and potassium.

1.4  Approaches and Hierarchy of Agricultural Waste
Management Systems

The term “agricultural waste management system” (AWMS) refers to a structured
framework that makes sure all crucial elements are established and managed to
watch over and utilize agricultural production’s wastes in a way that preserves or
improves the sustainability of the environment’s plant, animal, and energy resources.
AWM has recently captured the interest of policymakers interested in ecological
agriculture and sustainable development. The conventional method of handling
agricultural waste has traditionally involved discharging it into the environment,
whether or not it has been treated. Wastes need to be viewed as valuable resources
rather than unwanted and undesirable things to prevent contaminating natural
resources, air, water, and land and stop the spread of harmful compounds. This
will necessitate the employment of improved agricultural waste management
methods, a shift in perspective, more advanced technology, and financial incentives.
The quality of soil, water, and air can be significantly harmed by the incorrect
management or nontreatment of organic wastes, particularly animal manure. Stag-
gered wastes are a breeding ground for insects and a vector for disease. The
unfettered degradation of organic wastes results in noxious fumes and ammonia
volatilization, which causes acid rain (Obi et al. 2016).

Methane concentration in the atmosphere has surged during the past 5 years due
to expanding and intensifying agriculture and poor waste management. Between 5%
and 12% of all greenhouse gas (GHG) emissions are produced by the extraction of
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3 CWMHS ~ WMHS
Most favored
. option
Avoid and reduce
Reuse and recycle
Resource
= Recovery
at
» Disposal

Least favored option

Fig. 1.2 The hierarchy of waste management and three core waste management systems

materials and construction products, both of which need vast quantities of energy.
One of the biggest problems facing the building industry and other industries is the
production and management of trash from agricultural industries. The primary crops
are anticipated to produce over 3300 megatons of waste biomass. Construction
accounts for 35% of all trash produced in the European Union (EU). The disposal
and management of waste from these industries provide a significant issue in many
nations, particularly from an environmental and social standpoint. The 2030 agenda
featured 15 Sustainable Development Goals (SDGs), some promoting ecological
and circular production and consumption to address the primary issues mentioned
above. One of the key goals is also the management of trash, including agricultural
waste. A priority input for new value-added products under the circular economy
and bio-economy paradigms is agricultural waste biomass (AWB). This second-
hand raw material’s value addition produces financial gains. It substantially
contributes to the sustainable use of natural materials by lowering dependence on
nonrenewable resources and negatively influencing the environment (Duque-
Acevedo et al. 2022).

Since it considers the larger economic, social, and environmental repercussions of
a society’s or community’s waste system, many organizations, including educators,
environmental groups, and industry and governments, frequently use the waste
management hierarchy system (WMHS) (Fig. 1.2). The WMHS emphasizes waste
prevention strategies as the preferable option, with trash disposal as the least
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preferred. The hierarchy is divided into three primary waste solutions in this chapter:
waste minimization, resource recovery, and disposal (Doaemo et al. 2021). A
sustainable method for managing agricultural bio-waste and developing a circular
economy is the waste management hierarchy approach (WMHA), which places a
higher priority on waste prevention, reuse, recycling, and material and energy
recovery than disposal through landfilling. The most recommended strategy in
agricultural waste management is waste prevention, which involves reducing the
amount of garbage produced and extending a product’s lifecycle to delay its entry
into the waste category.

Moreover, hazardous waste substances must be reduced, and renewable resources
must be used instead of nonrenewable ones throughout production. Additionally, it
has been argued that preventative measures should include lowering consumer
demand for particular goods and giving away goods to those in need. The goal of
prevention is to avoid contaminating the ecosystem with toxic or nondegradable
materials by preventing trash from entering the system (Kituku et al. 2020).

Waste recycling, any process in which non-waste items or components are used
again for the intended purpose, is placed second in the waste hierarchy approach
(WHA) of priorities. Rehabilitation operations are activities conducted to clean,
repair, refurbish, and recondition items to prepare them for reuse. The growing
trend toward seeing garbage as a resource rather than an issue that must be addressed
has led to more attention being given to waste reuse. Legally classifying the majority
of waste as trash that must be thrown away reduces the likelihood of reuse. The EU
responded to the issue by designating recyclable waste as “end-of-waste” and
“byproduct” status, respectively, and defining the conditions under which such
materials stop being classified as garbage (REF). Recycling comes in third place
and is defined as any procedure that turns waste into byproducts, materials, or
substances that can be used for their original or additional uses. Recycling and
recovery activities can result in new products with greater or lower objectives than
the sources of waste.

The fourth priority in the waste hierarchy method is waste recovery, which entails
actions intended to collect and use waste to augment other resources used for
comparison purposes (WHA). Wastes can be recycled into new products or used
as fuel for incinerators to recover energy. The discharge of GHG emissions and
hazardous incinerator ashes are just two examples of the negative social and
environmental side effects that persist even when recovery makes it possible to
extract significant economic value from the trash. The lowest priority is disposal,
which involves handling and getting rid of wastes for which there is no chance of
recovery, recycling, or reuse. It is frequently accomplished by safely discharging
waste into water bodies, incinerating it, and landfilling. This strategy is regarded as
the least environmentally beneficial because of high fixed costs, material losses
related to expenditures in necessary infrastructure, and environmental deterioration
brought on by pollutants and leachates produced.
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1.5  Agricultural Waste Management Techniques

The technologies discussed below will be able to accomplish excellent agricultural
waste management concepts.

1.5.1 Landfilling

The simplest and most economical method of waste disposal is landfilling. It
employs engineering principles to confine solid waste to the minimum area and
the lowest volume allowable in a sanitary landfill (Muhammad et al. 2021). It is the
most conventional and effective technique for disposing of solid garbage in many
nations. Because landfilling is less expensive, labor-intensive, and designed for the
safe disposal of solid waste, it is preferred to other municipal solid waste disposal
options (Amran et al. 2021). Using efficient combined technologies to produce green
energy and recycled materials, landfills can transform from “trash storehouses” to
“energy powerhouses.” The management of landfills is typically regulated by
governments everywhere.

Depending on the type of waste, such as household garbage, biohazards, toxic
chemicals, radioactive wastes, biomedical wastes, and building, demolition, and
renovation wastes, landfills and remediation facilities are situated in various
locations. Another way to categorize landfills is according to their intended use.
Examples include bioreactor landfills, reusable landfills, monofillandfills, and secure
landfills (Tsui and Wong 2019). Secure landfills enclose the wastes, delaying any
detrimental environmental effects, while monofil landfills store wastes that cannot be
handled through incineration, resource recovery, or composting. Reusable landfills
allow waste to be stable for longer before being excavated to recover glass, metals,
plastics, and compost. Lastly, bioreactor landfills are hygienic landfill sites with
liners, leachate collecting, and recirculation systems that enhance microbe-assisted
waste decomposition while minimizing environmental effects (Vaverkova et al.
2020). Transportation costs, requirements of large land area, surface runoff during
rainfall, and leachate are some limitations of landfill techniques.

Sanitary, semi-controlled landfills and open dumps are the three types of landfills
(Nguyen et al. 2019). Municipal solid waste dumped in small open land with access
to fresh air is called an open dump landfill. Municipal solid waste is negligently
dumped in low-lying open areas in all developing countries, creating open dumps. A
haven for scavengers like eagles, falcons, crows, vultures and other birds, pests,
worms, rodents, and dangerous bacteria, these landfills are poorly managed and have
become one such place. However, the lack of oxygen in anaerobic digestion
eliminates these operational problems. Municipal solid waste is dumped at semi-
controlled landfills, where it is first sorted, compacted, and minced before being
disposed of. The discarded masses of waste are crushed and leveled using crawlers
or bulldozers and enclosed with a cover of topsoil each day to minimize annoyances
like the reproduction of scavenging birds, animals, bugs, and bacteria (Tsui and
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Wong 2019). Topsoil covering makes semi-controlled landfills less smelly, but they
are not made to limit leachate outflow or landfill gas emissions.

On the other hand, sanitary landfills are more advanced variants of semi-
controlled landfills. It has the technology to capture gas emissions and collect liquid
leachate, segregation, sorting, densification, size reduction, and topsoil covering
(Nanda and Berruti 2021). The routine application of covered soil on top of freshly
dumped trash distinguishes sanitary landfills and lowers odor, disease vectors, fires,
and waste scavenging (Pujara et al. 2019).

1.5.2 Incineration

Along with bio-waste minimization and hazardous material destruction, incineration
is one of the most often employed municipal solid waste processes. Individuals carry
it out on a small basis, and businesses do it on a huge scale (Muhammad et al. 2021).
This method is primarily based on high-temperature solid, liquid, and gaseous waste
combustion. The most economical and practical way to eliminate hazardous trash,
including medical waste, is through incineration. As a result of its lengthy history,
incineration is regularly combined with heat and energy recovery systems, and these
systems’ values and efficiency have significantly increased in use. Separating
bio-trash from municipal waste may be desirable because damp bio-waste lowers
incineration efficiency (Harshwardhan and Upadhyay 2017).

Contrarily, the Renewable Energy Directive and the planned Directive on the
Promotion of the Use of Energy from Renewable Sources both classify incinerated
biowaste as a carbon-neutral “renewable” fuel (RES Directive) (Tsui and Wong
2019). The bulk of municipal solid waste incineration facilities burns this garbage
raw. The technical term for this is mass burn (Nguyen et al. 2019). However, this
process also releases carbon dioxide into the atmosphere, producing noncombustible
elements like ash. Incinerators greatly reduce up to 90% of the volume and 75% of
the weight of municipal solid waste (Tsui and Wong 2019). Because of worries
about releasing harmful pollutants, flue gas treatment has evolved more in incinera-
tion than in ashes recycling or combustion processing (Kim et al. 2022). MSW can
be viewed as a heterogeneous “fuel” that can be burned, with the main components
(such as chlorine and sulfur) producing a poisonous and highly acidic flue gas. High
concentrations of heavy metals and aromatic compounds, such as dioxins and furans,
are frequently detected in the environment near incinerators when flue gas is
improperly managed. When flue gas is not properly treated, it is common to find
elevated amounts of heavy metals and aromatic compounds (such as dioxins and
furans) in the area close to incinerators (Afolayan et al. 2019). Modern incinerators
have numerous pollution control devices that trap nearly all of the pollutants that
cause air quality issues, as well as the toxicity and disposal of the ash. Trace amounts
of pollutants, such as certain metals, acid gases, and chemical compounds known as
dioxins and furans, which have been linked to birth abnormalities and different types
of cancer, are nevertheless released into the atmosphere (Tsui and Wong 2019). The
price of land and the development of new incinerators are additional issues that many
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communities are worried about. The construction of an incinerator is frequently a
municipality’s single largest bond issue.

In most cases, incinerating is also more expensive than landfilling (Muhammad
et al. 2021). They will have a cost advantage if landfills are available and legal.
Incinerators become more cost-effective when cities cannot dispose of their trash
locally in a landfill and must begin transporting it to distant sites (Salvilla 2020). The
distinctive quality of incineration in managing heterogeneous trash is its robustness.
Due to its age, incineration is currently most likely the best temporary “solution” for
rapidly increasing population growth with solid waste generation (Tsui and Wong
2019). In addition, incineration has drawbacks such as high moisture contents, toxic
metal concentration in ash, and low overall efficiency of small power plants.

1.5.3 Composting

Composting is one of the most popular methods for treating agricultural waste,
which yields a product suited for soil amendment and is metabolically employed to
kill pathogens in the thermophilic phase (Bian et al. 2019). Microorganisms such as
protozoa, algae, fungi, and bacteria break down organic materials and create com-
post under carefully controlled environmental conditions (Menggqi et al. 2023). In
composting, food scraps and garden trimmings from MSW are utilized as feed, and
four key reaction steps occur (Tsui and Wong 2019). Popular aerobic composting
techniques include sheet composting, aerated static pile composting, windrow
composting, in-vessel composting, Berkley quick composting, and
vermicomposting (De Corato 2020).

Crucial elements in the composting process include an area of land with appro-
priate aerobic conditions, compatible microbes, and the ideal temperature and
moisture for microbe survival. The compost can be ready in 2—4 weeks to a few
months. It is rich in nutrients and frequently used as a soil conditioner in horticulture,
agriculture, and gardening (Bian et al. 2019). Applications for compost materials
include building landfill covers, wetlands, land and soil reclamation, and soil erosion
control. Composting reduces the volume of MSW and may transform this waste into
a resource; hence it is highlighted that its application is both technically and
economically possible (Chen et al. 2019). Ensuring microorganisms live in the
best possible environmental conditions is the most challenging problem in this
procedure. Other environmental problems with composting include acidification of
the land, leachate leaks contaminating surface and subsurface water, odor, and health
impacts from consuming contaminated water (Zhang et al. 2020). Composting can
save landfill disposal costs, is suitable for various wastes, has fewer nitrogen
contents, and reduces MSW carbon emissions by 20-25%, assuming environmental
conditions remain steady. Nevertheless, composting has certain drawbacks, includ-
ing the lengthy processing time, the vast amount of space needed for composting and
storage, and the demand for high temperatures and excellent aeration for disease
control.



12 A.S. Hamda et al.

1.5.4 Anaerobic Digestion

When organic matter is subjected to anaerobic conditions for digestion, the main
byproducts produced are carbon dioxide and methane. It is possible to reuse the
digestate as manure or a soil conditioner (Li et al. 2021). Notably, 55-60% of the
methane fuel produced during this anaerobic process is used for various commercial
and domestic uses. For hundreds of years, anaerobic digestion has been employed
for hygienic purposes. It involves an all-encompassing, anaerobic microbial degra-
dation of digestible organic materials (Wang et al. 2020). Anaerobic digestion
produces more biogas in a shorter time than landfills, thanks to microbial activities
comparable to anaerobic digestion. It has been demonstrated that the anaerobic
digestion process produces 2—4 times more methane fuel per ton of MSW in
3 days than in a landfill in 7 days (Tsui and Wong 2019).

Organic wastes can be separated into solid and liquid using anaerobic digestion,
resulting in solid and liquid digestate (Li et al. 2021). Based on the amount of water
in the organic waste slurry, anaerobic digestion processes can be divided into two: a
wet process containing 5% of total solids and a dry process containing greater than
20% of total solids (Pujara et al. 2019). The nutrients in the liquid digestate (mainly
nitrogen and phosphorus) can be recovered using various bio-refinery methods, even
though the liquid digestate volume produced by dry anaerobic digestion is substan-
tially less than that produced by wet anaerobic digestion process (Chozhavendhan
et al. 2023). Although anaerobic digestion is an advanced technology, research has
continued to investigate how to get better quality effluent and make valuable links
with other environmental technologies (Weide et al. 2020). Anaerobic digestion is
sometimes hampered by the lengthy methanogenic reaction time required for biogas
production, which normally takes 20—40 days for every normal batch and even more
for a fresh new batch (Wang et al. 2020). However, nitrogenous wastes and
excessive salts in the substrate would restrict the anaerobic digestion processes
because of the raised levels of ammonia and salt, potentially resulting in anaerobic
digestion system failure (Li et al. 2021). Another drawback of anaerobic digestion
methods is their unsuitability for waste with a lower organic matter concentration
and their demand for waste segregation to increase digestion efficiency.

1.5.5 Pyrolysis and Gasification

The thermal processes, such as gasification and pyrolysis, have advantages over
conventional incineration in terms of higher thermochemical transformation effi-
ciency (due to the different operating temperatures and other atmospheric
conditions), which makes it easier to get recyclable byproducts and also can lower
flue gas emission pollution (Tsui and Wong 2019). Alkali volatilization and bed
agglomeration can be prevented by thermal treatment at lower operating
temperatures. Other than waste incineration, none of the other thermal waste
procedures for MSW is fully commercialized and is still in the early stages of
research (Mengqi et al. 2023).
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Although it requires higher operating temperatures between 300 and 1000 °C,
pyrolysis is a thermochemical method for treating solid waste without oxygen. Char
and condensable gases are desirable byproducts (Zhu et al. 2022; Costa et al. 2022).
This alternative technique transforms MSW into value-added gas (non-condensable
syngas), liquid (bio-oil), and solid commodities (biochar) (Zhu et al. 2022). The
solid carbonaceous materials known as biochar can be utilized as a fuel, adsorbent,
and catalyst. Low molecular gases in syngas, such as CO, H,, CO,, CH,, and others,
can be utilized after processing in gas combustion engines. Alcohol, phenolic
compounds, aromatic and aliphatic hydrocarbons, and nitrogen-based substances
like pyrazine, pyridine, amines and others make up the bio-oil, which can produce
heat in boilers (Bhatia et al. 2021). Although pyrolysis has proven to be feasible for
several selected feeds (usually agricultural waste), the variability of MSW makes the
requirement for thorough MSW pretreatment a significant application problem. The
feed materials and operating conditions significantly influence the production and
composition of the gases/oils generated by the pyrolysis process from MSW
(Adekanye et al. 2022). In majority of the time, operational temperature increases
the overall MSW gas output. Still, it remains below 1 Nm*/kg MSW, and the liquid
products mostly comprise a sizable water portion and complex structured chemicals
(Tsui and Wong 2019). These reasons lead to complex wastewater treatment pro-
cesses before disposal, and the outcomes are insufficient in material cycling/energy.
Plastic waste should be used rather than heterogeneous MSW bulk if oil production
is needed. Even though MSW char has a high energy value and may be used as a
source of solid fuel or material, further research is necessary due to the presence of
hazardous heavy metals and organic pollutants (Harshwardhan and Upadhyay
2017).

At high temperatures (more than 700 °C) in an oxygen-poor atmosphere, a
thermochemical process that transforms carbonaceous waste into gaseous fuel
(CHy4, CO,, H,, CO, etc.) and traces of hydrocarbons is called gasification (Gabhane
et al. 2020). Partial oxidation is accomplished using carbon dioxide as a gasifier
agent instead of waste incineration. Dioxin, NO,, and SO, generations are better
regulated, and the overall amount of flue gases decreases, leading to low-cost gas
treatment devices. The reduction of influe gas volume causes pollutants to concen-
trate, making physicochemical treatment that collects tiny particle matter more
effective (Tsui and Wong 2019). Some MSW types, including paper waste, packag-
ing waste, and plastic trash, have already undergone gasification. However,
pretreatment is typically necessary for mixed MSW, and the mechanical biological
treatments additional energy use should be considered when calculating the total
energy balance. Fundamentally, the fluid, heat, and mass transfer and complicated
chemical interactions are all involved in gasification/pyrolysis and other parallel and
linked processes. Due to syngas conversion, a highly dependable control system is
necessary to control syngas toxicity and potential for explosion; gasification is more
challenging than waste incineration. Additionally, syngas is commonly consumed
and lost during conversion, bringing the final energy production near waste inciner-
ation facilities. Due to operational complexity and underutilized energy enhance-
ment, gasification for MSW cannot be used further due to these key concerns.
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Table 1.1 Advantages and disadvantages of agricultural waste management techniques (Li et al.
2021; Muhammad et al. 2021)

Technology
Landfilling

Incineration

Composting

Anaerobic
digestion

Pyrolysis
and
gasification

Advantages
Low cost

Skilled personnel not required

Direct thermal usage and energy generation
are both possible with the produced gas

Can transform marshy areas into useful
areas

Recycled natural resources are used, and
the soil is replenished
It is appropriate for garbage with a high

calorific value relatively noiseless and
odorless

It requires low land
Thermal energy for power plant
It can be found within the city limits

Suitable for a wide variety of wastes
Contain less nitrogen

It increases the water content and retention
of sandy soil

Cheaper than other means of disposing of
wastes

Higher yield and eco-friendly

Stabilities of organic components and
nutrients

Energy recovery by manufacturing
superior soil conditioner that is odorless,
rodent and fly-free, and visible

It is feasible on a small scale

GHG emissions are reduced

Fuel oil/gas production for several uses

Pollution control is superior to incineration

Disadvantages
Transportation expenses are
significant

Required large land area

Only 30-40% of the total gas is
produced

Pollution is caused by surface
runoff during rainfall

The leachate may pollute the soil
and groundwater

Required skilled workforce

High moisture content

Toxic metal concentration in ash
The high capital cost required
The overall efficiency of small
power plants is low

Long processing time

Does not address excess nutrient
problems

Large land required for
compositing and storage area
Pathogen control requires high
temperature and good aeration

Unsuitable for wastes with a lower
organic matter content

Requires increased pretreatment
methods

Waste segregation is required to
improve digestion efficiency

In trash with too much moisture,
net energy recovery could be
compromised

The high viscosity of pyrolysis oil
may make it difficult to burn and
transport

Gasification and pyrolysis may be challenging to burn and transport due to the high
viscosity of pyrolysis oil. Table 1.1 below lists the benefits and drawbacks of
agricultural waste management methods.
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1.6 Health and Environmental Impact

Agricultural production waste that is burned or decomposed in an open area emits
gases, mixes with airborne particles and volatile substances, and seepage causes
chemical and biological contamination of the soil and groundwater (Ayilara et al.
2020). It is impossible to overstate the effects of this cause on the ecosystem, animal
health, climate change, and human health. To prevent the imminent threat to the
planet, earth, and its inhabitants, as well as a temperature increase of at least 35.6 °F,
for instance, it has been suggested that greenhouse gas emissions be substantially
curtailed. Figure 1.3 indicates the environmental and health effect of agricultural
waste.

Methane and nitrous oxide emissions from animal husbandry are more harmful
than CO,, accounting for between 37% and 65% of global emissions. Greenhouse
gases are released when agricultural solid waste is burned carelessly. Food produc-
tion is hampered by improper agricultural solid waste management since it
contributes to climate change (Amran et al. 2021). The consequences of indiscrimi-
nate agricultural solid waste disposal cannot be overstated. Additionally, a signifi-
cant amount of methane (a greenhouse gas) is produced during the breakdown of
organic waste, which is a factor in the increase in global temperatures and alteration
of climatic conditions. Additionally, the high organic component of MSW
encourages the proliferation of microbes that can cause infectious and chronic

i
Water Pollutant
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Hg, K, Na, Zn

»
Agricultural Waste #

-
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NH,, CO, COg, HC,
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Astinomycetes,
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Bacillus pasteurii,
Eschresia coli

Health Impact
Skin disease
Malaria
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Typhoid
Cholera
Dysentery
Tuberculosis Asthma
Respiratory Disease
Diabetes Cancer

Fig. 1.3 Effects of agricultural waste on the environment and human health
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illnesses in garbage employees, rag collectors, and adjacent residents. Burning MSW
or pathogenic microorganisms can result in various health issues, such as gastroin-
testinal issues, allergies, skin irritation, eyes and nose irritation, respiratory system
irritation, and psychiatric difficulties.

1.7 Conclusions

Due to the severe environmental effects of inappropriate disposal, agricultural waste
management has become crucial. Wastage, underutilization, lack of awareness, and
poor treatment are the primary causes of agricultural waste pollution. Most farmers
are unaware of the advantages and financial possibilities of waste recycling. The
transformation of agricultural wastes into value-added byproducts has attracted great
interest in recent years because of the growing demand for goods with natural
additives and stricter environmental laws. Additionally, recovering resources from
agricultural waste can minimize waste generation and reduce new resource usage by
transforming waste into readily available resources. Recent developments in the idea
and production, characteristics, hierarchy of agricultural wastes approach, and
various important management practices, including landfilling, incineration,
composting, anaerobic digestion, pyrolysis, and gasification, were discussed. Agri-
cultural wastes must be considered potential resources rather than undesirable and
unwanted.
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Abstract

To battle unemployment, poverty, water shortages, and political ramifications, a
worldwide emphasis and effort have been placed on the growth of agriculture.
Animal husbandry, food processing, irrigation, harvesting, transport, and crop
storage are instances of agricultural processes. These activities generate a million
tonnes of organic and inorganic waste annually, including crop leftovers, animal
manure, and chemical and biological fertilisers. Agricultural wastes should be
properly handled to prevent major environmental issues such as eutrophication of
surface water, groundwater pollution, odour emissions, and soil, water, and air
degradation. Bioactive compounds are abundant in agricultural residues. Many
commodities, including fruits, rice, sugarcane, corn, coffee, soybeans, and many
others, are abundantly produced around the world. These operations generate
massive amounts of daily residues like coffee peel, sugarcane bagasse, and rice
husk. Agriculture-dependent countries must prioritise the reuse of agricultural
and agro-industry waste to turn a profit by reusing the waste rather than just
disposing of it. These residues can be used as raw material in various researches
and industries to come up with new products such as biofuel, biogas, animal feed,
antioxidants, construction material, mushrooms, tempeh, and other chemicals.
Utilising these wastes minimises trading fossil fuels and other agro-based
agrochemicals. Most countries misguide or discard agricultural waste due to
either neglect or an absence of an effective channel to transfer and implement
it. Using agricultural waste as a raw material can help reduce production costs
while lowering environmental pollution. This article may very well discuss the
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global status of agricultural waste-based industries, the obstacles they face, and
the sector’s prospects in the decade (2011-2022).

Keywords

Agro-wastes - By-products - Rapid growth - Urbanisation - Challenges - Waste
reuse

2.1 Introduction

The global misuse of nature’s resources through various human endeavours, such as
population growth, industrialisation, and urbanisation, has led to a notable rise in the
generation of various types of waste (Obi et al. 2016). Different types of waste and
its by-products are produced in tonnes each year by various industrial, agricultural,
and other activities, with waste from agricultural practices being one of the more
noticeable and prevalent types (Dai et al. 2018). Agriculture is the largest industry
producing biomass, and it is also the oldest and most widespread occupation in the
world (Kuthiala et al. 2022; Singh et al. 2022). Over the last five decades, agricul-
tural production has increased threefold. In addition to urbanisation, the green
revolution’s technological advancements and soil expansion for agriculture are
two other variables that could boost agricultural output (Duque-Acevedo et al.
2020; Adejumo and Adebiyi 2020; Food and Agriculture Organization of the United
Nations (FAO) 2017). To fulfil the current demands of the growing human popula-
tion, various modern agricultural techniques have greatly expanded food production,
which now stands at about 23.7 million foodstuff tonnes per day worldwide (Food
and Agriculture Organization of the United Nations (FAO) 2017). Despite the
benefits of agricultural development and progress, there are several clear drawbacks,
including resource exploitation, environmental pressure, and adverse effects on
human health, soil, and water (Kuthiala et al. 2022).

Agriculture as a whole has prioritised crop production above livestock output.
Small farms traditionally use crop leftovers, plant residue, and a variety of agro-
industrial by-products as feed sources, but advances in nutritional science offer
chances to improve their feeding properties (Yunus et al. 2020). Nowadays, biomass
derived from agricultural waste is increasingly used to create energy due to its high
energy conversion potential. The use of agricultural waste is growing relevant,
especially in light of the estimated global energy demand gap. A new opportunity
has come to light as the agro-waste could be used for energy production giving a
chance to increase agricultural activity. In certain regions of India, husks, weeds, and
other agricultural wastes which were considered worthless are being revolutionised
into sustainable, non-polluting, and inexpensive energy. In 2016, research
demonstrated the viability of using coffee grounds in the construction of bricks
and wheat bran in the creation of bio-alcohol. Due to rapid urbanisation and
industrialisation, a huge amount of heavy metal is produced, and this needs treat-
ment. In recent years, agro-waste has been used to treat heavy metals, which pose a
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threat to the environment. Low-cost agricultural waste such as rice husk, oil palm
shell, sugarcane bagasse, sawdust, neem bark, coconut husk, etc. has been used for
the treatment of heavy metals from wastewater (The Sentinel 2023, n.d.).

According to statistics, more than 12 billion tonnes of refuse are produced
yearlong globally, with Asia alone producing more than 5 billion tonnes of it
(Atinkut et al. 2020; Dhar et al. 2017). In developing nations like India, where
industrialisation, urbanisation, population expansion, and food production are all
expanding rapidly, the generation and management of agricultural waste are becom-
ing difficult, posing environmental and social risks (Atinkut et al. 2020; Dhar et al.
2017). Agro-waste consists of waste from processed food (fruit pulps, packing
materials and by-products), agricultural leftovers (such as tea, sugarcane bagasse,
paddy, husk, maize stalks, leftover vegetables, jute fibres and fruit peels), lethal
wastes (such as insecticides and pesticide runoff) and animal wastes (such as manure
and dead animals) (Obi et al. 2016). Generally agricultural waste is not toxic, but its
enormous production and poor management pose serious hazards to overuse of the
soil, climate change, the creation of greenhouse gases, global warming and pollution
of the land and water (Manna et al. 2018). An innovative strategy of turning agro-
waste into electricity has recently been introduced for waste management (Prakash
et al. 2018; Noman et al. 2020). The 3Rs idea (reuse, reduce, and recycle) and other
strategies including waste minimisation, landfilling, decomposition, composting,
and bio-digestion are included in the sustainable strategy to manage agro-waste.
The conventional waste management practice is the disposal of waste without
treatment in landfills which results in air pollution, pesticide runoff, and water
pollution. Among the various organic and inorganic components found in agricul-
tural leftovers are the three primary polymers cellulose, lignin, and hemicellulose
(Bhuvaneshwari et al. 2019). The next sections discuss in-depth agro-waste, its
classification, composition, global status, handling, and potential future
developments.

2.2  Agricultural or Agro-Waste

The term “agro-waste”, which refers to agricultural waste, is used to describe wastes
generated by various agricultural operations, such as irrigation, agriculture-based
industrial produce, farming, cattle breeding, slaughtering, etc. These wastes include
manure, abandoned raw materials, fertilisers, by-products, field overflow, polluted
water, and soil that contains silts, pesticides, heavy metals, and salts. For around
58% of the population in our country, agriculture, the largest biological sector,
provides the majority of their jobs. A rise in the level of living, including a need
for basic food and medical facilities, is faced by developing nations like India,
China, Africa, and others in addition to a growth in population. Consumption and
waste production both rose along with this inflated demand (Atinkut et al. 2020;
Manna et al. 2018; Kuthiala et al. 2022). To create a system that effectively manages
waste, it is essential to understand the various waste categories that have been
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covered below, the constitution of agricultural waste, and how they can be beneficial
to the environment.

2.2.1 Agricultural Solid Waste Classification

The primary source of agricultural waste is farming. Stages of the agricultural-food
chain can produce a large amount of agricultural solid waste. Agriculture-related
solid wastes fall under the following general categories:

2.2.1.1 Livestock Waste
Solid wastes produced by raising animals, for any purpose. These wastes include
water troughs, animal carcasses, broken feeders, bedding, and litter.

2.2.1.2 Waste from Food and Meat Processing
Harvest and animal products from slaughterhouses such as banana peels, hoofs,
feathers, bones, and other wastes falls under this category.

2.2.1.3 Waste Generation Through Crop Production
Waste from the crop is generated from agricultural activities that involve crop
production like crop leftovers and husks.

2.2.1.4 On-Farm Medical Waste

Waste produced as a result of using medications, immunisations, pesticides,
herbicides, or animals and crops. Such wastes include, for instance, vaccination
wrappers, disposable needles, containers, syringes, etc.

2.2.1.5 Waste from Horticulture

These solid wastes from agriculture are produced when horticultural plants and
landscapes are grown and maintained for aesthetic purposes. Pruning and grass
clippings are two examples of these wastes.

2.2.1.6 Waste from Agro-Based Industries

Livestock and agricultural products are raised and produced for purposes other than
food use. They are put to other purposes; thus, it is likely that these processes will
produce agricultural solid wastes. A little amount of agricultural solid waste is
produced during the paper-making process when agricultural products are used as
raw materials.

2.2.1.7 Chemical Wastes
Agricultural wastes, such as pesticide bottles or containers, supplied when farmers
use pesticides, insecticides, and herbicides on farmland and in stores (Dien and Vong
2006; Obi et al. 2016; Adejumo and Adebiyi 2020).

The following sections provide a better understanding of the composition of
agricultural waste and its by-products.
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2.2.2 Composition of Agro-Waste

It is essential to understand the fundamental makeup of agricultural waste to
implement efficient management solutions. Figure 2.1 shows the structural makeup
of the agricultural waste residues which are lignocellulosic material with a partly
crystalline compact structure made up of cellulose, lignin, hemicellulose, organic
materials like oxygen, hydrogen, carbon, nitrogenous materials, etc. and inorganic
materials like silica, calcium oxide, etc. These materials are used as building blocks
in other types of materials. The majority of this biomass contains cellulose, lignin,
and hemicellulose which are raw materials for secondary value-added products.
Understanding the structural components of the biomass is required to utilise these
residues, as will be addressed further (Bhuvaneshwari et al. 2019; Kuthiala et al.
2022).

2.2.2.1 Cellulose

Glucan chains, which are made up of a succession of glucose units, form the
polysaccharide known as cellulose. Cellulose is linear and crystalline, with its
crystalline structure provided by the glucose units bonded together by -1-4-glyco-
sidic linkers. Cellulolytic enzymes can quickly convert cellulose into less complex
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Fig. 2.1 Agricultural waste residues (Kuthiala et al. 2022)
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monomeric carbohydrates (Wakade et al. 2015). Figure 2.2 shows the molecular
structure of cellulose.

2.2.2.2 Lignin

It is a naturally occurring branched non-crystalline aromatic polymer produced in
plants via the shikimic acid route from three monomers: sinapyl alcohols, p-couma-
rin alcohol, and coniferyl alcohol. It contains various functional groups, including
methyl, carbonyl, and hydroxyl. Lignin is impregnable and provides structural
support, making it resistant to degradation by chemical and biological processes,
in contrast to hemicellulose and cellulose (which can be broken down by enzymes)
(Wakade et al. 2015; Kuthiala et al. 2022). Figure 2.3 shows the proposal for a
molecular structure of lignin fragment.
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2.2.2.3 Hemicellulose

It is a hetero-polysaccharide that is non-crystalline, non-cellulosic, and branched. It
is composed of a variety of linear and branched polymers, including glucose,
galactose, xylose, arabinose, mannose, and methyl and other acetyl groups that are
variously linked to the carbon chain of hemicellulose. The cellulose and hemicellu-
lose components of agricultural residue structure are bound together by lignin
(Wakade et al. 2015; Kuthiala et al. 2022). Figure 2.4 shows the molecular structure
of hemicellulose.

2.2.3 Agro-Waste By-Products

Agro-waste by-products are of various types, including by-products from crop waste
and residue, grain and legume milling industry, sugar, starch, confectionary industry,
fruit and vegetable processing industry, distilleries and breweries, and oil industry.
Generally, the kind of by-product dictates the methods and technologies employed
for its processing (Ajila et al. 2012).

2.2.3.1 Value-Added Products

Adding value to agricultural byproducts increases their marketability and economic
value. A significant amount of cellulosic material is contained in agricultural
by-products, which, when recycled, enriches the soil with nutrients and carbon. Its
high nutritional content makes it suitable for waste conversion to bioenergy and
biofuels. Economic benefits include an increase in farm goods while lowering
production costs, and the adoption of agricultural resource use, so transforming
farming into a viable occupation. Thus, employment is created, by-products are
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disposed of in the environment, and the environmental quality is improved (Ayoo
and Bonti-Ankomah 2019; Koul et al. 2022).

2.2.3.2 Utilisation of the By-Products

In past centuries, farmers dumped agricultural by-products into the environment,
thereby polluting it. As soon as they realised the value of these by-products, the
value of animal feed and fertilisers, and the detrimental environmental impact, they
began to use them as animal feed. Agro by-products play an important role in
boosting the nutritional content of animal feed since they are rich in macro- and
micronutrients required for body growth and production (Shamsi et al. 2012; Alam
et al. 2014). Increasing the use of agricultural by-products can provide a sustainable
foundation for rural small- and medium-sized companies and stimulate rural eco-
nomic development. Using crop residues as manure and biofertilisers, in addition to
raw materials for producing energy and consumer goods, may raise the profitability
of agricultural businesses, improve environmental quality, and promote energy
security (Tiwari and Khawas 2021).

2.3  Cause of Agricultural Waste Production

Production of agricultural solid wastes is primarily caused by agricultural activities
that entail the storage, handling, processing, production, and intake of agricultural
goods, livestock, and their by-products. The following are some reasons why agro-
waste is produced.

2.3.1 Agriculture-Related Activities

Agriculture is the main contributor to the generation of agro-waste. This waste is
produced during every stage of farming operations, from preparing the land for
farming to harvest (Agrawal et al. 2019).

2.3.2 Poor Road Infrastructure Sustainable Solid Waste
Management Techniques

An inadequate road network used to transport harvested products from the farm to
the market or storage facility also contributes to the production of massive volumes
of agricultural solid waste. This is mostly caused by the poor road infrastructure in
some developing nations, which may cause traffic accidents or cause delays in the
transportation of agricultural products from farms to markets (Imran-Shaukat et al.
2022). On the route to the market, the farmer either separates the spoiled product for
disposal or throws it away once there.
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2.3.3 Insufficient or Non-existent Rural Electrification

The development of agro-waste is greatly influenced by the epileptic power supply
and the absence of rural electrification in several emerging nations with major
agricultural activity (Patel et al. 2022). Stable electricity might have made it easier
to store the harvested food in the cold, reducing spoilage and, as a result, agricultural
solid wastes.

2.3.4 Improper Drying Processes and Storage Facilities

With the right drying methods, much agricultural produce may be protected from
spoiling. Farmers could have prevented ago-waste, improved food security, and food
spoilage, lessening the ill effects of waste on human health and the environment.
Farmers rely heavily on the erratic solar system for drying the production before
storing it (Yuan et al. 2015). They also use the outdated, ineffective approach of
conventional moisture monitoring. Aflatoxin contamination has been linked to
inadequate moisture monitoring of grain before storage. Aflatoxin contamination
of livestock feed and food can result in considerable worldwide crop losses annually
(Klich 2007; Nierman et al. 2015; Adejumo and Adebiyi 2020).

2.3.5 Food Wasted

Another significant source or cause of agro-wastes is food spoilage. When fruits and
vegetables purchased are so rotten or damaged that they are no longer edible,
spoiling occurs. There is a tremendous quantity of food waste in restaurants and at
street food stands, where people consume and discard leftover restaurants (Pagliari
et al. 2020). Apart from this, kitchen waste also includes the everyday food spoilage
that happens in households. An estimated 40% of food is discarded or wasted each
year in the USA alone. The Natural Resources Defence Council has calculated that
this waste will cost around 162 billion dollars (Adejumo and Adebiyi 2020).

2.3.6 Kitchen Waste

Kitchen-generated agricultural solid wastes are typically a by-product of family
consumption of agro-based products. Skins of fruits and vegetables are frequently
disposed of as agricultural solid wastes in houses. However, inadvertent production
of agricultural solid wastes can also occur when food spoils. When restaurants are
counted as kitchens, the amount of agricultural solid waste produced by kitchens
increases (commercial kitchens) (Li et al. 2016).
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24  Global Status of Agro-Waste

An age-old practice agriculture has undergone steady changes with the rising
standards of living and population increase. Significantly, agro-industry focuses on
the production of value-added goods by manufacturing diverse agricultural products
and by converting inedible, large, and fragile raw materials into the desired shape,
safe, edible foods or beverages with the desired quality (Chhetri et al. 2020).

The global population is declining, but some regions will experience growth
beyond 2050 and into the next century. Every year, at least 1,300,000,000 metric
tonnes of agricultural waste are generated, and the number is anticipated to increase
as the world’s population grows (Lee et al. 2022). The agriculture industry produces
more than 24 million tonnes of food annually to fulfil the requirements of a growing
global population. Cities have a higher population density than rural ones, and it is
expected to expand exponentially. Rapid urbanisation has changed nourishment
patterns, which has had an impact on increasing agricultural production (Afolalu
et al. 2021). The agricultural sector alone provides 24 million tonnes of food
globally, along with associated health and environmental risks. Farming is still the
primary method of producing food and other crop- and animal-derived products
required for modern living (Bhatt and Singh 2018). The Food and Agriculture
Organization (FAO) of the United Nations is crucial in ensuring that the needs of
the entire population—across age groups, regions, and urban and rural areas—are
met in terms of food and agriculture. As shown in Fig. 2.5, the United Nations
Population Divisions have forecasted population growth in three scenarios: low,

Total Population (Billions)
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Fig. 2.5 Global population based on variants until 2100. The annual increments are a 5-year
average. (Source: da Silva 2017)
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medium, and high. The medium variant will be the primary focus of subsequent
analysis (Food and Agriculture Organization of the United Nations Rome 2017).

2.4.1 Overall Population Growth

The late 1960s saw a growth rate of 2%, the highest of that decade. In 2015, there
was a 2.5 reduction in the total fertility rate (TFR), resulting in a 1.2% annual decline
in the world’s population. The medium variant is projected to decline by 55 million
by 2050, and this trend is expected to continue until the end of the century. By 2050
and 2100, respectively, the world’s population is projected to reach 9.73 billion and
11.2 billion, due to this gradual increase in population. However, disparities between
and within regions, as well as low-, middle-, and high-income countries, are likely to
mask this global trajectory of development. High-income countries are expected to
reach their peak population by 2040, while low- and middle-income nations are
more likely to see a decline in their populations, with significant variations in growth
rates within low-income countries. Asia, the most populous continent, is projected to
reach its peak population between 2050 and 2060, as shown in Fig. 2.6.

—Africa ——Latin America ——Europe North America —Asia ——0Oceania

Billions
-

1940 1960 1980 2000 2020 2040 2060 2080 2100

Fig. 2.6 Regional population growth through 2100 (medium variant). (Source: da Silva 2017)
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2.4.2 Medium Variant Population Growth

The population growth rate in East Asia is anticipated to continue to decline after
2040. South Asia will not stop expanding until 2070; its peak will not come until
after that. Latin America’s population will not reach its peak until after 2060, and
growth there is also anticipated to slow, albeit more gradually. The Near East and
North Africa are expected to experience faster and more resilient growth, with
growth ceasing only after 2080. The maximum population size will not be attained
on any other continent of this century except Africa. The population of the region is
anticipated to continue expanding past the turn of the century and will surpass 2.2
billion by 2050 and 4 billion by 2100, even though its growth rate will continue to
decline. The overall result will be a continuously expanding global population that
may approach 11.2 billion by 2100. Even more so than disparities across regions,
differences within regions are noticeable. According to current projections, the
population of some nations will increase so quickly that, by 2050, it will be multiples
of what it is today. Niger tops the list of countries with rapidly expanding
populations, with growth rates of 3.75% between 2015 and 2050 and 2.12%
afterwards predicted.

According to the medium variant, the population of Niger would increase from its
current 20 million inhabitants to 72 million by 2050 and 209 million by 2100.
Somalia, Angola, the Democratic Republic of the Congo, Burundi, Gambia, Chad,
Malawi, Uganda, Mali, the United Republic of Tanzania, Senegal, and Zambia are
all expected to experience annual growth rates of over 2.5% cent through 2050. Most
of these nations are found in the central and eastern regions of sub-Saharan Africa,
where they are located. In 2015, 320 million people were living in these countries
collectively. By 2050 and 2100, that number is expected to more than double,
totalling 1.8 billion people. The chances for these countries’ overall development
could be substantially jeopardised if these population estimates come true. The fact
that the above countries significantly rely on agriculture for employment and
revenue generation puts at risk efforts to improve food security and nutrition. This
is especially true for nations like Niger and Somalia, which are dependent on
agriculture and have a limited supply of land and water. In low- and middle-income
nations, the population between the ages of 15 and 24 is anticipated to increase from
roughly 1 billion to 1.2 billion between 2015 and 2050. It is anticipated that the
majority of these young people would reside in South Asia and sub-Saharan Africa,
particularly in rural regions with few employment opportunities.

This population trend could result in an increased rate of emigration if there are
not enough employment opportunities. Some emigration destinations are already
experiencing the effects of outmigration, both domestically and internationally,
particularly in high-income countries in other regions and Europe. Family planning
may help to partially stop these outmigration trends (Abbasi and Abbasi 2010).
However, policies that support respectable employment and income-generating
options, particularly in rural areas, are more crucial.
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2.4.3 Effects Due to Rapid Urbanisation

Several decades ago, the majority of the world’s population resided in rural areas.
Thirty-five years ago, more than 60% of people lived in rural areas. The ratio of
urban to rural areas has significantly changed since then, with metropolitan areas
currently accounting for around 54% of the global population. In 2050, or 35 years
from today, more than two-thirds of all people may reside in metropolitan areas
(da Silva 2017). Urbanisation is being supported by changes in agriculture, particu-
larly in terms of technical development and the introduction of labour-saving
technologies. The effects of urbanisation have also and will probably continue to
have an impact on agriculture, food, and nutrition. By 2050, the net addition of 2.4
billion people to urban areas owing to global urbanisation may exceed the 2.2 billion
increase in the world’s population. This implies that rural communities could
experience a net loss of roughly 200 million individuals (Fig. 2.7).

The net decline in rural populations is due to several variables, most notably
greater mortality rates and shorter life expectancies in rural areas, rather than just an
emigration from rural to urban areas. The lower urban fertility rates are more than
countered by these elements. Up until the 1970s, urbanisation was mostly a phe-
nomenon of high-income nations, but since then, the dynamics of urbanisation
around the world have been characterised by rapid expansion in low-income nations.
The dynamics of the world are currently governed by a large number of urban
residents in low-income countries (Fig. 2.8).

In low-income countries, urbanisation is predominant, but the clear view is veiled
in various regions. Latin America has often been the world’s most urbanised
developing region. Particularly in South America, urbanisation happened quickly
and early. The region’s population was categorised as urban by more than two-thirds
by 1980, and that percentage increased to about 85% by 2015. However, due to its
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Fig. 2.7 Population growth in rural and urban areas worldwide by 2050. (Source: da Silva 2017)
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Fig. 2.8 Regional trends in urbanisation

high level of urbanisation, future growth will remain modest and urbanisation rates
will drop, but in less urbanised areas, urbanisation rates may increase (Chanakya
et al. 2015). Patterns of food consumption are impacted by urbanisation. Higher
urban prosperity tends to boost demand for processed meals as well as food
produced from animals, fruits, and vegetables as part of a general dietary trend.
Higher opportunity costs for food preparation and a preference for meals with a high
labour content, such as foods made and sold by street vendors, convenience foods
bought at stores, and fast food, are typically caused by higher urban wages (Food and
Agriculture Organization of the United Nations (FAO) and Organization for Eco-
nomic Co-operation and Development (OECD) 2019).

Recycling agricultural solid wastes has several advantages, including reduced
usage of fossil fuels and greenhouse gas emissions. Additionally, it benefits the
development of bioenergy generation and the bioconversion of agricultural solid
waste into animal feed and new green markets (Abbasi and Abbasi 2010). The
following sections highlight the challenges posed by agro-waste production.

25 Management of Agro-Waste

Selective yet efficient management techniques are needed for agricultural waste
among many various types of waste. Huge volumes of agro-waste are produced
annually; their composition, types, and sources must be adequately examined and
classified to develop a management strategy (Aizi and Cheba 2015). Since agro-
waste is a leading environmental concern, it must be managed sustainably. A
sustainable waste management strategy is therefore put into place, which includes
production standards like composting, reusing, and recycling, as well as the creation
of industrial ecosystems with no emissions, waste minimisation, and waste preven-
tion (Koul et al. 2022; Kuthiala et al. 2022).
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The handling of agricultural waste is a common and complex task that affects
both the economy and the environment (Duque-Acevedo et al. 2020). A typical
agricultural waste management system (AWMS) is a method to use, process, and
store waste. The system is divided into six major categories, each of which has a
clear and defined goal (Bhatt and Singh 2018): (1) production, (2) collection,
(3) transfer, (4) storage, (5) treatment, and (6) utilisation make up this list of separate
elements (USDA-NRCS-Agricultural Waste Management field handbook).
Recognising the elements that make up a waste management system is essential to
learning more about how it was designed:

2.5.1 Production

Determining the density, mass, consistency, quantity, origin location, and composi-
tion of the refuse produced is the first and most important step in designing a waste
management system (agricultural waste). By using cutting-edge methods that are
practical for particular waste kinds, the goal is to minimise waste from the very
beginning of production (Atinkut et al. 2020).

2.5.2 Collection

The following phase, after thoroughly analysing the manufacturing parameters, is to
gather the garbage from the source or location of origin. A key stage in classifying
waste into clearly defined and useful parts for treatment or management is the
manner and method of collecting agro-waste (Koul et al. 2022). Collection dates,
labour needs, installation cost, manner of collecting, and use of external resources
are a few elements of a collection (Bhatt and Singh 2018).

2.5.3 Transfer

The relocation or transfer of the waste is the subsequent management phase after
collection. The transfer must be implemented throughout the management system in
several steps rather than just in one. Waste must be transported from the collecting
place, which might be a field or a food processing plant, to the storage containment,
which varies based on the nature and characteristics of the agro-waste, such as solid,
gas, or liquid, and then to the treatment facility (Bhatt and Singh 2018).

2,54 Storage

According to the type, location, and method of treatment of the waste, storage is the
containment area that can be put up anywhere (Pagliari et al. 2020). The cost of the
facility, the amount of storage space required, the total amount of waste to be stored,
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and physical store parameters (carbon dioxide levels, oxygen levels, humidity,
airflow, and temperature) can all have an impact on the storage process, consistency
and nature of the waste, and the necessary amount of time (Bhatt and Singh 2018).

2.5.5 Treatment

The treatment phase of AWMS is crucial. The primary objective of waste treatment
is to limit the waste’s potential for contamination or make it simpler to utilise the
detritus as a modified value-added product in the future. To design the appropriate
treatment for specific wastes, it is vital to analyse the waste’s characteristics,
including its composition, size, cost, treatment type, and design procedure (Bhatt
and Singh 2018). Composting, incineration, and landfills/dumping are the traditional
treatment methods. On the other hand, more cutting-edge, environmentally friendly
approaches to waste treatment have been adopted, such as the production of
biocompounds like biodiesel, biochar, and bioethanol from agro-waste (Manna
et al. 2018).

2.5.6 Utilisation

The AWMS protocol’s final stage, known as the process of utilisation, is
conceptually the recycling of waste materials using the previous step of treatment.
Utilisation’s fundamental tenet is the repair and redistribution of waste components
to create new products with added value (Chatterjee and Bandyopadhyay 2017). The
goal of recycling garbage into secondary products is to reduce waste production
across all industries, led solely by agriculture. The varied agricultural wastes can be
converted into a variety of value-added products depending on their composition.
Biogas, biofuel, biopolymers, nutrients (such as single-cell proteins), and charcoal
are the main products made from agro-waste. Kiwi peels, banana peels, watermelon
shells, and honeydew peels are examples of agricultural wastes that can be turned
into biochar and biosorbents with few pre-treatment processes and minimal chemical
exposure. Agro-wastes are transformed into activated carbons to prevent them from
increasing BOD (biochemical oxygen demand), COD (chemical oxygen demand),
or TOC (total organic carbon) levels when used directly to remove heavy metals
(Imran-Shaukat et al. 2022; Agrawal et al. 2019).

2.6 Challenges of Agro-Waste

The emission of greenhouse gases related to agro-waste generation in Greece was
studied by Abeliotis et al. (2015), and according to the researcher, each person
generates 100 kg of waste annually.

The consequences of the Integrated Waste Management facility of Barcelona,
Spain, on human health were studied by Domingo et al. (2015) as per the data
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incinerator emission were ten times higher than in other areas. To reduce the
environmental risk adverse needs to be taken.

Repercussions on the environment due to the production of electricity and
composting of agro-waste have been studied by Elwan et al. (2015) who concluded
that agro-waste used for electricity generation could reduce the discharge as com-
pared to composting practice.

The environmental impact due to biogas facilities was studied by Fuchsz and
Kohlheb (2015) who found that anaerobic digester that takes agro-waste as their raw
material acts as a carbon dioxide absorber.

Environmental monitoring of clinker production using two fuels in Mexico was
studied and concluded that co-processing with agro-waste has a low impact com-
pared to petroleum coke. An alternative material in agro-waste management can be
refuse-derived fuel (Giiereca et al. 2015).

Life cycle emission management was used to assess the impacts of matrix
material qualities, product consumption, and waste management system (WMS)
on the anticipated environmental concentration (PEC). According to the statistics,
the counterintuitive jumped when PEC levels were 2.6% (Wigger et al. 2015).

Based on biogas-generating scenarios, the environmental effects of agro-waste
were analysed, and it was seen that the use of fossil depletion, freshwater eutrophi-
cation, marine ecotoxicity, and human toxicity was good for the ecosystem (Yang
et al. 2015).

2.7 Future Prospects of Agro-Waste

Agro-waste is a valuable resource for the production of a variety of value-added
goods, including fuel, feed, environmentally safe chemicals, bioactive compounds,
protein sources, and substrates (enzymes derived from agro-waste) (Noman et al.
2020). Agro-waste serves as an affordable substitute for industrial adsorbents for
heavy metals since it is organic and cheap. Aside from the numerous ways that agro-
waste can be converted into secondary products through biological conversion, they
are widely employed as substrates to manufacture selective sets of enzymes in a
variety of industrial processes, in place of pricey commercial counterparts. Due to
their better adsorption capacity, high surface reactivity, and high porosity, activated
carbons made from agro-waste can be good bio-sorbent substitutes for commercial
adsorbents (Yunus et al. 2020). To lower the cost of the process, oxidative enzymes
such as lignin peroxidase, laccase, and manganese peroxidase were produced from
Aspergillus iizukae by submerged fermentation using pumpkin peels (agro-waste) as
the substrate (Noman et al. 2020). To achieve structural and toxicological changes,
the key saccharification and hydrolysis steps of biomass use are where enzymes or
biocatalysts come into play. As a result, they play a significant role in agro-waste
management. Like any other process, enzymatic bioconversion has its share of
drawbacks in addition to its benefits. Parameters that are widely categorised as either
enzyme-based or physical, both of which affect the hydrolysis efficiency of
employed enzymes, may modify the conversion processing (Wakade et al. 2015).
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There are many opportunities for future advancement after reviewing the extensive
studies of enzyme-based agro-waste treatment technologies. The goal of the research
is to create more specialised enzyme blends from fewer, rather than more, organisms,
to decrease production costs and turnaround times. In the parts that follow, a few
repercussions of food waste are discussed.

2.7.1 Renewable Energy Resources

Agro-waste rich in organic components, particularly polysaccharides, can be specif-
ically directed towards the manufacture of ethanol since its hydrolytic by-products,
such as xylose and glucose, are converted to ethanol (Prasoulas et al. 2020). High
moisture, organic contaminants, and salinity are present in food waste from
restaurants and residential rubbish (Singh et al. 2022; Saeed et al. 2018). Currently,
food industries produce enormous amounts of lignocellulosic by-products from the
production of wine, beer, sugarcane, coffee, drugs, fruits, and vegetables. These
by-products are typically discarded as waste, and when they are disposed of in the
open place, they frequently cause environmental pollution. The large variety of
husks, pulp remnant stems, roots, bagasse, seeds, and peels that make up these
by-products are rejected by the industries while having high nutritional potential
(Gomez-Garcia et al. 2021). It is significant to note that there are various substrate
types and classifications for the manufacture of ethanol. The first category includes
molasses and fine sugar, which microorganisms may convert directly into ethanol
without the need for any labour-intensive preparation. However, due to their high
volume, these substrates are not economically viable for industrial application.
Crops like wheat, corn, rice, etc., which can lead to a food and feed crisis, are
included in the second group of substrates. Lignocellulosic biomass, often known as
agricultural surplus, is the third group of substrates and requires pre-treatment before
being hydrolysed enzymatically to produce fermentable sugar, which is then used to
ferment ethanol. Food waste can replace the third category of the substrate (agricul-
tural residue), which is used in the production of second-generation ethanol because
it has a high amount of carbs and organic material. Enzymatic hydrolysis is the
second stage after pre-treatment to make biomass accessible to enzymes in the
process of vapourising carbohydrate-rich food waste to create bioethanol. The
main goal of the pre-treatment process is to change the chemical content and
molecular structure of biomass.

According to research by Highina et al. (2014), using biofuels lessens the
influence of greenhouse gases by 78-94%. Hydrogen, biogas, bio-methane, syngas,
bioethanol, biochar, and biodiesel are all energy products that can be produced from
biomass and their by-products. Both power plants and vehicles can employ liquid
biofuels. Coal can be replaced by solid biofuels. As was already noted, animal and
livestock wastes can result in gaseous biofuels (biogas and bio-methane) that can be
used in the production of electricity. Producing fine and bulk chemicals as well as
other useful biomaterials using biomass and its by-products as feedstock is feasible
(Go et al. 2019).
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2.7.2 Biofertilisers

The impacts of chitinous waste on Triticum durum (wheat) rhizospheric bacteria had
a substantial influence on the soil’s microbiota and pH when wheat soil was mixed
with varying amounts of chitinous waste. Extracted from shells are valuable
substances like proteins and chitin. After cellulose, chitin is the second most
prevalent polymer in the biosphere (Aizi and Cheba 2015).

By providing nutrients and readily available carbon, sheep bedding digested with
cow dung enhances the output of the biogas and biofertiliser by-products of anaero-
bic digestion. The results demonstrated that a combination containing 50% cow
dung boosted biogas production and enhanced the quality of biofertiliser (Cestonaro
et al. 2015).

Chatterjee and Bandyopadhyay (2017) discovered that micronutrients are essen-
tial for cowpea development, pod formation, and nodulation in acidic soil. The
results demonstrated that a combination of seed treatment, molybdenum (0.5 g/kg
seed), biofertilisers, and foliar spray of boron boosted the growth and yield of
cowpea by 42% and 55%, respectively.

Mondal et al. (2017) observed the bio-physiochemical change in the
characteristics of mustard by integrating biofertiliser with vermicompost. It was
observed that vermicompost altered the majority which was tested by lowering
chemical fertiliser by 25% and integrating it with vermicompost.

2.7.3 Soil Amendments

The impacts of biochar (B) and compost (Com) on peanut productivity, soil fertility,
and greenhouse gas (GHG) emission were compared on the Ferralsol Australian
using B, Com, B + Com, or COMBI which enhanced soil organic carbon (SOC)
while reducing greenhouse gas emissions, soil nutrient, peanut output, and soil water
content (SWC) (Agegnehu et al. 2015).

Various soil amendments applied in the agricultural field of the Republic of
Korea, Japan, and Bangladesh discovered that these amendments would greatly
reduce global warming potential (GWP). To minimise GWP in equatorial and
subtropical locations, it is recommended to combine Azolla-cyanobacteria with
inorganic and organic inputs (Ali et al. 2015).

2.7.4 Dye Adsorption

Agricultural by-products can be utilised for dye adsorption. Adegoke and Bello
(2015) used agricultural wastes to extract the dye. The results indicated that 4-5 h
was the optimal time for absorbing colours from agricultural waste. In conditions of
pH 8-10, agricultural wastes were capable of absorbing the greatest number of
acidic dyes.
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Bhatnagar et al. (2015) evaluated the effect of agricultural waste peels processed
as multifunctional biomass for water purification. They also discovered that there
was a significant demand for the application of agricultural waste peels in water.
Waste peels, which could be utilised as lignocellulosic materials with a substantial
amount of biomass, were extremely advantageous for boosting the yields of
adsorbents for water management.

El-Bindary et al. (2015) removed harmful azopyrazole colour from water using
rice straw. In addition, they investigated the various variables as a function of
solution pH, reaction duration, adsorbate combination, adsorbent dose, and temper-
ature. The results indicated that ACRS might be utilised as a renewable, low-cost
material to remove acid dyes from water.

2.7.5 Heavy Metal Adsorption

To remove heavy metals like zinc, cadmium, nickel copper, and lead from
contaminated soil compost-derived humic materials are considered an alternative
for soil remediation from contaminated soil (Kulikowska et al. 2015). Biodegrad-
ability and biocompatibility of polymer-based adsorbents are important properties of
water absorption. Renewable alternative adsorbent for heavy metal removal from an
aqueous environment is magnetic chitosan/cellulose microspheres. Different agro-
wastes can be used as biosorbents to remove heavy metals using biomass and acidic
solutions (Rosales et al. 2015). Differential thermal analysis (DTA), a process of
forming metal compounds by mixing biosorbents with metals, is an effective
alternative for heavy metal removal (Sadeek et al. 2015).

2.7.6 Energy Recovery from Agro-Waste

Agricultural waste that is disposed of without adequate treatment can produce
greenhouse gases that damage the environment during decomposition. However,
agro-waste can also be used as a type of biomass waste that absorbs thermal energy
through thermochemical conversion to generate usable biofuels such as liquid
biofuels (biocrude), gaseous biofuels like methane (CH4) and carbon monoxide
(CO), and solid biofuels like biochar. During the thermochemical conversion of
agro-waste, exhaust pollutants such as particulate matter (PM), CO, hydrocarbons,
and NO, can be emitted. Sophisticated air pollution and wastewater treatment
facilities can be used to control these pollutants to comply with environmental
protection standards (Richards et al. 2012; Gémez-Garcia et al. 2021).

Incineration is used to minimise waste volume, while combustion is used to create
heat energy. Combustion is the process in which biomass waste is introduced into a
high-temperature environment with sufficient oxygen to break the bonds of organic
molecules and release CO, and H,O into the atmosphere. Direct combustion is the
technique used for generating energy from biomass waste, accounting for 90% of
biomass energy, and it requires moisture content to be less than 50%.
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2.7.7 Construction Materials from Agro-Waste

There has been recent emphasis on sustainable development and the adoption of
eco-concrete in response to the increasing global population. The concept of a green
economy, which is critical for both the environment and society, is becoming a
growing concern among researchers. Large amounts of raw materials and natural
resources are required for concrete production worldwide, while significant agricul-
tural waste disposal poses significant environmental challenges. Agro-wastes can
serve as a reliable alternative supplementary cementitious material. Decades ago,
waste and by-product materials such as palm oil fuel ash, fly ash, silica fume, rice
husk ash, and pulverised granulated blast slag were effectively used in concrete,
contributing to the environmental sustainability of the industry by reducing the
negative effects of raw material consumption (Aprianti et al. 2015).

The successful use of agricultural waste as a partial or complete replacement for
Portland cement offers a satisfactory solution to environmental issues and waste
management problems, conserves energy, and helps prevent environmental pollu-
tion. Agricultural wastes such as rice husk ash, wheat straw ash, sugarcane bagasse
ash, and hazelnut shell ash can be used as pozzolanic materials to substitute for
cement (Aprianti et al. 2015). Cement production is a significant contributor to
global warming, causing climate change. The use of agricultural waste as a replace-
ment for cement may be the breakthrough needed to make the industry more
sustainable and environmentally friendly. Many forms of agricultural waste, such
as rice husk ash, palm oil fuel ash, bamboo leaf ash, maize cob ash, wood waste ash,
and sugarcane bagasse ash, can be partially substituted for cement. Thus, improving
current knowledge of the use of agricultural waste in concrete production and
exploring alternative options for sustainable building and environmental protection
will be a beneficial contribution (Aprianti et al. 2015).

2.8 Conclusion

It is essential to develop a comprehensive waste management strategy that considers
factors such as public health, public awareness, economics, and environmental
protection. The agricultural sector globally provides over 24 million tonnes of
food to meet the needs of the expanding world’s population. Agricultural waste
accounts for about 15% of each country’s total waste production and is a significant
contributor to environmental contamination, making proper treatment and sustain-
able disposal crucial. Decomposed food waste presents health hazards and
contributes to environmental contamination, and its rate of growth is alarming
alongside the population. Therefore, reducing food waste during production is
crucial. Another method of addressing this issue is to use food waste as a raw
material for producing value-added products, such as bioethanol, as it is a suitable
source based on its composition.
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Abstract

The rise in the world’s population, combined with the expansion of agricultural
practices and the processing of food, has resulted in an increase in the production
of waste from agricultural practices, as well as challenges with its management.
Converting agricultural waste (AW) and crop leftovers into useful forms can help
alleviate some of the problems caused by the massive amount of waste produced
by these activities. The conversion of this waste into biofuels continues to be an
alternative that is both environmentally friendly and economically practicable.
One of the most promising methods of turning biomass into biochar, biooil, and
syngas is microwave-assisted pyrolysis (MAP). It is very important to carry out a
technoeconomic analysis (TEA) and a life cycle assessment (LCA) before
attempting to transform a lab-scale microwave reactor into a commercial plant.
This will allow one to gain an understanding of the economic feasibility of the
project as well as the environmental implications it will have. This chapter
focuses on the concept of circular bioeconomy emphasising the
technoeconomical aspects of MAP for bioenergy production from agricultural
waste. It also discusses briefly the parameters and challenges involved in both
batch and continuous MAP techniques. Further, this chapter examines the envi-
ronmental performance of agricultural waste via life cycle assessment of biofuel
generation with several MAP approaches. Various waste utilisation routes of life
cycle assessment illustrate the potential of each residue in terms of impact
categories such as global warming potential, eutrophication potential, acidifica-
tion potential, etc.
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3.1 Introduction

Rapid growth in human population and industrialisation leads to the increased
demand for fooding and energy sources, respectively. This increasing demand for
food leads to the growth of agricultural practices across the world. On the contrary,
the agricultural practices envisaged eventually increase in various types of agricul-
tural waste generation. In order to incorporate agricultural practices in limited
amount of land, the wastes generated are generally open burnt in many of the
developing countries like India resulting to greenhouse gas (GHG) emissions and
climate change (Koul et al. 2022). The need for new renewable energy sources and
agricultural waste management can both be satisfied by the conversion of these
biomass wastes into bioenergy products. There are various techniques for the
bioenergy production like thermochemical processes (gasification, incineration,
torrefaction, pyrolysis) and biochemical processes (anaerobic digestion, fermenta-
tion) (Arpia et al. 2021). Agricultural wastes are readily available, renewable, and
sustainable. It is neutral in terms of carbon emissions, as burning emits the equiva-
lent amount of CO; into the surroundings to that of photosynthesis that absorbs CO,
for biomass plant development. Consequently, the use of biomass for bioenergy
production will also benefit human health and ecology (Durga et al. 2022).
Employing waste from agricultural as a raw material for biofuel production lowers
dependency on forest woody biomass, hence reducing deforestation. Thermochemi-
cal conversion routes present potential opportunities for the utilisation of mostly dry
wastes like rice straw and rice husk. This chapter intends to convey a summary of
recent thermochemical conversion processes, specifically microwave-assisted pyrol-
ysis (MAP), for the production of biofuels from agricultural by-products and to
analyse the scalability of this technique for generation of circular bioeconomy by
technoeconomic analysis and life cycle assessment of different kinds of agricultural
waste in different MAP conversion technologies.

3.2  Agricultural Waste: Source for Bioenergy

The production of biofuels from agricultural waste, also known as agro-waste (AW),
is gaining a lot of attention since it has numerous options for effective waste
management as well as numerous energy benefits. Globally, agricultural activities
generate vast quantities of agro-waste, notably in developing countries. The produc-
tion of agricultural waste biomass around the world is estimated to be close to
140 billion metric tonnes. As an agricultural nation, India produces around 0.62
billion tonnes of agricultural waste yearly, of which hardly 25-30% are utilised for
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livestock feed and bioenergy production (Matsagar and Wu 2022). The classification
of agricultural waste is depicted in Fig. 3.1. On-farm agricultural waste is referred to
as cellulose and hemicellulose which includes waste products such as straws, stalks,
and leaves. These waste products come from agricultural or farming processes. The
crop processing processes result in the production of agro-food waste, the quantity of
which varies greatly depending on the types of plants processed. The properties of
this waste play an important role in determining whether or not they can be used in
bioenergy production (Singh et al. 2022). Most agricultural wastes are made up of
lignocellulose, a multicarbohydrate polymer consisting of lignin, cellulose, and
hemicellulose. To employ biomass feedstocks with significant differences in com-
position, a deeper understanding of the effects of these three key components is
required. The decomposition of biomass is typically associated with the disintegra-
tion of lignin, cellulose, and hemicellulose. Components like hemicellulose and
cellulose break down readily compared to lignin, at the lower temperature range of
220-350 °C. Lignin is the most resistant constituent of plant cell walls, which
comprise a natural barrier that guards against the chemical and enzymatic break-
down of plant cells, amongst key constituents of biomass feedstocks (Darmawan and
Aziz 2022).

3.2.1 Major Organic Constituents

Cellulose: The majority of plant cell walls are composed of cellulose, which is the
most prevalent type of organic polymer. Cellulose is a homopolymer which is both
linear and crystalline and is made up of repeated units of sugars that are bonded
together by beta-1,4-glycosidic linkages. Because van der Walls forces and hydro-
gen bonds hold the extensive linear cellulose polymer chain together, the chains
have a tendency to organise themselves in parallel and create a crystalline structure.
This network of cellulosic polymers contains approximately 10,000 glucose units. A



50 R. V. Srinadh and R. Neelancherry

cellobiose unit is the basic repeating unit of cellulose. It consists of two units of
glucose anhydride (Rahimi et al. 2022). Cellulose and hemicellulose are the primary
components in the production of biooil.

Hemicellulose: 1t is a heavily segmented short heteropolymer having an approxi-
mate molecular weight of 30,000. It is found in the cell walls of plants and other
organisms. It is a polymer made up of p-arabinose, p-mannose, D-galactose, D-
glucose, and p-xylose, in addition to specific organic acids including glucuronic
and acetic acids (Takara et al. 2010). Hemicellulose is a polymer that is both
branching and linear, and it has a base that is made up of sequences of either a
heteropolymer of sugars or homopolymer sugar. Hemicellulose differs from cellu-
lose in a few other ways as well, alongside the variations in chemical composition,
such as the chain’s size, segmentation in the main chain molecules, and chemical
resistance due to amorphous nature (Arpia et al. 2021).

Lignin: Lignin, in contrast to cellulose and hemicellulose, is not made up of
carbohydrate or sugar molecules but rather phenyl-propane compounds joined in a
very intricate three-dimensional structure. Three different phenyl-propionic alcohols
that are found primarily as lignin monomers are namely sinapyl alcohol, P-coumaryl
alcohol, and coniferyl alcohol (Bajpai 2020). It is an aromatic biopolymeric com-
pound that is hydrophobic in its natural state and has a large molecular weight.
Cellulose and hemicellulose are strongly associated with lignin through covalent and
hydrogen bonds, which makes the structure of the biomass robust and extremely
resistant to both biological and physical assaults. It serves to block the entrance of
other solutions or enzymes during bioenergy production processes and thereby turns
to be an essential component in the synthesis of biochar (Rahimi et al. 2022).

3.2.2 Biofuel Production from Agro-Wastes

Despite the fact that various other techniques like combustion, liquefaction, gasifi-
cation, etc. exist for the thermochemical decomposition of lignocellulosic wastes,
pyrolysis is preferred because it makes more efficient use of the biomass’ energy
potential, produces less NO, and SO, contaminants than combustion, obtains a better
biofuel yield with less energy consumption than conventional methods, and uses
reduced pressure and produces comparatively lesser tar than hydrothermal liquefac-
tion (Varjani et al. 2021). Pyrolysis requires an oxygen-free setting, which can be
achieved with the help of inert atmosphere such as argon, nitrogen, carbon dioxide,
vacuum pump, etc. The by-products of this process have a wide range of potential
uses; for example, biooil and syngas can be synthesised to create motor fuels and
other biochemicals, while biochar is typically used to improve soil properties and
sequester carbon footprints. Biochar is ideal for a range of applications in the field of
environmental management due to its exceptional properties, which include the
presence of functional groups, large surface area, high porosity, and significant
stability, presence of metallic cations and minerals, and good cation exchange
capacity (Suriapparao and Vinu 2021). Because of the rising global demand for
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agriculture, food, and energy, soil degradation has also emerged as a critical issue.
Using biochar in the soil to improve its quality is a viable solution to this issue.

Apart from being used as a sustainable fertiliser, biochar has certain qualities
similar to coal and thus can be utilised as a solid fuel. It can also be used to treat high-
strength wastewater by eliminating heavy metals, making the solution safe for reuse
(Chen et al. 2020).

3.3 Microwave (MW) in Bioenergy Production

Energy can also be extracted from biomass by using the microwave-assisted pyroly-
sis (MAP) technique. When compared to traditional electrical heating processes, the
benefits of microwave-assisted technology are numerous. These benefits include
more uniform heating at the molecular level, more adaptable processes, more
portable equipment, less thermal inertia, a quicker response time, and significant
energy savings (Suriapparao and Vinu 2021). In contrast to the process that occurs
during conventional heating, the energy conversion that takes place during micro-
wave irradiation effectively leads to the production of volumetric heat within
the target material (feedstock) rather than heat being transferred via the surface of
the feedstock. Microwave-assisted thermal energy is evenly distributed throughout
the material due to the direct conversion of electromagnetic energy into thermal
energy at the atomic scale (Ge et al. 2021). Important biomass properties considered
for microwave-assisted bioenergy production are particle size, density, and dielectric
properties of the feedstock. Preheating, drying, blending, crushing, and inerting
biomass are the most common pretreatments seen in microwave pyrolysis (Thengane
et al. 2022). In order to achieve dielectric permittivity values that are compatible with
wave penetration and propagation, drying is essential especially. The real and
imaginary components of dielectric characteristics both increase when there’s a
considerable amount of water in the mix (Shukla et al. 2019). Humidity has both
benefits and drawbacks for energy conversion to heat: on the one hand, it increases
losses, which is good for the process, but on the contrary hand, it raises the dielectric
constant, which causes high reflections and reduces wave transmission into the
feedstock. Consequently, humidity regulation of the feed biomass is an important
process control variable in microwave pyrolysis. As a second benefit, drying refines
the quality of the final product. Biooil and syngas have a greater calorific value when
less water is present in the process (Yang et al. 2018). This quality is commercially
relevant if biooil is developed for use as a fuel source. Naturally, crushing and
blending are helpful for maximising the homogeneity of the processed biomass.
Crushing also helps the drying process because it lessens the constraint of water
transport via internal diffusion. An anaerobic atmosphere for pyrolysis is ensured via
inerting, which involves flowing a replacement gas from the feed hopper, such as
nitrogen, to replace oxygen.

Largely, biomass waste has a high range of dielectric constants leading to lower
dielectric properties, making them almost transparent to microwaves. This adversely
affects the penetration and conversion of electromagnetic energy of microwaves into
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Fig. 3.2 Advantages of microwave susceptors in MAP

heat energy. Generally, microwave absorbers/susceptors like SiC, activated carbon,
biochar, etc. are additionally provided within the reactor along with the feedstock to
overcome the abovementioned drawback. The advantages of microwave susceptors
are depicted in Fig. 3.2. Water, being polar in nature, has also been investigated as a
microwave absorber since it enables the pyrolysis process to initiate at a consider-
ably lesser temperature of approximately 200 °C. It is vital to note that the usage of
water may only be encouraged if its implications on biooil constituents are thor-
oughly understood. The upgrading process uses a lot of energy and is consequently
costly, but it turns biooils with a high moisture content into better quality fuels which
have the ability to be utilised in engines. The activated carbon utilised as a micro-
wave susceptor accelerates the heating process and enhances the specific surface area
of the resulting biochar. Additionally, it was determined that thus formed biochar
utilising activated carbon has been more reliable, that is, complete carbonisation of
the feedstock was attained, leading to a biochar with greater energy content. The
biggest disadvantage is the utilisation of biochar throughout the process of pyrolysis,
which changes the quality and composition of the end products. However, the
necessary dielectric qualities will dictate the percentage of biochar that must be
recycled (Suriapparao et al. 2022).

By inducing rapid pyrolysis, MAP intends to circumvent some of the drawbacks
of more traditional heating methods. In order to meet these criteria, it is necessary to
optimise the feedstock processing time, heat distribution within the feedstock, and
heating efficiency through the volumetric transfer of energy. In addition, MAP’s
adaptability stems from the wide range of possible operational settings. The pyroly-
sis mechanism is controlled by numerous factors, like pyrolysis temperature, type of
feedstock, feedstock weight, microwave power, microwave susceptor type and
loading, and feedstock/susceptor ratio (Shukla et al. 2019). The quality and distribu-
tion of the products can be optimised by controlling these variables.

In microwave-assisted pyrolysis of AW, the presence of different catalysts can
change the amount of product yields with selective preference to biochar, biooil, or
syngas generation more specifically. The catalytic microwave pyrolysis is expected
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to tailor the biochar to improve the fertility, water retention, sorption, and character-
istic qualities in addition to increasing the biochar yield by encouraging coke
formation. Multiple catalysts working together synergistically to increase micro-
wave absorption result in a less acidic, reduced moisture content biooil. The avail-
ability of carboxylic substances in biooil, including acetic and benzoic acids, is
thought to be the cause of its acidity (Neha and Remya 2021). It is possible to get a
greater pyrolysis temperature for better dehumidification when catalysts are present
(which also act as microwave absorbers). Steam reforming of oxygenates is another
factor responsible for the low water and acid content of biooil (Gollakota et al.
2018). The creation of biooil is favoured over syngas and biochar as a result of the
quick pyrolysis that results from the microwave absorbent properties of metal-
oxides, salts, and acid catalysts. Different catalysts can modify the process of
pyrolysis for improved syngas production during MAP of AW at the deterioration
of the biochar and biooil yields. Throughout microwave pyrolysis of AW, catalysts
encourage secondary heterogeneous processes to increase syngas output. Yet the
catalyst stability with time, resistance to mechanical stirring, and ease of reuse are
essential for the MW pyrolysis process, as they represent additional operational costs
associated with separating and reusing the catalyst from the char (Mohamed et al.
2022). The cost-benefit analysis of its expansion into industrial/commercial scale is
still in its early stages of research (Neha et al. 2022).

3.3.1 Continuous Microwave-Assisted Pyrolysis (CMAP)

Continuous microwave-assisted pyrolysis (CMAP) is an advanced method that can
realise continuous large-scale feeding at high temperatures and carries the potential
of increasing the quality and yield of different biofuels, thereby overcoming the
limitations of batch scale MAP, which suffers from lower resource and energy
efficacy. Table 3.1 summarises the bioenergy production from AW using both
batch and continuous MAP techniques. The size of the AW feedstock that is packed
within batch mode reactors for the pyrolysis is constrained by the reactor
dimensions, which results in a poor processing rate. Reduced energy efficacy is
the outcome of batch pyrolysis, which combines sample heating with time set aside
for condensation, outflow, and reloading procedures. It is appealing to move from
batch to continuous microwave pyrolysis of AW because the latter provides a
quicker conversion rate along with less energy consumption (Ge et al. 2021). In
order to address the drawback of the batch feeding method, the continuous MW
reactor is hailed as a new potential approach for MAP of AW (Luo et al. 2021b). AW
could be delivered to a continuous reactor via gravity as well as mechanical means,
primarily by using a conveyor belt, rotary kiln, or an auger conveyor. The production
of biochar in rotary kilns ensures better blending and heat transfer between several
AW, but there are certain limitations, including lengthy residence periods, uneven
power intensity, and a lack of sufficiently cold conditions for biooil condensation
(Siddique et al. 2022). Although it is challenging to find extremely thermostable belt
material, conveyor belts are favourable because of their greater and consistent power
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density, lesser incubation times, and steady regulation of relatively lower thermal
inertia. A great