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Abstract

Rapid population growth has put unprecedented strain on global agricultural systems,
intensifying concerns over food availability, environmental integrity and sustainable
resource use. In order to meet the growing demand, agricultural production has expanded
substantially, leading to a parallel increase in agricultural wastes (AWs), including crop
residues, livestock manure, agro-industrial processing by-products, and aquaculture
residues. Globally, agriculture generates nearly 998 million tonnes of waste annually, much
of which remains underutilized or improperly managed. Such mismanagement contributes
to greenhouse gas (GHG) emissions, soil and water degradation, and elevated risks to
human and ecosystem health. The adoption of circular economy principles provides a
coherent framework for redefining AWs as secondary resources rather than environmental
liabilities. Recent advances in biological, biochemical, and thermochemical technologies
have enabled the efficient transformation of agricultural residues into bioenergy, organic
fertilizers, bioplastics, bio-based construction materials, enzymes, and other high-value
products. These approaches improve material efficiency, reduce reliance on fossil-derived
inputs, and support climate change mitigation with the assist of artificial intelligence
(AD). Beyond environmental gains, sustainable valorization of AWs offers substantial
socioeconomic benefits by enhancing farm income, generating rural employment
opportunities. This review synthesizes recent progress in agricultural waste management
(AWM) and valorization strategies, emphasizing technological innovations, sustainability
performance, and economic importance. It highlights the essential role of AW valorization
in advancing the United Nations sustainable development goals and fostering sustainability.
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1 Introduction

The human population shows an increasing trend and it is expected to touch 9.5 billion by
2050 and 11 billion by 2100 (Khan et al., 2024). In order to feed this increasing population,
there is a need to increase production too. As farming practices (raising livestock and
cultivating crops) are expanding to meet the challenge, a concern, which has exacerbated
is the enormous agricultural wastes (AWs) generated worldwide, which poses health risks
and threatens ecosystems. AWs are rapidly increasing, with an average annual growth
rate of 5-10% due to rising agricultural production (Riseh et al., 2024). As per the latest
reports, about 998 million tons of AWs are generated each year. The amount and trend
of food waste, however, differs significantly between regions. According to current
estimates, which outline the quantity of food waste generated annually, it is 102.5 million
tons in the European Union, 92.4 million tons in China, 61 million tons in the Americas,
10.2 million tons in South Africa, and 4 million tons in Australia (Okuthe et al., 2024).
These numbers are a clear indication of the massive amount of biomass residues that
are unexploited and mostly cannot be exploited productively. Research has revealed
that agricultural activities account for about 21% of greenhouse gas (GHG) emissions
(Khan et al., 2024). AWs are increasing globally, with China at the forefront that produces
about 870 million tons of straw, 1.06 billion tons of manure from livestock and poultry,
uses 2.5 million tons of agricultural film, and discards 3.5 billion pesticide packaging
units followed by India with 683 MT per year (Cong et al., 2023). AWs are of various

@ Springer



Transforming residues to resources: agricultural waste management for...

[ Agricultural wastes ]

Livestock waste
* Poultry waste
* Swine

Crop residue
* Rice straw
« Corn stover
*  Wheat straw
* Bajra straw

Agroindustrial
waste
Fruit peel and
pulp

Aquaculture Plastic wastes
waste Seeds and
Fish faeces fertilizers
Fish wastes bags

manure
* Cattle manure Rice barn and
husk
Sugarcane

bagasse

Metabolic Agrochemical
wastes Containers
Mulch Films

Fig. 1 Different types of agricultural wastes

types (Fig. 1) including crop residues or crop wastes (rice husk, cottonseed and, wheat
straw), livestock waste (animal excreta and, dead animals), agro-industrial wastes (fruit
peel and, sugarcane bagasse), aquaculture waste (fish faeces and, fish metabolic) and
plastic waste. Agricultural waste management (AWM) is a structured framework designed
to implement and manage all essential components required to control and utilize the
by-products of agricultural activities. This system aims to preserve or improve the quality
of natural resources, including water, air, soil, plants, and animals. Traditionally, AWs
has been released into the environment, either treated or untreated, with minimal harm
to ecosystems. However, it is crucial to view AWs as a valuable resource rather than as
unwanted or undesirable material. This perspective helps prevent the contamination of
air, water, and land while reducing the spread of harmful substances. Achieving this goal
requires innovative technologies and creative approaches to optimize AWM practices
(Raut et al., 2023).

In 2015, the United Nations introduced 17 Sustainable Development Goals (SDGs)
aimed at enhancing the well-being of the planet and improving human lifestyles.
Transforming AWs into valuable by-products is recognized as supporting multiple SDGs,
particularly SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate
Action). The concept of the Circular Economy (CE) has gained significant attention
globally across various sectors, including agriculture, engineering, environmental science,
and design.

According to the recent frameworks, the CE has ceased to be a singular concept of
recycling, but a functional requirement of sectors relying heavily on resources to guarantee
resilience over the long term (Digitemie et al., 2025; Padilla-Rivera et al., 2024). While
interpretations of CE vary, its framework, established in 2013, highlights four key principles:
shifting from an “end-of-life” perspective to one of “restoration,” promoting the use of
renewable energy, and minimizing waste by rethinking production and supply chains. By
adopting CE practices, environmental degradation can be reduced while fostering economic
growth, helping to prevent communities from falling into poverty due to ecological
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challenges. These advantages are particularly critical for rapidly industrializing nations
with less stringent environmental policies, where unchecked development often leads to
pollution and environmental harm (Adami & Schiavon, 2021).

The high variability in agricultural waste composition and generation patterns often
limits the efficiency of conventional valorization strategies (Belyamani, 2025; Bhujbal et
al., 2024; Koshariya et al., 2023). Recent advances in artificial intelligence (AI) have cre-
ated new opportunities to improve the sustainability of AWM. Furthermore, Al-enabled
smart waste management frameworks incorporating RFID and GPS technologies improve
logistics efficiency, traceability, and segregation accuracy, contributing to resource-effi-
cient, climate-smart, and economically viable agri-food systems (Abraham et al., 2023;
Fang et al., 2023; White et al., 2020). This review critically examined existing strate-
gies for AWM, with particular emphasis on their sustainable utilization, valorization, and
further evaluates the emerging role of Al in optimizing waste management systems. The
advantages and limitations of AWM-discussed to assess their potential contributions to
environmentally sustainable practices and long-term economic development.

2 Composition of the AWs

AWs originates from farming activities and are categorized as lignocellulosic biomass
consisting of intricate molecular arrangements including cellulose, hemicellulose, lignin,
and certain extractives such as ash, proteins, etc. On a dry basis, AWs contain cellulose
ranging from 35% to 50%, hemicellulose from 20% to 35%, lignin approximately 15% to
20%, and extractives like ash and proteins making up about 15% to 20% (Ge et al., 2021).
The composition can vary between different types of AWs. Table 1 presents the composition

Table 1 Chemical composition of different types of agricultural wastes(Sources: Bharathiraja et al., 2017; Blasi
et al., 2023)

Agricultural  Lignocellulosic composition Biochemical compound (%)
Wastes (% dry wt)

Hemicellulose Cellulose Lignin Ash Moisture Carbohydrates Proteins Lipids
Apple 14.75 21.22 18.50 0.38 66.4-78.2 55.86 4.0 1.20-3.0
pomace
Barley straws  26.50 32.50 14.50 53-9.8 19-23 - 3.62 1.91
Cattle waste ~ 24.5 327 42.8 36.6 45.1 62.46 15.09 6.85
Coffee husk ~ 7-29.7 24543 9-23.7 - 18.8 58-85 8-11 0.5-3
Maize stalks ~ 25.90 37.30 12.70 6-9 13.2 - - -
Oat straw 23.3-334 37.6-44.8 12.9-21.8 5.9 5.38 - 5.34 1.65
Orange peel - - - 38-40 6.95 -
Rice straw 26.00 46.60 17.00 8.2-16 42-6 - - 5.9
Rice husk 22.00 37.50 16.00 17.45 7.39 37.04 1.85 3.76
Rice bran 31 39 4 2.4 - 23.58 16-23.8 14-15.6
Sweet sor- 27.1 44.6 20.7 1.12-1.16 9.7-1632 81.32-82.7  6.56— 9.08—
ghum bagasse 8.02 10.54
Sugarcane 27.15 43.60 17.65 3.20-4.34 16.07 - - -
bagasse
Soybean 22.43 63.50 9.50 7 7.30 3.23 2.79
straw
Wheat straw ~ 25.25 41.45 12.60 73-12.8 4484 - 3.48 5.34
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of different types of AWs including their lignocellulosic content and biochemical
components (Bharathiraja et al., 2017; Blasi et al., 2023). During degradation, these waste
structures break down into simpler monomers before undergoing conversion into various
configurations. Cellulose predominates in most AWs, surpassing hemicellulose and
lignin in proportion. Cellulose, an essential structural component found in lignocellulosic
residues, creates rigid, fibrous polysaccharide chains grouped into microfibril bundles,
offering mechanical support and durability to plant tissues. Hemicellulose, a branched
polysaccharide, serves as the primary linkage between cellulose and lignin, exhibiting
a random and heterogeneous structure. Hemicelluloses, consisting of sugars such as
d-xylose, d-galactose and d-mannose, encompass arabans, xylans, and galactans. They
exhibit solubility in weak acid, alkaline and enzymatic solutions while being insoluble
in water. With comparatively lower mechanical strength and susceptibility to chemical
alterations, hemicelluloses play a crucial role in determining the biofuel conversion
potential of biomass. Lignin, second only to cellulose, is integral to plant structure,
contributing to cell wall formation, water resistance, and protection against physical,
chemical, and microbial degradation. It aids in water transportation and provides structural
support for plant growth (Alawad & Ibrahim, 2024).

3 Conventional and unsustainable practices for AWM

Traditional practices for managing agricultural waste, such as open burning and the use of
residues in brick kilns, are still widely employed in many regions. Farmers across many
regions of the world often resort to burning cultivated fields to clear stubble, weeds, and crop
residues before planting a new crop. This practice is widely adopted as it facilitates the swift
removal of remnants, allowing for quicker preparation of the land for the upcoming planting
season. Additionally, burning AWs, such as straw, can help mitigate pest infestations.
For example, the rice stem borer (Scirpophaga incertulas), a pest that overwinters in
leftover stubble after the rice harvest, can be effectively controlled through this practice.
Open burning destroys the larvae residing in the residues, reducing their population and
minimizing infestation risks in the subsequent cropping season (Togola et al., 2020).
Furthermore, the ash produced from burning rice straw is highly pozzolanic, making it a
valuable component for lime-pozzolana blends and a viable substitute for Portland cement.
Agricultural residues are also burned for various purposes, including heating, cooking,
charcoal production, and generating steam for mechanical and electric power applications.
However, despite its benefits, open burning of agricultural residues comes with significant
drawbacks, particularly its environmental and health impacts. It releases a substantial amount
of harmful pollutants into the atmosphere. Over 99% of the global population lives in areas
where air pollution exceeds World Health Organization (WHO) standards, contributing to
4.2 million deaths and 6.7 million premature fatalities annually due to outdoor air pollution
(WHO, 2026). Open burning releases particulate matter, hydrocarbons, and toxic gases such
as carbon monoxide (CO), carbon dioxide (CO,), nitrous oxide (N,O), nitrogen dioxide
(NO,), sulfur dioxide (SO,), and methane (CH,), which are detrimental to human and
animal health and harmful to the environment (Jain et al., 2014). Burning one ton of straw
produces approximately 3 kg of particulate matter, 60 kg of CO, 1460 kg of CO,, 199 kg
of ash, and 2 kg of SO,. This practice not only pollutes the air but also depletes valuable
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organic matter and nutrients, such as nitrogen and phosphorus that could otherwise enhance
soil fertility (Lin & Begho, 2022).

Furthermore, AWs are becoming more popular in brick kilns as an environmentally
friendly alternative to traditional fuels such as coal or firewood. Using AWs in brick kilns
not only helps reduce reliance on non-renewable energy sources but also addresses the
disposal challenges of large quantities of agricultural by-products. The process of burning
these wastes produces heat that is essential for firing bricks, and the ash generated can be
used as a raw material in brick production, improving the quality of bricks by providing
additional minerals. For example, incorporation of 15 to 20% of Parthenium biomass in
bricks, increased porosity and reduced density with lowered energy consumption (15-20%),
acceptable compressive strength (15-20 MPa and reduced hydrogen fluoride emission by
50% (Ahmed el al., 2025). This practice contributes to waste recycling, reduces GHG
emissions, and supports the transition to sustainable energy in the brick-making industry.
However, the incomplete combustion of organic materials in AWs can release harmful
pollutants such as particulate matter, carbon monoxide, volatile organic compounds,
and black carbon, which degrade air quality and pose health risks to workers and nearby
communities (Rajarathnam et al., 2014).

4 Potential strategy for AWM practices

To mitigate the environmental and health impacts of traditional practices such as open
burning and using AW in brick kilns, several sustainable alternatives can be available.
The development of effective and sustainable strategies for AWM has gained increasing
global attention. Potential management and improved approaches adopted in the several
practices such as composting, mulching, and animal feeding to valorization pathways
including bioenergy generation, biochemical production, biodegradable materials, and
nanotechnological applications. Integrating these strategies within circular bio economy
frameworks can enhance resource efficiency, reduce environmental impacts, and generate
economic value. In an environmental aspects and economic implications of the optimal use
of the AWSs, have significant effects in the bio economy of the world developing rapidly. It
is projected that the AWM market will be worth USD 42.6 billion in 2024, and will grow at
a compound annual growth rate (CAGR) of 6.8% between 2025 and 2033, with a possible
growth of USD 77.2 billion by 2033 (Fortune Business Insights, 2025). This is a consistent
growth of investments in bio-energy, bio-based products, organic fertilizers, and combined
waste management technologies. The fact that the market is on an upwards trend means
that the agricultural waste treatment is not just a green policy but this is also a developing
economic segment with huge business opportunities.

4.1 Roof thatching and bedding

Rice straw, a widely available crop residue, is frequently used for thatching cattle sheds
and simple houses due to its accessibility and lightweight properties. The thatch roofs offer
natural insulation, helping to maintain warmer temperatures during winter and cooler ones
in summer. Farmers with limited economic resources often utilize long rice straw, typically
measuring 90 to 130 cm, to cover bamboo roofs. The average lifespan of a thatched roof is
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around two years, though this may vary depending on factors such as rainfall, roof slope,
and the type of straw used (Koul et al., 2022). The suitability of rice straw for thatching is
influenced by harvesting and threshing methods. Hand-cut rice straw, when properly dried,
bundled, and stored, serves as a reliable material for roof thatching. Farmers generally
replace old roof thatch with fresh straw before the monsoon season, with the old thatch
typically lasting 2—3 years (Goswami et al., 2020). In addition to roofing, cereal straws are
commonly used as bedding for animals due to their excellent water-absorption properties.
This practice promotes animal hygiene and comfort while also improving manure
management by minimizing nutrient loss through leaching, as the bedding material retains
absorbed nutrients.

4.2 Mulching

Mulching is a popular gardening technique that, when applied correctly, provides various
advantages for plant health. Mulching materials are generally divided into three categories:
organic (such as agricultural residues, wood products, and animal manure), inorganic (like
polyethylene plastic films and synthetic polymers), and specialized materials. This method
involves covering the soil with organic materials, such as bark, wood chips, or leaves,
to retain moisture and improve soil quality. An economical approach in mulching that
reduces water losses by limiting evaporation, enhances water infiltration, and prevents soil
compaction caused by dryness (Kader et al., 2017). Additionally, mulching helps suppress
weed growth, reduces the spread of soil-borne diseases, and regulates soil temperature by
insulating roots against extreme weather.

4.3 Food for livestock

AWs as livestock feed offers a viable way to address resource and environmental concerns,
improve food security, and handle waste management difficulties all at once. The natural
processing abilities of livestock enable them to transform food items that are unfit for
human consumption into useful goods. In numerous regions across the globe, food waste
has traditionally been used as animal feed (Hasan & Lateef, 2024). For instance, when
harvesting cabbages, the outer layer of cabbage is often discarded or left in the field; animal
feed could be made from the leftover outer leaves. Additionally, cabbage waste is high in
protein and can be fed to chickens. In China, around 80% of kitchen trash is recycled into
pig feed (Kim et al., 2018). However, because it is thought to spread diseases, direct feeding
of kitchen garbage is often restricted as because it may include harmful bacteria and viruses,
such as those that cause swine fever and foot-and-mouth disease. Food waste must undergo
appropriate treatment, such as heat sterilisation, before being used as livestock feed to ensure
microbiological safety. For example, heating of food wastes at 65 °C for 20 min effectively
reduces Salmonella, E. coli, and S. aureus to safe levels, and hydrothermal treatment at
110 °C for 60 min eliminates the contaminants especially S. aureus, total coliforms, and
total aerobic bacteria, and reduce the concentration level of molds and yeasts (Garcia et al.,
2005; Jin et al., 2012; Dou et al., 2018). Although such treatments involve additional costs
related to energy consumption, infrastructure, and labour, these expenses are justified by
their benefits in reducing pathogen transmission, preventing disease outbreaks, ensuring
compliance with regulatory standards, and safeguarding animal productivity.
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4.4 Composting

Composting is a highly versatile and effective method for managing biodegradable
solid waste and is a key agricultural practice that aids in recycling farm and agricultural
by-products. Composting of AWs are especially popular in developing countries.
Composting is the biological transformation of organic plant and animal materials into
fertile soil through the action of various microorganisms, such as bacteria, fungi, and
actinomycetes, in an oxygen-rich environment (Ji et al., 2023). By introducing different
microorganisms into solid waste, it can be converted into compost or other by-products like
heat, water, and carbon dioxide. The end product, humus, is a stable organic matter that can
be applied to soil as an organic fertilizer, enriching soil fertility and structure. Biodegradable
materials, including wood shavings, pine needles, dry leaves, sawdust, and coir pith, are
mixed together to create durable humus. However, lignin-rich materials pose challenges
to decomposition. To speed up the process, lime is added to the mix, typically at a ratio
of 5 kg of lime per 1000 kg of plant materials. Lime helps break down the lignin structure
and increases humus production (Wagqas et al., 2023). In recent years, diverse composting
techniques, including vermicomposting (VC), millicomposting (MC), aerobic composting
(AC), and anaerobic composting (AnC), have gained widespread adoption worldwide.
Vermicomposting involves the use of organic waste and several earthworm species, such
as Fisenia fetida, Eudrillus eugineae, Perionyx sansibaricus, Pontoscolex corethrurus,
Megascolex chinensis, and Lampito mauritii, which work effectively within a controlled
bin or tub environment. MC is a relatively new and eco-friendly composting method, which
utilizes millipedes particularly Trigoniulis corallinus to break down AWs. This process,
although still not widely known, offers a biological transformation of plant materials
into stable organic matter (de Sousa Antunes et al., 2022). AC relies on microorganisms
that use oxygen to decompose organic matter, typically done in open-air piles or pits. In
contrast, AnC occurs in the absence of oxygen, with microorganisms breaking down organic
material without utilizing air. Studies have shown that composting of AWs stands out as
a more environmentally friendly option compared to other waste management practices,
such as landfilling, which can lead to groundwater contamination through leachate. Unlike
open burning or dumping waste, which contributes to environmental pollution and global
warming, composting reduces water pollution and is a more cost-effective, sustainable
solution for disposing of agricultural waste.

4.4.1 Entomocomposting

Entomocomposting is an innovative process that uses insects to convert organic waste
into valuable products such as food, feed, and fertilizers. This concept, which is gaining
significant attention in the circular economy, enables the recycling of low-value organic
materials into nutrient-dense products with a minimal environmental footprint (Malontema
et al., 2024). One key component, insect frass, which consists of leftover substrate, faeces,
and exuviae, is rich in essential nutrients and beneficial microbes, making it an excellent
natural fertilizer. This organic fertilizer, known as entomocompost, is produced from insect
frass during the production of larval meal and is highly beneficial for plant growth (Fig. 2).
Saprophytic insects like the black soldier fly (Hermetia illucens L.) have great potential
in converting organic waste into protein-rich larval biomass for animal feed and organic
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Fig. 2 Benefits of entomocomposting (an innovative approach in organic composting)

fertilizers that enhance soil health. Additionally, these insects help reduce pathogens and
chemical pollutants in waste through the secretion of antimicrobial peptides and digestive
enzymes, which are effective in minimizing harmful organisms and toxins. The larvae of
black soldier flies are particularly efficient at degrading waste, processing 40—80% of it
within a short period (<5 weeks), significantly faster than traditional composting methods
that can take 824 weeks. This technology offers considerable benefits, including the
production of high quality, cost-effective organic fertilizers for farmers in a relatively short
timeframe (Beesigamukama et al., 2021, 2023).

4.5 Fortified items

In many developing countries, AWs are underutilized, often left to decompose or openly
burned. However, this waste is a valuable resource as it is rich in protein, dietary fiber,
and beneficial bioactive compounds, making it suitable for food fortification. For example,
cookies can be produced using defatted wheat germ, defatted maize germ flour, and king
palm flour. Cottonseeds processed to cottonseed milk for human consumption with better
nutrient composition and acceptable concentration level of gossypol and (Subramani et
al., 2026). Cabbage leaves, typically discarded, are nutrient-dense, containing vitamin C,
protein, and carotenoids. The cabbage leaves powder can enhance the nutritional value of
foods like bread, biscuits, and rusks. The process for conversion of vegetables and fruits
wastes into value added products involves resource inputs such as water (for washing and
blanching), thermal energy (for blanching and drying), electricity (for grinding) and labour,
these costs are generally moderate and scalable with existing food processing systems
(Sagar et al., 2010; Fuentes-Alventosa et al., 2013; Mirabella et al., 2014). Importantly,
the discarded cabbage leaves as low or zero value by products, meaning raw material cost
is minimal. Beyond this, incorporating cabbage leaf powder (7%) with wheat flour before
baking, significantly improves the nutritional profile of these foods, increasing protein by
22-44%, fiber by 118-188%, carotenoids by 54—138%, and boosting antioxidant levels by
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up to 100% (Barati, 2023). Apple skin powder has been utilized as a substitute for wheat
flour in muffins (Piwowarek et al., 2021). In addition to its use in bakery items, these fibers
have also been incorporated into dairy products for fortification. Consequently, the economic
benefits derived from value addition with incorporation of fruit and vegetable wastes,
reduced waste disposal costs, and improved product functionality can offset processing
expenses, supporting both profitability and circular bio economy objectives.

4.6 Household products

AWs also find it applications in our day-to-day household activities. In African countries,
cocoa pods, often discarded, can be used to make black soap, which serves various functions
like dishwashing and bathing, or left to decompose to enrich the soil (Koul et al., 2022).
Feathers which is an AWs from poultry farms offer versatile applications, including, diaper
filling, greenhouse industry use, biodegradable composites, upholstery, artwork, paper
substitutes, light weight structural materials, water filtration, fibers, fabric, and applications
in the aircraft and automotive industries, as well as thermal insulation (Khan et al., 2024).
The use of poultry feathers in industrial application require washing and steam sterilization
(approximately 100 to 140 °C, commonly 121 °C under pressure) to ensure biosafety.
This process typically consumes about 0.5 to 1.5 kWh per kg, depending on process scale,
moisture content and boiler efficiency. The cost for processing this feathers roughly USD
0.04 to 0.18 per kg (based on industrial electricity rates of USD as 0.08—0.12 per kWh). For
conversion of feathers into value added materials increases processing expenses; however,
it significantly reduces disposal burdens and associated environmental impacts (Dutta et al.,
2024; Chandran et al., 2024). Paddy straw is employed for decorations and artwork. In some
start-ups, they utilized rice bran, rice husk, and rice straw to make disposable tableware
replacing paper and plastic. In Meghalaya, the Areca nut outer cover/shell is being used
as a toothbrush by the local, and the cover of the fermented nut is used by the local and
old generation as the cushion. The areca nut leaf sheath is also used by the local as a food
packaging. The stems from the nut branches of the areca plant are used for house decoration.
Citrus peels, like orange peels, are dried, ground into a powder, and used in face masks for
skin brightening when mixed with honey or rose water (Biz et al., 2016). Corn silk, often
discarded, can be boiled to produce antioxidant-rich water and yielded 23.87 mg Gallic
Acid Equivalent/g of total phenolic content (Sawangwong et al., 2024). Although thermal
energy for heating water is relatively moderate, typically around 0.1 to 0.3 kWh per liter of
extract depending on heating efficiency and batch size. The application of corn silk based
antioxidant rice extract used in functional foods, nutraceutical and cosmetic application
provides higher economic returns than the associated energy costs (Jain et al., 2024).

4.7 Catalyst

Catalyst derived from AWs are increasingly recognized as efficient and environmentally
friendly alternatives. Plant-based wastes contain a variety of organic substances and metal
elements which, upon combustion, generate ash rich in metal oxides and carbonates. The most
widely used method for preparing solid catalysts from plant residues is calcination, typically
carried out at temperatures between 300 and 1200 °C. Calcination temperature is a critical
factor, as it strongly affects the chemical composition, surface morphology, alkalinity, and
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porosity of the resulting catalyst, which in turn determines its catalytic performance (Yadav
et al., 2023). Additionally, calcination process is energy intensive, requiring substantial fuel
or electricity input, which increases operational costs and contributes to GHG emissions.
These energy demands may partially offset the environmental benefits of biomass-derived
catalysts. Consequently, the environment and economic trade-offs of calcination must be
carefully considered, and the adoption of renewable energy sources is necessary to enhance
overall process sustainability (Pasabeyoglu et al., 2024). Potassium, mainly present in oxide
and carbonate forms, has been identified as a key active component responsible for high
catalytic activity. As a result, numerous catalysts developed from AWs have been reported
to exhibit excellent efficiency. However, choosing an appropriate catalyst remains a crucial
consideration for the successful large-scale production of biodiesel. CaO/K.O catalyst
synthesized from eggshells and banana peels was developed and successfully applied for
biodiesel production using waste frying oil (Meka & Asere, 2022).

4.8 Plant growing media

AWs like rice hulls, coir, sawdust, and compost are effective alternatives to soil for
ornamental plant cultivation. For instance, the ICAR Krishi Vigyan Kendra, Ernakulam,
developed a soil-less planting medium using sugar industry by-products. This mix contains
50% composted press mud, 25% coir pith, and 25% powdered cow dung, enriched with
dolomite for pH balance, Neem cake, and biocontrol agents for nutrients. Sold in 10 kg bags
at ICAR-Central Marine Food Research Institute outlets, it offers a nutrient-rich base for
plants without soil (Riaz et al., 2015). Coir pith, a coconut husk by-product, is abundantly
produced by the coir industry, which processes 45% of available husks, generating about
7.5 million tonnes annually. Traditional coco peat manufacturing is labour-intensive
and water demanding. A new method ferments coir pith with tannase-producing fungi
(Aspergillus heteromorphus) for 30 days, enriching it with beneficial microbes. This eco-
friendly process reduces water use and environmental impact, providing a sustainable
solution for nurseries and coco peat producers (CBI, 2016).

4.9 Mushroom cultivation

Mushroom cultivation, while relatively straightforward, demands a willingness to learn,
diligent effort, and adherence to specific guidelines. Mushrooms can be grown using locally
available agricultural waste materials such as wood chips, sawdust, straw, seed hulls, and
veld grass. Farmers around the globe successfully utilize AWs as substrates for mushroom
production (Koul et al., 2022). In India, paddy straw is commonly used as a substrate
for growing paddy mushrooms, also referred to as temperate mushrooms. On the other
hand, wheat straw serves as a substrate for cultivating button and oyster mushrooms. For
button mushroom production, wheat straw undergoes a composting process, while oyster
mushrooms can grow directly on properly treated and moistened wheat straw. Additionally,
the sterilized by-products from oil extraction processes, such as oil palm bunch refuse
and mesocarp waste, provide excellent substrates for edible mushroom cultivation. These
materials are highly suitable for growing a variety of mushrooms (Goswami et al., 2020).
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4,10 Paper and pulp industry

The demand for pulp and paper has increased significantly due to rapid population growth,
urbanization, and industrialization. To meet this demand, most paper manufacturing
industries rely heavily on wood fibers. However, this dependency has led to a shortage of
fibrous wood resources, and has exacerbated deforestation. To address this issue, alternative
non-wood raw materials, such as corn stalks, sugarcane bagasse, wheat and rice straw, cotton
stalks, and similar resources, have been identified as viable substitutes for pulp and paper
production (Worku et al., 2023). Traditionally, the pulp and paper industry has prioritized the
use of cellulose from fiber materials, neglecting the hemicellulose and lignin components.
This practice not only wastes these valuable components but also generates black liquor
as a by-product, increasing production costs. Furthermore, the improper disposal of black
liquor raises environmental concerns, particularly through water pollution. To tackle these
challenges, researchers have developed innovative biotechnologies such as bio-bleaching,
bio-pulping, and enzymatic deinking. These methods aim to reduce pollution associated with
traditional paper manufacturing while fully utilizing fiber materials, including hemicellulose
and lignin, thereby making the process more sustainable and efficient (Ezejiofor et al., 2014).

4.11 Waste water and metal treatment

The quality of water resources has significantly deteriorated over recent decades due to
rapid population growth, industrial expansion, urbanization, and excessive exploitation.
Key contributors to water contamination include the discharge of untreated industrial and
sanitary waste, runoff from agricultural activities, and leachate from landfills. Hazardous
chemicals, such as heavy metals and micropollutants, have increasingly been detected at
toxic levels in drinking water, posing serious risks to human and environmental health.
Conventional water treatment methods, including clarification, oxidation, aeration,
filtration, and disinfection, are commonly employed to address contamination. However,
their efficiency is often hindered by factors such as the low volatility, hydrophobic nature,
pKa, charge, molecular size and shape, and the trace concentrations of pollutants (Kumar et
al., 2023). The use of AWs as adsorbents and catalysts for wastewater treatment has gained
significant attention due to their unique chemical composition, renewable nature, cost-
effectiveness, and widespread availability. Agricultural residues, such as coconut shells, rice
husks, and empty fruit bunches, are rich in cellulose, hemicellulose, and lignin, alongside
organic functional groups such as ethers, phenolics, carboxylic acids, ketones, aldehydes,
and alcohols (Riseh et al., 2024; Maraveas, 2020). These groups enhance their ability to
bind contaminants through various mechanisms. Additionally, these materials often contain
minerals like silica, potassium, and magnesium, combined with high porosity, which
further boosts their adsorption capacity. These wastes are processed into biochar through
thermochemical techniques like pyrolysis, gasification, hydrothermal carbonization, and
liquefaction. Biochar has proven effective in diverse applications, including soil fertility
enhancement, greenhouse gas sequestration, pollutant adsorption, and as a catalyst or
support in biorefineries (Al-Hazmi et al., 2023). Several reviews have highlighted the role
of the AWs and biochar in water and wastewater remediation and these materials have
demonstrated success in removing various contaminants from different environmental
sources. However, comprehensive evaluations of wastewater treatment techniques remain
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limited, particularly with regard to industrial-scale application and commercialization.
Furthermore, more scientific validation is needed to evaluate the long-term sustainability
and practical performance of these techniques in real-world wastewater treatment.

4.12 Bioconstruction

The construction industry today faces numerous challenges, driven by the rapid growth of
urban populations and the depletion of natural resources essential for producing construction
materials. Additionally, increasing awareness of climate change has compelled companies
to prioritize the development of sustainable construction materials. The production of
conventional materials such as cement, bricks, and steel require substantial thermal and
electrical energy, leading to significant pollution of air, water, and soil. Recent research either
highlights that reusing AWs and by-products, partially or entirely, offers a promising approach
to addressing these challenges. AWs, including rice husk ash, sugarcane bagasse ash, and
bamboo leaf ash, have emerged as viable solutions for producing sustainable construction
materials. Agro-waste has been effectively utilized in producing bricks, concrete, as well as
insulation materials for buildings (Maraveas, 2020). Studies further reveal that lightweight
building materials can be created from agro-waste, enhancing energy efficiency and reducing
construction load. Moreover, agro-waste has been employed in manufacturing particleboards,
serving as a sustainable alternative to traditional wood-based products such as shavings and
sawdust, thereby improving product sustainability and reducing environmental impact.

4.13 Production of biodegradable plastics

Biodegradable plastics (BDPs) present a promising alternative to traditional, non-
degradable plastics, with significant efforts being directed toward developing biomaterials
that minimize environmental harm. Currently, bioplastics represent approximately 1% of
the 335 million tons of annual plastic production (Rai & Choure, 2023). The demand for
bioplastics is steadily increasing as new biopolymers, applications, and products continue to
emerge. Agricultural waste materials, such as bagasse, corn cobs, cellulose, sago pith waste,
and chitin, show great potential as feed stocks for bioplastic production due to their low cost
and abundant availability. Despite this growing trend, the use of agro-waste for bioplastic
production remains limited, primarily due to inefficient and unsystematic waste management
practices, insufficient data on waste generation, and lower production yields compared to
food-based feed stocks. Additionally, concerns persist regarding the environmental safety of
BDPs and their potential impacts on agroecosystems.

4.14 Biochar production

A significant portion of the crop residue is burned or left unused in fields leading to the release
of harmful gases, smog, and particulate matter, which contribute to air pollution. In regions
lacking sustainable disposal options, crop residue burning is a primary driver of environmental
degradation and poor air quality (Patel & Panwar, 2023). Climate change, a pressing global
issue, exacerbates these challenges, necessitating innovative solutions. Transforming
agricultural residues into biochar through pyrolysis is emerging as a promising approach
to address these concerns. Biochar, a carbon-rich material derived from lignocellulosic
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biomass like crop waste and organic refuse, is created through thermochemical conversion
under low or no oxygen conditions. This material exhibits beneficial properties, including
a high carbon content, porous structure, large surface area, and cation exchange capacity,
making it suitable for applications such as soil enhancement, carbon sequestration, and
water treatment. The application of biochar to soil improves nutrient availability, enhances
water retention, supports microbial activity, and stabilizes organic matter, leading to better
plant growth and increased crop yields. Additionally, biochar reduces soil bulk density and
fertilizer requirements. By utilizing biochar, farmers can improve soil fertility, reduce input
costs, and boost productivity, thus enhancing their socio-economic status (Piash et al., 2023).
Empirical evidence from farms also supports the economic viability of agricultural residue
valorisation pathways. For example, a recent study examining on-farm biochar application
in India reported increases in paddy yield (4.34%), net returns (29.34%) and a reduction in
cultivation costs (1.52%) (Kiran Kumar et al., 2025).

4.15 Bio-stimulants and biofertilizers

In modern agriculture, there is a growing focus on eco-friendly approaches to promoting
plant growth and enhancing crop productivity. Bioconversion technology offers a sustainable
solution to address challenges by transforming organic waste into high-value products,
including plant bio stimulants and other stabilizing organic materials. Bio-stimulants are
naturally derived substances that enhance plant yield, improve nutrient uptake, and reduce
reliance on chemical fertilizers. Utilizing by-products for bio-stimulant development not only
promotes waste recycling and reduction but also provides economic and environmental benefits
to growers, the food industry, distribution companies, and consumers. AWs and by-products
from livestock manure and the food processing industry can effectively meet the criteria for
use as biofertilizers. Plant and forest residues provide cellulose, hemicellulose, and lignin,
which can be integrated into a polylactic acid matrix. Meanwhile, animal manure from sources
such as pigs, cattle, and poultry serves as a nitrogen-rich material to enhance soil fertility
and boost crop productivity or as a substrate for anaerobic digestion processes. Recovering
organic materials from farm livestock, olive mill waste, and food processing by-products for
biofertilizer production is a sustainable approach. This method aligns with organic farming
practices, offering a practical and eco-friendly alternative to synthetic fertilizers. Moreover,
biofertilizers contribute to sustainable agriculture by reducing environmental impact and
preserving ecosystem health (Puglia et al., 2021; Beesigamukama et al., 2023; Alawad &
Ibrahim, 2024). The minimum selling price of the biofertilizer was calculated at 1.06 USD
per kilogram, about 41% higher than the market price of commercial triple superphosphate
(0.75 USD/kg). Despite this difference, the project demonstrates economic viability, with a
payback period of 3.6 years and a positive net present value of 0.58 million USD. The return
on investment of 19.8% further indicates competitive financial performance, although it is
slightly below the highest reported value of 25.20% (Junior et al., 2025).

4.16 Nanotechnological approaches for valorization of AWs
Nanotechnology is transforming agricultural and food waste management in underdeveloped

regions throughitsrole in promoting sustainable farming and circular economy practices (Preethi
et al., 2024). By leveraging nanoscale engineering, it significantly enhances the efficiency
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of waste valorization. Nanomaterials and nano devices facilitate advanced sensors for real-
time monitoring of agricultural processes, enabling better resource utilization and minimizing
waste. Agricultural waste serves as a sustainable feedstock for synthesizing nanoparticles with
antimicrobial properties, which can be utilized for food preservation. The green synthesis
of nanoparticles using agricultural by-products like stems, leaves, seeds, pulp, stubble, and
bagasse is recognized as an eco-friendly, cost-effective approach that requires minimal energy
consumption (Flores-Contreras et al., 2024). For example, rice husk and peanut shell ash used
as silica precursors to develop mesoporous supports for bimetallic nanocatalysts (Ni, sMo or
Fe, sCu) in hydrodeoxygenation and biomass liquefaction (Alaneme et al., 2023). In addition,
biopolymer nanocomposites can be developed from natural polymers such as starch, cellulose,
pectin, chitosan and proteins derived from agro residues such as mango peels, tomato skins,
jack fruit seed and soy whey water (Pefia-Ortiz et al., 2023). Additionally, nano catalysts play
a vital role in converting organic waste into biofuels and bio-based products, reinforcing the
principles of a circular economy. The application of nanotechnology in precision farming
further improves crop yields while minimizing resource consumption. Innovative nanoscale
delivery systems for fertilizers and pesticides ensure targeted and controlled release,
optimizing nutrient usage while mitigating environmental harm. Despite these advantages,
concerns about environmental persistence, ecotoxicity, regulatory approval, and large-scale
production cost should be carefully addressed. In order to confirm long-term sustainability
and safety, it is imperative to conduct thorough life cycle assessments and conduct field-scale
validation studies (Kah et al., 2018; Rai et al., 2018).

4.17 Biotechnological approaches for production of AWs valuable products

Biotechnology integrates biological sciences such as microbiology, biochemistry, and
molecular biology to solve technological challenges. It leverages biological processes,
including the use of microorganisms or their components, to produce useful products
(Fig. 3). In AWM, biotechnological methods like fermentation, bioprocessing, bioleaching,
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Fig. 3 Valorized agricultural wastes products through biotechnological approaches
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bioremediation, and phytoremediation are employed to degrade waste and reduce
environmental pollution and they utilize microorganisms like bacteria, fungi, yeasts, and
algae, which adapt to different waste types globally. While these residues are primarily
used for energy production, they hold potential for animal feed. However, their use is
limited due to insufficient nutrients, low digestibility, and poor palatability for ruminants.
Enhancing their protein content using fungi and bacteria can improve their suitability for
feed (Ezejiofor et al., 2014). Many agricultural residues are further utilized to produce
valuable by-products, as outlined below.

4.17.1 Production of various enzymes

Recent studies have focused on utilizing of AWMs for enzyme production through Solid
State Fermentation (SSF). Enzymes as natural biocatalysts, are essential in industries
such as brewing, baking, detergents, and paper production (Gooruee et al., 2024). AWs
are cost-effective and energy-rich, serving as raw materials that support fungal growth and
enable the enzymatic breakdown of lignocellulosic substrates into simpler components.
To maximize enzyme yields, AWs often undergo pre-treatment using physical, chemical,
or combined methods to modify plant structures and improve digestibility. These pre-
treatment techniques enhance the efficiency of lignocellulose-based substrates in enzyme
production. The various enzymes produced from various agricultural wastes are presented
in Table 2.

a-Amylase is among the most extensively investigated enzymes derived from AWs,
commonly produced by Bacillus and Aspergillus species. Substrates such as wheat bran,
rice bran, jowar straw and red gram husk have been evaluated, with wheat bran consistently
yielding superior activity. Process optimization, including supplementation with sugarcane
bagasse hydrolysate, has further enhanced a-amylase production by Bacillus subtilis
strains (Naik et al., 2023; Rajagopalan & Krishnan, 2008). Cellulases and related glycoside
hydrolases play a pivotal role in lignocellulose bioconversion. Several AWs, including fruit
peels and cereal residues, have been successfully employed as carbon sources. Banana peel
supported efficient cellulase production by Trichoderma viride under SSF, highlighting the
feasibility of fruit wastes in enzyme bioprocessing (Sun et al., 2011).

Glucoamylase (amyloglucosidase) production has been substantially improved using
lignocellulosic substrates under SSF conditions. Wheat bran—based fermentation with
Aspergillus niger resulted in a 5-6-fold enhancement in enzyme yield compared with
conventional systems (Pandey et al., 1994). Xylanases and hemicellulases are essential
for the depolymerization of hemicellulosic fractions in plant biomass. Agricultural
residues such as grape pulp, cereal brans, and straw have been widely investigated,
with co-expression of accessory enzymes (P-xylosidases, acetylxylan esterases,
a-arabinofuranosidases) improving substrate accessibility. Grape-derived substrates
significantly enhanced xylanase activity under optimized conditions (Botella et al., 2007;
Oosterveld et al., 2000). Inulinase production has gained prominence due to increasing
demand for fructooligosaccharide-based sweeteners. Lignocellulosic residues, including
cereal brans, fruit peels, and sugarcane bagasse, effectively supported inulinase synthesis
by Saccharomyces species, emphasizing the potential of agro-industrial residues in
functional sweetener production (R. S. Singh & Singh, 2019).
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Table 2 Enzymes produced from agricultural wastes using biotechnological approaches

Enzymes  Agricultural waste Involved Fermentation  Findings Reference
substrate microorganism type
a-Amylase Wheat bran, rice Bacillus subtilis, Submerged/ Maximum activity ~ (Naik et al.,
bran, jowar straw,  Aspergillus spp. ~ SSF 67.4 U/mL using 2023; Raja-
red gram husk sugarcane bagasse  gopalan &
hydrolysate Krishnan,
2008)
Apple peel B. subtilis SSF 1394.145 TU/ml (Singh et
al., 2022)
Wheat bran A. oryzae SSF 28.98 U/g (Fadel et
al., 2020)
Cellulase  Banana peel Trichoderma SSF Cellulose derived (Sun et al.,
viride carbon based solid ~ 2011)
acids activity of
10.31 U/g dry
substrate
Coconut-mesocarp  Bacillus SSF 920 U/mL (Pham et
amyloliquefaciens al., 2022)
‘Wheat bran A. oryzae SSF 28.98 U/g (Fadel et
al., 2020)
Xylanase  Grape juice and Fungal strains SSF Xylanase activity of (Botella et
pulp 40 U/g with glucose al., 2007)
supplementation
Hemicel-  Lignocellulosic Mixed microbial ~SSF Hydrolysis of hemi- (Oosterveld
lulase residues enzymes cellulose sugars et al., 2000)
Inulinase  Rice bran, wheat Saccharomyces SSF Efficient inulinase ~ (R. S. Singh
bran, banana peel,  sp. synthesis & Singh,
bagasse 2019)
Lactase Ragi Lactobacillus Submerged Lactase production  (Akolkar et
acidophilus at 0.75% lactose al., 2005)
B- Waste biomass Fusarium, Bacil- SSF Significant endo- (Zampieri
Glucanase lus, Penicillium and exoglucanase etal., 2013)
spp- activity
Tannase Black tea waste Aspergillus SSF Highest tannase (Saad et al.,
glaucus yield obtained at 2023)
75% moisture, pH
5.0, 30 °C, with
6% 10® spores/mL
and 0.2% sodium
nitrate after 5 days.
Protease ~ De-oiled Jatropha  Microbial SSF High protease and ~ (Mahanta et
seed cake consortia lipase yield al., 2008)
Laccase Rice straw Marasmius sp. SSF Maximum activity ~ (Risdianto
1116.11 U/L etal., 2012)
Invertase  Orange peel Penicillium spp. ~ Submerged Yield of 0.63 U/mL  (Nehad
at 5% substrate & Atalla,
2020)
Pectinase  Sugarcane waste,  Mixed fungi SSF Efficient pectinase ~ (Biz et al.,
citrus peel synthesis 2016)
Lipase Coconut meal Aspergillus niger SSF 527£1.75UmL™" (Majeed et
al., 2024)
L-gluta- Sugarcane bagasse Acinetobacter Submerged 47.95 U/mL (Soren et
minase calcoaceticus fermentation al., 2020)
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B-Galactosidase (lactase) and B-glucanase production using AW-based media has also
been reported. Lactobacillus acidophilus isolated from fermented ragi demonstrated lactase
activity under reduced lactose conditions, while fungi and bacteria grown on waste biomass
exhibited significant B-glucanase production, underscoring the nutritional and industrial
relevance of AW-derived enzymes (Akolkar et al., 2005; Zampieri et al., 2013). Tannases,
proteases, and laccases represent another important class of enzymes produced from AWs.
Wheat bran and rice-based residues supported high tannase production by Aspergillus
aculeatus, whereas de-oiled Jatropha seedcake proved to be an effective substrate for
protease synthesis. Laccase production using lignocellulosic wastes under SSF, particularly
by white-rot fungi such as Marasmius spp., achieved high productivity, reinforcing their
applicability in biopulping, biobleaching, and wastewater treatment (Mahanta et al., 2008;
Risdianto et al., 2012). Invertases and pectinases have been efficiently produced using
fruit and sugarcane processing wastes. Orange peel supported high invertase production
by Penicillium spp., while apple pomace, grape pomace, citrus peels, and sugarcane waste
served as effective substrates for pectinase synthesis under SSF. Additionally, enzymes
such as lipases, phytases, and transglutaminases have been successfully produced using
lignocellulosic residues, further highlighting the versatility of AWs in industrial enzyme
bioprocessing (Bharathiraja et al., 2017; Biz et al., 2016; Nehad & Atalla, 2020).

4.17.2 Production of bioenergy or biofuel

The global shift toward sustainable energy production is embracing circular economy
principles and sustainable sourcing methods. Advanced technologies are enhancing the
economic growth of energy production by utilizing AWs while reducing environmental
impact. AWs generated during various farming stages, serve as renewable biomass for
bioenergy. However, utilizing AWs requires multiple steps, with biomass pre-treatment
being critical for removing lignin and improving bioenergy production efficiency
(Kumar et al., 2023). Global biofuel production has steadily increased, with bioenergy
encompassing biogas, liquid biofuels (such as biodiesel, butanol, ethanol, and methanol),
and solid biofuels (usually from wood or other burnable materials). Agricultural remains
are also an important and underutilized source of renewable energy. Recent International
research on 179 countries evaluated the technical and economic feasibility of transforming
crop residues into pellets to substitute fossil fuels. The results imply that there is a potential
of approximately 1.44 billion tons of crop residues that can be used in production of
pellets. Potentially, this research may replace approximately 4.5% of fossil fuel used in
the world, which is equivalent to 22 million approximately 917 million tons of coal per
year. The study projected a potential annual saving of approximately USD 163 billion of
money and a cut in emissions of CO2 equivalent by 1.35 billion tons under optimized
economic conditions (Sebastian and Rafael, 2025). In the transportation sector, biofuels
such as bioethanol and biodiesel contribute only about 2% of total fuel use at present;
however, projections suggest that their share could rise significantly, potentially reaching
around 27% by 2050 (Fiorentino et al., 2017). Across India, more than 800 biomass power
plants are currently operational, with a combined installed capacity of 10,209 MW. These
facilities are distributed across several states, including Maharashtra, Uttar Pradesh,
Karnataka, Tamil Nadu, Andhra Pradesh, Chhattisgarh, West Bengal, and Punjab (Reddy
et al., 2025). Table 3 represents the process for bioenergy and biofuel production from
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Table 3 Bioenergy and biofuel production from agricultural wastes

Biofuel type ~ Agricultural Microorganism/Process Yield/Output Key Reference
waste observation
Biohydrogen Maize cobs, rice  Dark fermentation 80% increase Pre-treatment  (Zhang et
straw (microwave pre-treatment) enhanced hy- al., 2021)
drogen yield
Spent coffee Acid-pretreated anaerobic ~ 2.9+0.09 dm? Dilute sulfuric (Vanyan et
grounds hydroly-  digestion (mixed microbial kg' VS acid—pretreat- al., 2022)
sate (4% w/v) consortium) ed spent cof-
Spent coffee 3.85+0.12dm* fee grounds
grounds (SCG) kg VS enable
hydrolysate (6% biohydrogen
w/v) production
Wheat straw Pyrolysis 6.07 vol% H>at Temperature  (Matamba et
800 °C has a stronger al., 2025)
influence than
pressure on
H: production
Biodiesel Corncob Rhodotorula taiwanensis 55.8 g oil/kg 81.5% oil (Miao et al.,
hydrolysate substrate conversion to  2020)
biodiesel
Rice husk Chemical esterification 99.6+0.2% Sulfo- (Yadav et
using heterogeneous nated carbon  al., 2023)
sulfonated carbon catalyst catalysts
with H2SO4 synthesized
from rice
husk enabled
near-complete
conversion of
oleic acid to
biodiesel
Bioethanol Sugarcane Saccharomyces cerevisiae  41.9 g/L ethanol Effective (Gunam et
bagasse, corn delignifica- al., 2021)
stover tion improves
yield
Dried carrot pulp ~ S. cerevisiae 40.63 g/L Maximum (Khoshkho
ethanol ob- et al., 2022)
tained with 50
mL inoculum,
150 mL water,
10 g dried
pulp
Biomethane  Sugar beet leaves  Aspergillus sp., Neuros- 516 mL/g VS Fungal (Undiandeye
pora sp. catalytic et al., 2023)
pre-treatment
improved
digestion
Wheat straw and ~ Anaerobic digestion Wheat straw: Larger (Witaszek et
rapeseed straw Maximum particle size al., 2025)
methane yield  straw pro-
0f 206.65 m* duced higher
Mg methane
Rapeseed straw: yields
Maximum
methane yield
of 132.87 m*
Mg
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Table 3 (continued)

Biofuel type  Agricultural Microorganism/Process Yield/Output Key Reference
waste observation
Biobutanol ~ Maize cobs Clostridium acetobutyli- 13.28 g/L Co-culture (Jiang et al.,
cum+ Thermoanaerobac- improved 2019)
terium butanol yield
Biogas Wheat straw Extrusion WS — 179 Extrusion (Alenge-
(WS) and mL/g TS, WSD  effectively bawy et al.,
digested wheat — 57mL/g TS  destroyed 2024)
straw (WSD) After extru- lignocellulose
sion: WS — structure,
increased by especially in

23%, WSD —  WSD
increased by
152%

Rice straw Hydrodynamic cavitation =~ 411+21 mL HC pre- (Ezz et al.,
and Anerobic digestion CHa/g treatment 2023)
significantly
enhanced
biogas
production
by breaking
lignocellulose
structure

Rice straw Anaerobic microbial 389 mL g ' VS  Co-digestion (Mothe et
consortia was more al., 2024)
effective than
pre-treatment
for rice straw
anaerobic
digestion

AW. Various processes convert biomass into fuels that meet different energy needs, such
as electricity generation and vehicle fuelling. The conversion method depends on the
type of biomass used. Energy extraction from biomass primarily involves three methods:
direct combustion, anaerobic digestion, and conversion into liquid or gaseous fuels.
Combustion involves burning solid biomass to generate heat, which drives generators for
electricity production. Anaerobic digestion uses microorganisms to break down biomass
in the absence of oxygen, generating methane for heating and power. Biomass can also be
converted into liquid or gaseous fuels via techniques like fermentation, which produces
ethanol from sugar-rich or fatty crops. Ethanol, when mixed with gasoline, can fuel
vehicles. Agricultural waste is converted into compressed natural gas (CNG) for use as
a vehicle fuel. Small-scale systems have been established across several Indian states,
including Haryana, Gujarat, Uttar Pradesh, Madhya Pradesh, Maharastra, Tamil Nadu,
Punjab, Telangana, and West Bengal. These installations collectively have a cumulative
production capacity of approximately 264,467 kg per day (MNRE, 2024). Oilseed crops
like canola and sunflower are also used for biofuel production. For more advanced
conversion, biomass undergoes deconstruction and upgrading. Deconstruction breaks
down plant cell walls into basic chemical components using methods like pyrolysis (high-
temperature decomposition), hydrothermal liquefaction (high temperature and pressure),
or gasification (exposure to high temperatures with oxygen or steam) to produce bio-
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oil, hydrogen, or other gases. Low-temperature methods, such as hydrolysis, break down
biomass with chemicals or proteins after pre-treatment to produce fuels or intermediates.
Upgrading and synthesis then reconstruct the products from deconstruction into usable
liquid or gaseous fuels (McCann & Carpita, 2008).

Bio hydrogen is considered a clean energy carrier due to its high energy density and
water-only combustion by-product. Several bacteria and microalgae produce hydrogen
via hydrogenase-mediated pathways during photoautotrophic or dark fermentation
processes. AWs such as rice straw, maize cobs, molasses, and agro-industrial effluents
have been successfully utilized for bio hydrogen production. Process intensification
through pre-treatment methods, including microwave-assisted hydrolysis, significantly
enhances hydrogen yields; for instance, microwave-pre-treated maize cobs resulted
in an ~80% increase in hydrogen production during dark fermentation (Mona et al.,
2020; Zhang et al., 2021). Biodiesel is a biodegradable and low-emission alternative
to fossil diesel, composed of fatty acid methyl esters derived from renewable lipids.
While direct conversion of AWs to biodiesel is limited, lignocellulosic wastes serve as
effective substrates for microbial lipid production. Oleaginous microorganisms, such as
Rhodotorula taiwanensis, have demonstrated high lipid accumulation when grown on
corncob hydrolysates, yielding up to 55.8 g oil kg™! biomass, with over 80% conversion
efficiency to biodiesel (Miao et al., 2020).

Bioethanol remains the most widely produced liquid biofuel, with extensive applications
in transportation, pharmaceuticals, and consumer products. To overcome concerns related
to food—fuel competition, lignocellulosic AWs such as sugarcane bagasse, corn stover, and
rice straw have been widely investigated. Fermentation of delignified sugarcane bagasse
and corn stover using Saccharomyces cerevisiae achieved ethanol concentrations of up
to 41.9 g L', demonstrating the viability of agricultural residues as second-generation
bioethanol feed stocks (Gunam et al., 2021). Biomethane, an upgraded form of biogas
enriched in methane, has gained prominence as a renewable substitute for natural gas.
AWs, municipal solid waste, and lignocellulosic biomass can be converted into biomethane
through anaerobic digestion or thermochemical methanation. Catalytic and biological pre-
treatments significantly improve substrate digestibility; fungal-assisted pre-treatment of
sugar beet leaves enhanced anaerobic digestion efficiency, yielding 516 mL g' volatile
solids (Aggarangsi et al., 2022; Undiandeye et al., 2023).

Biobutanolisemergingasasuperiorbiofuelduetoitshigherenergy density andcompatibility
with existing fuel infrastructure. Co-fermentation strategies using mixed microbial cultures
have shown promise in improving yields. A synergistic fermentation system employing
Clostridium acetobutylicum and Thermoanaerobacterium thermosaccharolyticum utilized
maize cob hydrolysates to produce 13.28 g L' of butanol under optimized conditions
(Jiang et al., 2019). Biogas production through anaerobic digestion of AWs remains one
of the most established and cost-effective bioenergy pathways. Feedstock’s such as crop
residues, animal manure, and kitchen waste are efficiently converted into methane-rich gas
through sequential microbial processes. Studies demonstrate that small-scale digesters can
effectively valorise livestock and food wastes, with daily gas yields of up to 0.35 m* from
cow dung under mesophilic conditions, highlighting their suitability for decentralized rural
energy systems (M. K. Devi et al., 2022; Glivin et al., 2022).
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4.17.3 Bio production of biochemical

The global organic acid market was valued at $6.94 billion in 2016 and is expected to grow to
$12.54 billion by 2026 (TechSci Research, 2017). Bio-based feed stocks currently contribute
only a small proportion to total chemical industry output. This limited share is largely
attributed to higher production costs, process inefficiencies, scale limitations, and continued
economic advantages of fossil-derived raw materials. Earlier assessments indicated that bio-
based chemicals accounted for roughly 3—4% of global chemical production in 2010, with
projections suggesting a substantial rise potentially reaching 30% or more of total chemical
output by 2050, thereby reducing dependence on fossil resources (Sanders et al., 2012).
Under supportive policy frameworks and competitive market conditions, the manufacture
of bulk chemicals from renewable feed stocks has been projected to expand significantly.
Estimates suggest that production could reach approximately 113 million tonnes by 2050,
representing nearly 38% of global organic chemical output (Patel et al., 2006). Organic
acids make up a significant share of the global fermentation market, with microbiological
production from pre-treated AWs offering a cost-effective alternative. The production of
organic acids involves two key factors: the metabolic pathways used in biosynthesis and the
industrial strategies employed in the process (N. S. Devi & Cherian, 2024). AWs can be used
as a feedstock for producing various fine biochemical, such as organic acids, antibiotics, bio
Iubricants, essential oils, aroma compound and many others. The different types of value-
added biochemical products produced from AWs are presented in the Table 4.

Organic acids such as citric, lactic, succinic, fumaric, and propionic acids are widely
produced using AW-based fermentation systems. Citric acid, predominantly consumed
by the food industry, has been efficiently synthesized under solid-state fermentation
using substrates including citrus waste, grape pomace, wheat bran, and maize cobs, with
Aspergillus niger being the most effective producer (West, 2023). Lactic acid production
from wheat straw using Bacillus sonorensis achieved high yield and productivity following
optimized pretreatment (Chawla & Goyal, 2023). Succinic acid, a key platform chemical,
is increasingly produced via microbial conversion of C5 and C6 sugars derived from
lignocellulosic residues, offering a sustainable alternative to petrochemical routes (Wang et
al., 2022). Fumaric acid production from enzymatically hydrolyzed maize cobs by Rhizopus
oryzae demonstrated the feasibility of biomass-based polymer precursors (Li et al., 2016).
Propionic acid production using Propionibacterium freudenreichii and apple pomace
highlights the economic advantages of waste-derived substrates over conventional chemical
synthesis (Piwowarek et al., 2021).

Antibiotics represent another high-value product obtainable from AWs through microbial
fermentation. Substrates such as maize cobs, rice hulls, and cereal brans have supported
antibiotic synthesis by Streptomyces species, with wheat bran yielding the highest antibiotic
activity in SSF systems (Al Farraj et al., 2020). Essential oils, rich in terpenes, phenolics,
and other bioactive compounds, are efficiently recovered from agro-industrial residues
such as citrus peels and spice wastes. These oils exhibit strong antioxidant, antimicrobial,
and insecticidal properties, making them attractive for pharmaceutical, food, and pest-
management applications (Visakh et al., 2023). Aroma and flavour compounds produced
through biotechnological conversion of AWs offer a natural alternative to chemically
synthesized flavours. Microbial and enzymatic processing of fruit wastes has yielded
complex volatile profiles dominated by monoterpenes such as limonene and myrcene,
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Table 4 Value-added biochemical products from agricultural wastes

Product Agricultural ~ Microorganism/Method  Yield/Major outcome Reference
waste
Antibiotics ~ Wheat bran,  Streptomyces sp. (AS4) 209 U/g highest yield (Al Farraj
fruit peels et al., 2020)
Aroma Jabarapeel ~ GC-FID, GC-MS Myrcene (46.8%), limonene (Vinicius
compounds analysis (28.2%) De Melo
Pereira et
al., 2020)
Essential oil Citrus Extraction Rich in terpenes, phenolics (Visakh et
peels, spice al., 2023)
residues
Pineapple Soxhlet extraction using  1.96-1.97% at 65 °C (Sakwe &
peel n-Hexane Amabogha,
2024)
Flavonoid ~ Orange peel  Solvent extraction and 5.5 mL water/g solid for 180 min  (Dikmetas
extraction Ultrasound solvent et al., 2024)
extraction
Lignin Sugarcane Chemical extraction 12-21% lignin content (del Rio et
bagasse, al., 2015)
straw
Catalyst Peanut shells Carbonization followed  100% conversion of benzyl alcohol (Yin et al.,
(P-doped, by phosphoric acid dop-  with 99.7% selectivity (NPC-800)  2022)
N-contain- ing (P-doping) and heat
ing porous treatment
carbon
catalyst)
Metal-free ~ Peanut shells Aerobic oxidation TOF (Turnover Frequency):
oxidation catalysis 2.49x107° mol-g'-h™!
catalyst
Reusable Peanut shells Kneading heat treat- Stable catalytic performance
granular ment+extrusion molding
carbon (no binder)
catalyst
Anti-aging  Apical leaves Green extraction CU: highest xanthine oxidase, (Leal et al.,
and anti- of Nicotiana  (Distilled water (DW) lipoxygenase, elastase inhibition; ~ 2025)
inflammato- fabacum var. Natural deep eutectic FGS: highest hyaluronidase inhibi-
ry extracts  Virginia (pre- solvents (NaDESs): FGS tion; all inhibit collagenase>65%;
harvest waste (fructose, glucose, su- non-toxic; rich in bioactive com-
discarded crose) and CU (choline  pounds; cosmetic potential
during bud-  chloride+urea)
ding stage)
Antioxidant, Pericarps of  Sequential maceration Ethanol extract: highest phe- (Somwon-
whiten- Macadamia  with n-hexane, ethyl nolic content and bioactivity; gin et al.,
ing and integrifolia  acetate, ethanol DPPH 57%, anti-collagenase 2021)
anti-aging 65.4%, anti-elastase 68.3%, anti-
extract tyrosinase~27%; promising for

cosmetics/cosmeceuticals

enhancing their commercial value in food and cosmetic industries (Vinicius De Melo
Pereira et al., 2020). Lignin, the second most abundant biopolymer, is a key component
of lignocellulosic wastes and an important precursor for renewable fuels and aromatic
chemicals. Agricultural residues such as sugarcane bagasse and straw contain significant
lignin fractions, with structural variations influencing downstream valorization pathways
(del Rio et al., 2015).
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5 Applications of artificial intelligence in AWs valorization

Artificial intelligence (Al) is transforming multiple sectors, including industry, healthcare
and education. It is also making significant advancements in waste management. In
the context of waste valorization, Al involves the application of intelligent systems to
automate and optimize key processes such as waste sorting, composition analysis, process
monitoring, and resource recovery (Belyamani, 2025; Kour et al., 2023). These systems
rely on advanced algorithms and machine-learning techniques to analyze large datasets,
generate predictions, and regulate operational equipment, thereby significantly enhancing
the efficiency and effectiveness of waste valorization systems. The primary benefits
of implementing Al in waste valorization include enhanced waste sorting accuracy,
optimized process control, improved recovery of valuable resources, and data-driven
decision-making.

One notable application of Al is in optimizing anaerobic digestion, a biological
process that converts organic waste into biogas, a renewable energy source. Optimizing
this process is challenging because it depends on many interrelated factors such as
temperature, pH, organic loading rate, and gas composition. Al helps overcome this
complexity by continuously analyzing real-time data collected from sensors installed in
the digester. Based on this analysis, Al systems dynamically adjust operational conditions
to maximize biogas yield and process stability. This approach not only reduces organic
waste but also enables clean energy generation, reinforcing sustainable waste-to-energy
pathways (Koshariya et al., 2023). - An optimized methane production from rice straw
using biochar and in combination with Al was studied by Bhujbal et al., 2024. Key
operational parameters such as substrate loading, inoculum loading, and biochar dosage
were optimized using response surface methodology and machine learning approaches.
The artificial neural network model showed better prediction accuracy than the statistical
model, and further optimization using a genetic algorithm resulted in higher methane
production compared to conventional methods and the control.

Another notable illustration of Al-enabled waste management/valorization is the
deployment of smart bin - based management frameworks. In this system, waste bins
embedded with RFID (Radio Frequency Identification) tags and GPS modules are
strategically installed, and once the bins reach approximately 25% of their capacity,
automated alerts are transmitted to intelligent collection vehicles. AWs treatment facilities
within this framework are broadly categorized into waste-to-energy conversion units
and value-added product generation units. The architectural design of this framework
comprises several interconnected layers is generated from ChatGPT 4.0 and presented
in Fig. 4, including the agricultural production stage, waste collection and storage, pre-
treatment, treatment, and product distribution stages (White et al., 2020). Supporting these
are the communication and service layers, which facilitate data acquisition, transmission,
storage, analysis, and accessibility. These layers provide the foundational infrastructure
that enables smart technologies to gather real-time information, which subsequently serves
as critical input for the management and decision-making layer. For instance, in restaurant
food waste management, RFID-enabled bins, automated weight sensors, and integrated
circuit card readers installed on collection vehicles have been effectively utilized (Fang
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Agricultural Waste Valorization Process Al-Enabled Smart Waste Management System
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Fig. 4 Process of Al integration in agricultural waste management (Fang et al., 2023)

et al., 2023). Furthermore, Al-driven applications for automated waste detection and
sorting facilitate faster and more precise classification of recyclable materials, while
simultaneously generating data on waste composition and volume to support informed
decision-making and strategic planning (Ryan et al., 2023). The integration of sensor
technologies and Internet of Things (IoT) platforms provides continuous, real-time data,
enabling optimized system design and the establishment of responsive feedback loops.
For example, electronic nose systems equipped with sensor arrays can continuously
monitor and quantify odour emissions in real time, supporting more efficient wastewater
treatment and odour control strategies (Burgués et al., 2021). Furthermore, the use of
RFID-tagged bins and automated weight-monitoring systems throughout the collection
and transportation stages significantly minimizes the risk of unauthorized or illegal waste
diversion outside regulated pre-treatment and treatment facilities (Abraham et al., 2023).
Al significantly improves waste logistics by optimizing collection and transportation
routes, leading to reductions of nearly 37% in travel distance, about 13% in overall costs,
and more than 28% in operational time. In addition, Al-driven sorting systems greatly
enhance waste segregation efficiency, achieving high accuracy levels that typically range
from around 73% to almost 100% (Fang et al., 2023).

6 Benefits, challenges and future directions
Improper disposal of the AWs contributes significantly to environmental pollution and

public health risks, highlighting the urgent need for efficient waste management systems
and responsible disposal practices. Although AWs are rich in valuable macromolecules
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and offer strong potential for the development of sustainable, bio-based products, their
heterogeneous composition and seasonal variability pose challenges for consistent
processing, product quality, and large-scale implementation (M. K. Devi et al., 2022).
Conventional and material-based applications, such as composting, mulching, biochar,
biodegradable plastics, and bioconstruction materials, often face limitations related to
durability, energy-intensive processing, and economic feasibility (Bharathiraja et al.,
2017; Biz et al., 2016).

Advanced valorization pathways, including enzyme production, bioenergy generation,
and the synthesis of high-value biochemicals, demonstrate the technological feasibility of
converting AWs into value-added products. However, most of these technologies remain
at laboratory or pilot scale due to high capital costs, limited techno-economic data, and
challenges in process optimization and scalability (Pandey et al., 1994; Wang et al., 2022;
Zhang et al., 2021). Environmental applications such as wastewater and metal remediation
using AW-derived catalysts and adsorbents are promising but are constrained by issues
related to stability, impurity content, and high energy requirements during preparation
(Risdianto et al., 2012).

A comparative assessment of various AW valorization technologies based on economic,
environmental and processing parameters is presented in Table 5 to comprehensive
understanding of the suitability and limitation. Along with the various benefits and limitation,
agro waste valorization creates job opportunities at various levels of the value chain. These
includes activity such as waste collection, transport, processing, skilled technical operations,
development of local markets, and distribution networks (Bhardawaj et al., 2025). These
diversified job opportunities also enhance the socio-economic applicability of sustainable
agricultural waste management.

Furthermore, Al has demonstrated significant potential for improving the efficiency
of biomass supply chains and bioprocessing systems associated with AWM. This can be
achieved by utilising machine learning algorithms, such as artificial neural networks, random
forest models and support vector machines for feedstock quality prediction, fermentation
yield optimization, enzyme performance modeling, and process control in biorefineries
(Wang et al., 2020; Kusiak, 2019). However, developing robust models requires and need
to study with high-quality datasets, standardized data frameworks, and techno-economic
validation at pilot and industrial scales.

Regulatory and socio-economic barriers further restrict the adoption of AW-derived bio-
products. Existing regulatory frameworks are often unsuitable for biologically complex
products, making registration and commercialization difficult. Future perspectives should
focus on developing flexible regulatory criteria, standardized yet adaptive testing methods,
and supportive policy frameworks to accelerate market entry. Additionally, educating farmers
and stakeholders about the environmental and agronomic benefits of bio-based solutions
is crucial for widespread acceptance. With coordinated efforts in regulation, technology
development, and stakeholder engagement, AW-based valorization can reduce greenhouse
gas emissions, improve soil health, decrease chemical dependency, and contribute to a more
sustainable and resilient agricultural system.
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7 Conclusion

The growing demand for livestock and crop production to support a rising population has
resulted in the accumulation of large quantities of AWs. If not properly managed, this waste
can harm the environment. Therefore, it is essential to handle and make productive use of this
waste, particularly in countries where agriculture is a key economic driver. AWs contain valu-
able nutrients and bioactive compounds, such as sugars, minerals, and proteins, which make
them more valuable as raw materials rather than just waste. Repurposing AWs offers numer-
ous benefits, such as lowering costs by utilizing low-cost or discarded materials and pro-
moting recycling to reduce environmental damage. Integrating these materials into industrial
processes supports a more sustainable use of resources. However, realizing these advantages
requires the establishment of AWs valorization facilities across regions, with support from
both central and state governments to enhance policies, regulations, and laws surrounding
waste management and disposal. Increased investment in infrastructure for AW utilization is
essential for promoting waste valorization and achieving a circular economy in agriculture.
Supporting research and development of waste utilization technologies is vital for advancing
this goal. Converting agricultural waste into valuable resources can lower production costs,
enhance recycling efforts, and encourage environmentally sustainable practices.
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