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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 
(AI). 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 
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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 

Fig. 1  Different types of agricultural wastes
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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, AI-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 AI 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
Wastes

Lignocellulosic composition
(% dry wt)

Biochemical compound (%)

Hemicellulose Cellulose Lignin Ash Moisture Carbohydrates Proteins Lipids
Apple 
pomace

14.75 21.22 18.50 0.38 66.4–78.2 55. 86 4.0 1.20–3.0

Barley straws 26.50 32.50 14.50 5.3–9.8 19–23 - 3.62 1.91
Cattle waste 24.5 32.7 42.8 36.6 45.1 62.46 15.09 6.85
Coffee husk 7–29.7 24.5–43 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 23.3–33.4 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 4.2–6 - - 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-
ghum bagasse

27.1 44.6 20.7 1.12–1.16 9.7–16.32 81.32–82.7 6.56–
8.02

9.08–
10.54

Sugarcane 
bagasse

27.15 43.60 17.65 3.20–4.34 16.07 - - -

Soybean 
straw

22.43 63.50 9.50 7 7.30 3.23 2.79

Wheat straw 25.25 41.45 12.60 7.3–12.8 4.4–8.4 - 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 (CO2), nitrous oxide (N2O), nitrogen dioxide 
(NO2), sulfur dioxide (SO2), and methane (CH4), 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 CO2, 199 kg 
of ash, and 2 kg of SO2. 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 AWs, 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 (García 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 (Waqas 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 Eisenia 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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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 8–24 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 

Fig. 2  Benefits of entomocomposting (an innovative approach in organic composting)
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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/K₂O 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 through its role 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 (Ni0.5Mo or 
Fe0.5Cu) 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 (Peña-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, 

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.

α-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 α-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 (β-xylosidases, acetylxylan esterases, 
α-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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Enzymes Agricultural waste 
substrate

Involved 
microorganism

Fermentation 
type

Findings Reference

α-Amylase Wheat bran, rice 
bran, jowar straw, 
red gram husk

Bacillus subtilis, 
Aspergillus spp.

Submerged/
SSF

Maximum activity 
67.4 U/mL using 
sugarcane bagasse 
hydrolysate

(Naik et al., 
2023; Raja-
gopalan & 
Krishnan, 
2008)

Apple peel B. subtilis SSF 1394.145 IU/ml (Singh et 
al., 2022)

Wheat bran A. oryzae SSF 28.98 U/g (Fadel et 
al., 2020)

Cellulase Banana peel Trichoderma 
viride

SSF Cellulose derived 
carbon based solid 
acids activity of 
10.31 U/g dry 
substrate

(Sun et al., 
2011)

Coconut-mesocarp Bacillus 
amyloliquefaciens

SSF 920 U/mL (Pham et 
al., 2022)

Wheat bran A. oryzae SSF 28.98 U/g (Fadel et 
al., 2020)

Xylanase Grape juice and 
pulp

Fungal strains SSF Xylanase activity of 
40 U/g with glucose 
supplementation

(Botella et 
al., 2007)

Hemicel-
lulase

Lignocellulosic 
residues

Mixed microbial 
enzymes

SSF Hydrolysis of hemi-
cellulose sugars

(Oosterveld 
et al., 2000)

Inulinase Rice bran, wheat 
bran, banana peel, 
bagasse

Saccharomyces 
sp.

SSF Efficient inulinase 
synthesis

(R. S. Singh 
& Singh, 
2019)

Lactase Ragi Lactobacillus 
acidophilus

Submerged Lactase production 
at 0.75% lactose

(Akolkar et 
al., 2005)

β-
Glucanase

Waste biomass Fusarium, Bacil-
lus, Penicillium 
spp.

SSF Significant endo- 
and exoglucanase 
activity

(Zampieri 
et al., 2013)

Tannase Black tea waste Aspergillus 
glaucus

SSF Highest tannase 
yield obtained at 
75% moisture, pH 
5.0, 30 °C, with 
6 × 10⁸ spores/mL 
and 0.2% sodium 
nitrate after 5 days.

(Saad et al., 
2023)

Protease De-oiled Jatropha 
seed cake

Microbial 
consortia

SSF High protease and 
lipase yield

(Mahanta et 
al., 2008)

Laccase Rice straw Marasmius sp. SSF Maximum activity 
1116.11 U/L

(Risdianto 
et al., 2012)

Invertase Orange peel Penicillium spp. Submerged Yield of 0.63 U/mL 
at 5% substrate

(Nehad 
& Atalla, 
2020)

Pectinase Sugarcane waste, 
citrus peel

Mixed fungi SSF Efficient pectinase 
synthesis

(Biz et al., 
2016)

Lipase Coconut meal Aspergillus niger SSF 5.27 ± 1.75 U mL⁻¹ (Majeed et 
al., 2024)

L-gluta-
minase

Sugarcane bagasse Acinetobacter 
calcoaceticus

Submerged 
fermentation

47.95 U/mL (Soren et 
al., 2020)

Table 2  Enzymes produced from agricultural wastes using biotechnological approaches
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β-Galactosidase (lactase) and β-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 β-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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Biofuel type Agricultural 
waste

Microorganism/Process Yield/Output Key 
observation

Reference

Biohydrogen Maize cobs, rice 
straw

Dark fermentation 
(microwave pre-treatment)

80% increase Pre-treatment 
enhanced hy-
drogen yield

(Zhang et 
al., 2021)

Spent coffee 
grounds hydroly-
sate (4% w/v)

Acid-pretreated anaerobic 
digestion (mixed microbial 
consortium)

2.9 ± 0.09 dm³ 
kg⁻¹ VS

Dilute sulfuric 
acid–pretreat-
ed spent cof-
fee grounds 
enable 
biohydrogen 
production

(Vanyan et 
al., 2022)

Spent coffee 
grounds (SCG) 
hydrolysate (6% 
w/v)

3.85 ± 0.12 dm³ 
kg⁻¹ VS

Wheat straw Pyrolysis 6.07 vol% H₂ at 
800 °C

Temperature 
has a stronger 
influence than 
pressure on 
H₂ production

(Matamba et 
al., 2025)

Biodiesel Corncob 
hydrolysate

Rhodotorula taiwanensis 55.8 g oil/kg 
substrate

81.5% oil 
conversion to 
biodiesel

(Miao et al., 
2020)

Rice husk Chemical esterification 
using heterogeneous 
sulfonated carbon catalyst 
with H₂SO₄

99.6 ± 0.2% Sulfo-
nated carbon 
catalysts 
synthesized 
from rice 
husk enabled 
near-complete 
conversion of 
oleic acid to 
biodiesel

(Yadav et 
al., 2023)

Bioethanol Sugarcane 
bagasse, corn 
stover

Saccharomyces cerevisiae 41.9 g/L ethanol Effective 
delignifica-
tion improves 
yield

(Gunam et 
al., 2021)

Dried carrot pulp S. cerevisiae 40.63 g/L Maximum 
ethanol ob-
tained with 50 
mL inoculum, 
150 mL water, 
10 g dried 
pulp

(Khoshkho 
et al., 2022)

Biomethane Sugar beet leaves Aspergillus sp., Neuros-
pora sp.

516 mL/g VS Fungal 
catalytic 
pre-treatment 
improved 
digestion

(Undiandeye 
et al., 2023)

Wheat straw and 
rapeseed straw

Anaerobic digestion Wheat straw: 
Maximum 
methane yield 
of 206.65 m³ 
Mg⁻¹
Rapeseed straw: 
Maximum 
methane yield 
of 132.87 m³ 
Mg⁻¹

Larger 
particle size 
straw pro-
duced higher 
methane 
yields

(Witaszek et 
al., 2025)

Table 3  Bioenergy and biofuel production from agricultural wastes
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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-

Biofuel type Agricultural 
waste

Microorganism/Process Yield/Output Key 
observation

Reference

Biobutanol Maize cobs Clostridium acetobutyli-
cum + Thermoanaerobac-
terium

13.28 g/L Co-culture 
improved 
butanol yield

(Jiang et al., 
2019)

Biogas Wheat straw 
(WS) and 
digested wheat 
straw (WSD)

Extrusion WS → 179 
mL/g TS, WSD 
→ 57 mL/g TS
After extru-
sion: WS → 
increased by 
23%, WSD → 
increased by 
152%

Extrusion 
effectively 
destroyed 
lignocellulose 
structure, 
especially in 
WSD

(Alenge-
bawy et al., 
2024)

Rice straw Hydrodynamic cavitation 
and Anerobic digestion

411 ± 21 mL 
CH₄/g

HC pre-
treatment 
significantly 
enhanced 
biogas 
production 
by breaking 
lignocellulose 
structure

(Ezz et al., 
2023)

Rice straw Anaerobic microbial 
consortia

389 mL g⁻¹ VS Co-digestion 
was more 
effective than 
pre-treatment 
for rice straw 
anaerobic 
digestion

(Mothe et 
al., 2024)

Table 3  (continued) 
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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⁻¹ 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⁻¹, 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⁻¹ volatile 
solids (Aggarangsi et al., 2022; Undiandeye et al., 2023).

Biobutanol is emerging as a superior biofuel due to its higher energy density and compatibility 
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⁻¹ 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 m³ 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 
lubricants, 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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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 Río et al., 2015).

Table 4  Value-added biochemical products from agricultural wastes
Product Agricultural 

waste
Microorganism/Method Yield/Major outcome Reference

Antibiotics Wheat bran, 
fruit peels

Streptomyces sp. (AS4) 209 U/g highest yield (Al Farraj 
et al., 2020)

Aroma 
compounds

Jabara peel GC-FID, GC-MS 
analysis

Myrcene (46.8%), limonene 
(28.2%)

(Vinicius 
De Melo 
Pereira et 
al., 2020)

Essential oil Citrus 
peels, spice 
residues

Extraction Rich in terpenes, phenolics (Visakh et 
al., 2023)

Pineapple 
peel

Soxhlet extraction using 
n-Hexane

1.96–1.97% at 65 °C (Sakwe & 
Amabogha, 
2024)

Flavonoid 
extraction

Orange peel Solvent extraction and 
Ultrasound solvent 
extraction

5.5 mL water/g solid for 180 min (Dikmetas 
et al., 2024)

Lignin Sugarcane 
bagasse, 
straw

Chemical extraction 12–21% lignin content (del Río et 
al., 2015)

Catalyst
(P-doped, 
N-contain-
ing porous 
carbon 
catalyst)

Peanut shells Carbonization followed 
by phosphoric acid dop-
ing (P-doping) and heat 
treatment

100% conversion of benzyl alcohol 
with 99.7% selectivity (NPC-800)

(Yin et al., 
2022)

Metal-free 
oxidation 
catalyst

Peanut shells Aerobic oxidation 
catalysis

TOF (Turnover Frequency): 
2.49 × 10⁻³ mol·g⁻¹·h⁻¹

Reusable 
granular 
carbon 
catalyst

Peanut shells Kneading heat treat-
ment + extrusion molding 
(no binder)

Stable catalytic performance

Anti-aging 
and anti-
inflammato-
ry extracts

Apical leaves 
of Nicotiana 
tabacum var. 
Virginia (pre-
harvest waste 
discarded 
during bud-
ding stage)

Green extraction
(Distilled water (DW) 
Natural deep eutectic 
solvents (NaDESs): FGS 
(fructose, glucose, su-
crose) and CU (choline 
chloride + urea)

CU: highest xanthine oxidase, 
lipoxygenase, elastase inhibition; 
FGS: highest hyaluronidase inhibi-
tion; all inhibit collagenase > 65%; 
non-toxic; rich in bioactive com-
pounds; cosmetic potential

(Leal et al., 
2025)

Antioxidant, 
whiten-
ing and 
anti-aging 
extract

Pericarps of 
Macadamia 
integrifolia

Sequential maceration 
with n-hexane, ethyl 
acetate, ethanol

Ethanol extract: highest phe-
nolic content and bioactivity; 
DPPH 57%, anti-collagenase 
65.4%, anti-elastase 68.3%, anti-
tyrosinase ~ 27%; promising for 
cosmetics/cosmeceuticals

(Somwon-
gin et al., 
2021)
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5  Applications of artificial intelligence in AWs valorization

Artificial intelligence (AI) is transforming multiple sectors, including industry, healthcare 
and education. It is also making significant advancements in waste management. In 
the context of waste valorization, AI 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 AI 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 AI 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. AI helps overcome this 
complexity by continuously analyzing real-time data collected from sensors installed in 
the digester. Based on this analysis, AI 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 AI 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 AI-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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et al., 2023). Furthermore, AI-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). 
AI 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, AI-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 

Fig. 4  Process of AI integration in agricultural waste management (Fang et al., 2023)
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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, AI 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.

Author Contributions  Aquiny BT Mawthoh: Conceptualization, Methodology, Writing Original Draft, 
Visualization. Devina Seram: Literature Review, Data Curation, Writing Review & Editing, and Validation. 
Haobijam James Watt: Language Editing, Writing Review & Editing, and proof reading. Irfan Haidri: 
Literature Review, Data Curation. Nadir Ayrilmis: Project Administration, Data Curation, Writing Review 
& Editing, and Proof reading. Thirukkumar Subramani: Language Editing, Review & Editing, and Proof 
reading. Naveen Kumar P: Data Curation, Writing Review & Editing, Validation. All authors have read and 
agreed to the published version of the manuscript.

Funding  Open access funding provided by the Scientific and Technological Research Council of Türkiye 
(TÜBİTAK). This work has received no funding.

Data availability  No new datasets were generated or analyzed during this study.

Declarations

Ethics approval  Not applicable.

Consent to participate  Not applicable.

Consent to publish  Not applicable.

Competing interests  The authors declare that they have no conflict of interest.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as 
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons 
licence, and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative Commons licence and your intended use is not permitted 
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


1 3

A. B. T. Mawthoh et al.

References

Abraham, M., Sreeraj, S., Milton, D., Yohannan, A. A., & Paulraj, G. J. L. (2023). Reward based Smart Waste 
Disposal System using RFID. Paper presented at the International Conference on Sustainable Comput-
ing and Data Communication Systems.

Adami, L., & Schiavon, M. (2021). From circular economy to circular ecology: A review on the solution of 
environmental problems through circular waste management approaches. Sustainability, 13(2), Article 
925. https://doi.org/10.3390/su13020925

Aggarangsi, P., Moran, J., Koonaphapdeelert, S., & Tippayawong, N. (2022). Performance comparison of 
biomethane, natural gas and gasoline in powering a pickup truck. Biofuels, 13(8), 957–964. ​h​t​t​p​s​​:​/​/​d​o​i​​.​
o​r​g​/​​1​0​.​1​​0​8​0​/​1​7​5​9​7​2​6​9​.​2​0​2​2​.​2​0​4​1​2​3​1​​​​​​​

Ahmad, M. S., Ahmad, M. N., Muhammad, T., et al. (2025). Utilizing agricultural waste in brick manufactur-
ing for sustainable consumption and circular economy. Scientific Reports, 15, 22741. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​0​7​9​4​8​-​w​​​​​​​

Akolkar, S. K., Sajgure, A., & Lele, S. S. (2005). Lactase production from Lactobacillus acidophilus. World 
Journal of Microbiology & Biotechnology, 21, 1119–1122. https://doi.org/10.1007/s11274-005-0079-9

Al Farraj, D. A., Varghese, R., Vágvölgyi, C., Elshikh, M. S., Alokda, A. M., & Mahmoud, A. H. (2020). 
Antibiotics production in optimized culture condition using low cost substrates from Streptomyces sp. 
AS4 isolated from mangrove soil sediment. Journal of King Saud University. Science, 32(2), 1528–
1535. https://doi.org/10.1016/j.jksus.2019.12.008

Al-Hazmi, H. E., Mohammadi, A., Hejna, A., Majtacz, J., Esmaeili, A., Habibzadeh, S., & Mąkinia, J. (2023). 
Wastewater treatment for reuse in agriculture: Prospects and challenges. Environmental Research Arti-
cle 116711. https://doi.org/10.1016/j.envres.2023.116711

Alaneme, G. U., Olonade, K. A., & Esenogho, E. (2023). Eco-friendly agro-waste based geopolymer-concrete: 
A systematic review. Discover Materials, 3(1), Article 14. https://doi.org/10.1007/s43939-023-00052-8

Alawad, I., & Ibrahim, H. (2024). Pretreatment of agricultural lignocellulosic biomass for fermentable sugar: 
Opportunities, challenges, and future trends. Biomass Conversion and Biorefinery, 14(5), 6155–6183. 
https://doi.org/10.1007/s13399-022-02981-5

Alengebawy, A., Ran, Y., Osman, A. I., Jin, K., Samer, M., & Ai, P. (2024). Anaerobic digestion of agricul-
tural waste for biogas production and sustainable bioenergy recovery: A review. Environmental Chem-
istry Letters, 22(6), 2641–2668. https://doi.org/10.1007/s10311-024-01789-1

Barati, S. (2023). Applications of agricultural waste in food industry. Journal of Biological Studies, 6(1), 
178–192. https://doi.org/10.62400/jbs.v6i1.7779

Beesigamukama, D., Mochoge, B., Korir, N. K., Fiaboe, K. K., Nakimbugwe, D., Khamis, F. M., & Tanga, 
C. M. (2021). Low-cost technology for recycling agro-industrial waste into nutrient-rich organic fertil-
izer using black soldier fly. Waste Management, 119, 183–194. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​w​a​s​m​a​n​.​2​0​2​0​
.​0​9​.​0​4​3​​​​​​​

Beesigamukama, D., Tanga, C. M., Sevgan, S., Ekesi, S., & Kelemu, S. (2023). Waste to value: Global per-
spective on the impact of entomocomposting on environmental health, greenhouse gas mitigation and 
soil bioremediation. Science of the Total Environment Article 166067. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​j​.​s​c​i​t​o​t​e​
n​v​.​2​0​2​3​.​1​6​6​0​6​7​​​​​​​

Belyamani, I. (2025). Artificial intelligence in waste management systems: Applications, challenges, and 
prospects. Waste Management Bulletin Article 100269. https://doi.org/10.1016/j.wmb.2025.100269

Bharathiraja, S., Suriya, J., Krishnan, M., Manivasagan, P., & Kim, S. K. (2017). Production of enzymes from 
agricultural wastes and their potential industrial applications. In S.-K. Kim & F. Toldrá (Eds), Advances 
in Food and Nutrition Research (Vol. 80, pp. 125–148). Academic Press.

Bhardwaj, A. K., Thakur, B., Tripathi, S. K., et al. (2025). Recent advances in valorizing agricultural waste: 
A sustainable approach. Waste and Biomass Valorization. https://doi.org/10.1007/s12649-025-03419-5

Bhujbal, S. K., Ghosh, P., & Vijay, V. K. (2024). Modeling and optimization of biomethanation of rice straw 
with biochar supplementation using response surface methodology and machine learning. Sustainable 
Energy Technologies and Assessments, 71, Article 104006. https://doi.org/10.1016/j.seta.2024.104006

Biz, A., Finkler, A. T. J., Pitol, L. O., Medina, B. S., Krieger, N., & Mitchell, D. A. (2016). Production of 
pectinases by solid-state fermentation of a mixture of citrus waste and sugarcane bagasse in a pilot-scale 
packed-bed bioreactor. Biochemical Engineering Journal, 111, 54–62. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​e​j​.​2​0​
1​6​.​0​3​.​0​0​7​​​​​​​

Blasi, A., Verardi, A., Lopresto, C. G., Siciliano, S., & Sangiorgio, P. (2023). Lignocellulosic agricultural 
waste valorization to obtain valuable products: An overview. Recycling, 8(4), 61. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​
9​0​/​r​e​c​y​c​l​i​n​g​8​0​4​0​0​6​1​​​​​​​

https://doi.org/10.3390/su13020925
https://doi.org/10.1080/17597269.2022.2041231
https://doi.org/10.1080/17597269.2022.2041231
https://doi.org/10.1038/s41598-025-07948-w
https://doi.org/10.1038/s41598-025-07948-w
https://doi.org/10.1007/s11274-005-0079-9
https://doi.org/10.1016/j.jksus.2019.12.008
https://doi.org/10.1016/j.envres.2023.116711
https://doi.org/10.1007/s43939-023-00052-8
https://doi.org/10.1007/s13399-022-02981-5
https://doi.org/10.1007/s10311-024-01789-1
https://doi.org/10.62400/jbs.v6i1.7779
https://doi.org/10.1016/j.wasman.2020.09.043
https://doi.org/10.1016/j.wasman.2020.09.043
https://doi.org/10.1016/j.scitotenv.2023.166067
https://doi.org/10.1016/j.scitotenv.2023.166067
https://doi.org/10.1016/j.wmb.2025.100269
https://doi.org/10.1007/s12649-025-03419-5
https://doi.org/10.1016/j.seta.2024.104006
https://doi.org/10.1016/j.bej.2016.03.007
https://doi.org/10.1016/j.bej.2016.03.007
https://doi.org/10.3390/recycling8040061
https://doi.org/10.3390/recycling8040061


1 3

Transforming residues to resources: agricultural waste management for…

Botella, C., Diaz, A., De Ory, I., Webb, C., & Blandino, A. (2007). Xylanase and pectinase production by 
Aspergillus awamori on grape pomace in solid state fermentation. Process Biochemistry, 42(1), 98–101. 
https://doi​.org/10.101​6/j.procbio​.2006.06​.025

Burgués, J., Esclapez, M. D., Doñate, S., & Marco, S. (2021). RHINOS: A lightweight portable electronic 
nose for real-time odor quantification in wastewater treatment plants. iScience, 24, Article 103371. 
https://doi.org/10.1016/j.isci.2021.103371

CBI (2016). Coir Pith Wealth from Waste a reference (D. A. Ravindranath Ed.). India International Coir Fair 
2016, Coimbatore: Coir Board of India.

Chandran, A. J., Rangappa, S. M., Suyambulingam, I., & Siengchin, S. (2024). Waste chicken feather bio-
filler reinforced bioepoxy resin based biocomposites—A waste to wealth experimental approach. Inter-
national Journal of Biological Macromolecules, 261, Article 129708. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​j​.​i​j​b​i​o​m​
a​c​.​2​0​2​4​.​1​2​9​7​0​8​​​​​​​

Chawla, S. K., & Goyal, D. (2023). Optimization of pretreatment of wheat straw using response surface meth-
odology for production of lactic acid using Bacillus sonorenesis strain DGS15. BioEnergy Research, 
16(2), 967–978. https://doi.org/10.1007/s12155-022-10439-9

Cong, H., Meng, H., Chen, M., Song, W., & Xing, H. (2023). Co-processing paths of agricultural and rural 
solid wastes for a circular economy based on the construction concept of “zero-waste city” in China. 
Circular Economy Article 100065. https://doi.org/10.1016/j.cec.2023.100065

de Sousa Antunes, L. F., Fernandes, L. S., de Sousa Vaz, A. F., dos Santos Ferreira, T., dos Santos, D. M. T., 
& Correia, M. E. F. (2022). Millicomposting: Sustainable technique for obtaining organic compost for 
the cultivation of broccoli seedlings. Cleaner Engineering and Technology, 7, Article 100442. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​l​e​t​.​2​0​2​2​.​1​0​0​4​4​2​​​​​​​

del Río, J. C., Lino, A. G., Colodette, J. L., Lima, C. F., Gutiérrez, A., Martínez, Á. T., & Rencoret, J. (2015). 
Differences in the chemical structure of the lignins from sugarcane bagasse and straw. Biomass & Bio-
energy, 81, 322–338. https://doi​.org/10.101​6/j.biombio​e.2015.0​7.006

Devi, N. S., & Cherian, T. (2024). Production of Valuable Chemicals from Agricultural Wastes: A Sustainable 
Tool for Waste to Wealth Generation. In R. T. Kapoor, M. Sillanpää & M. Rafatullah (Eds), Catalytic 
Applications of Biochar for Environmental Remediation: Valorization of Lignocellulosic Waste Biomass 
into Bioenergy (Vol. 3, pp. 281–297). American Chemical Society. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​2​1​/​b​k​-​2​0​2​4​-​1​
4​8​0​.​c​h​0​1​3​​​​​​​

Devi, M. K., Manikandan, S., Oviyapriya, M., Selvaraj, M., Assiri, M. A., Vickram, S., & Awasthi, M. K. 
(2022). Recent advances in biogas production using agro-industrial waste: A comprehensive review 
outlook of techno-economic analysis. Bioresource Technology, 363, Article 127871. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​
1​​0​1​6​/​j​.​b​i​o​r​t​e​c​h​.​2​0​2​2​.​1​2​7​8​7​1​​​​​​​

Digitemie, W. N., Onyeke, F. O., Adewoyin, M. A., & Dienagha, I. N. (2025). Implementing circular econ-
omy principles in oil and gas: Addressing waste management and resource reuse for sustainable opera-
tions. International Journal of Multidisciplinary Research and Growth Evaluation, 6(1), 99–104. ​h​t​t​p​s​​
:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​5​​4​6​6​0​/​.​i​j​m​r​g​e​.​2​0​2​5​.​6​.​1​.​9​9​-​1​0​4​​​​​​​

Dikmetas, D. N., Devecioglu, D., Karbancioglu-Guler, F., & Kahveci, D. (2024). Sequential extraction and 
characterization of essential oil, flavonoids, and pectin from industrial orange waste. ACS Omega, 
9(12), 14442–14454. https://doi.org/10.1021/acsomega.4c00112

Dou, Z., Toth, J. D., & Westendorf, M. L. (2018). Food waste for livestock feeding: Feasibility, safety, and sus-
tainability implications. Global Food Security, 17, 154–161. https://doi.org/10.1016/j.gfs.2017.12.003

Dutta, H., Bora, D., Chetia, P., Bharadwaj, C., Purbey, R., Bohra, R. C., Dutta, K., Varada Rajulu, A., Sadiku, 
E. R., Periyar Selvam, S., Gurusamy, P., J, J., & Rawal, R. K. (2024). Biopolymer composites with 
waste chicken feather fillers: A review. Renewable & Sustainable Energy Reviews, 197, Article 114394. 
https://doi.org/10.1016/j.rser.2024.114394

Ezejiofor, T. I. N., Enebaku, U. E., & Ogueke, C. (2014). Waste to wealth-value recovery from agro-food 
processing wastes using biotechnology: A review. British Biotechnology Journal, 4(4), 418–481. ​h​t​t​p​s​
:​/​/​d​o​i​.​o​r​g​/​1​0​.​9​7​3​4​/​B​B​J​/​2​0​1​4​/​7​0​1​7​​​​​​​

Ezz, H., Ibrahim, M. G., Fujii, M., & Nasr, M. (2023). Dual biogas and biochar production from rice straw 
biomass: A techno-economic and sustainable development approach. Biomass Conversion and Biore-
finery, 13(12), 10807–10821. https://doi.org/10.1007/s13399-021-01879-y

Fadel, M., AbdEl-Halim, S., Sharada, H., Yehia, A., & Ammar, M. (2020). Production of glucoamylase, 
α-amylase and cellulase by Aspergillus oryzae F-923 cultivated on wheat bran under solid state fer-
mentation. Journal of Advanced Biology and Biotechnology, 23, 8–22. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​9​7​3​4​/​J​A​B​B​
/​2​0​2​0​/​v​2​3​i​4​3​0​1​4​9​​​​​​​

Fang, B., Yu, J., Chen, Z., Osman, A. I., Farghali, M., Ihara, I., Hamza, E. H., Rooney, D. W., & Yap, P. S. 
(2023). Artificial intelligence for waste management in smart cities: A review. Environmental Chemistry 
Letters, 21(4), 1959–1989. https://doi.org/10.1007/s10311-023-01604-3

https://doi.org/10.1016/j.procbio.2006.06.025
https://doi.org/10.1016/j.isci.2021.103371
https://doi.org/10.1016/j.ijbiomac.2024.129708
https://doi.org/10.1016/j.ijbiomac.2024.129708
https://doi.org/10.1007/s12155-022-10439-9
https://doi.org/10.1016/j.cec.2023.100065
https://doi.org/10.1016/j.clet.2022.100442
https://doi.org/10.1016/j.clet.2022.100442
https://doi.org/10.1016/j.biombioe.2015.07.006
https://doi.org/10.1021/bk-2024-1480.ch013
https://doi.org/10.1021/bk-2024-1480.ch013
https://doi.org/10.1016/j.biortech.2022.127871
https://doi.org/10.1016/j.biortech.2022.127871
https://doi.org/10.54660/.ijmrge.2025.6.1.99-104
https://doi.org/10.54660/.ijmrge.2025.6.1.99-104
https://doi.org/10.1021/acsomega.4c00112
https://doi.org/10.1016/j.gfs.2017.12.003
https://doi.org/10.1016/j.rser.2024.114394
https://doi.org/10.9734/BBJ/2014/7017
https://doi.org/10.9734/BBJ/2014/7017
https://doi.org/10.1007/s13399-021-01879-y
https://doi.org/10.9734/JABB/2020/v23i430149
https://doi.org/10.9734/JABB/2020/v23i430149
https://doi.org/10.1007/s10311-023-01604-3


1 3

A. B. T. Mawthoh et al.

Fiorentino, G., Ripa, M., & Ulgiati, S. (2017). Chemicals from biomass: Technological versus environmental 
feasibility. A review. Biofuels, Bioproducts & Biorefining, 11(1), 195–214. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​b​b​b​.​1​7​2​9​​​​​​​

Flores-Contreras, E. A., González-González, R. B., Pizaña-Aranda, J. J. P., Parra-Arroyo, L., Rodríguez-
Aguayo, A. A., Iñiguez-Moreno, M., & Melchor-Martínez, E. M. (2024). Agricultural waste as a sus-
tainable source for nanoparticle synthesis and their antimicrobial properties for food preservation. 
Frontiers in Nanotechnology, 6, Article 1346069. https://doi.org/10.3389/fnano.2024.1346069

Fortune Business Insights (2025). Agriculture waste management market size, share & industry analysis, by 
waste type, services, treatment process, and regional forecast, 2025–2032. Fortune Business Insights. 
Retrieved February 20, 2026, from ​h​t​t​p​s​​:​/​/​w​w​w​​.​f​o​r​t​​u​n​e​b​​u​s​i​n​e​s​s​i​n​s​i​g​h​t​s​.​c​o​m​/​a​g​r​i​c​u​l​t​u​r​e​-​w​a​s​t​e​-​m​a​n​a​g​
e​m​e​n​t​-​m​a​r​k​e​t​-​1​1​3​8​6​9​​​​​​​

Fuentes-Alventosa, J. M., Jaramillo-Carmona, S., Rodríguez-Gutiérrez, G., Guillén-Bejarano, R., Jiménez-
Araujo, A., Fernández-Bolaños, J., & Rodríguez-Arcos, R. (2013). Preparation of bioactive extracts 
from asparagus by-product. Food and Bioproducts Processing, 91(2), 74–82. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​
/​j​.​f​b​p​.​2​0​1​2​.​1​2​.​0​0​4​​​​​​​

García, A. J., Esteban, M. B., Márquez, M. C., & Ramos, P. (2005). Biodegradable municipal solid waste: 
Characterization and potential use as animal feedstuffs. Waste Management, 25(8), 780–787. ​h​t​t​p​s​:​/​/​d​o​
i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​w​a​s​m​a​n​.​2​0​0​5​.​0​1​.​0​0​6​​​​​​​

Ge, S., Yek, P. N. Y., Cheng, Y. W., Xia, C., Mahari, W. A. W., Liew, R. K., & Lam, S. S. (2021). Progress in 
microwave pyrolysis conversion of agricultural waste to value-added biofuels: A batch to continuous 
approach. Renewable and Sustainable Energy Reviews, 135, Article 110148. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​
r​s​e​r​.​2​0​2​0​.​1​1​0​1​4​8​​​​​​​

Glivin, G., Mariappan, V., Premalatha, M., Krishnan, H. H., & Sekhar, S. J. (2022). Comparative study 
of biogas production with cow dung and kitchen waste in fiber-reinforced plastic (FRP) biodigesters. 
Materials Today: Proceedings, 52, 2264–2267. https://doi.org/10.1016/j.matpr.2021.08.098

Gooruee, R., Hojjati, M., Behbahani, B. A., Shahbazi, S., & Askari, H. (2024). Extracellular enzyme produc-
tion by different species of Trichoderma fungus for lemon peel waste bioconversion. Biomass Conver-
sion and Biorefinery, 14(2), 2777–2786. https://doi.org/10.1007/s13399-022-02626-7

Goswami, S. B., Mondal, R., & Mandi, S. K. (2020). Crop residue management options in rice–rice system: 
A review. Archives of Agronomy and Soil Science, 66(9), 1218–1234. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​8​0​/​0​3​6​5​0​3​4​
0​.​2​0​1​9​.​1​6​6​1​9​9​4​​​​​​​

Gunam, I. B. W., Dewi, I. A. P. K., Antara, N. S., Anggreni, A. A. M. D., & Setiyo, Y. (2021). Bioethanol pro-
duction from sugarcane bagasse by Saccharomyces cerevisiae ATCC 9763 immobilized in Na-alginate. 
In IOP Conference Series: Earth and Environmental Science (Vol. 824, p. 012054): IOP Publishing.

Hasan, Z., & Lateef, M. (2024). Transforming food waste into animal feeds: An in-depth overview of conver-
sion technologies and environmental benefits. Environmental Science and Pollution Research, 31(12), 
17951–17963. https://doi.org/10.1007/s11356-023-30152-0

Jain, N., Bhatia, A., & Pathak, H. (2014). Emission of air pollutants from crop residue burning in India. Aero-
sol and Air Quality Research, 14(1), 422–430. https://doi.org/10.4209/aaqr.2013.01.0031

Jain, I., Kaur, R., Kumar, A., Paul, M., & Singh, N. (2024). Emerging protein sources and novel extraction 
techniques: A systematic review on sustainable approaches. International Journal of Food Science and 
Technology, 59(10), 6797–6820. https://doi.org/10.1111/ijfs.17466

Ji, Z., Zhang, L., Liu, Y., Li, X., & Li, Z. (2023). Evaluation of composting parameters, technologies and 
maturity indexes for aerobic manure composting: A meta-analysis. Science of the Total Environment, 
886, 163929. https://doi​.org/10.101​6/j.scitote​nv.2023.​163929

Jiang, Y., Lv, Y., Wu, R., Sui, Y., Chen, C., Xin, F., & Jiang, M. (2019). Current status and perspectives on 
biobutanol production using lignocellulosic feedstocks. Bioresource Technology Reports, 7, 100245. 
https://doi.org/10.1016/j.biteb.2019.100245

Jin, Y., Chen, T., & Li, H. (2012). Hydrothermal treatment for inactivating some hygienic microbial indica-
tors from food waste–amended animal feed. Journal of the Air & Waste Management Association, 
62(7), 810–816. https://doi.org/10.1080/10962247.2012.676999

Junior, M. J., Castro, J. S., Marangon, B. B., Magalhães, I. B., Ribeiro, V. J., Gama, R. C. N., & Calijuri, M. L. 
(2025). From wastewater to fields: Exploring the scale-up and economic viability of biofertilizer production 
from microalgae cultivated in wastewater. Journal of Environmental Chemical Engineering, 13(3), 117047.

Kader, M. A., Senge, M., Mojid, M. A., & Ito, K. (2017). Recent advances in mulching materials and methods 
for modifying soil environment. Soil & Tillage Research, 168, 155–166. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​s​t​i​l​l​
.​2​0​1​7​.​0​1​.​0​0​1​​​​​​​

Kah, M., Kookana, R. S., Gogos, A., & Bucheli, T. D. (2018). A critical evaluation of nanopesticides and 
nanofertilizers against their conventional analogues. Nature Nanotechnology, 13, 677–684.

Khan, M. N., Sial, T. A., Ali, A., & Wahid, F. (2024). Impact of Agricultural Wastes on Environment and Pos-
sible Management Strategies. In Núñez-Delgado, A. (Ed). Frontier Studies in Soil Science (pp. 79–108). 
Springer International Publishing. https://doi.org/10.1007/978-3-031-50503-4_4

https://doi.org/10.1002/bbb.1729
https://doi.org/10.3389/fnano.2024.1346069
https://www.fortunebusinessinsights.com/agriculture-waste-management-market-113869
https://www.fortunebusinessinsights.com/agriculture-waste-management-market-113869
https://doi.org/10.1016/j.fbp.2012.12.004
https://doi.org/10.1016/j.fbp.2012.12.004
https://doi.org/10.1016/j.wasman.2005.01.006
https://doi.org/10.1016/j.wasman.2005.01.006
https://doi.org/10.1016/j.rser.2020.110148
https://doi.org/10.1016/j.rser.2020.110148
https://doi.org/10.1016/j.matpr.2021.08.098
https://doi.org/10.1007/s13399-022-02626-7
https://doi.org/10.1080/03650340.2019.1661994
https://doi.org/10.1080/03650340.2019.1661994
https://doi.org/10.1007/s11356-023-30152-0
https://doi.org/10.4209/aaqr.2013.01.0031
https://doi.org/10.1111/ijfs.17466
https://doi.org/10.1016/j.scitotenv.2023.163929
https://doi.org/10.1016/j.biteb.2019.100245
https://doi.org/10.1080/10962247.2012.676999
https://doi.org/10.1016/j.still.2017.01.001
https://doi.org/10.1016/j.still.2017.01.001
https://doi.org/10.1007/978-3-031-50503-4_4


1 3

Transforming residues to resources: agricultural waste management for…

Khoshkho, S. M., Mahdavian, M., Karimi, F., Karimi-Maleh, H., & Razaghi, P. (2022). Production of bio-
ethanol from carrot pulp in the presence of Saccharomyces cerevisiae and beet molasses inoculum; a 
biomass based investigation. Chemosphere, 286, Article 131688. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​j​.​c​h​e​m​o​s​p​h​e​
r​e​.​2​0​2​1​.​1​3​1​6​8​8​​​​​​​

Kim, H. M., Park, J. H., Choi, I. S., Wi, S. G., Ha, S., Chun, H. H., & Hwang, I. M. (2018). Effective approach 
to organic acid production from agricultural kimchi cabbage waste and its potential application. PLoS 
One, 13(11), Article e0207801. https://doi.org/10.1371/journal.pone.0207801

Kiran Kumar, Rizvi, A. H., Chand, P., Singh, A., Dogra, A., Singh, P., Singh, R. K., & Sharma, D. P. (2025). 
Does Biochar Application Improve Paddy Productivity and Net Returns? An On-Farm Evidence and 
Farmers’ Perceptions in India. https://doi.org/10.2139/ssrn.5240622

Koshariya, A. K., Khatoon, S., Marathe, A. M., Suba, G. M., Baral, D., & Boopathi, S. (2023). Agricultural 
Waste Management Systems Using Artificial Intelligence Techniques. In Kautish, S., Chaubey, N. K., 
Goyal, S. B., & Whig, P. (Eds.)., AI-Enabled Social Robotics in Human Care Services (pp. 236–258). 
IGI Global. https://doi​.org/10.401​8/978-1-668​4-8171-4​.ch009

Koul, B., Yakoob, M., & Shah, M. P. (2022). Agricultural waste management strategies for environmental sus-
tainability. Environmental Research, 206, Article 112285. https://doi.org/10.1016/j.envres.2021.112285

Kour, R., Singh, S., Sharma, H. B., Naik, T. S. K., Shehata, N., Pavithra, N., Ali, W., Kapoor, D., Dhanjal, D. 
S., Singh, J., & Khan, A. H. (2023). Persistence and remote sensing of agri-food wastes in the environ-
ment: Current state and perspectives. Chemosphere, 317, 137822. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​J​.​C​H​E​M​O​S​
P​H​E​R​E​.​2​0​2​3​.​1​3​7​8​2​2​​​​​​​

Kumar, J. A., Sathish, S., Prabu, D., Renita, A. A., Saravanan, A., Deivayanai, V. C., & Hosseini-Bandegh-
araei, A. (2023). Agricultural waste biomass for sustainable bioenergy production: Feedstock, charac-
terization and pre-treatment methodologies. Chemosphere, 331, 138680. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​j​.​c​h​e​
m​o​s​p​h​e​r​e​.​2​0​2​3​.​1​3​8​6​8​0​​​​​​​

Kusiak, A. (2019). Artificial intelligence and smart manufacturing. International Journal of Production 
Research, 57(12), 3784–3798.

Leal, M., Moreno, M. A., Orqueda, M. E., Simirgiotis, M., Isla, M. I., & Zampini, I. C. (2025). Green extract 
from pre-harvest tobacco waste as a non-conventional source of anti-aging ingredients for cosmetic 
applications. Plants, 14(14), Article 2189. https://doi.org/10.3390/plants14142189

Li, X., Gu, X., Lai, C., Ouyang, J., & Yong, Q. (2016). Production of fumaric acid by Rhizopus oryzae in 
simultaneous saccharification and fermentation using xylo-oligosaccharides manufacturing waste resi-
due. BioResources, 11(4), 8831–8843.

Lin, M., & Begho, T. (2022). Crop residue burning in South Asia: A review of the scale, effect, and solutions 
with a focus on reducing reactive nitrogen losses. Journal of Environmental Management, 314, 115104. 
https://doi​.org/10.101​6/j.jenvman​.2022.11​5104

Mahanta, N., Gupta, A., & Khare, S. K. (2008). Production of protease and lipase by solvent tolerant Pseu-
domonas aeruginosa PseA in solid-state fermentation using Jatropha curcas seed cake as substrate. 
Bioresource Technology, 99(6), 1729–1735. https://doi​.org/10.101​6/j.biortec​h.2007.0​3.046

Majeed, H., Iftikhar, T., & Siddique, A. (2024). Agricultural waste upcycling into improved production of 
triacyl glycerol acyl hydrolases. Zeitschrift Fur Physikalische Chemie, 238(5), 809–827. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​1​0​2​1​/​a​c​s​o​m​e​g​a​.​4​c​0​0​1​1​2​​​​​​​

Malontema, K., Senagi, K., Edward, R., Beesigamukama, D., Tanga, C. M., Gina, A., & Tonnang, H. E. 
(2024). Unveiling environmental influences on sustainable fertilizer production through insect farming. 
Sustainability. https://doi.org/10.3390/su16093746

Maraveas, C. (2020). Production of sustainable construction materials using agro-wastes. Materials, 13(2), 
Article 262. https://doi.org/10.3390/ma13020262

Matamba, T., Abid, H. R., Keshavarz, A., & Iglauer, S. (2025). H2-rich biogas production from fixed bed 
wheat straw pyrolysis and the potential of produced biochar as H2 storage material. Fuel, 392, 134926. 
https://doi.org/10.1016/j.fuel.2025.134926

McCann, M. C., & Carpita, N. C. (2008). Designing the deconstruction of plant cell walls. Current Opinion 
in Plant Biology, 11(3), 314–320. https://doi.org/10.1016/j.pbi.2008.04.001

Meka, W., & Asere, T. G. (2022). Biodiesel production from waste frying oil using catalysts derived from 
waste materials. Journal of the Turkish Chemical Society. Section A, Chemistry, 9(3), 939–952. ​h​t​t​p​s​:​/​/​
d​o​i​.​o​r​g​/​1​0​.​1​8​5​9​6​/​j​o​t​c​s​a​.​9​9​7​4​5​6​​​​​​​

Miao, Z., Tian, X., Liang, W., He, Y., & Wang, G. (2020). Bioconversion of corncob hydrolysate into micro-
bial lipid by oleaginous yeast Rhodotorula taiwanensis AM2352 for biodiesel production. Renewable 
Energy, 161, 91–97. https://doi.org/10.1016/j.renene.2020.07.007

Ministry of New and Renewable Energy [MNRE] (2024). Annual report 2022–23. Government of India. 
Available from ​h​t​t​p​s​​:​/​/​c​d​n​​b​b​s​r​.​​s​3​w​a​​a​s​.​g​o​​v​.​i​n​/​s​​3​7​1​6​e​​1​b​8​c​​6​c​d​1​7​b​7​7​1​d​a​7​7​3​9​1​3​5​5​7​4​9​f​3​/​u​p​l​o​a​d​s​/​2​0​2​3​/​
0​8​/​2​0​2​3​0​8​0​2​1​1​.​p​d​f​​​​ accessed on 20.02.2026.

https://doi.org/10.1016/j.chemosphere.2021.131688
https://doi.org/10.1016/j.chemosphere.2021.131688
https://doi.org/10.1371/journal.pone.0207801
https://doi.org/10.2139/ssrn.5240622
https://doi.org/10.4018/978-1-6684-8171-4.ch009
https://doi.org/10.1016/j.envres.2021.112285
https://doi.org/10.1016/J.CHEMOSPHERE.2023.137822
https://doi.org/10.1016/J.CHEMOSPHERE.2023.137822
https://doi.org/10.1016/j.chemosphere.2023.138680
https://doi.org/10.1016/j.chemosphere.2023.138680
https://doi.org/10.3390/plants14142189
https://doi.org/10.1016/j.jenvman.2022.115104
https://doi.org/10.1016/j.biortech.2007.03.046
https://doi.org/10.1021/acsomega.4c00112
https://doi.org/10.1021/acsomega.4c00112
https://doi.org/10.3390/su16093746
https://doi.org/10.3390/ma13020262
https://doi.org/10.1016/j.fuel.2025.134926
https://doi.org/10.1016/j.pbi.2008.04.001
https://doi.org/10.18596/jotcsa.997456
https://doi.org/10.18596/jotcsa.997456
https://doi.org/10.1016/j.renene.2020.07.007
https://cdnbbsr.s3waas.gov.in/s3716e1b8c6cd17b771da77391355749f3/uploads/2023/08/2023080211.pdf
https://cdnbbsr.s3waas.gov.in/s3716e1b8c6cd17b771da77391355749f3/uploads/2023/08/2023080211.pdf


1 3

A. B. T. Mawthoh et al.

Mirabella, N., Castellani, V., & Sala, S. (2014). Current options for the valorization of food manufacturing 
waste: A review. Journal of Cleaner Production, 65, 28–41. https://doi​.org/10.101​6/j.jclepro​.2013.10​.051

Mona, S., Kumar, S. S., Kumar, V., Parveen, K., Saini, N., Deepak, B., & Pugazhendhi, A. (2020). Green 
technology for sustainable biohydrogen production (waste to energy): A review. Science of the Total 
Environment, 728, 138481. https://doi​.org/10.101​6/j.scitote​nv.2020.​138481

Mothe, S., Jugal, S. M., Rao, P. V., & Sridhar, P. (2024). Rice straw anaerobic co-digestion: Comparing 
various pre-treatment techniques to enhance biogas production. Bioresource Technology Reports, 25, 
101788. https://doi.org/10.1016/j.biteb.2024.101788

Naik, B., Kumar, V., Rizwanuddin, S., Chauhan, M., Gupta, A. K., Rustagi, S., & Gupta, S. (2023). Agro-
industrial waste: A cost-effective and eco-friendly substrate to produce amylase. Food Production Pro-
cessing and Nutrition, 5(1), 30. https://doi.org/10.1186/s43014-023-00143-2

Nehad, E. A., & Atalla, S. M. (2020). Production and immobilization of invertase from Penicillium sp. using 
orange peel waste as substrate. Egyptian Pharmaceutical Journal, 19(2), 103–112. ​h​t​t​p​s​:​/​/​j​o​u​r​n​a​l​s​.​e​k​b​
.​e​g​/​a​r​t​i​c​l​e​_​4​0​8​5​6​4​.​h​t​m​l​​​​​​​

Okuthe, G. (2024). Valorizing fruit and vegetable waste: The untapped potential for entrepreneurship in Sub-
Saharan Africa –. Syst Rev Recycling, 9, 40. https://doi.org/10.3390/recycling9030040

Oosterveld, A., Beldman, G., Schols, H. A., & Voragen, A. G. (2000). Characterization of arabinose and feru-
lic acid rich pectic polysaccharides and hemicelluloses from sugar beet pulp. Carbohydrate Research, 
328(2), 185–197. https://doi.org/10.1016/S0008-6215(00)00095-1

Padilla-Rivera, A., Morales Brizard, M., Merveille, N., & Güereca-Hernandez, L. P. (2024). Barriers, Chal-
lenges, and Opportunities in the adoption of the Circular Economy in Mexico: An analysis through 
social perception. Recycling, 9(5), 71. https://doi.org/10.3390/recycling9050071

Pandey, A., Selvakumar, P., & Ashakumary, L. (1994). Glucoamylase production by Aspergillus niger on rice 
bran is improved by adding nitrogen sources. World Journal of Microbiology and Biotechnology, 10, 
348–349. https://doi.org/10.1007/BF00414878

Pasabeyoglu, P., Deniz, E., Moumin, G., Say, Z., & Akata, B. (2024). Solar-driven calcination of clays for 
sustainable zeolite production: CO2 capture performance at ambient conditions. Journal of Cleaner 
Production, 477, 143838. https://doi​.org/10.101​6/j.jclepro​.2024.14​3838

Patel, M. R., & Panwar, N. L. (2023). Biochar from agricultural crop residues: Environmental, production, 
and life cycle assessment overview. Resources, Conservation and Recycling Advances, Article 200173. 
https://doi.org/10.1016/j.rcradv.2023.200173

Patel, M. K., Crank, M., Dornburg, V., Hermann, B., & Roes, L. Hüsing B et al. (2006) Medium and long-
term opportunities and risks of the biotechnological production of bulk chemicals from renewable 
resources – The potential of white biotechnology. [Online].The BREW Project, Final Report, Utrecht. 
Available at: http://www.​projects.sc​ience.uu.nl​/brew/pr​ogramme.html [accesed August 4, 2016].

Peña-Ortiz, M., Rincón, E., Serrano, L., & García, A. (2023). Recent nanocelullose applications for sustain-
able agriculture - a review. Annual Plant: Sources of Fibres Nanocellulose and Cellulosic Derivatives: 
Processing Properties and Applications, 185–213. https://doi.org/10.1007/978-981-99-2473-8_8

Pereira, V. D. M., De Carvalho Neto, G., Junqueira, D. P., Karp, A. C. D. O., Letti, S. G., Magalhães Júnior, 
L. A., A. I., & Soccol, C. R. (2020). A review of selection criteria for starter culture development in the 
food fermentation industry. Food Reviews International, 36(2), 135–167. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​8​0​/​8​7​5​5​
9​1​2​9​.​2​0​1​9​.​1​6​3​0​6​3​6​​​​​​​

Pham, V. H. T., Kim, J., Shim, J., Chang, S., & Chung, W. (2022). Coconut mesocarp-based lignocellulosic 
waste as a substrate for cellulase production from high promising multienzyme-producing Bacillus 
amyloliquefaciens FW2 without pretreatments. Microorganisms, 10(2), Article 327. ​h​t​t​p​s​​:​/​/​d​o​i​​.​o​r​g​/​​1​0​.​
3​​3​9​0​/​m​i​c​r​o​o​r​g​a​n​i​s​m​s​1​0​0​2​0​3​2​7​​​​​​​

Piash, M. I., Uemura, K., Itoh, T., & Iwabuchi, K. (2023). Meat and bone meal biochar can effectively reduce 
chemical fertilizer requirements for crop production and impart competitive advantages to soil. Journal 
of Environmental Management, 336, Article 117612. https://doi​.org/10.101​6/j.jenvman​.2023.11​7612

Piwowarek, K., Lipińska, E., Hać-Szymańczuk, E., & Pobiega, K. (2021). Propionic acid production from 
apple pomace in bioreactor using Propionibacterium freudenreichii: An economic analysis of the pro-
cess. 3 Biotech, 11, 1–15. https://doi.org/10.1007/s13205-020-02582-x

Preethi, B., Karmegam, N., Manikandan, S., Vickram, S., Subbaiya, R., Rajeshkumar, S., & Govarthanan, M. 
(2024). Nanotechnology-powered innovations for agricultural and food waste valorization: A critical 
appraisal in the context of circular economy implementation in developing nations. Process Safety and 
Environmental Protection. https://doi.org/10.1016/j.psep.2024.01.100

Puglia, D., Pezzolla, D., Gigliotti, G., Torre, L., Bartucca, M. L., & Del Buono, D. (2021). The opportunity of 
valorizing agricultural waste, through its conversion into biostimulants, biofertilizers, and biopolymers. 
Sustainability, 13(5), 2710. https://doi.org/10.3390/su13052710

https://doi.org/10.1016/j.jclepro.2013.10.051
https://doi.org/10.1016/j.scitotenv.2020.138481
https://doi.org/10.1016/j.biteb.2024.101788
https://doi.org/10.1186/s43014-023-00143-2
https://journals.ekb.eg/article_408564.html
https://journals.ekb.eg/article_408564.html
https://doi.org/10.3390/recycling9030040
https://doi.org/10.1016/S0008-6215(00)00095-1
https://doi.org/10.3390/recycling9050071
https://doi.org/10.1007/BF00414878
https://doi.org/10.1016/j.jclepro.2024.143838
https://doi.org/10.1016/j.rcradv.2023.200173
http://www.projects.science.uu.nl/brew/programme.html
https://doi.org/10.1007/978-981-99-2473-8_8
https://doi.org/10.1080/87559129.2019.1630636
https://doi.org/10.1080/87559129.2019.1630636
https://doi.org/10.3390/microorganisms10020327
https://doi.org/10.3390/microorganisms10020327
https://doi.org/10.1016/j.jenvman.2023.117612
https://doi.org/10.1007/s13205-020-02582-x
https://doi.org/10.1016/j.psep.2024.01.100
https://doi.org/10.3390/su13052710


1 3

Transforming residues to resources: agricultural waste management for…

Rai, P. K., & Choure, K. (2023). Agriculture waste to bioplastics: A perfect substitution of plastics. In M. 
Kuddus & P. Ramteke (Eds.), Value-Addition in Agri-Food Industry Waste Through Enzyme Technology 
(pp. 299–314). Academic Press. https://doi​.org/10.101​6/B978-0-32​3-89928-​4.00011-0

Rai, M., Ingle, A., Pandit, R., Paralikar, P., & Shende, S. (2018). Nanotechnology in agriculture: Current 
status and future perspectives. Journal of Agricultural and Food Chemistry, 66(26), 6463–6475.

Rajagopalan, G., & Krishnan, C. (2008). α-Amylase production from catabolite derepressed Bacillus subtilis 
KCC103 utilizing sugarcane bagasse hydrolysate. Bioresource technology, 99(8), 3044–3050. ​h​t​t​p​s​​:​/​/​d​
o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​j​.​b​i​o​r​t​e​c​h​.​2​0​0​7​.​0​6​.​0​0​1​​​​​​​

Rajarathnam, U., Athalye, V., Ragavan, S., Maithel, S., Lalchandani, D., Kumar, S., & Bond, T. (2014). 
Assessment of air pollutant emissions from brick kilns. Atmospheric Environment, 98, 549–553. ​h​t​t​p​s​​:​/​
/​d​o​i​​.​o​r​g​/​​1​0​.​1​​0​1​6​/​j​.​a​t​m​o​s​e​n​v​.​2​0​1​4​.​0​8​.​0​7​5​​​​​​​

Raut, N. A., Kokare, D. M., Randive, K. R., Bhanvase, B. A., & Dhoble, S. J. (2023). Introduction: funda-
mentals of waste removal technologies. In 360-Degree Waste Management, Volume 1 (pp. 1–16).

Reddy, A. S., Kasa, V. P., Samal, B., Dubey, B. K., Yadav, V., & Pandey, D. S. (2025). Sustainable agricultural 
waste management in India: Innovations, challenges, and future perspectives. Biomass and Bioenergy, 
202, 108261. https://doi​.org/10.101​6/j.biombio​e.2025.1​08261

Riaz, A., Younis, A., Ghani, I., Tariq, U., & Ahsan, M. (2015). Agricultural waste as growing media compo-
nent for the growth and flowering of Gerbera jamesonii cv. hybrid mix. International Journal of Recy-
cling of Organic Waste in Agriculture, 4, 197–204. https://doi.org/10.1007/s40093-015-0099-x

Risdianto, H., Sofianti, E., Suhardi, S. H., & Setiadi, T. (2012). Optimisation of laccase production using 
white rot fungi and agriculture wastes in solid state fermentation. ITB Journal of Engineering Science, 
44(2), 93–105. https://aca​demia.edu/d​ownload/111​774252/1​82.pdf

Riseh, R. S., Vazvani, M. G., Hassanisaadi, M., & Thakur, V. K. (2024). Agricultural wastes: A practical and 
potential source for the isolation and preparation of cellulose and application in agriculture and different 
industries. Industrial Crops and Products, 208, 117904. https://doi​.org/10.101​6/j.indcrop​.2023.11​7904

Ryan, M. (2023). The social and ethical impacts of artificial intelligence in agriculture: Mapping the agricul-
tural AI literature. AI & Society, 38, 2473–2485. https://doi.org/10.1007/s00146-021-01377-9

Saad, M. M., Saad, A. M., Hassan, H. M., Ibrahim, E. I., Abdelraof, M., & Ali, B. A. (2023). Optimization of 
tannase production by Aspergillus glaucus in solid-state fermentation of black tea waste. Bioresources 
and Bioprocessing, 10(1), 73. https://doi.org/10.1186/s40643-023-00686-9

Sagar, V. R., & Suresh Kumar, P. (2010). Recent advances in drying and dehydration of fruits and vegetables: A 
review. Journal of Food Science and Technology, 47(1), 15–26. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​7​/​s​1​3​1​9​7​-​0​1​0​-​0​0​1​0​-​8​​​​​​​

Sakwe, A., & Amabogha, B. (2024). Production of essential/fragrance oil from pineapple peel extract for 
direct perfume formulation to enhance efficient waste management. Global Journal of Engineering and 
Technology Advances, 18(01), 038–044. https://doi​.org/10.305​74/gjeta.20​24.18.1.​0018

Sanders, J. P. M., Clark, J. H., Harmsen, G. J., Heeres, H. J., Heijnen, J. J., Kersten, S. R. A., et al. (2012). 
Process intensification in the future pro-duction of base chemicals from biomass. Chemical Engineering 
and Processing, 51, 117–136.

Sawangwong, W., Kiattisin, K., Somwongin, S., Wongrattanakamon, P., Chaiyana, W., Poomanee, W., & 
Sainakham, M. (2024). The assessment of composition, biological properties, safety and molecular dock-
ing of corn silk (Zea mays L.) extracts from the valorization of agricultural waste products in Thailand. 
Industrial Crops and Products, 212, Article 118352. https://doi​.org/10.101​6/j.indcrop​.2024.11​8352

Sebastian, G., Nosenzo, Rafael, & Kelman (2025). From fields to fuel: analyzing the global economic and 
emissions potential of agricultural pellets, informed by a case study, arXiv:2508.12457. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​4​8​5​5​0​/​a​r​X​i​v​.​2​5​0​8​.​1​2​4​5​7​​​​​​​

Singh, R. S., & Singh, T. (2019). 1. Inulinase and pullulanase production from agro-industrial residues. 
Industrial Biotechnology. https://doi.org/10.1515/9783110563337-001

Singh, R., Langyan, S., Sangwan, S., Gaur, P., Khan, F. N., Yadava, P., & Sahu, P. K. (2022). Optimization 
and production of alpha-amylase using Bacillus subtilis from apple peel: Comparison with alternate 
feedstock. Food Bioscience, 49, Article 101978. https://doi.org/10.1016/j.fbio.2022.101978

Somwongin, S., Sirilun, S., Chantawannakul, P., Anuchapreeda, S., & Chaiyana, W. (2021). Potential anti-
oxidant, anti-aging enzymes, and anti-tyrosinase properties of Macadamia (Macadamia integrifolia) 
pericarp waste products. Asia-Pacific Journal of Science and Technology, 2, 1–8. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​4​
4​5​6​/​a​p​s​t​.​2​0​2​2​.​2​6​​​​​​​

Soren, J. P., Paul, T., Banerjee, A., Mondal, K. C., & Mohapatra, P. K. D. (2020). Exploitation of agricultural 
waste as sole substrate for production of bacterial L-glutaminase under submerged fermentation and 
the proficient application of fermented hydrolysate as growth promoting agent for probiotic organisms. 
Waste and Biomass Valorization, 11(8), 4245–4257. https://doi.org/10.1007/s12649-019-00761-3

Subramani, T., Ganapathyswamy, H., Sampathrajan, V., & Thiyagamoorthy, U. (2026). Study on various 
green aqueous extraction techniques for extracting cottonseed milk to improve nutritional quality. Jour-
nal of Cotton Research, 9(1), 6. https://doi.org/10.1186/s42397-025-00248-8

https://doi.org/10.1016/B978-0-323-89928-4.00011-0
https://doi.org/10.1016/j.biortech.2007.06.001
https://doi.org/10.1016/j.biortech.2007.06.001
https://doi.org/10.1016/j.atmosenv.2014.08.075
https://doi.org/10.1016/j.atmosenv.2014.08.075
https://doi.org/10.1016/j.biombioe.2025.108261
https://doi.org/10.1007/s40093-015-0099-x
https://academia.edu/download/111774252/182.pdf
https://doi.org/10.1016/j.indcrop.2023.117904
https://doi.org/10.1007/s00146-021-01377-9
https://doi.org/10.1186/s40643-023-00686-9
https://doi.org/10.1007/s13197-010-0010-8
https://doi.org/10.30574/gjeta.2024.18.1.0018
https://doi.org/10.1016/j.indcrop.2024.118352
https://doi.org/10.48550/arXiv.2508.12457
https://doi.org/10.48550/arXiv.2508.12457
https://doi.org/10.1515/9783110563337-001
https://doi.org/10.1016/j.fbio.2022.101978
https://doi.org/10.14456/apst.2022.26
https://doi.org/10.14456/apst.2022.26
https://doi.org/10.1007/s12649-019-00761-3
https://doi.org/10.1186/s42397-025-00248-8


1 3

A. B. T. Mawthoh et al.

Sun, H. Y., Li, J., Zhao, P., & Peng, M. (2011). Banana peel: A novel substrate for cellulase production under 
solid-state fermentation. African Journal of Biotechnology, 10(77), 17887–17890. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​
8​9​7​/​A​J​B​1​0​.​1​8​2​5​​​​​​​

TechSci Research (2017). Global organic acid market by type (acetic acid, citric acid, formic acid and lactic 
acid), by end uses (industrial, food & beverage, etc.), by region (Asia-Pacific, North America, Europe, 
etc.), competition forecast and opportunities, 2012–2026. ​h​t​t​p​s​​:​/​/​w​w​w​​.​t​e​c​h​​s​c​i​r​​e​s​e​a​r​​c​h​.​c​o​m​​/​r​e​p​o​​r​t​/​g​​l​o​
b​a​l​​-​o​r​g​a​n​​i​c​-​a​c​​i​d​-​m​​a​r​k​e​t​​-​b​y​-​t​y​​p​e​-​a​c​​e​t​i​c​​-​a​c​i​d​​-​c​i​t​r​i​​c​-​a​c​i​​d​-​f​o​​r​m​i​c​-​a​c​i​d​-​a​n​d​-​l​a​c​t​i​c​-​a​c​i​d​-​b​y​-​e​n​d​-​u​s​e​s​-​i​n​d​u​s​
t​r​i​a​l​-​f​o​o​d​-​b​e​v​e​r​a​g​e​-​e​t​c​-​b​y​-​r​e​g​i​o​n​-​a​s​i​a​-​p​a​c​i​f​i​c​-​n​o​r​t​h​-​a​m​e​r​i​c​a​-​e​u​r​o​p​e​-​e​t​c​-​c​o​m​p​e​t​i​t​i​o​n​-​f​o​r​e​c​a​s​t​-​a​n​d​-​o​p​p​
o​r​t​u​n​i​t​i​e​s​/​9​6​9​.​h​t​m​l​​​​​​​

Togola, A., Boukar, O., Tamo, M., & Chamarthi, S. (2020). Stem borers of cereal crops in Africa and their 
management. Pests Control and Acarology. https://doi.org/10.5772/intechopen.83719

Undiandeye, J., Kiman, S., Kefas, H. M., Nelles, M., & Stinner, W. (2023). Ensiling water hyacinth for enhanced 
biomethane production: Effect of co-ensiling with maize straw and eggshell powder as additive. Journal of 
Chemical Technology and Biotechnology, 98(2), 490–497. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​0​2​/​j​c​t​b​.​7​2​6​3​​​​​​​

Vanyan, L., Cenian, A., & Trchounian, K. (2022). Biogas and biohydrogen production using spent coffee 
grounds and alcohol production waste. Energies, 15(16), Article 5935. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​0​/​e​n​1​5​1​6​5​9​3​5​​​​​​​

Visakh, N. U., Pathrose, B., Chellappan, M., Ranjith, M. T., Sindhu, P. V., & Mathew, D. (2023). Extraction 
and chemical characterisation of agro-waste from turmeric leaves as a source of bioactive essential oils 
with insecticidal and antioxidant activities. Waste Management, 169, 1–10. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​w​
a​s​m​a​n​.​2​0​2​3​.​0​6​.​0​3​0​​​​​​​

Wang, Y., Zhang, Y., & Chen, S. (2020). Machine learning for energy systems optimization: A review. Renew-
able & Sustainable Energy Reviews, 134, 110–120.

Wang, J., Zeng, A. P., & Yuan, W. (2022). Succinic acid fermentation from agricultural wastes: The producing 
microorganisms and their engineering strategies. Current Opinion in Environmental Science & Health, 
25, Article 100313. https://doi.org/10.1016/j.coesh.2021.100313

Waqas, M., Hashim, S., Humphries, U. W., Ahmad, S., Noor, R., Shoaib, M., & Lin, H. A. (2023). Compost-
ing processes for agricultural waste management: A comprehensive review. Processes, 11(3), Article 
731. https://doi.org/10.3390/pr11030731

West, T. P. (2023). Citric acid production by Aspergillus niger using solid-state fermentation of agricultural 
processing co-products. Applied Biosciences, 2(1), 1–13. https://doi.org/10.3390/applbiosci2010001

White, G., Cabrera, C., Palade, A., Li, F., & Clarke, S. (2020). Wastenet: Waste classification at the edge for 
smart bins. arXiv Article arXiv:2006.05873. https://doi.org/10.48550/arXiv.2006.05873

Witaszek, K., Kupryaniuk, K., Kupryaniuk, J., Panasiewicz, J., & Czekała, W. (2025). Optimization of straw 
particle size for enhanced biogas production: A comparative study of wheat and rapeseed straw. Ener-
gies, 18(7), Article 1794. https://doi.org/10.3390/en18071794

Worku, L. A., Bachheti, A., Bachheti, R. K., Rodrigues Reis, C. E., & Chandel, A. K. (2023). Agricultural 
residues as raw materials for pulp and paper production: Overview and applications on membrane fab-
rication. Membranes, 13(2), Article 228. https://doi.org/10.3390/membranes13020228

World Health Organization Type of pollutants – Air quality and health [Internet]. WHO; [cited 2026 Feb 19]. 
Available from: ​h​t​t​p​s​​:​/​/​w​w​w​​.​w​h​o​.​​i​n​t​/​​t​​e​a​m​​s​​/​e​n​​v​i​​r​o​n​​m​e​​n​t​-​​​c​l​i​​m​a​t​​e​-​c​​h​​a​n​g​e​-​a​n​d​-​h​e​a​l​t​h​/​a​i​r​-​q​u​a​l​i​t​y​-​a​n​d​-​h​e​
a​l​t​h​/​h​e​a​l​t​h​-​i​m​p​a​c​t​s​/​t​y​p​e​s​-​o​f​-​p​o​l​l​u​t​a​n​t​s​​​​​​​

Yadav, G., Yadav, N., & Ahmaruzzaman, M. (2023). Microwave-assisted sustainable synthesis of biodiesel on 
Oryza sativa catalyst derived from agricultural waste by esterification reaction. Chemical Engineering 
and Processing, Process Intensification, 187, Article 109327. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​c​e​p​.​2​0​2​3​.​1​0​9​3​2​7​​​​​​​

Yin, Z., Liu, X., Wu, F., Lu, B., Huang, B., Chen, Y., & Lin, G. (2022). Fabrication of P-doped porous carbon 
catalysts, with inherent N functionality, from waste peanut shells and their application in the metal-free 
aerobic oxidation of alcohols. ACS Sustainable Chemistry & Engineering, 10(2), 911–922. ​h​t​t​p​s​​:​/​/​d​o​i​​.​
o​r​g​/​​1​0​.​1​​0​2​1​/​a​c​s​s​u​s​c​h​e​m​e​n​g​.​1​c​0​6​6​9​2​​​​​​​

Zampieri, D., Guerra, L., Camassola, M., & Dillon, A. J. (2013). Secretion of endoglucanases and 
β-glucosidases by Penicillium echinulatum 9A02S1 in presence of different carbon sources. Industrial 
Crops and Products, 50, 882–886. https:​​​//d​oi.​or​g/10​.​1016/j.​indc​ro​p​.2013.08.045

Zhang, H., Han, L., & Dong, H. (2021). An insight to pretreatment, enzyme adsorption and enzymatic hydro-
lysis of lignocellulosic biomass: Experimental and modeling studies. Renewable & Sustainable Energy 
Reviews, 140, Article 110758. https://doi.org/10.1016/j.rser.2021.110758

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.5897/AJB10.1825
https://doi.org/10.5897/AJB10.1825
https://www.techsciresearch.com/report/global-organic-acid-market-by-type-acetic-acid-citric-acid-formic-acid-and-lactic-acid-by-end-uses-industrial-food-beverage-etc-by-region-asia-pacific-north-america-europe-etc-competition-forecast-and-opportunities/969.html
https://www.techsciresearch.com/report/global-organic-acid-market-by-type-acetic-acid-citric-acid-formic-acid-and-lactic-acid-by-end-uses-industrial-food-beverage-etc-by-region-asia-pacific-north-america-europe-etc-competition-forecast-and-opportunities/969.html
https://www.techsciresearch.com/report/global-organic-acid-market-by-type-acetic-acid-citric-acid-formic-acid-and-lactic-acid-by-end-uses-industrial-food-beverage-etc-by-region-asia-pacific-north-america-europe-etc-competition-forecast-and-opportunities/969.html
https://www.techsciresearch.com/report/global-organic-acid-market-by-type-acetic-acid-citric-acid-formic-acid-and-lactic-acid-by-end-uses-industrial-food-beverage-etc-by-region-asia-pacific-north-america-europe-etc-competition-forecast-and-opportunities/969.html
https://doi.org/10.5772/intechopen.83719
https://doi.org/10.1002/jctb.7263
https://doi.org/10.3390/en15165935
https://doi.org/10.1016/j.wasman.2023.06.030
https://doi.org/10.1016/j.wasman.2023.06.030
https://doi.org/10.1016/j.coesh.2021.100313
https://doi.org/10.3390/pr11030731
https://doi.org/10.3390/applbiosci2010001
https://doi.org/10.48550/arXiv.2006.05873
https://doi.org/10.3390/en18071794
https://doi.org/10.3390/membranes13020228
https://www.who.int/teams/environment-climate-change-and-health/air-quality-and-health/health-impacts/types-of-pollutants
https://www.who.int/teams/environment-climate-change-and-health/air-quality-and-health/health-impacts/types-of-pollutants
https://doi.org/10.1016/j.cep.2023.109327
https://doi.org/10.1021/acssuschemeng.1c06692
https://doi.org/10.1021/acssuschemeng.1c06692
https://doi.org/10.1016/j.indcrop.2013.08.045
https://doi.org/10.1016/j.rser.2021.110758


1 3

Transforming residues to resources: agricultural waste management for…

Authors and Affiliations

Aquiny Befairlyne T Mawthoh1  · Devina Seram1  · Haobijam James Watt1  · 
Nadir Ayrilmis2  · Thirukkumar Subramani3  · Naveen Kumar Pandurangan3  · 
Hrishikesh Patil4 · Jayaasree Aruljothi5

	
 Devina Seram
devina7seram@gmail.com

	
 Nadir Ayrilmis
nadiray@istanbul.edu.tr

1	 School of Agriculture, Lovely Professional University, Phagwara, Punjab 144411, India
2	 Department of Wood Mechanics and Technology, Istanbul University- Cerrahpasa, Bahcekoy, 

Sariyer, Istanbul 34473, Turkey
3	 Amrita School of Agricultural Sciences, Amrita Vishwa Vidyapeetham, Coimbatore,  

Tamil Nadu 642109, India
4	 School of Engineering, University of Guelph, Guelph,  Ontario N1G 2W1, Canada
5	 Pandit Jawaharlal Nehru College of Agriculture and Research Institute, Karaikal,  

Pudhucherry 609603, India

http://orcid.org/0009-0002-0268-2757
http://orcid.org/0000-0002-6093-1240
http://orcid.org/0000-0002-3141-3954
http://orcid.org/0000-0002-9991-4800
http://orcid.org/0000-0002-4074-7825
http://orcid.org/0000-0003-3839-1329
mailto:devina7seram@gmail.com
mailto:nadiray@istanbul.edu.tr

	﻿Transforming residues to resources: agricultural waste management for value added products, bioenergy, and sustainable economic growth
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Composition of the AWs
	﻿3﻿ ﻿Conventional and unsustainable practices for AWM
	﻿4﻿ ﻿Potential strategy for AWM practices
	﻿4.1﻿ ﻿Roof thatching and bedding
	﻿4.2﻿ ﻿Mulching
	﻿4.3﻿ ﻿Food for livestock
	﻿4.4﻿ ﻿Composting
	﻿4.4.1﻿ ﻿Entomocomposting


	﻿4.5﻿ ﻿Fortified items
	﻿4.6﻿ ﻿Household products
	﻿4.7﻿ ﻿Catalyst
	﻿4.8﻿ ﻿Plant growing media
	﻿4.9﻿ ﻿Mushroom cultivation
	﻿4.10﻿ ﻿Paper and pulp industry
	﻿4.11﻿ ﻿Waste water and metal treatment
	﻿4.12﻿ ﻿Bioconstruction
	﻿4.13﻿ ﻿Production of biodegradable plastics
	﻿4.14﻿ ﻿Biochar production
	﻿4.15﻿ ﻿Bio-stimulants and biofertilizers
	﻿4.16﻿ ﻿Nanotechnological approaches for valorization of AWs
	﻿4.17﻿ ﻿Biotechnological approaches for production of AWs valuable products
	﻿4.17.1﻿ ﻿Production of various enzymes
	﻿4.17.2﻿ ﻿Production of bioenergy or biofuel
	﻿4.17.3﻿ ﻿Bio production of biochemical

	﻿5﻿ ﻿Applications of artificial intelligence in AWs valorization
	﻿6﻿ ﻿Benefits, challenges and future directions
	﻿7﻿ ﻿Conclusion
	﻿References


