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A B S T R A C T

Agricultural waste management is crucial for agriculture-based economies like India, generating approximately 
500 million tons of agricultural residue annually. The agriculture sector is the second largest contributor to 
India’s total greenhouse gas (GHG) emissions, with a share of 13.72 % compared to global average of 11 %. 
Furthermore, the agriculture sector is not only strained to secure food production for growing population but also 
expected to minimize GHG emissions. Intensive farming, while more productive and efficient, poses a threat to 
the environment due to accumulation of large quantities of agricultural residue. Nevertheless, the sustainable 
conversion of agricultural residue could offer twin benefits: energy generation and resource recovery. This study 
aims to provide a comprehensive overview of sustainable agricultural waste management practices, challenges, 
and the role of policy interventions in shaping its future. Agricultural residues have shown potential for value 
added products and energy feedstocks. Valorization techniques offer sustainable agricultural waste management 
solutions while recovering energy and promoting the circular economy. This study further explored the recovery 
of building materials including insulating materials, roofing components, additives, and secondary cementitious 
materials from agricultural residues. Currently, agricultural residue in India is primarily utilized to produce 
biofuels with installed plant capacity of 5 million tons, and solid biofuel. Nevertheless, techno-economic, socio- 
cultural, institutional, and governance challenges still need to be addressed to ensure the sustainable manage
ment of surplus agricultural residue through emerging techniques. The goal of this study is to promote inte
gration of academic, scientific, and industrial development while strengthening the circular economy, 
particularly in agriculture-based economies.

1. Introduction

In India, agricultural activities play a critical role in the country’s 
economy and food security and also generate substantial amounts of 
agricultural waste. Crop residues, by-products from agro-processing, 
and livestock manure constitute a significant portion of this agricul
tural waste, where more than 500 million tons (MT) of crop residues are 
produced annually in India [1]. Conventional agricultural waste 
handling methods, like dumping and open burning, lead to severe air 
pollution and health issues, stressing the urgent need for sustainable 
management solutions [2]. While somewhat effective, other traditional 

practices such as animal feeding, mulching, and composting are often 
fall short in addressing the scale and environmental impact of agricul
tural waste. Recently, there has been a rising focus on sustainable 
agricultural waste management practices through waste valorization 
techniques that can convert waste into valuable resources, and pro
moting a circular economy. Sustainable practices, including composting, 
bioenergy generation, residue recycling, etc. not only mitigate envi
ronmental risks but also promote circular economy principles by con
verting waste into resources. Therefore, adopting innovative sustainable 
waste management strategies can improve farm productivity and sup
port climate resilience with long-term ecological and economic 
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sustainability.
Different valorization techniques include pyrolysis, gasification, 

anaerobic digestion, biorefining, bioprocessing, etc. For example, an 
integrated biorefinery approach can efficiently transform agricultural 
wastes into biogas, biofuels, and other valuable products, including 
biochar, eco-fibres, cellulose-based nanomaterials, and enzymes 
through thermochemical, biological, and biochemical processes [3–8]. 
Additionally, bioactive compounds, bio-stimulants, biofertilizers, and 
bio-plastics derived from agricultural waste further exemplifying the 
innovations in sustainable processing of agricultural waste [9–11]. 
Several contemporary researchers have highlighted that about 180 MT 
of surplus crop residues generated in India annually, hold significant 
potential for diverse applications [12,13]. Furthermore, it was empha
sized that agricultural waste streams in India had received greater 
attention for converting agricultural waste into valuable resources, 
addressing both waste management and resource recovery [5,8,14–16].

In developing countries like India, utilizing agricultural residue as a 
non-conventional energy source is both economically attractive and 
environmentally friendly to meet energy demands [17,18]. For instance, 
biogas generated from agricultural waste can be utilized for cooking, 
heating, biofuels, and electricity [19,20]. The state-wise power capacity 
of agricultural waste in India varies significantly, with Uttar Pradesh 
having the highest potential (6045 MW), followed by Punjab and 
Maharashtra with above 3000 MW capacity [15]. However, it is 
imperative to mention that the economic feasibility of biomass-driven 
power plants heavily relies on the durable and reliable supply of 
essential feedstock materials. Agricultural waste has further potential to 
be applied to various building materials like bricks, cementitious ma
terials, and other insulating composites [21]. Moreover, carbon derived 
as biochar or bio-sorbents from agricultural waste through thermo
chemical processes have shown promising potential in remediating 
contaminated water and wastewater by removing organic and inorganic 
pollutants [22–24]. In addition, crop residues can serve as feedstock for 
second-generation biofuels, producing approximately 60 billion litres 
(L) of bioethanol per annum [25]. Beyond biofuels, agricultural wastes 
can be used in making compost, nanomaterials, mushroom growing, 
biogas production, and as raw materials for industries such as paper, 
construction, cosmeceuticals, and pharmaceuticals [26]. The diversified 
utilization of agricultural waste can partially substitute conventional 
fossil derived feedstock, enhancing sustainability and economic value 
[25]. Utilizing microorganisms to transform agricultural waste into 
value-added products, including biomolecules, biofuels, biofertilizers, 
organic acids, enzymes, essential oils, and flavours, leverages microbial 
communities for energy and nutrient recovery, supporting the sustain
able economy and zero-waste perspective and has a larger scope in India 
[27–31].

The research in this direction aligns with key global sustainability 
frameworks, particularly the United Nations Sustainable Development 
Goals (SDGs), by addressing critical environmental and socio-economic 
challenges. Specifically, it contributes to SDG 7 (Affordable and Clean 
Energy) via bioenergy generation from crop residues, and SDG 13 
(Climate Action) by reducing greenhouse gas (GHG) emissions from 
open burning. Additionally, the circular economy approach supports 
SDG 12 (Responsible Consumption and Production) by minimizing 
waste and maximizing resource efficiency. At the national level, the 
Swachh Bharat Mission (Grameen) and the Waste to Wealth Mission 
under the Prime Minister’s Science, Technology, and Innovation Advi
sory Council (PM-STIAC) reinforce the importance of converting agri
cultural waste into valuable products, fostering a circular economy. 
Globally, the push for a bio-based economy and net-zero emissions un
derscores the need for innovative waste valorization techniques, making 
this research highly relevant. Therefore, integrating technological in
novations, sustainability studies, policy insights, existing conditions and 
persisting challenges towards sustainable agricultural waste manage
ment is crucial.

A review of existing literature on agricultural waste management in 

India reveals several critical research gaps. While previous studies have 
explored specific aspects such as the environmental impacts of crop 
residue burning [32,33], biogas potential [34], and pyrolysis techniques 
[35], there remains a lack of comprehensive discussion integrating 
traditional and advanced waste management methods within the Indian 
context. Previous studies were mainly focused either on technological 
solutions or policy challenges without adequately addressing the 
socio-economic dimensions of wealth creation from agricultural waste 
[36–38]. Additionally, although circular economy principles have been 
discussed, limited emphasis has been given to Life Cycle Assessment 
(LCA) studies and stakeholder perspectives for effective implementation 
[39–42]. Furthermore, while recent works [43–45] examine mechani
cal, biological, and thermal management of agricultural waste, a holistic 
analysis combining innovation, challenges, and future pathways for 
sustainable agricultural waste management in India is still lacking. This 
review purposes to bridge these gaps by systematically evaluating 
traditional and modern waste management strategies, economic op
portunities, LCA insights, and stakeholder engagement, thereby 
providing a more actionable framework for policymakers and 
practitioners.

The aim of this study is to explore and provide comprehensive 
research on various aspects of agricultural waste management in India 
with the concept of recovery of value-added products. The paper is 
systematically organized and begins with an overview of the types and 
distribution of crop residues, followed by a discussion on traditional 
management practices, the composition of agricultural wastes, India’s 
policy landscape on agricultural waste management, and its comparison 
with similar agricultural economics. Further, the conversion of agri
cultural waste into wealth through current research and emerging 
practices were examined, focusing on thermochemical and biobased 
processes and building materials recovery. A detailed section is dedi
cated to reviewing the sustainability of various valorization routes 
studied using LCA. The challenges and barriers to effective waste man
agement were highlighted, addressing technical, financial, social, cul
tural, and institutional factors. Finally, the article proposed future 
directions and research priorities, emphasizing the role of technological 
innovations, policy frameworks and intervention in achieving sustain
able agricultural waste management.

2. Overview of agricultural waste in India

2.1. Types, quantity, and distribution

Agricultural waste in India includes a diverse array of organic ma
terials produced throughout the agricultural production cycle. The pri
mary sources of agricultural waste include crop residues, animal 
manure, and by-products from agro-processing industries [46]. Crop 
residues like straw, stubble, husks, and shells are among the most 
abundant forms of agricultural waste, originating from cereal crops, 
including rice, wheat, maize, and pulses [47]. Additionally, residues 
from cash crops such as sugarcane bagasse and cotton stalks significantly 
contribute to the overall volume of agricultural waste. Fig. 1(a) shows 
different crop residues produced in India. Animal manure from cattle, 
buffalo, and poultry also plays a considerable part in the agricultural 
waste streams. Furthermore, various by-products from agro-industries, 
including press mud from sugar factories, bran from rice mills, and 
husk from oilseed processing units, add to the agricultural waste 
generated in India. As represented in Fig. 1(b), nearly 80 % of the sur
plus crop residue is accounted for rice straw, sugarcane bagasse, cotton 
stalk, and wheat straw [48].

Quantifying agricultural waste in India is challenging due to varia
tions in crop yields, cropping patterns, and regional agricultural prac
tices. However, estimates suggest that India produces over 500 MT of 
crop residue annually, making it one of the major producers of agri
cultural waste globally [1]. In addition, as per the National Dairy 
Development Board (NDDB), livestock animals produce an estimated 
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1655 MT of manure annually released by the Press Information Bureau 
(PIB), Government of India in 2021. The distribution of agricultural 
waste across different regions in India varies significantly based on 
features, including agroclimatic conditions, cropping intensity, and the 
prevalence of certain crops. Northern states like Punjab, Haryana, and 
Uttar Pradesh are known for their high generation of residues, particu
larly rice and wheat stubble which is depicted in Fig. 1(c) [49]. Coastal 
states like Andhra Pradesh, Tamil Nadu, and Gujarat generate substan
tial crop residues from rice and sugarcane cultivation. States with sig
nificant horticultural crops, such as Maharashtra and Karnataka, 
produce diverse agricultural waste, including fruit and vegetable 
residues.

2.2. Traditional agricultural waste management practices

Traditional agricultural waste management methods in India have 
evolved over centuries to handle the abundance of agricultural residues 
and the limited resources available to rural communities. Fig. 2. (a) 
shows mostly practised traditional ways such as crop residue burning, 
animal feeding, mulching, and composting for managing agricultural 
wastes in India. While open-field burning served as primary means of 
waste disposal, it often entails environmental and socio-economic issues 
that need to be addressed. On the other hand, mulching, composting, 
and use as fodder appear to be reasonable solutions for waste utilization, 
especially to further advance local agricultural practices specific to local 
conditions and farming systems.

Open-Field Burning: Crop stubble burning is a usual process in 
many regions, especially after harvesting crops like rice and wheat, to 

clear fields quickly and economically for the new crop. For instance, the 
disposal of paddy residue has become a significant issue in many Indian 
states, predominantly Punjab and Haryana, where farmers often resort 
to burning residues in situ due to a deficiency of practical substitutions 
[50]. A study revealed that the trouble spot areas in Punjab and Haryana 
contributed 26 % of the overall fires in India, with significant activity 
after the paddy (77.08 %) and wheat harvesting season (16.44 %) [51]. 
Madhya Pradesh contributed substantially to crop-burning emissions, 
being the second-largest crop-burning emission state in 2020 [52]. 
However, the indiscriminate burning of crop residues contributes 
significantly to air pollution, releasing harmful pollutants like particu
late matter (PM), carbon monoxide (CO), volatile organic compounds, 
and other gases, raising concerns about human health and climate 
change [2,53–56]. In 2017, India generated 488 MT of crop residue, 
with almost 24 % burned in fields, resulting in 824 Gigagram (Gg) of 
PM2.5, 58 Gg of elemental carbon, 239 Gg of organic carbon, and 211 
tera-grams (Tg) of carbon dioxide (CO2) equivalent GHG emissions [57]. 
For instance, burning rice straw in north-western India leads to soil 
nutrient losses and severe air quality issues [58,59]. People in these 
areas face higher risks of respiratory diseases [60]. Additionally, stubble 
burning results in the loss of useful organic substances and nutrients 
from the soil, adversely affecting soil quality [50,61,62]. Despite the 
enforcement of regulations banning stubble burning, its prevalence 
persists due to factors such as limited awareness, inadequate enforce
ment mechanisms, and socio-economic pressures faced by farmers [49].

A multi-satellite observation study reported that the biomass burning 
effect on aerosol optical properties in Northern India, and the same 
study also observed black carbon concentrations for Patiala and 

Fig. 1. a) Different types of crop residues in India; b) Typical proportions of various surplus crop residues in India; c) Distribution of surplus crop residue across 
Indian states for the year 2023.

Fig. 2. (a) Traditional agricultural waste management practices in India; (b) Effects of crop residue burning.
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Dehradun were 8.43 ± 3.14 μgm− 3 and 3.36 ± 1.26 μgm− 3, respectively 
between the year 2003 and 2017 [51]. The analysis further revealed that 
these aerosols were mostly within the planetary boundary layer, occa
sionally reaching altitudes of 2–3 km, and were transported to the 
eastern Indo-Gangetic Plain (IGP), central India, and neighbouring 
ocean areas after the monsoon periods, causing high air pollution epi
sodes [51,63]. Another study in Panipat, Haryana, India that investi
gated the impact of rice straw burning on soil microbial dynamics, 
reported a significant reduction in the microbial community [64]. Fig. 2
(b) shows the disadvantages of burning the crop residues.

Mulching: Managing paddy residues through mulching, particularly 
with no-tillage systems, offers multiple benefits for the subsequent 
wheat crop, which is also typically practised in India. Mulching can 
enhance yield, improve water utilization efficiency, increase profit
ability, and reduce weed pressure [58]. Additionally, incorporating 
surplus residues from the earlier wheat cultivation into rice paddies does 
not negatively impact rice yield but improves soil health by enhancing 
soil characteristics [58].

Composting: Composting represents a more sustainable alternative 
to burning for handling crop residue in India. Composting entails the 
biological breakdown of organic matter under regulated conditions to 
create compost, a nutrient-dense soil enhancer. Farming by-products 
such as crop straw, vegetable waste, and animal manure can be effec
tively composted to generate premium-quality organic fertilizer [61]. 
Composting helps recycle nutrients and organic content and enhances 
soil properties, water holding, and microbial activity [65]. However, the 
widespread adoption of composting practices in India faces challenges 
such as lack of awareness, training, and access to appropriate com
posting technologies. Furthermore, composting is a slow process with 
low economic returns that requires larger space.

Animal Feed and Fodder: Agricultural waste, particularly crop 
residue, is a valuable feed resource for livestock in India [61]. Farmers 
often use crop straw, husks, and stalks as supplementary fodder for 
cattle, buffalo, and other livestock species. By converting agricultural 
residues into animal feed, farmers can reduce feed costs and improve the 
nutritional value of livestock diets [66]. Additionally, feeding crop 
residues to livestock helps in recycling nutrients and organic matter 
within the agricultural system. However, the nutritional quality of crop 
residues changes largely depending on crop type, stage of maturity, and 
post-harvest handling practices. Ensuring optimal utilization of crop 
residues as animal feed requires proper processing techniques, nutri
tional supplementation, and management practices to enhance di
gestibility and minimize wastage.

Despite their widespread use, traditional agricultural waste man
agement practices in India face several challenges and limitations that 
impede their effectiveness and sustainability. In addition, the inefficient 
utilization of agricultural residues signifies a missed chance for resource 
recovery and value addition. Resource recovery strategies have recently 
emerged to utilize agricultural waste as primary material for various 
applications, promoting the circular economy and effectively handling 
agricultural residues to mitigate associated negative impacts.

2.3. Composition of agricultural waste

Agricultural residues vary in chemical components, and physical 

characteristics determine their suitability for different conversion pro
cesses. The constituents of agricultural waste in India differs based on 
crop type and agricultural practices. Table 1 represents the agricultural 
waste types, their composition, and their potential applications.

Understanding the composition of agricultural waste streams enables 
targeted valorization approaches that maximize resource recovery, en
ergy generation, and value addition. It is worth to mention that the se
lection of valorization strategies should consider the inherent properties 
and potential applications of agricultural residues to encourage sus
tainable economy and waste management [67]. The comprehensive 
understanding is essential for developing effective utilization strategies 
that can transform agricultural waste into valuable resources, thereby 
supporting sustainable agricultural practices in India. For instance, crop 
residues, including straws, stalks, husks, and leaves, can be transformed 
into biofuels, biogas, and compost, dropping dependency on 
non-renewable energy and chemical fertilizers. Agro-industrial de
rivatives, including bagasse and husk, can be used to yield bioethanol, 
bioplastics, and bio-based chemicals, contributing to sustainable in
dustrial practices [28,68,69]. However, it is important that only a 
portion of the total agricultural waste after accounting for local sus
tainable usage should be considered as viable feedstock for other valo
rization routes to avoid unintended competition with existing uses.

2.4. Policy landscape for agricultural waste management in India and 
comparative analysis with similar economies

The Indian government has introduced several policies and programs 
to address the challenges of agricultural waste management and pro
mote sustainable practices. One of the key initiatives is the National 
Policy for Management of Crop Residue (NPMCR, 2014), which advocates 
for in-situ (e.g., mulching, soil incorporation) and ex-situ (e.g., bio
energy, composting) solutions to curb on-field stubble burning, partic
ularly in Punjab, Haryana, and Uttar Pradesh. Complementing this, the 
Crop Residue Management (CRM) Scheme provides subsidies for ma
chinery like Happy Seeders and balers to discourage open-field burning. 
Regulatory measures, such as bans on open-field burning imposed by the 
Punjab Pollution Control Board (PPCB) under the Air Act (1981) and 
penalties enforced by the National Green Tribunal (NGT), aim to ensure 
compliance, though implementation challenges remain persistent. 
Judicial interventions, such as Supreme Court directives in MC Mehta v. 
Union of India and mandates from the Commission for Air Quality Man
agement (CAQM), require state-specific action plans supported by 
monitoring mechanisms.

On the energy front, the Ministry of New and Renewable Energy 
(MNRE) promotes biomass valorization by providing financial support 
through its Biomass Power & Cogeneration Programme and the National 
Bioenergy Programme (2021–26). This includes sub-schemes for waste- 
to-energy projects, biogas plants, and biomass pellet production. The 
Sustainable Alternative Towards Affordable Transportation (SATAT) 
initiative (2024) further incentivizes compressed biogas (CBG) produc
tion from agricultural residues, offering financial support for biomass 
aggregation. At the state level, Punjab’s Biofuel Policy mandates in
dustries to use paddy straw in boilers, backed by fiscal incentives like 
State Goods and Services Tax (SGST) reimbursement. Despite these ef
forts, significant gaps remain due to weak enforcement, limited farmer 

Table 1 
Agricultural waste types, their composition, and uses.

Category Types Composition Uses References

Crop residues Straw, Stalks, Husks, Leaves Cellulose, Hemicellulose, Lignin, 
Proteins, Lipids, Minerals

Bioenergy production, Composting, Animal bedding, Soil 
amendment

[49]

Agro-industrial by- 
products

Bagasse, Rice husk, Wheat 
bran, Oilseed cake

Carbohydrates, Proteins, Lipids, 
Phytochemicals

Bioethanol production, Biocomposite Manufacturing, Industrial 
applications, Livestock feed

[70]

Livestock manure Poultry Litter, Cattle Dung, 
Pig Slurry

Nutrients, Carbon, Trace elements, 
Organic matter

Biogas production, Bioenergy, Composting, Vermicomposting, 
Nutrient recycling for plant growth

[71,254]
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awareness, and challenges related to supply-chain logistics. Unlike the 
EU’s integrated Common Agricultural Policy (CAP), India’s agriculture 
framework lacks binding compliance measures, underscoring the need 
for stronger decentralized governance and private-sector engagement to 
bridge policy-practice disparities.

Globally, major agricultural economies face comparable challenges 
in managing crop residues and livestock waste, though their policy ap
proaches and implementation efficacy vary significantly. China, the 
world’s largest agricultural waste producer (980 MT of crop straw 
annually; [72]), mirrors India’s struggles with stubble burning and air 
pollution [73]. However, post-2013 reforms combining strict enforce
ment with subsidies for alternative uses (e.g., straw-to-energy, com
posting) reduced open burning by practical alternatives and fostering 
multi-stakeholder collaboration among governments, farmers, and 
markets [74]. In contrast, Brazil leverages its agro-waste potential (1.77 
billion tons/year where 932 MT from cattle rearing, 62 MT from maize 
cultivation, and 44 MT from sugarcane production) through structured 
bioeconomy frameworks like RenovaBio, which incentivizes biofuels and 
sugarcane bagasse-based bioelectricity [75], though decentralized res
idue collection remains a bottleneck [76]. Southeast Asian nations like 
Vietnam (100 MT of crop residues/year) and Thailand (19 MT of rice 
straw/year) prioritize low-cost solutions such as animal feed and 
mushroom cultivation along with biofuel production [77–79], yet policy 
gaps such as Thailand’s Alternative Energy Development Plan (2012) 
failing to address collection costs and awareness that hinder progress 
[78]. Vietnam’s systemic limitations in infrastructure and management 
capacity further underscore the gap between policy intent and 
on-ground execution [79]. In Spain, most biomass waste is sent to 
external recycling plants or used as animal feed and a smaller amount is 
reused by growers as fertilizer, while very little is turned into compost in 
greenhouses [80]. While India shares similarities with these economies 
in waste volume and burning-related pollution, its policy framework 
lacks the integrated enforcement seen in China or the market-driven 
biofuel incentives of Brazil. This comparison highlights the need for 
India to adopt context-specific strategies balancing regulatory rigor, 
farmer incentives, and infrastructure investment to bridge the imple
mentation gap.

3. Agricultural waste valorization

Various techniques have been available for valorizing agricultural 
waste through thermochemical, bio-based, and building materials re
covery. Considerable research has been done to explore the possibility of 
agricultural waste valorization for the recovery of energy and resource 

materials.

3.1. Thermochemical processes

Thermochemical processes are pivotal in valorizing agricultural 
waste, converting biomass into energy and valuable chemicals through 
high-temperature techniques [81]. The thermochemical processes 
include pyrolysis, gasification, and combustion, each with distinct 
mechanisms and outputs, as given in Fig. 3.

Pyrolysis: Pyrolysis is the thermal degradation of carbonaceous 
feedstock in the absence of oxygen at a typical temperature range of 
300–1000 ◦C, producing bio-oil, pyrolytic gases, and biochar [82]. 
Research has demonstrated the effectiveness of pyrolysis in converting 
rice husk, wheat straw, and other crop residues into valuable products 
[83]. Besides feedstock composition, the quality and quantity of pyro
lytic products depend on operational or process conditions such as 
process temperature, heating rate, and residence time [84]. Depending 
upon these conditions, pyrolysis is classified into different types such as 
slow, intermediate, and fast pyrolysis [85]. In case of slow pyrolysis, the 
process temperatures are up to 450 ◦C with heating rate of 0.1–2 ◦C 
sec− 1 and residence time is for several hours resulting in more fraction of 
biochar [86]. In intermediate pyrolysis the temperature is around 
500 ◦C, heating rate of 10–200 ◦C sec− 1 and residence time of several 
minutes [87]. In fast pyrolysis the temperatures are 600 ◦C and above 
with high heating rates of 1000 ◦C sec− 1 and low residence time below 2 
sec resulting in low solid fraction [88]. Intermediate and fast pyrolysis 
are suitable when liquid and gases as targeted products. Studies have 
revealed that pyrolysis of rice straw can yield bio-oil with significant 
energy potential and biochar suitable as a soil amendment [89]. Biochar 
derived from biomass has potential applications in agriculture, con
struction, and water treatment [90]. Developing waste-to-bioenergy 
solutions through pyrolysis addresses significant challenges in rural In
dian communities, such as insufficient electrification, indoor air pollu
tion, and crop land deterioration [91]. Investigations into rice husk and 
corn stover biochar produced via slow pyrolysis have shown positive 
effects on soil fertility, water retention, total organic carbon, and cation 
exchange capacity while reducing soil CO2 emissions [92]. The biochar 
application improves crop growth and provides long-term carbon 
sequestration, indicating its effectiveness for soil amendments and car
bon mitigation [92]. In terms of scale, pyrolysis can produce 212.04 ±
44.27 MT of biochar from 517.82 MT of crop wastes in India, seques
tering about 376.11 ± 78.52 MT of CO2eq carbon and holding 1.66 ±
0.46 MT of soil nutrients [93]. Successful large-scale implementation of 
pyrolysis technology for agricultural residues could reduce India’s 

Fig. 3. Thermochemical processes for converting agricultural residues into valuable products.
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carbon emissions by 10 % and increase electricity generation by 10 –12 
%, potentially producing 41.9 GWe of bioelectricity [94]. However, the 
key challenges are higher initial capital costs and increased operation 
and maintenance expenses due to the need for more sophisticated 
technology and infrastructure. Further, the quality and yield of bio-oil 
can vary significantly depending on the type of biomass feedstock and 
the operating pyrolysis parameters.

Gasification: Gasification involves the transformation of lignocel
lulosic or carbonaceous waste into syngas through partial oxidation at 
high temperatures (500–1400 ◦C) [95]. During this process the biomass 
undergoes four major stages: moisture removal, release of volatile 
compounds, partial oxidation, and reduction reactions to produce syn
gas and char [96,97]. Gasifying agents such as air, O2, CO2 are usually 
used as a medium for gasification reaction which influences the output 
quality and quantity [98]. The resulting syngas, composed of CO, 
hydrogen (H2), CO2 and methane (CH4), can be utilized for producing 
chemicals or electricity [99]. Studies have highlighted the potential of 
gasifying crop residues like sugarcane bagasse and coconut shells for 
decentralized energy production in rural India. A study proposed using 
biomass gasification to power off-grid refrigeration systems for atmo
spheric water harvesting, potentially producing 800–1200 L of water per 
1000 kg of biomass and meeting up to 12 % of potable water needs in 
some Indian states [100]. A techno-economic study in rural Uttar Pra
desh showed while not cost-competitive with solar PV alone, hybrid 
systems (solar PV and biomass gasification) present a viable solution 
pending operational testing [101]. Another innovative approach com
bines steam-air biomass gasification with solar energy to produce green 
H2. Optimizing conditions for converting agricultural residues like 
bagasse, rice straw, and wheat straw into H2-rich syngas has shown 
promising results, with an H2 content up to 40 %, a gross calorific value 
of 6 MJ kg− 1, and cold gas efficiency of 80 % [102]. In another study, 
rice husk as a renewable biomass source was utilized for producing 
energy-rich syngas through gasification in a fixed bed reactor, using 
steam alone as a gasifying agent at 950 ◦C yielded higher hydrogen 
content (70 %) and heating value (11 MJ m− 3) compared to an air-steam 
mix [103]. The results suggest steam gasification is more efficient for 
hydrogen-rich syngas, making it suitable for industrial fuel applications 
[103]. Co-gasification of rice husk and groundnut shell, common in 
southern India, enhances conversion efficiency. Optimal conditions for a 
mixture of 20 % rice husk and 80 % groundnut shells at an equivalence 
ratio of 0.25 and a reduction area inlet temperature of nearly 880 ◦C 
yielded gas compositions of CO (23.53 %), H2 (13.97 %), and CH4 (3.56 
%) in a downdraft gasifier. Furthermore, the model predicted that the 
net calorific value and gas production could reach 6.17 MJ N− 1m− 3 and 
2.369 m3 kg− 1, respectively [104]. Although gasification offers immense 
potential feedstock variability, high initial costs, and requirement of 
effective tar removal technologies remain barriers to widespread 
adoption [105].

Combustion: Combustion is the direct burning of biomass to pro
duce heat and power and is widely used for managing wastes such as 
paddy straw and bagasse. These residues are commonly combusted in 
industrial boilers to generate steam and electricity. Torrefaction is an 
additional thermochemical treatment that enhances the feedstock 
quality before its utilization in combustion, pyrolysis, or gasification. 
The torrefaction process involves the thermal treatment of biomass at 
temperatures ranging from 200 to 300 ◦C in the absence of oxygen, 
resulting in torrefied solids or bio-coal with improved energy density, 
hydrophobicity, and grindability of the torrefied biomass [106–108]. 
Narayanan and Natarajan (2007) reported that cofiring biomass, 
including bagasse, wood chips, and sugarcane trash with coal can reduce 
NOx, SOx, and CO2 emissions while maintaining production costs, 
making it a cost-effective alternative for power plants [109]. However, 
the continuous availability of agricultural residues and their transport to 
the power plants are essential while considering their techno-economic 
feasibility [110]. These logistical and supply chain constraints apply 
broadly across all biomass-based energy conversion systems including 

pyrolysis and gasification. Another approach is to design and deploy an 
improved cookstoves and furnaces specifically tailored for the com
bustion of agricultural residues. These systems are not only aimed to 
enhance combustion efficiency, reduce emissions, and offer substitute to 
the open burning of agricultural waste but can also be used in clean 
cooking [111–115]. These thermochemical processes, particularly py
rolysis and gasification, offer sustainable solutions for managing agri
cultural waste in India, contributing to energy production, carbon 
sequestration, and are environmentally friendly. In Indian context, py
rolysis presents a promising opportunity for creating wealth in rural 
areas by producing bio-oil for biofuel applications and char for soil 
amendment. Whereas gasification offers potential for power generation 
and industrial applications. Therefore, the selection of a specific tech
nology depends on various factors such as the type of agricultural waste, 
desired end products, the scale of the operation, and availability of 
supporting infrastructure. By optimizing these technologies and scaling 
up their implementation, India can make significant strides in agricul
tural waste management and renewable bioenergy generation.

3.2. Biochemical, biorefining, and bio-processing techniques

The valorization of agricultural waste through biochemical, bio
refining, and bioprocessing techniques offers promising paths for sus
tainable development and resource efficiency [116]. These methods 
convert waste into value-added products like biofuels, bioplastics, en
zymes, organic acids, and other valuable bioproducts such as bio
active/nutraceuticals, nanoparticles, antibiotics, biosurfactants, and 
other specific chemicals [117]. They typically involve microbial and 
enzymatic processes, which necessitate multiple pre-treatments to 
improve biodegradability and facilitate the conversion process. For 
example, converting lignocellulosic biomass to ethanol includes 
pre-treatment, saccharification, and fermentation [118,119]. Bio
refining of cellulose and hemicellulose portions of lignocellulosic 
biomass results in the production of various high-value chemicals such 
as ethanol, furfural, hydroxy methyl furfural, etc. [69,118,120].

These bio-based technologies usually demand biomass pre- 
treatments including physical, chemical, biological, and innovative 
methods such as microwave-assisted and ultrasound-assisted techniques 
where biodegradation or biological methods are environmentally 
friendly, energy-saving, and more sustainable [121–125]. This section 
discusses the production of specific products from agricultural waste 
using bio-based techniques, as shown in Fig. 4, highlighting recent ad
vancements and research findings.

Biogas Production: Biogas production from agricultural waste 
typically employs anaerobic digestion, a microbial process that converts 
organic matter into biogas (primarily CH4 and CO2) and digestate. This 
process involves a series of biochemical steps including hydrolysis, 
acidogenesis, acetogenesis, and methanogenesis each driven by specific 
microbial communities [126,127]. Factors such as substrate composi
tion, C/N ratio, temperature, and pH play critical roles in determining 
the efficiency and yield of biogas production [128,129].

In India, anaerobic digestion of cattle dung, crop residues like sug
arcane, rice husk, wheat and paddy straws, and food waste have shown 
significant potential and is widely used for managing cattle dung and 
other organic agricultural waste [48,71,130–132]. Researcher have 
demonstrated that the feasibility of anaerobic digestion for generating 
biogas from crop residues like wheat straw and paddy straw, which can 
then be used as a clean cooking fuel or for electricity generation [133]. 
Sugarcane as feed can produce relatively higher biogas than rice husk 
due to low lignin levels [134]. As the agro-based wastes contains lignin 
which is complex in nature needs to be pre-treated prior to anaerobic 
digestion whereas the other cellulose and hemicellulose components are 
easily biodegradable. Pre-treatment methods such as chemical and 
thermal treatments improve the digestibility of lignocellulosic biomass, 
causing improved biogas yields [135,136]. For instance, pre-treated 
biomass increased biogas production by 62 % for rice straw and 66 % 
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for corn stalk compared to untreated samples, highlighting the potential 
of banana peel ash in enhancing energy recovery from rural biomass 
residues [135]. Chemical pre-treatments use acidic, alkaline, and oxi
dising agents [127].

Co-digestion strategies, combining multiple types of agricultural and 
food wastes, have been explored to optimize biogas production. The 
mixture of sugarcane bagasse and cow dung with a food-to-biomass ratio 
of 2.0 showed the best physical features, with a bulk density of 429 kg 
m− 3, nearly 14 times greater than the raw materials [137]. A 
biochemical methane potential test indicated that pellets with 8 % total 
solids content produced the highest biomethane yield of 241 mL g− 1VS 
[137]. For instance, co-digestion of cow dung and crop residues 
demonstrated a 60 % improvement in resource efficiency and significant 
reductions in climate change and health impacts [138]. Using banana 
stem juice with bagasse and wheat straw wash in biogas plants has also 
proven effective, particularly in enhancing CH4 production in paper 
mills [139].

Bioethanol Production: Fermentation is a key biochemical process 
for producing bioethanol from agricultural residues. The production of 
bioethanol from lignocellulosic biomass involves three main stages: pre- 
treatment, enzymatic hydrolysis, and fermentation [140]. Pre-treatment 
breaks down the complex lignocellulosic structure to enhance the 
accessibility of cellulose and hemicellulose, typically using physical, 
chemical, or biological methods [141]. Enzymatic hydrolysis then con
verts these polymers into fermentable sugars, primarily glucose and 
xylose, using cellulase and hemicellulase enzymes. Finally, microor
ganisms such as Saccharomyces cerevisiae or Zymomonas mobilis ferment 
the sugars into ethanol under controlled conditions [142]. Agricultural 
wastes with high cellulose and starch, such as sugarcane bagasse, rice 
straw, wheat bran, sago waste, and rice bran, undergo pre-treatment and 
enzymatic hydrolysis to release fermentable sugars [28,143]. Studies 
have shown efficient conversion of these substrates into ethanol and 
other products using specific microbial strains and biocatalysts. For 
example, Rajesh and Gummadi (2023) studied the transformation of 
lignocellulosic biomass into valuable products using Bacillus sp. PM06 
[144]. The fermentative process using Bacillus sp. PM06 resulted in high 
carbohydrate utilization, particularly for wheat bran, achieving over 80 
% efficiency. This conversion produced notable amounts of ethanol 
(1.83 g L− 1) and acetic acid (7.57 g L− 1), demonstrating a 27.67 % 
ethanol yield based on glucose fermentation [144]. In another study, the 
authors studied the hydrolysis and fermentation of four abundant resi
dues: sugarcane bagasse, rice straw, sweet sorghum, and millet straw 
[142]. Using dilute-acid hydrolysis and a ligninolytic fungus, Trametes 
versicolor as a biocatalyst during pre-treatment, around 85–90 % of 
fermentable sugars were converted to ethanol at 27 ◦C showing signif
icant potential for bioethanol production [142]. Hence, retrofitting 
sugar mills to generate ethanol from bagasse in India can significantly 
fulfil the nation’s liquid fuel requirements. The government of India 

reported that the yearly demand for ethanol is 13.5 billion litres by 
2025–26. Therefore, utilizing sugarcane waste enhances economic 
feasibility and hence it was recommended to have bio-ethanol plants 
where biomass availability per unit area is greater [143,145].

Enzyme Production: Agricultural waste serves as a potential sub
strate feedstock for producing industrial enzymes due to its rich 
composition of lignocellulosic biomass, proteins, and other nutrients 
[146]. Enzyme production usually involves the cultivation of microor
ganisms like bacteria, fungi, or actinomycetes on these substrates, uti
lizing solid-state or submerged fermentation techniques [147]. Enzymes 
such as cellulases, xylanases, pectinases, and amylases are commonly 
produced, which find applications in biofuel production, food process
ing, and textile industries [148]. Various enzymes, including lipolytic 
and pectinolytic enzymes, can be made through microbial processing of 
fruit and vegetable wastes [149]. Enzymes like pectinase, tannase, lac
case, etc., can be generated from wastes like orange peel, pomegranate 
rind, corn-cob, rice bran, and wheat bran [150–154]. These enzymes 
derived from agricultural waste processing have applications in various 
industries, such as food processing, textile, and bioremediation, 
enhancing the value of by-products from oil seeds and other agricultural 
residues [149,155]. For example, the production of tannase from 
pomegranate rind via solid-state fermentation using Aspergillus foetidus 
has shown promising results, with a notable yield of 43.5 U g− 1 of 
agricultural waste substrate [150]. Similarly, orange peel waste has 
been utilized for pectinase production, achieving significant enzymatic 
activity (99.21 U mL− 1 of pectinase within 72 h under optimized con
ditions) when fermented with Aspergillus niger [151]. In another study, 
the maximum enzyme production (464,000 U g− 1 dry bacterial bran) 
was achieved utilizing wheat bran as a substrate, boosted with glycerol, 
soybean meal, L-proline, vitamin B-complex, and moistened with a so
lution containing Tween-40 and MgSO4⋅7H2O [156]. The optimal in
cubation parameters were 37 ◦C for 48 h, highlighting the importance of 
carefully controlled conditions in solid-state fermentation for enzyme 
yield. Enzymes such as cellulases, xylanases, pectinases, and amylases 
are commonly produced, which find applications in biofuel production, 
food processing, and textile industries [149]. The use of agricultural 
residues like wheat bran, rice husk, and corn stover not only reduces 
production costs but also addresses waste management challenges, 
promoting a circular bioeconomy. Additionally, optimizing fermenta
tion conditions, including pH, temperature, and moisture content, en
hances enzyme yield and activity, ensuring process efficiency.

Hydrogen (H2) Production: Thermochemical methods, including 
gasification and pyrolysis, convert biomass into H2-rich syngas under 
high-temperature conditions [98,157]. Alternatively, biological pro
cesses such as dark fermentation and photo-fermentation employ mi
croorganisms like Clostridium spp. to produce H2 by metabolizing 
carbohydrates in the biomass [158]. H2 production through dark 
fermentation and photo-fermentation using agricultural wastes has 

Fig. 4. Bio-based treatments of agricultural waste for the generation of value-added products.
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gained attention because of clean energy sources [159]. Substrates, 
including rice straw and rice husk hydrolysates, have been efficiently 
converted to H2, demonstrating high yields and process feasibility [160,
161]. Elsharkawy et al. (2020) reported an H2 yield of 1.8 mol H2 per 
mol glucose equivalent from rice husk hydrolysate using Clostridium 
beijerinckii [136]. Similarly, Dinesh et al. (2020) obtained H2 production 
of 2.1 mol H2 per mol glucose from rice straw hydrolysate [135]. The 
integration of pre-treatment techniques to enhance feedstock di
gestibility and optimization of pH, temperature, and substrate concen
tration, are crucial for improving hydrogen yields [162]. This approach 
aligns with renewable energy goals, providing an eco-friendly approach 
to reduce GHG emissions.

Organic Acids Production: Agricultural waste provides an inex
pensive and viable substrate for the production of organic acids, such as 
lactic acid, citric acid, and succinic acid, which are widely used in food, 
pharmaceutical, and chemical industries [163]. The lignocellulosic 
components of agricultural residues, including cellulose, hemicellulose, 
and starch, are hydrolyzed into fermentable sugars through enzymatic 
or chemical pre-treatment [164]. These sugars are then transformed into 
organic acids by microbial fermentation using strains like Lactobacillus 
spp., Aspergillus niger, or Actinobacillus succinogenes [163]. Low-cost 
substrates such as corn starch and corncob waste have been optimized 
for high yields and selectivity in producing these acids, which are 
important for various industrial purposes [165,166]. Dasgupta et al. 
(2021) demonstrated the generation of xylitol from corncob waste using 
Candida tropicalis, achieving a yield of 0.71 g g− 1 of xylose [143]. 
Gnanasekaran et al. (2018) reported the efficient production of itaconic 
acid from corn starch hydrolysate using Aspergillus terreus, with a 
maximum yield of 0.60 g g− 1 of substrate [140]. However, the down
stream recovery of organic acids from the fermentation broth remains a 
major challenge due to the dilute nature of the broth and the presence of 
impurities. Techniques such as solvent extraction, membrane separa
tion, electrodialysis, and integrated methods have been explored, but 
issues related to energy consumption, selectivity, and scalability persist 
[167–169]. Therefore, developing cost-effective and sustainable sepa
ration technologies is essential for improving the overall viability of 
organic acid production from agricultural residues. Factors such as 
substrate composition, fermentation conditions, and microbial effi
ciency play critical roles in determining the yield and productivity of 
organic acids. Utilizing agricultural waste not only lowers production 
costs but also promotes sustainable waste valorization, contributing to 
the circular bioeconomy.

Polyhydroxyalkanoates (PHA) Production: Biopolymers such as 
PHAs are produced from agricultural wastes through microbial 
fermentation. Halomonas campisalis has converted agricultural wastes, 
including bagasse, orange, and banana peels, into PHAs, effectively 
reducing production costs and environmental impact [170]. 
Pre-treatment processes like enzymatic hydrolysis or acid hydrolysis are 
employed to release fermentable sugars from agricultural residues 
[171]. Microorganisms such as Cupriavidus necator, Bacillus spp., and 
Pseudomonas spp. are commonly used to synthesize PHAs in fermenta
tion systems [172]. For example, Kulkarni et al. (2015) mentioned the 
production of PHAs from sugarcane bagasse hydrolysate using Hal
omonas campisalis, achieving a polymer yield of 48 % of cell dry weight 
[170]. Optimizing carbon-to-nitrogen ratios, fermentation conditions, 
and recovery methods can significantly enhance PHA yields [173]. The 
use of agricultural waste for PHA production not only addresses envi
ronmental concerns associated with conventional plastics but also adds 
value to agricultural byproducts, supporting UN SDGs.

Compost generation: Composting is an important bioprocessing 
technique for converting agricultural waste into nutrient-rich compost. 
The composting process involves aerobic microbial decomposition, 
which occurs in three main phases: the mesophilic phase, where initial 
decomposition takes place; the thermophilic phase, characterized by 
high microbial activity and pathogen reduction; and the maturation 
phase, where stabilized compost is formed [174]. The Indian 

Agricultural Research Institute (IARI) has developed efficient compost
ing methods for multiple types of agricultural waste, enhancing soil 
fertility and reducing chemical fertilizer dependency [175]. The use of 
efficient microorganism (EM) consortia has accelerated the composting 
process and improved compost quality. An EM consortium, including 
Candida tropicalis, Phanerochaete chrysosporium, Streptomyces globispo
rous, Lactobacillus sp., and an enhanced photosynthetic bacterial culture, 
was created for fast composting of rice straw amended with poultry 
droppings [175]. The results demonstrated that the EM consortium 
significantly accelerated composting, achieving a C/N ratio of 15:1 and 
a humus content of 4.82 % within 60 days, with high enzymatic activ
ities indicating enhanced microbial performance. Key factors influ
encing the efficiency of composting include C/N ratio, moisture content, 
aeration, and temperature [176]. Proper management of these param
eters enhances the decomposition rate and quality of the compost. Uti
lizing agricultural waste for composting not only reduces environmental 
pollution but also supports sustainable agriculture by enriching soil 
fertility and reducing dependency on chemical fertilizers.

Essential Fatty Acids Production: Essential fatty acids (EFAs), such 
as omega-3 and omega-6, are vital for human health and have significant 
industrial applications in nutraceuticals and pharmaceuticals [177]. 
Agricultural waste, including oilseed cakes, fruit peels, and lignocellu
losic residues, presents a cost-effective and sustainable feedstock for EFA 
production. Microbial fermentation, using oleaginous microorganisms 
like Mortierella alpina, Cryptococcus curvatus, and Yarrowia lipolytica, is a 
promising approach for converting the complex carbohydrates and 
lipids into EFAs [178]. Recent advancements have optimized solid-state 
fermentation composites to produce EFAs from agricultural waste for 
aquaculture feedstock, significantly reducing environmental and eco
nomic costs [179]. Saikia et al. (2024) reported that using agricultural 
waste substrates, essential fatty acids such as omega-3 and omega-6 
could be efficiently produced with high yield, enhancing the nutri
tional value of aquaculture feed [179]. The optimized solid-state 
fermentation composite for maximum lipid enrichment consisted of 
9.91 g per 100 mL orange peels, 5 g per 100 mL mausambi peels, 4.12 g 
per 100 mL pineapple peels, and 8.01 g per 100 mL banana peels, 
resulting in an 8.37 % lipid yield from Aurantiochytrium sp. ATCC276 
[179]. Pre-treatment processes such as enzymatic hydrolysis or acid 
hydrolysis are often required to release fermentable sugars or lipids from 
these residues [180]. Optimizing fermentation parameters, such as pH, 
temperature, and substrate concentration, is critical to maximizing lipid 
accumulation and EFA yield [180]. Leveraging agricultural waste for 
EFA production not only reduces raw material costs but also contributes 
to sustainable waste management and bioeconomy development.

Other value-added products: Agricultural residues such as oil seed 
cakes and fruit peels can be transformed into various high-value prod
ucts such as proteins, antioxidants, sugars, furfural, etc. [68]. Oil seed 
cakes are used in multiple industries, including biofuel production, 
pharmaceuticals, nutraceuticals, food, and feed, because of their rich 
protein content [149]. Fruit peels have been explored for their potential 
to produce natural antioxidants and pigments, enhancing the worth of 
these by-products [155]. Panda et al. (2016) confirmed that oil seed 
cakes could generate high-protein animal feed, while Sagar et al. (2018) 
reported that fruit peels could extract natural antioxidants with signif
icant health benefits [181,182]. Sahu and Dhepe (2012) utilized sug
arcane bagasse to produce C5 sugars and furfural using a solid-acid 
catalyzed one-pot method, achieving over 90 % conversion of hemi
cellulose [183]. Bhaumik and Dhepe (2014) improved the process, 
obtaining a 93 % yield of furfural from assorted biomass, including 
bagasse, rice husk, and wheat straw with no pre-treatment [183,184]. 
Ghosh et al. (2015) developed a biorefinery approach using sugarcane 
bagasse to produce ethanol, furfural, and electricity [185]. The proposed 
process yielded 0.366 L of ethanol, 0.149 kg of furfural, and 0.30 kW of 
electricity per unit of bagasse processed [185]. Madhukumar and Mur
alikrishna (2012) extracted water-extractable polysaccharides from 
wheat bran and Bengal gram husk using a commercial Drieslase enzyme 
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[186]. The authors reported that the prebiotic activity of 
Xylo-oligosaccharides (XOS) from wheat bran was more than that from 
Bengal gram husk due to its higher arabinose content [186]. Samanta 
et al. (2015) developed a process using 12 % NaOH and steam to 
enhance the xylan production from corn cobs, achieving a 90 % yield 
[187]. Overall, these biochemical, biorefining, and bioprocessing tech
niques highlight the significant potential of agricultural waste valori
zation, contributing to sustainable development and environmental 
conservation.

3.3. Electrochemical processes

Electrochemical processes involve the interconversion of chemical 
and electrical energy through electrochemical reactions. One prominent 
technology in this category is Microbial Fuel Cells (MFCs), which utilize 
microorganisms to catalyze the oxidation of organic matter consisting of 
agricultural waste to produce electricity [188]. Fig. 5 (a) and 5 (b)
represent agricultural residues in MFC for electricity production and its 
benefits. The lignocellulosic residues from various agricultural wastes, 
including rice, wheat, corn, and sugarcane, undergo pre-treatments to 
ensure proper degradation through electrochemically active microor
ganisms [189]. Various pre-treatment processes can enhance bioavail
ability, microbial activity, and electricity generation, and reduce 
inhibitory compounds.

A novel three-chamber MFC was introduced for simultaneous 
lignocellulosic biomass degradation and bioelectricity generation. In 
this system, Oscillatoria annae, a freshwater cyanobacterium, hydrolyzed 
cellulose to glucose, and coculture of Acetobacter aceti and Gluconobacter 
roseus oxidized the glucose to produce electricity, with carbon felt 
serving as the anode and cathode material [190]. Using sugarcane 
bagasse and corn cob as substrates, the MFC’s performance was evalu
ated through polarization studies, coulombic efficiency, chemical oxy
gen demand removal, and intrinsic resistance. The maximum power 
outputs were 8.78 W m− 3 at 20.95 A m− 3 for sugarcane bagasse and 
6.73 W m− 3 at 17.28 A m− 3 for corn cob [190].

Another study by Kondaveeti et al. (2019) showed effective 

bioelectricity generation and organic waste treatment using citrus waste 
in a single-chamber mediator-less air cathode MFC [191]. Tested at four 
organic loading conditions (OLs: 3–12 kg m− 3), the MFC showed sig
nificant electricity production and organic lessening [191]. The highest 
power generation (71.1 mW m− 2) occurred at the lowest OL (3 kg m− 3). 
Higher OLs led to a decrease in pH and increased volatile fatty acids.

In a 30-day study, a dual-chamber MFC employed Phlebia floridensis 
and Phlebia brevispora fungi to degrade wheat straw while Pichia fer
mentans served as the exoelectrogenic yeast [192]. Both fungi efficiently 
produced lignocellulolytic enzymes, boosting reducing sugars and phe
nolics in the catholyte. P. floridensis achieved peak laccase production 
(9.03 CU mL− 1) on day 9, hitting an open circuit voltage of 0.504 V and a 
peak power density of 33.19 mW m− 2, while P. brevispora reached a 
maximum laccase production of 4.77 CU mL− 1 on day 17, with a voltage 
of 0.496 V and a peak power density of 12.90 mW m− 2 [192]. This 
degradation process enhanced catholyte efficiency, showcasing the 
feasibility of agricultural residue in sustainable bioelectricity production 
[192].

Additionally, alkaline pre-treatment of agricultural residues such as 
rice straw has been shown to be effective. For example, using 1.5 % 
NaOH for alkaline pre-treatment of rice straw resulted in the highest 
holocellulose generation at 80.1 % compared to 71.9 %, 73.8 %, and 
78.5 % for NaOH concentrations of 0.5 %, 1.0 %, and 2 % respectively 
[193]. This process highlights the importance of optimizing 
pre-treatment conditions to improve the efficiency of electrochemical 
processes for agricultural waste valorization.

3.4. Valorization into building materials

Valorizing agricultural waste to recover building materials provides 
a sustainable way to waste management, offering economic and envi
ronmental benefits. Various agricultural residues and processing wastes 
such as fibres, ashes, and biochar can be utilized in building materials 
applications, as shown in Fig. 6. The excellent physical and mechanical 
properties of natural fibres attracted to utilize these in preparing com
posite materials that are suitable for use in particleboard, roofing 

Fig. 5. (a) Steps in utilizing agricultural residue in MFCs for energy production; (b) Agricultural residue usage in MFC and its benefits (Reproduced from Ref. [189]).
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material, and other indoor building components. Groundnut shell par
ticles incorporated in polymeric composites have shown promising re
sults concerning reasonable strength, and low moisture content and 
water absorption [194]. In addition, the agricultural ash particles have 
shown exceptional pozzolanic properties and enhance the strength of 
cementitious materials [195]. The application of agricultural waste 
ashes from bagasse, husk, shell, straw, leaf, etc, has shown a significant 
influence on fresh and hardened state properties of concrete [196].

Agro-Based Panels: Agro-based panels, such as particleboards and 
fiber boards, are commonly produced from agricultural residues like rice 
husk, wheat straw, and bagasse. These materials are bonded using resins 
to form durable and eco-friendly panels. Research has shown that 
agricultural residues can be used to produce high-quality particleboards 
with excellent mechanical properties. These boards are suitable for ap
plications in furniture and interior construction. Previous studies have 
indicated that rice husk, coconut husk, and wheat straw-based parti
cleboards or panel boards exhibit comparable strength and durability to 
traditional wood-based panels [197,198]. The use of synthetic resins in 
the bonding process enhances the water resistance and overall perfor
mance of these panels, making them a viable alternative in the building 
industry. Therefore, utilizing agro-based panels could also help in pre
venting deforestation.

Bricks and Blocks: The incorporation of agricultural wastes into 
bricks and blocks is another effective valorization strategy. Rice husk 
and bagasse ash, rice straw, and wheat bran have been utilized as partial 
replacements for clay, cement, or other substances in bricks and blocks 
production [195,199–203]. These materials not only improve the sus
tainability of the bricks but also enhance their strength, thermal insu
lation, and hydrophobic characteristics [201,203]. Research conducted 
in India demonstrated that bricks made with partial replacement of rice 
husk ash (RHA) exhibit improved compressive strength, reduced 
permeability, and lighter weight, making them suitable for 
non-load-bearing walls and partitions [195,204]. Furthermore, the in
clusion of RHA in concrete wall panels has been found to enhance their 
durability, acid resistance, and reduced thermal conductivity [205]. 
Singh et al. (2022) reveals that incorporating rice straw into gypsum 
decreases density and compressive strength, enhances thermal insu
lation and acoustic properties, and provides commendable fire-resistant 
characteristics that are suitable for non-load bearing wall applications 
[202].

Cement and Concrete: The application of agricultural ash as a 

fractional substitute of fine aggregates and cement in concrete showed 
promising potential for enhancing the concrete fresh and hard state 
properties. Agricultural ash products can also be utilized as supple
mentary cementitious materials (SCMs) in concrete production. The 
RHA, having more silica, is particularly effective as an SCM, enhancing 
concrete strength and longevity [206,207]. Researchers have reported 
that the incorporation of RHA in concrete mixtures can minimize the 
total carbon footprint of the construction process [178]. In addition to 
RHA, other agricultural residues like sugarcane bagasse ash and 
groundnut shell ash have been explored as SCMs [199]. Incorporation of 
all these materials improves concrete performance and characteristics, 
contributing to more sustainable construction practices [208]. More
over, replacing natural sand with wheat straw ash (WSA) in concrete 
improves mechanical properties up to a certain limit [209]. For 
example, concrete with up to 25 % WSA replacement shows significant 
increases in compressive strength (nearly 20 % higher than the target 
strength), tensile strength (nearly 60 %), and flexure strength (nearly 23 
%). Whereas, beyond 25 % replacement by wheat straw ash, the con
crete strength gain decreases [209]. The inclusion of WSA in concrete 
also reduces water absorption by almost 40 % at 25 % substitution, 
enhancing the material’s durability by lowering water permeability 
[209]. These improvements are due to better void filling and reduced 
cracking in the cement matrix.

Insulating Materials: Agricultural waste can also be processed into 
thermal and acoustic insulating materials for buildings. Straw bales and 
rice husks have been used as natural insulation materials due to their 
low thermal conductivity and high availability. These materials not only 
provide effective thermal insulation but also contribute to the reduction 
of energy consumption in buildings [205]. Research on the thermal 
performance of straw bale insulation in Indian climates has shown 
promising results, with significant reductions in heating and cooling 
loads. Additionally, rice husk-based insulation materials have been 
developed, offering similar benefits while utilizing an abundant agri
cultural by-product [210]. Acoustic boards made up of agricultural 
wastes such as rice straw and water hyacinth have shown better 
sound-absorbing properties along with fire resistance, low moisture, and 
fungal attack [211].

Roofing Materials: The construction of roofing components from 
agricultural waste is another area of interest. Coconut husk fibres, for 
instance, have been used to reinforce roofing sheets, enhancing their 
durability and resistance to environmental factors. These eco-friendly 

Fig. 6. Application of agricultural wastes in building materials.
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roofing materials are suitable for rural and low-cost housing 
applications.

The recovery of building materials from agricultural wastes offers a 
sustainable solution to waste management challenges. By incorporating 
residues like RHA, sugarcane bagasse, and wheat straw into construction 
products, it is possible to produce eco-friendly, cost-effective, and high- 
performance building materials. These innovations not only minimize 
the environmental damage of the construction sector, helping to 
decarbonize the built environment sector but also provide an effective 
means of managing agricultural waste in India.

In summary, agricultural waste valorization in India offers diverse 
pathways such as composting, bioenergy, animal feed, and bioplastics 
etc., each with its own set of benefits and limitations as given in Table 2. 
However, widespread adoption faces challenges related to technology 
access, economic viability, and awareness, particularly in rural areas 
(Table 3). Addressing these barriers through policy support, capacity 

building, and showcasing successful case studies can help scale up sus
tainable waste management practices effectively. Multiple case studies 
or the existing condition of agricultural waste valorization methods are 
discussed in the following section.

4. Agricultural waste management and wealth creation 
practices in India

Agricultural waste management in India increasingly incorporates 
mechanical methods to handle the substantial waste produced by 
farming activities. Tools like shredders, balers, and compost turners are 
pivotal in this approach. Shredders break down crop residues into 
smaller pieces, making them easier to manage, while balers compress 
them into bales for efficient transport and storage. Compost turners 
facilitate the aerobic decomposition of organic waste, transforming it 
into valuable compost. These mechanical methods improve agricultural 
practices efficiency and provide environmental and economic benefits to 
farmers [5,212].

Innovative mechanical tools such as the Happy Seeder and the 
tractor-operated paddy straw chopper-cum-spreader play significant 
roles in sustainable waste management. The Happy Seeder, developed 
by the Punjab Agricultural University in collaboration with the Austra
lian Center for International Agricultural Research, allows for direct 
seeding of wheat into rice stubble, thereby minimizing the need for 
burning and reducing tillage requirements [212]. This device improves 
soil productivity and reduces environmental pollution by preserving 
organic matter and suppressing weeds [212]. Similarly, the paddy straw 
chopper-cum-spreader, developed through a collaboration between the 
Punjab Agricultural University and the Ludhiana Center of the All India 
Coordinated Research Project, chops and spreads the straw as mulch, 
enhancing soil health and reducing the labour involved in straw man
agement [5]. Mechanical baling machines are also employed to collect 
and store crop residues for various applications, such as biochar pro
duction. This process offers a sustainable solution by converting waste 
into valuable soil enhancers and reducing GHG emissions [213]. Bagasse 
ash utilization in polymers as a filler component enhances the me
chanical properties, showing its potential for various applications, 
including glass-fiber composites, particle boards, lightweight structures, 
and ceilings [70].

In sustainable economic aspects, the diverse composition of agri
cultural waste presents numerous opportunities for waste-to-wealth 
creation. For example, paddy straw with high silica content, is less 
suitable for fodder but ideal for energy generation through combustion. 
Wheat straw, with a higher lignin content, is more suitable for biofuel 
production whereas, sugarcane bagasse, with high cellulose and hemi
cellulose content, is an excellent raw material for paper and bioethanol 

Table 2 
Advantages and limitations of different valorization techniques [32–45].

Category Advantages Limitations

Composting - Easy to implement by 
farmers

- Low operational cost
- Reduces waste and 

enhances soil fertility
- Reduces need for 

chemical fertilizers

- Slow process (weeks to 
months)

- Requires more space
- Odor & pest issues if not 

managed
- Limited economic return

Animal Feed - Direct use of crop residues 
(e.g., straw, husks)

- Low processing cost
- Reduces feed costs for 

livestock

- Storage & spoilage risks
- Needs proper safety 

control
- Not all waste types are 

suitable
- Lack of knowledge on 

nutritional content
Bioenergy (Biogas/ 

Biofuels)
- Renewable energy source
- Can use diverse 

feedstocks (manure, crop 
waste)

- Generates electricity and 
heat

- Digestate can be reused as 
fertilizer

- High initial investment 
(digesters, gas storage)

- Requires consistent 
feedstock supply

- Technical expertise 
needed for maintenance

- Infrastructure for energy 
distribution lacking in 
rural areas

Bioethanol - High-value fuel additive
- Can use lignocellulosic 

waste (e.g., sugarcane 
bagasse, corn stover)

- High potential for 
scalability

- Market for transportation 
fuel

- Complex technology and 
pre-treatment required

- Enzymatic hydrolysis is 
expensive

- Competition with food- 
based ethanol

- Expensive for small-scale 
farmers

Bioplastics - Reduces dependency on 
petroleum-based plastic 
use

- High market demand for 
eco-friendly plastics

- High production costs
- Requires advanced 

processing technology
- Limited availability of 

commercial-scale produc
tion in rural areas

High-Value 
Chemicals (e.g., 
phenols, 
enzymes)

- High profitability
- Diverse applications 

(pharma, cosmetics)
- Uses waste efficiently

- Requires specialized 
extraction tech

- Market demand 
fluctuations

- High R&D costs
- Needs skilled labor and 

knowledge
- Not economically feasible 

for small-scale operations
Building Materials 

(e.g., fiberboard, 
bio-bricks)

- Sustainable alternative to 
conventional materials

- Good insulation 
properties

- Useful for rural 
construction

- Low energy input 
compared to cement

- Limited durability in some 
cases

- Product standardization 
and quality control needed

- Limited awareness and 
technical knowledge

- Needs pressing, drying, 
and shaping equipment

Table 3 
Challenges faced by farmers or industries for implementing valorization tech
niques [32–45].

Challenge Type Description

Technological 
Feasibility

Advanced waste conversion methods (e.g., bioethanol, 
bioplastics) require sophisticated equipment, which may 
be expensive or unavailable for small-scale farmers and 
rural industries.

Economic Viability High initial investment costs and uncertain profit margins 
make it difficult for farmers to adopt valorization 
techniques without financial support or guaranteed 
market demand.

Infrastructure 
Barriers

Inadequate rural infrastructure such as poor 
transportation, unreliable electricity, and lack of 
processing facilities limits large-scale waste utilization.

Knowledge & 
Training Gaps

Many farmers and local entrepreneurs lack technical 
expertise in waste processing, safety protocols, and 
commercialization strategies.

Policy & Regulatory 
Issues

Unclear waste management regulations, inconsistent 
government incentives, and bureaucratic hurdles slow 
down adoption and scalability.
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production. In contrast, cotton stalks, which primarily consisting of high 
cellulose and lignin content, can be utilized to generate bio-composites 
and bioenergy. It is evident that if the surplus crop residue and animal 
manure in India are fully utilized solely to biogas generation, they hold 
the theoretical potential to generate approximately 39.07 and 29.141 
billion m3 of biogas annually respectively, thereby significantly 
contributing to the country’s energy needs [214]. Similarly, if the sur
plus crop residues were fully directed towards gasification, it is esti
mated to yield approximately 327.16 MT of syngas annually [215]. 
Moreover, combined livestock waste and surplus crop residues could, in 
theory, meet 100 % of the cooking energy requirements in more than 50 
% of India’s districts [199]. Furthermore, residues such as cotton waste 
(19,652 kJ kg− 1), garden waste (20,900 kJ kg− 1), and soybean waste 
(18,770.52 kJ kg− 1) are considered ideal feedstocks for briquetting and 
can be used directly as domestic fuel, offering a sustainable alternative 
to traditional biomass use in cook stoves [216]. It is imperative to 
mention that these estimates reflect maximum theoretical potentials, 
assuming feedstocks are exclusively used for a single energy pathway. In 
practice, agricultural residues serve multiple purposes including 
mulching, composting, or animal feed, which significantly reduces the 
substantial fraction available for bioenergy or biomaterials applications. 
Determining the actual useable surplus after agricultural and ecological 
needs requires integrated regional assessments, an area currently un
explored and posing a critical gap in current estimates.

In India, several methods of recovering value-added products from 
agricultural waste are already in practice or have been commercialized 
as provided in Table 4 [217]. One prominent example is bioethanol 
generation from sugarcane bagasse and other lignocellulosic biomass. 
Theoretically, 1 ton of lignocellulosic biomass can produce 387 L of 
bioethanol [218]. However, practical yields are lower due to sugar 
degradation during pre-treatment, incomplete sugar conversion during 
enzymatic hydrolysis, and reduced fermentation efficiency caused by 
inhibitors. The National Renewable Energy Laboratory’s (NREL) 
pilot-scale tests achieved 295 L per dry ton of corn stover, about 100 L 
less than the theoretical yield [218]. Based on available agricultural 
residues (48.4 MMT) in India, approximately 14.28 billion litres of 
bioethanol can be produced [218]. Companies like Praj Industries have 
developed advanced biorefineries that convert agricultural residues into 
bioethanol, which is then blended with petrol to reduce GHG emissions. 

The empirical model developed by the NREL biochemical conversion 
process was exploited to assess the bioethanol potential and was found 
to be 295 L per ton (dry basis) of lignocellulosic biomass [218]. Addi
tionally, the experimental and simulation data indicate that the 
techno-economic viability for plants generating 5–10 tons per day (TPD) 
of Bio-compressed natural gas (CNG), with production costs declining 
significantly at larger scales [219].

Moreover, the potential for biogas production from agricultural 
residues is significant, with India having installed numerous biogas and 
bio-CNG plants. The economic analysis shows a high profitability like
lihood for biogas plants [220], and properly utilized crop residue 
biomass could generate substantial electricity annually, minimizing 
GHG emissions than conventional fuels. The biogas possibility from crop 
residue is maximum in Uttar Pradesh, estimated at 9.31 billion m3 per 
year [220]. Currently, India has installed more than 5 million biogas 
plants in all zones collectively generating 0.702 million m3 of biogas per 
day [221]. Additionally, India has 22 bio-CNG plants producing 84,759 
kg day− 1 of compressed biogas and 201 waste plants generating 
330.935 MW of electricity [221]. Excess biomass can fully satisfy energy 
requirements in 39 % of districts if used locally [222]. Integrating ani
mal waste with this excess can generate 3011 TJ day− 1, meeting over 
100 % of energy needs in 55.6 % of rural areas [222].

The vermicomposting of agricultural waste, where earthworms are 
used to convert organic waste into high-quality compost, is widely 
practised in many parts of India. This method not only helps in man
aging waste but also creates nutrient-rich compost that improves soil 
quality. Initiatives like biogas production from cattle dung and other 
organic waste through anaerobic digestion are common in rural areas, 
supported by government schemes and subsidies such as SATAT 
launched in 2018, National Bioenergy Programme, and Waste to Energy 
scheme. These practices highlight the potential for agricultural waste to 
contribute to the rural economy and sustainable development.

The annual economic value of agricultural residues is estimated to 
exceed $32 billion [223]. The establishment of biomass-based in
dustries, such as briquette and pellet manufacturing, biogas plants, and 
bioethanol production units, has driven local entrepreneurship by of
fering clear economic incentives. For instance, in Punjab and Haryana, 
farmers sell residues to bioenergy plants, earning additional income. 
Similarly, in states like Maharashtra and Karnataka, sugarcane bagasse 
is extensively used in cogeneration plants, supplying renewable power 
to the grid while creating skilled and unskilled jobs in supply chain 
management [224]. Rural development is further supported through the 
integration of small-scale agro-waste processing units, which empower 
women’s self-help groups (SHGs) and cooperatives. For example, in 
Tamil Nadu and Odisha, paddy straw-based mushroom cultivation and 
coir product manufacturing have enhanced livelihood opportunities for 
rural women. A systematic assessment of agricultural waste valorization 
pathways reveals varying economic potentials based on regional avail
ability, technological feasibility, and market demand. However, the 
suitability of a particular valorization method must be considered based 
on region or state. For example, a study observed that the crop residue 
availability, and consequently the bioenergy potential, in all eight 
North-eastern states is significantly lower compared to other regions of 
India [225]. Similarly, future market demand for end products must be 
considered while selecting appropriate technology to maximize eco
nomic benefits. For instance, the production of biofuels and high-value 
chemicals from sugarcane bagasse is preferred over the cogeneration of 
steam and power due to declining cost of electricity [226].

Overall, agricultural waste by-products are gaining increasing 
importance as valuable raw materials across multiple industries, 
fostering both economic growth and sustainability. The energy sector is 
a major beneficiary, utilizing crop residues such as rice straw, sugarcane 
bagasse, and cotton stalks for biomass power generation and CBG pro
duction, supported by government initiatives like the SATAT scheme. 
Additionally, the paper and pulp industry, construction industry, textile, 
and packaging industries rely on different kinds of agricultural waste by- 

Table 4 
Current practices on conversion of agricultural waste to value-added products in 
India [227,228].

Process/ 
Technology

Key points

Biomass power Converts agricultural residues into electricity; More than 800 
plants with aggregate capacity of 10,209 MW in the states of 
Maharashtra, Uttar Pradesh, Karnataka, Tamil Nadu, Andhra 
Pradesh, Chhattisgarh, West Bengal, and Punjab.

Biogas Production Converts agricultural waste into biogas and organic fertilizer; 
Actively implemented across all the states of India; 
Cumulative capacity of 7,71,008 m3/day.

Bio-CNG/CBG Converts agricultural waste into CNG for use as vehicle fuel; 
Small scale systems installed in Haryana, Gujarat, Uttar 
Pradesh, Madhya Pradesh, Maharashtra, Tamil Nadu, Punjab, 
Telangana and West Bengal; Cumulative capacity of 2,64,467 
kg day− 1.

Mushroom 
Cultivation

Utilizes agricultural waste like paddy straw and wheat straw 
as substrate for growing mushrooms; Widely practised in 
Himachal Pradesh, Odisha, Haryana.

Briquetting Compresses agricultural waste into briquettes used as a 
substitute for coal in industrial processes; Operational in 
various regions.

Bioethanol 
Production

Uses crop residues like rice straw and sugarcane bagasse to 
produce bioethanol for fuel; Pilot projects and scale up mainly 
in Uttar Pradesh, Maharashtra, and Karnataka.

Biochar 
Production

Pyrolysis of crop residues to produce biochar, enhancing soil 
fertility and soil carbon sequestration; Limited commercial 
scale in Madhya Pradesh, Karnataka, Maharashtra.
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products for different purposes. Established markets for these by- 
products exist in states with high agricultural output, such as Punjab 
(rice straw), Maharashtra (bagasse), and Kerala (coconut husk), driven 
by both domestic demand and export potential. However, challenges 
like fragmented supply chains, inconsistent pricing mechanisms, low 

farmer awareness, and inadequate storage for residues need to 
addressed through decentralized collection hubs and farmer education 
programs to unlock the sector’s economic value. Furthermore, to 
enhance the circular economy and market growth in agricultural waste 
management, there is an imminent need for increased environmental 

Table 5 
LCA studies on agricultural waste valorization in India.

Feedstock Product Functional unit (FU) System 
boundary

Impact 
assessment 
method

Outputs References

Sugarcane molasses Ethanol 1 kg of hydrous 
ethanol

Cradle-to-gate Impact 2002+ Requires more non-renewable energy due to 
irrigation needs and has greater water-related 
impacts from groundwater use. GHG emissions 
0.09–0.64 kg CO2-eq per FU.

[243]

Sugarcane molasses Ethanol 1 ton of ethanol Cradle-to-gate ReCiPe 
Midpoint and 
Endpoint

For each ton of ethanol produced, the GWP is 
585.95 kg CO2-eq. 
Molasses (73.01 %) and electricity (23.02 %) are 
the main contributors to all impact categories.

[235]

Rice straw Bioethanol 1L of ethanol Cradle-to-gate IMPACT World 
+

The main environmental impacts are from 
enzymatic hydrolysis and electricity consumption 
during ethanol production. Fossil fuel consumption 
of 13.62 MJ per FU. GWP is 0.966 CO2-eq per FU.

[232]

Molasses Bioethanol 1 ton of ethanol Cradle-to-gate IMPACT 2002+ GHG emissions ranged 820–1230 kg CO2-eq per FU 
across different scenarios. Non-renewable energy 
demand is 12910–17760 MJ primary for different 
scenarios.

[242]

Rice straw Bioethanol 1 MJ of 
transportation fuel

Cradle-to-grave ​ GHG emissions reduction 11,498–14,498 kt CO2-eq 
depending upon electricity grid. Surplus rice straw 
and availability and pre-treatment method are key 
factors.

[236]

Rice husk, sugarcane 
bagasse (SB), and 
corn cob (CC)

Biochar 1-ton biochar 
production

Cradle-to-gate ReCiPe CC cultivation has the highest impact across most 
categories. 
SB has the lowest impact during biomass 
cultivation. 
Diesel, electricity, and fertilizers significantly 
increase GWP. GWP of 5.82E3, 1.37E4, 8.84E3 kg 
CO2-eq for biochar from rice husk, SB, and CC 
respectively. Also, energy demand ranged 
20.2–47.3 and mineral resource scarcity 2.12–7.82 
kg Cu eq.

[241]

Rice straw, palm 
shell, corn stover, 
and mixed crop 
residue

Biochar 1 ton of biochar Cradle-to-gate IMPACT 2002+ Corn stover has high impacts on carcinogens, non- 
carcinogens, radiation, and toxicity but the lowest 
GWP, while rice straw has the least impact on 
human health and resources. Crop residue has GWP 
of 282 kg CO2-eq/FU, 778.325 MJ primary non- 
renewable energy, and resource depletion potential 
of 4.34E3 MJ/FU.

[244]

Paddy straw Xylanase 1 kg of dry xylanase Cradle-to- gate ReCiPe 2016 Adverse impacts are from electricity and 
ammonium sulfate consumption. Per FU, GWP of 
3018.359 kg CO2-eq, mineral resource scarcity of 
3.849 kg Cu-eq, and fossil resource scarcity of 840 
kg oil-eq.

[239]

Rice straw Fertilizer, animal 
fodder, electricity, 
biogas

Processing of 1 ton 
dry rice straw

Straw 
collection to 
product end use

CML2 Straw utilization for electricity and biogas 
production results in the highest environmental 
benefits in GWP and acidification potential. GWP of 
214 and 36 kg CO2-eq/FU for electricity and biogas 
production respectively.

[238]

Rice and wheat straw Bio-oil, biochar 1-ton size-reduced 
dry straw to be 
pyrolyzed

Cradle-to-gate IPCC 2021 The net GWP from decentralized pyrolysis of rice 
straw was − 124 kg CO2-eq per ton straw compared 
to − 75 kg CO2-eq per ton straw for centralized 
biorefinery.

[237]

Sugarcane molasses Fuel grade ethanol 1 ton of ethanol Cradle-to- 
grave

– Sugarcane farming is the highest contributing 
process of GHG emissions. 
LCA of fuel ethanol is influenced by regional 
differences. Energy consumption of 10156 and 
8405 MJ/FU for North and West regions of India 
from farming to ethanol transport.

[229]

Agro-residue Bioethanol 1 L of bioethanol 
produced

Cradle-to-gate IMPACT 2002+ Rice straw-based bioethanol has higher 
environmental impacts, especially in ecotoxicity, 
ionizing radiation, human toxicity, and ozone 
depletion. However, corn stover has the lowest 
GHG emissions (0.37 kg CO2-eq/FU), while cassava 
straw has the highest (1.1 kg CO2-eq/FU). 
Cumulative energy demand of 18.6 MJ/FU.

[245]

Cotton waste and 
RHA

Brick manufacturing One low-cost housing 
unit

Cradle-to-gate CML2001, 
ReCiPe

More sustainable than normal clay bricks. GWP of 
1750 kg CO2-eq and energy requirement of 400 MJ.

[246]

A.S. Reddy et al.                                                                                                                                                                                                                                Biomass and Bioenergy 202 (2025) 108261 

13 



awareness, technological advancements, accessible and cost-effective 
waste processing, capacity building (including infrastructure develop
ment), strong policies and regulations, robust monitoring, skill devel
opment, and cross-sector collaboration.

5. Sustainability of agricultural waste valorization in India: 
insights from Life Cycle Assessment studies

Agricultural residues in India hold significant potential for valori
zation into value-added products through various conversion processes. 
However, ensuring the sustainability of these processes is critical to 
minimizing environmental impacts and maximizing economic and so
cial benefits. LCA has emerged as a robust tool to evaluate the envi
ronmental and energy-related implications of agricultural waste 
valorization. This section synthesizes findings from multiple LCA studies 
conducted in the Indian context given in Table 5, highlighting key in
sights, challenges, and opportunities for sustainable agricultural waste 
management.

5.1. Bioethanol production

Bioethanol production from agricultural residues, such as rice straw, 
sugarcane molasses, and corn stover, has been largely explored for its 
potential to reduce fossil fuel dependency and GHG emissions. A study 
by Shveta Soam et al., 2015 shown that blending 5 % ethanol (produced 
from molasses) with gasoline using the mass allocation approach yields 
nearly 76 % GHG emissions reduction in northern and western India 
[229]. Another study compared two pre-treatment methods viz. steam 
explosion and dilute acid for ethanol production from rice straw. The 
study reported that steam explosion yielded 253 L per ton of ethanol 
with associated emissions of 288 kg CO2-eq , while dilute acid yielded 
239 L per ton with slightly higher emissions of 292 kg CO2-eq [230]. 
Both methods significantly reduced GHG emissions compared to gaso
line, with steam explosion achieving an 89 % reduction [230]. Further 
research demonstrated that modified pre-treatment methods, such as 
water and alkali extraction, could enhance ethanol production to 267 L 
per ton while reducing enzyme usage by 23–39 % [231]. Water 
extraction emerged as the most environmentally and economically 
favourable approach, lowering production costs from 0.87 to 0.70 USD 
L-1 [231].

The choice of feedstock significantly influences the sustainability of 
bioethanol production. A study conducted a cradle-to-gate LCA of bio
ethanol production from various agro-residues, revealing that rice 
straw-based bioethanol had higher environmental impacts, particularly 
in ecotoxicity, ionizing radiation, and human toxicity, compared to corn 
stover, which exhibited the lowest GHG emissions (0.37 kg CO2-eq per 
FU) and the highest net energy ratio (NER) of 3.28 [232]. Similarly, 
another study identified sorghum stalk as a promising feedstock due to 
its high energy return, low GHG emissions, and minimal water and land 
use. However, its use as animal feed limits its viability as a primary 
feedstock for ethanol production in India [233].

Regional variations in feedstock availability and processing methods 
also play a critical role. Researchers have assessed ethanol production 
from sugarcane in South India, finding that mulching instead of burning 
cane residues reduced overall emissions and enhanced soil health [234]. 
For each ton of sugarcane, CO2 emissions were 43.86 kg during culti
vation, 45.98 kg from transport, 69.05 kg from residue burning, and 
6.37 kg during ethanol manufacturing [234]. These findings provide 
essential insights for industries and policymakers to promote sustainable 
ethanol production [234]. Similarly, in another study an LCA of ethanol 
production from sugarcane in northern India, revealing a global 
warming potential (GWP) of 585.95 kg CO2-eq per ton of ethanol, with 
molasses and coal-based electricity accounting for 73.01 % and 23.02 % 
of the total impact, respectively [235]. Both feedstock availability and 
the selected pre-treatment method significantly impact energy produc
tion and emissions reduction [236].

5.2. Biorefineries and integrated valorization pathways

The concept of biorefineries, which integrate multiple valorization 
pathways, has gained traction as a sustainable approach to agricultural 
waste management. In a study, authors evaluated a localized biorefinery 
in Punjab, India, that employed a two-stage pyrolysis process to convert 
rice and wheat residues into biochar and bio-oil [237]. The study found 
that pyrolysis of untreated rice straw resulted in the lowest global 
warming impact (121 kg CO2-eq per ton), while washing increased 
emissions due to additional energy requirements [237]. On-site biomass 
processing was deemed more sustainable than centralized methods, with 
biochar production costs ranging from 172 to 623 USD per ton, indi
cating the environmental and economic feasibility of localized bio
refineries with appropriate pre-treatment and product applications 
[237].

Producing electricity and biogas from 1 ton of straw reduces 1471 kg 
and 1023 kg CO2-eq emissions, respectively, with electricity offering the 
most environmental benefits by replacing coal-based power [238]. 
Utilizing straw for bioenergy is a viable alternative to open burning, 
which poses significant environmental harm. Another innovative 
approach involves the zero-waste utilization of paddy straw for enzyme 
production. Garima Singh et al., 2022 proposed using Trichoderma spp. 
and nitrogen-rich neem cake for solid-state fermentation to produce 
cellulase-free xylanase [239]. The LCA highlighted electricity (92.84 %) 
and ammonium sulfate (6.17 %) as major contributors to environmental 
impacts, which could be mitigated by adopting renewable energy and 
minimizing salt usage [239]. The residual spent from this process con
tained bioactive compounds and minerals, making it suitable for use as a 
biopesticide and biofertilizer, thereby enhancing the sustainability of 
the valorization process [239].

5.3. Environmental and economic trade-offs

While bioethanol production offers significant GHG emissions 
reduction benefits, it is not without trade-offs. Researchers have noted 
that bioethanol production increases acidification and eutrophication 
due to fertilizer use during crop cultivation [240]. However, utilizing 
lignin residues for co-generation can mitigate these impacts by lowering 
GHG emissions and improving the NER. Advanced technologies in 
pre-treatment, genetically modified microorganisms for fermentation, 
and integrated co-fermentation, hold promise for enhancing the sus
tainability of second-generation (2G) bioethanol [240]. Future LCAs 
should consider emissions from these technologies and include vehicle 
performance analysis, particularly for E20 fuel blends.

Similarly, researchers evaluated the environmental impact of bio
char production from rice husk, sugarcane bagasse, and corn cob. The 
study found that corn cob had the highest environmental impact, while 
rice husk consumed the most water [241]. Sugarcane bagasse exhibited 
the least impact during cultivation, but the pyrolysis process required 
significant energy [241]. Adding biochar to soil reduced GWP, with 
sensitivity analysis showing a 10 %–24 % decrease in GWP and a 4–11 
MWh reduction in energy use [241].

5.4. Policy and infrastructure considerations

The sustainability of agricultural waste valorization is also influ
enced by policy and infrastructure development. Sujata et al., 2021 
analysed the infrastructure requirements for processing excess molasses 
in India’s leading sugarcane-producing states using geospatial tech
niques [242]. The study identified a substantial shortfall in distillation 
capacity and proposed optimal locations for new facilities to mitigate 
the environmental impact of ethanol production. LCA of three process
ing pathways revealed GHG emissions ranging from 820 to 1230 kg 
CO2-eq per ton of bioethanol, providing valuable data for future bio
ethanol policy development [242]. Policymakers, researchers, and in
dustry stakeholders must collaborate to develop integrated, 
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region-specific strategies that leverage the full potential of agricultural 
residues while minimizing environmental impacts. Future research 
should focus on advancing technologies, improving infrastructure, and 
conducting comprehensive LCAs that account for emerging innovations 
and their broader implications.

6. Challenges and barriers to effective agricultural waste 
management in India

Technical challenges: One of the significant obstacles in agricul
tural waste management in India is the absence of advanced technical 
infrastructure for efficient waste collection, processing, and conversion. 
The lack of appropriate waste segregation and inefficient waste collec
tion systems contribute to the poor handling and disposal of agricultural 
waste [247]. In addition, the existing technologies for agricultural waste 
valorization, such as biogas plants and composting units, often suffer 
from inefficiencies and scalability issues [248]. Furthermore, the high 
moisture content and heterogeneous nature of agricultural waste pose 
technical challenges in its processing and conversion into value-added 
products. Despite the high biomass power potential, several challenges 
hinder its exploitation, including the logistics of biomass collection and 
high moisture content. Addressing these challenges requires the selec
tion of appropriate technologies, finding synergies between thermo
chemical, biological, biochemical processes and the implementation of 
supportive policies for biomass energy use [15]. Moreover, feedstock 
availability for various valorization processes varies due to fluctuations 
in the cropping patterns [249].

Economic challenges: Financial constraints further exacerbate 
these technical challenges. The initial capital expenditure needed to 
establish advanced waste management facilities, such as biorefineries 
and thermochemical conversion plants, is substantial. Small and tiny 
farmers, who account for most of the agricultural sector in India, often 
lack the financial resources to invest in such technologies [250]. Addi
tionally, the collection of residues and their transportation to treatment 
facilities and storage sites are often associated with significant economic 
burdens. Since, the economic viability of these technologies is depen
dent on inconsistent government subsidies and support fuelling further 
uncertainties and impacting the deployment.

Social challenges: Social and cultural factors are also critical 
players in the acceptance and success of agricultural waste management 
practices in India. Traditional ways, like field crop residue burning, are 
deeply ingrained in the agricultural community due to their perceived 
simplicity and cost-effectiveness [250]. Changing these entrenched 
practices requires significant efforts in awareness-building and educa
tion about the environmental and health effects of these methods [247]. 
Creating awareness among farming groups regarding conservation 
agriculture is crucial for promoting sustainable residue management 
[50].

Furthermore, the acceptance of new technologies and practices is 
often hindered by a lack of trust and awareness among farmers. Hence, 
there is a need for extensive outreach and demonstration projects to 
showcase the benefits of advanced waste management techniques. 
Cultural resistance to adopting new practices, especially in rural areas 
where traditional methods have been followed for generations, poses a 
significant barrier to the widespread application of sustainable agri
cultural waste management.

Political challenges: Political challenges are also prevalent in the 
realm of agricultural waste management in India. There is often poor 
collaboration among various governmental bodies responsible for agri
culture, environment, and energy, leading to fragmented and inefficient 
policy implementation [251]. Additionally, existing regulations and 
policies may not adequately address the complexities and regional 
variations in agricultural waste generation and management. For 
instance, government incentives, including schemes, grants, and sub
sidies at both state and central levels, have been instrumental in 
encouraging the adoption of gasification units. Successful 

implementation of these schemes is crucial for achieving long-term 
objectives for biomass-based installed capacity in India [15].

The enforcement of regulations related to waste management is often 
weak, leading to non-compliance and continued reliance on unsustain
able practices like open burning. Furthermore, the lack of a compre
hensive national policy on agricultural waste handling results in ad-hoc 
and uncoordinated efforts at the state and local levels. Strengthening 
institutional frameworks and governance mechanisms is essential for 
effective agricultural waste management in India. Table 6 outlies the 
perspectives of various stakeholders on agricultural waste management.

7. Conclusions and recommendations

Agricultural waste management in India presents both significant 
challenges and opportunities. Traditional practices, particularly crop 
residue burning, although ingrained, are often unsustainable and envi
ronmentally damaging. The implementation of advanced waste valori
zation methods, like thermochemical and biochemical processes, can 
transform agricultural waste into valuable products, contributing to the 
circular economy and sustainable development. Various agricultural 
wastes are generated in large amounts with different compositions, 
which plays an important role in selecting suitable volarization 
methods.

The findings of this review provide valuable insights for policy
makers to design region-specific, technology-driven agricultural waste 
management strategies that align with both environmental and eco
nomic goals. Industries can leverage the discussed innovations to 
develop scalable valorization solutions, while farmers can adopt prac
tical, low-cost techniques to convert waste into useful resources. A co
ordinated approach based on these insights can significantly improve 
the efficiency and sustainability of agricultural waste management 
practices in India.

Addressing the technical, financial, social, cultural, and institutional 
barriers is crucial for the successful implementation of sustainable waste 
management. One critical area is developing cost-effective and efficient 
technologies for the conversion of diverse agricultural wastes into 
valuable products. Future research should focus on optimizing existing 
processes, including anaerobic digestion, pyrolysis, gasification and 
scale-up, while exploring new methods for waste valorization, such as 
application in building materials. Another area for further investigation 
is the assessment of the environmental footprints through LCAs. The 
techno-economic analysis of multiple technologies can provide valuable 
insights into their sustainability and help in making informed decisions 
for the technology deployment. Region-specific techno-economic ana
lyses are needed to compare the viability of different valorization 
methods (e.g., biochar vs. biogas production) across India’s diverse 
agro-climatic zones, particularly for high-residue crops like rice and 
wheat. Also, longitudinal studies tracking the social acceptance and 
long-term adoption rates of residue management technologies among 
smallholder farmers could inform more effective extension strategies. In 
addition, integrated LCAs that simultaneously evaluate environmental 
benefits, energy outputs, and livelihood impacts of waste-to-wealth 
models with standardized LCA frameworks would enable more robust 
and comparable assessments across technologies in India. It is worth to 
mention that further research should explore innovative financing 
mechanisms to address the current economic barriers to scale. Future 
research should also focus on the dynamic modelling of multi-pathway 
systems, incorporating stakeholder inputs and policy incentives to 
maximize synergies and minimize trade-offs. In other way, future 
research needs to evaluate the interconnections and trade-offs between 
competing end uses such as energy, biofuels, and soil amendments, 
considering region-specific feedstock dynamics.

Research should also focus on developing integrated solutions that 
combine emerging technologies like remote sensing (RS) and 
geographical information systems (GIS), artificial intelligence (AI), and 
machine learning (ML) for comprehensive waste management. RS and 
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GIS can be used to map and monitor agricultural waste generation and 
distribution, enabling better planning and resource allocation. AI and 
ML can be leveraged to optimize waste collection, processing, and 
conversion processes, enhancing efficiency and reducing costs. Effective 
policy implementation is crucial for promoting sustainable agricultural 
waste management practices in India. Policies should focus on providing 
monetary incentives and subsidies to assist the adoption of advanced 
waste management technologies. Additionally, regulations should be 
strengthened to enforce sustainable practices and discourage environ
mentally harmful methods like open burning. Collaboration among 
various government agencies, research institutions, farmers and the 
private sector is essential for developing and implementing effective 
policies. Public-private partnerships can play a vital role in funding and 
scaling up waste management projects. Capacity-building and training 
programs for farmers and local communities should be integral to policy 
initiatives to ensure widespread adoption and success.

This study recognizes certain limitations, particularly related to the 
availability and consistency of region-specific data on agricultural waste 
generation and utilization. The analysis is also constrained by the vari
ability in methodological approaches across existing literature, which 
may affect the comparability of findings. Furthermore, while national- 
level insights are provided, localized challenges and practices may not 
be fully captured, indicating the need for more granular, field-based 
studies. Future research and technological innovations, supported by 
robust policies and governance frameworks, can open the way for sus
tainable agricultural waste management in India. By leveraging these 
opportunities, India can effectively manage its agricultural waste, 
reduce environmental pollution, and create wealth from waste, 
contributing to the nation’s economic growth and environmental 
sustainability.
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