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Abstract

Agricultural waste, traditionally regarded as a by-product of farming systems, is increasingly recognised as a valuable bioresource with
significant potential to support sustainable agriculture and circular bioeconomy transitions. Globally, agricultural activities generate
approximately 5-6 billion tonnes of biomass residues annually, yet a substantial proportion remains underutilised or is disposed of through
environmentally harmful practices such as open-field burning, leading to nutrient losses, soil degradation and greenhouse gas emissions. This
review provides a comprehensive and integrative synthesis of solid agricultural biomass valorisation pathways, focusing on the classification,
physicochemical characteristics and resource potential of diverse waste streams, including crop residues, livestock wastes and agro-industrial
by-products such as pressmud, bagasse and bone sludge. Major conversion technologies, including biological processes (compostingand
anaerobic digestion), thermochemical approaches (pyrolysis, gasification and combustion) and integrated biorefinery systems, are critically
reviewed. A comparative assessment based on environmental performance, economic feasibility and operational complexity highlights key
sustainability trade-offs, particularly regarding soil carbon dynamics, nutrient cycling and competing biomass uses. Biological approaches are
suitable for decentralised and low-cost applications, whereas thermochemical and integrated systems offer enhanced energy recovery,
scalability and carbon sequestration potential. The review integrates technological, environmental and economic perspectives within a
unified analytical framework, with particular emphasis on underutilised agro-industrial residues such as bone sludge. Despite significant
advancements, large-scale adoption remains constrained by techno-economic limitations, infrastructural gaps and limited long-term field
validation. The study underscores the need for integrated, context-specific and policy-supported strategies to enable efficient biomass
utilisation and sustainable resource recovery within circular bioeconomy systems.
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Globally, agricultural systems generate approximately
5-6 billion tonnes of biomass residues annually, highlighting both
the magnitude of the resource and the complexity of its
management. In countries such as India, characterised by intensive
cropping systems and expanding agro-industrial activities,
agricultural waste generation exceeds several hundred million
tonnes per year (3, 4). Despite this abundance, a significant
proportion of residues remains underutilised or is disposed of
through environmentally harmful practices such as opentfield
burning, leading to greenhouse gas emissions, nutrient losses and
deterioration of soil health (5). These challenges are particularly
evident in regions such as the Indo-Gangetic Plains, where residue
mismanagement has severe environmental and public health

Introduction

Agricultural waste, once regarded as an inevitable by-product of
farming systems, is increasingly recognised as a strategic
bioresource with significant implications for sustainable agriculture,
climate resilience and circular bioeconomy development (1).
Through biomass valorisation, agricultural residues contribute to
climate resilience by reducing greenhouse gas emissions, enhancing
soil organic carbon sequestration, improving soil moisture retention
and promoting nutrient recycling, thereby strengthening the
adaptive capacity of agricultural systems under changing climatic
conditions. This paradigm shift reflects the growing need to
transition from linear production systems toward resource-efficient

and regenerative models, where agricultural residues are
reintegrated into productive cycles. Biomass residues generated
from crop production, livestock operations and agro-industrial
processing represent substantial sources of organic carbon and
essential plant nutrients, offering considerable potential for value
creation and resource recovery (2).

consequences (6).

Beyond atmospheric impacts, improper handling of
agricultural waste contributes to soil degradation, nutrient
imbalance and water pollution through leaching and runoff, thereby
adversely affecting ecosystem stability and agricultural productivity
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(7, 8). At the same time, these residues represent a valuable
opportunity for nutrient recycling, soil carbon sequestration and
renewable energy production. The effective utilisation of agricultural
waste is therefore central to achieving sustainable intensification
and climate-smart agriculture (9).

Agricultural residues can be broadly categorised into crop
residues, livestock wastes and agro-industrial by-products, each
exhibiting distinct physicochemical characteristics and resource
recovery potential (10). While crop residues constitute the largest
share, agro-industrial by-products such as pressmud, bagasse and
bone sludge are particularly significant due to their concentrated
availability. Pressmud is rich in organic matter, phosphorus and
calcium, bone sludge serves as a valuable source of phosphorus
and calcium for nutrient recovery, whereas bagasse is primarily a
lignocellulosic biomass suitable for bioenergy production and value
-added bioproducts (11). However, the efficient utilisation of these
diverse biomass streams requires appropriate technological
alignment based on their composition, moisture content and
functional properties. A wide range of biomass valorisation
technologies has been developed, including biological processes
(composting and anaerobic digestion), thermochemical conversion
(pyrolysis, gasification and combustion) and integrated biorefinery
approaches (12-14). These technologies enable the transformation
of agricultural residues into value-added products such as organic
fertilisers, bioenergy and bio-based materials, thereby supporting
circular bioeconomy principles. However, their performance and
suitability vary depending on feedstock characteristics, economic
feasibility and local infrastructure (15). Despite the growing body of
literature, existing studies remain largely fragmented, often focusing
on individual technologies without integrating environmental,
economic and operational perspectives within a unified analytical
framework (16). Moreover, limited attention has been given to
underutilised agro-industrial residues, long-term field validation
under diverse agro-ecological conditions and integrated decision-
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support frameworks capable of simultaneously evaluating
technological, environmental and socio-economic trade-offs for
practical implementation and policy-level decision-making (17). In
addition, most studies are confined to laboratory-scale or short-term
investigations, with insufficient long-term field validation under
diverse agro-ecological conditions (18). Furthermore, existing studies
also largely lack integrated decision-support frameworks that
simultaneously evaluate technological, environmental and
economic trade-offs under diverse agro-ecological conditions,
thereby limiting their applicability for practical implementation and
policy-level decision-making,

In this context, the present review aims to provide a
comprehensive and integrative synthesis of agricultural waste
valorisation pathways within a circular bioeconomy framework.
Specifically, the objectives of this study are to: (i) examine the global
status and environmental implications of agricultural waste
generation; (i) evaluate major biomass valorisation technologies
and their resource recovery potential; (iii) assess sustainability trade
-offs and techno-economic feasibility; and (iv) identify key research
gaps, policy needs and future directions for advancing sustainable
waste-to-wealth systems.

By integrating technological, environmental and economic
dimensions, this review offers a systems-level perspective on
agricultural waste valorisation. This review also highlights the role of
underexplored agro-industrial residues and emphasises the need
for context-specific and integrated strategies to enhance resource-
use efficiency, support circular bioeconomy transitions and
promote sustainable agricultural development. A conceptual
framework illustrating agricultural waste valorisation within a
circular bioeconomy system is presented in Fig. 1. Special emphasis
is given to agro-industrial residues such as pressmud, bagasse and
bone sludge, highlighting their potential for nutrient recovery and
biochar-based applications in sustainable agricultural systems.
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Fig. 1. Conceptual framework of agricultural waste valorisation within a circular bioeconomy system, illustrating the transformation of crop
residues, livestock waste and agro-industrial by-products into value-added outputs and their reintegration into agricultural systems for

enhanced sustainability.

https://plantsciencetoday.online


https://plantsciencetoday.online

Materials and Methods

This review was conducted using a systematic, transparent and
reproducible approach to evaluate the current status, technological
advancements and sustainability dimensions of agricultural waste
valorisation within a circular bioeconomy framework. The
methodological framework was designed to ensure comprehensive
literature coverage, critical evaluation and structured synthesis of
multidisciplinary research related to biomass-based waste-to-
wealth systems.

Literature search strategy

A structured literature search was performed using major scientific
databases, including Scopus, Web of Science, ScienceDirect,
SpringerLink, PubMed and Google Scholar. To capture emerging
technologies and industrial applications, additional sources such as
patent databases (Espacenet and the United States Patent and
Trademark Office), government reports, policy documents and
institutional publications (e.g., FAO, CPCB and Ministry of Agriculture
of India) were also included. The search covered publications from
2005 to 2026 to ensure inclusion of both foundational studies and
recent advancements. A combination of keywords and Boolean
operators was used to refine the search, including: “agricultural
waste”, “biomass valorisation”, “crop residue management”,
“biochar”, “biogas”, “composting”, “circular bioeconomy”, “waste-
to-wealth”, “bioenergy” and “agro-industrial waste recycling”. This

review was conducted following preferred reporting items for
systematic reviews and meta-analyses (PRISMA) guidelines,
incorporating  systematic identification, screening, eligibility
assessment and inclusion stages. The detailed workflow is
presented in Fig. 2. Duplicate records retrieved from multiple
databases were identified through manual cross-checking of titles,
authors, publication years and digital object identifiers (DOIs) and
duplicate entries were removed before title and abstract screening,

Inclusion and exclusion criteria

The selection of literature followed predefined inclusion and
exclusion criteria to ensure relevance and scientific rigour. Inclusion
criteria comprised peer-reviewed journal articles, review papers,
conference proceedings, book chapters, technical reports and
patent documents focusing on agricultural waste generation,
biomass valorisation technologies, sustainability assessment and
circular bioeconomy frameworks. Studies were included if they
provided experimental evidence, field-based validation, techno-
economic analysis or practical applications relevant to agricultural
waste utilisation. Exclusion criteria included non-English articles,
opinion-based studies without scientific validation, duplicate
records and studies not directly related to agricultural or biomass-
based waste systems. Studies exclusively addressing municipal or
industrial waste management without direct relevance to
agricultural biomass or agro-industrial residues were excluded.

Records identified through
database searching (Scopus, Web of
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PubMed, Google Scholar)
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Fig. 2. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram illustrating the literature selection process.
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Data extraction and synthesis

Relevant data from selected studies were systematically extracted
using a structured framework capturing key parameters such as
type and source of agricultural waste, conversion technologies,
process efficiency, product outputs, environmental impacts,
economic feasibility and scalability. Additional indicators, including
nutrient recycling potential, carbon sequestration capacity and
resource-use efficiency, were also recorded where available. The
extracted data were synthesised to develop a comparative
understanding of different biomass valorisation pathways, enabling
identification of dominant trends, technological advancements and
knowledge gaps across regions and production systems. A total of
165 studies were initially identified, of which 75 were selected for
final synthesis based on relevance, quality and methodological
rigour. A structured screening and selection approach was
employed to ensure methodological consistency and transparency
across all stages of the review. The complete study selection
process, including records identified, screened, excluded (with
reasons) and finally included, is presented in the PRISMA flow
diagram (Fig. 2). Quality assessment of selected studies was
performed to ensure scientific reliability and methodological rigour.
Studies were evaluated according to criteria including experimental
design, data completeness, relevance to agricultural waste
valorisation and clarity of reported outcomes. Preference was given
to peer-reviewed studies with well-defined methodologies and
validated results. This step enhanced the robustness and credibility
of the synthesised findings. The included studies were synthesised
using a qualitative narrative synthesis approach to integrate
evidence on agricultural waste classification, biomass valorisation
technologies, sustainability trade-offs and resource recovery
strategies across different study designs and geographical regions.

Analytical framework

A thematic and comparative analytical approach was employed to
evaluate agricultural waste valorisation strategies. Technologies
were categorised into three major groups-biological,
thermochemical and integrated systems-based on their primary
conversion mechanisms and end products. Comparative evaluation
was conducted using predefined criteria, including environmental
performance (greenhouse gas emissions, resource recovery
potential and pollution mitigation), economic feasibility (capital and
operational requirements), operational complexity (technology
maturity, infrastructure needs and technical expertise) and
scalability for agricultural applications. Emphasis was placed on
identifying sustainability trade-offs, including impacts on soil
health, nutrient cycling, greenhouse gas emissions and competing
biomass uses. The analysis was further aligned with circular
bioeconomy principles by assessing resource-use efficiency, waste
minimisation, nutrient recycling, renewable energy recovery,
carbon sequestration potential and contribution to closed-loop
resource systems. These indicators were used to evaluate the
extent to which each technology supports sustainable agricultural
intensification and circular resource management.

Replicability statement

To ensure transparency and reproducibility, all stages of the review
process, including database selection, keyword strategy and
inclusion-exclusion criteria, have been explicitly defined. The study
adhered to PRISMA guidelines, ensuring transparency,
reproducibility and methodological rigour throughout the review
process. A formal risk-of-bias assessment was not performed

because this review synthesised evidence from diverse review
articles, experimental studies and technical reports rather than
conducting a quantitative meta-analysis. Consequently, the
emphasis was placed on comprehensive evidence synthesis rather
than statistical quality scoring of individual studies.

Results and Discussion

Global status of agricultural waste generation and
management

Agricultural systems worldwide generate vast quantities of biomass
residues because of intensified crop production, livestock operations
and agro-industrial processing. These residues, traditionally
considered wastes, are increasingly recognised as valuable
bioresources within the framework of circular bioeconomy and
sustainable agricultural systems (19). The magnitude, composition
and distribution of agricultural waste vary significantly across
regions, influenced by cropping intensity, livestock density,
agro-climatic conditions and technological advancement in
agricultural practices.

Worldwide biomass residue generation from agriculture
remains substantial, reflecting the enormous resource recovery
potential of agricultural systems (20). Crop residues constitute the
largest share, particularly from cereals such as rice, wheat and
maize, which dominate global food systems. In addition, livestock-
derived wastes contribute substantially to organic nutrient pools,
especially in mixed farming systems. Agro-industrial residues,
including pressmud from sugar industries, bagasse and bone
sludge, are generated in concentrated forms, offering significant
potential for large-scale resource recovery (21, 22).

In emerging economies such as India, China and Brazil, the
scale of residue generation is particularly high due to intensive
cultivation and multiple cropping systems. India alone produces
more than 500 million tonnes of crop residues annually, with rice
and wheat accounting fora major proportion (23). The proportional
distribution of major crop residues is illustrated in Fig. 3. China also
generates enormous quantities of crop residues from rice, wheat
and maize production, while countries in Southeast Asia face
challenges associated with rice straw management and seasonal
biomass burning. In Europe, agricultural residues are increasingly
utilised for bioenergy, bio-based products and nutrient recycling
under circular bioeconomy policies. Likewise, North and South
America have expanded the use of crop residues for renewable
energy production and soil conservation, although management
practices vary depending on regional agricultural systems and
policy support. However, regional disparities exist in residue
utilisation, with northern regions often experiencing large-scale
residue burning, while southern regions exhibit relatively better
recycling practices.

Despite the enormous resource potential, efficient
management of agricultural residues remains a global challenge. In
South Asia, particularly the Indo-Gangetic Plains, open-field burning
of rice and wheat residues remains a major environmental concem.
Similar challenges are reported in China due to intensive cereal
production, while several countries in Southeast Asia continue to
experience seasonal biomass burning associated with agricultural
residue management. In contrast, many European countries have
promoted residue recycling and bioenergy utilisation through
supportive policies and advanced biomass processing infrastructure.
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Proportional distribution of major crop residues by type
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Fig. 3. Proportional distribution of major crop residues by type, highlighting the dominance of rice and wheat residues in total agricultural
biomass generation (source: Central Pollution Control Board, India, 2022-23).

This practice results in significant environmental consequences,
including emissions of greenhouse gases such as CO,, CH, and N,0,
release of particulate matter and loss of essential plant nutrients
(24, 25). These emissions contribute not only to climate change but
also tosevereair pollution and public health risks.

Improper handling of agricultural waste also leads to soil
degradation and water contamination. Nutrient leaching, runoff
and accumulation of organic pollutants in water bodies adversely
affect soil fertility, groundwater quality and ecosystem stability (26).
In contrast, efficient recycling and valorisation of these residues can
enhance soil organic carbon, improve nutrient cycling and support
renewable energy production through bio-based systems (27, 28).

Agricultural waste can be broadly classified into three
categories: (i) crop residues such as straw, husk and stubble;
(ii) livestock wastes including dung, slurry and urine; and (jii) agro-
industrial by-products such as pressmud, bagasse and bone sludge
(29). Among these, agro-industrial residues are particularly valuable
due to their higher nutrient density, uniformity and ease of
collection at centralised processing facilities (30). However, their
utilisation remains constrained by limited technological adoption,
inadequate infrastructure and lack of awareness among
stakeholders.

The increasing pressure on land and water resources,
coupled with climate variability and the need for sustainable

intensification, has necessitated a transition toward efficient
agricultural waste management systems. Integrating these
residues into productive use cycles is essential for improving
resource-use efficiency, minimising environmental impacts and
advancing circular bioeconomy principles (31).

Overall, the global scenario reflects a paradox of abundance
and underutilisation, highlighting the urgent need for innovative,
scalable and region-specific strategies to transform agricultural
waste into valuable resources within sustainable farming systems.

Classification and characteristics of agricultural waste

Agricultural waste encompasses a diverse range of biomass
materials generated from crop production, livestock systems and
agro-industrial processing. These residues vary widely in their
physicochemical composition, biodegradability, nutrient content
and resource recovery potential. The systematic classification of
agricultural waste is essential for selecting appropriate valorisation
pathways and optimising their utilisation within circular
bioeconomy frameworks (32). The classification presented in this
review is based on residue origin, physicochemical composition,
moisture content, biodegradability and resource recovery potential,
as these characteristics largely determine the suitability of different
biomass valorisation technologies. Classification, characteristics and
resource potential of major agricultural waste streams are
summarised in Table 1.

Table 1. Classification, characteristics and resource potential of major agricultural waste streams

Category Sub-category Examples

Key characteristics

Valorisation

potential Suitability for technology

Cropresidues  Field residues

and maize stover

. Process Husk, bagasse and Uniform structure,
Crop residues residues molasses
. . Rich in NPK, organic
Livestock waste Solid Dung and manure matter
Livestock waste Liquid Slurry and urine High moisture, easily

Agro-industrial
waste

Pressmud, bone sludge

By-products and bagasse

Rice straw, wheat straw High lignocellulose, high Biochar, compost,
C: N ratio

moderate nutrients use

degradable

Nutrient-rich,
concentrated

Thermochemical dominant (pyrolysis,
mulching gasification)

Bioenergy, industrial Thermochemical / integrated systems

- Biological dominant (composting,
Compost, biogas anaerobic digestion)

Anaerobic digestion Biological dominant

Organic fertilisers,

bio-products Integrated / biological systems

NPK: nitrogen, phosphorus and potassium.
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Classification of agricultural waste

Agricultural waste can be broadly categorised into three major
groups based on origin and characteristics: (i) crop residues,
(ii) livestock-derived wastes and (jii) agro-industrial by-products
(33). This classification also reflects differences in availability,
handling requirements and suitability for specific valorisation
pathways, thereby influencing technology selection and resource
recovery efficiency.

Crop residues represent the largest fraction of agricultural
waste and include materials such as straw, stubble, husk, leaves and
stems generated after harvest. These residues are typically
lignocellulosic in nature, composed primarily of cellulose,
hemicellulose and lignin, which influence their decomposition rate
and suitability for biological or thermochemical conversion
processes (34). While they are widely available, their low bulk density
and dispersed distribution often limit efficient collection and
utilisation. Representative examples of agricultural biomass residues
areshowninFig. 4.

Livestock-derived wastes include dung, slurry, urine and
bedding materials generated from animal husbandry systems.
These wastes are rich in organic matter and essential nutrients such
as nitrogen, phosphorus and potassium, making them highly
suitable for composting, anaerobic digestion and soil amendment
applications (35). However, improper management can lead to
methane emissions, nutrient losses and environmental pollution.

Agro-industrial by-products are generated during processing
of agricultural commodities and include materials such as pressmud
from sugar industries, bagasse, fruit and vegetable processing waste
and bone sludge from meat and poultry processing units (36). These
residues are often available in concentrated quantities and exhibit
relatively higher nutrient content compared to field-based residues.
For instance, bone sludge is particularly rich in phosphorus and
calcium, making it a valuable resource for developing enriched
composts and bio-based fertilisers (37).

Physicochemical characteristics

The physicochemical properties of agricultural waste play a crucial
role in determining their suitability for different valorisation
technologies. These characteristics directly influence technology
selection because feedstocks with high moisture content and low
carbon-to-nitrogen ratios are generally more suitable for biological
processes such as composting and anaerobic digestion, whereas
lignocellulosic residues with lower moisture content and higher
carbon content are better suited for thermochemical processes
including pyrolysis and gasification. Therefore, understanding
feedstock properties is essential for optimising conversion
efficiency and resource recovery.

Key parameters include moisture content, carbon-to-
nitrogen (C : N) ratio, lignin content, pH, bulk density and nutrient
composition (38). In addition, parameters such as biodegradability
index, volatile solids content and structural composition
significantly influence process efficiency, conversion pathways and
selection of appropriate biomass valorisation technologies.

Crop residues generally exhibit high carbon content and
wide C : N ratios, often exceeding 60 : 1, which can limit microbial
decomposition unless supplemented with nitrogen-rich materials.
Their high lignin content also contributes to slower degradation
rates, making them more suitable for thermochemical processes
such as pyrolysis and gasification (39).

In contrast, livestock wastes, including cattle manure, slurry
and mixed animal wastes, typically exhibit C : N ratios ranging from
10:1t0 25: 1, depending on livestock species and waste type, with
generally higher moisture content, facilitating rapid microbial
activity and making them ideal substrates for composting and
anaerobic digestion (40). These wastes also contribute significantly
to nutrient recycling when applied to agricultural soils.

Agro-industrial residues exhibit diverse characteristics
depending on their source. Pressmud generally contains
appreciable organic carbon together with nitrogen, phosphorus

0 3 ™~ e 7 s g L TN

Fig. 4. Representative examples of agricultural biomass residues, including crop residues, agro-industrial by-products, forest litter and woody
biomass, illustrating the diversity of feedstocks available for waste-to-wealth valorisation pathways.
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and potassium, whereas bone sludge is particularly rich in
phosphorus and calcium, while bagasse is characterised by high
cellulose content and relatively low nutrient concentrations (41).
Bagasse, on the other hand, is rich in cellulose and is commonly
used for bioenergy production. The variability in composition
necessitates tailored processing approaches for efficient utilisation.

Resource recovery potential

The resource recovery potential of agricultural waste is determined
by its biochemical composition and conversion efficiency. The
resource recovery potential varies considerably among agricultural
residues and conversion technologies. For example, anaerobic
digestion of livestock manure can generate methane-rich biogas
while simultaneously recovering nutrients through digestate
application. Likewise, pyrolysis of lignocellulosic crop residues
typically produces biochar together with bio-oil and syngas,
whereas composting of nutrient-rich agro-industrial residues
facilitates recovery of nitrogen, phosphorus and organic carbon for
agricultural reuse (42).

Particularly, agro-industrial wastes such as bone sludge
present significant opportunities for nutrient recovery and circular
nutrient management. When processed through composting or
enrichment techniques, these residues can improve soil fertility,
enhance crop productivity and reduce dependency on synthetic
fertilisers (43).

The efficiency of resource recovery is further influenced by
feedstock heterogeneity, process integration and recovery efficiency
of nutrients and energy, necessitating optimised and site-specific
valorisation strategies. Overall, understanding the classification and
characteristics of agricultural waste is fundamental for designing
efficient and sustainable waste valorisation strategies. Integrating
residue-specific properties with appropriate technological pathways
is essential to maximise resource recovery while minimising
environmental impacts within circular agricultural systems.

Biomass valorisation technologies

Agricultural waste valorisation involves the conversion of biomass
residues into value-added products, including organic fertilisers,
bioenergy, biochar and industrial raw materials. These
technologies play a central role in transforming agricultural waste
into economically viable and environmentally sustainable
resources within circular bioeconomy systems (44). Based on
processing pathways, biomass valorisation technologies can be
broadly classified into biological, thermochemical and integrated
systems, as summarised in Table 2.

Biological conversion technologies

Biological processes are widely adopted for the conversion of
biodegradable agricultural residues into stabilised organic products.
These processes are particularly suitable for decentralised and low-
cost applications in rural and peri-urban agricultural systems.
Biological processes are particularly suitable for biodegradable
residues because microorganisms efficiently decompose readily
degradable organic matter under controlled conditions, whereas
thermochemical processes are better suited to dry, lignocellulosic
biomass with high carbon content and low moisture levels.
Composting is one of the most widely used biological methods,
involving aerobic decomposition of organic matter by
microorganisms to produce nutrient-rich organic manure (45). The
stages of the composting process and associated temperature
dynamics are illustrated in Fig. 5. It improves soil structure,
enhances microbial activity and contributes to longterm soil
fertility. Vermicomposting, an advanced form of composting,
utilises earthworms to accelerate organic matter decomposition
and produce high-quality vermicast with improved nutrient
availability (46).

Anaerobic digestion is another important biological process
that converts organic waste into biogas under oxygenfree
conditions. This process generates renewable energy in the form of
methane-rich gas while producing digestate, which can be used as
a biofertiliser (47). Livestock wastes and agro-industrial residues are
particularly suitable for anaerobic digestion due to their high
moisture content and biodegradability.

Agro-industrial wastes such as bone sludge and pressmud
can be effectively utilised in composting and enrichment processes
to produce value-added organic fertilisers with enhanced nutrient
profiles, particularly phosphorus and calcium. Bone sludge
compost has also been shown to improve nutrient uptake and post
-harvest soil nutrient status in rice (48). These approaches support
circular nutrient management and reduce dependency on
chemical fertilisers. Nutrient composition and agronomic potential
of selected organic waste materials are summarised in Table 3.

Bone sludge and pressmud have gained increasing attention
for their potential in producing nutrient-enriched biochar and
fortified composts, contributing to improved phosphorus availability
and sustainable nutrient management in cropping systems.

Thermochemical conversion technologies

Thermochemical processes involve the conversion of biomass into
energy and carbon-rich materials through the application of heat

Table 2. Comparative assessment of major agricultural waste valorisation technologies

Major Resource Economic  Operational Environmental are
Technology Category Feedstock outputs efficiency feasibility complexity impact Scalability
- - - Crop residues - - Low emissions,  Small-scale /
Composting Biological and manure Compost High High Low nutrient recycling decentralised
Oreanic Environmentally
Vermicomposting Biological resfigdues Vermicast  High High Low-moderate safe, enhances soil Small-scale
biology
Reduces reduces Medium-
" - - - Slurry and wet Biogas and - greenhouse gas
Anaerobic digestion Biological biomass digestate High Moderate Moderate (GHG) emissions, scale / rural
systems
renewable energy
. High carbon :
. . . Biochar . . : Medium to
Pyrolysis Thermochemical Dry biomass and bio-oil Moderate Moderate-high High Se?)lcj)féart?:lon large-scale
- - Moderate emissions
P . Lignocellulosic . . - > Large-scale /
Gasification Thermochemical biomass Syngas Moderate Moderate-high High hlgﬁh energy industrial
efficiency
" . . Biofuels, . : . Optimised resource Large-scale/
Biorefinery Integrated Mixed biomass chemicals Very high Low-moderate  Very high use, minimal waste _ industrial
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Fig. 5. Stages of the composting process showing temperature dynamics and microbial activity phases (mesophilic, thermophilic, cooling and

maturation).

Table 3. Nutrient composition and agronomic potential of selected organic waste materials

Material Nlt(l;zgen Phos(op/:l)orus Pot?;slum Relae:asiel apﬁtitte;"/ Agronomic significance

Cattle dung 0.35 0.12 0.17 Slow release Improves soil organic matter and microbial activity
Sheep and goat manure 0.65 0.5 0.65 Moderate release High nutrient density and suitable for enrichment
Blood meal 11 1.2 1 Rapid release (N) Quick nitrogen supply for crop growth

Fish meal 7 6 2 Moderate release Balanced nutrient source

Bone sludge / bone meal  1.5-3.5 9-11 1.1 Slow-release phosphorus Long-term P source for soil fertility

under controlled conditions. These technologies are particularly
suitable for lignocellulosic residues with low moisture content.
Recent advancements in process optimisation, including reactor
design improvements, temperature control strategies and catalyst-
assisted conversion, have significantly enhanced the efficiency and
product yield of thermochemical technologies. Optimisation of
parameters such as heating rate, residence time and feedstock
particle size plays a critical role in determining the quality of
biochar, bio-oil and syngas. Furthermore, the use of catalytic
pyrolysis and advanced gasification systems has improved energy
conversion efficiency and reduced emission intensity, thereby
strengthening the sustainability profile of these technologies.

Pyrolysis is a widely used thermochemical process in which
biomass is heated in the absence of oxygen to produce biochar,
bio-oil and syngas (49). Biochar has gained significant attention due
to its potential for carbon sequestration, soil amendment and
improvement of soil physicochemical properties. Recent meta-
analyses have demonstrated that biochar application can improve
soil organic carbon, water-holding capacity and nutrient retention,
although the magnitude of these benefits depends on feedstock
type, pyrolysis conditions and soil characteristics.

Despite the well-documented benefits of biochar,
considerable scientific debate remains regarding its long-term
carbon sequestration potential. Several studies report that biochar
stability varies substantially depending on feedstock type, pyrolysis
temperature, soil properties and climatic conditions. In some cases,
biochar application may induce positive or negative priming effects,
altering the decomposition of native soil organic carbon and
influencing the overall carbon balance. Consequently, the
environmental benefits of biochar cannot be generalised across all
production systems and long-term field experiments under diverse

agro-ecological conditions are required to validate its net carbon
sequestration potential.

Gasification involves partial oxidation of biomass at high
temperatures to produce syngas, which can be used for electricity
generation or as a feedstock for chemical synthesis (50). Although
combustion is a conventional method, is used for direct energy
generation but is often associated with lower efficiency and higher
emissions compared with advanced thermochemical processes.

These technologies offer advantages in terms of energy
recovery and waste volume reduction; however, their adoption is
often limited by high capital costs, technical complexity and the
need for centralised infrastructure (51). Comparatively, biological
processes such as composting and anaerobic digestion are more
suitable for decentralised and low-cost applications, whereas
thermochemical technologies such as pyrolysis and gasification
offer higher energy recovery efficiency and carbon sequestration
potential but require higher capital investment and technical
expertise. Biological and thermochemical technologies differ
considerably in their operational characteristics and application
potential. Biological processes such as composting and anaerobic
digestion are generally more suitable for decentralised applications
because of their lower capital requirements and efficient nutrient
recycling. Digestate generated during anaerobic digestion can be
further utilised as a biofertiliser following appropriate stabilisation. In
contrast, thermochemical technologies are more suitable for dry
lignocellulosic biomass and provide higher energy recovery. Slow
pyrolysis primarily maximises biochar production, whereas fast
pyrolysis favours bio-oil production because of rapid heating rates
and shorter vapour residence times. Their comparative technical,
environmental and economic characteristics are summarised in
Table2.
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Evidence supporting different biomass valorisation
technologies vary considerably in methodological quality.
Composting and anaerobic digestion are supported by numerous
field-scale investigations demonstrating consistent improvementsin
nutrient recycling and waste stabilisation. In contrast, many studies
evaluating advanced thermochemical technologies remain
confined to laboratory or pilot-scale conditions, limiting the
generalisability of their findings. Therefore, technology selection
should be guided not only by reported conversion efficiency but also
by the strength of available evidence and site-specific
implementation requirements.

Integrated and emerging systems

Integrated biomass valorisation systems combine multiple
technologies to maximise resource recovery and improve overall
system efficiency. These systems are designed to utilise agricultural
waste streams in a cascading manner, ensuring minimal waste
generation and optimal utilisation of resources (52).

Biorefinery approaches represent advanced integrated
systems where biomass is processed into multiple products,
including biofuels, bio-based chemicals and organic fertilisers.
Practical examples of integrated biorefinery systems include
sugarcane biorefineries, where bagasse is utilised for bioethanol and
electricity generation, while pressmud is converted into organic
fertilisers or compost, thereby maximising resource recovery.
Similarly, rice biomass-based biorefineries have demonstrated
cascade utilisation by converting rice straw into biochar, bioenergy
and value-added biochemicals, with the residual materials
subsequently applied as soil amendments. These integrated
approaches improve resource-use efficiency, reduce waste
generation and enhance the economic viability of agricultural
biomass valorisation systems. These systems align closely with
circular bioeconomy principles by promoting zero-waste strategies
and value chain optimisation (53). The concept of cascade utilisation
further enhances the efficiency of integrated systems by enabling
sequential extraction of multiple value-added products from a single
biomass stream. In such systems, primary processing generates high
-value compounds, while residual biomass is subsequently utilised
for energy recovery or soil amendment, thereby minimising waste
and maximising resource efficiency. This cascading approach aligns
with circular bioeconomy principles and contributes to improved
economic viability and sustainability of biomass valorisation
pathways.

In addition, emerging technologies incorporating digital
tools such as artificial intelligence, remote sensing and precision
agriculture are increasingly being integrated into biomass
management systems to improve efficiency, monitoring and
scalability (54).

Overall, biomass valorisation technologies provide multiple
pathways for converting agricultural residues into valuable
resources. The selection of appropriate technology depends on
feedstock characteristics, economic feasibility, infrastructure
availability and environmental considerations. Integrating biological,
thermochemical and advanced systems offers a promising
approach for achieving sustainable and circular agricultural waste
management.

Future advancements in biomass valorisation are expected
to focus on hybrid systems integrating biological and
thermochemical processes, supported by artificial intelligence,

digital twins, internet of things (loT)-based monitoring and real-time
process optimisation to enhance efficiency, resource recovery and
scalability.

Sustainability trade-offs and environmental impacts

Agricultural waste valorisation offers substantial opportunities for
resource recovery, environmental protection and sustainable
agricultural development. However, the adoption of these
technologies is often associated with complex sustainability trade-
offs involving environmental, economic and operational dimensions.
A critical evaluation of these trade-offs is essential to ensure that
waste-to-wealth strategies do not inadvertently create new
environmental or resourcerelated challenges (55). Life cycle
assessment (LCA) studies are commonly conducted in accordance
with 1SO 14040 and ISO 14044 standards, considering system
boundaries from feedstock collection to end-product utilisation and
evaluating impact categories such as global warming potential,
energy demand, eutrophication, acidification and resource depletion.

The LCA-based studies enable comparison of different
technologies in terms of greenhouse gas emissions, energy
efficiency and resource-use intensity, thereby supporting evidence-
based decision-making. For instance, biological processes generally
exhibit lower energy inputs but may have higher emissions under
inefficient management, whereas thermochemical systems offer
improved carbon sequestration potential through biochar
production. Integrating LCA approaches is therefore essential for
optimising technology selection and ensuring environmentally
sustainable waste management strategies (56). A critical dimension
of sustainability trade-offs in agricultural waste valorisation lies in
the competition among alternative biomass utilisation pathways,
particularly between soil amendment, bioenergy production and
industrial applications. The diversion of crop residues for bioenergy
or industrial uses may reduce their availability for soil incorporation,
thereby affecting soil organic carbon dynamics, nutrient cycling and
long-term soil fertility. Conversely, exclusive retention of residues in
the field may limit opportunities for renewable energy generation
and economic value addition. Therefore, balancing these
competing demands requires context-specific allocation strategies
based on agro-ecological conditions, resource availability and
sustainability priorities. Sustainability trade-offs in agricultural
waste valorisation are highly context-dependent and vary across
spatial scales, ranging from farm-level to regional and national
systems. Technologies that are environmentally beneficial at the
local scale may exhibit different impacts when assessed across
broader supply chains, particularly in terms of transportation
emissions, energy inputs and resource distribution. A systems-level
approach is therefore essential to evaluate cumulative
environmental impacts, optimise resource allocation and avoid
burden shifting between different stages of the value chain.

The sustainability performance of agricultural waste
valorisation technologies is highly context-dependent. While
numerous studies report positive environmental outcomes,
differences in feedstock characteristics, climatic conditions,
management practices and assessment methodologies often lead to
contrasting conclusions. For example, technologies that demonstrate
high environmental performance under controlled experimental
conditions may not achieve comparable outcomes under
commercial farming systems. These methodological differences
should be considered when interpreting reported environmental
benefits and comparing alternative valorisation pathways.
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In addition, uncertainty and variability in feedstock quality,
climatic conditions and management practices necessitate adaptive
and flexible strategies for sustainable agricultural waste valorisation.

A comprehensive evaluation of sustainability trade-offs
requires integration of multiple analytical frameworks that capture
environmental, economic and operational dimensions of biomass
utilisation systems. From a systems-level perspective, the
sustainability of agricultural waste valorisation pathways should be
evaluated using integrated LCA and multi-criteria decision analysis
(MCDA) frameworks. These approaches enable simultaneous
assessment of environmental impacts, economic feasibility and
operational performance, facilitating identification of optimal trade
-offs among resource efficiency, energy use and long-term soil
health. Such integrated decision-support tools are essential for
developing context-specific and policy-relevant strategies for
sustainable biomass utilisation.

Environmental benefits

Efficient utilisation of agricultural waste contributes to multiple
environmental benefits, including reduction in greenhouse gas
emissions, improvement in soil health and conservation of natural
resources. Biological processes such as composting and anaerobic
digestion facilitate nutrient recycling, enhance soil organic carbon
and reduce reliance on synthetic fertilisers (57). Recent studies have
reported that composting and anaerobic digestion can
substantially reduce greenhouse gas emissions, improve soil
organic carbon content, enhance nutrient-use efficiency and
increase nutrient recovery compared with conventional waste
disposal practices, although the magnitude of these benefits varies
with feedstock characteristics and management conditions.

Thermochemical technologies, particularly pyrolysis, play a
key role in carbon sequestration through biochar production.
Biochar application has been shown to improve soil structure,
water retention and microbial activity, while also contributing to
long-term carbon storage (58).

Additionally, diversion of crop residues from open-field
burning significantly reduces emissions of particulate matter,
carbon monoxide and greenhouse gases, thereby improving air
quality and reducing associated public health risks.

Environmental risks and limitations

Despite their benefits, agricultural waste valorisation systems can
also pose environmental risks if not properly managed. For instance,
excessive or unregulated application of compost and organic
amendments may lead to nutrient imbalances, particularly nitrogen
and phosphorus accumulation, resulting in soil degradation and
water eutrophication (59). These risks are particularly evident under
repeated or excessive compost application without nutrient-based
management, where phosphorus accumulation and nitrate
leaching may increase the potential for eutrophication of adjacent
water bodies.

Similarly, the use of untreated or inadequately treated agro-
industrial residues and wastewater can introduce heavy metals,
pathogens and organic contaminants into the soil-plant system,
affecting crop quality and environmental safety (60). In
thermochemical processes, improper operational conditions may
lead to emissions of toxic gases and particulate matter, thereby
offsetting environmental gains (61).

Another critical concern is salinity build-up and alteration of
soil physicochemical properties, particularly in systems involving
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wastewater reuse and repeated application of organic residues.
These changes can negatively affect crop productivity and long
term soil sustainability if not monitored and managed effectively
(62). For example, long-term application of saline wastewater or
excessive organic residues may increase soil electrical conductivity
(EC) and sodium adsorption ratio (SAR), adversely affecting soil
structure, water infiltration and crop productivity under poorly
managed conditions.

Economic and operational trade-offs

The economic feasibility of agricultural waste valorisation
technologies varies significantly across scales and regions. Biological
processes are generally cost-effective and suitable for small-scale,
decentralised applications; however, they may have limitations in
terms of processing time and consistency of output quality (63).
Recent techno-economic assessments indicate that composting
and anaerobic digestion generally require lower capital investment
but provide comparatively lower revenue generation than
thermochemical technologies such as pyrolysis and gasification,
which involve higher initial costs but produce higher-value energy
and carbon products.

In contrast, thermochemical and integrated systems offer
higher efficiency and scalability but require substantial capital
investment, technical expertise and infrastructure. These factors
often limit their adoption in developing regions and among
smallholder farmers (64).

Logistical challenges, including collection, transportation
and storage of biomass residues, further influence the economic
viability of these systems. The dispersed nature and seasonal
availability of crop residues increase operational complexity and
cost (65). Emerging economic instruments such as carbon credit
mechanisms and circular bioeconomy-based market incentives
further influence the financial viability of agricultural waste
valorisation systems. Technologies such as biochar production and
anaerobic digestion can generate additional revenue streams
through carbon sequestration and renewable energy credits,
thereby improving overall cost-effectiveness and investment
attractiveness. However, the realisation of these benefits depends
on robust policy frameworks, market accessibility and standardised
carbon accounting methodologies. In this context, the application
of techno-economic feasibility models and cost-benefit analyses is
crucial for assessing the long-term viability and scalability of
agricultural waste valorisation systems under diverse agro-
economic conditions.

In addition, the integration of MCDA frameworks can
significantly enhance the evaluation and selection of appropriate
biomass valorisation pathways. The MCDA enables simultaneous
consideration of multiple indicators, including economic cost,
environmental impact, energy efficiency and social acceptability,
thereby supporting context-specific and stakeholder-driven
decision-making. For example, MCDA has been successfully applied
to compare composting, anaerobic digestion, pyrolysis and
gasification by integrating environmental, economic and technical
criteria, thereby supporting the selection of the most appropriate
biomass valorisation pathway for specific regional conditions. The
combined application of MCDA with techno-economic and
environmental assessment tools facilitates identification of optimal
waste management strategies under varying agro-ecological and
socio-economic conditions.
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Balancing trade-offs for sustainable systems

Achieving sustainable agricultural waste management requires a
balanced approach that integrates environmental benefits with
economic feasibility and operational practicality. Site-specific
strategies, supported by policy interventions and technological
innovation, are essential for optimising resource recovery while
minimising adverse impacts (66). Examples include government-
supported crop residue management programmes, carbon credit
incentives, precision biomass collection systems, sensor-based
monitoring and integrated biorefinery technologies, which have
improved agricultural waste utilisation and resource recovery in
several regions.

Furthermore, uncertainty analysis and sensitivity assessment
are essential to evaluate the robustness of different valorisation
pathways under fluctuating economic and environmental
conditions. Overall, while agricultural waste valorisation presents a
promising pathway toward circular bioeconomy, its long-term
sustainability depends on careful assessment and management of
associated trade-offs. Integrating scientific, technological and policy-
driven approaches is critical to ensure environmentally sound and
economically viable implementation.

A decision-support framework for selecting appropriate
agricultural waste valorisation technologies under varying agro-
ecological and resource conditions is presented in Table 4.

Challenges, policy gaps and future perspectives

Despite significant advancements in agricultural waste valorisation
technologies, large-scale adoption remains constrained by several
interconnected barriers. Technical barriers include feedstock
heterogeneity and limited processing technologies; economic
barriers include high capital investment and uncertain market
returns; institutional barriers involve inadequate infrastructure and
limited technical capacity; and policy-related barriers include
insufficient regulatory support, weak incentive mechanisms and
inconsistent waste management policies. Addressing these barriers
is essential for achieving sustainable circular bioeconomy systems
in agriculture (67).

Although substantial progress has been achieved in
agricultural waste valorisation research, much of the current
evidence is derived from laboratory-scale experiments, short-term
trials and region-specific case studies. Relatively few investigations
have evaluated long-term field performance, economic viability
and large-scale operational feasibility under diverse agro-ecological
conditions. Future research should therefore emphasise multi-
location validation, standardised assessment methodologies and
interdisciplinary approaches to strengthen the evidence base for
commercial implementation.
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Technological and operational challenges

One of the major limitations in agricultural waste management is
the lack of appropriate and scalable technologies tailored to diverse
agro-ecological conditions. Many existing technologies are either
too resource-intensive or not adaptable to smallholder farming
systems, particularly in developing countries (68). Examples include
decentralised anaerobic digesters, modular pyrolysis units, mobile
biomass briquetting systems and small-scale composting facilities.
Their adoption in smallholder farming is often constrained by high
initial investment, limited technical expertise, inadequate
maintenance services and irregular biomass supply.

Biological processes such as composting and anaerobic
digestion, although widely applicable, often face challenges related
to process optimisation, inconsistent output quality and longer
processing durations. Thermochemical technologies, on the other
hand, require high capital investment, technical expertise and
reliable feedstock supply chains, which restrict their widespread
adoption (69). Feedstock variability can be minimised through
preprocessing methods such as drying, size reduction, pelletisation,
blending of complementary biomass feedstocks and standardised
storage practices, thereby improving conversion efficiency and
process stability.

In addition, the heterogeneous nature of agricultural waste,
variations in moisture content and seasonal availability of residues
further complicate efficient processing and utilisation (70).

Scalability should be distinguished from adoption potential
when evaluating agricultural waste valorisation technologies.
Scalability refers to the technical and operational capacity of a
technology to maintain its performance when expanded from
laboratory or pilot scale to commercial or regional implementation,
whereas adoption potential reflects the willingness and ability of end
users to implement the technology under prevailing socio-economic
and institutional conditions. Pilot studies and demonstration
projects play a crucial role in bridging the gap between laboratory-
scale research and field-scale implementation by validating
technical performance, economic feasibility and operational
reliability under real farming conditions. However, many promising
technologies have been evaluated only under controlled
experimental conditions, limiting confidence in their long-term field
performance across diverse agro-ecological environments.
Therefore, greater emphasis should be placed on largescale
demonstration projects, multi-location field validation and
stakeholder participation to facilitate successful technology scaling
and wider adoption. In addition, standardised performance
indicators, including resource recovery efficiency, economic viability,
environmental impact and operational reliability, should be used to
evaluate scalability across different agro-ecological conditions.

Table 4. Decision-support framework for selection of agricultural waste valorisation technologies under different agro-ecological conditions

Agro-ecological condition Biomass type

technology

Recommended

Key rationale Sustainability outcome

Dry regions with low
moisture

Irrigated regions with
mixed farming
Livestock-dominated
systems

Crop residues (straw
and stubble)

Crop + livestock waste digestion

Dung and slurry

Pressmud, bagasse and

Agro-industrial clusters bone sludge

Resource-constrained Composting /

Mixed residues

small farms vermicomposting
Industrial-scale biomass . S P N
utilisation Lignocellulosic biomass Gasification / biorefinery

Pyrolysis / gasification

Composting / anaerobic

Anaerobic digestion

Composting / biorefinery

Low moisture suitability, high ~ Carbon sequestration, energy

lignin content recovery
Availability of moisture and Nutrient recycling, soil fertility
nutrients improvement
High biodegradability, methane - -
potential Renewable energy + biofertiliser
High nutrient density, centralised Value-added products, nutrient
availability recovery

Improved soil health and

Low-cost, easy implementation sustainability

High volume processing,

energy ’ )
demand Large-scale energy production
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Infrastructure and logistical constraints

Efficient collection, transportation and storage of agricultural residues
remain significant challenges due to their dispersed and bulky nature.
In many regions, the absence of organised biomass supply chains
and decentralised processing units limits effective waste utilisation
(71). Potential solutions include decentralised biomass processing
centres, farmer cooperatives, biomass aggregation hubs, improved
rural transportation networks and digital supply-chain platforms for
biomass collection and distribution.

Storage of biomass residues also poses risks of degradation,
nutrient loss and fire hazards, particularly under improper handling
conditions. These logistical constraints increase operational costs
and reduce the overall efficiency of valorisation systems.

Policy and institutional gaps

Policy support plays a pivotal role in promoting sustainable
agricultural waste management; however, existing policies are often
fragmented and lack effective implementation mechanisms. In
many countries, there is limited coordination between agricultural,
environmental and energy sectors, leading to inefficiencies in policy
design and execution (72). Cross-sectoral coordination can be
strengthened through integrated policy frameworks involving
agriculture, environment, energy and rural development agencies,
supported by interdepartmental committees, digital information-
sharing platforms and coordinated biomass management
strategies.

Financial incentives, subsidies and regulatory frameworks
supporting biomass utilisation are either inadequate or
inconsistently applied. Moreover, lack of awareness among farmers
and stakeholders regarding the benefits of waste valorisation
further hinders adoption (73). Key challenges and corresponding
strategic interventions are summarised in Table 5. Financial
incentives such as capital subsidies, carbon credit schemes, feed-in
tariffs for bioenergy and farmer awareness programmes have
significantly improved the adoption of biomass valorisation
technologies in several countries by reducing investment risks and
enhancing stakeholder participation.

Future perspectives and research directions

Future research should focus on developing cost-effective, scalable
and regjon-specific technologies for agricultural waste valorisation.
Emphasis should be placed on integrated and hybrid systems that
combine biological and thermochemical processes to maximise
resource recovery and minimise waste (74). Priority research areas
include hybrid composting-anaerobic digestion systems, pyrolysis-
biochar integrated nutrient management, Al-assisted process
optimisation, digital twins for biomass conversion systems and
integrated biorefineries capable of producing multiple bio-based
products.

The integration of digital technologies such as artificial
intelligence (Al), machine learning (ML), the loT, remote sensing and
data analytics offers significant potential to improve process
monitoring, efficiency and decision-making in  biomass
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management systems (75). The Al- and ML-based models are
increasingly being used to optimise composting conditions, predict
biogas yield from anaerobic digestion, classify biomass feedstocks
and optimise process parameters in thermochemical conversion
systems. The loT-enabled sensors facilitate real-time monitoring of
critical variables such as temperature, moisture content and gas
composition, enabling improved process control and operational
efficiency. Remote sensing and geospatial technologies support
biomass resource mapping, feedstock availability assessment and
supply chain planning for large-scale biomass utilisation. Emerging
pilot studies have demonstrated the application of Akassisted
compost process optimisation, loT-enabled smart biogas plants
and remote sensing-based biomass inventory systems, indicating
promising opportunities for improving the efficiency and scalability
of agricultural waste valorisation. Despite these advances, most
digital technologies remain at pilot or demonstration stages in many
agricultural regions and their widespread adoption is constrained by
limited digital infrastructure, high initial investment costs,
inadequate technical expertise, data interoperability challenges and
concerns regarding data security. Strengthening technology
readiness through interdisciplinary research, capacity building and
supportive policy frameworks will be essential for facilitating the
large-scale adoption of Industry 4.0 technologies in agricultural
waste valorisation systems. Recent applications include Al-based
feedstock characterisation, loT-enabled biogas monitoring, drone-
assisted biomass estimation and machine-learning models for
optimising composting and anaerobic digestion performance.

Furthermore, long-term field studies are required to
evaluate the impacts of waste-derived products on soil health, crop
productivity and environmental sustainability under diverse agro-
ecological conditions. These evaluations should include soil organic
carbon, nutrient availability, crop productivity, greenhouse gas
emissions, microbial activity, heavy metal accumulation, economic
returns and overall environmental sustainability indicators.
Strengthening policy frameworks, promoting public-private
partnerships and enhancing stakeholder awareness are also critical
for scaling up adoption (76).

Overall, overcoming existing challenges and bridging policy
gaps requires a holistic and interdisciplinary approach that
integrates technological innovation, institutional support and
stakeholder participation. Advancing these strategies will be crucial
for realising the full potential of agricultural waste within circular
bioeconomy systems. This review has certain limitations that
should be acknowledged.

Limitations of the study

Although a systematic approach based on PRISMA guidelines was
followed, the study was limited to English-language publications
and selected databases, which may have excluded some relevant
regional or nor-indexed studies. In addition, variability in
experimental  conditions, feedstock  characteristics and
methodological approaches across studies may affect the
comparability of results. Despite these limitations, this review

Table 5. Key challenges, implications and strategic interventions for agricultural waste valorisation systems

Challenge Implication

Strategic intervention Stakeholder level

High capital cost Low adoption

Poor infrastructure Inefficient biomass utilisation
Limited awareness
Policy gaps

Market limitations

Low adoption
Weak implementation
Low profitability

Market development and incentives

Subsidies and financial support Government / industry

Decentralised processing systems Government

Training and extension programs
Integrated policy frameworks

Farmers / institutions
Government
Industry / policymakers
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provides a structured synthesis of agricultural waste classification,
biomass valorisation technologies, sustainability trade-offs and
circular bioeconomy strategies. It also identifies important
knowledge gaps related to long-term field validation, techno-
economic assessment, integrated biomass utilisation and policy
support, thereby providing priorities for future research and
sustainable agricultural waste management.

Conclusion

This review systematically synthesised the global status,
classification, technological advancements and sustainability
dimensions of agricultural waste management, highlighting its
potential to transform biomass residues into valuable resources. The
analysis indicates that agricultural waste, including crop residues,
livestock wastes and agro-industrial by-products, constitutes a
substantial yet underutilised resource base. Valorisation
technologies, particularly biological and thermochemical processes,
offer diverse opportunities for converting these residues into organic
fertilisers, bioenergy and bio-based materials. Among these, agro-
industrial residues such as pressmud, bagasse and bone sludge
exhibit considerable potential for nutrient recovery, biochar
production and soil fertility enhancement, emphasising their role in
circular nutrient management strategies.

This review also highlights that the successful
implementation of agricultural waste valorisation depends on
balancing technological efficiency with environmental sustainability,
economic feasibility and practical field applicability. Although these
technologies provide significant opportunities for resource recovery,
renewable energy production and waste minimisation, challenges
related to technological limitations, feedstock variability, logistical
constraints, high investment costs, policy gaps and limited long-
term field validation continue to restrict their widespread adoption.
Furthermore, sustainability trade-offs, including nutrient
imbalances, contaminant accumulation in specific waste streams
and operational constraints, require careful management to ensure
environmentally sound and economically viable implementation.
An important contribution of this review is the integration of
technological, environmental, economic and policy perspectives
within a single analytical framework. By comparatively evaluating
biological, thermochemical and integrated biomass valorisation
technologies, the review identifies important knowledge gaps,
including the need for standardised sustainability assessment
methods, region-specific technology optimisation, long-term
agronomic validation, comprehensive life cycle assessment (LCA),
techno-economic evaluation and improved decision-support
frameworks for technology selection.

Future research should prioritise integrated biomass
utilisation systems that combine biologjcal and thermochemical
conversion pathways, supported by digital technologies such as
artificial intelligence, internet of things (IoT), remote sensing and
precision agriculture for improving process efficiency and resource-
use optimisation. Greater emphasis should also be placed on
strengthening policy support, developing decentralised biomass
supply chains, improving stakeholder awareness and promoting
interdisciplinary collaboration to facilitate large-scale adoption of
agricultural waste valorisation technologies.

Overall, the findings of this review emphasise that
agricultural waste should be regarded as a valuable bioresource
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rather than a disposal challenge. Sustainable biomass valorisation
requires alignment between appropriate technologies, agro-
ecological conditions, resource availability, environmental
safeguards and socio-economic considerations. Strengthening
policy support, infrastructure development, scientific validation
and stakeholder engagement will be essential for realising the full
potential benefits of agricultural waste valorisation within circular
bioeconomy systems while ensuring longterm agricultural
sustainability.
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