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Abstract: Agricultural residues represent an underutilized resource for sustainable energy and nutrient recycling. This review
synthesizes biochemical and thermochemical conversion pathways, evaluates fertilizer recovery technologies, and examines policy and
implementation frameworks. Evidence indicates that anaerobic digestion, pyrolysis and integrated valorisation systems can reduce
greenhouse gas emissions, improve soil health, and enhance rural energy access. However, logistical constraints, capital costs, and
regulatory gaps remain critical barriers. The study highlights emerging innovations such as engineered biochar and hybrid hydrothermal
digestion systems, emphasizing the need for sustainability criteria and decentralized deployment strategies. Agricultural residues and
wastes like crop stalks, straw, husks, pruning residues, animal manures and processing by-products are produced in huge quantities
worldwide. Instead of open burning or unmanaged disposal, these materials can be converted into energy carriers (biogas, bioethanol,
bio-oil, syngas, pellets) and into value-added fertilizers/soil amendments (digestate, compost, biochar). This review examines the major
conversion pathways (biochemical and thermochemical), describes technologies and integrated systems, summarizes agronomic use of
residues-derived fertilizers, evaluates advantages and limitations, presents real-world examples, surveys, recent research innovations and
practical recommendations.
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1. Introduction opportunities through energy generation, bio-based products,
and raw material recovery. Integration of waste-to-wealth
Scale and opportunity: strategies is essential for achieving global sustainability

Agricultural systems generate enormous volumes of targets and reducing dependence on fossil resources
lignocellulosic residues (straw, stalks, leaves), by-products

(husks, shells), processing wastes (bagasse, press cakes) and ~ Types and availability of agricultural wastes:
animal manures. Many regions under-utilize these streams or

dispose of them by open burning, causing air pollution and Common categories:
greenhouse-gas emissions. Converting agricultural waste into a) Field residues: rice straw, wheat straw, maize stover,

bioenergy and fertilizers offers a circular alternative that sugarcane trash, cotton stalks. '
provides renewable energy (for heat, electricity, transport b) Processing residues: rice husk, wheat bran, oilseed cakes,
fuels and cooking), displaces fossil inputs, recycles nutrients sugarcane bagasse.

to soils and creates rural income streams. International c) Anirpal manures & slur.ry: Catﬂ.e, pig, pogltry manure.
assessments and regional studies highlight that residue-based ~ ) Horticultural and pruning residues: fruit tree pruning,
bioenergy can play a major role in decarbonization and rural vineyard cuttings.

development when sustainably managed.
Availability varies seasonally and geographically. For

2. Methodology example, large rice- and wheat-producing regions have
concentrated seasonal surpluses; tropical sugarcane areas

This review adopts a systematic and structured methodology P roduce abundant baga§se year-round: Accurate resource
to analyse existing literature on waste-to-wealth conversion assessmepts are essential for planning centralized vs.
pathways, technologies, and policy frameworks. The decentralized systems.

objective is to synthesize recent advancements and identify
research gaps for sustainable waste valorization. The
collected studies were analysed using a qualitative synthesis . .
approach, supported by comparative evaluation of 1) Biochemical pathways:
technologies based on efficiency, environmental impact,
scalability, and economic feasibility.

Conversion pathways:

Anaerobic digestion — biogas + digestate

Microbial breakdown of organics under oxygen-free
conditions produces methane-rich biogas (CHa + CO:) and a
nutrient-rich liquid/solid residue (digestate). Anaerobic
digestion is especially suitable for wet wastes like manures,
food processing residues, slurry and co-digestion of crop
residues after pre-treatment. Biogas is used for cooking, heat,
electricity or upgraded to compressed biogas. Digestate can
be separated into liquid fertilizer and a solid fraction for soil

The concept of waste-to-wealth has emerged as a key pillar in
achieving a circular economy, where waste materials are
reintroduced into the production cycle as valuable resources.
Unlike the traditional linear model (take—make—dispose),
circular systems emphasize reuse, recycling, and recovery.

Recent studies highlight that waste valorization not only
reduces environmental burdens but also creates economic
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amendment. Anaerobic digestion is a mature technology
widely deployed at farm, village and industrial scales.

Fermentation — bioethanol/butanol

Saccharification and fermentation of carbohydrates like
sugars, starches, some cellulosic feedstocks produce liquid
biofuels such as ethanol and butanol”.

Hydrothermal liquefaction processes wet biomass, Cellulosic
ethanol from crop residues requires advanced pre-treatment
and enzyme steps.

2) Thermochemical pathways:

Pyrolysis — biochar + bio-oil + syngas

Slow pyrolysis at moderate temperatures yields biochar
(stable carbon for soils) and a condensable bio-oil; fast
pyrolysis favours bio-oil production. Biochar is a valuable
soil amendment improving water retention, cation exchange
capacity and carbon sequestration.

Gasification — syngas — power/fuels

Partial oxidation at high temperatures converts biomass to
syngas (CO + Hz), which can be used for heat, power or
catalytically upgraded to liquid fuels (Fischer-Tropsch).
Requires drier feedstocks and higher capital.

3) Hydrothermal liquefaction:

Hydrothermal liquefaction processes wet biomass under high
pressure and moderate temperatures to produce a crude-like
bio-oil, suitable for upgrading to transport fuels. Especially
promising for wet residues and residues with high ash content.
Recent research explores coupling hydrothermal liquefaction
with anaerobic digestion for full valorisation.  Direct
combustion and pellets are a simple route for heat/power
generation often used for bagasse and husks. Pelletizing
residues produces storable, tradeable solid fuel.

Hybrid and integrated concepts:

a) Anaerobic digestion + pyrolysis/gasification: sequentially
extract biogas, then treat digestate or remaining solids
thermochemically for biochar or fuels.

b) Co-digestion and pre-treatment: adding manure or
municipal organic wastes to crop residues to improve
Anaerobic digestion performance.

c) Integrating nutrient recovery and water recycling
enhances sustainability. (e.g., struvite precipitation of
phosphorus)

4) Production of fertilizers & soil amendments from
residues:

a) Digestate from Anaerobic digestion: Plant-available N
(mostly ammonium), P, K, micronutrients and organic
matter. When properly managed and sometimes post-
treated through composting, solid—liquid separation,
hygienization etc.., digestate can replace part of mineral
fertilizer requirements and improve soil organic matter.
However, nutrient content varies with feedstock and
process parameters. Reviews show digestate can match
mineral fertilizer yield responses when managed correctly.

b) Composting & vermicompost: Aerobic stabilization of
residues generates mature compost — slower nutrient

c)

d)

3)

6)
a)

b)

©)

d)

7)
a)

release but valuable soil conditioner. Co-composting of
digestate with lignocellulosic residues improves structure
and maturity.

Biochar: Pyrolysis of residues yields biochar, a porous
carbonaceous solid that increases water holding capacity,
nutrient retention and long-term carbon sequestration
when applied to soils. Biochar may also be “engineered”
by loading with nutrients (e.g., impregnating with N or P)
to create slow-release fertilizers. Evidence supports yield
benefits in many cropping systems, though effects depend
strongly on feedstock, pyrolysis conditions and soil type.
Ash and mineral recoveries: Ash from combustion can
contain P and K and may be processed to reclaim nutrients.
Struvite precipitation from liquid wastes/digestate is
increasingly used to recover phosphorus as a slow-release
fertilizer.

Advantages of converting agricultural waste to
bioenergy & fertilizer:

Greenhouse-gas mitigation & air quality improvement:
Avoids open burning and displaces fossil fuels; biochar
sequesters stable carbon.

Nutrient recycling and soil health: Digestate, compost and
biochar return nutrients and organic matter, reducing
dependency on synthetic fertilizers.

Energy security and rural livelihoods: Local biogas/
compressed biogas and solid fuels meet farm energy
needs, create jobs and add value to residues.
(worldbioenergy.org)

Circular economy & waste minimization: Cascaded use
maximizes resource recovery.

Potential for carbon credits & new revenue streams:
Projects like biochar carbon removal can attract offset
finance and corporate buyers. Recent deals show market
interest.

Limitations, risks and barriers:

Feedstock logistics and seasonality: Low bulk density and
temporal concentration increase transport and storage
costs.

Capital and operational costs: Advanced thermochemical
units, Hydrothermal liquefaction and gasification need
significant investment and technical expertise.
Contaminants & safety; Pesticide residues, heavy metals,
microplastics and pathogens in feedstocks/digestates can
limit safe agronomic use; monitoring and post-treatment
are needed.

Variable fertilizer value: Nutrient content of
digestate/compost varies widely; farmers may distrust or
misapply products.

Regulatory and quality standards: Many countries lack
clear frameworks for digestate/biochar use and for
certifying fertilizer safety and nutrient labelling.

Market & policy uncertainty: Subsidy distortions,
insufficient carbon pricing, and complex certification can
hinder scale-up.

Examples & Case Studies:

Global reports & regional potential: The International
Renewable Energy Agency (IRENA) highlights the large
regional potential for residue-based bioenergy and
provides guidance for upscaling while avoiding
competition with food and biodiversity.
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b)

<)

d)

8
a)

b)

<)

d)

e)

Initiatives and programs: India has multiple policies and
schemes promoting bioenergy from agricultural residues.
Industry and startups are piloting residue-to-biochar and
digestate valorisation at village and industrial scales.
National assessments indicate large residue availability
and potential to meaningfully contribute to rural energy
and carbon projects. Recent white papers and national
analyses emphasize a bioenergy opportunity in India.
Corporate and project examples: Biochar carbon deals:
Tech companies and carbon purchasers have contracted
with projects that convert Agri-residues to biochar to
purchase carbon removal credits schemes. This
demonstrates private-sector interest in residue-based
carbon removal and soil amendment markets.
Smallholder and cooperative biogas plants: Numerous
case studies show that farm-level digesters (household to
collective scale) deliver cooking fuel, reduce fuelwood
demand, and provide liquid fertilizer — improving
livelihoods when appropriately supported by extension
services.

Recent research & innovations:

Coupling Hydrothermal liquefaction and Anaerobic
digestion for wet residues: Research shows promising
synergies when hydrothermal liquefaction of wet biomass
like manures, wet agricultural slurry etc., is combined with
anaerobic  digestion of aqueous/solid fractions,
hydrothermal liquefaction produces bio-crude for fuels
while aqueous phases feed anaerobic digestion for biogas,
improving overall energy recovery and waste
stabilization. This hybrid valorisation is a recent research
focus.

Improved anaerobic digestion (process intensification
& co-digestion): Advances include: thermal/chemical
pre-treatment of lignocellulosic residues, co-digestion
formulations (crop residues + manure + food waste) and
microbial community engineering to increase methane
yields and reduce retention time. Life-cycle studies show
anaerobic digestion with proper digestate management
can be greenhouse-gas-competitive.

Engineered biochar and nutrient-loaded biochar:
Research is increasingly focused on “designer” biochar:
biochar impregnated/loaded with N, P or micronutrients to
form slow-release fertilizers, or biochar functionalized to
adsorb and slowly release specific nutrients. Results show
improved nutrient use efficiency and reduced leaching.
Digestate post-treatment & nutrient recovery:
Techniques  such  as  solid-liquid  separation,
nitrification/denitrification control, composting, ammonia
stripping/absorption and struvite precipitation permit
production of concentrated fertilizers (N, P) and safer
solids. Reviews analyse agronomic performance and
recommend post-treatment to reduce risks.

Catalytic upgrading and modular thermochemical
units: New catalysts and modular gasifier/ pyrolyzer
design lower barriers to scale and improve product quality
(e.g., bio-oil upgrading to drop-in fuels).

Digital logistics and aggregation platforms Tech
solutions for feedstock aggregation, traceability and
product certification like blockchain for residue sourcing
and apps for farmer collection schedules are emerging to
reduce transaction costs and ensure sustainability criteria.

9) Environmental, socio-economic and
considerations:

a) Environmental: Life cycle assessments (LCAs) generally
show residue-to-energy pathways reduce net greenhouse
gas emissions vs. fossil alternatives when feedstock
removal rates do not degrade soils and when co-benefits
like biochar carbon sequestration are accounted for.
However, unsustainable residue removal can harm soil
organic carbon and productivity. Careful sustainability
criteria and residue-retention thresholds are therefore
required.

b) Socio-economic: Smallholder integration, benefit sharing
and transparent pricing for residues are key to social
acceptance. Cooperative models and centralized
aggregation with local processing often work best.

c) Policy: Enabling policies include feed-in tariffs, capital
subsidies for digesters, quality standards and nutrient
labelling for digestate/biochar fertilizers, and carbon
credit rules that recognize long-term sequestration.
Policymakers must balance incentives to avoid perverse
outcomes like incentivizing removal beyond sustainable
levels. National programs provide useful templates for
scale-up.

policy

10) Practical implementation roadmap for stakeholders:

a) Resource assessment and mapping: Quantify and map
seasonal availability, moisture/ash characteristics and
competing uses.

b) Stakeholder engagement: Involve farmers, processor
owners, local governments, and extension services.

c¢) Technology selection: Match feedstock to appropriate
conversion: Anaerobic digestion for wet/slurries,
pyrolysis/biochar for dry ligno-cellulosics,
Hydrothermal liquefaction for wet high-ash biomass if
capital allows. Consider modular units for
decentralization.

d) Quality & safety protocols: Monitoring for heavy metals,
pesticide residues set standards for digestate/biochar
products.

e) Business models: Farmer cooperatives for feedstock
supply, energy offtake contracts, carbon credit revenue,
fertilizer product branding.

f) Capacity building & extension: Training on operation,
agronomic use rates, storage and logistics.

g) Monitoring, verification and LCA: Measure greenhouse
gas reductions, soil impacts and economic returns; adapt
management accordingly.

3. Conclusions & Recommendations

Agricultural residue valorisation through integrated
bioenergy and nutrient recovery pathways offers measurable
climate mitigation and soil restoration benefits. Emerging
hybrid technologies and engineered soil amendments
improve resource efficiency, yet scalability depends on robust
logistics, quality standards, and policy incentives. Future
research should prioritize system level optimization, long
term soil impact assessment, and decentralized
implementation  frameworks to ensure sustainable
bioeconomy transitions. For policymakers and practitioners,
priority actions include establishing quality standards for
residue-derived fertilizers, supporting decentralized modular
technologies, subsidizing first-loss capital for community
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