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ABSTRACT

Circular agriculture represents a paradigm shift from the conventional linear "take-make-
dispose" model to a regenerative, closed-loop farming system that maximizes resource efficiency
and minimizes waste. As global food demand is projected to increase by 70% by 2050, the
transition toward circular agricultural practices has become imperative for achieving
sustainable food production. This review examines the core principles of circular agriculture,
including nutrient recycling, crop-livestock integration, waste valorization through composting
and anaerobic digestion, and the role of precision agriculture technologies in enhancing
resource use efficiency. Case studies from various global regions demonstrate the economic and
environmental viability of these approaches. The paper also identifies key challenges such as
infrastructure limitations, policy gaps, and socio-economic barriers, while highlighting future
prospects for scaling circular agriculture through technological innovation and collaborative
governance frameworks.

Keywords: Circular Agriculture, Waste Recycling, Resource Efficiency, Nutrient Cycling,
Sustainable Farming.

INTRODUCTION Conventional agriculture, characterized by a
The global agricultural  sector  faces linear model of resource extraction,
unprecedented challenges in the twenty-first production, and waste generation, has
century, driven by a rapidly growing contributed significantly to soil degradation,
population, depleting natural resources, water pollution, greenhouse gas emissions, and
climate change, and environmental biodiversity loss (Jurgilevich et al., 2016).
degradation. The Food and Agriculture In this context, circular agriculture
Organization (FAO) estimates that food has emerged as a sustainable alternative that
production must increase by approximately seeks to close resource loops, minimize waste,
70% by 2050 to meet the demands of a and regenerate natural ecosystems.

projected 9.7 billion people (FAO, 2019).
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Unlike linear systems, circular agriculture
draws inspiration from natural ecosystems
where waste from one process serves as input
for another, thereby creating self-sustaining
cycles of production and consumption (De
Boer and Van Ittersum, 2018). The concept
aligns closely with the broader circular
economy framework, which advocates for
decoupling economic growth from resource
consumption through strategies of reduction,
reuse, and recycling (Ellen MacArthur
Foundation, 2017).

The United States Department of
Agriculture (USDA) reports that 30-40% of
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the food supply is wasted annually, placing
enormous strain on land, water, energy, and
labour resources (USDA, 2020). Circular
agriculture addresses this inefficiency by
transforming agricultural by-products and
residues into valuable inputs, thereby creating
new value chains and enhancing farm
profitability while reducing environmental
footprints. This review paper explores the
principles, strategies, technologies, and
challenges associated with circular agriculture,
with particular emphasis on waste recycling
and resource efficiency in farming systems.
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Figure 1: Conceptual framework of circular economy in agriculture (Source: AgriThority, 2025)

2. Principles of Circular Agriculture

Circular agriculture is grounded in five core
principles that collectively guide the transition
from linear to regenerative farming systems.
First, reducing  resource input is
fundamental, emphasizing doing more with
less by deploying advanced technologies such
as precision agriculture to conserve water,
energy, and nutrients (Tracextech, 2024).
Second, closing nutrient loops involves
recycling nutrients back into the production
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system  through  composting,  manure
management, and cover cropping, mimicking
the natural cycles where nothing goes to waste
(Van Bodegom et al., 2019).

Third, waste valorization transforms
agricultural by-products such as crop residues,
food processing waste, and livestock manure
into valuable resources including bioenergy,
biofertilizers, and animal feed (Rood et al.,
2017). Fourth, ecosystem regeneration
focuses on restoring soil health, improving
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water quality, and increasing biodiversity
through practices such as agroforestry and
conservation tillage (De Boer & Van Ittersum,
2018). Fifth, supply chain collaboration
fosters  partnerships  among  farmers,
processors, retailers, and consumers to
collectively implement circular strategies and
share knowledge and resources (Jurgilevich et
al., 2016).

3. Waste Recycling Strategies in Circular
Agriculture

3.1 Composting and Vermicomposting
Composting is one of the oldest and most
widely practised methods of organic waste
recycling in agriculture. It involves the aerobic
decomposition of organic materials such as
crop residues, food waste, and animal manure
into nutrient-rich humus that improves soil
structure, fertility, and microbial activity (Diaz
et al., 2007). Vermicomposting, which
employs earthworms to accelerate the
decomposition process, produces
vermicompost that is superior in nutrient
availability and microbial diversity compared
to conventional compost (Lim et al., 2016).
These practices reduce landfill waste, lower
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methane emissions, and return essential
nutrients to the soil, thereby closing the
nutrient loop within farming systems.

3.2 Anaerobic Digestion and Biogas
Production

Anaerobic digestion (AD) represents a key
technology in circular agriculture that converts
organic waste into biogas and nutrient-rich
digestate under oxygen-free conditions. The
biogas produced, containing approximately
50-70% methane and 30-40% carbon dioxide,
can be used for electricity generation, heating,
or as vehicle fuel (Pham et al., 2021). The
digestate serves as a green alternative to
synthetic fertilizers by recycling nitrogen and
phosphorus back to cropland. According to the
Environmental and Energy Study Institute
(EESI, 2017), processing 100 tons of food
waste daily through anaerobic digestion can
generate sufficient energy to power 800 to
1,400 homes annually. The United States
Environmental Protection Agency (EPA)
estimates that 8,241 potential livestock biogas
systems could collectively generate over 13
million megawatt-hours of energy each year.
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Figure 2: Anaerobic digestion process and biogas production from agricultural waste
(Source: US EPA, 2021)
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3.3 Black Soldier Fly (BSF) Bioconversion
Black Soldier Fly (Hermetia illucens)
bioconversion has emerged as an innovative
waste-to-resource technology in circular
agriculture. BSF larvae efficiently convert
organic waste into high-protein biomass and
nutrient-rich frass that serves as organic
fertilizer (Surendra et al., 2020). BSF systems
can reduce waste volume by up to 50%, with
processing times of only 8-18 days, and
achieve waste reduction rates of 67-80%
(Mertenat et al., 2019). Importantly, BSF
bioconversion yields net CO2 emissions as
low as 12-17 kg CO2 equivalent per ton,
which is an order of magnitude below
composting or vermicomposting (Parodi et al.,
2020). In Kenya, organizations such as
Sanergy operate large-scale BSF systems that
convert urban organic waste into affordable
animal feed protein and organic fertilizers,
supporting regional food security while
addressing waste management challenges.

4. Crop-Livestock Integration and Nutrient
Cycling

Integrated crop-livestock systems (ICLS)
represent a cornerstone of circular agriculture
by exploiting natural synergies between crops
and animals to create closed or nearly closed
resource loops. Historically, agricultural
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systems produced diverse plant and animal
commodities through tight linkages where
crop residues served as livestock feed and
animal manure fertilized crops, creating
circular nutrient and energy flows (Garrett et
al., 2020). A comprehensive meta-analysis of
66 studies by Garrett et al. (2020)
demonstrated that annual cash crops in ICLS
achieved comparable yields (-7% to +2%) to
crops in unintegrated systems, with crops in
loamy soils vyielding 5% higher under
integration.

Livestock play an essential role in
circular bioeconomy systems by recycling
nutrients and utilizing low-opportunity-cost
biomass, such as crop residues, food
processing  by-products, and  pastures
unsuitable for crop cultivation, into nutrient-
dense animal-source foods (FAO LEAP,
2025). This approach supports multiple United
Nations Sustainable Development Goals,
including SDG 2 (Zero Hunger), SDG 12
(Responsible Consumption and Production),
and SDG 13 (Climate Action). By returning
organic matter to soils through manure
application, ICLS improve soil fertility and
reduce dependence on synthetic fertilizers,
while proper manure management helps
mitigate methane and nitrous oxide emissions.

Integrating Crops and Livestock

Increased Profit Per Acre
Cost Reduction Income Benefits
* Manure = fertilizer
« Stretch feed supply
* Break pest and weed cycles

« Marketable cover crop
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Figure 3: Integrated crop-livestock system s
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5. Precision Agriculture and Resource
Efficiency

Precision agriculture technologies (PATS) play
a pivotal role in enhancing resource efficiency
within circular farming systems. By leveraging
advanced tools such as GPS, Internet of
Things (loT) sensors, drones, and data
analytics, precision agriculture enables farmers
to optimize the application of water, fertilizers,
and pesticides at varying rates across fields
based on real-time data and specific crop
requirements (Gebbers & Adamchuk, 2010).
Variable rate technology (VRT) reduces over-
application, minimizes environmental impact
such as nutrient runoff and greenhouse gas
emissions, and can improve soil health by 20-

What is

precision

farming
technology?
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30% while increasing resource use efficiency
by 15% (Balafoutis et al., 2017).

Research indicates that precision farming can
reduce water usage by 30-50%, increase crop
yields by 10-25%, reduce fertilizer costs by
25%, and decrease carbon emissions by 15-
25% (Bongiovanni & Lowenberg-DeBoer,
2004; & Finger et al., 2019). Advanced
irrigation systems, including drip irrigation
and variable rate irrigation (VRI), deliver
water precisely where needed, minimizing
evaporation and runoff. The integration of
climate data and predictive modelling further
enables climate-smart practices such as
conservation tillage and cover cropping, which
sequester carbon and enhance soil resilience to
extreme weather events (Liakos et al., 2018).

Figure 4: Precision agriculture technologies for sustainable resource management
(Source: GeoPard Tech, 2021)

6. Challenges and Future Prospects

Despite the demonstrated benefits of circular
agriculture, several challenges impede its
widespread adoption. For many farmers,
especially  smallholders in  developing
countries, adopting circular practices is
constrained by limited financing, inadequate
infrastructure, and insufficient training and
technical knowledge (World Economic Forum,
2025). The high initial costs of precision
agriculture technologies and biogas systems
pose significant barriers for small-scale
operations. Additionally, reintroducing waste
streams into the food chain requires rigorous
food safety oversight and regulatory
Copyright © Sept.-Oct., 2024; CRAF

frameworks to prevent contamination risks
(Jurgilevich et al., 2016).

Policy and regulatory environments
play a critical role in enabling or constraining
circular transitions. The European Union's
Fertilising ~ Products  Regulation  (EU
2019/1009) has created a harmonized single
market for fertilizing products derived from
organic or side-stream materials, facilitating
cross-border trade and scaling of circular
fertilizers (European Commission, 2019). The
African Union's Continental Circular Economy
Action Plan (2024-2034) promotes sustainable
agriculture by encouraging waste-to-resource
innovation across the continent.
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Future prospects for circular agriculture are
promising, driven by advances in
biotechnology, artificial intelligence,
blockchain-based traceability, and
nanotechnology. The integration of IloT
sensors with Al-powered decision support
systems can optimize nutrient management in
real time, while blockchain technology
enhances supply chain transparency and
enables carbon credit trading for farmers
adopting circular practices (MEDA, 2025).
Scaling  circular  agriculture  requires
coordinated efforts among policymakers,
investors, technology providers, and farming
communities to design supportive regulatory
frameworks, channel resources into scalable
technologies, and ensure equitable access to
affordable tools and training.

CONCLUSION

Circular agriculture offers a transformative
pathway for addressing the interlinked
challenges of food security, resource
depletion, and environmental degradation in
global farming systems. By closing nutrient
loops, recycling waste into valuable resources,
integrating crop and livestock systems, and
deploying precision agriculture technologies,
circular approaches enhance productivity
while minimizing environmental footprints.
Waste recycling strategies such as composting,
anaerobic digestion, and Black Soldier Fly
bioconversion demonstrate significant
potential for converting agricultural residues
into bioenergy, biofertilizers, and high-protein
feed, creating new economic value chains for
farmers.

The transition from linear to circular
farming systems requires systemic changes
across technological, institutional, and socio-
economic dimensions. While challenges
related to infrastructure, financing, and policy
coherence remain, the growing body of
evidence from global case studies confirms the
viability and scalability of circular practices.
Future success depends on collaborative
governance frameworks, continued investment
in research and innovation, and inclusive
strategies that ensure smallholder farmers in
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developing regions can fully participate in the
circular agriculture transition. As the global
community strives toward the Sustainable
Development Goals, circular agriculture stands
as a critical strategy for building resilient,
efficient, and regenerative food systems for
present and future generations.
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