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PREFACE

Agriculture and food systems are undergoing rapid transformation
through digital technologies, climate-smart practices, and circular production
approaches. Increasing pressures related to climate change, resource scarcity,
and food insecurity have strengthened the need for innovative strategies that
support sustainable production while improving environmental resilience
and food availability.

The chapters in this volume examine selected dimensions of this
transformation. The first chapter explores the role of digital agricultural
extension in promoting circular food systems, particularly through the
conversion of farm residues into functional foods. The second chapter
discusses climate-smart agricultural engineering and its contribution to
environmental sustainability, drawing on global perspectives and experiences
from Africa and Nigeria. The third chapter examines the potential of digital
agriculture to enhance food security and environmental resilience in
emerging economies.

By bringing together digital innovation, circular production,
agricultural engineering, and food-system resilience, this volume highlights
the value of integrated approaches in contemporary agricultural research.
The studies demonstrate how technology-based and environmentally
responsible practices can contribute to more efficient, inclusive, and
sustainable agrifood systems.

It is hoped that this book will serve as a useful academic resource for
researchers, students, policymakers, and professionals interested in digital
agriculture, food security, climate-smart practices, environmental
sustainability, and agricultural development. We extend our sincere
appreciation to all contributing authors for their valuable scholarly efforts.

Editorial Team
June 2026, Tiirkiye



CHAPTER 1
PROMOTING CIRCULAR FOOD SYSTEMS
THROUGH DIGITAL AGRICULTURAL EXTENSION:
FROM FARM RESIDUES TO FUNCTIONAL FOODS

Masudul Islam KHAN

!Daffodil International University, khan34-98@s.diu.edu.bd, ORCID ID: 0000-0002-4769-0147
1


mailto:khan34-98@s.diu.edu.bd

INTRODUCTION

Context and Global Food System Challenges

The contemporary global food system operates within a paradox: while
producing sufficient calories to feed the world population, it simultaneously
generates approximately 1.3 billion tons of food waste annually, consuming
28% of agricultural land, and contributing 10% of global greenhouse gas
emissions (Teagasc, 2025). In developing nations, particularly South Asian
countries including Bangladesh, this crisis manifests differently while post-
harvest losses exceed 30% in primary production, a substantial portion of
potentially valuable agricultural by-products remains unutilized (World Bank,
2025; Latomaki, 2025). Agricultural residues, including cereal brans, vegetable
pomace, oilseed meals, and fruit peels, represent both an environmental burden
and an untapped resource reservoir.

The Jaipur Declaration on 3R and Circular Economy (2025-2035),
adopted by Asian nations, explicitly recognizes the imperative to transition
from linear "take-make-dispose" food systems toward regenerative circular
models (Food and Agriculture Organization, 2025). Within this context,
circular food systems defined as integrated approaches encompassing primary
production, food processing, packaging, and shelf-life optimization—have
emerged as a critical sustainability strategy. These systems aim to minimize
waste to sub-zero levels while addressing interconnected environmental, social,
and economic challenges.

“ Food and feed take up about 33% of a
farm's yearly budget. When they get
their resources from a circular food
system, that budget becomes profit..

Denali helps farmers save at least
$100 per acre.

Figure 1. Circular Food Systems Framework. Linear production models transitioning

toward regenerative, cyclical approaches that minimize resource extraction and waste

generation while maximizing ecosystem services and economic value retention across
the production-to-consumption chain.
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Role of Digital Agricultural Extension

Traditional agricultural extension services, historically constrained by
geographical limitations and scalability challenges, have experienced
fundamental transformation through digitization (Samsudin et al., 2025).
Information and Communication Technology (ICT)-based extension services
now enable real-time information dissemination, data-driven decision-making,
and personalized advisory services to geographically dispersed farming
communities (World Bank, 2025; Samsudin et al., 2025). Mobile applications,
Short Message Service (SMS)-based advisory systems, IoT sensors, and
artificial intelligence-powered diagnostic tools have collectively enhanced
farmers' productivity, reduced resource consumption, and improved market
access (Samsudin et al., 2025).

Despite these advances, the integration of digital agricultural extension
with circular food system principles remains nascent. A critical gap exists in
utilizing digital platforms to systematically guide farmers toward residue
valorization and functional food product development (World Bank, 2025;
Nguyen et al., 2025).

Figure 2. Digital Agricultural Extension Technologies. Mobile-based advisory
systems, IoT sensors, and Al-powered diagnostics enabling real-time information
delivery, resource optimization, and farmer decision-making in precision agriculture
and sustainable farming practices across geographically dispersed farming
communities.
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Chapter Objectives and Scope
This chapter addresses three interconnected dimensions:

e Digital Agricultural Extension Frameworks: Examining ICT-based
systems that facilitate knowledge transfer, advisory services, and
capacity building for sustainable farming practices

e Farm Residues to Functional Foods Value Chain: Analyzing extraction
technologies, bioactive compound characterization, and product
formulation strategies

o Policy Integration and Implementation Models: Synthesizing evidence-
based recommendations for promoting circular food systems through
digital platforms in South Asian contexts, particularly Bangladesh

2. CIRCULAR FOOD SYSTEMS: THEORETICAL
FRAMEWORK AND OPERATIONALIZATION

2.1 Conceptual Foundation
Circular food systems represent a paradigm shift from linear production
models toward regenerative, cyclical approaches that minimize resource
extraction and waste generation. Grounded in circular economy principles,
these systems operate on three foundational assumptions:
e Resource Efficiency: Maximizing utilization of all input streams,
including primary production outputs and processing by-products
e Nutrient Cycling: Maintaining soil health and ecosystem services
through organic matter recycling and reduced synthetic input
dependency
e Value Preservation: Capturing economic value across the entire
production-to-consumption chain through product innovation and
market development
The Food and Agriculture Organization's (FAO) Sustainable
Bioeconomy Initiative operationalizes these principles through interconnected
components:  agricultural production diversification, bioprocessing
technologies, sustainable packaging innovation, and reduced post-harvest loss
systems (Food and Agriculture Organization, 2025).



In Asia-Pacific contexts, the South Asia Food System initiative (S4S) has

demonstrated practical efficacy, preventing 100,000 tons of food waste

annually while generating $45 million in revenue and impacting 300,000
farmers (World Bank, 2025).

2.2 Circular Food System Components
Effective circular food systems integration requires coordinated action

across multiple system components:

Primary Production: Implementing regenerative agricultural practices,
diversifying crop portfolios, and reducing synthetic input utilization
while maintaining or improving productivity

Food Processing and Valorization: Employing bioprocessing
technologies including fermentation, enzymatic treatment, and
extraction to convert low-value agricultural residues into high-value
functional ingredients

Product Development: Formulating functional foods with enhanced
nutritional profiles and health-promoting bioactive compounds derived
from agricultural by-products

Distribution and Consumption: Establishing market linkages,
implementing sustainable packaging, and promoting consumer
awareness regarding circular food product benefits

Nutrient Recovery: Developing systems for organic waste composting,
anaerobic digestion, and nutrient cycling to close biological loops



Table 1. Components of Integrated Circular Food Systems and Their Primary
Outcomes. Effective implementation requires coordinated action across production,
processing, product development, distribution, and nutrient recovery domains, each

contributing distinct functions to the circular system

System Component Key Activities Primary Outcome
Primary Production Regenerative practices, crop Enhanced soil health,
diversification, input reduction improved productivity
Food Processing Fermentation, enzymatic High-value functional
treatment, extraction technologies ingredients
Product Development | Nutritional fortification, bioactive Consumer-ready functional
enhancement foods
Distribution Market linkages, sustainable Consumer access, premium
packaging, awareness campaigns pricing
Nutrient Recovery Composting, anaerobic digestion, Soil improvement, closed-
nutrient cycling loop systems

2.3 Environmental and Socioeconomic Impacts

Research evidence demonstrates substantial impacts from circular food
system adoption. Agricultural waste utilization in functional food development
reduces environmental burden by 30-50% while creating products with
enhanced nutritional profiles (Hassan et al.,, 2025). Fermentation-based
valorization processes increase phenolic compound bioavailability by 20-50%
through biotransformation reactions, generating functional properties without
synthetic additives (Hassan et al., 2025). Economic analyses reveal that circular
approaches can reduce production costs by 15-25% while generating premium
market valuations for functional products (200—400% price increases relative
to conventional counterparts; Hassan et al., 2025; Nguyen et al., 2025).

In South Asian contexts, smallholder farmers represent the primary
stakeholders in circular system transitions. Digital tools facilitate their
participation by reducing information asymmetries, lowering transaction costs,
and enabling market access (World Bank, 2025; Samsudin et al., 2025).
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Figure 3. Agricultural Residues Valorization Pathways. Converting farm residues into

high-value functional ingredients through extraction, fermentation, and bioprocessing

technologies, demonstrating the transition from waste streams to marketable products
with enhanced nutritional and bioactive profiles.

3. DIGITAL AGRICULTURAL EXTENSION:

TECHNOLOGIES, APPLICATIONS, AND IMPACT

PATHWAYS

3.1 ICT-Based Extension Service Architectures

Digital agricultural extension services leverage multiple interconnected
technologies to deliver timely, contextualized, and actionable agricultural
information:



Table 2. Digital Technologies in Agricultural Extension Services. Diverse ICT

platforms enable farmers to access real-time information, optimize resource

utilization, and make data-driven decisions across all production stages, from crop

planning through market access.

Technology Delivery Mechanism Primary Applications
Platform
Mobile Smartphone-based Crop management, pest/disease
Applications software interfaces identification, weather forecasting
SMS-Based Text message broadcasts Real-time weather alerts, pest control

Advisory Services

recommendations, market prices

IoT Sensors

Soil moisture,
temperature, humidity

Sensors

Precision irrigation, nutrient

management, microclimate monitoring

Al-Powered
Diagnostics

Image recognition and
machine learning
algorithms

Crop disease identification, nutrient
deficiency diagnosis, pest detection

Social Media
Platforms

Facebook, WhatsApp,
YouTube channels

Knowledge dissemination, farmer-to-
farmer learning, community
engagement

Remote Sensing

Satellite and drone-based

Crop monitoring, resource mapping,

imagery analysis productivity assessment
Data Analytics Integrated decision- Historical trend analysis, predictive
Platforms making dashboards modeling, resource optimization

3.2 Implementation Models and Evidence of Effectiveness
3.2.1 Rice Crop Manager and e-KADIWA (Philippines)

The Philippine Rice Research Institute (PhilRice) has implemented
integrated digital platforms delivering real-time crop management information,
pest control guidance, and weather updates to farming communities. The Rice
Crop Manager, complemented by the e-KADIWA market access platform, has
enabled farmers to adopt precision farming methods, resulting in 15-20%
productivity increases and proportional resource consumption reductions.
Critically, these platforms facilitate farmer engagement in market-based
decision-making, enabling value-chain participation beyond commodity

production.



3.2.2 e-Choupal Initiative (India)

Deployed across 40 million smallholder farmers in India, the e-Choupal
platform integrates real-time market price information, agricultural best
practices, and weather forecasting into a farmer-accessible digital ecosystem.
By reducing information asymmetries regarding commodity prices and supply-
demand dynamics, the initiative enhanced farmer incomes while improving
resource utilization efficiency. This model demonstrates scalability potential for
South Asian contexts with comparable agrarian structures and smallholder
dominance.

3.2.3 Plant Village AI Application (Kenya and Global

Deployment)

Employing machine learning algorithms trained on crop disease and pest
symptomatology databases, Plant Village enables farmers to photograph crop
manifestations and receive diagnostic recommendations through smartphone
interfaces. Field evaluations in Kenya documented 25-35% yield
improvements through early disease detection and intervention, alongside
reduced pesticide application and associated environmental impacts. The
application's language adaptation and offline functionality address digital
divide challenges in connectivity-limited environments.

3.3 Impact Pathways on Farmer Decision-Making and
Productivity

Digital extension services influence farmer behavior through multiple
mechanisms:

e Information Access Enhancement: Reducing farmer knowledge gaps
regarding optimal practices, market conditions, and technology
availability

e Decision Velocity: Enabling rapid response to environmental pressures
(pest outbreaks, weather extremes, price fluctuations) through real-time
information delivery

e (Capacity Building: Providing structured learning opportunities through

multimedia content, micro-courses, and peer-learning networks



e Resource Optimization: Facilitating precision agriculture adoption
through data-driven input management (irrigation, fertilization, pest
control)

e Market Integration: Connecting farmers to market information, value-
chain actors, and consumer demand signals

e Practice Innovation: Documenting and disseminating farmer-tested

innovations through digital networks

4. FARM RESIDUES AS FUNCTIONAL FOOD

INGREDIENTS: FROM RESOURCE TO VALUE

4.1 Agricultural Residue Characteristics and Bioactive

Compound Composition

Agricultural residues encompassing cereal brans, vegetable pomace, fruit
peels, oilseed meals, and processing by-products contain substantial
concentrations of bioactive compounds including antioxidants, dietary fiber,
phenolic compounds, flavonoids, and essential micronutrients. Despite
representing 30-50% of primary agricultural production by mass, current
utilization remains suboptimal in most developing agricultural systems.

Table 3. Agricultural Residue Bioactive Compound Profiles and Functional
Applications. Agricultural by-products contain high concentrations of compounds
with scientifically-documented functional properties, enabling their transformation

into premium functional food ingredients.

Residue Primary Bioactive Functional Properties
Category Compounds
Phenolic compounds, dietary Antioxidant, anti-inflammatory,
Cereal Brans L .
fiber, B vitamins cholesterol-lowering
Carotenoids, polyphenols, Antioxidant, anti-cancer, immune-
Vegetable Pomace . .
dietary fiber modulating
. Phenolic compounds, Antioxidant, antimicrobial, anti-
Fruit Peels ) . L
carotenoids, dietary fiber diabetic
. Plant proteins, polyphenols, Protein enrichment, emulsification,
Oilseed Meals . .
amino acids beverages
Processing By- Phenolic compounds, Antimicrobial preservation, color
products antimicrobial compounds stabilization
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4.2 Extraction and Valorization Technologies
Multiple technological pathways enable conversion of agricultural
residues into functional ingredients:

4.2.1 Conventional Solvent Extraction

Water and ethanol-based extraction methodologies represent established
approaches for recovering water-soluble phenolic compounds and hydrophilic
bioactive substances. Optimization of extraction parameters (temperature,
solvent concentration, extraction duration) can enhance compound recovery by

15-30% relative to standard protocols.

4.2.2 Fermentation-Based Bioprocessing

Fermentation processes employ microbial or enzymatic transformation
to enhance bioactive compound bioavailability, generate novel metabolites, and
produce preserved functional products. Lactic acid fermentation of vegetable
residues generates bioactive metabolites, increases mineral bioavailability, and
produces extended shelf-life products with probiotic potential. Research
evidence documents 20—50% increases in phenolic compound bioavailability
through fermentation compared to non-fermented residue matrices.

4.2.3 Enzymatic Treatment

Targeted enzyme applications (cellulases, pectinases, proteases) enhance
cell wall disruption, increasing bioactive compound extractability while
maintaining compound stability. Enzyme-assisted extraction can improve
polyphenol recovery by 25-40% relative to conventional methodologies.

4.2.4 Biorefinery Approaches

Integrated biorefinery models employ sequential processing steps to
maximize multi-product yield from single residue streams. For example,
oilseed meal valorization can simultaneously generate plant protein isolates
(primary product), phenolic-rich extracts (secondary product), and fermented
beverages (tertiary product), collectively utilizing 85-95% of input biomass.

11
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Figure 4. Functional Food Development Through Residue Valorization. Integrated
biorefinery approach converting agricultural by-products into multiple high-value
functional products through sequential extraction, fermentation, and formulation
processes, maximizing economic and nutritional value recovery.

4.3 Functional Food Product Development Pathways

4.3.1 Direct Residue Incorporation

Whole or partially processed residues can be directly incorporated into
food matrices (bakery products, beverages, dairy formulations) to enhance
nutritional profiles. Bran incorporation in bakery products increases dietary
fiber content by 200-400% while contributing phenolic compounds with
antioxidant and anti-inflammatory properties.

4.3.2 Ingredient Formulation
Extracted bioactive compounds or fermented residue derivatives can be
formulated into specialized functional ingredients, including:

e Natural colorants derived from fruit peels and vegetable residues

12



Plant-based protein concentrates from oilseed meals, enabling animal
protein replacement while providing emulsification and gelation
functional properties

Fermented vegetable preparations serving as natural preservatives and
flavor enhancers with probiotic potential

Mineral-enriched extracts from residue matrices supporting nutritional

fortification

4.3.3 Novel Functional Product Categories
Emerging product categories leverage agricultural residues as primary

functional components:

Functional Beverages: Fermented fruit peel and vegetable residue drinks
incorporating enhanced bioactive compound profiles and probiotic
cultures

Nutrient-Enriched Staple Foods: Instant grain formulations (e.g., instant
khichuri, fortified rice preparations) incorporating legume residue
proteins and vegetable-derived micronutrients

Snack Products: Value-added chips and crackers formulated from fruit
seeds, vegetable pomace, and legume residues with enhanced nutritional
density and extended shelf-life

Confectionery and Desserts: Functional sweet products incorporating
bioactive-rich residue derivatives while reducing refined sugar and
artificial additive dependencies

Cosmeceuticals: Topical formulations leveraging antioxidant and anti-
inflammatory compounds from residue extracts

5. DIGITAL EXTENSION IN CIRCULAR FOOD SYSTEMS:
INTEGRATION AND IMPLEMENTATION
5.1 Integrating Digital Platforms with Circular System Principles

Effective integration of digital agricultural extension with circular food

system advancement requires deliberate platform design incorporating five

critical elements:

13



5.1.1 Residue Valorization Guidance Systems

Digital platforms should provide granular guidance on residue
identification, classification, processing options, and market potential.
Smartphone applications with image recognition capabilities can enable
farmers to document available residues, receive processing recommendations,
and connect with buyer networks. Such systems reduce farmer knowledge
barriers regarding valorization pathways while facilitating market-informed

decision-making.

5.1.2 Bioprocessing Technical Support Networks

Digital platforms can disseminate bioprocessing protocols, quality
control standards, and food safety guidelines relevant to small-scale functional
food production. Video-based tutorials, step-by-step process documentation,
and remote mentoring through mobile platforms enable technology transfer
without requiring expensive on-site technical support. Bangladesh-context
adaptations might emphasize fermentation-based processing (familiar to
farming communities) while introducing modern quality assurance
methodologies.

5.1.3 Market-Linkage Information Systems

Real-time market price information, buyer directory databases, and
supply-demand forecasting enhance farmer bargaining power while reducing
information asymmetries. Digital platforms can facilitate direct producer-buyer
connections, reducing intermediation costs and enabling value-retention by
farmer-producers.

5.1.4 Quality Assurance and Certification Support

Digital systems can guide farmers through certification processes
(organic, functional food -certification, food safety standards), provide
documentation templates, and facilitate regulatory compliance through
technology-enabled record-keeping. Mobile-based food safety training
modules and supply-chain traceability systems address buyer requirements
while building farmer capacity.

14



5.1.5 Knowledge Sharing and Community Learning Networks

Digital platforms create virtual communities enabling farmer-to-farmer
learning regarding circular practices, risk-sharing in new product adoption, and
peer validation of innovations. Social media integration, WhatsApp farmer
groups, and YouTube knowledge repositories facilitate knowledge
dissemination at minimal marginal cost.

5.2 Case Study: Digital-Enabled Circular Food Systems in

South Asia

5.2.1 Context and Opportunities in Bangladesh

Bangladesh's agrarian structure—characterized by 4 million smallholder
farming households, rising population density, and increasing pressure on
cultivable land—creates both sustainability challenges and opportunities.
Agriculture contributes 13.5% of national GDP while employing 40% of the
workforce, rendering agricultural productivity essential for food security and
poverty reduction. Simultaneously, post-harvest losses exceeding 30% in cereal
grains, combined with suboptimal utilization of high-value crop residues
(jackfruit seeds, mango seed kernels, vegetable pomace), represent substantial
efficiency gaps.

Mobile phone penetration in Bangladesh exceeded 80 million
subscribers by 2024, with 60 million internet users, creating technological
infrastructure enabling digital extension deployment. The success of digital
financial services (mobile money) demonstrates farmer familiarity with mobile-
based transactions, reducing adoption barriers for digital agricultural services.

5.2.2 Implementation Framework for Bangladesh Context
A Bangladesh-adapted digital extension framework for circular food
systems could integrate:

e SMS-Based Residue Utilization Advisory: Weekly SMS messages in
Bangla language providing seasonal residue availability information,
processing protocols, and market information

e WhatsApp Farmer Producer Groups: Geographically-organized farmer
groups utilizing WhatsApp for real-time peer learning, innovation

documentation, and market coordination
15



Mobile Application for Functional Food Production: A Bangla-language
smartphone application enabling:

Residue cataloging through image recognition

Processing recipe access with step-by-step video tutorials

Production batch tracking and quality documentation

Nutritional information generation for developed products

Cost calculation and profitability analysis

Market linkage recommendations based on location and product type
Radio-Based Extension Programming: Complementing digital platforms
with radio broadcasting (still highly accessible in rural Bangladesh)
providing extended discussions of circular concepts and farmer success
stories

Training-of-Trainers Digital Modules: Developing district-level
agriculture extension officers as digital platform champions through
structured online courses, enabling cascading training to farmer
communities

Digital Supply-Chain Platform: Creating marketplace connections
between farmer-producers of functional foods and institutional buyers
(schools, hospitals, NGOs), food retailers, and export traders

5.2.3 Projected Impacts and Scaling Pathways
Implementation of integrated digital-circular systems in Bangladesh

could generate:

20-30% reduction in agricultural residue waste through enhanced
valorization

15-25% farmer income increases through functional product premiums
and reduced post-harvest losses

50,000-100,000 new micro and small enterprises engaged in residue-
based functional food production within 5-year timeframe

Reduced vulnerability to climate variability through diversified income
streams and enhanced resource efficiency

Food system greenhouse gas emission reductions of 10-15% through

waste reduction and input optimization

16



Scaling pathways might include:

o Initial pilot implementation in 2—-3 high-potential districts (Mymensingh,
Bogura, Jessore) with strong agricultural extension infrastructure

o Vertical integration with national digital services infrastructure (mobile
money systems, agricultural statistics databases)

o Partnership with private sector technology providers (mobile operators,
app developers, IoT device manufacturers) to reduce public sector
implementation costs

e Alignment with government digital transformation initiatives (Digital
Bangladesh 2041) and sustainable development commitments

o Community-based monitoring and evaluation incorporating farmer
feedback into iterative platform refinement

6. POLICY FRAMEWORKS AND ENABLING
CONDITIONS
6.1 Policy Integration Requirements

Realizing the potential of digital-enabled circular food systems requires
coordinated policy action across multiple governance domains:

6.1.1 Digital Infrastructure Policy

e Universal broadband access expansion in rural areas, particularly fiber
optic and 4G/5G infrastructure development

e Public-private partnership incentives for technology provider
engagement in agricultural extension service delivery

e Cybersecurity and data privacy regulation protecting farmer personal
information and production data

e Language localization policies requiring digital platform availability in

regional languages (Bangla, regional dialects)
6.1.2 Agricultural Waste and Circular Economy Policy

e Integration of circular economy principles into national agricultural

development strategies

17



Regulatory frameworks enabling farmer engagement in food product
development, with streamlined certification pathways for small-scale
producers

Incentive mechanisms (tax reductions, subsidy programs, public
procurement preferences) promoting functional food and residue-
valorization enterprises

Extended producer responsibility policies incentivizing circular business
model adoption

6.1.3 Agricultural Extension Policy

Institutional capacity development for government extension systems to
deliver digital services

Public investment in ICT infrastructure and training for agricultural
extension workers

Performance-based funding mechanisms for extension service providers
demonstrating farmer engagement and practice adoption

Coordination mechanisms between government extension services,
private technology providers, and farmer organizations

6.1.4 Food Safety and Quality Standards

Harmonized food safety standards applicable to small-scale producers,
reducing compliance burden while maintaining safety

Digital certification and compliance tracking systems reducing
documentation burden

Harmonization with international food safety standards (Codex
Alimentarius) enabling export market participation

6.2 Institutional Coordination Mechanisms

Effective implementation requires structured coordination among;:
Government Institutions: Ministry of Agriculture, Ministry of Food,
Department of Agricultural Extension, National Nutrition Institute
Technology Providers: Mobile operators, app developers, IoT

manufacturers, digital platform companies

18



Civil Society: Agricultural NGOs, farmer organizations, women's
cooperatives, youth associations

Private Sector: Food processing companies, retail chains, export traders,
financial service providers

Research Institutions: Universities, research institutes, agricultural
research stations providing bioprocessing technology development and
validation

7. CHALLENGES, BARRIERS, AND RiSK MITIGATIiON
7.1 Technical and Operational Challenges

7.1.1 Digital Divide and Infrastructure Gaps

Despite rising mobile penetration, substantial rural populations face

connectivity limitations, particularly regarding high-speed internet access

required for video-based learning and data-intensive applications. Risk

mitigation strategies include:

Offline-capable application development enabling functionality without
continuous internet connectivity

SMS-based service development providing essential information
through basic mobile phones

Radio and community media complementation of digital platforms
Community-level digital center establishment providing internet access
and device sharing

7.1.2 Technology Adoption and Digital Literacy
Older farming populations and non-English-speaking farmer

communities face barriers to digital platform adoption. Risk mitigation

includes:

User-centered design emphasizing simplicity and intuitive interfaces
Comprehensive training programs for digital extension workers
Demonstration models and on-farm testing reducing perceived
innovation risk

Women-focused digital literacy programs addressing gender digital
divides

19



7.1.3 Data Quality and Platform Reliability
Accurate bioprocessing protocols and market information depend on
quality data collection and system reliability. Risk mitigation involves:
o Data validation protocols and quality assurance mechanisms
e Regular system maintenance and technical support availability
e Farmer feedback mechanisms enabling continuous platform

improvement

7.2 Market and Economic Challenges
7.2.1 Uncertain Market Demand for Functional Food Products
Developing consumer awareness and willingness-to-pay for functional
foods derived from agricultural residues faces barriers in price-sensitive
emerging markets. Risk mitigation strategies include:
e Consumer awareness campaigns emphasizing health benefits and
sustainability attributes
o Strategic partnerships with institutional buyers (schools, hospitals,
nutrition programs) providing initial demand
e Demonstration of competitive pricing relative to conventional products
through agricultural waste cost reductions
e Development of export market linkages accessing premium-price
consumer segments

7.2.2 Finance and Credit Access
Small-scale farmers transitioning to residue-based functional food
production require investment capital for processing equipment, certification,
and working capital. Risk mitigation approaches include:
e Microfinance product development tailored to functional food
enterprises
e Government subsidy programs for equipment acquisition
¢ Digital financial service integration enabling mobile-based fund transfers
e Public-private partnership models reducing farmer investment

requirements

20



7.3 Institutional and Governance Challenges
7.3.1 Extension Worker Capacity and Incentives

Effective digital extension implementation requires extension workers

possessing both technical agricultural knowledge and digital platform

competency. Challenges include:

Limited training budgets for comprehensive digital upskilling

Variable motivation among extension workers regarding digital platform
adoption

Insufficient incentive alignment between extension service performance
and farmer outcomes

Risk mitigation involves performance-based compensation, structured

training programs, and career development pathways for digitally-capable

extension workers.

7.3.2 Fragmented Institutional Coordination
Multiple government agencies, donors, and implementing organizations

creating overlapping and uncoordinated digital extension initiatives.

Coordination mechanisms should include:

National digital agriculture strategy establishing unified objectives and
implementation standards

Formal coordination platforms bringing together government,
technology providers, and civil society

Technology interoperability standards enabling data sharing across
platforms

8. FUTURE DIRECTIONS AND RESEARCH
IMPERATIVES

8.1 Emerging Technologies and Innovation Opportunities
8.1.1 Artificial Intelligence and Machine Learning
Applications

Advanced machine learning models can analyze farmer-specific

environmental, economic, and social contexts, generating personalized residue

valorization recommendations and product formulation suggestions.

21



Computer vision applications can identify residue quality parameters and
recommend optimal processing pathways. Predictive analytics can forecast
market demand, enabling farmer production planning.

8.1.2 Internet of Things (IoT) and Real-Time Monitoring

10T sensor networks can monitor bioprocessing conditions (temperature,
pH, microbial activity) during fermentation, enabling process optimization and
quality assurance. Blockchain-based supply-chain tracking can document
functional food product traceability, supporting premium market positioning
and consumer trust.

8.1.3 Digital Marketplaces and E-Commerce Integration

Advanced digital marketplaces aggregating geographically-dispersed
farmers into consolidated supply networks can achieve economies of scale
while enabling direct producer-consumer connections. Integration with mobile
payment systems and logistics providers can address supply-chain
vulnerabilities.
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Figure 5. Digital Agricultural Extension Implementation. Integration of emerging

technologies including [oT sensors, artificial intelligence, blockchain tracking, and

digital marketplaces to enable farmer participation in circular food systems, market
access, and income enhancement in South Asian agricultural contexts.
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8.2 Research Agenda
Priority research directions include:

e Technology Adaptation and Contextualization: Empirical research
evaluating digital platform effectiveness across diverse agroecological
zones, farmer populations, and institutional contexts, particularly in
South Asian settings

e Bioprocessing Innovation: Advanced research identifying residue-
specific bioprocessing protocols, characterizing bioactive compound
stability during processing and storage, and developing farmer-
implementable methodologies

e Market Development: Research documenting consumer demand,
preferences, and willingness-to-pay for residue-derived functional foods,
particularly in emerging market contexts

e Gender and Social Equity: Examination of how digital-circular system
transitions affect women's engagement, smallholder farmer inclusion,
and distributional equity in value-chain benefits

e Environmental and Health Impact Assessment: Comprehensive life-
cycle assessments and nutrition impact evaluations documenting
environmental and public health benefits from circular system transitions

¢ Institutional Scalability: Research elucidating institutional arrangements,
financing mechanisms, and policy frameworks enabling large-scale
deployment

CONCLUSION

The convergence of digital agricultural extension, circular economy
principles, and agricultural residue valorization presents a transformative
pathway toward sustainable, inclusive, and prosperous food systems in South
Asian contexts, particularly Bangladesh. Digital technologies have
demonstrated substantial potential to enhance farmer productivity, reduce
information asymmetries, and facilitate market access. Simultaneously,
scientific evidence documents the viability of converting agricultural residues
into functional food ingredients with enhanced nutritional profiles and health-
promoting properties.

23



However, realizing this potential requires deliberate integration of digital
platforms with circular food system principles, accompanied by comprehensive
policy frameworks addressing infrastructure, institutional capacity, and
economic incentives. The evidence presented—from the Philippines' rice
production systems, India's e-Choupal networks, Kenya's disease identification
applications, and South Asia's food waste prevention initiatives—provides
proof-of-concept for technology-enabled agricultural transformation.
Bangladesh's demographics, agrarian structure, and existing digital
infrastructure create particular opportunities for innovative implementation.

The imperative is not merely technological but fundamentally
institutional and political. Effective digital-circular system advancement
requires sustained commitment from government leadership, strategic
partnership with private technology providers, mobilization of civil society
organizations, and most critically, meaningful engagement with farming
communities whose practices and livelihoods must ultimately transform.
Through these integrated efforts, agricultural residues can transition from
environmental liabilities into economic assets, smallholder farmers can
enhance incomes while stewarding natural resources, consumers can access
functional foods supporting health outcomes, and food systems can
progressively advance toward sustainability.

The 2025-2035 period, designated by the Jaipur Declaration as a critical
decade for circular economy advancement in Asia-Pacific, presents an
unprecedented opportunity window. Digital agricultural extension services,
deployed with strategic intention toward circular system principles, can
catalyze food system transformation while addressing interconnected
challenges of poverty, food insecurity, environmental degradation, and climate
vulnerability. Research, policy action, and implementation efforts during this
decade will substantially determine whether agricultural residues remain
unutilized resource burdens or become strategic assets in sustainable, inclusive

food system development.
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INTRODUCTION

Why Climate Smart Agricultural Engineering Now?

Agriculture sits at the centre of today’s environmental challenge: it is
both highly exposed to climate risks and a major driver of environmental
change. Globally, agriculture accounts for roughly 70% of freshwater
withdrawals, placing heavy pressure on rivers and aquifers while competing
with domestic and industrial needs (UNESCO, 2024; FAO AQUASTAT, n.d.).
Inefficient irrigation can contribute to groundwater depletion and salinization,
particularly in arid and semi arid regions (Pulido Bosch et al., 2018; Corwin,
2020). Land and soil degradation including erosion, nutrient mining, and
organic matter loss further undermines productivity and ecosystem services;
global assessments have repeatedly flagged soil erosion as a leading threat to
soil functions and food security (FAO & ITPS, 2015; Panagos etal., 2020).
Agricultural expansion and intensification have also been identified as major
drivers of biodiversity loss, reducing the resilience of agro ecosystems (IPBES,
2019). In terms of climate, the Agriculture, Forestry and Other Land Use
(AFOLU) sector contributed ~13—21% of total anthropogenic greenhouse gas
emissions during 2010-2019, even as land systems provided a net carbon sink
(IPCC, 2022). These interlinked water, soil, biodiversity, and emissions
pressures mean that “business as usual” agriculture is incompatible with long
term environmental sustainability.

Climate change compounds these pressures by raising temperatures,
shifting rainfall patterns, and intensifying extremes droughts, floods, and heat
waves that disrupt production and damage agri infrastructure (IPCC, 2022).
Evidence synthesized in AR6 shows climate related extremes already reducing
yields and productivity across agricultural and fishery sectors, with the most
acute impacts in resource constrained regions (UNDP/WGII summary, 2022;
WRI, 2022). Irrigation and drainage networks, storage and cold chain systems,
rural roads, and energy assets experience stresses for which many were not
designed, raising failure risks and operating costs under volatile conditions
(IPCC, 2022). These realities are particularly salient in climate vulnerable
regions (e.g., Sub Saharan Africa), where exposure intersects with limited
access to modern technologies and maintenance ecosystems (United Nations,
2022; IPCC, 2022).
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Agricultural engineering is uniquely positioned to address these
intertwined challenges because it operates at the interface of soil, water, energy
waste systems and translates sustainability principles into practical designs and
operations. Climate smart irrigation (e.g., drip/micro irrigation,
deficit/regulated deficit scheduling, variable rate application) can raise water
productivity while reducing energy use and pollution; recent reviews document
consistent water savings and lower environmental footprints when precision
methods are correctly implemented (Lakhiar et al., 2024; El Chami et al., 2019;
CAST, 2025). Water harvesting and safe wastewater reuse augment supplies
when climatic variability intensifies scarcity (IPCC, 2022). Conservation
tillage, erosion control structures, and residue management protect soils, reduce
erosion and emissions, and can enhance soil carbon stocks (Hussain etal.,
2021). Renewable energy powered operations (e.g., solar pumping, solar drying
and cold chains) cut diesel reliance and operational costs while shrinking the
on farm carbon footprint (Gevorkov et al., 2023; Negera et al., 2025). Digital
and precision agriculture sensors, IoT, remote sensing, decision support
systems, and variable rate technologies have growing empirical support for
reducing fertilizer, pesticide, water use, and fuel, thereby lowering pollution
and emissions while maintaining or improving yields (Ruder etal., 2026;
Getahun et al., 2024; Finger, 2023). Collectively, these interventions illustrate
how agricultural engineering bridges productivity and environmental
protection, delivering climate adaptation and mitigation co benefits.

Crucially, climate smart agricultural engineering is not a list of isolated
technologies, it is a systems approach that aligns engineering design with local
agro ecological conditions, socio economic realities, and institutional
capacities. Global evidence must therefore be contextualized. In Africa
(including Nigeria), climate variability and land degradation intersect with
infrastructure and service gaps; yet these contexts also present opportunities to
leapfrog to efficient irrigation, nature based erosion control, distributed
renewables, and low cost sensing solutions that are scalable and transferable to
other climate vulnerable regions (IPCC, 2022; UNESCO, 2024). Lessons from
such settings are not merely local; they inform global practice on deploying
robust, maintainable, and equitable engineering solutions where resource

constraints are binding.
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1. CONCEPTUAL FOUNDATIONS AND GLOBAL

FRAMEWORKS

Climate smart agricultural engineering is grounded in a set of conceptual
foundations and global frameworks that clarify objectives, guide technology
design, and enable consistent assessment of environmental outcomes across
regions. At the core of these foundations is the recognition that agricultural
systems must simultaneously deliver food security, adapt to climate change, and
reduce environmental impacts. This section outlines the pillars of climate smart
agriculture (CSA), introduces a systems perspective centered on the soil, water,
energy and waste nexus, discusses key environmental performance metrics, and
situates climate smart agricultural engineering within the framework of the
Sustainable Development Goals (SDGs).

1.1 Climate Smart Agriculture Pillars: Productivity,

Adaptation, and Mitigation

Climate smart agriculture is widely conceptualized around three
interdependent pillars:

e sustainably increasing agricultural productivity and incomes,
e strengthening adaptation and resilience to climate change, and
¢ reducing or removing greenhouse gas (GHG) emissions where possible

(FAO, 2013; IPCC, 2022). These pillars provide a unifying framework

within which agricultural engineering interventions can be designed and

evaluated.

The productivity pillar emphasizes the need to increase food production
to meet growing demand without expanding agriculture’s environmental
footprint. From an engineering perspective, this involves improving resource
use efficiency through precision irrigation, mechanization suited to local
conditions, and post harvest technologies that reduce losses. Productivity is
therefore not defined solely by yield gains, but by output per unit of land, water,
energy, and nutrient input (IPCC, 2022). The adaptation pillar addresses the

increasing exposure of agriculture to climate variability and extremes.
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Engineering solutions such as climate resilient irrigation and drainage
systems, water harvesting structures, erosion control works, and resilient
storage infrastructure are central to enhancing the capacity of farming systems
to absorb shocks and recover from disturbances (IPCC, 2022). Adaptation also
requires flexibility in system design, enabling farmers to adjust water
application, energy use, and cropping operations in response to changing
climatic signals.

The mitigation pillar focuses on reducing agriculture’s contribution to
climate change. Agricultural engineering contributes to mitigation through
energy efficient machinery, renewable energy powered operations,
conservation tillage, improved nutrient management, and waste to energy
systems. The IPCC identifies the Agriculture, Forestry and Other Land Use
(AFOLU) sector as offering substantial mitigation potential, particularly when
technological measures are integrated with sustainable land and water
management (IPCC, 2022). Importantly, the three CSA pillars are not
independent; engineering solutions that enhance productivity often strengthen
adaptation and create mitigation co benefits when appropriately designed.

1.2 A Systems Lens: The Soil, Water, Energy and Waste Nexus

A defining feature of climate smart agricultural engineering is its reliance
on a systems lens, often framed as the soil, water, energy and waste nexus. This
perspective recognizes that interventions in one domain inevitably affect others,
sometimes producing unintended trade offs if interactions are ignored (IPCC,
2022).

Soil and water systems are tightly coupled through processes such as
infiltration, runoff, erosion, and nutrient transport. Engineering measures that
improve irrigation efficiency or drainage can enhance soil moisture regulation
and reduce erosion, but poorly designed systems may accelerate salinization or
nutrient leaching. Similarly, energy is embedded throughout agricultural
operations from water pumping and mechanization to processing and storage.
Choices about energy sources and efficiency therefore have direct implications
for emissions, costs, and system resilience. The waste dimension completes the

nexus by highlighting opportunities for circularity.
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Crop residues, livestock manure, and agro processing wastes are often
treated as environmental burdens, yet they represent valuable resources for soil
amendment, bioenergy production, and nutrient recycling. From a systems
standpoint, climate smart agricultural engineering seeks to optimize flows
across the nexus, minimizing resource losses while maximizing co benefits for
productivity and the environment (FAO, 2013; IPCC, 2022).

1.3 Environmental Performance Metrics

Robust environmental performance metrics are essential for translating
conceptual goals into measurable outcomes. Four metrics are particularly
relevant for climate smart agricultural engineering: greenhouse gas emissions,
water productivity, soil carbon, and life cycle assessment.

Greenhouse gas (GHG) metrics quantify emissions of carbon dioxide
(CO.), methane (CHa), and nitrous oxide (N20) associated with agricultural
activities. In engineering applications, these metrics are used to compare energy
systems (e.g., diesel versus solar pumping), evaluate mechanization strategies,
and assess soil management practices. The IPCC provides standardized
methodologies for estimating emissions and removals in the AFOLU sector,
enabling comparability across studies and regions (IPCC, 2022).

Water productivity typically expressed as output per unit of water used
captures the efficiency with which agricultural systems convert water into food,
fiber, or income. This metric is especially important in water scarce and climate
vulnerable regions, where engineering interventions such as precision
irrigation, scheduling, and water harvesting aim to decouple production gains
from increased water withdrawals (UNESCO, 2024).

Soil carbon metrics focus on changes in soil organic carbon stocks, which
influence soil fertility, water holding capacity, and climate mitigation.
Conservation tillage, residue management, and erosion control structures
designed by agricultural engineers can enhance soil carbon sequestration while
improving resilience to drought and heavy rainfall IPCC, 2022).
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Finally, life cycle assessment (LCA) provides an integrative framework
for evaluating the environmental impacts of agricultural technologies across
their entire life cycle from material extraction and manufacturing to operation
and disposal. LCA is increasingly used to assess the true environmental costs
and benefits of irrigation systems, machinery, and renewable energy
installations, supporting evidence based decision making aligned with
sustainability objectives (ISO, 2006).

CLIMATE-SMART AGRICULTURAL ENGINEERING

SoIL ENERGY WASTE

NEXUS DOMAINS

e csmmie ki Emee

PRODUCTIVITY ADAPTATION MITIGATION

OBJECTIVES

Figure 1. Conceptual model linking engineering interventions to environmental
outcomes

Figure 1 presents a conceptual model of climate smart agricultural
engineering, illustrating how interventions across the soil, water, energy and
waste nexus translate into productivity, adaptation, and mitigation outcomes.

This illustrates the conceptual foundation of climate smart agricultural
engineering, showing how engineering interventions operate across the soil,
water, energy, and waste domains within an integrated nexus framework. These
interconnected domains collectively support the three core objectives of climate
smart agriculture productivity, adaptation, and mitigation by optimizing
resource use, enhancing system resilience, and reducing environmental
impacts. The model emphasizes a systems based approach in which engineering
decisions in one domain influence outcomes in others, highlighting the need for
integrated design and assessment to achieve environmental sustainability and

climate resilience.
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2. WATER ENGINEERING FOR SUSTAINABILITY

Water engineering for sustainability requires optimizing how water is
applied, stored, drained, and reused across diverse agro ecological landscapes.
Under climate variability and chronic water stress, especially in semi arid and
sub humid zones, engineering interventions must integrate precision water
delivery, hydrological buffering, flood control, and safe reuse frameworks. This
section synthesizes these elements and situates them within African and
Nigerian contexts.

2.1 Precision Irrigation: Drip, Sprinkler, and Smart

Scheduling

Precision irrigation systems are central to raising water productivity and
reducing non-beneficial water losses. Global reviews consistently show that
precision irrigation systems (PIS) including drip, sprinkler, and sensor assisted
scheduling significantly improve water use efficiency (WUE) while reducing
environmental footprints when compared with traditional basin irrigation
(Lakhiar et al., 2024).

In semi arid regions such as northern Nigeria, where evapotranspiration
is high and rainfall erratic, drip irrigation combined with soil moisture sensors
can lower water use by 20—-60% and increase yields by 15-40% relative to
conventional furrow irrigation (Lawal et al., 2024).

Deficit irrigation planned under irrigation during less sensitive crop
stages has proven effective in maintaining yield quality under limited water
conditions. Regulated Deficit Irrigation (RDI) techniques such as stage based
or partial root zone drying enhance WUE and reduce vegetative growth while
sustaining marketable yields in many crops (John et al., 2025).

These strategies are particularly viable in the Guinea and Sudan savannas
where water scarcity intersects with rising competition from urban and
industrial users.

Smart scheduling using rainfall forecasts, sensors, crop coefficients (Kc),
and evapotranspiration models can reduce water and energy inputs even further.
Remote sensing and UAV derived water stress maps increasingly support field
level decision-making, as adopted in recent pilot schemes across Nigeria’s
northern irrigation belts (Oyebode, 2024).
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2.2 Water Harvesting, Storage, and Groundwater Recharge

Climate models for West Africa signal rising rainfall variability and a
higher frequency of dry spells, making water harvesting and distributed storage
indispensable. Comprehensive reviews highlight that rainwater, floodwater,
and rooftop catchment systems remain low cost, scalable strategies across
smallholder landscapes (Gebreslassie et al., 2025).

Groundwater recharge a limiting factor in many crystalline basement
aquifers across Sub Saharan Africa has been quantified at 2.8—14% of annual
rainfall using water table fluctuation and isotope methods in Malawi, Zambia,
and Zimbabwe (Mudimbu et al., 2024).

These insights transfer readily to Nigeria’s basement aquifer regions
(e.g., Oyo, Osun, Plateau), where shallow overburden and fractured bedrock
require careful management of infiltration structures such as:

e infiltration trenches,
e percolation ponds,
e sand dams, and

e check dam cascades.

High resolution African recharge maps further confirm that recharge
spatially varies with rainfall, PET, soil moisture, and NDVI patterns,
emphasizing the need for localized recharge interventions (Pazola et al., 2024).

2.3 Drainage and Flood Management Under Climate Extremes
Nigeria experiences recurrent catastrophic floods, as thoroughly
documented in the 2022-2023 Flood Impact Assessment, which highlighted
severe losses in Kogi, Jigawa, Anambra, and Bayelsa (NBS/NEMA/UNDP,
2023).
Climate analyses also show intensifying rainfall extremes across
southern Nigeria, requiring more robust hydraulic design, including:
e enlarged culverts capable of 10 to 50 year return period flows,
e lined open channels and vegetated waterways,
e controlled drainage systems in rice ecologies,

e floodplain zoning and strategic setback levees.
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Research in south western Nigeria shows rainfall intensities for 100 year
return periods reaching ~1700 mm, supporting the need for drainage
infrastructure that accounts for climate exacerbated peak flows (Awode et al.,
2025).

Complementary systematic reviews underscore the critical role of
drainage and flood adapted agronomy in safeguarding food security
(Akinkuolie et al., 2024).

2.4 Wastewater Treatment and Reuse for Agriculture:
Safeguards and Monitoring
As freshwater becomes more constrained, wastewater reuse has emerged
as a vital component of climate smart water engineering. FAO and WHO
emphasize that reuse must follow multiple barrier frameworks, including
treatment, crop restrictions, safe irrigation techniques, and human exposure
control (FAO, 2026; WHO, 2006).
In peri urban agriculture, properly treated wastewater can substitute
fertilizers due to its nutrient content, supporting high value crops near cities.
Nigeria’s growing population and limited sanitation infrastructure make
wastewater reuse a priority, yet also present risks. Recent reviews highlight
significant environmental and health challenges linked to untreated wastewater
discharge and call for integrated reuse policies and routine effluent monitoring
(Kolawole et al., 2024).
Effective risk reduction depends on:
¢ monitoring fecal coliforms and helminth eggs,
e WHO aligned risk assessments,
e improved farmer hygiene protocols,
e restricting wastewater use on raw eaten vegetables.
FAO’s reuse fact sheets provide detailed implementation guidance for
smallholder-relevant systems in West Africa (WHO-FAO, 2026
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Table 1. Comparative environmental benefits and trade-offs of irrigation technologies

Irrigation
Technology

Environmental Benefits

Trade-offs / Risks

Drip irrigation

Highest WUE; reduced evaporation;
reduced weed pressure; lower N leaching
due to targeted application (Lakhiar et al.,

2024).

Higher capital cost;
clogging risk;
requires filtration;
needs technical
support (Lawal et
al., 2024).

Sprinkler irrigation

More uniform distribution than surface
irrigation; moderate WUE gains; supports

High evaporative
losses in hot/dry

fertigation. climates; wind drift;
higher energy
demands.
Surface irrigation Low cost; simple to maintain; suitable for Low WUE; high
heavy soils. runoff and

percolation losses;
erosion risks;
nutrient leaching.

deficit irrigation

improves WUE; may enhance fruit quality

Smart- Significant reductions in water and energy Requires skills and
sensor/forecast- use; optimized timing improves yield connectivity;
based scheduling quality (Oyebode, 2024). upfront costs for
sensors and data
systems.
Deficit/regulated Maintains yield under reduced water use; Must be crop- and

stage-specific;

remote regions; enables dry-season farming
(HortiNigeria pilots).

(RDI) (John et al., 2025). misapplication risks
yield losses.
Solar-powered Zero emissions at use; reduced diesel High CAPEX;
irrigation dependence; improves water access in battery lifespan

issues; water table
over-extraction risk
if unmanaged.

3. SOILAND LAND MANAGEMENT ENGINEERING

Engineering interventions for soil and land systems must simultaneously
reduce erosion, build soil health, manage chemical constraints, and plan
landscapes to achieve land degradation neutrality (LDN). This section
synthesizes design options, environmental outcomes, and trade offs anchored
in global frameworks and Sahelian experience.
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3.1 Erosion Control: Terraces, Bunds, Check Dams, and

Grassed Waterways

Purpose and effects. Erosion control structures reduce slope
length/gradient, slow and spread runoff, trap sediment, and promote infiltration
thereby protecting topsoil and downstream water quality. Long term evidence
shows that check dams and related measures stabilize gullies, cut sediment
yield, and, when paired with vegetation, mitigate debris flows and enhance
ecosystem services (e.g., baseflow, grazing stability) (Lucas Borja et al., 2019;
Zhou et al., 2024; Hartman et al., 2016).,

Environmental implications: Properly designed structures reduce off
farm sediment/nutrient loads and increase infiltration/soil moisture, supporting
drought resilience and biodiversity co benefits (Lucas Borja etal., 2019;
Carrera Villacrés et al., 2025).

3.2 Conservation Tillage, Residue Management, and

Compaction Control

Conservation tillage (minimum/no till) with residue retention reduces
soil disturbance, curbs erosion, and can increase soil organic carbon and water
retention when paired with rotations (Hussain et al., 2021). Yet traffic induced
compaction remains a pervasive, often “invisible,” constraint that undermines
the benefits of conservation systems unless managed (Shaheb etal., 2021;
Keller et al., 2025).

Engineering controls for compaction.

e Controlled Traffic Farming (CTF) segregates traffic and crop zones;
pairing CTF with strip/targeted subsoiling reduces fuel, CO-e, and re
compaction risks relative to whole field deep tillage (Dias Neto etal.,
2025).

e Periodic subsoiling/ripping can restore porosity where restrictive layers
exist, but benefits are variable and may be short lived without traffic
control; biological approaches (deep rooted cover crops) complement
mechanical loosening (Shaheb et al., 2021; Ghosh & Daigh, 2020).
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Takeaway. Combine residue retention + rotation with traffic control, then
apply site specific loosening only where diagnostics show limiting bulk
density/penetration resistance, to minimize energy consumption and preserve
soil structure (Shaheb et al., 2021; Keller et al., 2025).

3.3 Salinity and Acidification Control; Soil Amendments

Salinity. Climate variability, shallow water tables, and poor drainage
raise salinity/sodicity risks; monitoring and leaching with good quality water,
improved drainage, and salt tolerant varieties are core controls (Corwin, 2020).

Acidification. In Sub Saharan Africa (SSA), acid soils are widespread
and economically costly; targeted agricultural lime applications (with the right
source/rate/placement) are profitable in large areas and reduce Al toxicity,
improving nutrient availability (Silva et al., 2025; Gurmessa, 2021). Logistics
and affordability constraints require supply chain development and spatial
targeting; programs piloting lime delivery and micro dosing show promising
yield and profitability impacts when transport hurdles are addressed (One Acre
Fund, 2015).

Amendments & integrated strategies. Organic amendments
(manure/compost, biochar) enhance cation exchange capacity, buffer pH, and,
when applied in zai pits or ridges, localize fertility and water in drylands (World
Bank, 2005; Dabré¢ et al., 2024).

3.4 Landscape Planning for Land Degradation Neutrality

(LDN)

LDN provides the planning scaffold to balance productivity and
ecological integrity using the Avoid > Reduce> Reverse response hierarchy
and a neutrality mechanism that counterbalances anticipated losses with
planned gains within land types (UNCCD Strategic Framework 2018-2030;
STAP/GEF LDN Guidelines). National LDN processes use standardized
indicators (land cover, land productivity, soil organic carbon) and promote
multi scale targeting of interventions (terracing zones, riparian buffers,
recharge/retention areas) aligned to SDG 15.3 (UNFCCC/UNCCD, 2018;
GEF-STAP, 2019).
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Figure 2. Design schematics of erosion control structures

Schematic examples of (a) bench terrace profile with cutoff drain and
stabilized riser, (b) earth/stone contour bund with vegetative reinforcement,
spillways, and spacing along contour, (c) grassed waterway with bank
protection and inlet/outlet transitions, and (d) a series of check dams in a
channel showing recommended spacing (upstream toe = downstream crest),
center notch weir, and toe embedment. Design intent is to reduce slope
length/gradient and velocities, dissipate energy, promote infiltration, and trap
sediment to protect downstream water quality (based on EPA BMP guidance
and international reviews).

Environmental outcomes. These measures reduce runoff and erosion,
improve soil structure and biological activity, and, when scaled, can contribute
to landscape greening and micro catchment recharge (Hartman etal., 2016;
Flood Based Farming Network, 2021).

Adoption considerations. Labor demands for digging/filling zai are high
(300450 person hours ha™"), making collective action, mechanization aids, or
targeted placement on most degraded patches critical to cost effectiveness
(World Bank, 2005).
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4. ENERGY EFFICIENT AND LOW CARBON

MECHANIZATION

Designing mechanization pathways that fit farm size and duty cycles,
minimize fuel and power demand, and account rigorously for emissions is
central to climate smart agricultural engineering. This section synthesizes
evidence on right sized mechanization, engine efficiency and fuel
switching/hybridization, renewable energy in operations (pumping, drying,
cold chains), and fleet level emissions accounting with a practical table for
technology choices and a Nigeria relevant case.

4.1 Right Sized Mechanization for Smallholder Contexts

Across Sub Saharan Africa and South Asia, the most robust adoption and
environmental gains occur when mechanization is “scale appropriate” i.e.,
matching field sizes, tasks, finance, and service ecosystems. FAO/AU’s
Sustainable Agricultural Mechanization — A Framework for Africa emphasizes
business models (especially hire services) and two wheel tractor (2WT) based
toolchains for seeding, transport, shelling and pumping, rather than one size fits
all tractorization (FAO & AUC, 2019; FAO & AUC, 2018).

Empirical program syntheses show 2WT services can reduce drudgery
and improve timeliness while remaining financeable via lease to own or service
models; the key constraints are supply chains, after sales service, and access to
credit (CIMMYT cases; Van Loon et al., 2020; Ngoma et al., 2025). Evidence
from Nepal also shows willingness to pay for mini tillers rises with labor
scarcity and credit access supporting service models for the smallest farms
(Paudel etal., 2019). FAO’s “SAM” guidance and factsheets underline right
sizing and service provision as pillars to keep costs and environmental
footprints low while improving labour productivity (FAO, 2016; FAO, 2026).

4.2 Engine Efficiency, Fuel Switching, and Hybridization

Efficiency first. Engine right sizing, preventive maintenance, optimal
ballast/tire pressure, and matching implements to power curves reduce fuel
burn per hectare under typical field loads (FAO & AUC, 2019).
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Biodiesel blends. A 2024 systematic review/meta analysis of farm
tractors reports biodiesel blending tends to lower CO2 and CO but slightly raise
NOx and specific fuel consumption versus diesel, with performance impacts
dependent on blend ratios and duty cycles (Akbari et al., 2024). Field PEMS
studies at altitude similarly find modest BSFC increases and mixed pollutant
responses across B10—B30 (Cai et al., 2024). (See Table 2 for decision points.)

Diesel—electric hybridization. Recent control strategy studies on
parallel/series hybrid tractors show 4-17% equivalent fuel cost or energy use
reductions in simulated plowing/rotary tillage when engine—motor operating
points are optimized; some scenarios report larger modeled gains but require
careful validation under real world duty cycles (Zhang et al., 2023; Zhang et al.,
2023; Feng etal.,, 2024; Pascuzzi etal.,, 2024). A 2024 conversion study
likewise finds lower CO2 emissions and fuel use after retrofitting a conventional
tractor to a hybrid drive with energy management optimization (Oztiirk et al.,
2024).

Takeaway: where stop go or variable load tasks dominate (transport,
baling, some tillage), hybridization can curb fuel/emissions; for steady heavy
draft, gains are smaller unless storage/assist is sized appropriately (Zhang et al.,
2023; Pascuzzi et al., 2024).

4.3 Renewable Energy in Operations: Solar Pumping, Drying,

and Cold Chains

Solar pumping. Reviews of PV pumping document maturity, high
reliability, and strong OPEX savings versus diesel, particularly under high fuel
prices or weak supply chains (Gevorkov etal., 2023). PV pumps align with
deficit/precision irrigation to lower withdrawals and emissions (Section 3), and
avoid local air pollutants from small diesel sets (Gevorkov et al., 2023).

Solar drying. Systematic reviews indicate mixed mode and hybrid solar
dryers can substantially reduce post harvest losses and energy use compared
with open sun or fossil heated dryers; recent work highlights advances with
phase change materials (PCMs) and desiccants to stabilize temperatures and
improve quality (Udomkun et al., 2020; Venkateswarlu & Reddy, 2024).
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Solar cold chains. Rigorous evidence from northeast Nigeria shows that
installing solar powered cold rooms in horticulture markets increased sales
volumes and revenues, reduced losses, and based on simple financials could
recoup investment within a reasonable time frame (Takeshima etal., 2023).
Broader reviews confirm the potential for off grid solar cold storage to cut food
loss and emissions, while flagging financing and service model constraints
(Amjad et al., 2023).

5. CIRCULAR BIORESOURCE & WASTE

MANAGEMENT

Circular bioresource systems close nutrient and carbon loops while
cutting greenhouse gas (GHG) emissions and water pollution. This section
brings together manure/biogas—biofertilizer systems, crop residue pathways
(compost, biochar, bioenergy), and on farm wastewater and post harvest waste
minimization, ending with LCA based insights you can use in project appraisal.

5.1 Manure Management: Biogas + Biofertilizer Systems

Anaerobic digestion (AD) converts manures and other organic wastes
into biogas (for thermal/electric use) and digestate that can replace synthetic
fertilizers when properly processed and applied. Recent reviews emphasize
AD’s role in a circular bioeconomy, highlighting avoided methane from
unmanaged manure and energy substitution benefits; they also stress that policy
and plant design strongly influence net impacts (e.g., leak control, CHP
efficiency) (Alengebawy et al., 2024).

On the agronomy side, digestate’s nutrient value and environmental
profile vary with feedstock, solids/liquid separation, and post treatments (e.g.,
composting, ammonia recovery). LCA syntheses show that improving stability
(via composting/solid-liquid separation) and targeted field application reduces
air/water emissions and boosts fertilizer replacement credits, although
methodological choices (functional unit, boundaries) affect reported results
(Martin Sanz Garrido et al., 2025; Hanafiah et al., 2022).
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Practical cues. (i) Cover tanks and use flare/CHP to curb fugitive CHa;
(ii) separate solids for composting or biochar composting to improve handling
and reduce N2O/NHs; (iii) apply liquid fractions with calibrated rates and soil
moisture windows to minimize runoff and volatilization (digestate LCA

reviews).

5.2 Crop Residue Pathways: Composting, Biochar, Bioenergy

Composting. Moving residues and organic wastes from open dumping to
managed composting avoids landfill methane and returns stabilized organic
matter to soils. A critical review of 388 emission factors shows CH4 dominates
GWP for low N wastes (e.g., yard trimmings), whereas N rich wastes (manure,
mixed organics) are driven by N2O; pretreatments (e.g., AD then compost) and
aeration control can materially lower the footprint, though forced aeration may
raise NHs unless scrubbed (Nordahl etal., 2023). Biochar—composting can
further reduce net GWP when application rates are optimized (=5% often
preferable to >20%), because excessive rates may increase CHa formation
within aggregates even as they suppress NoO/NHs (Harrison et al., 2023).

Biochar. Pyrolyzing residues to biochar stores a stable carbon fraction
and can improve soil functions. Meta analyses indicate consistent increases in
soil organic carbon (SOC) (e.g., +13 Mg Cha™' on average across 1-10 year
field trials; ~29% SOC gain) with higher gains in acidic/loamy soils and with
higher C/N feedstocks (Gross etal., 2021; Li et al., 2024). A recent rapid meta
analysis finds clear net C sequestration benefits (+61%), while effects on total
soil CO: flux or microbial respiration are generally non significant underlining
biochar’s promise for carbon negative soil amendment when produced and
applied responsibly (Bekchanova etal.,, 2024; Schmidt etal., 2021). LCA
overviews increasingly report carbon negative balances for biochar systems
especially when biochar displaces open burning and when heat/electricity co
products are utilized though system boundaries and crediting rules are critical
(Admas et al., 2026).
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Bioenergy (combustion/gasification). When residues are unsuitable for
soil return (contaminants, logistics), thermochemical energy routes can deliver
lower average impacts than AD/composting in some comparative LCAs,
particularly for food/organic wastes; outcomes hinge on conversion efficiency,
flue gas controls, and what energy the system displaces (Orlandella & Fiore,
2025).

Residue—~GHG interactions. Residue handling affects non CO: gases.
Lab/field studies show residue addition and moisture can raise or lower
CH4/N20 depending on C/N, soil water and N inputs; biochar co application
often moderates emissions (Choudhary et al., 2024; Mirzaei et al., 2023).

5.3 On Farm Wastewater and Post Harvest Waste

Minimization

Wastewater & manure liquids. Anaerobic/facultative lagoons are widely
used for agricultural and small community effluents; when properly sized and
operated, they provide low energy treatment suitable for irrigation reuse,
though odor management and nutrient control are essential (US EPA lagoon
guidance; MU & MSU Extension). LCA case studies of complete retention
lagoons with reuse show potential GHG reductions via smaller
excavation/embodied emissions, fertilizer offsets (nutrient reuse), and yield
gains on irrigated lands benefits that depend on climate demand balance and on
avoiding secondary air emissions (Thompson & Dvorak, 2024). For health risk
management, the WHO/FAO/UNEP 2006 Guidelines remain the benchmark
for safe wastewater reuse in peri urban agriculture, combining treatment and
non treatment barriers (on farm practices, produce washing) (WHO/FAO
factsheet).

Post harvest loss (PHL) reduction. Nigeria specific assessments note low
uptake of modern PHL technologies among smallholders and highlight
packaging/cold chain gaps (Kogi survey); targeted investments in solar cold
rooms, reusable plastic crates, and training cut losses and raise incomes (GAIN
PLAN Nigeria; NRI/FCDO synthesis). Complementary solar drying initiatives
aim to preserve horticultural surpluses where grid power is absent
(IFPRI/CGIAR Nigeria baseline).
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Relatable example (Nigeria). A cluster of vegetable growers aggregates
wash water and slurry from a small poultry unit into a covered primary lagoon
feeding a fixed dome digester; biogas powers a hybrid solar—biogas dryer for
pepper, while the digestate is separated liquid to fertigate maize at sensor
guided rates; solids co composted with mild biochar (=5% w/w) supply a
stabilized biofertilizer for the pepper nursery. The scheme follows WHO/FAO
risk reduction steps (pond hygiene, withholding periods) and reduces diesel,
fertilizer purchases, and losses reflecting patterns in lagoon reuse LCA, biochar
composting, and Nigeria cold chain studies.

5.4 Environmental Co Benefits and LCA Insights

e GHG reductions come from (i) avoided methane (e.g., shifting from open
storage/landfill to AD/compost), (ii) soil carbon storage (biochar), and
(iii) displaced fossil energy and mineral fertilizer; LCAs repeatedly stress
that leak control, NHs/N2O management, and crediting rules determine
whether systems are net negative (Nordahl etal., 2023; Admas etal.,
2026).

e Trade offs: Forced aeration lowers CHa4 but may raise NHs; high rate
biochar in compost may suppress N20 yet risk CH4 pockets; digestate
spreading can cause NH3/N2O unless timed/injected; thermochemical
options require air emission controls (Nordahl etal., 2023; Harrison
etal., 2023; Martin Sanz Garrido et al., 2025).

e Method matters: Reviews comparing AD, composting, pyrolysis show
different average impacts across functional units; in one synthesis,
thermochemical routes often had the smallest average impacts for
food/organic waste streams, while AD scored higher unless
energy/utilization credits were strong and digestate was well managed
(Orlandella & Fiore, 2025).
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Table 2. Circular options by feedstock environmental gains and constraints
Feedstock Main circular Environmental Key constraints/risks
options gains (evidence) (evidence)
Cattle/swine/pou AD — biogas + Avoided CHa vs. Fugitive CHs/NH3 if
open storage; covers/seals poor;

Itry manure

digestate (solid—
liquid separation;
digestate
composting);
lagoon-reuse
irrigation;
biochar-composting

renewable energy;
fertilizer offsets;
improved digestate
stability lowers
emissions; reuse can
cut GHG via
excavation
reductions and yield
gains (reviews;
lagoon LCA).
Compost: returns

NH3/N2O if untimed;
biochar rates >~ 5% in
compost may increase
CHa pockets (digestate

digestate
land-application

LCA;
biochar-composting
study).

N:O or NHs can rise if

Crop residues
(straw, stalks,

Composting;
biochar to soil;
gasification/combus

SOM; managed
aeration reduces

composting
unmanaged;
residue+moisture may

incomes; Nigeria
pilots show

cold rooms and

emissions), improve

adoption of solar

husks)
tion for energy CHa4; Biochar:
durable SOC (+6— spike CH+/NzO unless
13MgCha™; C/N and water
higher in controlled;
acidic/loamy soils); air-emissions controls
Pyro/energy routes needed for energy
can show lower routes.
average impacts in
some LCAs.
Food/market AD + digestate; AD/composting Contamination
waste & composting; reduce landfill CHs; | management; need for
post-harvest solar/biogas drying drying/cold-chain hygiene barriers per
losses to prevent spoilage; cut losses (and WHO/FAO;
cold-chain embodied affordability and
service models for

cold-chain/dryers.

crates.
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Feedstock Main circular Environmental Key constraints/risks
options gains (evidence) (evidence)
Agro-processing Lagoons Low-energy Nutrient/ pathogen risk;
effluents / (covered/retention) treatment; reuse odors if anaerobic cells
wash-water with reuse; AD offsets irrigation not maintained;
where feasible; water and fertilizer; requires risk-barrier
fit-for-purpose LCA shows management per 2006
irrigation potential net GHG WHO guidelines.
gains in reuse
configurations.

6. AFRICA AND NIGERIA: CONTEXTUALIZING

CHALLENGES AND SOLUTIONS

Nigeria’s environmental engineering choices are shaped by agro
ecological diversity, high rainfall variability, and infrastructure/service gaps
that differ by zone from the Sahel/Sudan savannas in the north to the humid
forests and freshwater/mangrove swamps in the south. Any climate smart
agricultural engineering (CSAE) plan must therefore be zonal, risk aware, and
service ecosystem ready.

6.1 Agro Ecological Zones, Rainfall Variability, and

Infrastructure Gaps

Nigeria spans at least seven to nine agro ecological zones (AEZs) Sahel,
Sudan, Northern & Southern Guinea savannas, Derived savanna, Lowland
rainforest, Freshwater swamp, Mangrove, and Montane with marked north—
south rainfall gradients and distinct soils/vegetation that drive farming systems
and water/soil engineering needs. Recent overviews, maps, and profiles
(including FAO GAEZ) remain useful entry points for state by state zoning
(e.g., Kano/Jigawa in Sudan—Sahel; Kogi/Benue in Guinea savanna;
Niger/Anambra with large floodplains) and for crop/climate suitability
diagnostics.

Rainfall shows strong spatial and temporal variability: satellite/gauge
analyses report divergent trends between Guinea and Sudano Sahelian belts
(e.g., slight drying in parts of the Guinea savanna, small increases in
Sahel/Sudan), with implications for irrigation, drainage, and flood design

standards.
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Independent studies confirm erratic onsets/cessations and intra season
dry spells across AEZs key drivers of climate risk for rain fed systems and of
demand for supplemental irrigation and water harvesting.

Infrastructure gaps are material. FAO AQUASTAT documents very low
equipped and actually irrigated areas relative to arable land, and a persistent
dependence on fadama/flood recession and small wells with limited service
ecosystems. While farmer led and solar powered irrigation potentials in central—
northern Nigeria are significant, uptake hinges on credit, supply chains, and
after sales service (CGIAR/IWMI).

6.2 Priority Environmental Risks: Erosion, Flooding,

Desertification, Pollution

Erosion & land degradation. Severe gully erosion most extreme in the
southeast but present elsewhere destroys roads, farms, and settlements.
NEWMAP documentation and recent state level assessments in Anambra
corroborate the scale and the importance of comprehensive watershed
management (drainage, revegetation, check structures, land use control).

Flooding. National flood assessments show that the 2022 floods
surpassed earlier disasters in breadth and damage across Anambra, Bayelsa,
Delta, Jigawa, Kogi, Nasarawa, underscoring the need for hydraulic design
upgrades, early warning, and flood compatible agronomy (e.g., raised beds,
flood tolerant wvarieties, timely drainage). Reviews of flood occurrence
emphasize integrating remote sensing + statistical approaches into planning at
basin and scheme scales.

Desertification & dust. In the Sahel/Sudan belts, desertification and
sand/dust dynamics affect cropland, settlements, and health. Nigeria’s
participation in the Great Green Wall (GGW) including the National Agency
for the GGW and FAO evaluated restoration work targets dryland agroforestry,
shelterbelts, and livelihood bundles that reduce wind erosion while creating
income. Pollution & water quality. Lagoon/effluent reuse systems can lower the
cost of wastewater management in small communities and farms, but require
fit for purpose safeguards (nutrient/pathogen) consistent with WHO/FAO reuse
guidelines; life cycle evidence indicates reuse can reduce net GHGs and

improve yields when nutrient management is sound.
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6.3 Technology Adaptation, Affordability, And Maintenance
Ecosystems
Affordability and service models determine outcomes as much as

hardware does. Solar irrigation/groundwater pumping is increasingly attractive

where diesel costs are high, yet uptake in Kebbi/Kano/Kaduna shows farmers

still face up front cost, equipment quality assurance, and after sales gaps;

collective ownership, service based models, and credit bundles improve

viability. Regional modeling also points to large SSA wide potential contingent
on business models that spread CAPEX.

Similarly, erosion/drainage works have high effectiveness when local

O&M is funded, contractors are trained to standards, and communities co

manage drains/vegetative buffers; NEWMARP’s systems approach is instructive

here.

scale:

6.4 Institutions, Extension, Local Fabrication, and Standards
Strengthening extension and fabrication ecosystems is a precondition for

Standards/ES safeguards from projects like NEWMAP show how to
integrate EIA/ESMF into small civil works and land treatments.

Local fabrication (e.g., sprayers, planters, shellers, small dryers, SPIS
frames) reduces costs and downtime; but quality control requires specs,
certification, and spare parts networks areas where TVET and university
labs can anchor testing. (Also see World Bank’s DAR playbook emphasis
on ecosystem building).

Extension capacity must bridge digital tools and field practice e.g.,
translating drought early warning/remote sensing into water and nutrient
scheduling; Nigerian drought EWS prototypes and FAO’s operational
drought portals provide content streams that state ADPs and NGOs can
localize.
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Agro-Ecological Zones with Climate and Degradation Overlays
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Figure 3. Agro-Ecological Zones with Climate and Degradation Overlays

Agro ecological Nigeria with climate & degradation overlays: base AEZ
map (Sahel—Mangrove) plus

o rainfall onset/cessation variability iso lines;

e flood risk corridors (Niger—Benue, Anambra Delta, Jigawa Hadejia
Jama’are);

e crosion hotspots (SE gully belts); (iv) desertification front and GGW
corridor in 11 states. Sources for the base and overlays: FAO GAEZ /
peer reviewed AEZ maps; rainfall and risk layers from MDPI Remote
Sensing and national flood assessments. (We can generate a clean
composite figure on request.)
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7. ENABLERS: POLICY, FINANCING, AND CAPACITY
Scaling CSAE in Nigeria/Africa requires smart incentives, clear
standards, strong extension/TVET, and PPPs that anchor local manufacture and

servicing.

7.1 Incentives: Carbon/Green Finance, Results Based Grants,
Blended Finance

e (Carbon/green finance. Biochar soil and dryland agroforestry (GGW) can
unlock C credit revenue when MRV and permanence are robust;
restoration programs in Northern Nigeria show livelihood + resilience co
benefits that strengthen investability.

o Results based grants (RBGs). For erosion control and small
floods/drainage works, RBGs tied to verified hectare stabilized/outfall
functional days complement traditional input subsidies and align with
ESMF safeguards under infrastructure programs such as NEWMAP.

e Blended finance for SPIS/irrigation. Combine concessional first loss
with local bank credit and vendor finance; CGIAR/IWMI work in
northern states highlights capex barriers and the importance of service
bundles and credit; macro level studies across SSA show strong welfare
returns when CAPEX is spread over time.

7.2 Standards, Codes, and Environmental Safeguards for Agri
Infrastructure
Adopt and localize standards for:

e Small hydraulic works (culverts, lined drains, check structures): require
hydraulic sizing for design storms, slope/lining specs, and O&M
manuals; integrate screening & mitigation per ESMF/EIA precedents in
NEWMAP.

e SPIS and pumps: performance/efficiency labeling, warranty/after sales
minimums, and groundwater abstraction norms (fit for purpose
monitoring). Emerging IWMI/CGIAR work packages emphasize

ecosystem level governance, not just devices.

51



o Wastewater reuse: align farm gate practices with WHO/FAO 2006
multiple barrier approach (treatment + safe irrigation methods + produce
hygiene).

7.3 Extension Models; TVET and University Curricula for
CSA Engineering

o Extension models. Pair digital advisory/EWS (drought, flood) with
hands on demonstrations for irrigation scheduling, soil protection, and
residue/bioresource management; Nigeria’s EWS and FAO drought
portals offer content streams agencies can localize.

o TVET & university curricula. Update programs to cover design to O&M
of small hydraulic works, SPIS sizing and wiring, biochar/composting
LCA, and ESMF/EIA practice; World Bank’s Digital Agriculture
Roadmap approach highlights ecosystem building and multi stakeholder
coordination useful for embedding standardized lab testing and
certification tracks.

7.4 Public—Private Partnerships And Local Manufacturing

Ecosystems

PPP procurement for drainage/erosion packages and solar water services
should allocate performance risk (uptime, water delivered, after sales SLA);
institute local content for frames, tanks, and mounting structures while
importing critical components under standards. Lessons from large programs
(NEWMAP; CGIAR/IWMI scaling) show that ecosystem orchestration finance
+ vendor QA + training, drives durability.
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Table 3. Policy & financing instruments matched to engineering interventions

Engineering Primary Suitable Notes on
intervention barriers policy/finance safeguards/standards
(typical) instruments
SPIS for smallholders | High CAPEX; Blended finance Vendor QA, warranty
(Kano/Jigawa/Kebbi) | weak after-sales; | (first-loss + bank minimums;
quality credit), RBG per groundwater
uncertainty kWh-equiv. diesel | stewardship; align with
displaced, co-op IWMI scaling bundles.
ownership/service
models
Feeder-road & farm | Under-designed Results-based Apply ESMF/EIA
drainage; gully culverts; no grants (outfall (NEWMAP) and
stabilization 0O&M; ad-hoc functionality; standard hydraulic
(Benue/Kogi/SE) works sediment load design codes;
reduction), PPP for community O&M
maintenance; state compacts.
matching grants
Biochar + compost Kiln CAPEX; Carbon/green LCA to evidence
hubs (residue QA of product; finance (C-credit), C-negativity; field
valorization) markets concessional lines trials for agronomy;
for kilns & lab QA, MRV aligned with
SME grants standards.
Wastewater/lagoon Health risk, Public grants for WHO/FAO
reuse for irrigation nutrient lagoon upgrades; multiple-barrier
over-application water-user approach; LCA shows
agreements; potential GHG/yield

performance-based

co-benefits with good

Oo&M nutrient mgmt.
Farmer-led Fragmented Credit guarantees, Use FAO
micro-irrigation finance; lack of leasing, digital AQUASTAT/GAEZ &

expansion
(central/north)

maps; skills
gaps

extension for siting
& scheduling

hydro-suitability
layers; training via
TVET/ADPs.
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INTRODUCTION

Agriculture plays a central role in shaping environmental sustainability,
particularly in emerging economies where it contributes significantly to
employment, livelihoods, and food supply. However, traditional agricultural
practices often exert substantial pressure on natural resources, leading to land
degradation, soil erosion, deforestation, water overuse, and biodiversity loss.
These environmental impacts are compounded by structural and operational
challenges such as low productivity, limited access to inputs, inadequate
infrastructure, and poor market integration. Climate change further exacerbates
these challenges, increasing the vulnerability of smallholder farmers and
intensifying the risk of food insecurity (FAO, 2022; IPCC, 2023).

Food security, defined as the consistent access to sufficient, safe, and
nutritious food to meet dietary needs, is closely linked to environmental
sustainability. Emerging economies face complex interactions between
agricultural production, natural resource management, and environmental
degradation, which can undermine the stability of food systems (United
Nations, 2017). Unsustainable farming practices, coupled with climate
variability, threaten ecosystem services essential for crop productivity,
including soil fertility, water availability, and pollination.

In this context, digital agriculture emerges as a promising approach to
mitigate environmental pressures while enhancing productivity and resilience.
Digital agriculture integrates technologies such as artificial intelligence (Al),
the Internet of Things (IoT), remote sensing, and mobile-based advisory
systems into agricultural decision-making. These technologies enable precision
management of natural resources, optimize input use, and facilitate
environmentally sustainable practices such as precision irrigation, integrated
pest management, and climate-smart crop planning (Klerkx & Rose, 2020;
Wolfert et al., 2017).

The adoption of digital tools is particularly impactful in emerging
economies, where infrastructure deficits, fragmented markets, and limited
extension services have historically constrained both productivity and

environmental stewardship.
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By providing real-time data on soil health, water availability, and weather
conditions, digital agriculture promotes resource-efficient farming, reduces
post-harvest losses, and minimizes ecological footprints. Furthermore, it
enhances market linkages and financial inclusion, creating opportunities for
smallholders to adopt sustainable practices without sacrificing economic
returns (McFadden et al., 2023).

This chapter examines the role of digital agriculture in promoting
environmentally sustainable food systems. It synthesizes evidence from Africa,
Asia, Latin America, and the Middle East, highlighting how technology
adoption influences natural resource management, environmental resilience,
productivity, and food security. The chapter identifies challenges to widespread
adoption, including socio-economic disparities, digital literacy, and policy
gaps, and offers recommendations for integrating digital solutions into
sustainable agricultural and environmental practices. By bridging technology,
environmental stewardship, and food security, this chapter aims to inform
policymakers, researchers, and practitioners on strategies to promote resilient
and sustainable rural development.

1. GAPS IN LITERATURE

Despite the expanding research on digital agriculture, several critical
gaps remain, particularly when considering environmental sustainability and
climate resilience.

First, existing studies are largely fragmented and technology-specific,
often focusing on individual innovations such as mobile applications, IoT
sensors, or Al tools. Few studies integrate these technologies within a
comprehensive systems framework that considers environmental impacts,
ecosystem services, and sustainable resource management. This limits
understanding of how digital agriculture can simultaneously enhance
productivity, reduce ecological footprints, and strengthen resilience across
agricultural value chains and food systems (McFadden et al., 2023; Duguma &
Bai, 2025). Second, much of the literature adopts a short-term perspective,
emphasizing immediate productivity or economic gains while neglecting long-
term environmental outcomes such as soil health, water efficiency, biodiversity

conservation, and climate resilience.

63



Longitudinal studies and panel data analyses are needed to capture the
cumulative environmental and socio-ecological effects of digital agriculture
interventions over time (Wolfert et al., 2017; Finger et al., 2019).

Third, there is insufficient attention to distributional and equity impacts,
particularly in the context of environmental sustainability. Many studies
overlook how access to digital tools affects marginalized groups, including
women farmers, smallholders, and communities dependent on fragile
ecosystems. This is critical because inequitable access may exacerbate
environmental degradation or limit the adoption of climate-smart practices
among vulnerable populations (Rotz et al., 2019; GSMA, 2021).

Fourth, the role of institutional, policy, and governance frameworks in
shaping environmentally sustainable digital agriculture remains underexplored.
Limited research examines how policies, regulations, and institutional
arrangements influence not only technology adoption but also the promotion of
sustainable land management, climate-smart agriculture, and ecological
stewardship (Klerkx & Rose, 2020; McFadden et al., 2023).

Finally, there is a scarcity of context-specific and comparative studies
that account for regional socio-economic, cultural, and agro-ecological
diversity. Understanding how digital technologies can support environmentally
sustainable practices in different ecological zones, such as arid, semi-arid, and
humid regions, is essential for developing scalable, locally relevant
interventions (Duguma & Bai, 2025; Zhang et al., 2024).

Conclusion

In conclusion, the literature indicates that digital agriculture holds
significant potential to transform food systems in emerging economies,
enhancing productivity, market efficiency, and resilience. However, its long-
term environmental sustainability depends on integrated systems approaches,
capacity-building, equitable access, supportive policy frameworks, and
context-specific adaptation. Addressing these gaps is critical for guiding future
research, informing policy, and designing digital agriculture interventions that

promote both sustainable food security and ecological stewardship.
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2. METHODOLOGY

2.1 Research Design

This study adopts a systematic literature review and conceptual synthesis
approach to examine the environmental sustainability impacts of digital
agriculture in emerging economies. A systematic review enables the
identification, evaluation, and synthesis of existing empirical and theoretical
studies in a transparent and replicable manner, thereby ensuring the reliability
and rigor of findings (Tranfield et al., 2003). The approach is particularly
suitable for interdisciplinary research at the intersection of environmental
studies, agricultural economics, and digital innovation, where evidence is
dispersed across multiple domains.

In addition to the systematic review, a conceptual framework analysis is
employed to integrate insights from the literature and establish linkages
between digital agriculture technologies, environmental sustainability
outcomes, market efficiency, and food security. This combined approach allows
for both descriptive and analytical interpretation of existing knowledge.

2.2 Data Sources and Search Strategy
The study relies exclusively on secondary data obtained from peer-
reviewed journal articles, institutional reports, and policy documents. Key
academic databases used for the literature search include:
e Scopus
e Web of Science
e Google Scholar
To ensure comprehensive coverage, the search strategy incorporated
combinations of the following keywords:

“Digital agriculture”

e “Precision agriculture”

e “Environmental sustainability”
e “Climate-smart agriculture”

e “Food security”

e “IoT in agriculture”

e “Artificial intelligence in farming”
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e “Emerging economies”

Boolean operators were used to refine search results and improve
relevance. The search was limited to studies published between 2015 and 2025
to capture recent technological developments and contemporary environmental
challenges.

2.3 Inclusion and Exclusion Criteria
To ensure the quality and relevance of the reviewed literature, the
following criteria were applied:

Inclusion Criteria

e Peer-reviewed journal articles and reputable institutional reports (e.g.,
FAO, World Bank)

e Studies focusing on digital agriculture technologies and their
environmental, economic, or food security impacts

e Research conducted in emerging or developing economies

o Empirical and theoretical studies with clear methodologies

Exclusion Criteria

e Studies lacking methodological transparency

o Publications not directly related to agriculture or environmental
sustainability

e Opinion pieces without empirical or analytical grounding

o Studies published before 2015 (except seminal works where necessary)
This selection process ensures that the analysis is based on credible,

relevant, and up-to-date evidence (Snyder, 2019).

2.4 Data Analysis and Synthesis
The collected literature was analyzed using a thematic content analysis
approach, which involves identifying recurring patterns, themes, and
relationships across studies (Braun & Clarke, 2006). The analysis focused on
the following key themes:
e Types of digital agriculture technologies (Al, IoT, mobile platforms)
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o Environmental sustainability outcomes (resource efficiency, emissions
reduction, climate resilience)
e Market efficiency and food security impacts
e Regional variations in adoption and outcomes
o Challenges, constraints, and policy implications
Findings from individual studies were systematically compared and
synthesized to develop generalizable insights and cross-regional comparisons.
This process also informed the development of the conceptual framework
presented in this chapter.

2.5 Limitations of the Methodology

While the systematic review approach enhances rigor, several limitations
should be acknowledged. First, the study relies on secondary data, which may
be subject to publication bias and variability in research quality. Second, the
rapidly evolving nature of digital agriculture technologies means that some
findings may become outdated as new innovations emerge. Third, there is a
geographical imbalance in the literature, with more studies concentrated in Asia
and Latin America compared to parts of Africa. Despite these limitations, the
methodology provides a robust foundation for synthesizing existing knowledge
and identifying key trends and gaps in the literature.

3. LITERATURE REVIEW

Digital agriculture has increasingly gained attention as a transformative
approach not only to improve agricultural productivity and market efficiency
but also to promote environmentally sustainable food systems in emerging
economies. A growing body of literature highlights the diverse technologies
available including artificial intelligence (Al), the Internet of Things (IoT),
precision agriculture tools, mobile-based advisory platforms, and digital
marketplaces and examines their potential to optimize resource use, reduce
environmental impacts, and enhance resilience to climate change (Gumbi et al.,
2026; Klerkx & Rose, 2020; Zhang et al., 2024).
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3.1 Digital Agriculture and Environmental Sustainability

Digital agriculture contributes to environmental sustainability by
improving resource-use efficiency, reducing waste, and minimizing ecological
footprints. Technologies such as precision irrigation, soil and nutrient
monitoring, and Al-based predictive modeling help farmers apply water,
fertilizers, and pesticides more judiciously, mitigating soil degradation, water
contamination, and biodiversity loss (Wolfert et al., 2017; Duguma & Bali,
2025).

Digital tools also enhance market efficiency while indirectly supporting
environmental goals. By facilitating real-time access to market prices and
demand forecasts, mobile-based platforms reduce overproduction, post-harvest
losses, and waste along value chains (Ayim et al., 2022; Finger et al., 2019). E-
marketplaces and contract farming systems streamline supply chains, which
reduces unnecessary transportation and associated greenhouse gas emissions
(Zhang et al., 2024).

3.2 Impacts on Productivityy, Food Security, and

Environmental Resilience

Digital agriculture supports sustainable productivity and food security
while promoting resilience to environmental shocks. Precision agriculture and
IoT-enabled sensors enable farmers to monitor soil health, water availability,
and crop stress, optimizing input use and reducing environmental degradation
(Gumbi et al., 2026). In India, platforms such as e-NAM (National Agriculture
Market) enhance yields while reducing inefficiencies that contribute to soil
exhaustion and resource depletion (Kumar & Singh, 2022). Similarly, mobile-
based fertilizer distribution systems in Nigeria, such as the Growth
Enhancement Support Scheme (GESS), improve input efficiency and reduce
environmental overuse (FMARD, 2019).

These interventions also address the four pillars of food security;
availability, access, utilization, and stability, while integrating environmental
considerations. Improved logistics and market information reduce post-harvest
losses, promoting food availability and decreasing unnecessary land clearing or
resource exploitation (World Bank, 2020).
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Digital advisory and e-payment platforms enhance access and economic
stability, allowing smallholders to adopt sustainable practices without
sacrificing income (Ayim et al., 2022). Al-guided crop diversification and
nutrient monitoring enhance utilization by promoting environmentally resilient
and nutrient-rich crops (FAO, 2021). Stability is supported through climate-
smart forecasting, early warning systems, and adaptive management that
mitigate the impacts of pests, droughts, and market fluctuations (McFadden et
al., 2023; Gumbi et al., 2026).

Moreover, food security in emerging economies is deeply intertwined
with environmental sustainability. Unsustainable practices threaten ecosystem
services essential for crop productivity, while climate variability, land
degradation, and water scarcity exacerbate food insecurity (IPCC, 2023).
Digital agriculture can help align productivity gains with environmental
stewardship, ensuring that increases in food availability do not come at the
expense of natural resource depletion.

3.3 Socio-Economic and Environmental Considerations

Adoption of digital agriculture remains uneven due to socio-economic
factors, which can also influence environmental outcomes. Women, for
instance, often have limited access to digital devices, advisory services, and
financial platforms, restricting both productivity and sustainable land
management practices (Rotz et al., 2019; GSMA, 2021). Digital literacy gaps
in low-income regions further constrain environmentally beneficial technology
adoption (Manzoor et al., 2025). Inclusive capacity-building is therefore critical
to ensure that digital interventions promote both equity and environmental
sustainability.

3.4 Governance, Policy, and Institutional Influences

Effective governance and institutional support are essential for
integrating digital agriculture into environmentally sustainable food systems.
Clear regulatory frameworks, public-private partnerships, and supportive
policy environments facilitate the adoption of precision and climate-smart
technologies (Klerkx & Rose, 2020).
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Countries with strong policy backing, such as China and India,
demonstrate higher adoption rates and improved environmental outcomes
alongside productivity gains (Wolfert et al., 2017, Kumar & Singh, 2022).
Policy alignment is thus critical for scaling digital agriculture in a way that
balances food security, economic development, and ecological resilience.

4. CONCEPTUAL FRAMEWORK

The conceptual framework illustrates the interconnections between
digital agriculture technologies, environmental sustainability, market
efficiency, and food security outcomes in emerging economies. It provides a
structured understanding of how digital tools can enhance resource-efficient
agricultural systems, support climate resilience, and improve both ecological
and socio-economic outcomes.

4.1 Components of the Framework
4.1.1 Digital Agriculture Technologies (Input)

o Artificial Intelligence (Al): Predictive models for crop yields, pest and
disease monitoring, precision decision-making, and climate risk
forecasting (Wolfert et al., 2017; Duguma & Bai, 2025).

o Internet of Things (IoT): Sensors, drones, and automated irrigation
systems for real-time farm monitoring, precision input application, and
environmental monitoring such as soil moisture, nutrient levels, and
microclimate conditions (McFadden et al., 2023).

e Mobile-based Platforms: Advisory services for sustainable farming
practices, weather and climate forecasts, soil and water management
recommendations, and market information (GSMA, 2021).

e Digital Market Systems: E-marketplaces, digital payments, and supply
chain traceability that enhance transparency, reduce waste, and support

sustainable sourcing and resource allocation (Klerkx & Rose, 2020).
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4.1.2 Mechanisms Linking Digital Agriculture to
Environmental and Market Efficiency

Enhanced Market Access: Digital platforms reduce intermediaries,
improve price discovery, and provide farmers with incentives to adopt
sustainable practices that meet market standards (Zhang et al., 2024).
Information Flow: Real-time data on climate conditions, soil health,
input availability, and market trends reduces uncertainty and supports
environmentally sound decision-making (Finger et al., 2019).

Resource Optimization: Precision application of water, fertilizers, and
pesticides lowers production costs, reduces environmental pollution, and
improves productivity (Wolfert et al., 2017; Duguma & Bai, 2025).
Financial Inclusion: Access to digital credit, insurance, and payments
strengthens farmers’ capacity to invest in climate-smart technologies and
environmentally sustainable practices (GSMA, 2021).

4.1.3 Market and Environmental Efficiency Outcomes

Price Transparency: Farmers can negotiate better prices while being
incentivized to adopt sustainable and climate-resilient practices (Zhang
et al., 2024).

Reduced Transaction Costs: Efficient matching between supply and
demand lowers marketing and production costs, indirectly reducing
environmental pressure from wasteful practices (Finger et al., 2019).
Supply Chain Integration: Timely delivery of produce reduces post-
harvest losses and food system inefficiencies, contributing to
environmental sustainability (McFadden et al., 2023).

Environmental Sustainability: Reduced resource use, improved soil
health, biodiversity conservation, and lower greenhouse gas emissions

through optimized management practices (Duguma & Bai, 2025).
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4.1.4 Food Security Outcomes

o Availability: Higher and more stable agricultural production ensures
sufficient food supply while maintaining ecological balance (FAO,
2022).

e Access: Improved income, market integration, and sustainable farming
practices increase economic and physical access to nutritious food (Ayim
et al., 2022).

o Utilization: Digital tools support crop diversification, climate-resilient
crops, and nutrient-rich varieties, enhancing dietary quality and
environmental co-benefits (FAO, 2021).

o Stability: Enhanced resilience to climate variability, environmental
shocks, and market fluctuations ensures food security is sustained over
time (McFadden et al., 2023).

4.1.5 Moderating Factors

o Infrastructure: Reliable internet, electricity, transport, and eco-friendly
energy sources are essential for adoption and minimizing environmental
impacts.

o Digital Literacy: Farmers’ ability to operate and interpret digital tools
affects adoption of climate-smart and sustainable practices (Rotz et al.,
2019).

o Institutional Support: Policies, extension services, environmental
regulations, and public-private partnerships shape the scalability,
effectiveness, and sustainability of digital agriculture (Klerkx & Rose,
2020).

e Socio-economic Inequalities: Gender, income, land tenure, and regional
disparities influence access to technology and environmentally
sustainable outcomes (GSMA, 2021).

5. DIGITAL AGRICULTURE TECHNOLOGIES

Digital agriculture involves the integration of advanced information and
communication technologies into agricultural production, resource
management, and value chains.
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These technologies enable farmers and stakeholders to collect, analyze,
and act on environmental, agronomic, and market data, promoting sustainable
productivity, efficient resource use, climate resilience, and equitable access to
markets. In emerging economies, digital agriculture is transforming traditional
farming practices by supporting precision agriculture, climate-smart advisory
services, financial inclusion, and environmentally sustainable market

integration. Key technologies are outlined below.

5.1 Artificial Intelligence (AI)

Al uses machine learning, predictive analytics, and algorithms to analyze
large datasets and generate actionable insights for environmentally sustainable
agriculture.

Applications include:

e Yield prediction and crop monitoring: Al models analyze historical
yields, satellite imagery, and climate variables to forecast performance,
enabling efficient planting schedules and reduced post-harvest losses
(Gumbi et al., 2026).

e Pest and disease management: Al-based image recognition identifies
early pest infestations and diseases, reducing chemical overuse and
promoting ecological balance.

e Resource optimization: Al recommends optimal fertilizer, pesticide, and
irrigation levels based on soil and weather data, minimizing
environmental impacts while improving productivity.

Empirical Evidence:

e In Nigeria, Al-driven predictive analytics improved maize yield
forecasting by 18-22%, allowing farmers to reduce waste and align
planting schedules with climate patterns (Gumbi et al., 2026).

e In China, Al-powered drones monitored crop health, enabling targeted
interventions that reduced fertilizer use by 15% and increased yields by
12% (Wolfert et al., 2017).
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5.2 Internet of Things (IoT)
IoT refers to networks of interconnected devices that collect, transmit,

and analyze real-time environmental and farm data. IoT enables precision

agriculture, improving efficiency in resource use and environmental

monitoring.

Key applications include:

Soil and environmental monitoring: Sensors track soil moisture,
nutrients, pH, and temperature to optimize input use while preventing
over-application (McFadden et al., 2023).

Automated irrigation: Smart systems apply water efficiently, reducing
wastage in water-scarce regions and conserving freshwater resources.
Livestock tracking and health monitoring: IoT devices monitor animal
health, movement, and feeding patterns, improving productivity while
supporting sustainable husbandry practices.

Empirical Evidence:

In India, IoT sensors integrated with cloud platforms reduced water use
by 25% and increased rice yields by 10% in pilot farms (Kumar & Singh,
2022).

In Kenya, sensor-based irrigation increased vegetable yields and reduced
labor by 20%, demonstrating scalability for smallholders (Finger et al.,
2019).

Challenges: High installation costs, limited connectivity, and technical

skill gaps limit adoption in many emerging economies (Duguma & Bai, 2025).

5.3 Mobile-Based Platforms
Mobile technologies are widely accessible in emerging economies,

enabling farmers to access environmental, market, and advisory services in real

time.

Applications include:

Agricultural advisory services: SMS and apps provide localized weather
forecasts, pest alerts, and climate-smart farming practices (Ayim et al.,
2022).

Market information systems: Real-time price data and buyer contacts

improve market efficiency and reduce exploitation.
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e Digital financial services: Mobile banking facilitates credit, insurance,
and savings, promoting investments in climate-resilient practices.

e Peer-to-peer knowledge sharing: Farmers communicate with extension
agents and other producers to exchange environmentally sustainable
practices.

Empirical Evidence:

e iCow in Kenya improved milk yields by 12-15% while promoting
efficient resource use and herd management (Manzoor et al., 2025).

e Mobile advisory platforms in Ghana reduced information asymmetry in
cassava and maize markets, improving income and adaptive capacity to

environmental variability by 10% (Ayim et al., 2022).

5.4 Digital Market Systems

Digital marketplaces connect producers with buyers, enhancing
transparency, efficiency, and environmental accountability in agricultural value
chains.

Benefits include:

e Reducing intermediaries: Direct connections improve price realization
and reduce overproduction and waste.

e Market expansion: Access to regional and international markets
encourages adoption of sustainable practices that meet quality and
environmental standards.

e Traceability and quality assurance: Digital platforms support verification
of product origin and environmentally responsible production.

o Integration with digital payments: E-payments facilitate access to digital
credit and insurance, supporting climate-smart investments (Zhang et al.,
2024).

Empirical Evidence:

e Nigeria’s GESS platform improved fertilizer distribution efficiency and
reduced corruption, increasing access by 20% while promoting
sustainable input use (FMARD, 2019).

e Brazil’s digital supply chain platforms enhanced smallholder market
participation and income by 15-18%, while encouraging compliance

with sustainability standards (Finger et al., 2019; Zhang et al., 2024).
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5.5 Integration of Technologies
The full potential of digital agriculture is realized when Al, 10T, mobile

platforms, and digital markets operate as an integrated system. Benefits include:

Data-driven decision-making: Al processes IoT data and market trends
to optimize production, post-harvest management, and sustainability
outcomes.

Resilience to climate and economic shocks: Predictive analytics and real-
time information support adaptive and environmentally sustainable
responses.

Inclusive participation: Mobile platforms and digital payments ensure

marginalized farmers can access tools and markets.

Case Studies

In China, integrated Al, IoT, and mobile advisory services increased
maize yields by 18% while reducing water and fertilizer use by 15%
(Wolfert et al., 2017).

In Kenya, combining M-Pesa payments, IoT irrigation, and mobile
advisory services improved smallholder resilience to climate shocks and
income stability (Manzoor et al., 2025).

Conclusion
Digital agriculture technologies, individually and collectively, provide

transformative opportunities to enhance productivity, resource efficiency, and

climate resilience in emerging economies. Adoption requires adequate

infrastructure, affordability, digital literacy, and supportive institutional

frameworks. Widespread implementation can improve food security, empower

smallholders, and accelerate sustainable agricultural development.

6. ENVIRONMENTAL SUSTAINABILITY IMPACTS OF
DIGITAL AGRICULTURE

Digital agriculture plays a critical role in advancing environmental

sustainability by promoting efficient resource use, reducing ecological

degradation, and enhancing climate resilience within agricultural systems.
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As emerging economies face increasing environmental pressures
including soil degradation, water scarcity, and climate variability digital
technologies offer innovative pathways to transition toward more sustainable
and resilient food systems.

One of the most significant environmental benefits of digital agriculture
is improved resource-use efficiency, particularly in water, fertilizers, and
pesticides. Technologies such as Internet of Things (IoT) sensors, remote
sensing, and artificial intelligence (Al)-driven analytics enable precision
agriculture, where inputs are applied in optimal quantities and at the right time.
This targeted application reduces excessive use of agrochemicals, minimizes
nutrient runoff, and lowers the risk of soil and water contamination (Finger et
al., 2019; Wolfert et al., 2017). For example, precision irrigation systems guided
by soil moisture sensors can significantly reduce water wastage, thereby
addressing water scarcity challenges in arid and semi-arid regions (FAO, 2021).

Digital agriculture also contributes to soil health and land sustainability.
Through data-driven decision-making, farmers can adopt practices such as crop
rotation, conservation tillage, and site-specific nutrient management. These
practices enhance soil fertility, reduce erosion, and maintain long-term
agricultural productivity (Duguma & Bai, 2025). Furthermore, digital tools
facilitate real-time monitoring of soil conditions, enabling early detection of
degradation and timely intervention, which is essential for sustainable land
management.

Another critical dimension is the role of digital agriculture in climate
change mitigation and adaptation. On the mitigation side, precision farming
reduces greenhouse gas emissions by optimizing fertilizer use and minimizing
energy consumption in agricultural operations (McFadden et al., 2023).
Reduced reliance on chemical inputs also lowers emissions associated with
their production and application. On the adaptation side, digital tools such as
weather forecasting systems, climate advisory platforms, and early warning
systems enable farmers to respond proactively to climate variability. These
technologies support adaptive practices such as adjusting planting dates,
selecting climate-resilient crop varieties, and implementing efficient irrigation
strategies, thereby reducing vulnerability to extreme weather events (FAO,
2021; McFadden et al., 2023).
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Digital agriculture further enhances biodiversity conservation and
ecosystem management. By reducing the overuse of fertilizers and pesticides,
precision technologies help protect surrounding ecosystems, including water
bodies and wildlife habitats. Additionally, spatial data and geographic
information systems (GIS) allow for better land-use planning, helping to
prevent deforestation and encroachment into ecologically sensitive areas
(Wolfert et al., 2017). In this way, digital agriculture supports a balance between
agricultural productivity and ecosystem preservation.

The integration of digital tools into agricultural supply chains also
improves sustainability across the value chain. Technologies such as blockchain
and digital traceability systems enhance transparency and accountability,
enabling stakeholders to track environmental impacts from production to
consumption. Improved logistics and storage monitoring systems reduce post-
harvest losses, which not only increases food availability but also minimizes
the environmental footprint associated with wasted resources (World Bank,
2020).

Despite these benefits, the environmental sustainability potential of
digital agriculture is not automatic and depends on appropriate implementation
and governance. In some cases, the production and disposal of digital devices,
such as sensors and drones, may contribute to electronic waste and
environmental pollution if not properly managed. Additionally, unequal access
to digital technologies may limit the widespread adoption of environmentally
sustainable practices, particularly among smallholder farmers (Rotz et al.,
2019).

Overall, digital agriculture represents a powerful tool for promoting
environmentally sustainable agricultural systems. By enhancing resource
efficiency, supporting climate resilience, conserving biodiversity, and
improving supply chain sustainability, digital technologies can significantly
reduce the environmental footprint of agriculture. However, achieving these
outcomes requires supportive policies, inclusive access, and responsible
technology deployment to ensure that environmental benefits are realized at

scale.
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7. EVIDENCE FROM EMERGING ECONOMIES
Adoption of digital agriculture varies across emerging economies due to

differences in infrastructure, policy support, socio-economic conditions, and

environmental constraints. Evidence from multiple regions demonstrates both

the successes and challenges in implementing these technologies for

environmentally sustainable and climate-resilient agriculture.

7.1 Africa
Africa has demonstrated innovation in mobile-based and low-cost digital

solutions that improve environmental sustainability for smallholder farmers,

despite infrastructural and socio-economic limitations.

Nigeria: The Growth Enhancement Support Scheme (GESS) leveraged
mobile phones to distribute subsidized fertilizers and seeds efficiently,
reducing corruption and supporting environmentally optimized input
use. Farmers reported a 10—15% increase in productivity and more stable
incomes (FMARD, 2019).

Kenya: Mobile payment platforms like M-Pesa, combined with advisory
services such as iCow and DigiFarm, provide weather forecasts, climate-
smart practices, and market updates. Users improved milk yields by 12—
15% while reducing feed and water inefficiencies (Manzoor et al., 2025).
Ghana and Tanzania: Digital market information systems improved price
transparency and reduced post-harvest losses, increasing profits by 8—
10%. Adoption is limited by gender disparities, as women often have less
access to mobile devices and financial services (Ayim et al., 2022).
Ethiopia: Drones and Al-based weather forecasting assist pest detection
and crop management, improving yields by 10-18% while minimizing
chemical overuse (Finger et al., 2019).

South Africa: IoT-enabled irrigation and smart greenhouses enhance
water efficiency by 20% and increase vegetable yields by 12-15%,
demonstrating environmental and resource management gains (Gumbi et
al., 2026).

Observations: Africa excels in mobile-inclusive solutions promoting

both socio-economic inclusion and resource-efficient farming. Constraints

include digital literacy, infrastructure, and socio-economic inequities.
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7.2 Asia
Asia exhibits rapid adoption of digital agriculture driven by government

support, robust ICT infrastructure, and integration of Al and IoT for climate-

smart and sustainable practices.

India: Platforms like e-NAM integrate farmers into a unified trading
system, improving market efficiency and reducing waste. Al-powered
models guide planting schedules, irrigation, and fertilizer use for climate-
resilient production (Kumar & Singh, 2022).

China: Precision agriculture uses IoT sensors, drones, and Al analytics
to monitor soil health and irrigation. Evidence indicates 15-20% yield
increases and a 12—-15% reduction in water and fertilizer use. Smart
greenhouses incorporate climate control, supporting year-round
production while minimizing environmental impact (Wolfert et al.,
2017).

Vietnam: Mobile advisory and agri-fintech platforms provide weather
updates, pest alerts, and financial services. Participation improves yields
by 8-12% and reduces vulnerability to environmental shocks (ADB,
2021).

Indonesia: Al pest detection and IoT soil sensors reduce pesticide use by
10-15% while improving yields, though high costs limit smallholder
access (ADB, 2021).

Bangladesh: SMS-based advisory services for rice and aquaculture
support climate-adapted practices, enhancing income stability by 7-10%
(GSMA, 2021).

Observations: Asia leads in integrated, climate-smart, and

environmentally sustainable digital agriculture. Government policy and

infrastructure drive adoption, but equity gaps between commercial farms and

smallholders persist.

7.3 Latin America
In Latin America, digital agriculture adoption is concentrated in

commercial farms but increasingly benefits smallholders through mobile

platforms and sustainable finance initiatives.
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e Brazil: GPS-guided machinery, remote sensing, and cloud analytics
optimize productivity and resource efficiency. Real-time monitoring
improves decision-making, resulting in 15-20% productivity gains while
reducing environmental footprints (Finger et al., 2019).

e Argentina: Precision agriculture and digital marketplaces increase
smallholder market access, supporting environmentally responsible
practices and raising farm-level incomes by 10-15% (Zhang et al., 2024).

e Colombia and Peru: Mobile-based finance and advisory services
improve adoption of climate-smart seeds, fertilizers, and sustainable
practices, increasing yields by 7-12% (Zhang et al., 2024).

e Mexico: IoT and Al technologies in commercial horticulture improve
water efficiency by 15% and reduce crop losses due to pests, supporting
sustainable production (Finger et al., 2019).

Observations: Latin America excels in precision agriculture for
commercial farms, with digital solutions increasingly supporting smallholders.
Environmental sustainability and resource efficiency are central benefits.

7.4 Middle East and North Africa (MENA)
Digital agriculture in the MENA region addresses extreme climate
conditions, water scarcity, and environmental challenges.

e Israel: Advanced irrigation systems and sensor technologies precisely
allocate water, increasing yields by 10-15% and reducing water use by
up to 25% (FAO, 2021).

e United Arab Emirates: IoT-enabled vertical farming and hydroponics
optimize water and land use in urban agriculture, enabling year-round
production with minimal environmental impact.

e Egypt and Morocco: Digital advisory platforms provide climate-smart
guidance, improving irrigation efficiency and crop resilience, with 5—
10% yield improvements (FAO, 2021).

e Jordan: Mobile soil moisture monitoring systems support efficient water
allocation for smallholder vegetable production, improving both
productivity and resource efficiency (FAO, 2021).
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Observations: MENA emphasizes climate adaptation and resource-
efficient technologies. Adoption is concentrated in commercial and pilot
systems, with limited smallholder scaling.

7.5 Comparative Insights

Across regions, several patterns emerge:

e Africa: Focus on mobile-inclusive, low-cost solutions; improves access
and market integration for smallholders. Key constraints: infrastructure,
literacy, and gender disparities.

o Asia: Technologically advanced, integrated Al and IoT systems;
government support drives scale. Equity gaps exist between smallholders
and commercial farms.

e Latin America: Precision agriculture dominates commercial systems;
mobile finance and advisory services increasingly support smallholders
and sustainable practices.

¢ MENA: Climate-smart, resource-efficient interventions dominate; focus
on water and input optimization, mainly in commercial and urban
systems.

Synthesis: Effectiveness depends on infrastructure, institutional support,
financial access, and socio-economic context. Integrated digital solutions
tailored to local environmental conditions are critical for maximizing
productivity, climate resilience, and sustainable food security outcomes.

8. IMPACT ON FOOD SECURITY

Digital agriculture contributes to food security in emerging economies
through multiple interconnected mechanisms that enhance production,
distribution, access, utilization, and resilience, while promoting environmental
sustainability.
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Productivity and Resource Efficiency

Digital technologies improve input efficiency and precision in farming,
reducing environmental impacts while enhancing yields. IoT sensors, Al-driven
decision-support systems, and precision agriculture tools enable farmers to
optimize the use of water, fertilizers, and pesticides, minimizing runoff, soil
degradation, and greenhouse gas emissions (Duguma & Bai, 2025; Wolfert et
al., 2017). Empirical studies indicate that precision agriculture can increase
crop yields by 10-25%, while reducing input costs and mitigating
environmental degradation.

Market Efficiency and Sustainable Distribution

Digital platforms enhance market efficiency through improved
information flows, reduced transaction costs, and direct farmer—buyer
interactions (Zhang et al., 2024). Access to real-time market data reduces price
volatility and post-harvest losses, promoting sustainable distribution networks.
Evidence from sub-Saharan Africa shows that farmers using mobile market
information systems experience higher bargaining power and increased
income, which supports both economic and environmental sustainability by
reducing waste and overproduction (Ayim et al., 2022).

Income Stability and Financial Inclusion

Digital financial services, including mobile banking, e-credit, and crop
insurance platforms, strengthen farmers’ financial resilience. These tools enable
investment in sustainable agricultural practices, risk management, and adaptive
technologies (Manzoor et al., 2025). Farmers with access to digital finance
demonstrate more stable income patterns, allowing them to adopt climate-smart
interventions and environmentally friendly practices without being financially
overburdened.

Climate Resilience and Adaptive Capacity

Digital agriculture enhances resilience to climate variability by providing
access to weather forecasts, early warning systems, and climate-smart advisory
services (McFadden et al., 2023; FAO, 2021).
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Farmers can adjust planting schedules, select climate-adapted crop
varieties, and implement water- and soil-conserving techniques, thereby
reducing vulnerability to droughts, floods, and other environmental shocks.
These interventions promote ecosystem-friendly practices while maintaining

food system stability.

Post-Harvest Management and Supply Chain Efficiency

Digital logistics, smart storage monitoring, and traceability systems
reduce post-harvest losses, improve food quality, and ensure timely delivery to
markets (Finger et al., 2019). By minimizing waste and enhancing resource
efficiency, these technologies increase overall food availability and stability,
contributing to both food security and environmental sustainability.

Synthesis:

Digital agriculture strengthens food security by integrating production
efficiency, market access, financial resilience, climate adaptation, and post-
harvest management, all within an environmentally sustainable framework.
These mechanisms support the four pillars of food security—availability,
access, utilization, and stability—while promoting resource-efficient and
climate-resilient agricultural systems.

9. CHALLENGES AND CONSTRAINTS

Despite its transformative potential, digital agriculture in emerging
economies faces several structural, systemic, and environmental challenges that
constrain adoption, effectiveness, and sustainability.

Infrastructure Limitations

Reliable infrastructure is essential for deploying digital technologies at
scale. Many rural areas in emerging economies lack stable internet connectivity,
electricity, and transportation networks, limiting farmers’ access to digital tools
and climate-smart interventions (Manzoor et al., 2025; Duguma & Bai, 2025).
Inadequate infrastructure not only affects productivity but also constrains the
environmental benefits of precision agriculture, such as efficient water and

nutrient use.
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High Technology Costs

Advanced digital tools including IoT sensors, drones, and precision
farming equipment require substantial capital investment, which is often
beyond the reach of smallholder farmers. Even mobile-based solutions incur
costs for data, device acquisition, and maintenance (Ayim et al., 2022). These
financial barriers reduce the adoption of technologies that could enhance
sustainable resource management, climate adaptation, and environmental

resilience.

Digital Literacy and Human Capital Gaps

The effectiveness of digital agriculture depends on farmers’ ability to
interpret and act on complex data outputs. Limited digital literacy and technical
expertise in rural communities reduce the uptake and proper use of tools,
leading to underutilization or misapplication of technologies that are critical for
sustainable farming and environmental conservation (Ayim et al., 2022;
McFadden et al., 2023).

Institutional and Policy Constraints

Weak regulatory frameworks, insufficient public investment, and
fragmented institutional coordination hinder the development of robust digital
agriculture ecosystems (Klerkx & Rose, 2020). Policies often fail to incentivize
climate-smart practices, promote environmental sustainability, or encourage
data sharing for adaptive management. Inadequate policy support limits the
scaling of environmentally beneficial innovations, such as precision irrigation,
climate-resilient crop planning, and ecosystem monitoring.

Data Governance and Ethical Considerations

Digital agriculture relies heavily on data collection, analysis, and
sharing. Ambiguities around data ownership, privacy, and ethical use pose risks
to farmers and the environment (Rotz et al., 2019). Poor governance may result
in exclusion of smallholders from data-driven decision-making processes that

could improve sustainability, resource efficiency, and climate adaptation.
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Socio-Economic and Environmental Inequalities

Adoption of digital agriculture is influenced by socio-economic
disparities, including gender, income, and regional inequalities. Women,
marginalized groups, and smallholders often face additional barriers to
accessing digital technologies and climate-smart interventions (Ayim et al.,
2022; GSMA, 2021). These inequities limit the inclusiveness and
environmental impact of digital solutions, as sustainable practices may not
reach all farmers or communities.

Synthesis:

Addressing these challenges requires integrated strategies that combine
investment in rural infrastructure, affordable and scalable technologies,
capacity building, supportive policies, and ethical data governance.
Overcoming these constraints is critical not only for food security and
productivity but also for promoting environmentally sustainable and climate-
resilient agricultural systems.

10. POLICY IMPLICATIONS

Digital agriculture presents significant opportunities to enhance food
security, environmental sustainability, and climate resilience in emerging
economies. Realizing its potential requires coherent, inclusive, and
environmentally oriented policy frameworks. Based on the literature and
empirical evidence, the following policy implications emerge:

10.1 Strengthening Digital Infrastructure

Robust digital infrastructure is foundational for effective adoption of
climate-smart and sustainable agriculture technologies. Governments should
prioritize investments in rural broadband, mobile network expansion, and
reliable electricity, enabling smallholders to utilize mobile advisory services,
precision irrigation, and digital marketplaces (Manzoor et al., 2025; Duguma &
Bai, 2025). Public-private partnerships can be instrumental in financing
infrastructure in underserved regions, ensuring that environmental and

agricultural technologies reach those who manage ecologically sensitive areas.
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10.2 Promoting Digital Literacy and Capacity Building

Digital technologies can only drive sustainable outcomes if farmers have
the knowledge to use them effectively. Policies should support capacity-
building programs focused on climate-smart agriculture, precision resource
management, and Al- or loT-enabled decision tools (Ayim et al., 2022).
Integrating digital literacy modules into extension services, targeting women
and marginalized communities, enhances equitable access and supports
sustainable land and water management. Technical education and vocational
training in agritech can also generate skilled personnel to support
environmentally responsible digital agriculture.

10.3 Encouraging Inclusive Access and Equity

Socio-economic disparities limit equitable adoption of digital
agriculture. Policies must address gender, income, and regional inequities by
subsidizing sustainable technologies, offering low-cost data packages, and
designing localized applications (GSMA, 2021; Ayim et al., 2022). For
example, expanding programs like Nigeria’s GESS to include digital literacy
and climate-smart incentives for women and smallholders ensures widespread
environmental and economic benefits.

10.4 Regulatory Frameworks and Data Governance

Digital agriculture generates large volumes of environmental and
production data, necessitating strong regulatory frameworks. Governments
should define rules for data collection, ownership, sharing, and ethical use
(Rotz et al., 2019). Clear governance ensures that data-driven environmental
and agricultural interventions remain transparent, protect smallholders from
exploitation, and support sustainable resource management. Promoting open-
data initiatives can accelerate climate-smart innovation and environmental

monitoring.
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10.5 Incentivizing Private Sector Engagement

The private sector is critical for scaling sustainable digital agriculture.
Policies should provide incentives such as grants, tax breaks, or co-funding
schemes for agritech startups developing solutions for climate-smart
agriculture, resource-efficient irrigation, and low-impact fertilizer application
(Klerkx & Rose, 2020). Collaboration with research institutions and farmer

cooperatives can enhance adoption and environmental impact.

10.6 Supporting Research and Development (R&D)

Sustained investment in R&D is essential to adapt digital agriculture for
environmental sustainability and local agro-ecological contexts (Duguma &
Bai, 2025). Research should focus on integrated Al, IoT, and mobile systems
that address soil degradation, water scarcity, climate variability, and
biodiversity conservation. Partnerships with universities and research centers
can develop localized, eco-friendly solutions for smallholders.

10.7 Promoting Climate-Smart Agriculture Practices

Digital technologies can strengthen resilience to climate variability and
environmental stresses. Policies should encourage the use of Al- and IoT-
enabled climate advisory systems, precision irrigation, and early warning
platforms (McFadden et al., 2023). Subsidies or incentives for adopting
environmentally sustainable tools help farmers reduce water use, minimize
chemical inputs, and mitigate greenhouse gas emissions.

10.8 Enhancing Market Access and Green Financial Inclusion

Policymakers should develop digital market systems that increase
transparency, reduce intermediaries, and link farmers to buyers for sustainably
produced crops. Complementary interventions, such as crop insurance for
climate-resilient varieties and digital credit for environmentally sustainable
investments, can stabilize incomes while promoting sustainable land use
practices (Zhang et al., 2024; Finger et al., 2019).
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10.9 Monitoring, Evaluation, and Environmental Impact

Assessment

Effective policies require robust monitoring and evaluation systems.
Governments should track adoption rates, productivity, income, and
environmental indicators such as water use efficiency, fertilizer reduction, and
biodiversity impacts (FAO, 2021; Duguma & Bai, 2025). Evidence-based
assessment enables the scaling of successful interventions and ensures digital
agriculture contributes to inclusive, sustainable, and climate-resilient food
systems.

Synthesis:

Policy interventions for digital agriculture must be multi-dimensional,
integrating infrastructure, literacy, equity, governance, private sector
engagement, R&D, climate-smart practices, market access, and monitoring. By
fostering an enabling environment, emerging economies can maximize the
environmental, social, and economic benefits of digital agriculture, promoting
sustainable resource management, resilient food systems, and rural livelihoods.

CONCLUSION

Digital agriculture represents a transformative opportunity for enhancing
food security, environmental sustainability, and climate resilience in emerging
economies. This chapter has shown that integrating technologies such as
artificial intelligence (AI), the Internet of Things (IoT), mobile-based
platforms, and digital market systems can significantly improve agricultural
productivity, resource efficiency, market access, and resilience to climate and
environmental shocks. Empirical evidence from Africa, Asia, Latin America,
and the Middle East demonstrates that digital tools support smarter water and
nutrient management, reduce post-harvest losses, and enable adaptive strategies
that strengthen the four pillars of food security: availability, access, utilization,
and stability (FAO, 2021; Duguma & Bai, 2025; McFadden et al., 2023).

The findings highlight that digital agriculture is not a one-size-fits-all
solution. Its adoption and effectiveness depend on local infrastructure, socio-
economic conditions, environmental constraints, institutional support, and

farmer capacity.
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While Asia and Latin America have achieved significant gains through
precision agriculture and technology-intensive farming, African countries
showcase innovative mobile-based approaches that enhance inclusion, financial
access, and climate-smart practices for smallholders. The MENA region
demonstrates the potential of digital agriculture to address water scarcity and
resource efficiency challenges, particularly in arid and semi-arid environments.
These cross-regional insights underscore the importance of context-specific
strategies that align technological interventions with local ecological, social,
and economic conditions (Klerkx & Rose, 2020; Finger et al., 2019).

Despite its potential, digital agriculture faces several environmental and
systemic challenges, including infrastructure deficits, high adoption costs, low
digital literacy, weak policy frameworks, and data governance issues. Socio-
economic inequalities and gender disparities may further limit equitable access
to climate-smart technologies (Rotz et al., 2019; Manzoor et al., 2025).
Addressing these constraints requires coordinated action among governments,
private sector actors, research institutions, and development partners. Policies
that strengthen digital infrastructure, promote capacity building, ensure
equitable access, establish regulatory and environmental standards, incentivize
private sector engagement, and support context-specific R&D are critical for
scaling the benefits of digital agriculture.

Furthermore, this chapter identifies key gaps in the literature, including
the need for integrated assessments of multiple digital tools, longitudinal
studies evaluating long-term sustainability impacts, attention to equity and
distributional effects, and analysis of institutional and governance frameworks.
Future research should also explore the nexus between digital agriculture,
climate adaptation, and environmental sustainability to ensure that
technological innovations support resilient and inclusive food systems
(McFadden et al., 2023; Duguma & Bai, 2025).

In conclusion, digital agriculture offers a viable pathway for emerging
economies to achieve sustainable food security, enhance environmental
resilience, and improve rural livelihoods. By leveraging technology alongside
supportive policies and inclusive practices, these countries can transform
agricultural systems, empower smallholder farmers, and make measurable

progress toward climate-smart and socially equitable development goals.
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Digital agriculture is not merely a technical upgrade; it is a strategic tool
to address persistent challenges in resource management, food production, and
resilience. With continued investment, research, and cross-sector collaboration,
digital agriculture has the potential to redefine the future of farming, enabling
emerging economies to sustainably feed growing populations while promoting
ecological stewardship, economic growth, and social equity.
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