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Abstract 
The global fertilizer supply chain faces critical challenges in transparency, authenticity 
verification, and regulatory compliance, contributing to agricultural input fraud, 
environmental degradation, and reduced farmer profitability. Digital ledger 
technology (DLT), particularly blockchain-based systems, offers transformative 
solutions through immutable record-keeping, automated smart contracts, and 
decentralized traceability frameworks. This review examines the application of DLT 
for fertilizer supply chain management, focusing on provenance tracking, stakeholder 
integration, and quality assurance mechanisms. Key implementations include 
Ethereum and Hyperledger-based platforms that enable real-time monitoring from 
manufacturing facilities through distribution networks to farm-level application. 
Smart contracts automate compliance verification, payment settlements, and quality 
certification while reducing intermediary dependencies and transaction costs. Case 
studies demonstrate successful deployment in nitrogen fertilizer tracking, organic 
certification verification, and subsidy distribution systems across multiple agricultural 
regions. Despite promising outcomes, significant barriers persist including scalability 
limitations, energy consumption concerns, digital literacy gaps among smallholder 
farmers, and regulatory framework inconsistencies. Future adoption requires 
interoperable standards, lightweight consensus mechanisms, mobile-accessible 
interfaces, and supportive policy environments. This article synthesizes current DLT 
applications in fertilizer supply chains and identifies pathways toward sustainable, 
transparent, and accountable agricultural input management systems. 
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1. Introduction 

1.1 Importance of Transparency in Fertilizer Supply Chains 

Fertilizer represents one of the most critical agricultural inputs, with global consumption exceeding 200 million metric tons 

annually and directly influencing food security for billions of people [1]. The fertilizer supply chain encompasses complex multi-

stakeholder networks involving manufacturers, distributors, retailers, regulatory authorities, and end-user farmers [2]. However, 

this complexity creates vulnerabilities including counterfeit products, nutrient content misrepresentation, price manipulation, 

and inefficient subsidy distribution systems [3]. In developing agricultural economies, fertilizer fraud accounts for estimated 

losses exceeding $2.4 billion annually, with adulterated products reducing crop yields by 20-40% in affected regions [4]. 

Traditional paper-based tracking systems and centralized databases suffer from data manipulation risks, limited accessibility, 

information asymmetry, and inadequate real-time verification capabilities [5]. 
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1.2. Limitations of Conventional Tracking and 

Regulatory Systems 

Conventional fertilizer supply chain management relies 

predominantly on manual documentation, isolated enterprise 

resource planning systems, and fragmented regulatory 

databases that lack interoperability [6]. These systems cannot 

effectively prevent double-spending of subsidies, ensure 

batch-level traceability, or provide farmers with verified 

product authenticity information at point-of-purchase [7]. 

Quality testing occurs sporadically and retrospectively, 

allowing substandard products to reach markets before 

detection [8]. Furthermore, information silos between 

stakeholders prevent coordinated responses to supply 

disruptions, quality incidents, or regulatory violations [9]. The 

absence of trusted, immutable records undermines farmer 

confidence, distorts market mechanisms, and complicates 

enforcement of environmental regulations regarding nutrient 

management [10]. 

 

1.3. Scope and Objectives of the Article 

This article systematically reviews digital ledger technology 

applications for fertilizer supply chain transparency, with 

emphasis on blockchain-enabled traceability, smart contract 

automation, and stakeholder integration mechanisms. The 

objectives include:  

• Examining DLT architectural frameworks suitable for 

agricultural input management.  

• Analyzing smart contract implementations for 

automated compliance and quality assurance. 

• Evaluating case studies and operational deployments in 

fertilizer tracking systems.  

• Identifying technical, economic, and institutional 

barriers to adoption.  

• Proposing future research directions for scalable, 

sustainable DLT solutions in agricultural supply chains. 

 

2. Digital Ledger Technology in Agriculture 

2.1. Blockchain and DLT Fundamentals 

Digital ledger technology encompasses distributed database 

systems that maintain synchronized, cryptographically 

secured transaction records across multiple nodes without 

centralized authority [11]. Blockchain represents the most 

prominent DLT variant, organizing data in sequentially 

linked blocks validated through consensus mechanisms 

including proof-of-work, proof-of-stake, or practical 

Byzantine fault tolerance [12]. Each fertilizer transaction or 

quality certification event generates a timestamped record 

containing product identifiers, stakeholder digital signatures, 

location data, and relevant metadata that becomes 

permanently embedded in the distributed ledger [13]. 

Permissioned blockchains, such as Hyperledger Fabric, 

restrict network participation to authorized stakeholders 

while maintaining cryptographic security and audit 

transparency suitable for enterprise agricultural applications 
[14]. Hash functions and Merkle tree structures ensure data 

integrity, making historical record alteration computationally 

infeasible and immediately detectable across the network [15]. 

 

2.2. Smart Contract Mechanisms for Automated 

Traceability 

Smart contracts constitute self-executing programmatic 

agreements deployed on blockchain networks that 

automatically trigger predefined actions when specified 

conditions are verified [16]. In fertilizer supply chains, smart 

contracts enable automated functions including: release of 

payments upon delivery confirmation, digital certification 

issuance when quality parameters meet specifications, 

subsidy disbursement triggered by verified purchase records, 

and compliance alerts when storage or transportation 

conditions deviate from requirements [17]. Ethereum-based 

smart contracts written in Solidity programming language 

facilitate complex conditional logic for multi-party 

transactions, while Hyperledger Chaincode enables 

enterprise-focused business process automation with 

enhanced privacy controls [18]. Oracle systems bridge 

blockchain networks with external data sources, 

incorporating real-time information from IoT sensors 

monitoring fertilizer storage temperature, humidity, and 

handling conditions into smart contract execution logic [19]. 

 

2.3. Integration with Farm-Level and Industrial Systems 

Effective DLT implementation requires seamless integration 

with existing enterprise resource planning systems, 

agricultural extension platforms, and farmer-facing mobile 

applications [20]. QR codes, RFID tags, or NFC-enabled 

packaging allow farmers to scan fertilizer products and 

instantly retrieve blockchain-verified authenticity 

certificates, nutrient analysis reports, manufacturer 

information, and optimal application guidelines [21]. 

Industrial integration involves connecting manufacturing 

execution systems with blockchain networks to automatically 

record production batches, quality control test results, and 

warehouse inventory transactions [22]. Government subsidy 

platforms can query blockchain records to verify eligible 

purchases, prevent duplicate claims, and ensure targeted 

beneficiary receipt without intermediary leakage [23]. 

Interoperability standards such as GS1 digital link and 

AgGateway protocols facilitate data exchange between 

heterogeneous systems while maintaining blockchain 

anchoring for critical traceability waypoints [24]. 

 

3. Fertilizer Supply Chain Applications 

3.1. Provenance Tracking and Anti-Fraud Mechanisms 

Blockchain-enabled provenance tracking establishes 

complete fertilizer lifecycle visibility from raw material 

sourcing through manufacturing, distribution, retail, and farm 

application stages [25]. Each supply chain participant registers 

authorized transactions, creating an immutable chain-of-

custody that prevents unauthorized product introduction or 

counterfeit insertion [26]. Unique digital identifiers assigned at 

production link physical fertilizer batches to blockchain 

records containing nutrient composition certificates, safety 

compliance documentation, and origin verification [27]. 

Geolocation data timestamped at each custody transfer 

enables spatial mapping of distribution networks and rapid 

contamination source identification during quality incidents 
[28]. Cryptographic verification mechanisms allow farmers, 

regulators, and agronomists to independently authenticate 

product legitimacy without relying on centralized authority 

attestation [29]. 

 

3.2. Inventory Management and Quality Assurance 

DLT platforms enhance inventory optimization through real-

time visibility of stock levels across warehouses, distribution 

centers, and retail outlets, reducing stockouts and excess 

inventory carrying costs [30]. Smart contracts automate 

reorder triggers when inventory falls below threshold levels, 
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streamlining procurement workflows and improving supply 

responsiveness to seasonal demand fluctuations [31]. Quality 

assurance integration involves recording laboratory test 

results for nutrient content, heavy metal contamination, 

moisture levels, and physical properties directly onto 

blockchain records linked to specific production batches [32]. 

Sensor-based monitoring systems track storage 

environmental conditions, generating automated compliance 

alerts when temperature or humidity deviations risk product 

degradation [33]. This granular quality data enables predictive 

analytics for shelf-life management and supports precision 

agriculture recommendations matching fertilizer 

characteristics to soil requirements [34]. 

 

3.3. Case Studies and Operational Deployment 

Several agricultural regions have implemented blockchain 

pilots for fertilizer supply chain management with 

measurable outcomes. The Indian state of Andhra Pradesh 

deployed a Hyperledger-based system tracking subsidized 

urea distribution, reducing diversion fraud by 38% and  

improving fertilizer availability in remote farming areas by 

27% during the 2022 growing season [35]. A consortium of 

European organic fertilizer producers implemented an 

Ethereum-based certification platform enabling consumers to 

verify organic compliance, animal welfare standards, and 

carbon footprint metrics through mobile app scanning, 

resulting in 15% premium pricing for transparently tracked 

products [36]. In Kenya, a blockchain pilot for smallholder 

farmer cooperatives integrated soil testing recommendations 

with verified fertilizer purchases, increasing appropriate 

nutrient application rates by 31% and crop yields by 18% 

compared to control groups. These implementations 

demonstrate technical feasibility while revealing adoption 

challenges including smartphone access limitations, 

transaction fee concerns, and integration complexity with 

legacy agricultural systems.

 

 
 

Fig 1: Architecture of a Digital Ledger-Enabled Fertilizer Supply Chain System 
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Fig 2: Workflow of Fertilizer Tracking from Production to Farm-Level Usage Using DLT

 
Table 1: Key DLT/Blockchain Platforms Suitable for Fertilizer Supply Chain Applications 

 

Platform 
Consensus 

Mechanism 

Transaction 

Speed 
Key Functionalities Performance Metrics Suitability 

Ethereum Proof-of-Stake 15-30 TPS 
Smart contracts, DApp 

integration, token systems 

Gas fees: $0.50-$5.00; 

Finality: 12-15 min 

Public certification, 

consumer verification 

Hyperledger 

Fabric 
PBFT/Raft 3,500+ TPS 

Permissioned access, private 

channels, chaincode 

Latency: <1 sec; 

Enterprise scalability 

Enterprise supply chains, 

B2B networks 

VeChain 
Proof-of-

Authority 
10,000 TPS 

IoT integration, dual-token 

economy, mobile apps 

Low fees: $0.001-$0.01; 

Real-time tracking 

Product authentication, 

sensor integration 

Corda Notary validation 1,500 TPS 
Privacy-focused, regulatory 

compliance, legal contracts 

Selective disclosure; 

Banking-grade security 

Subsidy distribution, 

financial settlements 

Polygon Proof-of-Stake 7,000+ TPS 
Ethereum compatibility, low 

fees, fast finality 

Gas fees: $0.01-$0.10; 2 

sec blocks 

Smallholder farmer access, 

mobile solutions 

 
Table 2: Advantages, Limitations, and Implementation Challenges of Digital Ledger-Enabled Fertilizer Supply Chains 

 

Aspect Advantages Limitations Implementation Challenges 

Traceability 
Immutable records; End-to-end visibility; 

Rapid recall capability 

Data input accuracy dependence; Off-

chain verification gaps 

Integration with packaging lines; 

RFID/QR infrastructure costs 

Transparency 

Multi-stakeholder access; Real-time 

information; Reduced information 

asymmetry 

Privacy concerns for proprietary data; 

Competitive intelligence exposure 

Balancing transparency with 

commercial confidentiality 

Automation 
Smart contract efficiency; Reduced manual 

processing; Automated compliance 

Code vulnerability risks; Limited 

flexibility for exceptions 

Legal recognition of digital contracts; 

Dispute resolution mechanisms 

Trust 
Cryptographic verification; Decentralized 

validation; Fraud reduction 

Requires baseline digital literacy; 

"Garbage in, garbage out" risks 

Building stakeholder confidence; 

Change management resistance 

Cost 
Reduced intermediary fees; Lower fraud 

losses; Efficient inventory 

High initial deployment costs; 

Ongoing node operation expenses 

ROI justification for SMEs; Transaction 

fee volatility 

Scalability 
Distributed architecture; Growing network 

value 

Transaction throughput limits; Storage 

requirements growth 

Bandwidth constraints in rural areas; 

Legacy system compatibility 

 

4. Challenges and Future Perspectives 

4.1. Scalability, Energy, and Cost Constraints 

Current blockchain implementations face significant 

scalability limitations when applied to high-volume fertilizer 

supply chains processing millions of transactions across 

geographically dispersed networks. Public blockchains like 

Ethereum historically achieved 15-30 transactions per 

second, insufficient for real-time global agricultural supply 

chain operations, though Layer 2 solutions and proof-of-stake 

transitions have improved throughput. Energy consumption 

remains controversial, particularly for proof-of-work 

consensus mechanisms, conflicting with sustainability 

objectives in agricultural systems. Transaction costs exhibit 

volatility, with Ethereum gas fees fluctuating from cents to 

tens of dollars during network congestion, creating 

unpredictable operational expenses that disproportionately 

burden smallholder farmer transactions. Deployment costs 

including infrastructure development, stakeholder training, 

system integration, and ongoing maintenance range from 

$50,000 to $500,000 for regional implementations, 
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challenging return-on-investment justification without 

demonstrable fraud reduction or efficiency gains. 

 

4.2. Adoption Barriers for Farmers and Distributors 

Digital literacy disparities represent fundamental barriers, 

with approximately 60% of smallholder farmers in 

developing agricultural regions lacking smartphone access or 

reliable internet connectivity required for blockchain 

interface engagement. User experience complexity of 

cryptographic wallet management, private key security, and 

transaction signing creates adoption friction even among 

digitally literate stakeholders. Distributors and retailers’ 

express concerns regarding competitive information 

disclosure through transparent ledgers, resisting participation 

without adequate privacy-preserving mechanisms protecting 

proprietary business data. Cultural resistance to technological 

change, particularly among traditional agricultural 

communities, requires extensive change management 

interventions and demonstrated value propositions 

addressing farmer-specific pain points rather than abstract 

transparency benefits. Network effects create chicken-and-

egg dynamics where platform value depends on critical mass 

participation, yet stakeholders hesitate joining networks 

lacking established user bases. 

 

4.3. Policy Frameworks, Sustainability, and Future 

Research Directions 

Regulatory clarity regarding digital contract enforceability, 

data sovereignty, and liability allocation remains 

underdeveloped in most agricultural jurisdictions, creating 

legal uncertainty that inhibits institutional investment. Cross-

border fertilizer trade involves heterogeneous regulatory 

standards, import/export documentation requirements, and 

phytosanitary protocols that current DLT implementations 

struggle to harmonize. Future research priorities include 

developing lightweight consensus mechanisms optimized for 

agricultural transaction patterns, creating interoperable 

standards enabling multi-platform communication, and 

designing privacy-preserving techniques allowing selective 

disclosure of sensitive business information while 

maintaining traceability. Integration with precision 

agriculture technologies including soil sensors, satellite 

imagery, and variable rate application equipment could create 

closed-loop nutrient management systems linking fertilizer 

provenance with environmental outcomes. Sustainability 

assessments should evaluate life-cycle environmental 

impacts of DLT infrastructure against benefits from reduced 

fraud, optimized distribution, and improved nutrient use 

efficiency. Socio-technical research examining farmer trust 

formation, appropriate technology design for resource-

constrained settings, and business model innovations 

enabling affordable access will determine real-world 

adoption trajectories. 

 

5. Conclusion 

Digital ledger technology presents transformative potential 

for fertilizer supply chain transparency through immutable 

traceability, automated smart contract execution, and 

decentralized stakeholder coordination. Current 

implementations demonstrate technical feasibility and 

measurable benefits including fraud reduction, quality 

assurance enhancement, and subsidy distribution efficiency. 

However, successful large-scale adoption requires addressing 

critical challenges encompassing scalability limitations, cost 

barriers, digital access inequalities, and regulatory 

framework gaps. Future progress depends on developing 

farmer-centric solutions emphasizing usability, affordability, 

and tangible agronomic benefits rather than technology-first 

approaches. Interoperable standards, energy-efficient 

consensus mechanisms, mobile-accessible interfaces, and 

supportive policy environments will enable DLT to fulfill its 

promise of transparent, accountable, and sustainable 

agricultural input management systems benefiting farmers, 

consumers, and environmental stewardship objectives. 
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