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ABSTRACT

	[bookmark: _GoBack]The threat to global agri-food systems has been on the rise because of climate change, environmental degradation and resource inefficiencies. This study explores the opportunities of blockchain technology combined with digital technologies like the Internet of Things (IoT) and Artificial Intelligence (AI) to support the transition to more circular and sustainable agri-food systems. The discussion relates the decentralized, immutable data model of blockchain to the concepts of the circular economy (CE) to enhance transparency, accountability, and value generation throughout agricultural production, clean energy generation, and resource recovery. The potential of blockchain to remove information asymmetry, lower transaction fees, and secure data integrity is used to support new nutrient recycling mechanisms, renewable energy trading, and carbon credit markets. The successful application of blockchain-driven models in Europe, India, Africa, and Latin America has proven the efficiency of resources, sustainable biomass feedstocks, and smallholder empowerment using fair and automated payment systems. The socio-economic dimensions are also addressed, and the emphasis is on inclusiveness, fair distribution of benefits, and compatibility of regulations in the context of the UN Sustainable Development Goals (SDGs). The study finds that blockchain-enabled circular agri-food systems provide a credible, data-driven solution to a sustainable environment and socio-economic transformation.
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1. INTRODUCTION
Agri-food systems in the modern world are at the nexus of global crises of sustainability, currently in terms of  Climate disruption, biodiversity loss, and soil degradation (Pazhanisamy et al., 2026), and in the future, with increasing greenhouse gas emissions and deteriorated linear production patterns that perceive resources as non-exhaustible (Pakseresht et al., 2022). These forces place smallholder communities under threat, where crop failure and poverty exist (Karri et al., 2026). Alongside this, globalized value chains must react to increasing consumer pressures for transparency, sustainability, and fairness. Conventional traceability systems are disjointed and ineffective in detecting integrity breaches (Sarpong, 2014) and provenance (Ellahi et al., 2023). In order to develop resilience and environmental justice, researchers suggest a scientific shift towards circular economy (CE) frameworks that focus on resource efficiency and waste reduction. The principles of CE in agriculture promote reduction, reuse, and recycle by re-circulating nutrients and energy, valorizing agricultural residues, and looping of materials. They rely on valid information flows among producers, processors, consumers, and regulators.
Emerging digital technologies provide new opportunities. Internet of Things (IoT) sensors, remote sensing, and artificial intelligence (AI) can give real-time data on farm-level activities, including crop health, soil moisture, to supply chain activity (Wang et al., 2025).  Blockchain technology was initially used in the financial sector as a distributed registry that documents transactions through decentralization, transparency, and cryptographic security (Ahmad et al., 2023). Smart contracts are self-executable code that is stored in the ledger, allowing self-verification and enforcement of contracts without intermediaries (Abiri et al., 2023). In the agri-food environments, blockchain ensures that all the players in the chain have identical, tamper-proof records of product origin, input, and transactions (Arvana et al., 2023). This brings trust and can minimize transaction costs, adulteration in food supply chains (Stanescu et al., 2025), and information asymmetry (Yogarajan et al., 2023). Combining blockchain and IoT with AI can be used to aid real-time decision making, precision farming, decentralized energy trading, and equitable incentive systems (Wang et al., 2025). The scholarly and policy interest in blockchain-enabled agricultural systems has grown rapidly in recent years, reflecting its potential to enhance transparency, sustainability, and resilience in food systems. The following figure, constructed from the literature metadata extracted from the Scopus database searched using “blockchain” AND “agriculture,” illustrates the increasing number of publications on blockchain applications in agriculture from 2020 to 2024 (Fig. 1), excluding the year before 2020 due to a fragmented and distorted publication trend.
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Fig. 1. Global trend in blockchain-related agricultural research publications (2020–2024) based on Scopus database
This paper examines how blockchain-enabled circular agri-food systems can improve the production of clean energy, resource recovery, and traceability by the conceptual and theoretical frameworks supporting the connections between data-driven blockchain technology and the circular economy (CE) in agri-food systems. It analyzes how blockchain-enabled systems can support the development of transparent and effective carbon credit markets as well as the adoption of clean energy practices in agriculture, specifically through the valuation of biomass and agricultural residues. Using case studies from Europe, India, and Africa, the study explores the institutional arrangements and socioeconomic effects connected to these technological integrations. In-depth identification of current research gaps, policy implications, and future directions for promoting data-driven sustainability and environmental resilience within agricultural systems.

2. Conceptual and Theoretical Framework
Blockchain is a distributed, decentralized registry where one block of information is cryptographically connected to the previous one to ensure records are resistant to modification (Morillo and Mateo, 2025). Agreement mechanisms ensure that every participant in the network verifies transactions without a central authority. Smart contracts constitute a system of automatic verification and settlement to allow safe peer-to-peer transactions (Abiri et al., 2023). In agri-food systems, such attributes can offer absolute provenance, reduce data tampering and support real-time payments (Uyar et al., 2025), like weather index insurance and quality-based premiums (Abiri et al., 2023). Blockchains, including those based on Hyperledger Fabric and Corda, provide the ability to control access and reduce energy usage without compromising the integrity of data (Vangipuram et al., 2022).
The Circular Economy (CE) approach calls for the restructuring of agricultural production to compete with the cyclical and regenerative processes inherent in natural ecosystems (Santos et al., 2024). The biomass residues can be used to produce bioenergy, biochar (Elmnifi et al., 2023). Biogas systems capture methane from animal waste, and nutrient recycling can harvest phosphorus and nitrogen to convert them into fertilizer (Chen et al., 2025). A recent study by Lee et al (2022) expresses that by-products can be turned into inputs and renewable energy resources with the help of sufficient storage, logistics and processing infrastructure. Integrating data between these loops using blockchain, it is possible to guarantee that recycled materials are safe, and the waste exchange markets are established by implementing smart contracts (Santos et al., 2024). 
Resource recovery and the adoption of CE are often impeded by transaction costs and information asymmetry (Nandi et al., 2020). Farmers may lack incentives to invest in biogas digesters or share data due to mistrust and uncertain returns (Burg et al., 2021). The transparent ledger of blockchain has the potential to lower the costs of monitoring, create trust and allow new payment models, including tokens in regenerative practices and carbon sequestration (Schletz et al., 2023). It also enhances equity as it brings value distribution into the supply chains, which may empower smallholders and marginalized stakeholders (Jemi et al., 2024). Environmental economics emphasizes the necessity of internalizing the external effects; carbon markets and carbon credits based on blockchains are some instruments that can be used to price the ecosystem services and to reward circular activities (Merlo et al., 2025). 
Integrating blockchain with IoT sensors, AI, and remote sensing, human cyber physical systems (H CPS) can maximize resource utilization (Zhao et al., 2021). Wang et al (2025) proposed an H CPS architecture in which AI-driven analytics and IoT sensors monitor crop health, while blockchain stores and secures supply chain data. This combined method aids precision farming, reduces irrigation and fertilizer inputs, and ensures end-to-end traceability (Vinod. et al., 2024). Models such as applied LoRaWAN sensors, LSTM algorithms and Hyperledger Fabric to automate irrigation decisions; it was found that the use of data-driven technologies saved 20 per cent of the water and increased yields by 12 per cent (Munaganuri et al., 2025). The following illustrates (Fig. 2) an integrated blockchain circular economy (CE) model for agri-food systems. 
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Fig. 2. Conceptual Framework of Blockchain-Enabled Circular Agri-Food Systems


3. Blockchain for Clean Energy in Agriculture

Agricultural activities remain a major contributor to global methane (CH₄) emissions, particularly from rice cultivation and residue burning, highlighting the urgency of sustainable energy transitions and transparent carbon accounting. The following figure (Fig. 3) presents global methane emissions from agriculture and land use between 2020 and 2023, demonstrating the dominance of rice cultivation as a source. The agricultural systems have large biomass residues, which can be converted into renewable energy (Saleem, 2022). Bioenergy, biogas, or biofuels can be produced using bagasse, straw, husks, and manure, which will give farmers another source of income and decrease dependence on fossil fuels (Kabeyi & Olanrewaju, 2022). 
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Fig. 3. Global Methane (CH4) emissions from agriculture and land use (2020-2023)

The global bioenergy potential and biomass resource trends are illustrated in Fig. 4. However, biomass supply chains often suffer from fragmented coordination and a lack of transparency (Ahl et al., 2020). The blockchain can generate permanent histories of the origin, quality, and logistics of biomass, which can certify sustainable feedstocks and access energy markets. Rejeb et al (2024) examined that blockchain in renewable energy indicates that peer-to-peer energy trading, microgrids, and smart contracts to balance supply and demand, are increasingly using decentralized ledgers. Blockchain can facilitate green energy source verification, automate settlement, and minimize the transaction costs by storing the data on energy generation and secure consumption (Kumar et al., 2020). 
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Fig. 4. Global Bioenergy Production by various sources
The Enerchain and Powerledger projects in the European Union have demonstrated the feasibility of blockchain-enabled peer-to-peer trading in bioenergy and solar electricity (Evens et al., 2023): these platforms trace renewable certificates, automate dispatch, and allow small producers to sell excess power, thus creating rural income and reducing carbon footprints (Guo & Feng, 2024). According to Taherdoost (2024), blockchain has been viewed to improve transparency in certificate trading, and can be integrated with carbon credit schemes to ensure that farmers are fairly compensated for emission reductions. In India, pilot projects are implemented based on blockchain to trace paddy straw from farms to bioenergy plants (Suthagar & Mishra, 2025). Hyperledger-based systems document the processes of collection, transportation, and processing; Smart contracts make payments to farmers upon delivery, creating incentives for residue recycling and mitigating stubble burning (Vladucu et al., 2024). Through such systems, information asymmetry is minimized due to which leads the trust, and decentralized bioenergy markets are developed (Sulewski et al., n.d.). African nations are developing blockchain-based off-grid solar systems; pay-as-you-go models involve smart contracts to coordinate micro transactions and blockchain records credit histories of customers, making it possible to finance rural electrification (Vangipuram et al., 2022). 
Carbon credit markets are also a possible avenue through which blockchain can empower farmers (Jemi et al., 2024). Blockchain platforms can provide verifiable tokens in the form of carbon credits by recording regenerative practices, soil carbon sequestration, and emissions reductions (Espenan, 2023). These tokens can be exchanged on decentralized markets, giving farmers an extra income and motivating them to adopt sustainable practices (Munir et al., 2022). Transparent records will eliminate the possibility of double-counting, which will enhance the confidence of investors and regulators (Panwar et al., 2025). According to Zhao et al. (2022), carbon market schemes based on blockchain may reduce the costs of transactions and increase the number of participants, including smallholders, who are frequently left out of traditional schemes owing to the high cost of monitoring.
The application of blockchain to clean energy and resource recovery is technically and socio-institutionally challenging (Yongjun, 2023). The energy intensity of public blockchains has brought up environmental concerns, and as such, industrial uses of blockchains prefer private blockchains or consortium blockchains that have efficient consensus mechanisms (e.g., Proof of Authority). There is an unequal distribution of digital literacy, infrastructure and regulatory frameworks. The supply chain actors need to agree on data standards, cost sharing and governance. According to (Yogarajan et al., 2023), trust in technology increases when the farmers and cooperatives are co-designing the platforms, and when governments have supportive policies and carbon pricing mechanisms (Wei et al., 2025). However, blockchain combined with IoT, AI and renewable energy technologies can facilitate a circular economy in agriculture, turning waste into energy, empowering producers with transparent data and markets, and fostering environmental resilience. 
4. BLOCKCHAIN APPLICATIONS IN AGRI-FOOD CLIMATE GOVERNANCE
Blockchain’s immutable ledger can support climate governance by ensuring transparent monitoring of greenhouse gases and climate-smart practices (Thanasi-Boçe & Hoxha, 2025). To illustrate, in carbon markets, blockchain enhances the transparency and automation of checking emission credits (Merlo et al., 2025). Decentralized traceability is the basis of low-carbon agri-food chains: reviews by Almutairi et al. (2023) and Ekene Cynthia Onukwulu et al. (2022) state that blockchain supports renewable-energy trading, emissions tracking, and circular-economy supply chains. This type of record-keeping establishes trust: blockchain fosters resource efficiency, supply-chain traceability, and can integrate IoT‐sensed data for real‐time verification (Ellahi et al., 2024). As illustrated in the following Sankey diagram (Fig. 5), distinct development pathways, notably governance and technological innovation, channel into adaptation and mitigation outcomes through mechanisms that blockchain can help operationalize decentralized Measurement, Reporting, and Verification (MRV), tokenized incentives, and transparent supply-chain records.
[image: ]Fig. 5. Linkages between development paths and climate outcomes in agriculture (Data Source: Van Wassenaer et al., 2021)
At the farm level, blockchain can link smallholders to climate finance. To illustrate, tokenized vouchers allow farmers to obtain microloans and insurance based on verified resilient practices (United Nations Development Programme [UNDP], 2021). Permanent documentations of agroforestry and soil-carbon projects encourage claims on carbon or resilience credits. In supply chains, pilots (e.g., IBM’s Food Trust) report 25% reductions in food waste, directly lowering emissions from spoilage (Ellahi et al., 2024). Other initiatives tokenize environmental assets: blockchain‐based renewable‐energy certificates and carbon offsets ensure authenticity and eliminate double-counting (Thanasi-Boçe & Hoxha, 2025).
On the policy front, FAO and UNDP are integrating blockchain into Nationally Determined Contributions (NDCs) and adaptation plans through codification of the "Key Data Elements" of climate-smart agriculture (United Nations Development Programme [UNDP], 2021). More broadly, immutable chains could streamline the MRV of agricultural emissions under Paris frameworks (Merlo et al., 2025). Although researchers identify challenges such as energy use (Khan et al., 2021), governance (Grover et al., 2021), there are reasons to believe that blockchain transparency and auditability can enhance accountability and facilitate both objectives of mitigation through verified carbon accounting (Alotaibi et al., 2024) and adaptation through tracking of the outcomes of resilient practices (Ali & Kamraju, 2025). 
Table 1 presents emerging blockchain-based strategies that support agri-food climate governance by facilitating transparent carbon accounting, decentralized MRV systems, and inclusive policy mechanisms across diverse global contexts. These innovations directly advance SDG-13 (Climate Action) by strengthening institutional capacities for mitigation and adaptation, enhancing the credibility of emission reporting, and enabling climate-resilient decision-making within agri-food value chains.

Table 1.	Emerging Blockchain Applications in Agri-Food Climate Governance
	Theme
	Key Applications
	Regional Focus
	Benefits
	Reference

	Carbon farming and soil carbon verification
	Blockchain can digitally certify soil carbon sequestration data by linking field sensor and satellite measurements to on‐chain records, creating a verifiable registry of carbon farming practices.
	Piloted in diverse regions including Europe, Africa, and Asia.
	Provides an absolute and transparent audit of soil carbon credits, enhancing trust and credibility of carbon farming outcomes.
	Kingfisher et al. (2025)

	Decentralized MRV systems
	A blockchain‐enabled MRV system integrates IoT and satellite data with a decentralized ledger, automatically recording and validating emissions or sequestration.
	Applied in nature‐based projects in Latin America, Africa, and Asia.
	Creates a secure and transparent monitoring framework that reduces intermediaries and ensures accurate, traceable climate data.
	Bendale et al. (2025); Saraji & Borowczak, (2021)

	Blockchain-linked carbon credit markets
	Blockchain platforms such as DAO IPCI, Toucan, and Energy Web Foundation are used to convert verified emission reductions into tradeable tokens, enabling secure peer-to-peer trading of carbon credits.
	Global voluntary carbon market   activity in Europe and North America, expanding in Asia
	Ensures transparency and integrity in carbon trading by maintaining an immutable ledger of credit issuance, addressing issues like double-counting.
	Marchant et al. (2022); Merlo et al. (2025)

	Climate governance frameworks
	Blockchain is being explored to underpin climate policy frameworks by maintaining distributed registries for emissions reporting, linking multi-level climate pledges, and digital compliance systems.
	Multilateral governance, like the UNFCCC and polycentric climate initiatives.
	It is argued to improve the reliability, transparency, accountability, and democratic quality of climate governance processes.
	Hull et al. (2021)



5. BLOCKCHAIN FOR RESOURCE RECOVERY AND CIRCULAR AGRI-FOOD SYSTEMS
Blockchain technology, through capturing all transactions, including production and consumption, has the potential to reduce food wastage, maximize resource utilization, and drive socio-economic inclusion within the circular bioeconomy system (Ellahi et al., 2024). Blockchain provides end-to-end visibility of food products, which enables stakeholders to track food quality, movement, and shelf life in real time (Omar et al., 2023). Every transfer between farm, processor, distributor, and retailer is documented, enabling rapid identification of spoilage and inefficiency points (Bosona & Gebresenbet, 2023). Retailers like Walmart, through the IBM Food Trust initiative, have demonstrated that blockchain-based traceability significantly minimizes losses and ensures food safety (Collart & Canales, 2022). This transparency helps not only to reduce waste but also to meet the global objectives of the circular economy by increasing product lifespan and decreasing environmental externalities.
The use of blockchain in the recovery of resources is demonstrated internationally. As an example, the SUEZ Sludge Advanced program of France uses blockchain technology to track the phosphorus- and nitrogen-contaminated wastewater sludge of treatment plants to farm fields (Prashant, 2020). Every transaction, from processing to field application, is verified on-chain, ensuring data integrity and regulatory compliance. According to the European Environment Agency (EEA) (2022), this transparent process helps stakeholders, such as utilities, regulators, and farmers, can verify the quality and safety of treated biosolids as fertilizer substitutes, reducing dependence on synthetic fertilizers and avoiding approximately 6,000 tonnes of nitrogen emissions every year. Likewise, blockchain-based solutions for water quality certification and savings can be certified by digital credits, thus motivating the conservation and reuse of water via smart contracts (Dogo et al., 2019).
The dynamics of international experiences are examples of how blockchain can be used to recover resources. In the European Union, the Horizon Europe and TrustEat projects integrate blockchain with IoT and sensors to verify sustainability claims under the EU Green Deal and Farm-to-Fork strategy (Alabrese & Cristiani, 2023). The circular bioeconomy plans of China use blockchain to track waste-to-energy and biomass recycling as part of its carbon neutrality strategy (Chen et al., 2024). A Shanghai pilot project of blockchain-enabled carbon trading in biomass showed quantifiable improvements in efficiency and traceability (Yang et al., 2025). In Latin America, initiatives by cooperatives like the Chile-based Atando Cabos are using blockchain to track plastic waste generated by fisheries by using recycling chains, so that there are clear tracks of material flows and equal distribution of revenues between fishers and recyclers (Sekhri, 2018). All of these instances indicate that blockchain is an enabler of circularity, enhancing trust, traceability, and fair participation across regions and sectors.
Transforming waste streams into verifiable economic resources, blockchain supports livelihood security and inclusive value creation (Boçe & Hoxha, 2024). Small-scale producers and waste collectors can be compensated fairly through tokenization of compost, biomass, and carbon credits for the services offered to the environment (Sörman, 2023). The blockchain also lowers the costs of transactions by eliminating intermediaries and automating trust using smart contracts, which offer timely and transparent payments (Ajuwon et al., 2021). This peer-to-peer model democratizes participation, empowering rural communities and cooperatives traditionally excluded from formal markets (Sutherland & Marchand, 2021). Transparent ledgers further enhance bargaining power, as participants' contributions, such as volumes of waste processed or nutrients recovered, are publicly verified (Downes & Reed, 2020). The potential of the technology to redistribute value in a fair and balanced way is in line with SDG 2 (Zero hunger), SDG 8 (Decent Work), and SDG 12 (Responsible consumption and production) (Shafik, 2025).
6. SOCIO-ECONOMIC AND ETHICAL IMPLICATIONS OF BLOCKCHAIN IN RURAL CIRCULAR ECONOMIES
The blockchain can help in establishing trust and transparency in circular rural economies (Panwar et al., 2023). Smart contracts and immutable ledgers simplify transactions and provenance tracking, automating payments and deposit-refunds in closed-loop systems (Ellahi et al., 2024). Indicatively, QR-coded waste packaging exhibits circular movement of materials (Santos et al., 2024). Similarly, the Taiwan irrigation association water-use ledgers were transparent, enhancing community resource governance (Pakseresht et al., 2022). Decentralized finance models are also being developed: services such as BanQu allow farmers to record sales and obtain credit through immutable records (Ninsiima et al., 2025). Notably, increased transparency will contribute to more equitable prices, Panwar et al. (2023) indicate that blockchain can be used to guarantee that smallholders get compensated according to the product quality and effort. These data-driven innovations hold the potential to incorporate circular practices in the context of sustainable rural agri-food systems (Chiaraluce et al., 2024).
However, ethical and equity concerns should be taken seriously. Inclusive adoption may be impeded by high costs, complicated interfaces, and low rural digital literacy (Akella et al., 2023). Absolute transparency will also undermine privacy and shift power imbalances: unless regulated effectively, blockchain can provide an advantage to marginalize vulnerable producers (Samoggia et al., 2025). Researchers have pointed out that blockchain’s fairness gains depend on company policies and community agency (Panwar et al., 2023). Persistent barriers, such as a lack of technical standards, network access, and regulatory clarity, must be overcome (Prewett et al., 2020). Kassen (2021) highlights participatory governance and contextual design to avoid imposing tech fixes that widen existing divides. Akella et al. (2023) note that adoption depends on a combined approach of addressing the three aspects of trust, standards, and training, and that blockchain initiatives must be complemented by capacity-building across multiple stakeholders and inclusive policies (Jha & Singh, 2024). Smart contracts, provenance tracking, and DeFi-enabled applications have socio-economic potential to support circular rural economies, though the benefits will be realized based on equity and ethical considerations (Ooi, 2025; Viano et al., 2022). 
Table 2 synthesizes the socio-economic and ethical dimensions of blockchain adoption in rural circular economies, highlighting how inclusive governance, gender-responsive access, data ethics, livelihood diversification, and digital literacy collectively advance equitable and sustainable agri-food transformation.
Table 2. Socio-Economic and Ethical Implications of Blockchain in Rural Circular Economies
	Dimension
	Focus Area
	Socio-Economic Outcomes
	Implementation Insights
	Relevant SDG name
	References

	Inclusiveness and participation
	Stakeholder-inclusive governance
	Blockchain democratizes decision-making via distributed governance. Farmer-controlled consensus has been shown to increase smallholder participation by 58%, reducing inequalities and strengthening trust in rural communities.
	Such evidence indicates that platforms should be co-designed with multi-stakeholder governance to align institutional frameworks with blockchain tech, ensuring transparent and equitable participation.
	Reduced Inequalities (SDG 10)
	 Dzreke, (2025)

	Gender equity and empowerment
	Gender-responsive access
	Blockchain’s anonymity and digital ID mechanisms empower rural women without formal documents to transact autonomously, increasing asset ownership and income; these systems also improve women farmers’ access to market information and bargaining position, thereby advancing gender equity.
	Implementation requires gender-inclusive design and outreach, e.g. blockchain-linked identity solutions and training tailored to women’s contexts to bridge the digital gap and ensure inclusive participation.
	Gender Equality (SDG 5)
	 Amrita Bahri, (2021); Sindhu, (2025)

	Ethical and data privacy frameworks
	Data governance and privacy
	Clear ethical and data-protection rules are critical for trust: guidelines must let farmers control their data and ensure blockchain is used fairly, protecting vulnerable groups from exploitation.
	This entails using permissioned ledgers, encryption, and smart contracts that enforce data consent, alongside international data standards. Government and industry should co-develop transparent protocols to safeguard privacy and fairness in agrifood systems.
	Peace, Justice, and Strong Institutions (SDG 16)
	Barton et al. (2025); Neethirajan, (2025)

	Livelihood diversification
	Circular economy entrepreneurship
	Blockchain can create circular-value linkages by enabling new market channels for byproducts and recycled inputs, diversifying rural incomes. Decentralized platforms empower smallholders through direct market access and premium retention, strengthening local economies and decent work.
	Governments and cooperatives can incentivize blockchain-enabled circular projects and support farmer-led marketplaces. Embedding blockchain in agri-waste and renewable-energy chains helps rural areas develop multiple income streams.
	Decent Work and Economic Growth (SDG 8)
	Thanasi-Boçe & Hoxha, (2025) 

	Digital literacy and capacity building
	Education and skills training
	Investing in digital literacy is vital to prevent tech-driven inequities. Training programs equip farmers and rural entrepreneurs to use blockchain tools effectively, increasing adoption and productivity.
	Actions include subsidized blockchain education, cooperative training, and user-friendly interfaces. Experts highlight farmer education and co-op-led initiatives (with incentives) to scale equitable data-sharing systems. Partnerships with local NGOs and extension services can further amplify inclusion efforts.
	Quality Education (SDG 4)
	Barton et al. (2025); Dey, (2025) 



7. BLOCKCHAIN FOR SECURING TRACEABILITY IN AGRI-FOOD AND ENERGY SYSTEMS
Traceability in agri-food and bioenergy systems is important in ensuring authenticity, safety, and sustainability (Anastasiadis et al., 2025). Traditional paper-based documentation and centralized data management have proven vulnerable to errors, data manipulation, and inefficiency (Thanigesan & Vinothiyalakshmi, 2025). In contrast to it, blockchain technology will provide a decentralized, non-manipulable digital registry, registering all transactions, including farm inputs and final products, and offering transparency, responsibility, and confidence among all parties (Kargacier, 2021). This transformation addresses key challenges in food provenance, energy certification, and environmental compliance, making blockchain a pillar of digital sustainability.  
The characteristics of global agri-food supply chains are multifaceted networks of a large number of intermediaries and ineffective record-keeping systems (Shiraishi et al., 2025). These conditions create opportunities for food authenticity violations, including adulteration, mislabelling, and counterfeiting, undermining consumer confidence and market fairness (Chukwugozie et al., 2024). Inefficiencies in tracking also delay recalls and obscure responsibility when contamination occurs. A study by Boni et al. (2022) indicates that nearly one-third of global food output is lost annually due to poor logistics and traceability gaps. Blockchain eliminates such risks by providing verifiable and immutable data that records every action of the supply chain. Information recorded can never be changed, which means that every stakeholder, from producer to retailer, can receive real-time and authenticated data on origin, safety, and sustainability certifications (Boni et al., 2022). 
Numerous global initiatives are currently integrating blockchain within agri-food systems to enhance transparency, traceability, and environmental performance. The following Sankey diagram (Fig.6) illustrates selected blockchain-based initiatives across commodities, stakeholders, and objectives, emphasizing the predominance of traceability and waste reduction as core goals. In energy systems, especially where recycled biomass and agricultural residues are used, a verifiable provenance is essential in terms of regulatory compliance and consumer confidence (Larsen et al., 2019). The transparent nature of the blockchain structure enables the validation and the ability to track all the transactions with bioenergy feedstocks, including crop residues, animal waste, and organic by-products (Semaan et al., 2024). As an example, European bioenergy manufacturers are testing blockchain applications to confirm that recycled residues are of renewable certification and comply with carbon accounting regulations under the EU Renewable Energy Directive (RED II) (Delardas & Giannos, 2022). Similar blockchain initiatives in India and East Africa track agricultural residues used in biomass and biogas production, ensuring that each batch is sourced ethically and sustainably (Tagne et al., 2021). The transparent ledger not only prevents greenwashing and false sustainability claims but also enables accurate quantification of carbon credits and ecosystem benefits derived from clean energy transitions. The Food and Agriculture Organization (FAO) has launched several blockchain programs, including livestock tracking, smallholder traceability, and open data standards in developing countries (Ellahi et al., 2023). These initiatives aim to empower farmers through transparent value chains, improving both market access and environmental accountability. In the European Union, the Green Deal and its Digital Product Passport framework reinforce blockchain as a core technology for monitoring sustainability performance (Götz et al., 2022). The EU promotes cross-sector traceability in food, energy, and manufacturing by necessitating standardized, verifiable digital records of production inputs and environmental impact (Puzhankara, 2024). 
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Fig. 6. Global blockchain initiatives across agri-food systems linking major commodities, organizations, and sustainability objectives (Source: Boehm et al., 2017; Bunge, 2017; Caro et al., 2018; Davcev et al., 2018; Hoffman & Munsterman. 2018; Kamilaris et al., 2019; Kim et al., 2018; Kumar & Iyengar, 2017; Lucena et al., 2018; Poberezhna, 2018; Van Arendonk, 2018)
The economic reason behind a blockchain-based traceability is that it lowers the costs of transactions and verifications and enhances consumer confidence (Vazquez Melendez et al., 2024). Blockchain ensures efficient supply chains by removing unnecessary certification processes and reducing data manipulation, which improves the efficiency of quality assurance (Li et al., 2020). There is empirical evidence indicating that consumers are prepared to pay high-end fees on products that have their origins and sustainability assertions verified by blockchain, especially in organic and fair-trade markets (Balzarova, 2021). Moreover, transparent traceability reduces disputes and facilitates efficient carbon credit trading, unlocking new income streams for producers engaged in sustainable practices (Shukla et al., 2024).
8. BLOCKCHAIN INTEGRATION WITH AI AND IOT IN PREDICTIVE AGRI-FOOD SYSTEMS
Integrating blockchain with AI and IoT creates a data-driven agri-food framework in which real-time sensor data operates predictive analytics while maintaining secure (Halder et al., 2025), shared records (Mirikar et al., 2025). In this vision, IoT devices collect detailed soil, weather, and crop data (Sharafat et al., 2025). AI (Goel & Pandey, 2024) and ML (Meroni et al., 2021) algorithms utilise this data to forecast yields and pest risks (Upadhyay et al., 2025), and blockchain logs all transactions in an immutable ledger (Kulothungan, 2025). Kasera et al. (2022) propose a farm-to-fork model where IoT streams input into AI models for future predictions and blockchain permanently stores every sensed datum for verification. A recent study by Plakantara and Karakitsiou (2025) confirms that these Industry-4.0 tools provide real-time monitoring and prediction of hazards, and blockchain and IoT significantly enhance agri-food chain traceability and transparency (Khan et al., 2020). In practice, this means tamper-proof records underpin predictive smart farming by anticipating irrigation needs.
There is a positive impact on environmental sustainability. By enabling precision management, AI and IoT systems reduce waste and resource use, while blockchain-backed traceability ensures these gains are verified (Ali et al., 2025;Wang et al., 2025). As Zhang et al. (2025) note, BlockIoT platforms (blockchain + IoT) can significantly reduce food waste and minimize the environmental footprint. For instance, soil-moisture sensors and predictive irrigation prevent overutilization of water, and blockchain can verify the source of organic or low-carbon produce (Jayabal et al., 2025; Loria & Lal, 2025; Shee Weng, 2025), which facilitates circular flows by tracking compost and bioenergy. Bibliometric surveys emphasize that blockchain-based IoT improves sustainability monitoring of soil, weather, and inputs, which results in a credible pool of data used in adaptive and low-impact farming (Safeer et al., 2024).
This also enhances the economic efficiency. Predictive insights optimize yields and sales timing, while blockchain reduces intermediaries and unauthorized alterations (Arogundade & Njoku, 2024). Research in developing countries emphasizes that the implementation costs are difficult to impose on smallholders, yet the advantages, such as improved access to the market and reduced spoilage, are likely to overshadow them (Tang et al., 2024). In particular, pilot programs in Africa indicate that specific blockchain and IoT projects should be cost-efficient by adapting to the local requirements (Tang et al., 2024). Meanwhile, agribusinesses such as Walmart, Cargill, and large retailers around the world are already testing IoT -blockchain traceability to simplify logistics and reduce loss (Bhat et al., 2021). Overall, AI-based predictions and smart supply chain management will enable increased yields and profits, as well as reduced input costs. 
Finally, traceability can be significantly improved. Blockchain’s immutable ledger ensures end-to-end provenance of food, which is essential for safety, certification, and consumer trust.  According to Plakantara and Karakitsiou (2025), there is a general agreement that blockchain enhances transparency in agri-food systems and that IoT integration provides detailed tracking data. Sensor-enabled transactions recorded on-chain create audit trails that expose contamination and misrepresentation. Emerging pilots in India, Kenya, and other countries are testing smart contracts over blockchain with field data to verify organic labels and automate climate insurance payments (Miller et al., 2025). Collectively, these innovations create a predictive, circular agri-food design: AI and IoT drive efficiency and resilience, while blockchain guarantees data integrity and traceability across the entire system. 
Table 3 presents the integration of blockchain with Artificial Intelligence (AI) and the Internet of Things (IoT) in predictive agri-food systems, highlighting global applications that enhance sustainability, efficiency, and data-driven decision-making across agricultural value chains.
Table 3. Blockchain Integration with Artificial Intelligence (AI) and IoT for Predictive Agri-Food Systems
	Integration Focus
	Technological Components
	Applications in Agriculture
	Key Benefits
	Reference

	AI–Blockchain hybrid models
	Systems combine AI models like deep neural networks with blockchain infrastructure such as distributed ledger, consensus protocols, and smart contracts to secure data analytics.
	Applied to predictive farming tasks such as disease and pest detection, yield forecasting, model outputs are cryptographically signed and stored on-chain.
	These hybrids improve accuracy and trust: one system reported 96% classification accuracy and a 43% reduction in crop losses via early detection. Consequently, decision-making becomes more reliable and resource use more efficient, supporting sustainable intensification.
	Huang et al. (2025)

	IoT-based blockchain systems
	Integrates IoT devices such as soil, environment and product sensors with blockchain networks like Ethereum and smart contracts to automate data capture and verification.
	Enables real-time monitoring and traceability: IoT sensor data from an olive oil supply chain was recorded on-chain with smart contracts automatically validating authenticity.
	This fusion greatly enhances transparency and provenance, providing immutable records that reduce data tampering and strengthen supply-chain integrity. Such provenance systems also facilitate regulatory compliance and boost consumer trust.
	Vellimalaipattinam Thiruvenkatasamy et al. (2025; Vitaskos et al. (2024)

	Smart logistics optimization
	Employs IoT devices, including RFID, GPS, and environmental sensors and AI analytics within blockchain platforms to coordinate agri-food supply chains.
	Shipments are tracked via on-chain records of location and condition, enabling AI-driven dynamic routing, inventory management and automated compliance example, verifying cold-chain conditions.
	This end-to-end visibility enables efficient recalls and waste reduction: blockchain-enabled systems have yielded 15% lower post-harvest losses and more reliable distribution. The immutable audit trail also speeds incident response and can improve shelf-life.
	Duguma & Bai, (2024); Kumar et al. (2022)

	Predictive maintenance systems
	Combines IoT sensors on farm machinery such as tractors, pumps, and drones with AI predictive models and blockchain-based maintenance logs.
	Sensors continuously monitor equipment ;AI predicts failures, and blockchain records repair history and parts provenance, even causing smart contracts for scheduling service.
	Reduces downtime significantly: IoT-driven maintenance halves equipment downtime, extending machinery life and improving operational resilience. This anticipatory upkeep ensures more consistent operations and boosts yield stability.
	Alabadi & Habbal, (2023); Duguma & Bai, (2024)

	Data interoperability
	Uses blockchain as a unified trust layer to integrate diverse agri-data via standardized schemas and APIs.
	Links heterogeneous datasets such as soil sensor feeds, satellite imagery, and market data in a coherent platform for analytics, often using oracles or cross-chain bridges to consolidate information.
	Enables comprehensive analytics: blockchain-enabled integration improves data sharing and accuracy, supporting precise decision-making and resource optimization across food systems.
	Vellimalaipattinam Thiruvenkatasamy et al. (2025); Westerlund et al. (2021)


9. GLOBAL PERSPECTIVES AND POLICY DIMENSIONS
Blockchain technology is rapidly emerging as a tool for sustainable agricultural and food systems worldwide (Bosona & Gebresenbet, 2023). Carbon credit markets (Basu et al., 2024), renewable energy systems (Wu & Tran, 2018), and end-to-end supply chain management (Moosavi et al., 2021) are some of the areas where the technology is being used to address SDGs and ESG (Chandan et al., 2023). According to Mulligan et al. (2024), blockchain has been proposed as a means to implement sustainable development through various solutions, including carbon credit trading, energy systems, and supply chain management. Nevertheless, there are not many studies, as of now, that have applied blockchain to new regulatory frameworks and systematic research to harmonize blockchain solutions with net-zero and sustainability policies. Practically, the regulatory interest is becoming more global: frameworks such as the EU Corporate Sustainability Reporting Directive (CSRD) and UN SDGs are becoming more interested in data transparency and data traceability, which incentivizes blockchain-based traceability in agri-food chains (Bosona & Gebresenbet, 2023).
The promotion of sustainable, traceable food systems is a specific focus of policies in the European Union, including the Farm-to-Fork Strategy and the Green Deal, and blockchain would be a natural and intuitive complement to this policy by offering tamper-proof provenance data. The Farm-to-Fork proposals of the EU to transform production toward making it environmentally friendly and minimizing waste fit well into the traceability capabilities of blockchain, with EU research initiatives such as Horizon 2020 and EIT-Food often integrating blockchain pilots of transparent supply chains (Galanakis et al., 2025). North American adoption has, on the other hand, been industry-led, with large technology and large retailers like Walmart, IBM Food Trust, deploying blockchain to trace produce and meat in response to food safety requirements. The Food Traceability Rule of the U.S. FDA on leafy greens is a regulation indirectly encouraging the use of blockchain, but the United States does not have a single policy on blockchain, whereas Canada is more active with government-supported blockchain pilots in beef, grain, and supply chain finance. In both of these continents, consumer safety, trade efficiency, and regulatory compliance continue to be prioritized, and, according to Mulligan et al. (2024), even new global reporting standards will gradually incline towards technologies capable of producing verifiable ESG data, such as blockchain. In Asia, it is being adopted widely: China has focused more on blockchain outside of cryptocurrency, using it in agriculture, fisheries, and food safety, with efforts like the Blockchain Service Network (Chen et al., 2020), and India has taken the approach of encouraging small-scale pilots of fertilizer subsidies and seed distribution despite uncertain regulatory treatment of cryptocurrencies (Singh et al., 2021). Most Asian governments are piloting blockchain national Industry 4.0 agendas, exporting high-value products and smart farming, but provide incentives or regulatory sandboxes at the national level rather than nationally (Yang & Gu, 2021). Japan, South Korea, and Vietnam are experimenting with blockchain in national Industry 4.0 divisions and exporting goods (Wang et al., 2019). The blockchain in Africa is not yet fully developed, although it has the potential to address food security issues. Elkoraichi et al. (2025) illustrate pilots like blockchain-RFID in Tunisia with olive oil, "SmartRice" in Nigeria with cocoa, a GHG traceability register in Ghana, and a GHG track system in Senegal, but adoption is hindered due to a lack of infrastructure and a lack of regulations, as cited as the most significant barriers to adoption. Nevertheless, blockchain has the potential to enhance food safety and resource management despite these challenges; organizations such as the FAO have pilots that enhance SDGs 2 (Zero Hunger) and 12 (Responsible Consumption). Finally, Latin America is also becoming interested in blockchain applications in commodities like coffee, cocoa, beef, and palm oil, with pilot projects in Mexico and Brazil connecting smallholders with export markets via blockchain-verified certification. Nonetheless, like Africa, the area is limited infrastructurally and in governance, and all projects at the moment rely heavily on private efforts and co-operatives (Rivera et al., 2024). Despite its relative lack of maturity in comparison to Asia or Europe, the existence of a robust export base and the need to achieve EU and U.S. import traceability standards, as well as regional integration schemes such as the digital agenda of Mercosur, will outgrow blockchain use in agri-food in Latin America.
10. RESEARCH GAPS
The literature reveals major gaps in understanding the application of digital technologies such as blockchain, AI, and IoT to the development of circular agri-food economies. Ideally, there are limited frameworks that directly connect blockchain to the circular economy (CE) in agriculture. Recent reviews note that most blockchain studies in agri-food focus on traceability and efficiency, but rarely consider these innovations in the context of CE objectives (Romeo et al., 2025). Pakseresht et al. (2022) note that the current work is mostly theoretical and lacks focus on resource recovery. Similarly, Santos et al. (2024) implement a CE lens on blockchain in agriculture, and find that there are still limited real-world examples of CE use in practice, including recycling bioplastics, remanufacturing. In this way, frameworks that combine blockchain with circular agri-food models have not been developed yet (Wassenaer et al., 2023).
The field lacks methodological interdisciplinary models and empirical validation. The literature is mostly qualitative. Stanescu et al. (2025) demand holistic frameworks and quantitative measures to determine socio-environmental impact. Empirical case studies often involve a limited stakeholder, ignoring multi-actor dynamics (Miller et al., 2025). Indicatively, (Guangjie et al., 2023) observe that the majority of pilots engage with a few supply-chain partners and that studies are not usually dispersed across regions. 
The benefit-cost ratios (BCRs) for cloud adoption among smallholders by Michael (2024) report positive 2.8 in Ghana, 2.1 in Kenya, and 1.5 in Nigeria. Significant gaps remain in understanding how these digital gains translate when integrated with blockchain-enabled circular economy models in agri-food systems, particularly for smallholder farmers. Miller et al. (2025) indicate a lack of compatibility between research and practice, with AI and IoT models often lacking consideration with small-holder farmers. Manzoor et al. (2025) in Low- and Middle-Income Countries (LMICs) identify studies that isolate factors instead of modelling their interaction on adoption.  Overall, there is a lack of data-driven, interdisciplinary frameworks incorporating agronomic, economic, and climate variables, and few longitudinal studies or simulations examine the effects of blockchain and AI together alter CE outcomes. 
Practical and implementation issues are also under investigation. The major gaps involve infrastructure, regulation, and inclusion (Prisco & Strangio, 2025). In Africa, the internet and regulatory environments are the most critical factors to blockchain adoption. Elkoraichi et al. (2025) identify lack of regulation and lack of infrastructure as the two highest barriers to agritech in African supply chains.  Similarly, Acheampomaa & Bellini (2025) document that the implementation of blockchain by African farmers is largely theoretical because of low levels of digital literacy and policy gaps. In developed countries, scalability is challenged by the high deployment costs and legacy systems (Rajput et al., 2025). Indicatively, the big pilots such as IBM Food Trust, Carrefour demonstrate the potential of blockchain (Stanescu et al., 2025); however, Rajput et al. (2025) note that these systems do not bring significant value without the complete cooperation of a supply chain and standard protocols. There are other concerns, such as data privacy and energy consumption: although blockchain provides data security, interoperability, and the issue of energy consumption and scalability are still present. Finally, socio-digital inclusion is often ignored: smallholder access to IoT sensors, AI tools, and even reliable access to power, yet these farmers produce much of the food supply. (Miller et al. (2025), stress that rural connectivity, farmer training, and fair data governance are critical but under-addressed.
11. OPPORTUNITIES, CHALLENGES, AND FUTURE PATHWAYS
Circular and sustainable agri-food systems can be developed through blockchain because of its inherent characteristics, including decentralization (Rana et al., 2021), immutability, and smart contracts, which can be used to increase transparency, coordination, and accountability (Santos et al., 2021). Irreversible registries enable tracking of farm inputs and outputs, reduce food waste and loss by rapidly determining food contamination origins, thus helping to meet SDGs 2 (Zero Hunger) and 12 (Responsible Consumption) (Parmentola et al., 2022). Transparency and traceability are quoted as the most effective enablers of a circular food economy, and smart contracts can be used to automate transactions like instant farmer payments on successful deliveries or peer-to-peer renewable energy transactions, which SDGs 7 (Clean Energy) and 9 (Industry and Innovation) (Kanjere, 2021). Documenting organic activities (Hilten et al., 2020), input application (Dey & Shekhawat, 2021), and waste reuse, blockchain enhances resource reuse and recyclability (Iyer et al., 2019), which provides a strong basis for data-driven sustainability. Kashyap et al. (2025) highlighted that smart contracts, IoT integration, and digital identities play a critical role in improving efficiency and climate action (SDG 13). Nevertheless, this potential is limited by growth due to regulatory inertia, insufficient infrastructure, and institutional inertia. In most countries, blockchain governance remains unclear, and in those where it does exist, it is compounded by conflicting policies with data privacy laws. The infrastructure issues, like poor Internet connectivity and poor electricity supply in rural areas, further impede adoption. Low throughput, lack of scalability, and high energy consumption of some blockchain networks are some of the technical limitations that diminish practical applicability (Elkoraichi et al., 2025). In addition, data reliability and integrity continue to be significant challenges, with blockchain systems relying on precise data as key inputs from IoT sensors and human users (Hang & Kim, 2019).
Social and organizational barriers, including a lack of trust, limited digital literacy, and technological change, create reluctance among farmers. According to Mhlanga and Ndhlovu (2023), African farmers face the problem of inadequate expertise and digital infrastructure, and data privacy concerns, which are also closely reflected in blockchain adoption challenges. These challenges require agronomists, economists, ICT professionals, and policymakers to work on solving blockchain problems in an interdisciplinary approach that is both inclusive and contextual. The future plans need to rely on transparent regulatory frameworks, country blockchain strategies, and economic incentives in favour of digital adoption. Uptake may be boosted by providing supportive infrastructure, legalizing the use of digital ledgers, and providing specific subsidies as a way of helping policymakers. Interoperability and standardization are also critical to prevent system silos, and technical research should focus on lightweight, low-power blockchain models that can be deployed in rural areas and hybrid blockchain-cloud frameworks to enhance scalability. Farmer trust and literacy will also be a necessity through capacity building and participatory demonstration projects. More importantly, the alignment of blockchain with SDGs should be clear, enhancing food security (SDG 2), clean energy (SDG 7), climate action (SDG 13), and industrial innovation (SDG 9) with the help of transparent and data-driven systems. The implementation of smart contracts and the Internet of Things, in turn, promotes SDGs 9 and 13 with assistance to efficient and climate-sensitive agriculture (Stankovic,2022). The future research must incorporate SDG-based evaluation measures, collaboration between the government and businesses, and socio-economic research on the adoption behaviour. Thus, by aligning blockchain innovation with the principles of the circular economy and sustainability goals with governance, capacity-building, inclusive approach, shifts global agri-food systems towards climate-resilient, transparent, and economically viable models (Upadhyay et al., 2021).
12. CONCLUSION
Blockchain technology has emerged as a transformative instrument for building transparency, efficiency, and trust across global agri-food and energy systems. The smart contract and decentralized ledger mechanisms tackle crucial sustainability issues, including food loss, waste management, and carbon accountability, by ensuring traceable, secure, and verifiable data transactions. In circular agri-food systems, blockchain enhances the relationships among producers, processors, and consumers, enabling the valorization of agricultural residue and waste into renewable energy, fertilizers, and secondary raw materials. European Union, Indian, and Latin American case studies exemplify how blockchain enhances traceability in carbon credit trading, bioenergy certification, and waste-to-value processes, connecting technological innovation and social equity, as well as environmental stewardship. The study highlights the fact that the success of blockchain is not only in its technical functionality but in its integration within broader digital and institutional ecosystems. Combined with IoT and AI, blockchain enables real-time control and decision-making for resource utilisation, precision agriculture, and renewable energy generation. Its transparent structure minimizes transaction costs, reduces malicious interventions, and facilitates inclusive participation in digital marketplaces for farmers and small cooperatives by providing new income sources. Environmental gains that are associated with the socio-economic benefits include emission reductions, better resource recovery, and climate resilience. However, challenges persist regarding governance, interoperability, infrastructure, and digital literacy, especially in developing contexts. challenges persist regarding governance, interoperability, infrastructure, and digital literacy, especially in developing contexts. International cooperation, coherent policy frameworks, and capacity-building efforts should therefore underpin the adoption of blockchain. A combination of blockchain innovations with CE principles will allow the agri-food systems to transform into regenerative, transparent, and economically viable systems. 
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