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Abstract
The increased pressure on the water resources, along with the need to efficiently manage the water resources through efficient irrigation management, has led to the development of various digital technologies. Among the various digital technologies, the importance of blockchain technology has been recognized in the development of efficient irrigation water management. In this paper, the authors have attempted to present an in-depth review on the importance of blockchain technology in the development of efficient irrigation water management, especially in the Indian context. The review seeks to highlight recent developments in the integration of blockchain technology with smart irrigation systems, such as Internet of Things (IoT) for sensor networks, smart contracts for automating water allocation, and distributed data models for monitoring and tracing. The review will also focus on application areas, including water allocation, water use monitoring, irrigation governance through rules, environmental compliance, and tracing water footprint within the agri-food value chain. The review aims to identify the recent developments in the integration of blockchain technology with smart irrigation systems, such as the use of IoT for sensor networks, smart contracts for the automation of water allocation, and the use of a distributed approach for data models for monitoring and tracing. The review also aims to identify the application of blockchain technology in irrigation governance, such as in the use of blockchain for water allocation, monitoring of water use, irrigation governance using smart contracts for the implementation of rules, environmental regulations, and tracing of the water footprint of products within the agri-food value chain. The paper also examines the institutional readiness and the regulatory pathways for the implementation of blockchain technology in irrigation governance, highlighting the need for interoperability in terms of data models, legal clarity of smart contracts, and the integration of existing irrigation technologies. The paper also concludes that it is important to view blockchain technology as a complement to irrigation governance rather than a solution on its own, and that more research needs to be carried out on the use of blockchain technology for irrigation governance in order to ensure the use of a scalable approach for irrigation water management.
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1. INTRODUCTION 
Irrigated agriculture covers about 70% of the total water withdrawn globally. It also plays a critical role in supporting food security, rural development, and economic sustainability in general, especially in developing countries (FAO, 2017; UN-Water, 2021). However, with the increase in water scarcity and climate change, together with the growing demand for water from other sectors like industries and urban centres, irrigation systems worldwide are facing unprecedented challenges. This has also revealed the issues that have been existing in the water allocation systems and structures in place (Grafton et al., 2018; Rockström et al., 2014). In many parts of these regions, management of irrigation systems still faces structural and institutional challenges like poor data systems, lack of integration of monitoring infrastructure, poor transparency in allocation systems, poor coordination between institutions, and inadequate mechanisms for ensuring accountability (OECD, 2015; World Bank, 2020). These issues not only limit the efficiency of operation but also limit the equitable distribution of water to different users, which can eventually limit productivity and sustainability of water resources. These challenges are more critical in relation to the achievement of Sustainable Development Goal 6, which focuses on efficient water use, equitable access to water, and sustainable water resource management (UN, 2015). In the recent past, different technologies such as Internet of Things (IoT) sensor networks, remote sensing technologies, cloud computing technologies, and decision support systems have been integrated in the field of digital agriculture to enhance the management of irrigation water and water productivity (Liakos et al., 2018; Jaiswal et al., 2025; Abdelmoneim et al., 2025). However, despite the different improvements that have been brought about by different technologies in the management of irrigation water, it has been noted that different types of digital irrigation technologies are mostly centralized in nature. This is due to the fact that a centralized system may be characterized by different problems such as manipulation, failure, and lack of transparency (Klerkx et al., 2019; Wolfert et al., 2017). 
	The concept of trust is of particular importance in relation to water governance, where there are several stakeholders, including farmers, irrigation departments, water user associations, and so on. For such multi-actor systems, it is of crucial importance to ensure data integrity, traceability, and information exchange, but this is not adequately catered to in existing digital solutions, including those in the context of irrigation management, as identified by Grafton et al. (2018) and OECD (2015). In this context, blockchain technology has been identified as a potential solution for overcoming these limitations of existing digital solutions in addressing issues of data management in irrigation management. Blockchain technology was first conceptualized by Nakamoto, and it works on a distributed ledger system that ensures secure, reliable, and transparent data management, including provisions for automatic execution of contracts, known as smart contracts, as identified by Casino et al. (2019). Its three main attributes, including immutability, decentralization, and security, have been explored in several domains, including agri-food supply chain management, land management, and resource management, as identified by Kamilaris et al. (2019) and Tripoli & Schmidhuber (2018). In terms of irrigation and water resource management, blockchain technology has been suggested as a means to facilitate greater transparency in water resource distribution, real-time water usage monitoring, facilitating subsidy distribution schemes, and ensuring regulatory compliance (Zheng et al., 2017; Liu & Shang, 2022). Moreover, when combined with IoT technology, there is a potential to develop a completely digital environment where various aspects of data validation and decision-making processes can be interconnected. It is also important to note that despite its theoretical potential, the implementation of blockchain technology in irrigation systems is still in its nascent stages. This is a critical aspect that requires consideration of its potential and limitations.
2. REVIEW METHODOLOGY
This study employs a systematic literature method of synthesis to ensure that the identification, screening, and analysis of the studies are clear and reproducible. The information is collected from the literature source including Scopus, Web of Science, and Google Scholar, all of which encompass engineering, environmental science, and agriculture in general (Mongeon and PaulHuus, 2016). Such databases are prevalent in systematized and narrative reviews as they index the peer-reviewed scholarship on a large scale. The data was collected between 2015-2025, during which blockchain transitioned to environmental governance and agriculture (Yli-Huumo et al, 2016).  Combination of search strings was as follows: blockchain AND irrigation, distributed ledger AND water management, blockchain AND smart agriculture, blockchain AND governance.  It also engaged in citation chaining of important articles to achieve cross-disciplinary coverage as well as to locate influential studies that might not have been identified with database searches only. These inclusion criteria included: (i) peer-reviewed journal articles, conference papers, and institutional reports; (ii) studies that address blockchain applications in water resources, irrigations, or agricultural data governance; (iii) studies that refer to integration with other complementary digital technologies, e.g., IoT or remote sensing.  Research articles in which cryptocurrency markets, finance trading systems, or blockchain implementation in industries were considered were eliminated. The chosen literature was reviewed via thematic synthesis, which is a common method used to review environmental and policy research in order to find trends between studies with completely different concepts.  The papers were grouped into thematic areas such as technical integration, water allocation and monitoring, governance mechanisms, supply-chain traceability and implementation challenges. The authors made all the decisions on study inclusion, thematic coding, interpretation, and synthesis independently to maintain a high level of methodological rigor and scholarly accountable practices.
3. BLOCKCHAIN FUNDAMENTALS RELEVANT TO WATER SYSTEMS
	Blockchain is a distributed ledger technology in which transactions are grouped in blocks and added in a chronological order with each block being cryptographically connected with the preceding and following blocks in the chain. This ensures the integrity and immutability of the blocks in the chain. In blockchain technology, each node in the distributed system has a synchronized copy of the ledger. This is different from the traditional database systems in which the data is centrally controlled. In this way, the blockchain systems are more resistant to data tampering and single-point failures. This is because once the data is added and validated in the blockchain system, it becomes almost impossible to change the data without the consensus of the entire system. This has made blockchain widely regarded as a secure platform for the management of digital information in an auditable and transparent manner (Atzori, 2015). 
With respect to the management of water resources in irrigation systems, the mentioned characteristics are particularly significant. In this context, it is mentioned that the distribution, allocation, and even transaction of water resources, such as the payment of subsidies, could be effectively managed by using blockchain technology in such a way that the records of water withdrawal, allocation, and transaction could not be retrospectively amended (Satilmisoglu et al., 2024; Thuy et al., 2025). In addition, the decentralized approach of blockchain technology could assist in the development of water resource management systems in which the stakeholders could increase their trust and credibility (Li et al., 2022; Satilmisoglu et al., 2024). The other benefits are transparency and traceability, which are very important in irrigation systems where water usage is a key concern. Since blockchain technology can provide a record of transactions, it can be used to monitor the usage patterns of water, which can help in conflict resolution in irrigation systems. It is also important to understand that although blockchain technology can ensure the accuracy of stored data, it cannot ensure the accuracy of the data at the point of entry. This implies that in irrigation systems where sensors are used to measure water usage, errors in the data collected can also be reflected in the blockchain technology used in the system. Another notable characteristic of blockchain is that it allows for smart contracts, which are simply contracts that can execute automatically depending on a given set of rules and conditions. For example, in irrigation management, smart contracts could be used to automate activities such as water allocations, monitoring, and incentives, among others. For example, it could be possible to automate irrigation releases depending on soil moisture levels, among other allocations. This could be a major advantage in that it could help minimize delays. However, it is worth noting that it is hard to programmatically implement complex irrigation management rules, especially in areas where informal management is used.
	The different types of blockchain systems are public, permissioned (private), and consortium blockchains, which are differentiated by their access control, governance, and transparency characteristics (De Filippi & Wright, 2018). In the context of water resource management, it has been suggested that permissioned or consortium blockchain systems are the most suitable options because they provide the facility for the controlled participation of stakeholders, which is accompanied by transparency in the system (Risius & Spohrer, 2017; De Filippi & Wright, 2018). However, it is noteworthy that despite the many benefits it provides in the context of water resource management, the use of blockchain in irrigation systems is still in the developing phase, and many factors need to be considered in this context. Some of the factors that need to be considered in this context are related to the scalability, energy efficiency, and compatibility of the blockchain system with the digital infrastructure already in use in the system. Hence, it is suggested that the use of blockchain in irrigation systems provides many opportunities for the improvement in the context of data transparency, which is dependent on the use of this technology in conjunction with other technologies such as IoT-based sensing systems.
4. ADOPTION OF BLOCKCHAIN IN THE AGRICULTURE SECTOR IN INDIA
	The adoption of blockchain technology in the agricultural industry in India has been gaining momentum in recent times. In this context, its applications have shifted from conceptualization to practical implementation to address various structural issues in the agricultural industry. These issues include problems associated with supply chain management, transparency, information asymmetry, and poor governance. Although its adoption is still at a nascent stage, its potential applications reflect a growing realization about its role as an enabling technology in the context of digital agriculture in India.
4.1 Supply Chain Traceability and Provenance
One of the most explored potential applications of blockchain technology in Indian agriculture is related to traceability and provenance in agricultural food product supply chains. Blockchain technology facilitates the recording and validation of transactions in the agricultural food product supply chain. This is because it can record and validate transactions across the entire agricultural food product supply chain, ranging from production to final product consumption. In this context, initiatives such as the AgriTrace project have been successful in demonstrating the potential of using blockchain technology for tracing horticultural and other agricultural products. This can help reduce information asymmetry between producers and consumers.
These systems can improve consumer confidence and support quality assurance systems. Nevertheless, their basic focus is still on post-harvest systems and has not yet been fully integrated with resource management at the farm level, particularly in relation to irrigation systems.
4.2 Input Authentication and Quality Assurance
Blockchain technology has also been considered a potential solution to address the problem of fake and low-quality products, particularly seeds and fertilizers. By using a blockchain system that can create a verifiable history of products produced and distributed, blockchain technology can improve traceability and authenticity of products in the supply chain (Tripoli & Schmidhuber, 2018; Kamble et al., 2019; Tian, 2019). The combination of blockchain technology and mobile-based technologies like QR codes can allow farmers to trace product authenticity at the point of purchase and improve their decision-making by reducing the chances of fake products (Casino et al., 2019; Rejeb et al., 2020). However, this will depend on access and participation by all stakeholders in the supply chain and access to information through proper data input at all nodes in the supply chain.
4.3 Market Transparency and Digital Transactions
The use of blockchain technology has also been explored in the context of agricultural marketing systems with the aim of enhancing price transparency and minimizing intermediation costs. This can potentially be done through the use of blockchain platforms in recording market transactions such as bid-offer exchanges (Casino et al., 2019; Kshetri, 2018). This can potentially improve the access of small and marginal farmers to the market through the facilitation of direct transactions. However, the adoption of such systems in India is still in the conceptual phase and faces significant challenges in terms of integrating with existing market structures and institutional frameworks.
4.4 Public Sector Governance and Service Delivery
In the policy and institutional sphere, blockchain technology has also been considered for its potential in improving transparency and accountability in the governance of public sector initiatives in the agricultural sector. Some of the areas include the provision of fertilizers, direct benefit transfer, and crop insurance, among others (Kshetri, 2018; NITI Aayog, 2020). Although blockchain technology has the potential to address leakages, fraud, and inefficiencies, it needs to be highlighted that most of the initiatives in the public sector are in a hybrid state, and the actual challenge would be in the governance sphere.
4.5 Integration with IoT and Digital Agriculture Systems
Several studies have identified the prospect of blockchain technology integration with Internet of Things (IoT) devices and geospatial technology to develop a robust platform for digital agriculture. Such a platform has the potential to develop verifiable information that could be used at the farm level in real-time (Lin et al., 2020; Xu et al., 2019). Such a platform has the potential for applications in agricultural credit scoring, insurance validation, and compliance monitoring, among others. For example, the information generated by IoT devices could be used in conjunction with blockchain technology to provide evidence-based information for decision-making in different processes. Although there has been a significant prospect of blockchain technology in the development of a robust platform for digital agriculture, most of the applications are still in the experimental phase and have not been validated in diverse conditions.
4.6 Synthesis and Critical Perspective
In conclusion, it can be said that presently, when we talk about the application of blockchain technology in Indian agriculture, we find that there is a preponderance of applications related to supply chain management and input traceability. These are indicative of the potential that this technology has to make a positive impact on Indian agriculture. One of the critical aspects that we find is that there is a lack of application of this technology in the management of resources related to agriculture, such as irrigation water management. This is a critical aspect that can make a huge impact on Indian agriculture. Moreover, it can also be said that the scalability of this technology is dependent on a number of factors. Without overcoming such limitations, this technology is unlikely to make a greater impact.
Classification of Current Applications in India
As per the existing literature and pilot projects undertaken in India, the blockchain technology-based applications in Indian agriculture can be broadly classified into the following categories:
· Supply chain traceability and provenance validation
· Authentication of agricultural inputs through ledger technology and QR code
· Digital markets for reducing intermediation
· Improving transparency in public schemes such as subsidies, insurance, DBT
· Integrated farm record systems using IoT sensors and blockchain technology
Transition to Irrigation Context
Though these applications demonstrate the flexibility of blockchain technology in resolving issues affecting agriculture, their extension to irrigation water management is still restricted. However, this is more critical since water is a critical input in agriculture and has a direct relationship with productivity and sustainability.
5. APPLICATIONS OF BLOCKCHAIN IN IRRIGATION WATER MANAGEMENT
	The application of blockchain technology in the management of irrigation water is in the process of development within the general framework of digital water management and precision agriculture. In this regard, blockchain technology is becoming conceptualized not only as a technological means but also as an infrastructure that can improve coordination, transparency, and accountability in complex irrigation water management systems (Rosegrant et al., 2014; Janssen et al., 2020; Satilmisoglu et al., 2024). Irrigation water management is a complex system involving various stakeholders such as farmers, irrigation departments, water user associations, and regulatory bodies. The irrigation water management system is characterized by limitations such as poor data integration, insufficient monitoring tools, and low levels of trust among stakeholders. Blockchain technology provides a framework for improving these limitations in irrigation water management systems.
5.1 Water Allocation and Usage Monitoring
	The issue of monitoring the abstraction of water in irrigation systems also presents a challenge, for instance, in water-scarce and arid regions, measuring equipment is usually not readily available (Perry, 2011). In canal and groundwater irrigation systems, for instance, the unauthorized abstraction and usage of water have been identified as major factors affecting inefficiency and loss of water (Giordano & Villholth, 2007). The blockchain-based system, when integrated into digital flow meters, for instance, will be able to monitor the abstraction and usage of water over time. The data on the abstraction and usage of water will be able to be shared and stored without the possibility of alteration or manipulation (Xu et al., 2019; Yaga et al., 2019). Such a system will be able to ensure the fairness of the allocation and distribution of water. However, the effectiveness of such a system will be largely dependent on the reliability of the measuring equipment used to obtain the data on the abstraction and usage of water. Any form of error or manipulation of the data obtained using the sensor-based measuring equipment will be able to compromise the accuracy of the system.
5.2 Automated Governance Using Smart Contracts
	Most often, these irrigation systems operate under certain institutional guidelines that specify the water usage schedule, quota, and limitations. The use of blockchain technology, which facilitates the use of smart contracts, has the potential to ensure the codification of the guidelines into protocols that can execute the guidelines under certain conditions (Savelyev, 2017). For example, the water usage schedule has the potential to be executed under smart contracts that take into consideration certain conditions such as the level of water in the reservoirs, soil moisture levels, or water usage by crops. Smart contracts also have the potential to execute incentives that promote water conservation and discourage excessive use of water, thus promoting the efficient use of water (Werbach & Cornell, 2017). Despite the potential of smart contracts to execute the management of irrigation systems, there are certain challenges that must be considered. For example, the management of irrigation systems has certain dynamic socio-institutional arrangements that might not easily execute the use of smart contracts. Therefore, deterministic smart contracts might not offer the flexibility required for the management of irrigation systems.
5.3 Integration with Digital Irrigation and Sensing Technologies
	The integration of blockchain with IoT-based sensing systems is one of the most promising trends in smart irrigation management. Today, smart irrigation systems increasingly depend on sensing systems to collect information on various parameters such as soil moisture levels, climatic conditions, crop water stress, and evapotranspiration. Blockchain systems can play the role of an integration platform to securely facilitate the exchange of information generated by sensing systems in a standardized and verifiable manner across various platforms (Rejeb et al., 2019; Marzougui et al., 2024). This can lead to better coordination among various stakeholders in the irrigation sector, such as farmers, technologists, and regulatory authorities. In addition, the integration of blockchain systems with irrigation systems can also lead to the development of verifiable records of irrigation management decisions, thereby promoting transparency in the management of water resources. The integration of blockchain systems with IoT-based irrigation systems is also possible and has been demonstrated in various studies (Lin et al., 2018; Vasireddy et al., 2024). However, there are various challenges in the implementation of blockchain systems for smart irrigation management.
5.4 Environmental Monitoring and Regulatory Compliance
	For the management of water irrigation sustainably, there is a need to monitor environmental parameters like soil salinity, nutrient leaching, groundwater levels, and water quality. Good environmental governance is based on the availability of credible, traceable, and verifiable environmental data (Mateo-Sagasta et al., 2017). Blockchain technology can help improve environmental monitoring by offering a record of environmental indicators that cannot be altered, thus aiding in ensuring compliance, basin planning, and accountability. The importance of environmental information infrastructure in the digital environment, which can help improve watershed management, has been identified (World Bank, 2019). It is possible to improve the match between environmental sustainability and agricultural production by linking these activities using blockchain technology. The integration of environmental monitoring infrastructure with blockchain technology is still in the nascent stage.
5.5 Water Footprint and Agri-Food Traceability
	The increased importance of sustainability in the world’s agri-food systems has also added importance to the tracking of the water footprint of agricultural systems. The potential of blockchain technology to integrate irrigation data with supply chain data to verify crop-level water use and sustainability metrics has been identified (Behnke & Janssen, 2020). Sophisticated systems have been developed to monitor various data related to soil moisture levels, crop water stress levels, environmental data, etc., which helps in increasing the overall efficiency of water use in agriculture (Evett et al., 2020). The integration of such data with blockchain technology-based supply chains may have the potential to enhance the overall supply chain, thus increasing the overall chances of sustainability certification, environmental reporting, etc. However, the overall accuracy of the water footprint assessment depends upon the overall accuracy of the data collected. In the absence of such data collection systems, the overall blockchain technology-based supply chain may only be able to provide a partial picture of the overall water footprint.
5.6 Synthesis and Research Gap
	Overall, the blockchain-based use cases in the management of irrigation water have shown promising potential in enhancing transparency, accountabilities, and coordination in the management of water resources. The integration of blockchain and its application in sensors and digital irrigation systems is promising for the management of irrigation water. However, most of the literature on the application of blockchain-based use cases in the management of irrigation water is based on concepts and small-scale implementation. The most notable is the absence of the implementation of blockchain-based use cases in the management of irrigation water resources in developing countries such as India. To fill the implementation gap of blockchain-based use cases in the management of irrigation water resources, there is a need to integrate innovation with institutional innovation.
6. APPLICATIONS OF BLOCKCHAIN IN IRRIGATION WATER MANAGEMENT IN INDIA
	The application of blockchain technology for water management in irrigation systems in India is in its infancy and is likely to develop and grow further through conceptual development and pilot-scale application and integration into digital agriculture initiatives. India is known to have a highly complex irrigation system involving canal-based systems, groundwater-based systems, and village-level irrigation systems, for which blockchain technology is identified as having potential to improve transparency and accountability at various levels of governance in India. In recent times, blockchain technology for decentralized water management systems, referred to as Blockchain-Based Decentralized Water Management Systems (BD-WMS), which integrates IoT-based sensor technologies and smart contracts along with blockchain-based systems for water management and recording of irrigation activities, water distribution patterns, and soil moisture levels in an immutable and transparent manner (Nayak et al., 2025), have been identified for their potential to eliminate the need for human intervention and to accurately monitor irrigation activities in real time.
	The technical viability of such precision irrigation systems through the implementation of blockchain technology in the context of the Ethereum platform, along with the integration of IoT devices, has been experimentally conducted (Vasireddy et al., 2024). Such systems demonstrate the potential of blockchain technology in enhancing the credibility of decision support systems. With regard to water governance, blockchain technology has been recognized in the context of the management of water rights, where the allocation of such water rights through the implementation of tokens and the enforcement mechanism through smart contracts could ensure the transparent allocation of water resources to farmers (Krithika, 2022). Such an initiative assumes significance in the context of water scarcity.
The technical viability of such precision irrigation systems through the application of blockchain technology in the context of the Ethereum platform, along with the integration of IoT devices, has been experimentally conducted (Vasireddy et al., 2024). Such systems have the potential to improve the credibility of blockchain technology in the context of decision support systems. In the context of water governance, blockchain technology has been recognized in the context of water rights management; such water rights allocation through the application of tokens and the enforcement mechanism through smart contracts could ensure the transparent allocation of water resources to farmers (Krithika, 2022). Such an initiative assumes significance in the context of water scarcity.
6.1 Limitations and Challenges
	Despite the huge opportunities provided by blockchain technology to transform the management of irrigation water systems in India, various technological, economic, institutional, and policy-related challenges are associated with the adoption of blockchain technology in the management of water systems in India. The major challenge associated with the adoption of blockchain technology in the management of water systems in India is the lack of digital infrastructure. In many command areas of the water systems in India, there is a lack of internet connectivity and electricity supply. These are required for the operation of blockchain technology. The lack of adequate internet connectivity and electricity supply has been identified as one of the main challenges associated with the adoption of blockchain technology in the management of water systems in India. Economic challenges have also been identified as one of the main challenges associated with the adoption of blockchain technology in the management of water systems in India. The adoption of blockchain technology in the management of water systems in India requires adequate financial investment. However, the cost of investing in blockchain technology in the management of water systems in India has been identified as one of the main challenges.
	Another significant problem being faced in the adoption of digital technologies is the lack of digital literacy among farmers and institutions. It has been identified that a large number of farmers and WUAs are technically illiterate to handle and operate advanced digital technologies. At the same time, it has been emphasized that training and capacity building are pre-requisites for the adoption of digital agriculture technologies in India (Mittal & Mehar, 2016). Another problem being faced in the adoption of digital technologies in the field of water management is interoperability. It has been identified that existing irrigation management systems like SCADA-based canal management systems, GIS systems, and groundwater management systems are not integrated with each other. In other words, these systems are working in isolation. At present, it has become difficult to integrate existing systems with blockchain-based systems due to the lack of data protocols.
	In the context of governance, it has been identified that the lack of a proper regulatory and legal environment with respect to blockchain technologies has led to a significant degree of uncertainty. The question of data ownership, legal recognition of smart contracts, and admissibility of blockchain evidence have yet to be addressed properly in the context of India (Jaswant & Kale, 2022). The emerging results of various pilot studies have identified the potential of blockchain technology, as well as the challenges faced with respect to its implementation. For example, the results of various studies related to the development of decentralized systems for irrigation management through the integration of blockchain technology and IoT have identified the potential of blockchain technology, but challenges have been faced with respect to its implementation, specifically with respect to stakeholder management. In the context of blockchain technology used for water governance, it has been identified that transparency has been achieved through blockchain technology, but challenges have been faced  with respect to stakeholder management due to their lack of awareness of the use of blockchain technology and its implementation. The adoption of the technology by the farmer is influenced by various socio-economic factors. A study on Farmer Producer Organizations (FPOs) revealed that the economic viability of the technology and the perception of risk play a crucial role in the adoption of blockchain-based technologies (Nandhini et al., 2023).
6.2 Synthesis and Way Forward
	In conclusion, it is evident that the potential of blockchain technology is substantial for the management of irrigation water systems in India. Nevertheless, it has largely been experimental and has yet to be realized at the implementation level. The major challenge of the application of blockchain technology for the management of irrigation water systems in India is not related to the technology but rather to the integration of the technology with the socio-technical complexities of irrigation systems in India. Thus, it is recommended that the scope of future research studies be focused on developing models for the cost-effective implementation of blockchain technology; enhancing the compatibility of existing irrigation technologies with blockchain technology; developing institutional models; and linking blockchain technology with capacity building. It is also important to note that it is important to undertake large-scale pilot studies to ascertain the performance of blockchain technology-based irrigation systems in different agro-climatic conditions of India. It is also important to bridge the gap between conceptual innovation and implementation of blockchain technology for the development of sustainable irrigation water management systems in India.
7. Regulatory Pathways for Operationalizing Blockchain in Irrigation Governance
	The operationalization of blockchain technology in the management of irrigation systems in India will, therefore, depend on its conformity with the existing legal, institutional, and policy frameworks that guide the management of electronic systems, water management systems, and agricultural management systems. As indicated earlier, blockchain technology possesses the technological potential for ensuring the transparency and decentralized management of irrigation systems. However, the operationalization of blockchain technology will depend on its legal legitimacy, institutional preparedness, and policy integration. From the legal perspective, the legal recognition of electronic records under the Information Technology Act of 2000 forms the basic foundation upon which the legal recognition of blockchain technology will be accepted. The Information Technology Act of 2000 recognizes the legal sanctity of electronic records and digital signatures. Therefore, this forms a solid base upon which the legal recognition of blockchain technology will be accepted. However, blockchain technology poses several challenges with regard to its legal recognition.
In parallel with these aspects, the importance of data governance is also increasing. The implementation of blockchain-based irrigation systems will have to comply with the emerging frameworks of data protection laws like the Digital Personal Data Protection Act, 2023. Even though the nature of the data related to irrigation systems is normally non-personal in nature, the intricacies of data ownership and access rights of farmers are critical aspects of irrigation water governance, especially with regard to smallholder farmers and community-based irrigation management institutions. In policy aspects, it has been observed that the Government of India has shown strong commitment to the adoption of blockchain technology in the country through policy initiatives like the National Blockchain Strategy and Digital Agriculture Mission. These policy initiatives are more of technology-enabling policies. However, specific policy guidelines are absent with regard to implementing blockchain-based irrigation water governance. Sectoral programmes such as the Pradhan Mantri Krishi Sinchayee Yojana (PMKSY) and the Participatory Irrigation Management (PIM) have the potential to incorporate the blockchain technology. This is due to the fact that the sectoral programmes have focused on the management of water resources and the need to promote water efficiency in irrigation systems. However, the absence of digital integration strategies in sectoral programmes makes it difficult to adopt the blockchain technology.
Table 1. Institutional and Governance Readiness for Blockchain-Based Irrigation Management in India
	Governance Aspect

	Blockchain Use in India (Current)
	Status in Irrigation Sector
	Governance Interpretation
	Reference

	Digital record integrity
	Blockchain pilots in land records, agri-supply chains, fertilizer tracking, and subsidy transparency
	Not yet operational in irrigation
	Demonstrates governmental acceptance of blockchain for public-sector record integrity
	MeitY (2021); NITI Aayog (2023)

	Data transparency & traceability
	Blockchain-enabled traceability in agri-export supply chains (e.g., spices, horticulture
	Conceptual relevance to irrigation data
	Shows feasibility of ledger-based transparency for shared agricultural resources
	Mohapatra et al. (2025); Dugyala et al. (2024)

	Decentralized governance
	Pilot blockchain use in farmer-market platforms and cooperatives
	Potential alignment with WUAs
	Suggests suitability of blockchain for participatory irrigation institutions
	Mohapatra et al. (2025); Deshmukh & Patil (2022)

	Automated transactions
	Smart-contract-like rule execution in DBT and agri-insurance systems (non-blockchain)
	No blockchain-based smart contracts in irrigation
	Indicates institutional familiarity with automation, though not blockchain-native
	MeitY (2021); Dugyala et al. (2024)

	Policy and regulatory support
	National Blockchain Strategy and Digital Agriculture Mission
	Enabling but non-specific to irrigation
	Provides policy legitimacy without sector-specific mandates
	MeitY (2021); MoA&FW (2024)



Interpretation of Institutional Readiness
The current scenario of blockchain technology adoption in India reveals a partially institutional readiness, as there have been significant advancements in the related sectors, but no direct application of blockchain technology in irrigation water management systems. The government initiatives have been identified in sectors like land records, agri-supply chains, and subsidies, which reveals a positive growth in the acceptance of blockchain technology for the improvement of data integrity and transparency, which is an indicator of the developing level of digital governance. The blockchain technology has been successfully implemented in traceability technology for the agricultural supply chain, which reveals the potential of blockchain technology in decentralized data management, providing relevant data for irrigation water management systems. The theoretical foundations of decentralized digital governance align with the Participatory Irrigation Management system, especially the water user associations, which reveals the institutional readiness of the country for the implementation of blockchain technology, at least from the theoretical point of view. The major limitation identified in the current scenario of blockchain technology in India is the lack of application of blockchain technology in irrigation water management systems, especially in water allocation, monitoring, and enforcement, which is carried out through automation technology like the Direct Benefit Transfer system, which is not based on blockchain technology.
7.1 Key Regulatory and Institutional Gaps
	Despite the presence of a conducive digital policy framework for blockchain development and application, there exist certain gaps to be addressed for the effective operationalization of blockchain in irrigation governance:
1. Absence of sector-specific regulatory frameworks-Existing blockchain regulations in India are general and not sector-specific to address issues related to water rights, allocation methods, and basin-level governance structures in irrigation systems.
2. Lack of legal clarity on smart contracts-While electronic contracts are accepted in India, the legal validity of blockchain-based smart contracts in water allocation conflicts remains ambiguous.
3. Data ownership and governance issues-There is a lack of clear regulatory frameworks to address issues related to data ownership and sharing for irrigation and farm-level data, which may lead to conflicts of interest among stakeholders.
4. Institutional Fragmentation-Water resource management is complex in India due to the involvement of various departments and regulatory bodies related to irrigation departments, groundwater boards, and WUAs, which may pose barriers to blockchain application in irrigation systems.
5. Limited pilot implementations of blockchain in irrigation-Unlike other sectors, large-scale pilot implementations of blockchain in irrigation systems are lacking, which is critical for regulatory and operational validity.
7.2 Pathways for Operationalization
	In order to facilitate the effective application of blockchain for irrigation water management, the following regulatory and institutional mechanisms are suggested:
· Issuance of sector-specific blockchain guidelines for irrigation water management through existing digital agriculture policies and schemes
· Incorporation of blockchain-based solutions into ongoing irrigation schemes such as PMKSY and PIM to leverage the existing institutional framework for irrigation water management
· Incorporation of pilot-scale applications of blockchain-based solutions for irrigation water management in selected irrigation commands to assess the technical, economic, and institutional viability of blockchain-based solutions for irrigation water management
· Incorporation of data governance mechanisms for issues of data ownership and access rights
· Legal recognition and standardization of smart contracts for water management and enforcement
7.3 Synthesis
	To summarize, while there has been considerable progress made by India in building an enabling ecosystem for blockchain adoption in governance and agriculture, the adoption of blockchain technology in the management of irrigation water systems is still at a nascent stage. While there are adequate legislative and policy provisions that form a foundation for the adoption of blockchain technology, there is a need to ensure that there is specificity and operational clarity for its implementation at the sectoral level. To bridge this gap, there is a need to ensure a collaborative approach by policymakers and innovators to build a robust enabling ecosystem for blockchain adoption. It is also essential to note that while the adoption of blockchain technology would be facilitated by adequate legislative support, its success would also depend on its ability to integrate with the socio-institutional realities of water management systems in India.
8. CONCLUSION
Blockchain technology has emerged as a promising enabling technology for building a stronger digital governance framework for agricultural irrigation systems. In the context of India, there has been considerable reforms introduced by the government in the management of irrigation systems, such as participatory irrigation management, modernization of irrigation systems, and digital agriculture. This review article also indicates that although there has been a promising potential of the application of blockchain technology in enhancing data integrity, transparency, traceability, and coordination among various stakeholders, the application of blockchain technology in the field of irrigation water management still remains conceptual and has been explored only at the pilot scale. The technology also has a promising potential in meeting the emerging needs of the field of irrigation water management in terms of fairness in the distribution of water, monitoring of water, subsidies, and institutional accountability. However, it has also been indicated that there exists a large gap between the potential of blockchain technology and its practical application at the field level. One of the important findings of the review article is that it is not possible to overcome the structural problems of the field of irrigation systems in India just by the potential of technology; rather, the limitations of digital infrastructure, fragmented data systems, institutional complexities, financial feasibility, and capacities are still posing challenges to the application of blockchain technology in the field of irrigation water management. Furthermore, it has also been indicated that blockchain technology has to function with the existing institutional settings of irrigation water management. The future of progress in this field would depend on a combination of technology and institutions. The areas of focus would include the development of pilot-scale demonstration projects for different irrigation systems, the development of sector-specific institutional frameworks, the development of standardized data systems, and the integration of existing digital systems of irrigation management such as sensor systems, SCADA systems, and decision support systems. From a policy perspective, it has been suggested that blockchain technology must be implemented cautiously through pilot programs. This would ensure a solid foundation for the widespread adoption of the technology. Thus, it must be stated that the potential of blockchain technology would not be realized until it is not perceived as a threat by existing systems of irrigation management but is perceived as a facilitator that has the potential to bring greater transparency to existing systems of irrigation management. It would be a challenge to bridge the conceptual with the practical in order to unlock the potential of blockchain technology to bring sustainability to the field of irrigation water management in India.
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