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In light of the current global scenario, regulatory requirements, and stakeholder expectations for the aquaculture
supply chain are more demanding than ever. The latest EU strategies for aquaculture aim to ensure its economic,
environmental, and social long-term sustainability through green, technological, and social transformations. This
objective is as ambitious as it is complex, involving not only the enhancement of key sustainability aspects but
also the assurance of transparency, trust, and security standards across the entire supply chain. In this context,
the present paper proposes a novel blockchain framework, along with the strategic implementation of smart

contracts, specifically designed to effectively address the prevalent environmental challenges within the aqua-

culture supply chain.

1. Introduction

The current global scenario makes environmental regulations and
stakeholder expectations for all industries more stringent than ever
before, particularly in places such as the European Union (EU). The
aquaculture sector is no exception and, following a period of unprece-
dented growth, it is increasingly concerned about efficiency and long-
term sustainability [39].

Guided by a strategic approach, the EU encourages “green transition”
aiming to expand the aquaculture sector while upholding economic,
environmental, and social sustainability. This way, as detailed in the
*Strategic guidelines for a more sustainable and competitive EU aqua-
culture for the period 2021-2030° [14], the green transition objectives
are inter-related with those of resilience, technological innovation, and
social acceptance. In particular, the EU aims to avoid fraud and ensure
full compliance with legislation on environmental control, sustainable
feeding practices, circular economy adoption and waste reduction
throughout its supply chain.

In addition, EU firms and institutions are also committed with
organic and “eco-labelled” aquaculture. The European Green Deal (GD)
and its Farm to Fork (F2F) initiative signify a decisive impulse for
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organic aquaculture as it seeks to transition a quarter of the EU’s agri-
cultural area to organic farming by 2030 [18]. Moreover, there is a
rising number of voluntary third-party standards that strive to verify to
consumers that products have met higher environmental criteria and
different indicators of transparency, trust and security across the supply
chain [50].

The above implies a strategic and operational change that is as
ambitious as it is complex. So far, this has led aquaculture companies to
face many challenges in adhering to present regulations without losing
competitiveness and has hindered the potential expansion of aquacul-
ture production, placing significant importance on the advancement of
improved regulations [63]. Furthermore, the development of a sus-
tainable aquaculture lies in technological innovations, such as vigilant
control mechanisms, transparency, and robust data collection. Similarly,
there is a need to enhance potential yields as, according to most of the
studies, manufacturers will adopt these requirements as long as the
balance between additional costs and benefits becomes more favorable
[47,64].

In this context, as witnessed in other sectors, blockchain technology,
with its decentralized network structure and data immutability, may be
the ideal solution to help adopt new policies [33] and, in particular,
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environmental standards [58]. This mainly responds to blockchain’s
traceability, accountability, transparency, privacy, and security which
may establish technology-based trust among supply chain stakeholders.
Additionally, it permits real-time data gathering, transparency, acces-
sibility, and visibility, as well as product quality monitoring and man-
agement [11]. This technology has the potential to offer the aquaculture
supply chains the possibility to adhere to the “green transition”, while
improving consumer access to information [9]. Nevertheless, several
studies find limitations to its widespread use particularly in aquaculture,
highlighting the industry’s specific needs and the lack of support from
technological partners and institutions (Garrard et al., 2020; [28]).

With this in mind, the primary aim of this research is to establish a
blockchain architecture that enables producers to align with the re-
quirements of the European Union’s primary public policies and
voluntary environmental standards, all while upholding their competi-
tiveness. To address this intricate challenge, considering the historical
prevalence of technology implementation failures—especially when
applied in a non-specialized manner within the aquaculture sector—we
adopt an approach involving an initial comprehensive assessment of the
manifold regulations, guidelines, and standards. Following this assess-
ment which allows us to identify specific challenges that can be effec-
tively addressed, we concentrate on the seamless integration of
blockchain technology, accompanied by the strategic implementation of
targeted smart contracts to tackle crucial and well-defined aspects. Our
suggestions are beneficial for both businesses and regulatory bodies,
demonstrating the efficacy of blockchain-based approaches in facili-
tating producers’ compliance with the most up-to-date environmental
policies and standards.

2. EU policies for an environmentally sustainable aquaculture
industry: Regulations, guidelines, and voluntary standards

Aquaculture practices are influenced by a wide range of EU legisla-
tion, encompassing both overarching and sector-specific regulations,
often supplemented by voluntary standards. As a result, the effective
implementation of compliance-aiding technologies necessitates a pre-
liminary analysis to identify specific challenges that can be effectively
addressed through the implementation of blockchain. In the subsequent
sections, this process is delineated, moving progressively from initial
and more generic regulations to the most specific aspects.

2.1. Main EU aquaculture regulatory framework

The backbone of the EU fisheries policy is Regulation 1380/20136 on
the Common Fisheries Policy (CFP). The CFP explicitly addresses the
management and control of fisheries and aquaculture operations within
EU seas as well as for EU-registered fishing vessels in external waters. It
was first stablished in 1983 through the Council Regulation (EEC) No
170/83 [13]. Its key objectives are to guarantee sustainable exploitation
of fisheries resources, to safeguard the marine environment, to
encourage responsible fishing practices, and to level the playing field for
fishing operations across EU member states [25].

The Common Market Organization (CMO) was the first component of
the CFP, created in 1976, which put into place a structural policy for
fisheries. The CMO is the EU’s strategy for controlling the market for
fisheries and aquaculture goods while maintaining their environmental
and economic viability. The present rule, Regulation (EU) No 1379/
2013 on CMO in fisheries and aquaculture products, is becoming
increasingly integrated by tying market concerns with management
plans. The current CMO for fisheries and aquaculture establishes a legal
framework for producer organizations, marketing standards, consumer
information and certification (ecolabels), competition rules, and market
intelligence (such as that provided by the European Market Observatory
for Fisheries and Aquaculture Products (EUMOFA)). Amongst others,
some of its main objectives are to improve the transparency and stability
of the markets as well as to offer verifiable and correct information to the
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consumer about the origin of the product and its way of manufacture,
particularly through marking and labeling [24].

The EU has a regulatory system in place to guarantee that the CFP
regulations are followed. The systems include Regulation 1224,/200910
on Fisheries Control and its implementing rules (404/2011), the Illegal,
Unreported, and Unregulated (IUU) Regulation 1005/200811, the Eu-
ropean Fisheries Control Agency (EFCA) founding regulation (768/
200512), and the Sustainable Management of External Fleet (1006/
201713), which is especially important for the CFP’s external dimen-
sion. Other control mechanisms, such as the transfer of dispositions of
Regional Fisheries Management Organizations (RFMOs), multiannual
plans, and deep-sea rules, supplement the system.

2.2. New strategic rules for a more sustainable and competitive EU
aquaculture

In recent years, various EU policies, notably the Green Deal (GD) and
its Farm to Fork (F2F) initiative, have set distinct objectives impacting
aquaculture production, such as ensuring sustainable food production,
promoting sustainable food processing at all levels, stimulating sus-
tainable food consumption, and addressing concerns regarding food loss
and waste [59]. Moreover, numerous aspects that require consideration
are embedded within a range of EU legislations — including the EU
Environmental Impact Directives [22], the Water Framework Directive
[20], the EU Regulation on Animal Health and Welfare [17], and the
Marine Strategy Framework Directive [21] — and described in studies
aiming at creating a sustainable blue economy that is fair and equitable
[14].

As aresult of the various measures envisioned within those strategies
for creating a sustainable food system, the Commission published the
*Strategic Guidelines for a More Sustainable and Competitive EU
Aquaculture for the Period 2021-2030’ [15]. This communication, in
alignment with the CFP Regulation, emphasizes the requirement for a
comprehensive EU aquaculture strategy that ensures long-term sus-
tainability across economic, environmental, and social dimensions. In
particular, it outlines four interlinked primary objectives, each further
divided into specific challenges: (1) enhancing resilience and competi-
tiveness; (2) driving the green transition; (3) ensuring social acceptance
and consumer information provision; and (4) promoting knowledge and
innovation. These challenges can be summarized within two over-
arching areas:

On the one hand, the environmental performance of aquaculture
needs to be improved by ensuring full compliance with EU environ-
mental legislation and mitigating key impacts. Based on the communi-
cation this should include, at least:

2.2.1. Ensuring sustainable feed practices

Firstly, this communication emphasizes the importance of sustain-
able feeding practices. This involves using feed ingredients that are
environmentally friendly, reducing the use of fish meal and oil taken
from wild stocks, and promote animal health. Additionally, it also
highlights the need to decrease the use of veterinary products and other
related substances.

2.2.2. Reducing the impact on the closest environment

The EU guidelines recommend applying a -circular-economy
approach, emphasizing fish management, food waste, and energy effi-
ciency. It attaches special importance to the closest environment,
including waste management systems and risk plans to reduce effects
(emissions, marine litter, escapes, etc.), especially considering their
potential harm to local species and ecosystems.

2.2.3. Ensuring Animal Welfare

Further action is needed to improve fish welfare in aquaculture, not
only following good practices on fish welfare during farming, transport
and killing, but also developing species-specific guidelines and
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indicators, research on welfare parameters, and providing training on
fish welfare to producers.

2.2.4. Monitoring

Lastly, it underscored the necessity of guaranteeing effective moni-
toring of the environmental conditions of aquaculture locations,
including aspects like water quality, releases, and the emission of
various substances.

On the other hand, it also emphasizes that, while aquaculture already
has a significant potential for low environmental impact food produc-
tion, realizing this potential necessitates multifaceted action and,
notably, the support from technological innovation in certain ways:

2.2.5. Control

Ensuring long-term sustainability of EU aquaculture relies on effec-
tively controlling products across the entire supply chain, spanning from
their harvest to retail transactions, in alignment with the guidelines
outlined in the EU Fisheries Control Regulation:

i. Traceability: Traceability requirements are in place to identify the
source of aquaculture products. EU regulation aims to expand the
scope of traceability obligations, encompassing all aquaculture
products including processed items and imports.

ii. Fraud prevention: More precisely, environmental regulation stresses
the need to counteract fraudulent activities, such as product
replacement, manipulation, stolen items, and redirecting product
sales to gray markets.

2.2.6. Data Collection

Accurate data collection is crucial for informed aquaculture plan-
ning, as well as building stakeholder trust. While current reporting
covers socio-economic and animal health aspects, enhanced coordina-
tion, structured guidance is needed for data collection and reporting,
encompassing environmental indicators and broader aquaculture pro-
duction. Ensuring data quality and storage can be achieved via trace-
ability technologies and on-farm sensors. Regulation 2017,/10048
governs fishing and aquaculture data collection, establishing an EU
framework for using fisheries data in scientific processes [23].

2.2.7. Knowledge, transparency and social perception

A shift in societal attitudes and market demands towards environ-
mentally sustainable aquaculture is pivotal. Transparency, product in-
formation, certification schemes, and consumer campaigns empower the
public to make informed choices. This aligns with the promotion of
organic aquaculture.

2.3. Additional rules for organic and “eco-labelled” aquaculture products

The EU institutions, as well as an increasing number of companies,
are opting for organic aquaculture or adopting specific standards that
extend (and certify) their environmentally responsible behavior.

2.3.1. Organic aquaculture regulation

Regarding the regulation for organic sectors, all aquaculture prod-
ucts marketed as "organic" in the EU must adhere to the regulation (EU)
2018/848 of the European Parliament and of the Council [19]. As
reviewed by Busacca and Lembo [8], the specific requirements for
organic aquaculture can be summarized as follows: sustainable fisheries
utilization, animal health via natural defenses, high animal welfare
standards, selection of resilient breeds, prohibition of polypoid animals,
preservation of biodiversity and aquatic environments, and sustainable
feeding practices. These requirements emphasize responsible resource
use, animal well-being, breed selection, environmental conservation,
and the use of sustainable feeds in organic aquaculture operations.

In addition to these specific principles, the EU has established a
control system for organic food and feed production. This system
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ensures that operators in the supply chain (such as farmers, processors,
traders, and importers) adhere to organic production rules. The control
authority/body is responsible for conducting physical inspections of
organic operators, with at least one inspection per year. The frequency
of inspections can be increased based on risk assessments. Following this
regulation, controls should be made to ensure traceability at all stages,
such as: (i) checks of documentary accounts and (ii) controls performed
on specific categories of operators.

For instance, any product placed on the market as an organic product
after being imported into the EU under any of the import procedures
provided for in the Regulation shall be subject to the availability of the
information required to guarantee the product’s traceability along the
food chain (article 98, Regulation 2018/848).

2.3.2. Third-party standards

Regarding third-party standards, they can potentially cover both, on-
farm and off-farm processes, encompassing aquaculture performance
metrics and supply chain member adherence.

2.3.2.1. Standards addressing both processes. Some certifying bodies
manage both on-farm and off-farm agent certification, offering either
two standards or distinct standards for each stage of the supply chain. A
well-known example is the Aquaculture Stewardship Council (ASC), a
certification scheme and a label that appears on fish products from farms
and intermediaries that have been independently evaluated by an
impartial organization. The ASC defines two different types of certifi-
cation standards depending on the stage of the supply chain: (i) the
production or farm standards, which presents several separate farm
standards with robust environmental and social requirements, covering
different species; and (ii) the CoC standard, which is a traceability and
segregation standard that is applicable to the full supply chain from a
certified farm to the product carrying the ASC logo [3]. This way they
not only ensure that certified products come from an ASC-certified farm
but also fish volumes are distinguishable and adequately managed [39].

Conversely, the Best Aquaculture Practices (BAP) [5] ensures a
responsible behavior in all the various stages of the production chain
with different standards. It identifies different components as the pillars
for responsible aquaculture, including environmental responsibility,
social responsibility, food safety, animal welfare, and traceability, for
production on farms and hatcheries alike [51]. This way, BAP gives an
emblem to several farmed seafood items across the world to disseminate
the accomplishment of their requirements and offers a series of mar-
keting tools for certified products.

2.3.2.2. Standards oriented to specific stages of the supply chain. Other
certification bodies have developed more precise standards for the
various stages of the manufacturing process, specializing on certain
processes such as organic feeding or healthy production.

One of the most relevant organizations is the Global Good Agricul-
tural Practice (GAP), an attempt to establish a generic standard capable
of fitting to the whole range of global conventional agricultural prod-
ucts, offering 16 standards in three different categories: crops, livestock,
and aquaculture [29]. Similarly, other important organizations are
Friend of the Sea (FoS), a prominent international certification scheme
for sustainable fisheries and aquaculture goods, and Naturland,
designed to serve as a consumer guide for several species and production
techniques.

Finally, in terms of health-specific criteria, some organizations might
be highlighted based on their primary goals, such as antibiotic-free
production -i.e. Antibiotic-free certification [4], non-genetically modi-
fied production (Non-GMO) [30], or cold chain safety (ISO 23412,
JSA-S1004).
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3. Blockchain Methodology

Due to its complexity and failure rate, the correct implementation of
new technologies has been extensively researched, with the conclusion
that efficient deployment requires commencing with building the con-
ceptual framework and understanding the technical aspects of imple-
mentation [44]. Publications, such as Labazova [37] or Koteska et al.
[36], emphasized how blockchain technology application in any in-
dustry necessitates starting with a proper study of the most appropriate
architecture and implementation processes, to further test it on specific
use cases. Other studies have reviewed its deployment in the food supply
chain, emphasizing the creation of such procedures [57].

3.1. Distributed shared ledger

Blockchain follows a distributed ledger data structure that is dupli-
cated and shared amongst network users. Nakamoto [42] first developed
this technology to overcome the problem of double spending when using
the cryptocurrency Bitcoin. The blockchain keeps the official record of
transactions that reveals who owns what as a result of how nodes on the
network (miners) add confirmed, universally agreed-upon transactions
to the system [2]. Each block within the chain is uniquely identified
through a cryptographic hash.” It also contains a reference to the hash of
the block immediately preceding it, creating a link between all blocks of
the chain. Every node having access to this organized, back-linked list of
blocks may read it and determine the current global state of the data
being transmitted on the network. This is done through the use of public
or private keys.’

There are two main types of blockchain, private (permissioned) and
public (permissionless). The former requires certain permissions to ac-
cess the ledger. They are tightly controlled by their owners, which may
be advantageous in some cases. The latter requires no need for autho-
rization to view the ledger. Any user can connect to the network, having
access to all transactions, which are visible and available to all block-
chain participants [27].

This system promotes technology-based trust among partners, supply
chain openness, and visibility, allowing for easier execution of govern-
ment regulations and policies. Thus, the blockchain should capture all
transactional data and provide tailored access to supply chain partici-
pants while being auditable and verifiable [10]. Blockchain also con-
tributes to improving traceability by providing a data trail along the
whole supply chain while preserving and protecting data. It also enables
product quality monitoring and management, as well as the collection of
real-time data and the promotion of transparency, accessibility, and
visibility [38,43].

In this way, it is essential to firstly examine blockchain operation-
alization and establish the most appropriate design for the situation at
hand to construct the blockchain-based architecture. In addition, data
confidentiality is an important consideration that should be addressed
prior to adoption. A blockchain system must allow both internal
corporate transactions and cross-enterprise transactions in order to
deploy distributed applications across varied collaborating groups, and
each partner must collaborate to manage its flow and safeguard pro-
prietary information [32]. In this regard, it is critical to collect and share
only necessary data to fulfill the requirements of local regulations and

3 A cryptographic hash function is an equation that is used to validate data. It
has several uses, most notably in information security (for example, user
authentication). It converts variable-length data (the message) into a fixed-
length numerical string (the hash).

4 Two users can utilize public key systems to establish a secure connection
and exchange information securely across a public network using public pro-
cedures. The sender would send a message that was encrypted using the re-
ceiver’s public enciphering key (public key). The recipient would use its own
secret decoding key (private key) to decipher the message (Diffie et al., 1976).
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certifying agencies. Afterwards, technology can be applied to specific
use cases in order to solve the most crucial challenges.

3.2. Smart Contracts

Within the blockchain, smart contracts are often used to establish
commitments and trust limits between contributing parties. A smart
contract (Fig. 1), in its most basic form, is a program within a blockchain
network that can run automatically when specific circumstances are
satisfied without the need for an authorized third party to interfere [52].
Traditional supply chains depend on centralized systems, which results
in data loss, data manipulation, and security threats. Unlike conven-
tional contracts which rely on human procedures, blockchain-based
smart contracts have multiple advantages. Their automated nature
saves money, time, labor as well as improving speed, traceability and
transparency while reducing the potential of mistakes or fraud. This
built-in automation also improves security by reducing possible
breaches [56,61]. In addition, these contracts establish accountability
for each person participating in the transaction, guaranteeing that their
duties are met and, as a result, that the contract is executed [45].

Smart contracts might also be used to accelerate document pro-
cessing and free up trade finance on the basis of preconditions [34]. This
structure enables each party in the supply chain to fulfill their separate
responsibilities for assuring the legality and traceability of, for instance,
seafood. The system built on blockchain would be "owned" by all par-
ticipants, not just one. From a technological standpoint, this means that
each agent will be able to establish a node to this system in their territory
(i.e. country) and operate as a validator. Each participant will be granted
appropriate rights in the system, and the data will be protected by the
inherent security of blockchains [32,53]. To guarantee that all infor-
mation is captured on the blockchain, such a system may interface with
any national seafood traceability system. By establishing a uniform
digital platform for regulatory bodies to evaluate the data about the
seafood and verify any legal papers accompanying it, this paperless
procedure would save costs and speed up trade operations [6].

An initial review of the common challenges in aquaculture supply
chains that could be addressed by blockchain technology indicates a
number of unique characteristics [33], among which stand out trans-
parency, trust, information associated to product origin, and food safety
assurance [49,7], which could be all addressed by the introduction of
smart contracts.

4. Blockchain-based framework for the aquaculture supply
chain

As emphasized by the frequently referenced EU communication [14],
technological innovation emerges as a pivotal factor in attaining the
sought-after environmental transformation. The objective of this section
is to implement a blockchain-based framework for the aquaculture
supply chain, culminating in a substantial contribution to the trans-
formative process of this chain.

While it’s evident that a comprehensive shift to sustainable aqua-
culture hinges on numerous factors beyond the scope of blockchain
technology, as demonstrated below, several crucial aspects, from Section
2, have been effectively tackled. The presented blockchain-based
framework consists, in the first place, in a technological trans-
formation at the organizational level. This way, blockchain technology
would allow aquaculture firms to potentially handle almost every issue
relating to the traceability of aquaculture products and, in conjunction
with other technologies, to control the right adherence to ecological
norms [62]. Secondly, the consequent implementation of controls at an
operational level, based on the ability to write and execute smart con-
tracts on an ad hoc and task-specific basis, allows to go beyond these
criteria and integrate additional controls, such as fraud protection steps
[2].
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Fig. 1. Steps involved in the creation of a new block using smart contracts.

4.1. Organizational level

This section addresses the implementation of a blockchain network
for the aquaculture supply chain through the use of layers, which create
customized accessibility of transactional data, and ways of accessing the
blockchain network through the use of an interface.

From the perspective of the interrelation between the technology and
the green transformation objectives mentioned in section two, this
technology enables the control and traceability of specific aspects,
ranging from feeding practices or environmental monitoring on the
farms, to animal welfare throughout the supply chain. Furthermore,
since blockchain provides secure, reliable, and transparent access to this
information, it would also contribute to enhancing the aspect of social
perception, bolstering the society’s confidence in sustainable aquacul-
ture practices.

4.1.1. Layer system

The aquaculture supply chain is frequently a global network with
several levels and operations. Supply chain partners are frequently
located on a worldwide scale, and the path from the breeding stages to
the ultimate customer can be lengthy. Due to the supply chain’s complex
structure and extensive geographical distribution, firms usually struggle
to manage the supply chain’s sustainability risk, having difficulties to
maintain track of all related suppliers, contractors and sub-suppliers
[46].

The aquaculture food supply chain system is comprised of numerous
layers of transactions, each with its own set of rules and regulations.
Food production, distribution, preservation, and wholesalers all operate
within a supply chain with distinct characteristics and functions (Fig. 2).
All these layers track all things from manufacture to packaging, shipping
to warehousing, and delivery, which are all time-consuming and diffi-
cult processes. Smart contracts can aid in streamlining the process and
increasing transparency across the supply chain [6]. Combining
blockchain-based smart contracts, for instance, with Internet of Things
(IoT) devices enables commodity monitoring, inventory management,
and changes in ownership rights across the supply chain. Businesses can
then be completely prepared for any disruptions or mishaps. Further-
more, smart contracts enable companies and customers to assess food
quality by tracing all data (Kamble et al., 2020).

The proposed approach is based on a multilayer system (Fig. 2) to
trace the eco-certified products throughout the entire supply chain.

i. Physical layer: Comprises products from the different agents
throughout the entire supply chain.

ii. Digital layer: Any data linked with a physical item that is
important to the traceability process is included. Data might be
simple (i.e. location) or complex (i.e. documents). They can be
recorded by both human and non-human actors, such as sensors.
Blockchain layer: It is the blockchain platform that is utilized to
preserve each digital traceable data.

iii.

4.1.2. Access Control List

Access to the system must be evaluated to guarantee compliance
with certifying bodies’ policies and actions. To prevent a centralized
decision-making authority from gaining control, a group of trustworthy
and independent external entities form a consortium that allows the
formulation of an agreement that includes information about valid
players as well as rules to be followed internally along the supply chain.
An access control list (ACL) will be extracted from this manual and
delivered to an entity recognized as trustworthy by the entire con-
sortium, granting write access privileges to the system that relies on ACL
and limiting a single involved entity’s dominant position in the decision-
making procedure.

The Ethereum blockchain network has been used for this purpose, as
it is the biggest network allowing the use of smart contracts. In this
network, there is a gas fee for every type of transaction. The key
constraint of our present study is that the cost of the traceability system
will