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A B S T R A C T

The present study introduces a conceptual model for the circular transition of European aquaculture farms. The 
model under consideration comprises two distinct sections for evaluation, namely circular readiness and circular 
maturity. The first component focuses on the key aspects the aquaculture companies need to understand to be 
ready to begin the transition process. The second component delineates the strategic road map to be embraced to 
advance within the circular maturation journey from non-existent to advanced level across different focus areas: 
Operations, Product and Service, Culture and Organization and Ecosystem. This study attempts to fill the 
research gap regarding the non-existence at the European level of a transition model integrating the multiple 
aspects of circularity by offering a generalized framework that can be applied to different aquaculture farms. The 
findings could enhance farmers’ awareness while helping policymakers to monitor the sector’s ongoing efforts.

1. Introduction

Over the past three decades, the global aquaculture supply has 
increased significantly, and in 2022, it exceeded the fisheries’ produc
tion for the first time. Despite this result, the industry still needs to fully 
realize its development potential (FAO, 2024), and future scenarios 
elicit apprehensions regarding the efficacy of resource utilization (Das 
et al., 2023) and plausible societal and ecological consequences (Verreth 
et al., 2023).

The FAO Roadmap for the Blue Transition (FAO, 2022) lists the 
achievement of at least 35 % of the world’s sustainable aquaculture 
production, as well as an increased employment and equitable distri
bution of benefits, among the outcomes to be achieved by 2030. With a 
projected world population of over 8.5 billion by 2030, there is concern 
about the quantity of fish products that can be secured. In addition, 
predicting the response of aquaculture in terms of resilience, production 
level, and pricing in a climate change scenario is challenging (O’Neill 
et al., 2022; Aarflot et al., 2024; Bjørndal et al., 2024).

At the EU level, according to the document “A New Strategic Vision for 
Sustainable Aquaculture Production and Consumption in the European 
Union - Blue Farming in the European Green Deal”, is highlighted that 
European aquaculture has lagged behind other countries in growth and 
in meeting the rising demand for sustainable products. Moreover, doubts 
are raised about the sector’s commitment and interest in a blue transi
tion as a significant portion of the European Maritime Fisheries and 

Aquaculture Fund 2014–2020 funds have not been spent (European 
Commission, for, D.-G., and Fisheries, 2021). The European Court of 
Auditors’ Special Report (25/2023) also raised concerns about the sec
tor’s sustainability direction, partly due to a lack of data and proper 
contextualized impact assessments (European court of auditors, 2023). 
An example comes from the “Techno-economic analysis for the energy 
transition of the EU Fisheries and Aquaculture Sector” report, which clearly 
states that estimating energy use and CO2 and emissions in EU aqua
culture is very complex due to the diversity of species and farming 
methods and areas (European Commission, 2024).

To provide a shared vision and clarify the future trajectory for the 
ambitious goal of “a more sustainable and competitive European aquacul
ture”, the European Commission proposes specific strategic guidelines 
for the 2021–2030 period. These guidelines (European Commission, 
2021) urge the sector to advance towards economic, social, and envi
ronmental responsibility in alignment with the Green Deal, particularly 
regarding the Circular Economy Action Plan, Biodiversity, Farm to Fork, 
and Offshore Renewable Energy Strategies. In terms of economic and 
social responsibilities, the orientations suggest encouraging collective 
action, product diversification, and the development of higher-value 
products. They also emphasize the need to enhance administrative, 
regulatory, and monitoring frameworks to ensure animal welfare, 
traceability, and the sustainability of European aquaculture. Moreover, 
it highlights the importance of transferring knowledge and innovation as 
well as incentivizing collaboration among institutions, research entities, 
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and industry to enhance profitability and social acceptance of aqua
culture products. Concerning the environment, the strategies suggest 
promoting climate change mitigation and adaptation actions, spatial 
and water planning, and systems which offer ecosystem services with a 
lower environmental impact. What emerges from the given scenario is a 
clear call to implement circular practices, which encompass moving to 
renewable energy sources, implementing resource-recovery systems, 
establishing efficient waste disposal systems, and evaluating the impact 
of life-cycle products.

The adoption of circular economy (CE) principles is supported as a 
viable approach to mitigate waste and promote sustainability in the agri- 
food (Chiaraluce et al., 2021; De Rosa et al., 2021; Muscat et al., 2021) 
and in the aquaculture sectors, since it promotes material recovery, 
regeneration of nutrient cycles, and reduction of negative externalities 
(Pauli, 2017; Ruiz-Salmón et al., 2020; Verreth et al., 2023). To shift 
from linear to circular systems, the European Commission and the 
Directorate-General for Maritime Affairs and Fisheries propose four key 
principles aligned with the product lifecycle (Burch et al., 2019): eco- 
design, waste recovery, circular usage, and material recycling. “Eco- 
design” encompasses rethinking the production system by introducing 
sustainable inputs and adopting environmentally friendly production 
systems. “Waste recovery” focuses on resource valorization by estab
lishing synergies with other economic sectors. “Circular use” regards the 
adoption of sharing, reuse, and repair strategies. Lastly, “material 
recycling” emphasizes the importance of adopting new approaches to 
minimize waste from technical materials in the marine environment.

Principles such as “eco-design” and “resource recovery” are the most 
applied in aquaculture. Recirculation systems, as well as experiences of 
integrated multi-trophic systems, such as IMTA (Checa et al., 2024), 
Aquaponics (Bordignon et al., 2024), or Biofloc (Khanjani et al., 2024) 
are vivid regenerative practices (Chary et al., 2024) in which the efflu
ents of one cycle feeds a new one (Lothmann and Sewilam, 2023). 
Furthermore, inter-company synergies have been analyzed by re
searchers to make the input and output flows of aquaculture system 
more circular (Mutalipassi et al., 2021; Eroldoğan et al., 2022; de Korte 
et al., 2024; Masi et al., 2024a). For what concerns the input flow, there 
are efforts to reduce carbon fossil dependence by introducing renewable 
energy or adopting energy-savings strategies (Erdemir and Dincer, 
2024) or to consider the use of alternative ingredients in the aquafeed 
formulation, avoiding wild fish stocks resources exploitation (Maroušek 
et al., 2023; Wang et al., 2023). Other studies (e.g., Ogburn et al., 2023) 
suggest using waste from different sectors, such as agricultural effluents, 
as an input for algal biomass production. About output streams, frequent 
examples concern the possibility of valorizing waste from the aquacul
ture system to produce bioactive compounds (Cutajar et al., 2022), 
biomaterials (Morris et al., 2019), fertilizers (Das et al., 2023) or energy 
(Azwar et al., 2022). Regarding the “material recycling” principle, there 
is undoubtedly a growing interest in literature on promoting recycled 
materials or biomaterials to prevent the dispersion of marine litter 
(Vázquez-Rowe et al., 2021; Gonella et al., 2023). In addition, several 
technologies are being developed to avoid nutrient loss in aquatic en
vironments (Luo, 2022). Finally, scientific research on the “circular 
usage” principle is scarce. At the same time, there are many experiences 
reported by several Fisheries Local Action Groups (FLAGs) operating 
under the 2014–2020 EMFF (European Maritime and Fisheries Fund) 
programming on the application of sharing, repair and reuse strategies 
(Burch et al., 2019).

The previously mentioned CE principles lay down a path forward for 
change that may deliver the desired results if broadly adopted. Never
theless, their adoption continues to be notably limited due to the exis
tence of legislative obstacles (Regueiro et al., 2022), the absence of 
markets (Chary et al., 2024) and the substantial cost associated with 
technologies (Vecchio et al., 2023a). In addition, there is an urgent need 
for more circular literacy and a better introduction of CE principles into 
farm vision and governance (Masi et al., 2024b). According to Masi et al. 
(2024b), the circular transition of the aquaculture sector is considered as 

too “operation” and “product-focused”, and Jacob et al. (2021) observed 
that most articles dealt with environmental aspects. Recent research 
provides several instances of this insufficiently systemic perspective and 
how this limits the sector’s long-term sustainable development. Exam
ples are provided by van Riel et al. (2023), highlighting the importance 
of prioritizing aquafeeds where animal and plant resources do not 
compete with human consumption. Entrena-Barbero et al. (2023), Chary 
et al. (2024), and Aarflot et al. (2024) suggest aligning production sys
tems more closely with human needs to ensure food nutrition security 
for the community served. On this matter, Fernández-Ríos et al. (2022)
proposed an integrated framework, the water-energy-food approach, to 
integrate natural resources management and food diets better. Masi 
et al. (2024b) emphasize the significance of fostering a circular culture 
within farms, as this approach can enhance the communication of cir
cular value to society and help dismantle wasteful and inefficient eco
nomic models. Creating an external ecosystem that supports the circular 
transition requires taking into account local expertise as well as signif
icant adjustments to markets, organizations, policy and social norms 
(Muscat et al., 2021; Alleway et al., 2023; Chowdhury et al., 2024). 
Having regard to what is previously reported, the objective of this paper 
is to address the two following questions: 

• What is the path that an aquaculture farm could follow to become 
circular?

• What are the key areas and related strategies that could be looked at?

This work attempts to fill the research gap regarding the non- 
existence of a circular transition model for European aquaculture 
farms. The present study supports the premise that thinking about 
achieving circularity objectives set by European Institutions and thus 
incentivizing a sustainable performance unrelated to a transition 
pathway is limited. In addition, the absence of a clearly defined set of 
strategies to be implemented across various domains, such as opera
tions, may result in non-desirable scenarios. The model presents several 
focus areas within which to apply these strategies, as the underlying idea 
is that the circular transformation represents more than a simple 
extension of current practices. According to the findings of Lacy et al. 
(2020), Balestrucci (2020), and Uhrenholt et al. (2022), implementing 
circular strategies influences the development of products and services, 
operational processes, business vision, and the organization’s network. 
Following that, it is becoming increasingly important to delve into the 
multidimensionality of the intricacy that runs throughout the circular 
transition.

So far, the literature has focused on identifying indicators or methods 
to mainly measure the environmental performance of aquaculture pro
ductions, as socio-economic methodologies have not been truly explored 
(Jacob et al., 2021). Indeed, different research and academic institutions 
prioritize the study of the environmental assessments of the aquaculture 
system through a life cycle assessment (LCA) approach (Konstantinidis 
et al., 2020; Tamburini et al., 2020; Vélez-Henao et al., 2021; Tamburini 
et al., 2022). Despite potential, LCA presents several limitations, 
including high variability based on data availability and quality, as
sumptions and modelling scenarios, assessment methods, and system 
boundaries. Databases scarcely integrate specific geographical contex
tualization, avoiding the accuracy of impact assessment and reproduc
ibility of studies (Bohnes and Laurent, 2018; Kalmykova et al., 2018; 
Regueiro et al., 2022; Vasquez-Mejia et al., 2023; Glencross et al., 2024). 
Beyond this, the exclusive use of a predetermined set of performance 
indicators is inherently restrictive when evaluating circularity. As 
Uhrenholt et al. (2022, p.2) reported, “the assessment outcomes give 
limited guidance to organizations; they provide numeric assessment scores 
while providing little to no guidance on how to progress further with CE 
transformation”. Only after developing a guiding model for the circular 
transition and thus a direction, it is possible to create and incorporate 
benchmarks and performance indicators that can define the sector’s 
contribution to the environment and society.
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2. Theoretical background

There is considerable dispersion among research proposing a CE in 
the agri-food sector (Esposito et al., 2020). The subject matter’s complex 
relationships with different sustainable domains, including industrial 
ecology, the bioeconomy, and the sharing economy, explain this 
occurrence (Scandurra et al., 2023).

Hamam et al. (2021) highlighted five research strands that deal with 
the CE in agri-food. The first one (Principato et al., 2019; Bloise, 2020) 
examined food loss and waste in agri-food supply chains and cleaner 
production methods to reduce production intensification (Hamilton 
et al., 2015; Das et al., 2023). A second line of research (Donner et al., 
2020; Mehmood et al., 2021) focused on adopting circular business 
models that benefit the economy, society, and environment. A third 
strand concentrates on analytic methods for assessing impact and CE 
opportunities, including life cycle assessment (Corrado and Sala, 2018), 
material flow analysis (Pagotto and Halog, 2016), cost-benefit analysis, 
input-output model (Jacob et al., 2021; Raffray et al., 2022) and per
formance indicators (Poponi et al., 2022; Garlock et al., 2024). The 
fourth area of emphasis is the investigation of stakeholders’ perspectives 
regarding the CE, as demonstrated by research conducted by Gonella 
et al. (2023), van Langen et al. (2021), and Borrello et al. (2017). The 
last line addresses a more holistic approach since it examines the sector’s 
future directions, such as regenerative farming actions (Dudensing, 
2023), the relationship between the CE and rural communities 
(Kristensen et al., 2016; Acharya, 2023), and the significance of pro
moting effective measures through a responsible policy and regulatory 
framework (Krause et al., 2015; Vecchio et al., 2023b).

In recent years, a new strand of research emerged in the agri-food 
sectors, and it deals with comprehending companies’ circularity readi
ness (CR) and maturity (CM) (Sehnem et al., 2019a). The literature is 
still far behind, but there is a growing need to propose a circular tran
sition framework capable of guiding companies to be ready to face new 
challenges and reach higher levels of maturity.

2.1. Circular readiness

Companies need to change their mindset profoundly to successfully 
embark on the transition process and realize a CE (Lacy et al., 2020). 
Before progressing circularity, the organization should initially 
demonstrate that it is ready to embark on a new path to effectively 
address forthcoming and unpredictable needs for change (Çınar et al., 
2021). Studies commonly associate the concept of CR with readiness to 
change, as shown by Holt et al. (2007) and Wanberg and Banas (2000). 
The definition of readiness has been defined over the years by many 
studies (e.g., Hanpachern et al., 1998; Armenakis and Bedeian, 1999; 
Dalton and Gottlieb, 2003; Holt et al., 2010; Weiner, 2020), which can 
be summarized in the one proposed by Al-Tahitah et al. (2018), as a 
shared psychological state involving the co-evolution of organizational 
members and the expression of their commitment to implement orga
nizational changes. CR has been defined as a prerequisite for initiating 
the evolutionary transition process towards a CE (Montag et al., 2021) 
that can be translated into the company’s propensity to change (Singh 
et al., 2018) and the recognition of relevant elements (Kayikci et al., 
2022) that it should be aware of before embarking the circular transi
tion. The concept could, therefore, be pictured as a sort of “cognitive” 
readiness for circular transition.

2.2. Circular maturity

CM is a comprehensive framework that assists businesses in setting 
goals as they move through a hierarchical structure of maturity stages 
towards a circular transition (Becker et al., 2009; Salo et al., 2020). A 
maturity model is a qualitative approach used to guide efforts towards 
the most effective strategies in an area of study (McCormack et al., 2008; 
Kohlegger et al., 2009). Maturity models have the potential to offer 

insights to the company to address inefficiencies, prioritize areas for 
intervention and advance the implementation of new strategies 
(Khoshgoftar and Osman, 2009). In the agri-food sector, there is a lack of 
research that assesses a company’s level of CM (Sehnem et al., 2019b; 
Sacco et al., 2021), and the few extant studies mainly concentrate on 
specific aspects of circularity (Berzi et al., 2016; Mura et al., 2020). This 
is evidenced by the few literature reviews on the subject proposed by 
Gorecki (2019), Montag et al. (2021) and Kayikci et al. (2022).

Julkovski et al. (2022) offer a CM framework for Portuguese and 
Brazilian craft brewing companies based on the ReSOLVE strategies 
(“Re” Regenerate; “S” Share; “O” Optimize; “L” Loop; “V” Virtualize; “E” 
Exchange. Then, a circular business model was created adopting the 
maturity levels proposed by Grant and Pennypacker (2006): non- 
existent, executed, managed, established, predictable, and optimized. 
The lowest level is that no circular practices have been implemented in 
biological and technical cycles, while the highest level is their extensive 
integration. As the organization advances, it obtains more information 
and opportunities to take proactive action to mature. This shift stimu
lates knowledge acquisition, acceptance of best practices, and devel
opment of critical points.

Sehnem et al. (2019b) propose a Brazilian winery CM research. The 
ReSOLVE model and 5Rs framework are employed to create a circular 
business model that links maturity levels to circular activities. Based on 
Grant and Pennypacker (2006) and Sehnem et al. (2019c), the maturity 
levels proposed are non-existent, executed, managed, established, pre
dictable, and optimized.

Scandurra et al. (2023) linked agri-food research strategies to CM 
levels in their systematic review. A combination of the Rs framework 
and circular strategies (“Reprocessing”, “Sharing of resources”, “Opti
mization of the production process”, “Reprocessing”, and “Incineration 
and Landfilling”) was used to classify studies.

Ferreira et al. (2017) examine CM from an environmental standpoint 
to assess the maturity of several companies, including two pesticide 
manufacturers. As focus areas, they propose organizational structure, 
interface with other areas, environmental objectives, inclusion of envi
ronmental management strategies, and environmental focus. As matu
rity levels, reactive, preventive, and proactive are indicated.

The mentioned works have identified the key features of the CM 
framework: i) the focus areas and related elements and ii) levels of 
maturity.

3. Methodology

This study leverages a holistic viewpoint to guide aquaculture farms 
through transformation, offering a circular transition model (CTM) 
composed of the CR (3.1) and CM (3.2) frameworks. The CTM provides a 
transparent overview of the circular transition through the 3S approach: 
START, SCAN, SUGGEST (see Fig. 1).

The 3S represents the fundamental steps of a guided path to imple
menting circular strategies. A farm in the “START” phase should 
demonstrate awareness of the necessary information before embarking 
on a circular transition. Once the farm owns the CR, it can acknowledge 
its position in the circular journey (“SCAN” phase), where the maturity 
framework enables the farm to assess itself.

The following step is the “SUGGEST” phase, in which, based on the 
previously obtained results, farms can implement strategies within the 
specific areas of interest and then plan longer-term sustainability goals. 
As the output of this phase, several suggested strategies have been 
proposed, which aquaculture farmers could potentially consider as cues 
for improvement.

The transparency offered by this process allows farmers to under
stand the association between a greater circularity and the adoption of 
different strategies. It is increasingly required to propose approaches (e. 
g., Fernández-Ríos et al., 2022) that closely connect field actions with 
their economic, social, and environmental impacts to better align the 
challenges of production systems with societal needs. In fact, the 
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objective is to build a circular strategic plan integrating both the farm 
and the agri-food system. Adopting this strategic perspective entails a 
significant redefinition of their relationship: a crucial dependency 
emerges between the strategy formulation and the development of the 
environment in which the farm operates. Furthermore, a farm’s pursuit 
of the optimal strategy can only be defined in relation to the structural 
framework of the sector, such as that proposed by the European stra
tegies and policies.

3.1. START with circular readiness

This study conceptualized CR as the awareness of all essential ele
ments needed to start a circular transition path or the prerequisite to 
building knowledge. Based on the framework proposed by Lacy et al. 
(2020), these elements have been grouped into four focus areas (Ap
pendix – Table A1): Operations, Products and Services, Culture and 
Organization and Ecosystem. They represent the areas where the farm 
should demonstrate awareness and understanding before making cir
cular progress. If the farm is unaware, building knowledge before pro
ceeding with the maturity assessments is necessary. This step is crucial 
as some studies (e.g., Uhrenholt et al., 2022) have shown that companies 
frequently embark on the circular path without awareness, leading to 
perceiving the change as risky, acting unconsciously, and not under
standing the real benefits.

3.2. SCAN the circular maturity

This phase aims to descriptively report a company’s strategic 
changes in relation to a specific direction. The SCAN phase result is a 
snapshot of the aquaculture farm’s current state of circularity, which 
provides an idea of which strategies it has implemented. The proposed 
CM framework will be further explored by describing the chosen com
ponents: the maturity levels (3.2.1) and the focus areas (3.2.2).

3.2.1. Circular maturity levels
The maturity level increases progressively with an organization’s 

commitment to a CE (Kohlegger et al., 2009). Each maturity tier ne
cessitates formalizing strategies that add to a company’s long-term 
circularity. Generally, the characterization of the chosen stages de
pends on the study’s case (Fraser et al., 2002; Sehnem et al., 2019a). The 
present work draws inspiration for the taxonomic frameworks from Lacy 
et al. (2020), Sehnem et al. (2019b) and Uhrenholt et al. (2022), and 
starting from these studies, a conceptual model has been proposed to 
address the specific pathway of aquaculture farms effectively. Achieving 
the “ultimate” level, as suggested by Lacy et al. (2020) for other types of 
industries, would have been challenging for aquaculture due to 1) the 
increasingly complex and demanding challenges at the European level, 
2) unpredictable climatic and environmental factors, and 3) the inherent 
biological cycles involved. For this reason, the final level was denomi
nated “advanced”. It was also chosen to streamline the maturity process 
by including the phase “In transition”, which better conveys the concept 
of circular transformation, avoiding the use of intermediate stages like 

Fig. 1. Circular transition model for the aquaculture farm.
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“Established” (Sehnem et al., 2019b) or “Integrative” (Uhrenholt et al., 
2022).

Four levels of maturity are proposed in this study: 

- Non-existing: circular strategies are known, but the farm has not yet 
started the path.

- Emerging: the farm has begun to experiment with circular strategies.
- In transition: the farm has actively implemented circularity strategies.
- Advanced: circularity is a pillar of the farm’s vision, which is shared 

with other external actors.

Only farms that reach the advanced level actively interact with the 
external actors, striving to build a receptive environment to cooperation 
and change. This also means that if the company reports circularity 
maturity levels of “emerging” or “In transition”, it is implementing 
strategies that produce circularity shared within the farm’s boundaries. 
Indeed, the degree of CM achieved can be linked to a level of action: 

- On-farm: circularity is shared within the farm.
- Off-farm: circularity is also shared with external actors.

3.2.2. Circular maturity focus areas
The taxonomy offered by Lacy et al. (2020) inspired the proposed 

focus areas and related elements. According to Masi et al. (2024b), this is 
one of the few models that represents a system perspective in defining 
the dimensions that assess CM. Uhrenholt et al. (2022, p.2) highlight the 
limitations of existing maturity frameworks that “do not adopt a system 
perspective, but focus on evaluating certain geographical regions, organiza
tional dimensions or fragments of CE, such as circular product design”.

The proposed taxonomy, which encloses the four areas of Opera
tions, Culture and Organization, Product and Service and Ecosystem and 
related elements, has been adapted to be applied to the aquaculture 
sector (Appendix, Table A1). Indeed, Lacy et al. (2020)’s model was 
thought for economic sectors that do not include in their processes 
biological cycles.

3.2.2.1. Operations. The maturity approach recommends that opera
tions capture the lost value around the elements of Energy, Emissions, 
Material inputs, and Waste, as shown in Table 1. The European Com
mission is promoting initiatives to prioritize conversion to renewable 
energy (“Energy”) and energy-saving and energy-efficient strategies in 
the food value chain (Muscat et al., 2021; De Vet et al., 2024). This is 
especially true for farms with high energy inputs that require feeding, 
ventilation and environmental control (Troell et al., 2004). Added to this 
are the emissions challenges, which farms are increasingly called upon 
to reduce to become carbon neutral. One opportunity regards offshore 

Table 1 
Circular maturity in operations.
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systems that are increasingly driven to use vessels less dependent on 
fossil fuels (e.g., solar-powered, hydrogen-powered) (“Emissions”). In 
addition, innovations in equipment and machinery (such as better 
insulated cold storage), as well as precision fish farming and novel 
aquafeed, would save on both energy and emissions costs from pro
duction to sale (Burch et al., 2019; Ridwan et al., 2024; De Vet et al., 
2024). Strongly related to these concerns is the strategy of incorporating 
circular “Material inputs”, which consider those of a technical and bio
logical nature, including water, on which Strategies of Farm to Fork and 
Biodiversity are highly focused. Concerning biological inputs, Colombo 
and Turchini (2021) and Colombo et al. (2022) suggest the replacement 
of fish meal and fish oil-dependent diets with new formulations which 
incorporate alternative raw materials such as insects, microbiological 
unicellular organisms, algae, and processed animal proteins. Regarding 

technical materials, using recycled or biobased materials promotes the 
use of more sustainable inputs and reduces marine litter under the call of 
the Circular Economy Actions Plan (Pietrelli, 2022). Then, also biolog
ical waste can be recovered for different purposes like energy, food and 
feed, fertilizers and bio-activated compounds production (Klein et al., 
2024; Masi et al., 2024a) (“Waste”). Finally, recirculating systems can be 
a solution to reduce water dependency that can be reused in new cycles 
and guarantee waste recovery (Ende et al., 2024).

3.2.2.2. Product and service. The second focus area (Table 2) pertains to 
strategies for the product life cycle of aquatic productions, encompass
ing the elements of Design, Shared use, Maximization of use, and New life 
cycles.

Regarding “Design”, the reference framework suggests reconsidering 

Table 2 
Circular Maturity in Product and Service.
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technical and biological cycles through a circular lens, following specific 
guidelines (Burch et al., 2019) of the European Commission and the 
Directorate-General for Maritime Affairs and Fisheries. Conducting 
impact assessments of both process and product inputs holds significant 
importance (Thomas et al., 2022; Penaranda et al., 2023), as it helps to 
identify resource-intensive materials/products and redesign them (Lacy 
et al., 2020).

“Shared use” and “Maximization of use” strategies, such as shared 
cleaning services, storage and processing facilities, local markets, or 
multistakeholder digital platforms connecting producers to consumers, 
are also recommended to be implemented in the food supply chain, 
according to Lacy et al. (2020) and Charatsari et al. (2023). Sharing 
opportunities are promising, especially in rural communities, where 
they can increase efficiency in resource usage and interpersonal re
lationships (Scandurra et al., 2023). Moreover, for what concerns the 
“Maximization of use”, vivid examples are donations and redistribution, 
rental contracts for equipment and means of production and distribu
tion, and awareness-raising campaigns against waste (Burch et al., 2019; 
Amicarelli et al., 2021). In addition, the provision of maintenance (e.g., 
reconditioning of boats for multipurpose use, enhancing the conditions 

of buildings and equipment), repair (e.g., including nets, equipment, 
collectors, crates), and remanufacturing (specifically involving boat 
engines, distribution vehicles, etc.) represent other significant examples.

The last element concerns the creation of “New life cycles” through 
activating recovery and recycling strategies to extend resource life. 
These collaborations are also crucial for effectively valorizing biological 
waste in food and non-food industries (Vu and Chi, 2024; Chary et al., 
2024).

3.2.2.3. Culture and organization. The third focus area pertains to 
transferring CE principles to the “Culture and Organization” (Table 3). 
The recommended course of strategies is defined for the elements of 
Vision, Innovation, People and Governance.

The model emphasizes the need to build a circular “Vision”, which is 
necessary to set up a clear pathway towards specific objectives. To reach 
these goals, the model suggests providing employees’ training and 
engagement in projects dealing with CE principles, intending to 
disseminate them throughout all levels of the organization (People) 
(Lacy et al., 2020; Uhrenholt et al., 2022). Another aspect to consider in 
making progress towards CE is investing in innovative technological and 

Table 3 
Circular Maturity in Culture and Organization.
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non-technological practices (Innovation) (Sousa-Zomer et al., 2018; 
Asche et al., 2022; Vecchio et al., 2023a), as well as participating in 
multi-actor innovation hub (Rowan and Casey, 2021).

Pursuing this holistic view continues to develop responsible 
“Governance” and promote efficient policies, processes, and procedures 
to achieve a higher degree of circularity (Uhrenholt et al., 2022). In this 
context, applying CE principles to these working methods could foster 
the creation of integrated business models to achieve long-term sus
tainability goals (Mentink, 2014; Evans et al., 2017; Geissdoerfer et al., 
2018). The literature on agri-food should emphasize the socio-cultural 
implications of adopting CE strategies, as it is becoming increasingly 
relevant to consider the broader externalities of their application 
(Brugere et al., 2023).

3.2.2.4. Ecosystem. The maturity model suggests this domain strategies 
for progressing in Communication, Collaboration, Investments, and Policy 
(Table 4). The “Communication” of results, information, and knowledge 
is advocated by many authors (e.g., Stiklestad et al., 2019) as the engine 
of change. This applies to spreading the benefits of adopting circular 

practices inside and outside the farm (Vecchio et al., 2023b). Similarly, 
partnerships, organization of workshops, and events play a crucial role 
in disseminating good practices within the community and enhancing 
their scalability (“Collaboration”) (Leach et al., 2013; Krause et al., 2015; 
Burch et al., 2019). Following this view, establishing knowledge systems 
could stimulate synergetic work on the CE and sustainability challenges 
of the future (Vecchio et al., 2023a).

Another key element for advancing circularity is to make “In
vestments”. The choice to invest in these strategies is only a small part of 
the puzzle since not every farm can be financially healthy enough to 
sustain itself (Lososová and Zdeněk, 2024). Fostering an environment 
conducive to adopting circular strategies is a way to address even the 
most challenging aspects, such as establishing regulations and devel
oping “Policy” measures that can support small and medium-sized farms 
in transitioning to these new solutions. These policies should also 
include rules to incentivize the allocation of waste to secondary markets, 
the diffusion of innovations, as well as the application of the Rs frame
work (Babbitt et al., 2018; Regueiro et al., 2022; Naylor et al., 2023).

Table 4 
Circular Maturity in Ecosystem.
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3.3. SUGGEST

This last phase aims to offer suggestions on improving specific areas 
to enhance the level of CM for farmers. In the following table (Table 5), it 
has been collected a list of potential strategies following the main di
rections proposed by Institutions and Research concerning circular 
transition (e.g., AAC, 2024; European Commission, for, D.-G., and 
Fisheries, 2021; Chary et al., 2024).

Regarding the selected focus areas, the literature (e.g., Kohlegger 
et al., 2009) suggests adding a list of potential indicators (Appendix – 
Table A2) to the developed strategies, which could be suited to assess 
elements that are “in the maturation process”. The list partially repre
sents the aspects to be monitored on the “bounded” journey proposed in 
this study. Still, it is intended as additional information to offer different 
points of reflection and possibilities for in-depth micro-aspects for 
research that address this study area. For these indicators, further 
research is needed to develop local benchmarks and allow performance 
to be weighed. Setting benchmarks, and thus potential competition be
tween companies could also act as a catalyst for improvement, stimu
lating progress in response to sub-optimal performance.

4. A simulation of the 3S CTM application

This chapter aims to assess the circular journey transition of a 
simulated aquaculture farm (SF) to give an idea of the CTM’s 
application.

The provided example simulates a real interview, starting with a 
company being surveyed through a questionnaire that includes 
informed consent for data use. The questionnaire is divided into two 
parts: the first gathers information about the company’s socio-structural 
profile and operating context, while the second focuses on evaluating CR 
and CM within the 3S model. The socio-structural factors (e.g., farmer 
profile, farm size, technology used) and contextual aspects (e.g., pro
duction area, policy support, information channels) can help interpret 
the company’s readiness and implemented strategies in the four focus 
areas of the 3S model. This approach aligns with literature (e.g., Kumar 
et al., 2018; Joffre et al., 2019; Vecchio et al., 2023a), which stresses the 
importance of contextualizing the transfer of new practices/technolo
gies and the adoption of new business models in aquaculture.

4.1. Case study

The SF is modelled on a medium-large structured Italian mariculture 
farm in the Tyrrhenian Sea managed by a sole administrator (owner), a 
38-year-old man with a bachelor’s degree, who inherited the business 
from his father.

The company’s turnover is around €50 million, which has been 
financially stable in recent years with a downturn during the COVID-19 
pandemic and the energy crisis. In recent years, it has also stabilized its 
EBITDA (earnings before interest, taxes, depreciation and amortization) 
at around €6 million. The company’s financial situation is in surplus, 
with a positive net financial position.

Currently, the company employs 27 staff members, divided into 
three departments: farming system, mobile operators, and headquarters, 
as Fig. 2 shows.

The SF is involved in rearing the most popular species of the Medi
terranean area, such as gilt-head sea bream (Sparus aurata) and sea bass 
(Dicentrarchus labrax), which account for 50 % and 30 % of production, 
respectively. Still, in smaller quantities, it is also involved in farming 
other species, including meagre (Argyrosomus regius) and amberjack 
(Seriola dumerili). Annual production accounts for around 5000 Tons 
divided among 75 in-shore floating cages located in three different 
maritime concessions (MC) a few nautical miles apart (Fig. 2). The farm 
operates nine fossil fuel-powered vessels of various sizes for routine 
tasks such as fish rearing, fishing, and cage maintenance.

The SF buys fries and aquafeed from external companies. The feeding 

practice is carried out hybrid, as the operators feed some cages directly 
on small to medium-sized vessels, while others are fed by a centralized 
system using floating structures, also known as “feeding barges”.

The administrative office, the feed storage warehouse and the me
chanical workshop for the maintenance of equipment and technical 
materials are located on the coast near a small harbor where the oper
ating boats are docked.

The company’s commitment to circularity has increased in recent 
years. In particular, the company is investing in innovation. Among new 
practices, the company is experimenting with new feeding ingredients, 
as well in the field of genetics; while, regarding automation and tech
nologies, it has adopted a semi-automatized feeding system, manage
ment software system to plan production and inputs purchase and 
photovoltaic panels to reduce energy consumption.

Furthermore, the commitment is being consolidated through 
participation in numerous projects, the activation of collaborations with 
various entities, and contributing to the goals of the national EMFAF 
(European Maritime, Fisheries and Aquaculture Fund) 2021–2027 pol
icy. In addition, the owner is a member of the national sector associa
tion, he actively participates in the regional FLAG discussions and in 
sector fairs.

4.2. START

In a real interview with the farm, several questions would be 
employed to assess its awareness of its challenges in the circular tran
sition across the four focus areas under analysis, along with the associ
ated elements. In the case where the company is not aware of circular 
practices, the respondent is informed about the values and principles of 
the CE. The cognitive readiness of the SF may be influenced not only by 
the owner’s educational background but also by the external in
teractions and the various collaborations the company is engaged in.

In the simulated scenario, the farm showed a complete understand
ing of the strategies in the Operations, Products and Services, and 
Ecosystem dimensions. In contrast, it shows gaps concerning the Culture 
and Organization area.

4.3. SCAN

This section is designed to assess the SF’s CM and compare it with the 
simulated national average typological for “floating cage mariculture 
finfish farms” (NA). The respondent, in this case the company owner, 
self-assessed the level of CM by first identifying the specific maturity 
level (e.g. “Emerging”) for each element of the focus areas and then an 
estimated percentage of CM for the same. The results of the simulated 
survey are reported in the following paragraphs and briefly depicted in 
Fig. 3.

4.3.1. Operations
SF is currently adopting energy-saving and energy-efficient strate

gies, as it is self-sufficient in the “energy” consumption of land-based 
structures using photovoltaic panels. Regarding the feeding practices, 
the farm is considering fully centralizing the process only through 
“feeding barges”, which are powered by fossil resources. For this pur
pose, the farm is adopting energy-self-sufficient feeding systems pow
ered by generators that exploit tidal fluctuations to reduce fossil fuel 
“emissions” and dependence. However, it is complex for the farm to 
replace diesel-powered vessels with alternative “green” vehicles for farm 
activities.

Regarding “material inputs”, SF has commissioned the aquafeed mill 
its own formulated fish diet, which partially replaces fish and soybean 
meal with raw materials recovered from other livestock production, 
including poultry and pig byproducts. The farm is also introducing in
sect meal on an experimental basis. As for the supply of fry, the farm’s 
policies are moving towards hatcheries committed to using renewable 
energy in their production processes, as fry are generally produced in 
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Table 5 
Suggested strategies proposed within the reference CTM.

Operations

Energy Emissions Material inputs Waste

- Investing in renewable energy 
- Improving energy efficiency and saving technical 
means and buildings (e.g., electrically propelled 
boats powered by renewable energy, high-insulation 
cold rooms, low-temperature washing cycle). 
- Purchasing of renewable energy certificates. 
- Reducing the dependency on water extraction. 
- Adopting a circular business model to identify the 
key resources associated with creating farm value.

- Adopting sustainable strategies related to raw material 
supply (larvae, fry, etc.) in early-stage development also 
considering their transportation. 
- Identifying critical points of emissions through the 
calculation of carbon footprint. 
- Investing in alternatives of fossil fuel-powered vessels, 
machinery, and equipment for farm management. 
- Investing in precision feeding and genetic strategies. 
- Improving the wastewater management. 
- Adopting a circular business model to identify the key 
activities associated with improving value capture from 
reducing environmental impact.

- Actuating water parameters monitoring through 
technologies. 
- Evaluating alternative water sources. 
- Adopting recirculating systems. 
- Integrating sustainable ingredients in the feeding 
strategies. 
- Adopting recycled or biodegradable technical materials (e. 
g., nets in mussel farming). 
- Adopting a circular business model to identify key 
resources associated with creating farm value.

- Adopting software and technologies to 
monitor materials flows. 
- Using alternative technical materials (e. 
g., recycled, biodegradable). 
- Adopting innovative waste 
management/treatment systems. 
- Adopting recirculating systems. 
- Adopting precision feeding techniques. 
- Eventual processing waste for secondary 
purposes (e.g., energy, food, feed, etc.). 
- Adopting a circular business model to 
identify the key activities associated with 
improving value capture from waste 
reduction.

Product and 
Service

Design Shared use Maximization of use New life cycles

- Carrying out environmental impact assessments to 
rethink the technical and biological product cycle 
and, based on available certification schemes, to 
externally communicate the circular value. 
- Replacing current inputs with more circular ones 
such as renewable energy, recycled or 
biodegradable materials, alternative ingredients to 
fish meal and oil, and recirculating water. 
- Adopting a circular business model to consolidate 
the applied circular strategies, such as the eco- 
design, to improve the value proposition.

- Adopting sharing strategies that can be applied from 
production to commercialization, such as shared 
equipment, processing and storage facilities, local 
markets or being part of digital sharing platforms. 
- Adopting a circular business model to consolidate the 
applied circular strategies, such as shared use, to 
improve the value proposition.

- Rethink material use by adopting strategies such as 
maintenance of technical equipment, monitoring 
technologies and inventory management, repair of 
equipment, advanced conservation techniques, rental 
agreements equipment, donations and redistribution. 
- Taking part in information campaigns to educate 
consumers on properly storing fish at home. 
- Adopting a circular business model to consolidate the 
circular strategies applied, such as maximization of use, to 
improve the value proposition.

- Activating partnerships to valorize and 
allocate biowaste in secondary markets. 
- Activating partnerships to valorize 
waste from the technical cycle for 
recycling purposes. 
- Activating a waste reduction program by 
adopting material monitoring systems or 
offering training courses to employees. 
- Adopting a circular business model to 
consolidate the applied circular 
strategies, such as recovery and recycling, 
to improve the value proposition.

Culture and 
Organization

Vision Innovation People Governance

- Setting short- and long-term goals to achieve 
circular transition. 
- Understanding the perspective of all employees 
about the circular economy to create a culture 
oriented towards sustainability. 
- Spreading the circular vision along the supply 
chain and strengthening the relationship with 
suppliers, customers, partners and other 
stakeholders who support it. 
- Adopting a circular business model to consolidate 
the company’s vision.

- Adopting, starting from experimental to advanced 
level, of innovative practices and precision farming 
technologies. 
- Participating in multi-actor innovation hub. 
- Adopting a circular business model to understand the 
contribution of innovation in creating the circular value.

- Selecting employees with a basic knowledge of the circular 
economy and sustainability challenges related to the sector. 
- Involving employees in multi-actor projects concerning the 
circular economy, incentivizing them to perform circularly. 
- Adopting a circular business model that identifies the role 
of key stakeholders for farm value creation.

- Adopting the circular principles into 
working methods, from operations to 
consolidated internal policies. 
- Adopting a circular business model to 
consolidate an integrated governance that 
is able to create circular value.

Ecosystem

Communication Collaboration Investment Policy

- Communicating performance results within the 
farm. 
- Participation in the innovation hub, digital 
platform, convening forums, and consortia to offer 
information to share experiences and results in 
circularity. 
- Activating bilateral and multilateral 
collaborations. 
- Developing social media communication to share 
circular values. 
- Adopting a circular business model to understand 
better how and through which channels circular 
value is delivered internally and externally.

- Being updated on the progress of the aquaculture 
sector on circularity. 
- Activating channels for active collaborations, such as 
with trade associations, research institutes, and FLAGs. 
- Evaluate the use of circular business models to 
understand better how circular value is created if the 
ecosystem of actors is considered.

- Understanding the benefits of circular transition through 
training courses. 
- Activating networks and partnerships to share the cost of 
investments. 
- Adopting a circular business model to understand better 
the financial flows through which circular value is captured.

- Being updated on local, national and 
European aquaculture policies. 
- Being updated on recent strategies such 
as European Green Deal Strategies and 
Guidelines for a more sustainable and 
competitive EU aquaculture. 
- Participating in local policy discussions.
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Fig. 2. Structural representation of the simulated farm.

Fig. 3. Simulated circular maturity framework.
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RAS systems known for their high energy consumption.
Biological “waste” is only fish mortality and the not consumed feed. 

To avoid the generation of the latter, the SF is studying new strategies 
offered by the market innovations of the aquaculture sector. Regarding 
technical waste, most of which comprises the plastics of feed sacks, 
breeding nets, and office and mechanical workshop waste, the farm 
follows the waste recovery rules imposed by the municipality where the 
facility is located.

4.3.2. Product and service
As highlighted above, the farm has rethought its production cycle 

and implemented circular actions but is not yet measuring the circular 
value (“design”).

Given the farm’s location, its distance from other farms does not 
allow for the implementation of sharing (“shared use”) strategies with 
other actors of the sector, so it is placed at non existing level.

About the “maximization of use”, the nets of the floating cages are 
made of a specific polymer, UV rays and mechanical stress resistant, 
which significantly extends the life of the technical material compared 
to nylon nets. In addition, SF has set up a team of maintenance workers 
for the nets of the floating cages, who wash and repair any damage to 
them. Moreover, this service is not only for the company itself but is 
extended to other farms that deliver their nets directly to SF, refur
bishing them and thus reducing the costs of buying new nets. These 
choices have determined an advanced level for this aspect of CM.

Regarding the “new life cycle”, the farm delivers the farmed fish to a 
slaughterhouse, which also takes care of the processing part. This 
company gives all the waste from its processing to the pet food industry, 
creating a new value for what is considered waste for human 
consumption.

4.3.3. Culture and organization
SF’s corporate “vision” includes long-term goals in its sustainable 

strategies, and it is beginning to evaluate how to determine these in 
performance metrics.

Regarding the adoption of “innovation”, SF is evaluating the possi
bility of implementing an IMTA to recover effluent produced by fish in 
floating cages and precision farming techniques (e.g., cage sensors, 
precision feeding). The farm conducts various studies involving nutri
tional, genetic, and fish microbiome experiments in collaboration with 
the fry supplier and the feed company to develop precision diets. These 
efforts aim to optimize aquafeed formulations by maximizing the use of 
alternative raw materials different from fish and vegetable meals and 
oils. Furthermore, SF implemented a semi-automatized feeding strategy 
and a management software system to optimize production and photo
voltaic panels to decrease energy consumption.

To date, the farm has kept its employees updated on the latest cir
cular operating practices through refresher seminars (“people”). This 
enables employees to understand the relevance of their tasks and acquire 
a circular perspective.

In general, the firm is working on defining working methods, from 
operations to internal policies, based on the CE, and it has not yet in
tegrated these principles into its business model (“governance”).

4.3.4. Ecosystem
SF actively communicates its achievements and activities related to 

circular and sustainable practices, both internally and externally, 
through the most popular social networks and regularly organizes 
cooking events for its product in collaboration with various “HoReCa” 
(Hotel-Restaurant-Catering) professionals (“communication”). In these 
culinary events, dishes are also prepared using parts of the fish typically 
considered waste, thereby revalorizing elements like the stomach and 
swim bladder and promoting the circular use of food.

The SF actively participates and proposes initiatives regarding the 
implementation and experimentation of the sector’s circular practices 
through the national trade association to which it is associated 

(“collaboration”). The company is also active in “policy” discussions and 
is committed to hosting and participating in publicly funded projects. In 
this sense, it reports to participate in trade fairs and actively in regional 
FLAG discussions.

Finally, in terms of “investments”, the farm is situated at the emerging 
level since investments in the circular transition have started and are 
progressively increasing, especially considering the introduction of new 
practices and technologies in operations. However, they have not yet 
been allocated towards training courses.

4.4. SUGGEST

The results show a high degree of maturity since the general level can 
be summarized as a company “in transition” across most dimensions, 
except for “Culture and Organization”, which remains in an “emerging” 
situation on average. The findings reveal the SF’s interest in imple
menting CE actions. However, it primarily focuses on circular strategies 
aimed at rethinking the technological aspects of resource and material 
flows (e.g., photovoltaic panels, automatized feeding, waste-to-value 
strategies), with specific attention given to economic factors rather 
than social (e.g., employee training) and environmental (e.g., measuring 
the environmental impact of production) aspects. This outcome repre
sents a partial adoption of the circular model, which has already been 
discussed in the literature (e.g., Buchmann-Duck and Beazley, 2020) and 
is common among large companies run by young owners, which tend to 
be more inclined to invest in technological innovation (Vecchio et al., 
2023a). Furthermore, the SF has the capital to invest in innovation but is 
still evaluating whether to transfer these efforts into a concrete circular 
transition, shown by a low level of commitment in the “Culture and 
Organization” dimension. The SF is still building a solid circular vision; 
in fact, employees do not receive training or updates on the topic. 
However, the SF has understood the importance of fostering an external 
environment receptive to change. This is confirmed by numerous col
laborations with public and private entities, communication strategies, 
and its participation in achieving the goals of the national EMFAF 
2021–2027 policy.

Compared to the NA for the same farm type, the SF outperforms the 
NA in Emissions, Design, and Shared use. The simulated farm could 
improve its circular commitment by adopting specific strategies related 
to the elements in which it underperforms. Table 5 offers some strategic 
suggestions on the direction to be followed regarding circular strategies 
since they have been selected based on the pathway emphasized by 
research and institutions. These strategies provide the basis for 
increasing awareness of the challenges the aquaculture farm will face, 
considering the progress made by the reference farm type.

5. Conclusion

The present study proposed a CTM for the European aquaculture 
sector, and its application can be observed in the simulated case. For 
each type of classification, the model allows comparison with the sector 
average. This lays the foundation for collecting data and creating farm 
type benchmarks to understand better where different European com
panies stand in the circular transition. Indeed, circularity assessments 
often lack contextualization, generalization, and replicability and are 
primarily concentrated on environmental aspects (Jacob et al., 2021; 
Alleway et al., 2023). The CTM results could offer important information 
on areas where farms are implementing circular strategies, encompass
ing the environmental, social and economic dimensions. In this sense, 
the authors have proposed a partial list of strategies offered by the 
literature that could be useful for progressing in the circular journey, 
especially for underdeveloped areas. The outputs equip farmers and 
policymakers with specific knowledge domains, from Operations to 
Ecosystems, offering relevant implications: 
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- For practitioners, the framework could guide farms to progress 
circularity across a defined pathway. Furthermore, the strategies 
proposed by the reference framework can be integrated into a cir
cular business model to achieve economic, social and environmental 
sustainability goals.

- For policymakers, the CTM could represent a way to monitor the 
ongoing efforts on circularity. This would provide a clear under
standing of the current level of circularity in aquaculture farms and 
identify the elements that need additional support. Furthermore, this 
snapshot can help build a dedicated knowledge system that can be 
integrated into aquaculture policies, which has only been developed 
for the agricultural scenario within the Common Agricultural Policy 
(CAP).

The CTM follows the form of heterodox economics models, which 
propose evaluations of companies at a specific moment. To enrich the 
model further in future research, it will be useful to incorporate the 
principles of evolutionary economic theories. These theories emphasize 
business strategies’ dynamic and adaptive nature, highlighting how 
firms evolve through processes of variation, selection and replication of 
operational and strategic routines. From this perspective, aquaculture 
farms do not simply react passively to market or institutional conditions 
but actively develop and modify their capabilities and competencies 
over time in response to environmental and structural changes. In the 
context of the proposed transition model, adopting an optimal strategy 
can be seen as an evolutionary process in which companies experiment 
with different strategic options, learn from the results of these experi
ments and adapt accordingly. This evolutionary approach enriches un
derstanding of the relationship between behavior and the adoption of 
circular strategies, adding a temporal and adaptive dimension that 
better explains how aquaculture farms adapt to systemic and sectoral 
changes. Integrating evolutionary models allows for consideration of the 
role of innovations and strategic responses over the long term in a 
context where farms are focused on optimizing their current perfor
mance and ensuring their survival and future success in a constantly 
changing environment. This is especially pertinent in sectoral transitions 
towards circular models, where aquaculture farms need to adapt to new 
regulations and evolving competitive dynamics.

Future research will focus on testing CTM on a pool of aquaculture 
farms in Europe to analyze CM for different farming systems. This could 
make it possible to start collecting farm type-specific benchmarks for 
other member states to start building robust databases to strengthen the 
results produced by the current assessment tools, as recent research (e. 
g., Engle et al., 2023; Boyd and McNevin, 2024) is increasingly 
emphasized.

Beyond this, future developments should focus on the impacts of the 
circular model on the economy, society, and the environment. Strategic 
guidelines assert that sustainable aquaculture in the EU can significantly 
contribute to the provision of public goods, including (European Com
mission, 2021, p. 16): “(i) nutritious and healthy food with a limited 
environmental footprint; (ii) economic development and job opportunities for 
coastal and rural communities; (iii) reducing pollution; (iv) preserving eco
systems and biodiversity; and (v) contributing to the fight against climate 
change”.” Analyzing the theory behind CE models, such as the transition 
model proposed in this study, both society and the environment could 
benefit from this kind of models. However, several aspects still require 
further exploration, particularly the potential negative externalities that 
could arise from the CE approach and in this context, impact studies are 
increasingly necessary. For example, the effects these models might have 
on biodiversity, as highlighted by Buchmann-Duck and Beazley (2020), 

represent a connection that has been insufficiently addressed in the 
literature. Their study emphasizes that biodiversity is often considered 
“natural capital” from which humans draw to produce goods and 
ecosystem services. While adopting CE strategies may reduce resource 
extraction from this natural capital, it does not necessarily provide ev
idence of adequate biodiversity protection. This is the case with provi
sioning services, regulation (e.g., carbon storage), supporting services 
(e.g., water balance), and cultural services, which, despite being 
recognized as popular CE strategies, risk offering limited benefits in 
areas with high human presence (Girardello et al., 2019). One example 
is the CE strategies linked to bioenergy production, which rely heavily 
on primary sectors, which could lead to significant biodiversity loss 
(Brondízio et al., 2019; He et al., 2024).

It is, therefore, essential to develop new knowledge and tools that 
enable a better understanding of how these nature-based solutions can 
support, on the one hand, the supply of goods and services and, on the 
other, ecosystem conservation (Lisbjerg, 2022). Additionally, it is 
crucial to analyze the effects of technological innovations, which play a 
central role in the discussion on circular transition (Charatsari et al., 
2022).

The present CTM introduces a pathway that reflects the direction in 
which European policies and strategies are endorsed. However, as 
highlighted by Geng et al. (2019), future research should delve deeper 
into the connections between the CE and aspects such as biodiversity 
(strictly in terms of conservation and not merely as natural capital), food 
access, nutrition, and all dimensions of sustainability, which European 
literature, policies, and strategies still need to address to move beyond a 
vision of a circular model focused solely on material and energy flows.
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Appendix A

Table A1 
Methodological foundation of the proposed Circular Maturity model, adapted by Lacy et al. (2020).

Focus area Element Circular strategy

Operations

Energy
Determining strategies lowering energy use, boosting operational energy efficiency, and encouraging a shift from fossil fuels towards 
renewables.

Emissions Detecting sources of emissions and taking corrective measures.

Material inputs Minimizing the company’s dependence on natural resources from biological and technical cycles, including water, and adopting 
saving strategies.

Waste Getting zero waste across operations.

Product and service

Design Assessing material life cycles, rethinking production inputs.

Shared use Optimizing the usage of a product by offering it as a service.

Maximization of 
use

Extensions of a circular product or service in its original form maximize value.

New life cycles Finding circular uses for end-of-life waste through recovering and recycling strategies.

Culture and 
organization

Vision Setting long-term goals and milestones to become a circular organization.

Innovation Adopting new practices, technology and innovation at organizational levels.

People Encouraging circular performance through training and involving employees in circular projects and

Governance Making the circular economy core to the farm’s structure, policies, processes, and procedures.

Ecosystem

Communication Supporting circularity through sharing information, knowledge, and expertise.

Collaboration Performing partnerships to increase the adoption of circular solutions.

Investments Enhancing financial support to promote circularity

Policy Participating in local, national, and worldwide forums to promote circularity and provide stimuli to policy discussions.

Table A2 
Potential indicators to be considered to assess circularity in the four focus areas. Source: own elaboration.

Focus areas and elements Indicators Indicators from or inspired by

Operations

Energy

Energy Utilization Rate Machinery Energy 
Consumption Rate Ghisellini et al., 2016; Sgarbossa and Russo, 2017; Valenti 

et al., 2018; Vasa et al., 2018; Abejón et al., 2020; De Vet 
et al., 2024.

Energy Use Efficiency Rate Energy self-sufficiency Rate
Renewable Energy Share Fuel Utilization Rate
Energy Efficiency Rate for Water Extraction

Emissions

Nitrogen Utilization Rate General Chemical Pollution 
Rate

Warren-Rhodes et al., 2004; Valenti et al., 2018; Alleway 
et al., 2023; Zavell et al., 2023; Zhang et al., 2024.

Phosphorus Utilization Rate Hormone Pollution Rate
Organic Pollution Rate Heavy Metal Pollution Rate
Siltation Rate Marine Ecological Footprint
Carbon footprint Acidification Rate
Eutrophication rate Carbon storage

Material input

Water Scarcity Rate Water Exploitation Rate

Del Borghi et al., 2018; Valenti et al., 2018; Badiola et al., 
2018; Vasa et al., 2018; Borsato et al., 2019; Das et al., 2023; 
Boyd and McNevin, 2024; Glencross et al., 2024.

Blue Water Footprint Water Productivity Rate
Water Dependence Rate Water Stress Level Rate
Gray Water Footprint Water Withdrawal Rate

Water Recirculation Rate Forage Fish Dependency 
Ratio (FFDR)

Fish-in Fish-out Index (FIFO) Nutritional Cost Footprint
Sourcing Rate of Material & components 
from circular sources (e.g., recycled 
materials)

Waste

Organic Waste utilization rate of farmed 
species Particulate Matter Rate

Pagotto and Halog, 2016; Performfish, 2018; Valenti et al., 
2018; Burch et al., 2019; Lacy et al., 2020; Vázquez-Rowe 
et al., 2021; Das et al., 2023.

Accumulation of Phosphorus Rate Mortality total quantity

Accumulation of Organic Matter Rate Mortalities After Transport 
and Stocking Rate

Waste Sent to Landfill Rate Total Losses Rate
Solid Waste Use Rate Waste monitoring system
Waste Production Ratio (WPR)

Product and 
service

Design

Protein Conversion Ratio (PCR) Nitrogen Use Efficiency Rate Boyd et al., 2007; Dangelico and Pujari, 2010; Ellen 
MacArthur Foundation, 2015; Di Maio and Rem, 2015; 
Performfish, 2018; Valenti et al., 2018; Abejón et al., 2020; 
Glencross et al., 2024.

Fish Meal Ratio (FMR) Feed Conversion Rate (FCR)

Specific Growth Rate (SGR) Recycled Material Rate

(continued on next page)
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Table A2 (continued )

Focus areas and elements Indicators Indicators from or inspired by

Mortality rate Phosphorus Use Efficiency 
Rate

Rate of Inputs Certified
Escape Rate of Aquatic 
Species

Protein Conversion Efficiency (PCE) Antibiotics Use Rate
Antiparasitic Use Rate Land Space Use Rate
Certified Products Rate Marine Space Use Rate
Traceability Rate

Shared use

Shared Equipment Shared processing facilities

Kirchherr et al., 2017; Burch et al., 2019; Lacy et al., 2020.Sales Platform Rate Sharing Best Practices Rate
Sharing of Resources Rate Sharing platforms
Shared local markets Shared storage facilities

Maximization of 
use

Remanufacturing Rate of Components for 
Resale

Amount of Renovation and 
modernization

Kirchherr et al., 2017; Burch et al., 2019; Lacy et al., 2020.Rate of Resale and Marketing of Goods Adoption to Sustainable 
Systems Rate

Amount of Maintenance and repair 
equipment

Leasing of Equipment and 
Machinery Rate

New life cycles

Unsold Fish Sales Rate Intensity of Partnership with 
Recycling Companies

Graedel et al., 2011; Franklin-Johnson et al., 2016; Burch 
et al., 2019; Lacy et al., 2020; Pietrelli, 2022; Ximenes et al., 
2021; Villar-Navarro et al., 2021.

Sales Channels Distribution Rate
Biological Waste 
Valorization Rate

Creation of a Secondary Market for Unused 
Materials

Value creation thought 
recovery and recycling 
strategies

Culture and 
organization

Vision
Circular Goals Achievement Stakeholders Engagement

Burch et al., 2019; Masi et al., 2024b.
Circular Business Model Implementation

Circular Initiatives Progress 
Rate

Innovation

Intensity of Technology Adoption Rate
Intensity of Local 
Competition Rate

Vasa et al., 2018; Rowan and Casey, 2021; Vecchio et al., 
2023a.

Share of Spending on Research and 
Development Rate

Innovative Product and 
Process Rate

Impact of ICTs on New Services and 
Products Rate

People

Employment Trained Rate Employment of Local 
Workers Rate Sgarbossa and Russo, 2017; Valenti et al., 2018; Vasa et al., 

2018; Masi et al., 2024b.Local Economy Development Rate Intensity of Employee 
Education & Training

Employment Possibilities Rate

Governance

Capital Utilization Rate for Circular 
Economy

Cash Flow on Sales Rate

Valenti et al., 2018; Ioannidou et al., 2020; Lacy et al., 2020; 
Vecchio et al., 2022; STEFC, 2023; Fazzini, 2023; Lososová 
and Zdeněk, 2024.

Internal Rate of Return (IRR) Cash Flow on Debt Rate

Repayment Period
Liquidity Return on Assets 
Rate

Benefit-Cost Ratio Liquidity Index
Return to Equity (ROE) Added Value Rate

Return on Investment (ROI) Sustainability of Financial 
Expenses Rate

Return on Debt (ROD) Capital Adequacy Rate

Return on Asset (ROA)
Social Security and Tax 
Liability Rate

Leverage Average Farm Life
Financial Independence Annual Income Rate
Gross Operating Margin (EBITDA) Risk Assessment Rate

Net Operating Margin (EBIT) Products and Services 
Traded Rate

Cash Flow on Investment Rate Turnover Rate

Rate of circular working methods
Rate of circular internal 
policies

Ecosystem

Communication

Participation in Innovation Hub
Participation in Convening 
Forum

Lacy et al., 2020; Rowan and Casey, 2021.
Participation in Digital Platform

Dissemination of Circular 
Economy Results

Food preservation campaigns

Collaboration

Participation in Out-of-Community 
Activities

Investment to Create Total 
Employment Rate

Borrello et al., 2017; Valenti et al., 2018; Burch et al., 2019; 
Lacy et al., 2020; De Rosa et al., 2024.

Participation in Consortia, Cooperative, 
Business Networks, Trade Association

Local Involvement Rate

Collaborative Activities Level of trust and reciprocity 
in existing ties/relationships

(continued on next page)
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Table A2 (continued )

Focus areas and elements Indicators Indicators from or inspired by

Partnership For Waste Valorization Rate Level of trust and reciprocity 
in new ties/relationships

Number of new ties/relationships with 
actors from other sectors or in different 
positions of power (e.g., institutions)

Investments

Development capacity of the company or a 
sector

Fixed Capital Investment 
Rate in Circular Economy

Sgarbossa and Russo, 2017; Vasa et al., 2018; Valenti et al., 
2018; Burch et al., 2019; Ioannidou et al., 2020; Lacy et al., 
2020; Engle et al., 2023; Lososová and Zdeněk, 2024.

Total Capital Investment Rate in Circular 
Economy

Total Capital Investment 
Rate in Technologies

Share of Investment in employee training 
and development for circular economy

Research and Development 
Investment Rate in Circular 
Innovation

Funding Circular Innovation Initiatives & 
Projects for the Sector

Resources allocated Rate to 
the circular economy

Rate of investments funded by EMFAF

Policy

Level of Knowledge of Government & 
Sectorial 
Policies related to the Circular Economy

Internal Policies Regarding 
Circular Practices Rizos et al., 2015; Tukker, 2015; Krause et al., 2015; 

Geissdoerfer et al., 2018; Burch et al., 2019; Lacy et al., 2020; 
Alleway et al., 2023; Vecchio et al., 2023b.Participation in Policy discussions

Involvement in Standard 
and Policy Creation

Participation in Working Tables for Sector 
Policy

Policy and Standard 
Monitoring
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