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Tropical tuna purse seiners are one of the most important contributors to end-of-life (EoL) fishing gears in the world, and these fishing nets can become a promising secondary raw material. Thus, tuna companies are looking for possibilities to valorize them by applying circular economy (CE). This contribution aims at assessing the viability of creating a circular business model out of recycled tropical tuna purse seine EoL nets. The yearly contribution of the Spanish tuna freezer purse seine companies to EoL fishing nets was estimated at 900 tons. Three pilot projects were implemented (involving 80 tons of EoL tuna nets) to learn about the monetary and material flows, supply chain, stakeholders' perception, and the environmental impacts of upcycling polyamide nets into four marketable products (i.e., conditioned fishing nets, backpacks, fishers' dungarees, and sunglasses). The results indicate that recycled regrinds/flakes and pellets were 37 and 50%, respectively, more expensive than virgin counterparts, but the yarn may achieve competitive production costs in the textile industry, with an additional environmental benefit close to 69% per kg of virgin–origin yarn. The challenges faced when recycling EoL polyamide fishing nets were discussed. Innovation and logistics appear to play a fundamental role in making the business sustainable. Besides, the circular business model methodology to assess the value proposition was also discussed in its empirical application.
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Introduction

Circular economy (CE) has become a cornerstone of the quest of finding solutions to the marine plastic pollution. The three theoretical strategies under the CE paradigm fit with the desired solution for marine plastic: (i) minimize inputs of raw material and outputs of waste, (ii) keep the resource as long as possible within the system, and (iii) reintegrate products into the system when they reach the end of life (Suárez-Eiroa et al., 2019). Public administrations have echoed this challenge by developing a regulatory framework (Vollmer et al., 2020; Williams and Rangel-Buitrago, 2022). The European Strategy for Plastics in a CE and related action plans (European Commission, 2021) foster the adoption of sustainability criteria along the entire plastic supply chain from primary producers to converters, brand owners and retailers, waste collectors, and recyclers (Foschi and Bonoli, 2019). Particularly, the entry into force of policies designed to limit the use of single-use plastic products as a way to reduce the contribution of marine plastic [Directive (EU) 2019/904] together with the will of entrepreneurs for new opportunities has led to the creation of new initiatives from emerging market niches and business models on recovery of marine plastic (Dijkstra et al., 2021). In parallel, the textile and fashion industries have started to shift their focus toward sustainable fashion-making recycled marine plastic textiles (Khandual and Pradhan, 2019). Some examples are Adidas-Parley Ocean Plastic(R), Prada, Converse (Luo and Deng, 2021), Ecoalf's Upcycling the Ocean, Ternua Group (Peña-Rodriguez et al., 2021), Inditex, H&M, Hérmes (Ramos et al., 2020), and Patagonia (Leal Filho et al., 2019). This increasing number of initiatives indicates not only a new production model but also a consumption change in society.

Among marine plastics, end-of-life (EoL) fishing gears are particularly gaining attention within the CE paradigm (Bishop et al., 2020). Despite that the available regulations promote the sustainable management of recovered marine plastic [Directive (EU) 2019/883, Directive EC 2018/251], knowledge of the amount of EoL fishing gear generation is limited (Basurko et al., 2022). Likewise, the management of EoL fishing gear, today, is yet to be consistent with the waste hierarchy (Argüello, 2020), due to fishing gear waste is often dispensed in the “cheapest container,” i.e., the sea (Sherrington et al., 2016; Richardson et al., 2021), or it is sent to landfill or abroad because of the non-existence of recovery and valorization industry nearby the ports they are discarded. This latter point was highlighted by two studies analyzing the management of fishing gear in Spain and Norway. Basurko et al. (2022) studied the EoL fishing gear management practices by Spanish fishing fleets and ports and concluded that EoL fishing gear management is heterogeneous across the country, and the type of management depends on the location, nature of the ports, and whose responsibility it falls (i.e., regionally or nationally managed). Deshpande et al. (2020), in contrast, estimated that of the 4,000 tons of annually discarded fishing gears, 55% were sent abroad for recycling; they also underpinned the need to improve the recycling capabilities of the country to deal with discarded fishing gears.

Among all fisheries, tropical tuna purse seiners stand out as one of the most important contributors to EoL fishing gears in the world. The nets employed by this fishery are made mainly of high-quality polyamide (PA6) and can reach dimensions of up to 2,000 m long in perimeter and about 300 m in depth (Zudaire et al., 2020). The net size can vary depending on vessel characteristics, e.g., power or target species (ICCAT, 2006–2016). This leaves tropical purse seine shipowners with a high quality but large quantity of material (currently unquantified) in their base ports where they normally are deposited. This circumstance has been triggered, in part, by the prohibition of net reuse in the construction of drifting fish aggregating devices (dFADs) in the Indian Ocean (IOTC-2021-WGFAD02-INF02, 2021). Thus, the amount of tropical tuna purse seiners' EoL fishing gears (hereafter “EoL tuna nets”) stored in their fishing ports (an example is shown in Figure 1) calls for actions to foster their valorization.
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FIGURE 1
 View of the storage of EoL tuna nets in Seychelles.


Fishing gear valorization is feasible by establishing proper management, collection, conditioning, and recycling scheme; in turn, this can prevent fishing gears from becoming marine litter by being dumped at sea (Brodbeck, 2016). However, recovered fishing gears are often dirty and very degraded. Thus, the conditioning, recycling, and transport of such raw materials tend to be costly both in time and resources (Madricardo et al., 2020). In general terms, EoL fishing gears can be recycled mechanically (Mondragon et al., 2020) or chemically, or they can be incinerated (Arandes et al., 2004). The knowledge regarding the recyclability of polyamide-based fishing gears has particularly increased in recent years (Klun and Kržan, 2000; Brodbeck, 2016; Kamimura et al., 2019; Bertelsen et al., 2020; Feary et al., 2020; Garrido et al., 2020; Mondragon et al., 2020; Peña-Rodriguez et al., 2021), identifying the limitations of mechanical recycling (Madricardo et al., 2020). Despite the logistic chains derived from the recycling being studied (van Giezen and Wiegmans, 2020), there are still few examples of real implementation quantifying the cost-benefit along the value chain (from the fishing gear collection to the final product development) (Boldrini and Antheaume, 2021) together with the environmental impacts. Those who have succeeded omit to discuss the challenges encountered along the entire value chain producing valuable information that could help others achieve a competitive product made of marine plastic when developing a circular business model.

In line with the European strategies, business models in this field should be framed within the perspective of the CE. Circular business models (CBMs) stand as enablers for the implementation of the CE (Kirchherr et al., 2017). CBMs are rising as a more comprehensive version to define new business models within a CE perspective than traditional or linear business models (Nußholz, 2018), which only describe the rationale of how an organization creates, delivers, and captures value (Osterwalder and Pigneur, 2010). CBM aims to reconcile the creation of commercial value with the adoption of circular strategies that can prolong the useful life of products and parts and close material loops (Nußholz, 2017). CBMs are considered a class of sustainable business models (Geissdoerfer et al., 2018); they assess the environmental, economic, and social viability of the real implementation of a business (de Kwant et al., 2021) and envisage the environmental status while creating a business model. The scientific literature on CBM has increased in recent years providing several CBM definitions (Bocken et al., 2013; Nußholz, 2017; Manninen et al., 2018; Geissdoerfer et al., 2020) and theoretical reviews on its concept (Pieroni et al., 2018, 2019; Bocken et al., 2019; Lüdeke-Freund et al., 2019; Reim et al., 2019; Rosa et al., 2019; Centobelli et al., 2020; Geissdoerfer et al., 2020). The most general definition is the one proposed by Geissdoerfer et al. (2020) where CBM is defined as a “business model that are cycling, extending, intensifying, and/or dematerialising material and energy loops to reduce the resource inputs into and the waste and emission leakage our of an organizational system. This comprises recycling measures (cycling), use phase extension (extending), a more intense use phase (intensifying), and the substitution of products by service and software solution (dematerialising).” Some authors have also proposed different conceptual frameworks and tools to build CBMs (Joyce and Paquin, 2016; Nußholz, 2017; Manninen et al., 2018; Bocken et al., 2019; Lüdeke-Freund et al., 2019; Donati et al., 2020; Geissdoerfer et al., 2020; Boldrini and Antheaume, 2021); others have already discussed the implementation of CBM, barriers, and limitations (Núñez-Cacho et al., 2018; Dijkstra et al., 2020; Guldmann and Huulgaard, 2020; Liu et al., 2021). No contribution was found, however, on studies quantifying monetary and material flows and also environmental benefits of an empirical application of CBM of recycling EoL fishing nets, including also the stakeholders' knowledge of the whole value chain.

The recovery and recycling of EoL tuna nets emerge as a promising business opportunity that can profit from CE approaches, fitting in the CBM archetype “creating value from waste” (Bocken et al., 2014). Within this context, this study aims to (1) provide the first estimate on the amount of EoL tuna nets created by the Spanish tropical tuna freezer purse seine fleet, (2) assess the potential of building new CBM based on recycled EoL tropical tuna nets, and (3) identify the constraints and strengths of applying CBM models. For the first, the Spanish tropical tuna freezer purse seine shipowners were interviewed, and the annual amount of EoL fishing net was estimated, detailing the contribution of net component, material, current management, and discarding reason. To have enough stock to guaranteeing a cost effective production and a continuation of the new business is identified as a constraint, so are the low recycling capabilities of certain polymers and gears (Feary et al., 2020). For the second and third objectives, three case studies were carried out involving the real recovery, recycling, and upcycling of 80 tons of EoL tuna nets of Seychelles into four textile products marketed in Europe. Material balances, transport needs, and costs of each valorization stage (i.e., recovery, conditioning, recycling, and product creation) were measured empirically. The technical, economic, and environmental data obtained from each valorization stage of the value chain served to design a CBM for tuna purse seine net recycling. The CBM was built and contrasted with the stakeholders involved along the entire value chain. The results helped to identify the phase of the value chain that needs to be improved to achieve a competitive commercial product derived from the recycled fishing nets. Challenges faced by private companies when recycling EoL tuna nets were also assessed in the three levels of CE: micro, meso, and macro levels (Suárez-Eiroa et al., 2019).



Theoretical framework

According to the European Green Deal, the CE will create sustainable growth in Europe. This statement is supported by other authors that recommend CE as an approach for reconciling economic growth with sustainable environment and economic development (George et al., 2015; Korhonen et al., 2018a; Busu and Trica, 2019; Androniceanu et al., 2021). The acquiring importance of the CE concept is reflected in the growing number of studies on the subject. There are several literature reviews on the definition of the CE (Geissdoerfer et al., 2017; Kirchherr et al., 2017), one of the more complete definitions being the one by Geissdoerfer et al. (2017): “a regenerative system in which resource input and waste, emission, and energy leakage are minimized by slowing, closing, and narrowing material and energy loops. This can be achieved through long-lasting design, maintenance, repair, reuse, remanufacturing, refurbishing, and recycling”. However, a lack of theoretical analysis of the CE was identified (Corvellec et al., 2022), arguing that it has been mainly developed by practitioners and because a single generally accepted definition is still lacking. Thus, it has been claimed that CE is not a theory but an emerging approach to industrial production and consumption (Korhonen et al., 2018b).

Following the premise that CE is an approach and not a theory, several authors (George et al., 2015; Geissdoerfer et al., 2017; Gao et al., 2020) attribute the embryonic idea of CE to Boulding (1966) and the introduction of CE concept to Pearce et al. (1989). The theoretical background of the CE has been slightly studied in the last few years (George et al., 2015; Ghisellini et al., 2016; Korhonen et al., 2018b), relating CE with economic growth theories, based on CE aims to create sustainable growth. Several authors affirm that CE operates around the neoclassical exogenous growth theory (Ghisellini et al., 2016; Bimpizas-Pinis et al., 2021; Donaghy, 2022), but this theory does not consider the limitation of natural resources availability as a constraint (Meadows et al., 1972; Kornafel and Telega, 2020), which is one of the main ideas underlying the concept of the CE. This limitation (Ghisellini et al., 2016) is contemplated in the steady-state economy theory (Daly, 1977), which aligns it with the CE philosophy. However, it lacks tools for dealing with environmental and ecological problems (Pin and Hutao, 2007). In contrast, the endogenous theory of growth, and in particular, the endogenous innovation in the theory of growth (Grossman and Helpman, 1994) states that “the best way to sustain the economic growth in the long run is by the improvements in technology by discovering ways to produce output while conserving those inputs that cannot be accumulated or regenerated.” Although the endogenous growth theory is not exempt from critics, for example, due to its operationality (Dinopoulos and Thompson, 1996), the CE could be a way to produce output while conserving inputs for at least a longer period and can be just one of many paths to be taken for the sustainable economic growth. The linkages between Industrial Ecology and CE have also been studied, concepts that although have different shades, should feed each other to enable and catalyze sustainable management of natural capital (Ghisellini et al., 2016; Saidani et al., 2020). In line with this idea, the European Commission remarks that the EU's economic prosperity and wellbeing are underpinned by its natural capital. Similarly, in 2021, the United Nations adopted a new statistical framework to complement the economic accounts with the natural capital accounts (Edens et al., 2022).

The positive aspect of CE is that the CBMs are considered enablers for CE implementation (Kirchherr et al., 2017). CBM is a class of generic sustainable business models (Bocken et al., 2013) suitable for CE application. The authors (Pieroni et al., 2019; Andreini et al., 2021) also looked into business model innovation (BMI), defined as “the design process for giving birth to a fairly new business model on the market, which is accompanied by an adjustment of the value proposition and/or the value constellation and aims at generation or securing sustainable competitive advantage,” for CE and sustainability. Both models still show constraints that are further discussed in the present study. Either CBM or BMI, tools to implement the CE to prompt a sustainable economic growth, should be accompanied by a circular supply chain management (CSCM) playing a crucial role in the transformation of a business model for the CE (Geissdoerfer et al., 2018).



Methods and data

This section is structured as follows: first, the EoL tuna net data collection is explained; second, empirical case studies are described, and finally, the selected methodology for the CBM application is defined.


EoL tuna net data collection

The estimation of the EoL tuna nets production by the tropical tuna purse seine fisheries focused on the Spanish tuna freezer companies operating in the Indian, Atlantic, and Pacific oceans. This study is focused on the Spanish tuna freezer sector because the need to valorize networks arose from the sector itself. Data for the estimation were collected by means of a survey process using a questionnaire (Appendix 1) where the companies were asked about the components (nets, thread, floating lines, eyebolts, etc.) of the fishing gears (quantitative and qualitative), the life span, and discarding frequency and fate of the nets (Zudaire et al., 2020). All Spanish companies were contacted, but not all of them responded at the time of writing this paper. The results of the questionnaire were extrapolated to the whole Spanish tuna freezer fishing fleet companies according to the number of vessels of each company.



Case studies

Three real implementation experiences or case studies (CS1, CS2, and CS3) were performed in collaboration with several stakeholders (ship owners, recyclers, textiles companies, fashion brands, and researchers) because the value creation processes for BMI involve actors across a wide variety of level spanning boundaries including not only organizational but also external actors (Andreini et al., 2021). Data were gathered during 2020–2021 to collect information on material flow, production costs, quality of the products, and logistic needs for the different value chain stages of the recovery and recycling of EoL tuna nets (Table 1). This information was then used to build the CBM of recycling EoL tuna nets of tropical tuna purse seine fleet that operated in the Indian Ocean.


TABLE 1 Value chain stages of the EoL tuna net recycling, data collected from each stage, and data availability of each case study.

[image: Table 1]

Not all the case studies went through the entire value chain. CS1 (involved 46 tons of EoL tuna nets) completed the entire value chain from the fishing nets collection, net conditioning for its transportation, transport, net dismantling for the recycling process, recycling process, yarn production, textile production, and final product for fishing sectors (backpacks and hats); CS2 (involved 2.5 tons of EoL tuna nets) developed same steps as CS1, but with different companies and different final products (dungarees for fishers and sunglasses); and CS3 (involved 32.6 tons of EoL tuna nets) stopped in the sale of conditioned fishing nets, and it was performed to verify some figures in dismantling process (Figure 2). The case studies (Figure 2) were only focused on the fleet operating in the Indian Ocean, whose nets have arrived at their end of life and are stored in Seychelles. Cost-related data are in relative terms based on a kilogram of recycled yarn. Costs in absolute terms are not presented due to confidentiality issues. The design of the case studies was performed together with the stakeholders (fishing companies, recyclers, textiles companies, and fashion brands) to cover all the stages. The CS2 and CS3 were developed to achieve data from different sources to calibrate data for each stage.
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FIGURE 2
 Flowchart of the three case studies (CS) that were focused on the chemical recycling of EoL tuna nets. Each colored rectangle represents the production stages achieved in each CS. The final stages of each CS are CS1: production of backpacks; CS2: production of glasses and fishing dungarees; CS3: selling fishing nets. CS1 and CS2 undertook the same production phases, but by different companies; in CS3, only the first three phases were analyzed.




Circular business model

Recycling EoL tuna nets is especially focused on the value creation process of the sustainable BMI processes (Andreini et al., 2021). EoL tuna nets of PA6 used to be stored in ports, and in the presented business model, this secondary raw material provides higher environmental and economic value (Geissdoerfer et al., 2018). This business model aims to create value from waste (Bocken et al., 2014). Thus, the suitability of EoL tuna net recycling was assessed by applying a CBM approach based on Manninen et al. (2018) and considering the beginning of life (BoL: fishing nets), middle of life (MoL: lifespan of fishing nets in fisheries), and EoL (recycling tuna nets) (Figure 3). The description of the CBM followed the approach of five steps:

STEP 1: Environmental value proposition (EVP) definition: In line with the EVP given by Manninen (Manninen et al., 2018), the EVP considered the environmental value improvement of the EoL tuna net recycling process compared to the use of virgin material.

STEP 2: Stakeholder identification: The relevant stakeholders of the CBM in the whole value chain were defined, and their roles were determined.

STEP 3: Reference system and assessment of environmental impacts definition: The reference system is currently in the market. This reference system is the unit by which the proposed circular model is compared to different stages of the value chain. Depending on the stage of the value chain, the reference system is related to the non-recycled pellets or substitutive products for recycled yarn.

STEP 4: EVP verification: In this step, the environmental benefits related to different stakeholders were identified based on Step 3 and compared with the EVP defined in Step 1. To introduce circularity to the EoL fishing gears, the recycling process was quantitatively assessed. The material flow and the costs of each process were assessed. The life cycle phases of the raw material (EoL tuna nets) acquisition, transportation, and transformation were identified and quantified. To estimate the environmental benefits of this CBM, the benefit of preventing the creation of marine litter thanks to the recycling process and the benefit due to the reduction of CO2 were considered. The functional unit for the assessment was 1 kg of yarn.

STEP 5: Identification of improvement proposals: Possible improvement measures were proposed for the value chain of the business model to meet the EVP.
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FIGURE 3
 Environmental value proposition framework [adapted from Manninen et al., 2018]. The stages of the life cycle (BoL, beginning of life; MoL, middle of life; EoL, end of life) are in blue. The environmental value proposition (EVP) that impacts the environment is in green. This model is evaluated by the five steps defined on the right side of the figure.





Results


EoL tuna net data collection

At the time of this analysis in Spain were 10 tropical tuna purse seiner companies, all of them were surveyed, and five of them answered the questionnaire. The responses represented 63% of the Spanish tropical purse seiner vessels. According to the results, the weight of a tropical tuna purse seine net (Figure 4) is on average 93.2 tons with a standard deviation (SD) of ±16.2 tons. The net is made of nine components (Table 2). The netting, ropes, and flotation headlines are made of PA6, and the total mean weight of this material is around 64.2% of the total weight. The ethylene-vinyl acetate (EVA) floats are used in the upper part of the flotation headline and constitute 9.7% of the total mean net weight. The metallic components (chain, crowfoot, and ring bolts) are built of steel and correspond to 26.1% of the total mean weight of the whole fishing gear.
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FIGURE 4
 Tuna purse seine fishing net design including the different elements of which it is composed. On the right side of the figure, there are pictures of the main elements of the fishing gear.



TABLE 2 Components and materials of a typical tropical tuna purse seine net (average 93.1 tons).
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The results showed high variability in the estimated life span of net components, with an average value of 3.2 and SD of ± 0.8 years for nets. According to the companies, one net is operative for at least 2 years, but it can also be used for up to 4 years. All components are susceptible to replacement or repair, which depends on the number of sets, life span, or observation of significant deterioration. For example, the netting is repaired in case of breakage and/or replaced after 12–14 months of use. These replaced net components are usually stored in Port of Victoria (Seychelles), Abidjan (Costa Marfil), Mindelo (Cabo Verde), and Posorja (Ecuador). According to the companies, some of the elements of the net (i.e., net, ropes, and chain) can be reused in new nets or as replacements and in the construction of dFAD. Despite these uses, significant amounts of nets can remain stored for years in these ports.



Case studies

The stages of the different case studies are described below, and Table 3 summarizes them.


TABLE 3 Description of the phases of the case studies.
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STAGE 1. Raw material: The raw material considered for CS1, CS2, and CS3 was PA6 of the EoL tuna netting of the Spanish freezer tuna vessels. These EoL tuna nets were sold to recycling companies for 3.2–4.9% of the cost of one kg of recycled yarn. However, according to the interviewed stakeholders, not all the materials can be absorbed by this industry. Additionally, shipowners pay a fee (3.4–3.9% of the cost of 1 kg of recycled yarn) to rent the space for storing the fishing nets in port.

STAGE 2. Fishing net dismantling: Nets needed to be dismantled and then fitted into containers to be shipped to the conditioning plant. The dismantling was done by a local company (CS1) or by the tuna companies' own staff (CS2 and CS3). The cost of dismantling ranged from around 0.13–3.38% over the cost of 1 kg of recycled yarn.

STAGE 3. Secondary raw material transport: The transportation of containers from Seychelles to the dismantling company in Europe was done by ship for ocean transport and then by truck for road transport. In CS1, the nets were transported to a North European company, and in CS2, the nets were transported to a company located in the south of Europe. The transportation costs ranged from 2.6 to 5.1% over the cost of 1 kg of recycled yarn.

STAGE 4. Fishing net conditioning: In this process, the tuna nets were cleaned and prepared for its recycling. The conditioning process was undertaken by a North European company in CS1 and CS3. To contrast data obtained from this company, this stage was done with another company (South European) in the case study CS2. The estimated costs of net conditioning range between 2.5 and 9.9% over the total cost of 1 kg of recycled yarn. The CS3 traceability was finished at this stage.

STAGE 5. Net chemical recycling: Conditioned nets were chemically recycled. In CS1, the dismantling and recycling processes were done by North European companies, and the traceability of these processes was missing. In CS2, the net was recycled by a Portuguese company. The obtained recycled pellets were 100% made of EoL tuna nets. No additives were used in the process. The costs of chemical recycling ranged from 32.9 to 48.3% over the cost of 1 kg of recycled yarn. This cost included the transport from the dismantling company to the recycling company.

STAGE 6. Yarn production: In CS2, the recycled pellets were used for the yarn production, which was carried out in Spain. The cost of the yarn production phase was estimated from 27 to 51.5% over the total costs of recycled yarn.

STAGE 7. Textile manufacturing: The yarn was transported to the textile company located in Spain (CS1 and CS2) where the fabric was produced. The fabric production cost depends on the typology of the fabric. In CS2, the fabric was mixed with certain components such as elastomers to meet the requirements the final product had to present.

STAGE 8. Final products: The textile final products were backpacks and trucker caps (CS1) and dungarees for fishers (CS2), all produced by a Basque company. Additionally, in CS2, with the recycled pellet, sunglasses were produced in Italy.

Collected data and results were validated with stakeholders that are currently a part of this value chain, and who are coauthors of this contribution.



Circular bussines model

A CBM focuses on resources to check whether the model contributes to slowing, closing, or narrowing resource loops (Bocken et al., 2018). Using the EoL tuna nets instead of leaving them abandoned as a waste material means a circular economy solution (D'Amato and Korhonen, 2021), and accordingly, a circular business model. Figure 4 shows the scheme of the CBM for recycling EoL tuna nets.

STEP 1. Environmental value proposition (EVP) definition: The EVP is the result of three variables: first, the reduction of environmental impact caused by abandoned, lost, or otherwise discarded fishing gears (ALDFG) on the environment, especially if the recovering and recycling of EoL nets work as marine litter prevention mechanism; second, the reduction of petrol-based material extracted from the environment derived from recycling existing material; and third, the generation of a new business from the already existing and discarded raw material.

STEP 2. Stakeholder identification: For the recovery and recycling of EoL tuna nets, several are targeted as key stakeholders: (1) the public administration because the regulation is one of the main drivers for these types of business; (2) fishing companies as providers of raw material; (3) depending on the way nets are managed once they arrive to their EoL, the cost of the net recycling may vary; hence, net managers are also key for the cost efficiency of the process. For the transformation process, fishing net dismantling companies, recycling companies, textile companies and clothing or fashion companies have been identified and contacted. (4) Logistics and related stakeholders become pivotal, and several transport companies are involved along the whole value chain. Finally (5), research institutions also play a key role to improve the recycling process because currently chemical recycling of the PA6 EoL tuna nets is still costly and the price of the recycled PA6 pellet is still high compared to the virgin PA6 or other PA6 pellets from other recycled materials.

STEP 3. Reference system and assessment of environmental impact: In the case of raw material (PA6) and pellets, the reference system are the substitutive products existing in the market whose data are provided by the identified stakeholders. The reference system for the yarn was one that can be considered a substitutive product due to similar technical and market characteristics. Additionally, in the reference system, EoL tuna nets that are not collected, remain in the environment damaging it. In Figure 5, the values of the reference system compared to the CBM are represented.
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FIGURE 5
 Value chain related to 1 kg of PA6 recycled yarn. Data [material flow in kilograms (kg) and costs in percentages] related to July 2021. The material flow is in orange, the CBM is in blue, the reference system is in gray, and the environmental value proposition of the CBM is in green. The subscript “*” represents the % of cost of the process (light blue) over the total costs of yarn production. Subscript “**” represents the total cost of production of intermediate products (dark blue) over the total costs of recycled yarn production. Subscript “***” represents the variation percentage of the CBM intermediate products compared to the products existing in the market (reference system).


STEP 4. Verification of the environmental value proposition (EVP): As Figure 5 shows, although the regrinds and pellets from virgin raw material (reference system) are 1.5 times less costly than pellets made of recycled material from EoL tuna nets, the recycled yarn can achieve a competitive value in the market. Additionally, the environmental benefit (15–140% over the market price of the recycled yarn) was estimated as a result of the recycling process.

STEP 5. Improvement proposals: Several improvement proposals were identified. First, the chemical recycling of the PA6 EoL tuna net was not optimal because difficulties were encountered during the yarn production. The recycling of nets needed to be improved, with one option being the use of additives to improve the viscosity of the materials during yarn production. Second, the EoL of the final products (textile final products) needed further assessment in order to establish the best use for this material at the end of its life because, for a more circular model, the final product needs to be done using a recycled material and it should be a recyclable material. For example, the recycled yarn used to manufacture the fabric of fisher dungarees had to be mixed with elastomer to improve the properties of the final product. This addition hampers the recycling of recycled fabric. Third, logistics and transportation are an issue in the tropical tuna purse seine nets recycling. The diverse locations of the agents involved in the value chain (Figure 6) from Seychelles to the dismantling plant (Lithuania or Spain), recycling plant (Turkey or Portugal), yarn production plant (Spain or Turkey), textile production (Spain), and finally the fashion company (Spain) can jeopardize the whole business model. Centralizing the processes would decrease the transport costs and CO2 emissions, improving the sustainability of the CBM. But for developing the whole value chain in just one region, the amount of recycling nets should be enough to justify the investment in the conditioning and recycling plants and facilities.


[image: Figure 6]
FIGURE 6
 Transport required in the case studies to recycle EoL tuna nets, with a base port in Mahe, Seychelles. In the maps at the top of the figure the trajectories traveled by the EoL tuna nets from the country of origin to the final product processing are represented, and their transport methods (by vessel or by truck) are described with icons. The map in the top left (in orange) describes the CS1, the map in the top center (in green) represents the CS2, and the map in the top right (in purple) represents the CS3. In the graph below, the number of kilometers to reach the destination of each production phase for CS1, CS2, and CS3 is represented. The flag represents the country where the production phase indicated in the legend is performed.





Discussion

The recovery and revalorization of marine plastic within a CE are an attractive paradigm to increase global welfare while minimizing the environmental impacts of economic activities (Donati et al., 2020). This study has estimated, for the first time, the yearly contribution of Spanish tuna freezer purse seine companies to EoL fishing nets and assessed the viability of creating a CBM out of recycled tropical tuna purse seine EoL nets. This study allowed us to learn about the monetary and material flows, supply chains, stakeholders' perceptions, and the environmental impacts of upcycling polyamide nets. However, although the assessment and quantification of EoL tuna nets recycling CBM supported promising results, limitations in the business itself and in the methodology to assess the CBM have also been identified.

The first limitation when applying a CBM is to define the level of CE that needs to be analyzed. The high investment for recycling fishing nets should be addressed with a holistic perspective on a European-level basis by optimizing the location of the recycling plants according to the EoL fishing nets generation and logistic issues (i.e., macro level). This case study demonstrates the implementation of the circular economy of EoL tuna nets needs to implement the three levels of circular economy (Suárez-Eiroa et al., 2019): (i) micro level (recycling company), (ii) meso level (fisheries + recycling company + textile industries), and (iii) macro level (holistic perspective and European Regulation). While the CBM has been applied at the micro level, the meso and macro levels are affecting the CBM directly. Therefore, isolated CBM at the micro level should be accompanied by its related meso and macro CBMs. There is a need for innovative multi-level solutions (Madricardo et al., 2020), and how to relate these several CBMs at different levels needs further research.

Innovation seems to be a requirement along the whole value chain. EoL tuna nets are an important source of secondary raw material for its revalorization, even more, if this revalorization implies an environmental improvement. These nets are subjected to be recycled, although the process is more costly and requires adjustments in almost all stages of the process up to yarn production. This cost overrun can be balanced when high-value final products are produced (e.g., textile garments). The recycling of EoL tuna nets business cannot be understood without the BMI process. The processes of BMI (Andreini et al., 2021) linked to the recycling of EoL tuna nets are: (i) cognition processes of the stakeholder linked to the whole value chain, from fisher to textile and final consumers, developing a strategic sensitivity; (ii) understanding of the new way to produce and consume yarn in the textile industry considering the new technologies and innovations related to nets recycling; (iii) knowledge-shaping processes looking for a more sustainable solution for the EoL tuna nets; and (iv) value creation process with stakeholders' cooperation. The assessment and quantification of CBM shed light on the innovation requirement along the value chain. CE cannot, therefore, be understood without applying the BMI processes (Andreini et al., 2021).

Clothing production is associated with myriad environmental damages (Menke et al., 2021), and more sustainable production is required to minimize environmental impacts. The reduction of clothing consumption can be a part of the solution, but there could be attitudinal obstacles regarding clothing consumption (Kleinhückelkotten and Neitzke, 2019; Roba et al., 2021). Thus, sustainable clothes are the meanwhile solution. Circular supply chains contribute holistically to sustainable development, and they also have immediate effects in the ecological dimension that then spill over into the economic and social dimensions (Montag et al., 2021). Therefore, CE has emerged as a potential strategy for developing business practices based on sustainability concerns, especially in the fashion industry (Binet et al., 2021; Ostermann et al., 2021). Recycling fishing nets can also allow advancing in this direction and address both problems, the fashion industry and the marine litter driving the economy toward a sustainable growth.

The textile and fashion industries have adopted different strategies to make the use of marine plastic profitable. Consequently, the percentage of recycled marine plastic added to the final textile products is diverse. The presence of recycled marine litter products is increasing on the market, but there are some doubts about consumers' understanding of sustainability in the clothing industry. It is not the same as a fabric done with monofilament 100% recycled materials or with a lower percentage of recycled material. This sometimes generates confusing messages among consumers. The chemical recycling of mixed plastic waste has a 50% lower climate change impact and life cycle energy user than the energy recovery option, but chemical recycling has other higher impacts than mechanical recycling (Jeswani et al., 2021). Obtaining PA6 from EoL tuna nets seems to be valid for mechanical recycling, as they can be processed for different potential industrial applications without any remarkable loss of main properties (Mondragon et al., 2020). However, the experiences developed in this study showed chemical recycling of EoL tuna nets is more appropriate for the objective of the specific clothing design.

The production costs of the first stages of the value chain (raw material, regrinds/flakes, and pellet) could not be as competitive as the reference system, unless the regulatory framework will drive this kind of CBMs or demand change. Additionally, in terms of costs, the environmental benefits of recycled pellets could also offset the over-cost in comparison to the virgin material. In this sense, the conceptual framework of CBM has been widely studied (Geissdoerfer et al., 2020), but the quantification and comparison of the costs and benefits at economic, social, and environmental levels have not been still addressed. There is a need to create multidimensional indicators to measure the circularity of a business model in its totality, addressing all the components, including economic, social, and environmental dimensions (Rossi et al., 2020; Boldrini and Antheaume, 2021; Walzberg et al., 2021). The circularity needs to be assessed not only considering the whole life of the fishing nets: from the BoL, i.e. its design and construction, to the EoL, i.e. final products such as fisher trousers. But also the life cycle of the final products need to be assessed to determine the circularity. In line with this, textile recycling is also perceived as one of the key directions needed for a sustainable transition of the sector (Leal Filho et al., 2019), facilitating the manufacturing of recyclable textiles. In this paper, only a window of the CBM has been assessed, from the EoL tuna nets to the final product made by recycled nets. Nonetheless, the ‘real circularity will be assessed only by analysing the successive transformations of the raw material, that is, assessing the primary, secondary, tertiary and so on transformations of the raw materials. Considering the second law of thermodynamics, entropy (Georgescu-Roegen, 1971), every circular transformation or process should be analyzed for its (global) net environmental sustainability contribution (Korhonen et al., 2018a). As the material is neither created nor destroyed, it is only transformed, the circularity may be infinite, which makes difficult the assessment of the global net environmental contribution. The cyclic flow should be assessed in each loop. These loops should be supported only when they are socially desirable and eficient (Suárez-Eiroa et al., 2019), along all consecutive loops, because this is precisely the essence of the CE, the law of thermodynamics (Ghisellini et al., 2016). While perpetual loops may be desirable, there are several limitations (D'Amato and Korhonen, 2021). According to the entropy law, it seems unlikely that a fully circular economic system exists with product and energy turning back to raw material forever (Daly, 1977). Therefore, the CBM should be able to capture the value proposition of all consecutive loops, which could be a complex issue when the reuse of the final product done by recycled pellet has not been assessed, and so on. Existing models are not able to assess quantitatively the whole process of circularity, and this lack could entail biased estimation of the CBM outcomes. In this sense, further research is needed for addressing adequately (Nußholz, 2018).

Another important issue detected in the case studies is the large number of kilometers that the material travels from the collection to the final product is achieved. An alternative logistics chain to accommodate abandoned, lost, or otherwise discarded fishing gear recycling would improve the costs and environmental impacts (van Giezen and Wiegmans, 2020), optimizing the location of the different stages at the meso level of the CE. From a simplified point of view, these business models depend on oil (natural resource) which is found in its different transformation products in the whole cycle, from fuel to transformed product. Furthermore, in a globalized economic system such as the one we have, kilometers are equally important and costly regardless of the business model, so the option to make them more local (micro or meso level) is important to minimize environmental impacts.

Regarding the environmental impacts, measuring the environmental value proposition (Das et al., 2022) is difficult in any CBM, but this study has taken one step forward by analyzing not only the reduction of CO2 emission but also the benefit of marine litter prevention. However, those are only a part of the ecosystem services that the environment can provide. Here arises one of the limitations of CBM when quantifying the environmental aspect of the value proposition. It is true that progress is currently being made in this direction in developing a Valuation for Natural Capital and Ecosystem Accounting (Badura et al., 2017), and this methodology should be coupled with the CBMs for the correct environmental value proposition evaluation.

The EoL tuna net CBM sustainability trade-off has been quantified using both, economic and environmental indicators. Regarding the social indicators, there is still a need for further research because in this study the social indicators were not addressed, and indeed social aspects were mentioned only in a third of CBM case studies in the literature (Dijkstra et al., 2020). How to quantify the social dimension of the CBM is another issue to be addressed in the future for a complete evaluation of the sustainability of the model. Note that differences between sustainability and CE were identified (Geissdoerfer et al., 2017), as CE prioritizes financial advantages for companies and less resource consumption and pollution for the environment. But monetarizing the environmental impacts, i.e., valuation of ecosystem services and its associated social welfare, may allow these dimensions into the model affecting directly to the financial performance of the business. In any case, CBM currently considers the three dimensions of sustainability, although the way of quantifying the impact on each dimension is still lacking general agreement. Thus, recycling fishing nets and textile garments seem to be a circular solution. But in the case of a textile garment recycling, it can lead to wrong incentives, because if a company or the society is able to recycle the textile products, consumers may be not interested in reducing the amount of waste (Gwehenberger et al., 2003). To mitigate trade-offs between raw material needs and other ecosystem services, solutions envisioned should include sustainable management practices (D'Amato and Korhonen, 2021), that need to be designed along the entire value chain.

There are more barriers identified when applying CBMs: high investment, complexity of the system, low consumer awareness or inherent irrationality of consumer behavior (Planing, 2015), lock-in supply chain agents, technological bottlenecks, reluctance within the organizations, and sustainability trade-offs were also identified as barriers of CBMs (Bishop et al., 2020). In this study, the pilot projects and the involvement of the stakeholders shed light on those barriers. From the third dimension of sustainability (society), consumer awareness seems to be already perceived by the fashion brands that are increasingly using recycled raw materials (Khandual and Pradhan, 2019). The supply chain is guaranteed due to the amount of EoL tuna nets generated by the Spanish tuna freezer fleet that has been quantified for the first time in this study. Regarding the technological bottlenecks, this study proved that the recycling process is possible, although some improvement in cleaning and sorting is needed (Vollmer et al., 2020). Regarding the reluctance within the organization, the regulation in force is driving this issue. BMI seems to be the process to follow for the CE.

In addition, currently, the profitability of the business presented in this study depends directly on the supply and demand of oil and the price that is imposed on it (Moutinho et al., 2017; Ghosh et al., 2021; Guo et al., 2021). There may be times when products derived directly from oil are cheaper, making the recycling processes unprofitable, as an example of what has happened because of the global pandemic of COVID. However, in the event of a variation in the price of oil, changes in the price of intermediate products could be estimated, making the price of the final product derived from oil and recycled products competitively priced. That is why it is important to focus on the environmental impact that both processes generate. Among these impacts, transportation could be assumed to be quite similar in both, deducing that the process dependent on natural resources has a greater impact than the recycling processes.

As a final remark, we can conclude that circular strategies are one option among others for sustainable economic growth (Geissdoerfer et al., 2017). Recycling EoL tuna nets seems to be a suitable strategy, although still need an efficiency improvements along the whole value chain. These improvements would have to be driven by BMI processes. But recycled materials for the fashion industry may lead to wrong incentives. This industry could be advocated for creative destruction (Scafidi, 2020) following the Schumpeterian theory. The way of production and consumption of clothes in first world countries is unsustainable. Thus a novel and most sustainable business model, driven by technological innovation, is required to substitute the current model. The innovation in the bussiness model will be a keystone to achieve sustainable fashion industry succeed commercially (Teece, 2010).



Conclusion

The CE is a suitable framework for the solution of EoL tuna nets. The valorization of EoL fishing nets involves not only a prevention measure for the marine litter but also a solution, at least a temporal solution, for the fashion industry. The empirical CBM was developed and quantified, production costs of each stage of the value chain and material flow, to recycle the EoL tuna nets into textile products. The Spanish tuna freezer companies yearly produce ~900 tons of tuna nets, and this waste material can transform into a secondary raw material for the textile industry. The production costs of the first stages of the value chain (raw material, regrind/flakes, and pellets) are higher than the reference system (which are those substitutive products in the market), but the cost of yarn may be competitive compared to the substitutive products. Even more so, if we consider that at the time of writing this paper the market price of polyamide is reaching its historical maximum. Logistics issues should be improved to build a more sustainable business model; thus, a local CBM seems to be an improvement in sustainable terms.

However, the CBM tool to evaluate the EoL tuna nets recycling leads to several limitations. First, there is a lack of methodologies to relate or integrate the three levels of the CE when designing the CBM. Although the micro level seems to be the most direct application, the meso and macro levels are implicitly involved in the micro level, and in a CBM, the micro level is difficult to be evaluated without considering the rest of the levels of the CE. Second, measuring the three levels of sustainability is not an easy issue since there are no explicit indicators for all dimensions; although there are advances in quantifying the natural capital, the application of CBM could be very case-specific making it more difficult for the measurement of the environmental dimension. Third, the EoL tuna net recycling for the textile industry can lead to wrong incentives for the fashion industry because society may not be interested in reducing the amount of waste. Thus, the CBM should be considered the consecutive loops of the material and business models to address real sustainability.

The CE paradigm could contribute to sustainable economic growth or at least can slow down the depletion of natural capital. Although this paradigm has the CBM as an enabler, social and environmental dimensions need to be further addressed to be implemented in the consecutive loops of the CBMs. If not, it will be difficult to assert that a CBM contributes to sustainable economic growth in the long term.
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