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The transition to a circular plastic economy is a priority within the European policy landscape, necessitating enhanced recycling and market uptake for recycled plastics. However, the plastics industry remains governed by linear business models with little focus on circularity, and limited recyclability and markets for recycled plastics often leave incineration and export as the primary methods of waste management. This study examines the current barriers that impede the circularity of plastics in the EU, focusing specifically on non-packaging plastic waste from the automotive, construction, and electronics sectors. We assess value-chain perceptions gathered from a series of semi-structured interviews and workshops conducted within the EU Horizon 2020 NONTOX project, to identify barriers and potential solutions and to produce overarching recommendations for action. These recommendations include enhanced collection and recycling, expansion of recycling capacity, better positioning of new recycling technologies, improved recyclability of products, and support for markets for recycled plastics. The results also highlight the need for high-impact policies to promote a circular plastic economy in the EU. Not only would this support plastics circularity, it would also prevent material loss due to incineration and the export of plastic waste, while contributing to the EU's self-sufficiency in raw materials.
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1 Introduction

Plastics can be found in all types of products, and they form a main part of the contemporary material portfolio (Lebreton and Andrady, 2019; Hsu et al., 2021). Global plastic production has now reached 400 million tons per year and is increasing (Plastics Europe, 2024). Plastics also form a significant share of annually produced post-consumer waste. However, only 30% of plastics are recycled in Europe and significant volumes of plastic waste are still landfilled (23%), incinerated (42%) and exported for recycling (5%) (Plastics Europe, 2022) due to lack of European capacity and incentives for recycling (zu Castell-Rüdenhausen et al., 2024).

Plastics recycling reduces the extraction of fossil raw materials and mitigates the environmental impacts of plastics consumption and end-of-life treatment (Geyer et al., 2017; Hahladakis et al., 2018; Tenhunen-Lunkka et al., 2022). However, plastic waste recycling is significantly limited by technical difficulties such as the complex composition of plastic waste (Ragaert et al., 2017; Lase et al., 2023). Furthermore, the lack of ecodesign considerations in product design and manufacture (Brezet and Van Hemel, 1997; UNEP, 1998) has led to poor recyclability at end-of-life phase for most products with embedded plastics (Material Economics, 2018).

Studies of the external barriers to plastic circularity highlight e.g., poor recyclability (heterogeneous waste streams with complex plastic products containing multiple materials), hazardous contents (e.g., flame retardants and plasticisers), poor traceability (uncertain recycled plastic quality), high costs (low costs of primary materials compared to high costs of recycling), and quality degradation in mechanical recycling (damage to the polymer) (Material Economics, 2018; Wahlstrom et al., 2019; European Environment Agency, 2021; zu Castell-Rüdenhausen et al., 2022). However, the internal barriers within the plastic sector remain unclear, as do the means for overcoming these barriers to facilitate the systemic transition to a circular plastics economy (Karayilan et al., 2021).

The present study examines recycling and recyclability from a multidisciplinary perspective, including policies, technologies, business models, and design. The aim is to find solutions to facilitate reaching the targets of the European Strategy for Plastics in a Circular Economy (COM/2018/028), specifically focusing on the 2030 targets to recycle more than half of plastics waste generated in Europe, increasing the demand for recycled plastics in Europe by four-fold, and phasing out exports of plastic waste (European Commission, 2018a). The analysis centers on non-packaging plastics in end-of-life vehicles (ELV), waste electronics and electrical equipment (WEEE) and construction and demolition waste (C&DW) sectors. Although representing significant non-packaging plastic sectors, agricultural plastics and textiles were beyond the scope of the present study as these possess significant systemic distinctions from the targeted sectors. The targeted automotive, construction and electronics sectors, however, display some similarities in material characteristics and have somewhat interconnected material flows. Furthermore, in this study, the use phase has been excluded from the scope as the use-phase is highly connected to consumer behavior and would require investigation from different perspectives.

The 2030 deadline for achieving the targets for plastics circularity as detailed in the Plastics Strategy are rapidly approaching and systemic changes remain absent. Consequently, the aim of the present study is to examine the current barriers to plastics circularity for the targeted sectors, to generate recommendations about how to improve circularity, and to assess how actions should be targeted to yield best results. More specifically, the objectives of the study were (i) to identify barriers currently hindering plastics circularity, (ii) to identify solutions that facilitates circularity in the targeted sectors, (iii) to understand the internal decision-making regarding circularity in the value chain; and (iv) to derive targeted actions for supporting the transition to plastics circularity in Europe.

This article is structured in four sections, with this introduction discussing the context of the study, followed by a section on materials, methodology and data, then on results and recommendations, and finally a section including discussion and conclusions.



2 Materials and methods

This study investigates the barriers currently hindering plastics circularity, to present solutions and to generate recommendations that would support the transition toward plastics circularity in Europe. We approached the topic via thematic assessment of challenges and solutions amongst a broad selection of different value-chain actors in connection to different phases of circular plastics in the context of ELV, WEEE, and C&DW. The study is based on data collection in the form of semi-structured interviews and facilitated workshops. Semi-structured interview is the most frequently used method in qualitative research (DiCicco-Bloom and Crabtree, 2006; Saunders et al., 2007). Our interviews were planned in line with a framework presented by Kallio et al. (2016). The workshop activities were utilized to first expand the overall understanding of value chain actors and their needs, then for data collection, and finally for validating the findings of the study (see Annex A).

When planning the stakeholder engagement, a literature study on the addressed topics, including policy and legal landscape, plastic waste management and recycling, as well as barriers to circularity was conducted, aiming to generate insight into the known drivers for and barriers to plastics circularity. The thematic background generated an understanding of knowledge gaps and how to focus the data collection to support formulating the outline for stakeholder engagement.


2.1 Thematic background
 
2.1.1 Circular economy policies and legal landscape for plastics

Increasing recycling rates and well-functioning markets for secondary raw materials are preconditions for the implementation of a circular economy, as also highlighted in the European Green Deal (COM/2019/640), Circular Economy Action Plan (COM/2015/0614), New Circular Economy Action Plan (COM/2020/98) and the Plastics Strategy (European Commission, 2015, 2018a, 2019a, 2020a). The promotion of a circular economy has resulted in increasing emphasis on product recyclability and the uptake of recycling practices, including the use of recycled materials and products, at producer and consumer level across the EU.

The promotion of a circular economy has also resulted in increasing pressure on closing material loops in the EU, with particular focus on plastics (European Commission, 2018a, 2019a, 2020a). There has been a significant number of new plastic policies and legislation in Europe in recent years, aiming to reduce the unsustainable plastic consumption and to improve its recycling rates while preventing exports of plastic waste (European Commission, 2018b,c,e, 2019b, 2020b, 2022b,c, 2023, 2024a). Some of the most recent actions have focused on packaging waste (European Commission, 2019b, 2022c).

In recycling, meeting the end-of-waste criteria stated in The Waste Framework Directive (EC/2008/98) results in the waste be reclassified from being a waste to being a product and being subject to product legislation instead of waste legislation (European Commission, 2018b; zu Castell-Rüdenhausen et al., 2021). In the EU, several sectors of production are covered by Extended Producer Responsibility (EPR) schemes, in which the producer's responsibility for a product is extended to the post-consumer stage of a product's life cycle.

Chemical recycling technologies are not yet included in the legislative framework for calculating recycling rates as stated in the waste directives (European Commission, 2018b,e,d, 2020b). Technology development enhancing the efficiency of recycling processes is expected to tackle many of the recyclability problems of plastic waste (Cardamone et al., 2021, 2022). The proposed Packaging and Packaging Waste Regulation (COM/2022/677) is currently the only legislative document including chemical recycling for calculating recycling rates (European Commission, 2022c).

In plastics circularity, the legislative focus has been primarily on waste management (zu Castell-Rüdenhausen et al., 2021). The EU has very recently adopted the Ecodesign for Sustainable Products Regulation (EU/2024/1781), ESPR, to improve the circularity and sustainability aspects on products placed on the EU market. The ESPR is the main mechanism in the EU to push producers to increase the use of secondary raw materials. Objectives of the ESPR is to enable setting ecodesign requirements on products, facilitating the implementation of ecodesign (European Commission, 2024b).

The key challenge for plastics circularity is that reuse and recycling of end-of-life plastics remains very low, and the demand for recycled plastics is still low (European Commission, 2018a), accounting for only around 10% of plastics demand in Europe (Plastics Europe, 2022). A key objective of the Plastics Strategy is to increase the recycling capacity and the demand for recycled plastic content in production. Overall, the strategy has set a 10 million ton target for recycled plastics to be used in products in the EU by 2025 (European Commission, 2018a). Many brand owners and manufacturers have pledged to reduce their consumption of virgin material and use more recycled content (Lisiecki et al., 2023) and reducing plastic pollution (Diana et al., 2022). The European Commission launched the Circular Plastics Alliance in 2018 to increase the demand and facilitate the uptake for recycled plastics (European Commission, 2018a, 2022a), other voluntary pledges are e.g., the Ellen MacArthur Foundation's New Plastics Economy Global Commitment (Ellen MacArthur Foundation, 2022), and the UN treaty to end plastic pollution (United Nations, 2021).



2.1.2 Managing plastics recycling in the EU

Plastic waste can be managed either by sorting it at the source and collecting it through a specific scheme or as mixed waste without sorting. For mixed waste, the initial step involves separating different materials and polymers. When plastics are combined with other materials, such as in electronic devices or vehicles, the sorting process includes detachment or shredding. Once sorted by polymer type, the materials undergo mechanical or chemical recycling to produce secondary raw materials. In the EU, mechanical recycling is the dominant method for plastic recycling (Plastics Recyclers Europe, 2023). The capacity for mechanical recycling in Europe has grown significantly, from 3 million tons in 2014 to 11.3 million tons in 2021 (Plastics Recyclers Europe, 2022, 2023). This growth has also led to a reduction in plastic waste exports from the EU, decreasing from 2.6 million tons in 2016 to 1.1 million tons in 2022 (Eurostat, 2023).

Mechanical recycling is effective for clean, uncontaminated single-material plastic waste. This process involves shredding, washing, drying, and remelting the plastic to create recycled pellets for new manufacturing (Al-Salem et al., 2009; Hopewell et al., 2009; Ragaert et al., 2017). Conversely, mixed and contaminated plastics are unsuitable for mechanical recycling; instead, chemical recycling technologies are more appropriate for these lower-quality materials (Ragaert et al., 2017; Rahimi and Garcia, 2017; Lase et al., 2023). Chemical recycling technologies are being developed to eliminate contaminants, such as brominated flame retardants, and to handle mixed waste streams (Ardolino et al., 2021; Vollmer et al., 2020). In chemical recycling, polymers are broken down into monomers through processes like pyrolysis, hydrolysis, or solvolysis; the resulting products can be used as petrochemical feedstocks or re-polymerized into virgin-grade plastics (Ragaert et al., 2017). However, recycling incurs losses, and the volume of collected plastics does not match the volume of secondary plastics produced (zu Castell-Rüdenhausen et al., 2024), with approximately 35% of the material lost during recycling (Amadei and Ardente, 2022).

The design stage determines 80% of a product's environmental impacts (Kamp Albæk et al., 2020), making design particularly important for plastics circularity (ECOS, 2019). Design from recycling refers to promoting the use of recycled materials in products and components. Design for recycling, on the other hand, refers to design strategies in product development that promote sustainable end-of-life management, aiming to make the product better suitable for recycling. However, complex product design results in products containing multiple materials. Furthermore, most plastic products are designed to be used only once without considerations for proper recyclability (zu Castell-Rüdenhausen et al., 2022). The optimization of recyclability includes selecting non-toxic, recyclable materials that are easily separated and sorted for recycling and reuse (Brezet et al., 1997). Consequently, design for recycling facilitates plastics circularity by enhancing end-of-life recyclability already at planning stage, enabling products entering the market to better fit into existing recycling systems (ECOS, 2019). Currently, enhanced eco-design considerations are gaining importance, in particular in reducing the overall material usage and in simplifying disassembly to facilitate improved recycling (Preka et al., 2022). However, besides understanding on eco-design the circularity in plastics calls for an interplay of policy action, market incentives, and technology development.

The plastics consumption of the construction (22.9%), automotive (8.3%), and electronics (5.7%) sectors are exceeded only by the packaging (39.0%) sector in Europe. The packaging sector also displays highest recycling rates, at 37.8%, followed by the electronics sector at 20.0%, automotive at 18.8%, and the construction sector at 17.4%. The construction sector has the highest circular materials use rate, with 22.7% recycled content, compared to the circular materials use rates of the packaging sector (9.7%), the automotive at 4.6% and the electronics sector at 3.2% (Plastics Europe, 2025).



2.1.3 Barriers to circularity

Today, the plastics industry is still dominated by linear business models with little focus on circularity (European Environment Agency, 2021). Barriers to plastic circularity are not just technical, but stem from a combination of policy, market, societal and industry features throughout the whole value chain of plastics use (EASAC, 2020; zu Castell-Rüdenhausen et al., 2022). Both systemic and technological innovation is needed for moving toward more circular and sustainable business models in the plastics production and consumption system (European Environment Agency, 2021).

The production of plastics involves the use of chemical additives to improve specific technical properties, as well as color and stability. However, some of these additives, including many flame retardants and plasticizers, are hazardous (Singh et al., 2017). This complicates recycling efforts, as various grades of the same polymer, each with different additives, are mixed during collection (European Environment Agency, 2021; zu Castell-Rüdenhausen et al., 2022). Additionally, plastic products can become contaminated during their use and collection, for example, through contact with food waste or chemicals; this contamination can cause discoloration and odors, reducing the quality of the recycled plastic and sometimes making recycling impossible (Material Economics, 2018), as there are strict regulations on the allowable content of hazardous substances in recycled plastics (European Environment Agency, 2021; zu Castell-Rüdenhausen et al., 2022).

To produce high-quality recycled plastics, it is essential to separate polymers into mono-polymer streams and remove any other materials before recycling (Material Economics, 2018). The effectiveness of recycling processes largely depends on the quality of the waste, which is often heterogeneous, containing various polymers, additives, and sometimes other materials like metals and paper (Dahlbo et al., 2018; zu Castell-Rüdenhausen et al., 2022). Mixing different grades during recycling further diminishes the quality of the recycled plastics (Klotz et al., 2022). Additionally, the mechanical recycling process can damage the polymers, limiting the number of times they can be recycled, with the extent of degradation varying between different polymers (zu Castell-Rüdenhausen et al., 2022). These degradations result in recycled plastics of average quality, which are unsuitable for high-end applications but may be adequate for standard uses with fewer requirements (Wiesinger et al., 2021; Klotz et al., 2022). To compensate for quality degradation, virgin materials are often added to the recycled plastics (zu Castell-Rüdenhausen et al., 2022).

Virgin plastics can seldom be fully replaced with recycled plastic (Klotz et al., 2022). Different applications can utilize different ratios of recycled plastics, and the rates of substituting virgin plastics are not static (Astrup et al., 2018; Haupt et al., 2018; Vadenbo et al., 2017; Zink et al., 2016) but depend on both the technical properties of the secondary materials and the quality requirements of the substituted materials, as well as by other restrictions, including economic, socio-economic and legislative conditions (Vadenbo et al., 2017). The uptake of secondary materials in products can also be limited by requirements on e.g., aesthetics, odor, hygiene, safety, costs, and technical requirements such as stability and resistance to wear, fatigue, and to chemicals, as well as processing characteristics and degradation (Klotz et al., 2022).

The costs of recycling plastics (including both investment and operational costs) remain somewhat high in comparison to the low market price of virgin plastics (Letcher, 2020; zu Castell-Rüdenhausen et al., 2022). Different polymers have different market demand, and the value is further determined by material quality, where also color and odor have impact on the price (zu Castell-Rüdenhausen et al., 2022). Consequently, recycled plastics can rarely compete with prices and quality of virgin plastics—yet recyclers operate in the same market as virgin plastic producers (EASAC, 2020; Letcher, 2020). The barriers to increase the demand of recycled plastics also link to challenges finding sufficient and stable volumes of recycled plastics at the right quality (Nordin Ljungkvist et al., 2019). A highly developed waste incineration sector can compete for feedstock with the recycling sector (Wahlstrom et al., 2019). The potentially high cost, low quality, and limited availability of recycled plastics result in limited demand, resembling a chicken-and-egg dynamic where the lack of demand is holding back investments for improvement (European Environment Agency, 2021). Consequently, the high recycling rates according to current EU targets may also result in economic loss (Cimpan et al., 2023).




2.2 Methodology

The stakeholder interaction was conducted within the NONTOX project (EU Horizon 2020 programme grant agreement No 820895) that aimed for increasing recycling of plastics from the targeted sectors (NONTOX Project, 2019). The interviewees were selected within the project consortium affiliate networks to represent all targeted sectors as well as all value chain actors. For the waste management and collection phase (A), the construction sector was represented by a recycler, the electronics and automotive sectors by producer responsibility organizations. The phase of material recycling and secondary raw material (SRM) markets (B) is not differentiated into sectors, as this phase is represented by non-packaging plastics recyclers. For the product design and manufacture phase (C), the electronics sector is represented by brand owners and design experts and all sectors by manufacturers (see Annex B for the interview details). The value chain outline was generated based on a literature study and further explored and validated in the first workshop with key stakeholders (Workshop #1; see workshop programs in Annex A). The value chain activities and actors were defined to ensure the interviewees would represent the targeted plastic sectors in Europe, as well as the whole value chain of actors.


2.2.1 Value chain phases and actors

The value chain phases and actors in a circular plastics system vary between sectors. In the context of ELV, WEEE, and CDW, this study assesses a simplified circular plastics value chain that reflects the characteristics of the focus sectors (see Figure 1), wherein the use phase of products and components and the subsequent waste generation is followed first by post-consumer collection, including on-site sorting, then by pre-treatment and material recycling, including dismantling, shredding and sorting, and the production of recycled plastics, as well as sales and the markets for recycled plastics. Finally, the third phase of the simplified value chain is comprised of product and component design, as well as the production of these. The use phase has been excluded from the scope of this study.
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FIGURE 1
 Simplified value chain for circular plastics, excluding the use phase (Modified from zu Castell-Rüdenhausen and Marttila, 2023).


The first value chain phase (A) is represented by actors related to end-of-life collection and management of waste. These are connected to the producers through producer responsibility organizations (PROs), which represent producers and have responsibility for end-of-life management through the mandatory extended producer responsibility (EPR) in the EU for both the WEEE and ELV sectors. The second value chain phase (B) is represented by actors in the recycling industry, with the core objective to produce secondary raw materials from waste feedstocks (van der Harst et al., 2016), but also with potential for upcycling and value addition to the recycled plastics to answer market dynamics. The third value chain phase (C) constitutes product design by brand owners and original equipment manufacturers (OEMs), as well as the production of products and components by plastic converters, including also the eventual utilization of recycled plastics in the production of new products and components.



2.2.2 Data collection

Data collection was implemented through stakeholder events, namely through expert interviews and in a specific workshop for data collection (Workshop #2), using a structured outline that was distributed prior to the events together with complementary materials on the policy landscape in the EU. The interviews lasted 1.5–2 h, enabling in-depth conversation of all topics addressed. All interviews were recorded and transcribed.

The first topic of data collection addressed the first research objective of identifying barriers currently hindering plastics circularity. The objective was both to identify internal barriers that prevent change from within, as well as to explore external barriers perceived by the stakeholders. This topic was further divided into four sections, with the first section addressing market challenges (pricing and cost as key questions) covering the transition to a profitable recycling industry, the second section addressing technology challenges and feedstock quality, the third section addressing design addressed topics such as the use of recycled plastics in manufacturing and design for recycling, and the last section addressing information availability focused on traceability and the management of data. The role of policy instruments and the impacts of transboundary movements of waste were also discussed.

The second topic addressed the second research objective of identifying solutions that facilitates circularity in the targeted sectors. The objective was to identify means for overcoming barriers and bottlenecks related to legislation, technology, and economics. The focus was on instruments that are known to improve the recyclability of products, recovery rates of collection systems, and market demand for recovered materials.

The third topic addressed the third research objective of understanding the internal decision-making regarding circularity in the value chain. The objective was to enhance understanding of where decisions regarding circularity are made to enable the efficient targeting of actions that drive plastics circularity. The focus was on the use of recycled plastics, and the recyclability of products. To enable an understanding of where decisions on circularity are being made and how it impacts other stages of the value chain, the stakeholders were also asked to elaborate on the implementation and follow-up on decisions, and on key bottlenecks for decision-making and implementation.



2.2.3 Data analysis

To answer the objective of mapping external and also internal barriers to plastics circularity, identified barriers were thematically grouped under preliminary codes, grouping similar topics and highlighting topics identified by several stakeholders. After this, the solutions to the barriers, as suggested by the stakeholders, were compared to existing knowledge (see Section 2.1), and the solutions that had been allocated to specific barriers were analyzed to find patterns regarding how problems and solutions were paired by the stakeholders. Barriers and solutions that had not been highlighted by several stakeholders were discarded as not relevant in comparison to those that got more attention. This enabled extraction of a set of specific barriers and their potential solutions.

In the next step, overlapping solutions were coded and grouped, enabling one solution to answer multiple barriers. Once the solutions were grouped, recommendations for implementing the solutions in practice were assigned to all solutions. The assignment of recommendations was based on literature review and further examined in an expert workshop (Workshop #3). Based on the nature of the recommendations, they were categorized into actions for legislative revision, policy implementation and standardization activities.

The actors to which the recommendations were targeted were identified by assessing which actors were affected by the recommendations and where in the value chain the implementation of the recommendations would lead to a systemic change. To address the fourth research objective of generating targeted actions for supporting the transition to plastics circularity in Europe, the recommended actions were traced back to the original recommendation and barrier. The recommendations and actions were then targeted to the identified actors and outlined along the simplified value chain.

Finally, to validate the results of the data analysis, an internal data validation workshop (Workshop #4) was organized, where the results were presented to stakeholders and discussed in a round table discussion.





3 Results

The current barriers to plastics circularity for the targeted sectors, as well as solutions for overcoming these, were mapped in stakeholder interaction activities, including expert interviews and workshops. Solutions and recommendations for targeted actions are outlined along the simplified value chain (see Figure 1).


3.1 Barriers to plastics circularity

The first research objective of identifying barriers currently hindering plastics circularity as perceived by different stakeholders was explored both through the internal barriers that prevent change from within, as well as through external barriers. The identified barriers were outlined along the simplified circular value chain as presented in Table 1.


TABLE 1 The identified barriers and solutions for plastics circularity outlined along the simplified value chain (zu Castell-Rüdenhausen and Marttila, 2023).
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Firstly, the value chain stage for waste collection and pre-treatment (A) was shown to encounter several barriers, such as problems with collection volumes being small and vulnerable for changes in quality. A key barrier presented in the stakeholder interaction was that post-consumer recycling often cannot reach economy of scale; small volumes and poorly sorted waste prevents recycling of other than commodity polymers. It was highlighted that today, mainly post-consumer recycled polyolefins and PET are available on the market, whereas other recycled plastics are mainly post-industrial. The quality of the collected waste was stated to be affected by most products being designed without consideration for end-of-life. Mixing of polymers occurs at collection since collection systems do not separate polymers. It was highlighted that a non-stable feedstock quality results in variances in the produced recycled plastics. So far, obligatory material specific recycling targets were only introduced for packaging. Although many waste streams have obligatory recycling targets, they are not specifically targeting plastic recycling. Furthermore, plastic waste is exported from Europe for treatment both due to lack of capacity and economic incentives for recycling. Reporting allows including waste that is exported for recycling to attain the recycling targets. Today significant volumes of exported plastic waste are reported as recycled, preventing investments in European recycling capacity.

Secondly, the value chain stage for material recycling and secondary raw materials markets (B) was shown to encounter barriers mainly related to the profitability of recycling and poor recyclability of materials, as well as barriers related to technology efficiency and capacity. The lack of awareness among recyclers of the option of utilizing emerging recycling technologies, such as chemical or physical recycling, was believed to prevent the recycling of mixed plastic fractions and hazardous fractions. These fractions are now lost to incineration, landfilling and export. Furthermore, quality deterioration of the polymers in the mechanical recycling process was seen to prevent use in other than simple applications. Chemical recycling was believed to potentially support the mechanical recycling and ensure stability of polymer quality in the long run. However, the stakeholders highlighted that the categorization of emerging recycling technologies is not straight-forward. Where mechanically recycled plastics have a clear route for catergorization as recycling, the categorization of other recycling routes is not fully clear. Related to the uptake of secondary raw materials in products, mandatory recycled content requirements for products or producers (also known as mixing obligations) were seen as a key policy for increasing the demand for recycled plastics. However, the stakeholders underlined that if mixing obligations were introduced, some key bottlenecks need to be addressed, such as meeting supply and demand, and control of feedstocks to prevent mismanagement. In addition, mixing obligations should be considered on a case-to-case basis as they may be prevented by strict safety requirements for certain products. Today, there is no EU wide end-of-waste criteria. Thus, a recycled plastic that is accepted as a product in one member state, is seen as a waste in another member state, this was seen as an obstacle for the EU-wide trade of recycled plastics.

Lastly, the value chain stage for product design, component and product manufacture (C), was shown to encounter a major obstacle due to manufacturers preferring not to use recycled plastics. Another key barrier to increasing recycling rates that was emphasized by the stakeholders was designers' lack of knowledge of the requirements of the recycling processes. It was stated that today most products are designed without consideration for end-of-life, and even when designers aim for recyclability, they often fail due to lack of proper understanding of the requirements of the recycling process. The absence of end-of-life considerations, such as the use of hazardous substances, multilayer materials and some manufacturing methods, such as gluing materials together, was viewed as a significant issue. Problems related to higher costs from the use of recycled plastics were associated with lack of technical data for recycled plastics, and deviations in recycled plastic quality. Although recycled plastics may be less expensive to purchase, the overall costs increase in the short term as processes need to be redesigned for new material properties. The stakeholders all favored increasing the use of recycled plastics, despite some extra expenses related to recycled plastic use. However, the image benefits from using recycled plastics were not perceived as yielding sufficient monetary value to cover expenses due to changing raw material. For implementing plastics circularity, it is not sufficient to increase recycling volumes alone, the market demand for recycled plastics is needed to incentivise investments in recycling infrastructure. Currently recycled plastics cannot compete with prices and quality of virgin plastics, policies for creating a demand-pull to support the recycled plastics market is lacking.



3.2 Solutions facilitating plastics circularity

The second research objective was to identify solutions that facilitate circularity by overcoming the identified barriers. The barriers that were highlighted by several stakeholders were paired with potential solutions from the data and presented along the simplified value chain as presented in Table 1. Overall, the solutions are developed to improve the recyclability of products, recovery rates of collection systems, and market demand for recovered materials.

As shown in Table 1, the solutions for the value chain stage for waste collection and pre-treatment (A) focus on increasing collection and recycling volumes and separate collection capacity to gain a better and more stable feedstock, enabling recycling of non-commodity polymers. The solutions for the value chain stage for material recycling and SRM markets (B) focus on developing and increasing knowledge of recycling processes that could remove hazardous substances and recycle difficult-to-recycle wastes. The solutions for the value chain stage for product design, and component and product manufacture (C) include incentives for using recycled plastics and improving data availability and harmonized material qualities for recycled plastics. The solutions to the identified barriers exhibit some overlap. The solutions reoccurring in all value chain stages but focusing on the second stage (B) in the value chain are the incentives to promote recycling, such as incentives for expanding recycling capacity, preventing exports, improving recyclability, and economic incentives for recycling. The solutions target different actors, and they have also varied social, economic and environmental implications.



3.3 Recommendations for actions

To enable the fourth research objective of generating targeted actions, the solutions were first translated into general recommendations for practical action with no reflection on the context of implementation. Instead, the overlapping solutions were grouped into categories, allowing one solution to respond to more than one barrier and disregarding the preliminary value chain division of the barriers and solutions in Table 1. Recommendations for practical implementation were derived for each category, such as actions for legislative revision, policy implementation and standardization activities (see Table 2). The five identified categories focus on the following:


TABLE 2 The categories of recommendations divided into detailed actions and types of actions.
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Enhancing collection and recycling efficiency (1): at present, collection volumes are very low and exhibit fluctuating quality. Inefficient collection of waste results in losses of valuable materials. To achieve a better feedstock quality for recycling, increased focus on end-of-life management, increased collection volumes and intensified segregation (into polymers and colors) is needed. Larger and better sorted feedstock volumes would enable recycling of also other than commodity polymers reach economy of scale. Recommendations include legislative revisions for material specific recycling targets and the reporting of actual recycled output using revised calculation methodologies. Site specific sorting and more intensified segregation can be promoted with policy actions.

Supporting increasing the recycling capacity (2): significant volumes of plastic waste are exported from Europe due to lack of European capacity and economic incentives for recycling. The stakeholders stressed that export of plastic waste is currently a key obstacle preventing recycling and investments in European recycling infrastructure. The prevention of exports through legislative revisions can support infrastructure investments that would increase the EU's recycling capacity. Furthermore, increasing the demand for recycled plastics would also create incentives to increase the recycling capacity. Recommendations to support increasing the recycling capacity include changes in the waste legislation and waste shipment legislation to prevent export of plastic waste from Europe.

Enhance the positioning of emerging recycling technologies (3): problems related to security of supply could be solved by pushing the implementation of emerging technologies that could recycle both hazardous and mixed waste streams, such as chemical or physical recycling. In particular, chemical recycling can support the long-term stability of polymer quality. Overall, on a policy level, there is a need to increase awareness of innovative, emerging recycling technologies.

Enhancing recyclability of waste (4): by increasing knowledge of design for recycling, end-of-life management could be addressed by manufacturers in product design. Suggestions for incentives to promote design for recycling were such as ecolabels for circularity and ecomodulation on EPR fees. Recommendations to increase awareness of design for recycling include toolkits, guidelines, and policies.

Enhance recycled plastic markets and demand for recycled plastics (5): to increase the demand for recycled plastics, policies need to support sufficient recycled plastic supply and harmonized recycled plastic quality. For recycled plastics to compete with virgin plastics, policies on mandatory recycled content requirements in products could create a demand-pull further supported if also implementing harmonized quality standards would support the recycled plastic markets. EU-wide end-of-waste criteria for plastics could serve to remove the administrative burdens associated with wastes and harmonize the quality of recycled plastics.



3.4 Internal decision-making and targeting the actions

The third research objective was to understand the internal decision-making regarding circularity in the value chain. In this section the brand owners were identified as key stakeholders in promoting circularity in the sector, as they are responsible for design both with respect to the use of recycled plastics as raw materials, and for the products end-of-life recyclability. It was, however, found that brand owners must actively promote the use of secondary raw materials, although manufacturers have the final choice as to which materials to use in production. Consequently, it was concluded that large brand owners can influence raw material choices, whereas smaller brand owners cannot.

The data highlighted that policies are a key to steering the actions of key stakeholders. Although several brand owners are driven by the potential to enhance brand value, actively seeking circular solutions, they are significantly restricted by economic profitability. It was also highlighted that policies to support market uptake of secondary raw materials are needed in addition to policies supporting recycling.

Finally, to tackle the fourth research objective of generating targeted actions, the actions that had been created were now assigned implementation responsibility by tracing the location in the value chain where the original barrier had been identified. The results of the targeted recommendations along the value chain is presented in Figures 2, 3.
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FIGURE 2
 Recommendations for enhancing plastics circularity in Europe presented along a simplified value chain.
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FIGURE 3
 Targeted actions for enhancing plastics circularity in Europe.


The impacts of the recommended actions on value chain actors were also assessed by analyzing the systemic changes that each recommendation would require and the impacted stakeholders. As a result, the recommendations clearly highlight the important role of governance actors and recyclers.




4 Discussion

Since 2015 plastics have been a priority area in the EU for promoting a circular economy (European Commission, 2015) with increasing pressure on closing plastic material loops (European Commission, 2018a, 2019a,b, 2020a). Today we have some understanding of the external barriers to plastic circularity, but the internal barriers within the plastic sector remain unclear. We also are yet to solve the problem on how to overcome these barriers. This study set out to identify barriers preventing widespread plastics circularity and to present targeted solutions to overcome them.

This study focused on plastics in the automotive, construction and electronics sectors. Although displaying some similarities in material characteristics and despite having somewhat interconnected material flows, these sectors have some key differences when it comes to plastics circularity. The plastics recycling rates of the three sectors are somewhat similar at ~17–20%, but the circular materials use rate is significantly higher for the construction sector than for the other two sectors. The construction sector has even higher uptake of secondary raw materials than the packaging sector. This could partially result from lower quality requirements in construction products in comparison to the other product categories.

Related to design, we noted major differences noted between the sectors as the electronics and automotive sectors have quite good control of the product design, implementing also sustainable design principles. This might stem from the producer responsibility legislation in these sectors, but also from the control of the brand owners. In construction, there are no strong brand owners claiming ownership for the final products. In construction, contractors use components from different suppliers, whereas in the automotive and electronics sector, the brand over is involved in the design of components. However, in construction it is not the imported components, but the actual buildings, that compose the major material use. Thus, design is quite local as buildings are designed domestically and constructed on site.


4.1 Results and limitations

Our results indicate that policies, focused specifically on the recycling and secondary materials market are key to supporting the circular economy transition. The recommendations include enhancing the collection and recycling efficiency, supporting the expansion of the recycling capacity, enhancing the positioning of emerging recycling technologies, enhancing recyclability of products, and supporting the demand and markets for recycled plastics.

The results tie well with previous studies of EASAC (2020) and Material Economics (2018), including such recommendations as promoting design for recycling, optimizing collection systems to meet the demands of the recycling process, promoting emerging recycling technologies, enabling EU-regional markets for plastic waste, preventing exports of plastic waste from Europe, as well as introducing mixing obligations to create a demand-pull on the secondary materials market. This study, on the other hand, lack recommendations related to pricing of recycled plastics, which the other two studies included. Sure, many stakeholders compared secondary plastics price to virgin, but highlighting the operational costs when using recycled materials, stating that the operational costs have more impact than the raw material costs when it comes to using recycled plastics in production.

Although the main focus of this study is to find solutions to reach the recycling and secondary materials use targets stated in the Plastics Strategy (COM/2018/028), studies on the impacts of policy interventions for implementing circular economy policies indicate that there is not a clear consensus on the economic and socioeconomic benefits (Ferrão et al., 2014; AndreasiBassi et al., 2021; Cimpan et al., 2023). Thus, it is of importance to understand and clearly define the motives for studying circularity—may it be from an economic, social, environmental, or material perspective—the latest being key focus in this study. In general, if aiming for sustainability, it is worth highlighting that circular solutions may not always serve as the most sustainable option. To find the most environmentally, socially or economically sustainable solutions, the recommendations need to be studied further by using suitable methods for that specific purpose.

It is evident that circularity is mainly driven by policies in the EU. However, EU-policies may create some tensions on international markets. Ever stricter policymaking may well reduce the competitiveness of the European industry. A good example of this is the reduction in plastic waste exports. In principle, the export of plastic waste to countries where recycling is cheaper could prove to be a sustainable solution. Although it would indeed require some extra monitoring, such as audits, to ensure the waste is managed in an environmentally sound manner. Stricter policies, nevertheless, require some balancing, as the EU is already accused of over-regulation.

The research methodology may be subject to some biases and limitations. The overall focus was systemic, and the limited number of stakeholder interaction activities, as well as time constraints, may have limited the depth of data collected. Further, the representation of stakeholder groups was not evenly distributed, and the subjective nature of the data collected using this methodology may impact reliability of data. Findings from stakeholder interaction require cautious interpretation, as the specific formulation of questions during interviews, and the presence of other stakeholders in workshops may impact the collected data. The limitations in perspective of the study, i.e., from a technical and a design standpoint, may present some bias toward the distribution of barriers and solutions. Based on these biases, the results from the present study should be seen as indicative and require validation in further studies.

Another major limitation of this study could be the strong focus on the design and manufacture phase of the value chain when mapping the barriers. However, the focus on this specific value chain phase but yet a lack of a broader range of recommendations derived from the stakeholder interaction may indicate a lack of insight into other solutions of the stakeholders, or a bias of the stakeholders leading them to focus more on this specific topic.

Despite its qualitative nature, we believe that it is well justified to support the findings of this study, that to reach plastics circularity in Europe within a set time frame, rapidly enacted and high-impact policies are required. Policies must facilitate the growth of the EU's plastics recycling sector, as well as the demand for secondary raw materials to enable closing of material loops.



4.2 Conclusions

The objective of this work was to assess the barriers to and solutions for plastics circularity in the WEEE, ELV, and CDW sectors by collecting data through stakeholder interaction throughout the value chain. The current drivers and barriers were mapped alongside the mapping of internal decision-making processes concerning circularity in the value chain, and solutions with practical recommendations for targeted actions that would enable the development of a well-functioning plastic recycling system in Europe were outlined.

The main findings show that policies are key to support the growth of the European recycling sector, as well as the uptake of secondary materials in production and closing of material loops. Further, it highlights the role of design, both for the use of recycled plastics as raw materials, as well as for the recyclability of products at end-of-life, as well as the role of key stakeholders in the value chain, specifically brand owners and manufacturers, related to the choice of raw materials. Actions for enhancing plastics circularity in Europe were targeted to specific value chain actors. It was seen that governance actors and recyclers are targeted by most recommendations. However, rapid action is necessary to accelerate the transition to plastics circularity in Europe to meet targets outlined in the European Plastics Strategy. New, high impact policies need to be enacted quickly to allow the industry to react and follow through.

Overall, this study provides knowledge concerning key actions to support the transition to plastics circularity in Europe. The presented recommended actions would contribute to the growth of the EU's recycling sector and diverting of plastic waste away from exports, while also supporting the markets for recycled plastics. Not only would this support the transition to plastics circularity, it would prevent loss of materials due to incineration and export of plastic waste, while also contributing to EU's self-sufficiency for raw materials.
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