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The development of secondary sources as industrial feedstocks is important to creating resilient supply chains that contribute towards diverting resources away from landfills, mitigating deleterious environmental impacts, and minimizing market volatility. A major challenge to develop secondary feedstocks is the coordination and digitalization of the large quantities of generated information at each phase of a product’s life cycle. This paper builds upon earlier work that illustrates a top-level model of the activities and information needs to integrate product manufacturing with circular practices. This paper extends the initial work to explore the cyclical nature of Circular Economy (CE) information flows specifically related to product End-of-life. Using the Integrated Definition 0, IDEF0, modeling technique this paper examines the End-of-life function envisioned under a CE manufacturing model [ISO, 2012]. This function is decomposed into subsequent child functions and is analyzed relative to other product life cycle phases. The paper reviews the current global product EoL practices and in the context of the developed IDEF0 model. The proposed framework contributes a detailed description and presentation of information flows and the drivers of change (i.e., feedback loops) that are essential for creating secondary material streams based on the critically analyzing the reviewed literature. The novelty of this study includes the identification of standards and metrics gaps to facilitate quantitative assessment and evaluation in a CE. The study further elucidates the discussion around CE in terms of resource regeneration by ‘designing out waste’ and decoupling economic growth from resource depletion.
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1 INTRODUCTION
The Circular Economy (CE) is an economic model that promotes efficient resource consumption patterns via waste mitigation strategies, long-term value retention, reduction of society’s reliance on virgin resources, and closed-loop resource flows for products, components, and materials (Morseletto, 2020; Hofmann, 2019). The CE paradigm has gained tremendous momentum in the past decade and has been positioned as a means of decoupling virgin resource consumption and the associated environmental impacts from economic growth (Velenturf and Purnell, 2021). This can contribute towards the creation of new business opportunities and jobs, address material price volatility and secure supply chains (Kalmykova et al., 2018; Mathews and Tan, 2016). One way of achieving tangible benefits via CE practices is through the development of secondary sources of industrial feedstock. Recovered material feedstocks are critical to closing material flow loops. Besides technological and regulatory barriers, another barrier to the implementation of effective End-of-Life (EoL) treatment practices to close material flow loops is that CE-specific standards remain nascent even though the CE paradigm is not new. Thus, strengthening measurement science (a science-driven system of metrics, methods, and indicators) to support the development of standards remains vital.
This paper contributes towards our understanding of the current waste crisis, from a global as well as U.S. perspective, and identifies standards’ needs and associated barriers to integrate the recovery of materials into existing manufacturing practices. Opportunities in terms of digital technologies that could aid in overcoming the identified barriers have been discussed. The aforementioned objectives of the paper are addressed via the following sub-tasks:
1) The representation of the product recovery process for a generic product by, through the decomposition of the EoL product life cycle phase in the context of a CE (Reslan et al., 2022).
2) The subsequent identification of potential measurement science opportunities relative to waste reporting, inconsistencies in waste terminology and classification, and the lacunae in data requirements from the proposed activity model.
The paper is structured as follows: Section 2 reviews the literature to provide the readers with an in-depth understanding of the current global waste crisis, existing waste management practices, and barriers impacting recoverability (particularly from the point of view of the technical standards). Section 3 proposes an activity model for EoL product treatment and management. The model proposed in this paper characterizes processes that facilitate material recovery from used products and provides a basis to develop relevant standards and further measurement science for the effective evaluation of environmental performance. The activity model representation of the EoL phase of a product is described in Section 4, followed by an analysis in Section 5, wherein specific standards gaps in the EoL phase are identified along with the broad areas where implementing standards would contribute towards closing material flow loops and a CE. Our findings are compared with the current CE related standards landscape in Section 6, followed by a summary and conclusions section.
2 BACKGROUND: THE CURRENT WASTE CRISIS
In a circular economy, waste is viewed as a resource with value (Schmitt et al., 2021). The world generates more and more waste each year, but little is known about the compositions of many waste streams, who is producing the waste, and where it is ending up (Singh and Ordoñez, 2016). With high-quality, traceable data up and down waste streams, we can identify what is being produced and how to best make that “waste” into a resource reducing reliance on landfills. This section covers the current global and US waste landscape, the barriers, and opportunities to better manage the current crisis and needs for data and standards.
2.1 The global solid waste management landscape
Solid waste threatens human quality of life and the environment, and waste streams are expected to increase around the world. Waste production and management between high- and low-income countries differ greatly (See Supplementary Appendix A1 for country classification according to income). High-income countries like the United States, those in Western Europe, Japan, and Saudi Arabia generate much waste (34% of the world’s waste as of 2016) and generally have high collection, treatment, recovery, and disposal rates (Kaza et al., 2018). Low-income countries, on the other hand, have the opposite relationship with waste, generating very little (5% of the world’s waste as of 2016) and collecting relatively little (about 39%) (Kaza et al., 2018), although the informal waste management sector tends to be robust in these countries—an estimated 15 million people were estimated to make a living from informal recycling in 2007 (Aparcana, 2017; Medina, 2008). The United States, European Union, Japan, and other countries take a decentralized approach in which local governments dictate much of the solid waste management (SWM) practices. While the US Environmental Protection Agency (EPA) has regulatory authority over hazardous waste and can make recommendations for how to best manage and divert waste, state, tribal, and local governments regulate non-hazardous waste [US EPA, 2021c]. Similarly, in Japan, SWM is governed by municipalities and in the EU, the EU defines policies around SWM, but each member state defines and implements policies locally (Gusmão Gomes de Andrade Lima et al., 2016).
Waste generation is increasing in low-, medium-, and high-income countries (Figure 1A, refer to Supplementary Appendix A1). While high-income countries are currently responsible for most global waste generation now, the World Bank predicts that the amount of waste that low-income countries generate will increase threefold by 2050 (Kaza et al., 2018). Figure 1B provides waste generation projections regionally and it is observed that waste generation is growing the fastest in Sub-Saharan Africa, South Asia, and the Middle East North Africa region. Middle- and high-income countries are also predicted to increase the amount of waste they generate in the years to come (Figure 1B, refer to Supplementary Appendix A1). This is in part because waste generation increases with income and with urbanization. In addition, as a country gets more prosperous, it manages its waste more sustainably (Ferronato and Torretta, 2019; Kaza et al., 2018), as less sustainable practices like open dumping cause heavy health and environmental damage (dos Muchangos et al., 2015; Modak et al., 2015; Sanneh et al., 2011; Torretta et al., 2017). This trend will be influenced by other factors including policy and technology that also play a role in how sustainably waste is managed (Okot-Okumu and Nyenje, 2011; Han and Zhang, 2017). Sustainable management practices can be less impactful in terms of environmental degradation and human health but can also incur prohibitively expensive up-front costs. SWM in low-income countries may be less expensive than it is in medium- and high-income countries, but account for a higher percentage of residential income and municipal budget (Matheson, 2022). The World Bank found that SWM in urban areas can account for 20% of a municipality’s budget in low-income countries (although it can be as high as 80–90%) (Hoornweg and Bhada-Tata, 2012; Srivastava et al., 2015), but only 10% and 4% in medium- and high-income countries, respectively (Kaza et al., 2018). Having an established systems for collecting waste is a good first step toward 1) describing that waste and 2) implementing strategies to decrease and divert waste.
[image: Figure 1]FIGURE 1 | (A) Share of waste generation by region * [based on the findings of Hoornweg and Bhada-Tata, 2012. (B) Waste generation by region* for 2012 and 2025 (projected) [based on the findings of Hoornweg and Bhada-Tata, 2012.*(AFR: Africa; EAP: East Asia & Pacific;ECA: Eastern & Central Asia; LCA: Latin America & the Caribbean; MENA: Middle East & North Africa; OECD: Organization for Economic Cooperation & Development; SAR: South Asia).
See Supplementary Appendices A1, A2 for a more detailed breakdown on country classification according to regions and income levels.
2.2 Challenges in measuring and categorizing waste
Solid waste is generated by industry, households, and governments. Characterizing this waste is a necessary pre-cursor to measuring it. Waste can broadly be defined as three types of solid waste categories. First, pre-consumer waste is waste that “has never reached the end-user” [UL, 2020] (e.g., industrial scrap and food waste that never reached a consumer) whereas post-consumer waste did reach the end user (e.g., municipal curbside waste). Second, waste can also be categorized into hazardous—which the US EPA defines as “a waste with properties that make it dangerous or capable of having a harmful effect on human health or the environment” (US Environmental Protection Agency, 2021a) and non-hazardous. As mentioned before, the US EPA regulates hazardous solid waste, but not non-hazardous solid waste. Furthermore, we categorize waste streams based on which sector is generating it: industrial waste (so called ICI, or industrial, commercial, and institutional waste), construction and demolition waste (C&D) and municipal solid waste (MSW, or waste generated by households and businesses that use management systems like curbside pickup). Further, an ASTM International publication, provides more detailed categories for characterizing discards from manufacturing facilities.
Accurately measuring waste streams is difficult, both locally and globally (Martínez et al., 2022; United Nations Environment Programme, 2015). As a result, the amount of industrial waste generated and its management globally are underestimated (Ferronato and Torretta, 2019). One reason is a lack of standard methods for countries to define different waste streams (Chen et al., 2020; United Nations Environment Programme, 2015). The general trend is that countries do not separate ICI, C&D, and MSW in their reporting. For example, the EU reportedly generated 2.337 million tons of waste in 2018 across all economic activities and households (Eurostat, 2021), but it does not report MSW, ICI, or C&D separately, instead letting countries create their own definitions (Woodard, 2020). Singapore, too, does not separate manufacturing waste from MSW (Kerdlap et al., 2019). Japan, however, does distinguish between MSW and industrial waste Government of Japan Ministry of Environment, 2018; for more, see Table 1 in Woodard, 2020]. In the US, states, tribes, and local governments may collect data on non-hazardous solid waste, but they are not required to report it to federal agencies (US Environmental Protection Agency, 2022).
TABLE 1 | Barriers to EoL material recovery (Arnold et al., 2015; Wilts & Berg, 2018).
[image: Table 1]Another problem is with terminology in what exactly constitutes ICI waste. The World Bank reported that the waste that is created from industrial processes globally (e.g., manufacturing, agriculture) is almost 18 times greater than MSW (Kaza et al., 2018). The Ellen MacArthur Foundation reported that factories in Europe produced 46 million more tons of waste than households [Ellen MacArthur Foundation, 2022]. However, in the US, at least, this comparison is not as simple as it seems because (Krones, 2016). The absence of clarity around exactly what the compositions of various waste categories is and how much is generated is another barrier to collecting trustworthy, traceable data.
2.3 Magnitude of industrial waste in the United States
The US does not have a good understanding of its material flows, especially when it comes to waste generated by the manufacturing sector. As a high-income country, the U.S. generates a disproportionate amount of waste relative to many other countries in the world. In 2018, it generated 292 million US short tons of MSW according to the US EPA (The EPA collects information on MSW and hazardous waste, but not ICI or C&D (US Environmental Protection Agency, 2020).) The MSW infrastructure consists of five components: 1) landfills, 2) incinerators, 3) transfer stations, 4) material recovery facilities (MRFs), and 5) mechanical and chemical recycling facilities (US Environmental Protection Agency, 2021a). The EPA reported that the country generated 292 million tons of MSW in 2018, 32.1% of which was recycled or composted. Reporting on waste generated by manufacturers (ICI waste), however, is decentralized and not aggregated (Krones, 2016).
In the National Recycling Strategy (US Environmental Protection Agency, 2021a) the EPA identified improving collection and materials management infrastructure as one of its objectives to achieving a 50% recycling rate by 2030. This includes mapping out the infrastructure and identifying and filling gaps. A better understanding of the US’s solid waste infrastructure may be used to address ICI and C&D waste streams.
Unfortunately, the problem of waste segregation, categorization and tracking is compounded by large-scale production of increasingly complex multi-material, multi-component products very efficiently. The electronics sector represents one such example and the growing electronics waste (e-waste) problem is exacerbated by society’s inability to collect, segregate, and treat EoL electronics (Schumacher and Green, 2021). Although in the US e-waste is meant to be treated separately under the category of Waste Electrical and Electronics Equipment (WEEE), inevitably some e-waste ends up in the MSW stream especially with growth in the number of household goods that embed electronics. The plastics sector represents yet another example of haphazard EoL treatment and difficult segregation (Beers et al., 2022). Other sectors see similar problems and, in future, clean energy technologies—such as electric vehicles (EVs), wind turbines and solar panels—pose a similar problem if an adequate practices for addressing the resulting waste streams are not developed (Mathur et al., 2020; Maani et al., 2021; Schumacher and Forster, 2022; NIST, 2022).
Solutions for better waste management practices are needed across a number of dimensions including technological advances, better engineering and manufacturing practices, and policies and regulations. Solutions will need capabilities for tracking and quantifying waste streams, segregating waste streams to prevent cross contamination, and technologies that can address the complex nature of these products including effective material extraction. Currently, the US has no clear path to deal with the impending clean energy technology waste that will ensue in the near future. Developing a robust system to manage EoL post-consumer goods is especially important to facilitate recovery and preserve resources, and also to support the reuse of those materials by fostering new streams of material of known quality and reliable quantities.
2.4 Industrial waste and post-consumer products recovery infrastructure in the US
One main reason that it is important to understand and quantify industrial and post-consumer waste is that this waste can be valuable. Market pressures are pivotal to the recycling industry where recycled content competes with virgin feedstock. Industries are not strongly incentivized to reduce or divert waste. Many of their decisions to use virgin or recycled material is based on price, and markets for diverted waste are not strong (Le Moigne, 2021). For years, China bought and processed nearly half of the world’s recyclables, but in 2018 the country implemented an import ban on recyclables; India, Malaysia, Thailand, and Vietnam followed suit shortly afterward (Kerdlap et al., 2019; Solid Waste Association of North America, 2021). Since then, the market for secondary materials has been unstable and subject to great fluctuations. It is often cheaper to buy virgin materials than recycled ones, especially plastics, and incinerate or landfill waste than recycle it (Solid Waste Association of North America, 2021). A stronger, more regulated market for waste streams, policy changes such as tax and other incentives, and/or pressure from consumers could address this problem (Solly et al., 2019).
The federal government has little authority in the management and control over non-hazardous industrial waste. It is classified under Subtitle D of the Resource Conservation and Recovery Act (RCRA), which bans it from being disposed of in open dumps and sets minimum federal guidelines for landfills. States themselves can set stricter rules on the disposal of industrial waste (US Environmental Protection Agency, 2021b). This results not only in a patchwork of recycling policies that vary regionally, it also means that no organization is able to account for the content, magnitude, and flow of waste streams. Better insight into the flow of goods would support recyclers in better preparing for their management, as well as prepare potential processors and consumers of the waste streams.
One way to divert dumping and increase value recovery from discarded materials and products is via Industrial Symbiosis. Industrial symbiosis, a branch of industrial ecology, is a relationship in which different industries share or sell resources with one another. When done effectively, this relationship can yield huge environmental, economic, and social benefits [for review, see Neves et al., 2020]. The most famous example of industrial symbiosis is the eco-industrial park in Kalundborg, Denmark, in which a variety of industries–e.g., oil refinery, pharmaceutical plant, and gypsum board facility–and the city share water and electricity and exchange outputs from their processes to be used as feedstock for other processes. For example, two pharmaceutical companies that are in the partnership produce biomass as an output, but instead of disposing of that biomass, the companies sell it to another member of the eco-industrial park, a bioenergy company, that uses the biomass as feedstock to create natural gas.
Some companies in the US also use industrial symbiosis to increase profit and decrease waste. Industrial symbiosis facilitates open-loop recovery, i.e., the use of recovered materials to manufacture different products (Mathur et al., 2020). Closed-loop recovery on the other hand reintroduces recovered materials to manufacture the same product (Mathur et al., 2020). A collaboration between a waste management company and a manufacturer called the Casella-Hypertherm Recycling Partnership (CHRP) expanded into a larger recovery ecosystem in the northeastern US that made recycling easier and more cost-effective than it had been before the relationship (Krones, 2017). There are other instances of manufacturers creating value for secondary resources using industrial symbiosis and research in this area examines several potential opportunities as well (Light House Society, 2019; Mathur et al., 2019; 2020; 2022). A report to the Washington State Department of Commerce suggested that industrial symbiosis operates best when it is supported by “dedicated facilitation,” such as the government (Light House Society, 2019). The report also suggests that governments could act as investors and convenors to facilitate such collaborative ecosystems. Washington State recently passed new legislation to facilitate these relationships [Establishing a Statewide Industrial Waste Coordination Program, 2021].
2.5 Measurement science barriers to effective waste recovery
The literature reviewed highlights the scale of waste generated. It also highlights the fact that current measures to address this waste are lacking. This is evident by the quantities of waste being produced and under conventional disposal practices, subsequently ending up in landfills owing to the lack of requisite material recovery infrastructure and, also high labor costs, particularly in developed countries (Darby and Obara, 2005; Nnorom and Osibanjo, 2008; Akram et al., 2019). Industrial waste is of particular concern since many manufacturing sectors consume high-quality and therefore, high-value industrial feedstock. Processing industrial feedstock to the required specifications can be extremely resource intensive in terms of energy, water, and other resources. Furthermore, each processing phase results in the generation of byproducts. Often these are hazardous and must be disposed in special landfills (Ilankoon et al., 2018; Mathur et al., 2020; Ahirwar and Tripathi, 2021).
Increasing populations and consumer demands also means the acquisition and creation of industrial feedstocks as a consequence of complex processes for use in products with lifetimes that are getting shorter with each generation (e.g., consumer electronics, single-use and other plastic products) (Richter et al., 2019; Faraca and Astrup, 2019; Heller et al., 2020). Society’s ability to exploit the economies of scale of manufactured, complex, multi-component and multi-material products has resulted in indiscriminate consumption and disposal by a growing global population. This linear economy is unsustainable and has resulted in environmental degradation and the depletion of resources. Simply landfilling used products results in the loss of valuable resources. Wilts and Berg identified four challenges to recovering discarded materials and used products (Wilts & Berg, 2018). Based on our literature review, we expand on those challenges and highlight a fifth challenge—standards (See Table 1). Standards will be needed across many dimensions to create recovery systems that work in unison with production, material acquisition, and disposal mechanisms and to scale these solutions globally. Table 1 summarizes the barriers to material recovery and identifies broad areas for potential standards development. Table 2 in Section 4 further elaborates upon the standards requirements derived from the EoL IDEF0 model.
TABLE 2 | An overview of the standards gaps during product EoL treatment.
[image: Table 2]2.6 Opportunities for better measurement: The Circular Economy and digital technologies amalgamation
The CE vision addresses society’s current limitations by closing material flow loops and reducing reliance on virgin resources. It is especially important as estimates are that global material consumption and waste generation will double by 2050 (Franzo et al., 2021). While CE is a promising paradigm for decoupling economic growth from resource consumption and environmental degradation, other emerging digital technologies (DT) such as internet of things (IoT), big data analytics (BDA), artificial intelligence (AI) and additive manufacturing, have the potential to change the way society manufactures and delivers products (Korhonen et al., 2018; Pieroni et al., 2019; World Economic Forum, 2016; Lasi et al., 2014). Interest in exploring the potential of DT in the realm of CE-driven manufacturing is growing (Awan et al., 2021; Liu et al., 2021). Although various studies have been undertaken to investigate linked DT and CE strategies, the overall understanding where DT can be used to implement CE practices remains underdeveloped (Ingemarsdotter et al., 2019; Kristoffersen et al., 2020; Rosa et al., 2020; Cagno et al., 2021; Liu et al., 2021). Although Liu et al. provide a thorough analysis of how DT can be used in the context of reverse supply chains, extending product lifespans, remanufacturing, and fostering industrial symbiosis, they highlight the importance of multi-dimensional and multi-actor data requirements, safe and secure data exchange platforms and advancing empirical research (Liu et al., 2021).
Addressing these gaps will require research and development to advance measurement science that, in turn, will facilitate the development of appropriate CE-driven technical standards. Standards are instrumental in regularizing technological innovations, enabling trade between nations and establishing trust within markets, and quantifying performance. EoL product recovery is an area that requires particular attention. Closing material flow loops will require the seamless transfer of information between multiple stakeholders to facilitate effective disposal, collection, and recovery mechanisms; novel processing methods; material testing methods; and creation of an infrastructure that promotes secondary material markets. Furthermore, critical information loops can feedback information to other product life cycle phases, creating the potential to drive CE strategies earlier in the life cycle, such as, through the implementation of Design for Environment (DfE). Identifying these information loops is vital to bridge DT with a CE framework for manufacturing.
3 ACTIVITY-BASED REPRESENTATION OF CE TO STRENGTHEN SUSTAINABILITY AND MEASUREMENT SCIENCE FOR THE DEVELOPMENT OF STANDARDS
Strengthening measurement science for manufacturing and around emerging sustainable manufacturing activities will build repeatability in best practices, enable quicker scale up of sustainability approaches, and create trust in industrial practices and systems. Developing and standardizing sustainability evaluation methods and tools will contribute towards eliminating inaccuracy and ambiguity in claims and enable manufacturers to compare processes and their impacts consistently. Sustainable manufacturing is a function of many parameters, including material use, energy use, waste, and equipment. Early work on sustainable manufacturing was often focused on improving the efficiency of manufacturing processes and production systems in order to reduce resource consumption. The work discussed herein builds out from that foundation to look at the broader set of needs for creating fully circular material loops.
Early NIST work used the IDEF0 technique to define the Systems Integration for Manufacturing Application (SIMA) reference architecture to model the design to production phase of the product development (Barkmeyer et al., 1987; Christopher et al., 1996). Subsequent work extended this model with sustainability considerations which provided a framework for standards development [Valivullah et al., 2014]. Mani et al. proposed an activity model for sustainable manufacturing (Mani et al., 2013). More recently Reslan et al. extended the model by introducing activities that address CE practices across a full product life cycle incorporating including practices that address the flow of material back into the manufacturing system. (Reslan et al., 2022). The model integrates sustainable manufacturing and CE practices for manufacturing of a generic product. This paper decomposes the product EoL phase of that life cycle model and delves deeper to highlight opportunities for enabling CE in the context of closing material flow loops.
3.1 Life cycle thinking for sustainable manufacturing
NIST work towards sustainable manufacturing resulted in standards for representing manufacturing processes and set a vision for using those standards to both reduce process impacts through data collection and continuous improvement and to subsequently build a framework for measuring the environmental impacts of manufacturing (Mani et al., 2016; Brundage et al., 2018a). Subsequent efforts made strides for building on the resulting digital standards (ASTM E3012) to generate data suitable for life cycle inventories to be used in life cycle assessments; more research is needed in this regard (ASTM International, 2016; Kulkarni et al., 2019; Bernstein et al., 2019; Brundage et al., 2018b; Komoto et al., 2020).
Life cycle thinking underpins the need to facilitate the exchange of information between various product life cycle phases with the understanding that product developers may be able to use this information to develop less environmentally impactful products. The challenge then lies in identifying what this information is and prioritizing these information exchanges to implement practices that are most beneficial. Well-defined manufacturing process taxonomies and classifications support modeling of manufacturing processes to shed further light on the sustainability performance for use in manufacturing planning (Lu et al., 2016). Information needed from manufacturing production activities to help address life cycle impacts and material recovery includes.
• physical resource, emissions, and material flows between processes, and
• resource needs and consumption patterns for particular processes (i.e., lubricants, tooling, water, and others)
• material composition and recovery guidance for output products.
To better understand the complexity of information needs for a CE, we developed a similar model of the broader product manufacturing life cycle using the IDEF0 technique. The IDEF0 modeling approach provides a framework for defining the activities and flows necessary to accomplish a complex undertaking, in terms of physical as well as information flows and at varying levels of complexity. This is a consequence of IDEF0 possessing a standardized syntax thus making the models well-defined and easy to understand. The IDEF0 models are well-structured and can provide significant via detailed model decompositions. Due to their scalability, flexibility and adaptability are used to model and analyze complex systems and enterprise operations (Waissi et al., 2015). The resulting model in this study has been developed to help guide and integrate evolving standards and needs specifically for new practices to pursue CE objectives, i.e., objectives that require systems thinking.
3.2 IDEF0
IDEF0 is a functional, or activity, modeling language used primarily to model decisions, actions, and activities within complex systems. The model comprises several basic units. Each unit is composed of five elements, namely, an activity, inputs, outputs, controls, and mechanisms (See Figure 2) [ISO, 2012; Reslan et al., 2022]. An activity represents a function that is being modeled in the IDEF0 diagram. An input is a flow that gets modified by the activity while an output is the resulting flow acted upon by the activity. Mechanisms are the means to complete the given activity and controls define the conditions required to ensure that the corrected output gets generated.
[image: Figure 2]FIGURE 2 | The IDEF0 schematic [adapted from Reslan et al., 2022].
These model units can be further decomposed into more detailed units and represent the hierarchy of activities within a system. The decomposed diagrams, referred to as child diagrams, are labeled as A nx where n is the label of the parent and x is a sequential numbering at the child level of decomposition. Thus, in summary the IDEF0 standard enables modeling of complex activities and provides users with a structured graphical form to analyze entire systems. This in turn can serve as a communication tool to support decision-making across an organization.
On reviewing the literature IDEF0 modeling method has been applied to and discussed in a wide variety of contexts, including sustainable manufacturing. In addition to the use of the technique as discussed above for a high-level view of the design-to-manufacturing system view, IDEF0 was used in past studies to highlight the advantages of an integrated model approach for optimizing energy and material efficiencies during manufacturing (Harun and Cheng, 2011; Smith and Ball, 2012; Meteyer et al., 2014; Harun et al., 2019). Eldessouky et al. (2009) present an IDEF0 framework for reverse engineering products to manufacture spare parts. IDEF0 has also been used specifically to analyze redistributed manufacturing for the production of shoes (Moreno et al., 2017). Zhang et al. (2011) introduced the use of IDEF0 in the context of designing a sustainable Product Service System (PSS). Wang et al. (2011) applied IDEF0 to EoL vehicle infrastructure to analyze the current recovery infrastructure and evaluate future alternatives.
In the context of product recovery, Sarigecili et al. (2013) developed an IDEF0 activity model for EoL activities for manufactured products with the intention of helping businesses integrate sustainability practices. Um et al. (2008) demonstrate the use of a product recovery management system developed in IDEF0 to model the management of byproducts and EoL material generated by a construction company. Similarly, the IDEF0 framework proposed by Errington and Childe (2013) focuses simply on the inspection activity during remanufacturing. Ziout et al. (2014) presented a top-level IDEF0 model for EoL product recovery for fuel cells and demonstrated the complexities involved in determining a product’s EoL fate while considering the collective interests of a multitude of stakeholders. Consistently, the literature reviewed highlighted the lack of standardized terminology and varying interpretations of definitions used in the context of product recovery [Um et al., 2008; Eldessouky et al., 2009; Wang et al., 2011; Sarigecili et al., 2013; Ziout et al., 2014]. Although this literature has pointed to product recovery IDEF0 models that may contribute to sustainable development, the NIST work by Reslan et al. (2022) was the only study found which specifically developed a model to address CE implications.
The study has contributed in the following ways:
1) It has addressed the identified gap in the literature by providing a detailed and systematic representation of the product recovery process for a generic product by building upon the previously developed activity model (Reslan et al., 2022), through the decomposition of the EoL product life cycle phase in the context of a CE.
2) It has identified potential measurement science opportunities with respect to mitigating inconsistencies relative to waste reporting, inconsistencies in waste terminology and classification, and the lacunae in data requirements from the proposed activity model.
The proposed model is a highly detailed depiction of the activities including their inputs, outputs, mechanisms and controls, and interactions with the other activities of the product recovery process. It provides a rich representation of business, environmental and societal concerns, and has the potential to be a basis towards building up waste mitigation frameworks and strategies.
4 RESULTS: THE EXTENDED MANUFACTURING CE IDEF0 MODEL FOR MATERIAL RECOVERY
The following section presents a reference model for material recovery within a manufacturing CE IDEF0 (Figure 3) to provide an overview of current efforts with respect to CE-promoting standards. This framework builds upon past work by Reslan et al. (2022) towards a manufacturing CE model. Sub-sections 4.1, 4.2 and 4.3 describe each of the decomposed sub-functions in greater detail.
[image: Figure 3]FIGURE 3 | The top-level manufacturing-based CE IDEF0 diagram, A0.
4.1 Activities A-0 & A-n
The manufacturing CE model, Production in a CE (A0) is a framework for specifying the integration of circular business practices throughout common manufacturing practices (Figure 3). The decomposition of A0 (into child diagrams) is presented in Figure 4 (Reslan et al., 2022). Taking a product life cycle perspective, the major sub-functions, A-n of A0 are Design Product (A1), Acquire Materials (A2), Produce Product (A3), Use and Consume (A4) and Treat at EoL (A5). Product manufacturing comprises the product design (A1) phase driven essentially by prevalent market gaps or requirements. Once the product has been designed, the requisite materials are sourced (A2) and the product is produced as a result of transformative manufacturing processes (A3). The finished product is then distributed for use and consumption (A4). Traditionally, after it has fulfilled its primary functionality and reached its end of life, the product is discarded by the user, where it undergoes Treatment at EoL (A5). This later function or activity is being transformed by the movement towards a CE to bring the products and/or their constituent materials back into the economy. Figure 4 adapted from Reslan et al. (2022) illustrates the inputs and outputs from one life cycle stage to the next, in addition to mechanisms that facilitate activities at each stage given the controls.
[image: Figure 4]FIGURE 4 | A0 manufacturing-based CE IDEF0 function comprising sub-functions A1, A2, A3, A4 & A5 (see Figure 1). The sub-function, A5 i.e., Treat at End of Life phase is highlighted.
Unlike a traditional linear economy, the CE paradigm promotes the notion of the waste hierarchy (See Figure 5) to close material flow loops and thereby aims to decouple economic growth from resource consumption (Mathur et al., 2019). The principle of the waste hierarchy is not new and prioritizes reduction, reuse and recycling over incineration and disposal in landfills. Thus, within a CE paradigm, the waste hierarchy has the potential to facilitate decision-making to minimize the EoL products and materials being discarded in landfills and enable conservation of resources through the creation of secondary material sources via reuse, remanufacture and recycling. The stratified approach that the waste hierarchy takes, can help overcome the lack of clarity by providing a holistic view of waste management practices if various terminology and indices are adequately defined (Pires & Martinho, 2019).
[image: Figure 5]FIGURE 5 | The waste hierarchy (Adapted from the EU Waste Framework Directive 2008/98/EC & Mathur et al., 2019).
The overall degree of product and material recovery is facilitated by corporate will, personnel expertise, and existing EoL recovery infrastructure. The degree of recovery and thus, of CE, is limited by the lack of effective regulations, incentives, market demand for secondary materials and unified associated standards. Another big limitation is the suitability of recovered material since procedures around quality control, contamination levels and the technical inability to process discarded material into reusable forms remains challenging. Further, the extent of product recovery often is a direct consequence of decisions taken at the early phases of product design (A1) and, therefore, information related to product treatment feasibility and options at the EoL must feed back into the product design phase for future considerations and improvements.
The proposed IDEF0 manufacturing CE framework is particularly important in creating a mechanism where early design decisions are facilitated based on accurate information flows from the other phases of a product’s life cycle (A2 through A5). Using the top-level IDEF0 function (A0) and the derived sub-functions (A-n) (Figure 4), the following subsections build upon the notion of extending CE by closing material flow loops and the waste hierarchy.
4.2 Activity A5 treat at end of life
To understand the interrelationships between activities that specifically drive material recovery, the node A5, Treatment at EoL in the child diagram in Figure 4 is decomposed further into subsequent lower-level diagrams. This decomposition is instrumental in providing a more exhaustive understanding of the inter-related elements at product EoL. Figure 6 presents the child diagram of sub-function A5, Treatment at EoL decomposed into three activities, namely, Collect end-of-life products (A51), Clean/separate/sort products (A52), and Treat end-of-life products (A53).
[image: Figure 6]FIGURE 6 | A5 Treat EoL products phase in the context of the manufacturing CE IDEF0 model.
Once products have fulfilled their primary functions within the use phase of a product’s life cycle (A4), the resulting EoL products need to be collected, often over regions spanning vast areas and transported to central processing units for further processing. Unutilized material in the form of byproducts and scrap that are generated at the A3 Produce Product phase of a product’s life cycle also need to be addressed and, therefore, feed into A51 and A52 for recovery. The node A51 Collect EoL products, in Figure 6 represents EoL product collection and feeds into the node A52 Clean/separate/sort products. The collected and segregated material subsequently feeds into A53 Treat end-of-life products where it is treated in accordance with the principle of waste hierarchy for recovery (reuse, remanufacture, recycling and energy recovery). It should be noted that depending on the type and composition of a product and the maturity of recovery related interventions, the product may not necessarily undergo each of the recovery steps in the waste hierarchy. For instance, a product may be dismantled and some components directly reused, not undergo remanufacturing, but undergo recycling and subsequent landfilling.
Even the most common consumer products can be extremely complex in that they comprise numerous components, sub-assemblies, and assemblies. Further, often a combination of different materials is used to fabricate these products. Collected EoL products, therefore, need to be pre-treated and are dismantled, sorted, and cleaned. This is an important step in material recovery as material cross-contamination can result in unnecessary material losses as the product undergoes subsequent processing in A53 Treat end-of-life products. As a result of product complexity owing to design and materials used, A5 needs to be supported by robust infrastructure, and adequate expertise through skilled personnel. These factors have been identified as mechanisms for A51, A52 and A53. Similarly, the controls associated with A51, A52 and A53 are regulations, and the waste hierarchy classifies EoL treatment across a range of alternatives. Therefore, the A53 Treat end-of-life products activity is further decomposed in close alignment with the principles of the waste hierarchy (See Figure 7). Cleaned, separated, and sorted EoL product components and products may be directly reused (A531) in manufacturing an altogether new product if they are deemed fit upon inspection. Often however, as a consequence of use and/or mechanical disassembly methods (A532) at EoL, components and sub-assemblies may suffer some degradation or damage.
[image: Figure 7]FIGURE 7 | A53 Treat EoL products phase in the context of a manufacturing CE IDEF0 model.
Fit products may be reintroduced into the economy through remanufacturing (A533). Remanufacturing entails repairing part of a product in combination with possibly adding new parts (often fabricated using virgin resources from A2) or repairing/maintaining existing parts to rebuild the product to its original specifications (Ijomah et al., 1999; Sundin & Bras, 2005; Sundin & Lee, 2012; Ortegon et al., 2013). Products and product components that can neither be reused nor remanufactured are processed further through recycling (A534). Unfortunately, owing to the inevitable cross-contamination and complexities associated with recycling processes, losses do occur. These losses can be in the form of material losses and/or emissions. In the case of material losses, the residues resulting from recovery processes (reuse, remanufacturing, and recycling) may be incinerated (A534) for energy and/or simply landfilled (A535). On the other hand, carbon capture and sequestration may be employed to mitigate impacts as a result of landfilling discarded materials (Brigagão et al., 2021). Careful evaluation of trade-offs for EoL treatments need to be undertaken to facilitate the most appropriate EoL pathway. Once again, the mechanisms to facilitate the functions at the A-nnn level include adequate infrastructure and expertise. The controls are regulations, standards, and governmental incentives, in further addition to initial product design.
4.3 Activity A53 Treat end of life products
Activity A53 Treat EoL products is further decomposed. The Reuse activity, A531, is the most favorable of recovery scenarios as it avoids the manufacture of an altogether new product thereby resulting in resource savings and avoided environmental impacts (Figure 8). Reuse entails collected and sorted used products simply being inspected, replaced, and reassembled, and evaluated for fitness before reentering the market. Reuse, in essence, can be considered a perfect closed loop. Products that are found to have undergone degradation and are not fit for direct reuse are subsequently disassembled into sub-assemblies and components. Unacceptable products that cannot be reused are mechanically separated, sorted, and isolated and are subsequently tested for integrity and graded. Acceptable sub-assemblies and/or components are fed back into the economy for reuse. Those deemed unacceptable for direct reuse are consequently considered for remanufacturing.
[image: Figure 8]FIGURE 8 | A531 Reuse phase in the context of a manufacturing CE IDEF0 model (the controls and mechanisms remain consistent across all the sub-activities under A531).
The inputs from the disassembly phase (Figure 9), i.e., disassembled product components and sub-assemblies are now inspected and depending on their level of degradation they are remanufactured (Figure 10) using virgin raw material inputs. Once tested, the acceptable parts are introduced into the economy and often marketed as refurbished products. Those found unacceptable are subsequently recycled.
[image: Figure 9]FIGURE 9 | A532 Disassemble product phase in the context of a manufacturing CE IDEF0 model (the controls and mechanisms remain consistent across all the sub-activities under A532).
[image: Figure 10]FIGURE 10 | A533 Remanufacture phase in the context of a manufacturing CE IDEF0 model (the controls and mechanisms remain consistent across all the sub-activities under A533).
The Recycle node, A534 is decomposed further (See Figure 11) into Mechanical recycling (A5331) and Chemical recycling (A5332). The objective of recycling is to process recovered materials into feedstock of identical or similar material properties and quality as the virgin feedstock that can be reintroduced into the economy, thus closing material flow loops. Mechanical recycling is a less environmentally intensive process than chemical recycling as it usually comprises simply shredding or granulating the material. This is then reintroduced in the economy by combining it with virgin feedstock. Material streams can be difficult to recycle mechanically when contamination is a high concern. For instance, in the case of plastics chemical recycling may be undertaken. Unlike mechanical recycling, chemical recycling is a more resource intensive process as it does not preserve the molecular structure of the material. Chemical recycling usually comprises a series of chemical reactions and can result in the generation of byproducts that may need to be further recycled (Beers et al., 2022).
[image: Figure 11]FIGURE 11 | Recycle phase in the context of a manufacturing CE IDEF0 model.
The principle of waste hierarchy enables the closing of material flow loops by providing a framework to identify the tightest loops—those which result in the least material losses—and thereby contributes towards planning for a CE. However, as mentioned earlier, product complexity and poor design leads to difficulties in isolating material streams and can contribute to EoL products being incinerated (A535) for energy recovery. Alternatively, if incineration is not feasible, disposal through landfilling (A536) is the only alternative. Both incineration and landfilling are least favorable EoL treatment alternatives but have been the most widely implemented alternatives in the past as a direct consequence of the traditional linear economy model. Incineration and landfilling can result in a loss of resources that could potentially be recovered as our recovery infrastructure matures.
5 KEY TAKEAWAYS FROM THE EOL ACTIVITY MODEL AND IDENTIFIED STANDARDS NEEDS
The uncertainties associated with establishing product recovery and closing material loops need to be addressed in order to operationalize the proposed model. One way is via the development of effective standards. The preceding section describes the activities at the product end of life phase in the context of a manufacturing CE framework. Like the design, material acquisition and production phases, the product EoL phase can be extremely complex in the context of closing material flow loops. The EoL framework presented is aligned with the principle of waste and material management and aims to help prioritize treatment of products and materials at their EoL. Effective material recovery strategies have thus far been hindered by a lack of adequate recovery infrastructure, technological challenges, a lack of skills, and a society’s inability to respond from a systems perspective. Often policy setting practices are more reactionary in addressing immediate problems than anticipatory of emerging problems. A shift in perspective is needed to address global issues such as waste management and climate change. Sustainable development goals promote the shift from a remedial approach to a preemptive approach which will enable businesses and communities to transition in an orderly way. An incremental transition will enable adaptive and more resilient response to environmental (e.g., pollution), societal (e.g., job losses) and economic (e.g., brittle supply chains) situational disruptions. EoL material recovery has the potential of reshaping the current business ecosystem. The creation of secondary sources of industrial feedstock can reduce our dependence on virgin resources, benefit society and mitigate supply chain risks.
We analyzed the information flows in the IDEF0 model. In Table 2 we broadly identify the areas where standards will be required. First and foremost, standardization of terminology is required for clear communication. This can be achieved via a consensus-based approach by involving experts in industry, academia, government, and standard bodies. Research into developing appropriate metrics and guidelines is required. Developing standards to measure and compare key performance metrics for materials can eventually support closing material flow loops and thereby creation of secondary material flows to support a CE. Such standards will be needed for the broad range of material types. Foundational standards may help to facilitate uniformity and completeness across the more specialized standards.
The implications of establishing CE standards on material recovery can be far reaching. These implications have been summarized below and cover a few broad areas where the development of standards will be particularly helpful:
5.1 Consumer decision-making
Once a product has reached the end of use, the consumer must determine how it should be discarded. Consumers may sell or donate products that are functional, but those that do not need to be disposed of, and for many product categories (e.g., electronics, textiles) consumers remain unaware on the suitable disposal method. Regional inconsistencies in recycling infrastructure result in confusion around even more common categories, such as plastics, paper, and glass. Data to support consumer decision-making can help strengthen overall collection numbers, which in turn can drive the creation of a secondary materials marketplace. Collection and sorting data is also essential in helping waste handlers (municipal workers, recyclers, or manufacturers with take back programs) to effectively segregate material streams once EoL products are collected. Labels and markings on products is one way of handling EoL product collection and preventing cross-contamination.
5.2 Material traceability, collection, dismantling and segregation, and recovery
The collection of EoL products is a big challenge currently hindered by lack of knowledge of product compositions, poorly labeled products and components, and a lack of know-how on safe dismantling techniques both in terms of insight into the product design and technological and skill-related barriers. Data needs to be transmitted effectively to EoL practitioners to enable efficient handling, which in turn will drive more efficient segregation of material streams. This is an important step in preventing cross-contamination and unnecessary losses. Besides environmental losses, material contamination can contribute to the overall decrease in the economic value of the materials. Clear and concise data on material and product compositions, in addition to their economic values can enable better sorting.
5.3 Secondary feedstock testing and durability
EoL products need to be evaluated for fitness to determine the best method of handling. This will require the development of testing methods and criteria to facilitate product reuse and remanufacturing where possible. The intrinsic integrity of components and/or materials can be impacted by the recovery process it undergoes. Also, the degradation experienced during its use phase can impact what components are reusable versus other recovery means. Standardized specifications for recovered materials along with standard methods and tools to test them will serve to overcome barriers discussed earlier. Information flows that effectively communicate recovered product components, material compositions, and other properties are needed.
5.4 Material losses, “waste” to landfills
Residual losses are an inevitable part of the manufacturing process and information on the quantities, composition and quality of such losses can be valuable to facilitate both closed-loop and open-loop (via industrial synergies) recovery processes. Residual losses are inevitable also at the EoL product recovery phase. Informational flows characterizing these losses in terms of quantity and quality are essential to determining the effective EoL processing treatment. This information is also critical for future product design practices in terms of planning for EoL of the product. It will support design for the environment, better material and process efficiencies, and strengthen supply chains through insights into future sources of feedstocks.
5.5 Net environmental footprints
Closing EoL material flow loops is instrumental for mitigating environmental impacts by diverting EoL products away from the landfill and through material recovery practices that help conserve resources, including those that are embodied. Embodied resources represent the total resources (materials, energy, others) used to manufacture a product, at every stage of its life from material extraction processes to EoL treatment and disposal processes. Standard methods and tools enable accurate quantification of net environmental impacts for products and product systems. The benefits of measuring product footprints across different environmental impact categories can enable effective comparisons between products and materials that can fulfill similar functions. Additionally, environmental quantification tools can help in the identification of ‘hot-spots’ that may lead to changes in design, material substitutions, and most efficient processing practices. Disaggregated information flows with details on inputs and outputs during manufacturing will facilitate the measurement of environmental impacts. This information will be necessary to develop standard practices for defining overall product impacts.
6 CURRENT STANDARDS LANDSCAPE
Standards can enable the realization of CE practices and in recent years the momentum around implementing CE practices has increased. While many standards exist to support CE objectives, The British Standards Institution (BSI) was the first to introduce a standard specifically addressing CE, BS 8001, in 2017. Since then, the European commission adopted the Circular Economy Action Plan (CEAP) in 2020. More recently, the International Organization for Standardization (ISO), ASTM-International and the European Commission for Standardization (CEN) have initiative activities to address CE principles (Reslan et al., 2022).
At the EoL phase, standards play an important role in defining disposal and treatment processes, quality and contamination criteria, storage, handling, and transportation criteria. Currently, as pointed out in preceding sections these standards lack harmonized clarity on several levels. This ranges from poorly defined terminology to a lack of adequate metrics to measure and classify EoL waste streams. Further, several stakeholders are involved in facilitating closed-loop recovery and CE, thus identifying, and engaging the breadth of stakeholders is also very important.
In the context of sustainable development, three main categories of standards can be instrumental in supporting manufacturers transition to a CE (Figure 12). Shared goals such as the United Nations Sustainable Development Goals (UNSDGs) (Desa, 2016), Green House Gas (GHG) protocols (World Resources InstituteWorld Business Council for Sustainable Development, 2004), and the Sustainability Standards Accounting Board (SASB) (SASB, 2018) standards set a direction for what needs to be done. Management standards promote good practices in a manufacturing environment and are instrumental in improving overall sustainability performance. Management standards such as the ISO management standards and the CEN-CENELEC Joint Technical Committee (IEC, 2019) have contributed towards improving material and energy utilization in manufacturing firms. Measurement standards such as those from ASTM International E60.13 on Sustainable Manufacturing enable the fulfillment of other categories by specifying means for implementing processes to demonstrate progress through continuous improvement in performance of processes and practices. Many more standards in the measurement category will be needed to add clarity to things such as material quality and traceability.
[image: Figure 12]FIGURE 12 | Categories of standards to support CE.
Standards related specifically to CE remain nascent and will need to build on sustainability goals, management standards and measurement standards. CE takes into consideration the entire product life cycle. The ISO 323 Technical Committee on CE was established in 2019 and is responsible for developing foundational standards on CE. Figure 13 provides an overview of the ISO TC 323, its five working groups and their respective scopes.
[image: Figure 13]FIGURE 13 | ISO TC 323 and its WGs.
7 SUMMARY AND CONCLUSIONS
This paper provides an overview of the current global waste crisis and examines the CE paradigm in the context of the manufacturing sector. The paper highlights the various barriers associated with closing material flow loops that in turn could facilitate CE practices. The lack of standards associated with EoL products is one such barrier and limits effective tracing, collection, sorting, and segregation of EoL products, and subsequent recovery of EoL products. Furthermore, quality, contamination and material durability issues also need to be addressed via appropriate measurement standards. The authors of this paper have represented the EoL product phase using the waste hierarchy via an IDEF0 model that has been decomposed to four levels. Based on this, the main barriers to implementing CE practices at the EoL and also information and feedback flows that could drive standards development have been identified.
One shortcoming of this study is the lack of a demonstrated case study. Future work may involve the analysis of a product or product family with respect to the waste hierarchy and the identification of product-specific metrics and standards’ needs. At the same time, it should be noted that although the RMH has in the past influenced many developed countries as a guide for waste management, it does have its limitations [Dijkgraaf and Vollebergh, 2004; Van Ewijk & Stegemann, 2016]. For one thing, the application of the RMH in the context of dematerialization has not been studied conclusively. Van Ewijk and Stegemann, 2016 identified a few limitations of the waste hierarchy. For instance, the waste hierarchy fails to provide guidance regarding choosing the suitable level within the hierarchy. It lacks methods to adequately distinguish between open and closed loop recovery, and it fails to make a connection between waste management and other industry sectors. Thus, it overlooks the possibility of creating secondary markets for a diverse set of sectors. Furthermore, the waste hierarchy in its current form fails to address absolute reductions in material throughput due to a lack of rigor that could facilitate establishing clear guidelines or policies (Van Ewijk and Stegemann, 2016). Thus, future work should involve developing and integrating a value-based approach to the hierarchy. The development of standards may be one avenue by which to target more stringent measures for dematerialization within a larger resource-use framework.
This study also highlights the importance of creating reliable data sources. There is potential for future work on developing and maintaining data repositories, particularly those focused on manufacturing unit processes that consider associated uncertainties. Past work has cited the importance of information marketplaces as not just sources of reliable data but also a means of recognizing the value of collected data sets (Lawrenze et al., 2021). Product EoL information and potential recovery strategies along with secondary material properties is essential to validate and consequently facilitate the creation of secondary feedstocks. Information marketplaces can have great potential in the context of enabling a CE since they have the ability to address the information gaps and enable information exchange between the multiple stakeholders (Lawrenze et al., 2021). Also, it has been observed that information can be lost over time, especially when products change ownership, and further work needs to be carried out to accurate differentiate, collect, and maintain dynamical and static information (Kintscher et al., 2020; Lawrenze et al., 2021).
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EoL activity Needs for standards

AS Treat at end of life o Terminology
® Segregation of materials into appropriate material streams (with minimal cross-contamination)
© Material traceability (quantity, quality, pedigree)
o Assessments of environmental impacts associated with collection, sorting, and segregation
© Inspection of collected Eol. products
 Identification of situationally appropriate recovery method(s)
AS3 Treat end of life product ® Terminology
® Prioritization of recovery methods via inspection and testing (sub-assemblies, components, and materials)
® Material traceability (quantity, quality, pedigree)

 Assessment of environmental impacts associated with recovery

© Inspection of recovered sub-assemblies, components, and materials
© Consumer guidelines for alternative disposal options

© Guidelines for product oL treatment (disassembly, material composition and/or extraction methods)

AS31 Reuse © Terminology

A532 Disassemble product © Test methods for recovered sub-assemblies, components, and materials
A533 Remanufacture © Dismantling methods

A534 Recycle © Guidelines for remanufacturability

© Guidelines for recyclability

® Scrap classification, testing, and treatment
© Material traceability (quantity, quality, pedigree)

© Assessment methods for environmental impacts associated with recovery processes

© Guidelines for alternate disposal options
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Barrier

Underdeveloped
information sources

Lack of demand

Issues of perception

Technological challenges

Lack of standards

Discussion

® Uncertainty regarding quality (grade, purity, amount) of recovered
‘materials raises concerns on suitability and durability of products
‘manufactured using secondary feedstocks (Wilts & Berg, 2018)

o Unknown material specifications result in a lack of trust in the
potential supply streams

@ Poor traceability of material stocks and flows because of non-
transparency has resulted indiscriminate dumping. Thus, the
economies of scale for secondary feedstock are not achieved and costs
remain high (Wilts & Berg, 2018)

© Lack of product information available at EoL (e, pedigree,
constituent material specifications and disassembly) (Arnold et al.,
2015)

© Recyclers have limited insight as to what types of products or
‘materials will be coming into their systems (Wilts & Berg, 2018). New:
trends and technologies can result in rapid upsurges in the contents of
waste streams

© Poorinformation describing secondary materials increases the burden
on manufacturers. This burden is not simply confined to costs, but
also time spent in searching for and testing the feedstock

© Lack of trusted information for consumers in making purchasing
decisions and the resulting mishmash of certification programs

o Thelack of information on the quality and characteristics of recovered
‘material stocks not just results increased costs, but also complicates
pricing. Stakeholders can end up spending a lot of time and capital on
introducing contracts and guarantees to ensure accountability and
address liability issues (Wilts & Berg, 2018)

@ Lack of ownership of waste materials leads to little incentive for
individual stakeholders, whether producers or consumers, to take
responsibility for products at EoL with the burden of this cost falling
primarily on society

@ Secondary materials are often considered inferior with limited
knowledge around the usability of those materials. Standards to
control the quality of those materials and ensure functional
characteristics equivalent to virgin feedstocks, will give manufacturers
more trust in the feedstocks (Wilts & Berg, 2018)

o Effective EoL. recovery infrastructure often does not exist

o A lack of life cycle perspective during product development further
impedes recovery at the end of life

© Rapid technological advancements of products can lead to limited
recover of materials for reuse, remanufacturing, and repurposing due
to obsolescence—higher-value modes of recovery than recycling. In
addition, the growing complexity of products inhibits recovery efforts
given the difficulty of extracting materials

o Intricate global supply chains and short lifespans as of products
further complicate the economies of scale in the context of
establishing secondary markets. With products being dispersed
throughout the globe and across a patchwork of recovery systems,
consistent and reliable recovery is hampered

© Inadequate information has resulted in the lack of appropriate standards
being developed. Technical standards to guide Eol. material recovery could
encompass guidelines on disposal for the consumers, collection,
disassembly and other processing, material testing, market insights etc. EoL.
standards can enable scale-up of successful recovery methods by enabling
repeatable and verifiable processes across the life cycle

© Manufacturing multi-material, multi component and highly complex
consumer goods involves an intricate network of global suppliers and
purchasers. Harmonizing standards to enable sustainable
development while not compromising trade and international
relations can be a challenging process that requires the cooperation
between multiple stakeholders and the will to drive change

Standards opportunities

Reporting frameworks to facilitate information exchange

Robust accounting frameworks to understand and report market
dynamics, in particular data on material streams (current and future
for both primary and secondary sources)

Establish robust means of testing capabilities and setting quality
benchmarks

Develop methodological and process specific standards to ramp up.
the integration of new material streams and support digitalization of
product design and manufacturing via virtual experimentation

Provide a common parlance via the standardization of principles,
frameworks and terminology
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