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Abstract: The concept of the circular economy (CE) is receiving encouraging attention among scholars
and practitioners, as a convenient solution to move away from the linear economy concept without
neglecting the goals of sustainable development. The main goals of the CE are the closing of resource
loops and the keeping of resources in the system for as long as possible at the highest utility level.
However, as a result of the lack of internationally accepted definitions of the CE and several unsolved
barriers, an excessive and inconsistent number of different CE applications exist. Most fields are
mainly focusing on making a linear system circular instead of applying the CE principles in a holistic
way. This paper presents a strategy to close the mentioned inconsistency gap, by contrasting currently
discussed CE barriers and goals and thereof deriving two areas with a need for action (1. identifying
the needed collection, sorting, and recovery infrastructure, and 2. developing circular product
design guidelines). The strategy itself consists of connecting these two areas through an improved
information exchange between the end-of-life (EOL) and beginning-of-life (BOL) of products. The
result is CE design guidelines which are in accordance with the available or needed collection, sorting,
and recovery infrastructure. The proposed strategy presents an innovative solution to apply CE
principles in a holistic manner, based on EOL-driven product design.

Keywords: circular economy; sustainability; holistic strategy; system change; product-life-cycle;
end-of-life; beginning-of-life; goals; barriers

1. Introduction

During the last years, the CE concept has gained the interest of scholars [1], researchers,
professionals, and politicians [2], because it is considered as an operational method in
which businesses can implement the concept of sustainable development [3]. CE is seen as
a way to overcome the current dominant economic development model, the so-called “take,
make, and dispose” [4], by promoting the adoption of closing-the-loop production patterns.
In simple terms, the CE concept represents the most recent attempt to conceptualize the
integration of economic activity and environmental wellbeing in a sustainable way [5–8].

A major criticism of the CE is that various possibilities for defining CE exist and thus a
commonly accepted definition is missing [8,9]. This may lead to the ultimate collapse of the
concept, or force it to remain in a deadlock due to permanent conceptual contention [4,5,10].
The same applies to the success of harmonizing assessment methods for CE among public,
scientific, and private institutions, and across different materials (e.g., goods, waste, etc.)
and scales (e.g., global economy, single-firm assessment) [11]. First efforts to define the
CE on a national level and to provide guidelines on how to apply the CE were performed
by Great Britain (BS 8001:2017) and France (XP X 30-901) and are currently being pursued
on an international level by the ISO technical committee 323 (ISO/TC 323) [12]. Since the
CE is not yet defined at an international level, and the aim of this paper is not to add a
new definition of the CE, the formulated definition from [5] (pp. 224–225) will be used as
reference in this publication:
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“A circular economy describes an economic system that is based on business models
which replace the ‘end-of-life’ concept with reducing, alternatively reusing, recycling,
and recovering materials in production/distribution and consumption processes, thus
operating at the micro level (products, companies, consumers), meso level (eco-industrial
parks) and macro level (city, region, nation, and beyond), with the aim to accomplish sus-
tainable development, which implies creating environmental quality, economic prosperity,
and social equity, to the benefit of current and future generations.”

Besides the missing of an internationally accepted definition for the CE, several other
barriers and hurdles exist which are preventing a successful paradigm change towards the
CE. These can be divided into cultural, market, regulator, and technological barriers [13].
Overall, a lot of effort has already been invested to detect barriers which are hindering the
successful implementation of the CE. Nevertheless, the majority of companies still adopt a
linear approach or just focus on providing information to the end-user in order to maximize
their satisfaction during the use phase, while only a small amount have approached the
CE in a holistic way [14]. The same is valid for the current management of mining waste,
which is still based on linear economy thinking and not really on a circular approach [15].

This gap between aiming to implement CE principles and applying them in a holistic
manner is a widespread inconsistency. To resolve this gap, this paper contributes to the
necessity to innovate new strategies on how to successfully apply CE principles in a holistic
way. To do so, the currently discussed goals and targets of the CE within the literature are
reviewed and can be summarized by the following three main goals:

1. Close and slow loops [16]
2. Minimize waste [17]
3. Sustainability [5]

By contrasting CE barriers with CE goals and visualizing them in an adapted butterfly,
it was possible to highlight two areas with a need of action to initiate a successful paradigm
change. This outlined the currently missing information exchange between the EOL and
the BOL, which results in a complicated transition from the product use-phase towards
the recovery phase. The presented strategy proposes a solution to enable a system change
towards the CE within SCs.

By highlighting two areas with a need for action and outlining the subsequent rele-
vance of enhancing the information exchange between EOL and BOL, this paper contributes
to the necessity to innovate new strategies on how to successfully apply CE principles in a
holistic way.

The remainder of the publication is structured as follows: in Section 2, a literature
review regarding CE and its barriers and hurdles and its goals and targets is undertaken.
In Section 3, the research methodology is visualized and explained within Section 3. Based
on the literature review, the subsequent results chapter derives two areas with a need for
action to enable a successful CE applicability and visualizes the findings in an adapted
butterfly diagram. Finally, the gained insights are used to set up a new strategy for CE
implementation, which aims to better connect the information exchange between EOL and
BOL. The last two chapters focus on the discussion and conclusion of the findings and
summarize the work.

2. Literature Review

For the following, the expression “resources” is used for products, parts, and materials,
as well as waste, which can be considered as material without an identity. Additionally, the
expression “R-infrastructure” is used for every infrastructure needed to bring resources
back into a certain circle (e.g., recycle, repair, etc.). This can either be a recycling facility, a
repairing facility, a secondhand selling shop, or any other uptake facility. The collection
and sorting refer to the ability to catch resources after the use/consume phase and classify
the resources accordingly.



Energies 2021, 14, 4375 3 of 17

In the following, first the general aspects of the CE are reviewed, then we turn to the
barriers and hurdles of the CE, finally looking at the goals and targets of CE. To conclude
the literature review, an identified gap is outlined.

2.1. Circular Economy in a Nutshell

One of the first mentions of sustainability was by the Club of Rome “The Limits to
growth” [18] in 1972, which was later coined by the 1987 report “Our Common Future”
by the World Commission of Environment and Development (WCED). They defined
sustainable development as: “Sustainable development is development that meets the
needs of the present without compromising the ability of future generations to meet their
own needs” [19] (p. 41). More recently, in September 2015, the United Nations (UN)
General Assembly adopted 17 Sustainable Development Goals (SDGs) as an integral part
of the 2030 Agenda for Sustainable Development [20]. This was an important step to
further promote sustainability on a global level. For ISO [21], sustainability encompasses
three dimensions (economic, environmental, and social), which are interdependent and
can be mutually reinforcing. These three dimensions are known as the three pillars of
sustainability [22].

Overall, resources play a crucial role in delivering value to society, with increasing
attention being paid to their sustainable use. A more recent goal is to close material loops
and develop the economy towards more circular systems [23]. This is consonant with the
cradle-to-cradle mindset of William McDonough and Michael Braungart [24], visualized
by M. Geissdoerfer et al., [25] (Figure 1), depicting a sustainable business model as an
extension of a traditional business model and a circular business model as an extension of
a sustainable business model.
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Figure 1. Outline of a circular economy technical and biological cycle [26].

Generally speaking, CE aims to keep products, components, and materials at their
highest utility and value at all times and distinguishes between technical and biological
cycles [26]. Most of the considered articles focus on the technical cycle and treat bio- and
non-bio materials equally [16], or only consider the technical cycle of the EMF butterfly
diagram [27].
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The hierarchy within the R-frameworks refers to the waste hierarchy/value-hill. The
waste hierarchy concept originates in the prioritization of reduction, recycling, and reuse
of waste over treatment or disposal [28,29]. The five-level waste hierarchy includes: 1.
prevention, 2. reuse, 3. recycling, 4. other recovery, and 5. disposal [30].

The waste hierarchy is defined by [31] as:

“The waste hierarchy generally lays down a priority order of what constitutes the best
overall environmental option in waste legislation and policy, while departing from such
hierarchy may be necessary for specific waste streams when justified for reasons of, inter
alia, technical feasibility, economic viability, and environmental protection.”

An illustration of the technical and biological cycles can be found in Figure 1.
Recycling, for example, is at the end of the R-framework, since most recycling actually

reduces the quality of a material over time [5] and thus is less circular than reusing a
product. The first R is viewed as a priority for the second, and so on. This strengthens the
statement that the R-framework together with the waste hierarchy are key CE aspects. In
every additional production step within the supply-chain, we lose information about a
product, or as T. Rau says: “Waste is material without an identity” [32] (p. 1). Meaning, the
more information about raw materials that is registered and catalogued, the more waste
going to the landfill can potentially be reduced. Figure 2 visualizes the 9R-framework.
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In the following section, the barriers and hurdles of the CE are reviewed, before the
goals and targets of the CE are listed and summarized in a table.

2.2. Barriers and Hurdles of the Circular Economy

In most scholarly studies, various technological barriers (e.g., the tracking recycled
material, maintaining product quality made from recovered material, design challenges,
safe return challenges [6,34–36]) are blamed for limiting the progress of CE implementation.
Contrary to these findings, Kirchherr et al. [13] proved through a large N-study that not
only technical barriers hinder the successful application of CE. They divided the CE barriers
accordingly to their relevance into:

1. cultural barriers (limited willingness to collaborate in the value chain [37], a lack of
consumer awareness and interest [37], and operating in a linear system [38]);
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2. market barriers (low virgin material prices [15,37], a lack of standardization, high
upfront investment costs [37,39,40], and limited funding for circular business mod-
els [38]);

3. regulatory barriers (limited circular procurement, the obstruction of laws and regula-
tions [38]) and;

4. technological barriers (lack of data [38], non-circular product design [37], limited
availability and quality of recycled material [41]).

The four above groups show the wide range of CE barriers which exist throughout
completely different domains. Other interesting approaches are to further divide the
barriers into:

• hard (technical knowledge and gaps, technical solution availability, high initial costs,
and market uncertainty) and soft (legal frameworks, taxes, educational set up, cus-
tomer preferences) barriers [42];

• or external (capital support, policy support, and information support) and internal
(tangible resources, intangible resources, capacity) barriers [43].

Further interesting barriers are the limited separation of waste, which stands in rela-
tion with the recovered quality [44] (cost versus quality [15]) and is due to a lacking waste
management infrastructure [44]; perception of sustainability [45]; lacking IT systems for
measuring and monitoring progress [44]; missing exchanges of information [45]; effective
performance evaluation [43]; missing markets for product recovery [46]; high research and
development costs [44]; decreased revenues at constant customer volumes [39]; weak coop-
eration throughout the supply-chain [44,45]; product design [45]; and hygiene issues [47].
For the plastics industry, additional barriers occur like unpredictable composition, content
of impurities, quality issues, additives which are not altered during mechanical recycling,
the influence of oil price on virgin material and consequently on recycled material, irregular
and significant peaks of waste, a missing communication between plastics converters and
plastics recyclers, and a misalignment between the collection and sorting infrastructure
with the packaging design [48]. A final, more general hurdle is the need for technological
improvements (e.g., Industry 4.0 (I4.0)) and innovation that enable leaner and cleaner
manufacturing technologies as well as better recycling and reuse infrastructure [49,50], so
the synergy between CE and technology [51]. In this regard, Romero et al. [52] discuss the
synergy between CE and I4.0, where digital technology transformation plays a crucial role
towards CE. Kumar et al. [53] discuss the importance of I4.0, the subsequent digitalization
of processes, and the holistic approach organizations need to adopt to remain competitive
in supply-chains. Rajput and Singh [54] highlight the importance of information sharing
and data-driven manufacturing systems with regard to CE.

As one can see, the list of barriers and hurdles within the CE is long and extensive.
Since the aim of this paper is not to propose new hurdles, neither to propose a new
subdivision, they are used as guidance and reference to consider the CE in a holistic manner.
The gained insight is used within the results and further discussed in the discussion section
of the paper.

2.3. Goals and Targets of the Circular Economy

Morseletto [55] summarized the targets of the CE as: reduce waste, increase efficiency,
close production loops, and maximize the retention of the economic value of materials and
products. He considers three groups of targets, which encompass the 9R-framework. The
first group of targets relate to smarter product use and manufacture (R0-R2), the second
group to extending the lifespan of a product and its parts (R3-R7), and the third group to
the useful application of materials (R8-R9). Thus, the circularity of a product depends on
the used technical cycle.

For Di Maio et al. [17], the key point of CE models is to maintain the added value
in products for as long as possible and minimize waste. If products can no longer serve
their functions, the aim of CE models is to keep the resources within the economy so that
materials can be used again and therefore generate more value. This way, circular business
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models create more value from each unit of natural resource compared to traditional
linear models.

Moraga et al. [16] divides CE into sensu stricto (slowing and closing resource loops)
and sensu latu (sustainability). Slowing means extending and/or intensifying the uti-
lization period of products, resulting in a slow-down of the flow of resources, whereas
closing means to close the loop between post-use and production, resulting in a circular
flow of resources. Thus, sensu stricto focuses on the technical cycle of resources. For sensu
latu, CE is an economic model wherein planning, resourcing, procurement, production,
and reprocessing are designed and managed, as both process and output, to maximize
eco-system functioning and human wellbeing, thus pushing the focus on sustainability.
This is similar to the three main approaches of Bocken et al. [56], which are slowing resource
loops, closing resource loops, and reducing resource flows. The last approach focuses on
resource efficiency and the narrowing of resource flows, aiming at using fewer resources
per product.

For Elia et al. [57] the requirements to be measured are: the reduction of inputs and
use of natural resources, emissions levels, valuable material losses, and the increase of
sharing renewable and recyclable resources and the value durability of products. For
Corona et al. [58], CE is perceived as a sustainable economic system where economic
growth is decoupled from the resource use through the reduction and recirculation of
natural resources. They provide eight CE validity requirements, listed in Table 1. The
EMF [59] bases CE on three principles: design out waste and pollution, keep products and
materials in use, and regenerate natural systems.

For the sake of completeness, governmental aspects of the CE are included as well.
The European Environmental Agency [60] identifies the following main policy questions
concerning a life-cycle perspective: material input, eco-design, production, consumption,
and waste recycling. Furthermore, two objectives are stated in their circularity gap report
of 2021: minimize and regenerate production and extraction, as well as minimize the
dispersion and loss of materials [61].

Parchomenko et al. [23] underline the importance of a globally accepted definition for
the CE. They claim that the often-proclaimed goal of resource efficiency (often understood
as producing more output from less input), misses the main goal of maintaining the value
of products, parts, and materials over a maximum period. Linder et al. [62] claim that,
whereas some definitions include the concepts of economic value and reduced energy
consumption, the essence of the CE is related to the introduction of closed-loop product,
resource, and material cycles to improve resource efficiency. Additionally, circularity
metrics need to be robust against opportunistic behavior.

Usually, energy recovery is understood as the least preferred option [33,63]. However,
the circular economy performance indicator (CPI) shows that for plastics the options
should depend on the material quality. If the quality is low, recycling may result in higher
environmental impacts than incineration [16,64]. Keeping resources in the loop at any price
may be counterproductive.
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Table 1. Summary of CE goals.

Summary of Goals and Targets Ref.

- Reduce waste (2)
- Increase efficiency (3)
- Close production loops (1)
- Maximize retention of the economic value of materials and products (1)

[55]

- Maintain the added value in products for as long as possible (1)
- Minimize waste (2)
- If not possible, keep resources within the economy

[17]

- Sensu stricto: slowing and closing loops (1)
- Sensu latu: focus on sustainability (3) [16]

- Slowing resource loops (1)
- Closing resource loops (1)
- Resource efficiency (3)

[56]

- Reducing input and use of natural resources (1)
- Reducing emissions levels (3)
- Reducing valuable material losses (2)
- Increasing shares of renewable and recyclable resources (1 and 3)
- Increasing value durability of products (1)

[57]

- Reducing: input of resources, especially scarce ones (1), emission levels
(pollutants and GHG emissions) (3), material losses/waste (2)

- Increasing: input of renewable and recycled resources (1 and 3), utility and
durability of products (1), local jobs at all skill levels (3), value-added
creation and distribution (3), increase social wellbeing (3)

[58]

- Design out waste and pollution (2)
- Keep products and materials in use (1)
- Regenerate natural systems (3)

[59]

- Material input (1)
- Eco-design (1, 2, and 3)
- Production (2 and 3)
- Consumption (3)
- Waste recycling (2)

[60]

- Objectives: minimize resource extraction and regenerate biomass production
and extraction (1); minimize dispersion and loss of materials (2)

- Strategies: narrow flows-use less (1); slow flows-use longer (1); regenerate
flows-make clean (3); cycle flows-use again (1)

[61]

Table 1 summarizes the mentioned goals, including numbers to categorize simi-
lar goals.

As the included numbers show, all the goals can be linked towards three main goals.

1. Close and slow loops (Sensu stricto)
2. Minimize waste
3. Sustainability (Sensu latu)
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Based on the introduction and the three fields of the literature review, a misalignment
between aiming to implement CE principles and applying them in a holistic manner has
become apparent. This leads to an identified gap, which is a missing strategy to apply CE
principles in a holistic manner, mainly due to incomplete communications.

The next chapter explains the used research methodology of this work in more detail
before Section 4 proceeds with the obtained insights.

3. Research Methodology

To be more open-minded and flexible about potentially new ideas and findings,
inductive research was chosen. Since the CE topic is a rather recent topic and trend which
requires innovative perspectives, the advantages of open-mindedness and flexibility were
chosen over the disadvantages of incompleteness and thus partially false conclusions,
which can be listed as disadvantages of inductive compared to deductive research.

The research methodology is described in Figure 3, starting with an issue statement,
followed by a descriptive literature review and a gap definition, which is covered by an
analytical results section and an iterative feedback loop. A supply-chain (SC) consists of all
parties involved in fulfilling a customer request [65], whereas the product-life-cycle (PLC)
is the consecutive and interlinked stages of a product system, from raw material acquisition
to final disposal [66]. Further information about how to build a circular supply-chain, can
be found in [67].
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Based on the identified gap, the aim of this work was to present a strategy to enable a
system change towards the CE in SCs, or put differently, a strategy on how to apply CE
principles in a holistic way. This strategy will be driven by EOL aspects, so mainly by the
collection, sorting, and recovery capabilities of the respective organizations.

The literature review aims to create an overview of the scientific research on the CE
concept in general and its barriers and hurdles, goals and targets, identifying themes and
conceptual content in the literature [68]. To ensure a systematic review, the literature study
was inspired by Fink [69]. This assures a systematic approach through the review and
enables a replicability of the results and an actualization of the literature over time. First,
the keywords in the three fields were defined (e.g., CE, barriers, goals, etc.), which were
then used in several online bibliographies to focus on the newer, high-ranked publica-
tions. After reviewing these publications manually, the bibliographies of the respective
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publications were used to look for further, older publications, ensuring that only relevant
literature was used (see Section 2). The next task was to examine the gained insights and
incorporate them in an illustrative PLC. On this basis, two areas with a need for action
were derived and a possibility on how to best connect both was elaborated. The solution is
an information exchange between those responsible at the EOL (collection, sorting, and R-
infrastructure) and those responsible at the BOL (designers). This output was incorporated
into a new strategy (see Section 4), which was tested against the elaborated CE barriers
(see Section 5). To receive feedback about the strategy itself, a cross-company case study
of a complete SC was performed using the example of a PET-bottle in Luxembourg. The
Yin methodology [70] was used to structure the case study and the value stream mapping
(VSM) [71] method was used to collect and visualize production-related information. The
results of the case study will be presented in future publications. In addition to this, several
discussions were held with CE and industrial experts. On the one hand, these discussions
took place with scientific researchers and governments responsible during presentations of
the project, and on the other hand with industry professionals during the VSM analysis.
The discussions were held in an informal manner and the received feedback was used to
re-adapt the strategy.

4. Results

The following chapter uses the previously gained insights to firstly outline two areas
with a need for action to enable a successful CE implementation and secondly to develop a
new strategy about how to apply CE principles in a holistic way.

4.1. Areas with a Need for Action to Enable a CE

To locate areas with a need for action, the butterfly diagram from EMF [26] is redrawn
with the gathered information. First, the process steps (see Figure 2) are extended by two
additional steps from the product life phases known from CAx [72], the product planning
and product development. Within the biological cycle, a product gets consumed, whereas
in the technical cycle a product gets used, which explains the distinction between consumer
and user. Additionally, a material manufacturer is included, and the collection process
is extended towards collection and sorting. Secondly, the different cascades are replaced
by the 9R-framework [5], which is subdivided by colours into R2–R0: green; R7–R3: light
green; R9–R8: orange; and linear economy: red. The result is an adapted butterfly diagram,
focussing on the needs of a production supply-chain, respecting the principles of CE
throughout the PLC.

Figure 4 shows the adapted butterfly diagram, which is explained hereinafter.
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The next step is to introduce the previously mentioned goals into the diagram, aiming
to highlight important areas. The first subgoal, “closing loops”, applies at the beginning
and end of (linear) products. This occurs at the end of the actual use phase of products
and at the beginning of a product’s life: the design phase. The first problem can be solved
by setting up the needed infrastructure to catch products at the end of their use phase.
The second problem can be addressed by reducing or refusing the use of virgin material,
linked towards the design of products. For both cases, this is visualized by a 1 in a green
circle at the collection and sorting process and between the mining of materials and the
manufacturer. The second subgoal, “slowing loops” affects the use or consume phase. The
slowing of the loops is achieved through longer usage, which is dependent on user or
consumer behaviour as well as on the design of products. Since the closing of loops is
already visualized by a 1 at the beginning of the product life-cycle, this subgoal is visualized
by a 1 in a green circle at the user and consumer step. The second goal, “minimization of
waste”, applies at the landfill phase. To reduce or prevent waste, no more resources should
follow the linear flow and end up at the landfill or as littering in nature. Therefore, the
necessary infrastructure to intercept resources before they end up at landfill needs to be in
place, as does reliable design to create circular and not linear products. The design sets the
limits for the later uptake. This is visualized by a 2 in a green circle at the landfill process,
aiming to reduce the landfill flow towards zero. The third goal, “sustainability”, is valid
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during the complete PLC, and thus is visualized by a 3 in a green circle along the complete
process chain.

This emphasizes two main perceptions. The first is the fact that all Rs, except R2–R0,
start at the collection and sorting process. This shows that in order to enable R9 to R3, it
is necessary that a specific infrastructure is in place. This is valid for the lower Rs, e.g.,
energy recovery or recycling, as it is for higher Rs like reuse or repair. For recycling, an
infrastructure needs to be in place to recover materials (e.g., plastic), and for reuse, it needs
to be assured that a certain infrastructure exists to supply reused products. Depending on
the aim of resource retake (R9–R3) a respective infrastructure needs to be in place. Thus,
identifying the necessary local or regional collection, sorting, and R-infrastructure is the
first need for action. The second perception is that the higher category of Rs (R2–R0) is
only achievable through an adapted product design. R1, rethink, for example, can only
be achieved during the design phase of a product. The same is valid for R0, refuse. This
could either be to refuse the usage of any virgin material or to leave a certain packaging of
a product out completely. Therefore, developing certain circular product design guidelines
is the second need for action.

The two needs for action are marked by a red star and are the following:

1. Identifying the needed collection, sorting, and R-infrastructure;
2. Developing circular product design guidelines.

The next question which arises is how both need for actions can be linked. Essentially,
this is only possible through an improved exchange of information between the collection,
sorting, and R-infrastructure and the product design or more precisely the product planning.
It should also be mentioned that more than one R can be applied per product or resource.
If R2 (reduce) is applied during the designing phase, it is still important that a certain
infrastructure is in place to catch the product or material later during its life-cycle. Our
proposition is thus to elaborate the CE design guidelines in accordance with the available
and needed collection, sorting, and R-infrastructure, and thus connect the EOL with BOL,
meaning that a design can only be as good as its respective infrastructure required to retake
the resources. Therefore, an additional link which should visualize the need for information
exchange and communication between the collection, sorting, and R-infrastructure and
the design of products is included in the adopted butterfly diagram by a blue connection
line. This could avoid the problem of only focussing on the design phase and thus creating
new problems. If laws are to be set that every product needs to consist out of at least a
certain percentage of recycled material, without considering the EOL of these products, it
will become more and more difficult to find or raise material which can be recycled with
adequate quality.

The following example illustrates the proposition. In Luxembourg, PET-bottles are
automatically sorted via NIR-sensors according to their colour. Transparent and light blue
bottles are forwarded to recycling facilities which produce PET-bottles, whereas green and
darker bottles are forwarded to other industries. In this case, one condition based on the
available infrastructure for a design aiming for direct PET-bottle recyclability is the colour.
In the case that no sorting facility is available, the required infrastructure first needs to be
put in place before CE principles can be applied. Thus, the CE design guidelines need to be
in accordance with the available infrastructure.

The proposition to elaborate design guidelines on the respective R-infrastructure
can be categorised in the Design for X (DfX), or more specifically within the design for
circularity framework. An extensive review of a wide range of DfX approaches can be
found in [73], defining DfX as “a combination of eco-design strategies” [62] (p. 3) and
naming the following five design strategies: design for circular supplies, design for resource
conservation, design for multiple cycles, design for the long-life use of product, and design
for systems change. Further information can be found in [56,74–77] and information about
a user-centred design can be found in [78]. However, none of these provide a method to
directly connect the EOL and BOL, thus basing design guidelines on the available collection
and sorting and R-infrastructure.
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4.2. Strategy on how to Apply CE Principles in a Holistic Way

The overall framework of the new strategy is summarized in Figure 5. It is based
on the fact that the gathering of information should start at the EOL, as well as at the
collection and sorting phase, and flow from here on towards the BOL design phase. From
the use/consume phase, the information flow should flow in both directions. The users
consumers should be informed about the product characteristics, whereas at the same time
the habits of said users/consumers should be considered as well. The resource flow itself
should flow according to the three previously mentioned goals (closed and slowed loops,
minimized waste, according to three pillars of sustainability), while preventing virgin
resource inflow and resource outflow through a well-coordinated consultation between
the EOL and BOL. In doing so, we ensure that the collection, sorting, and R-infrastructure
is always up to date with the newest product design trends and that users/consumers
know exactly how to treat a product after its actual use phase. This can be summarized as
EOL-driven product design, based on the three identified goals of the CE.
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Within Figure 5, the green arrows visualize the information flow, the blue arrows
the sustainable product flow, and the red arrows the undesired, linear product flow. The
direction of the arrow indicates the respective direction of the information or product
flow. The different rectangles display the different product-life-cycle stages in a simplified
manner, whereas the processing (or production) and use/consume phase can be seen as
middle-of-life (MOL).

At this point, it should be made clear that this strategy is in no way intended to
contradict technological improvements. On the contrary, as new product designs should
always be created in consideration of the existing or required retake infrastructure. Thus, it
only makes sense to bring new circular product designs on the market when the necessary
infrastructure is in place. Thus, the necessary preparations need to be taken first. Most
importantly, a separate development of product design and retake infrastructure should be
avoided at all costs.

In addition, however, care should be taken to ensure that existing product designs
can continue to be incorporated. The same applies to new business models (e.g., sharing
economy), which should follow the same mindset. This is also an important aspect regard-
ing regional differences. A product design which can be retaken in region A may not be
retaken in region B.
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The next two chapters discuss the results and conclude with further research directions.

5. Discussion

Even though not all the listed barriers (see Section 2.1) are covered by the proposed
strategy, the following barriers perfectly match. The mentioned barriers of missing commu-
nication between plastic converters and plastic recyclers and a misalignment between the
collection and sorting infrastructure with the packaging design are perfectly in accordance
with the outcome of this work. Additionally, the lacking waste management infrastructure
and technical solutions availability match with the R-infrastructure consideration at the
EOL; the non-circular product designs match with CE design guidelines at the BOL; and
the missing perception of sustainability correspond to the sustainable production and
product flow. From a wider perspective, the following barriers can be included: limited
willingness to collaborate in the value chain, lack of data, limited availability and quality
of recycled material, and missing market for product recovery.

The presented results are in line with the currently discussed research directions of
other authors and extends these by combining several ideas within one holistic approach.
Thus, the proposed strategy represents an important step to forward CE thinking towards
more holistic considerations.

Another important aspect is the proposition to elaborate CE design guidelines in
accordance with the available and needed collection, sorting, and R-infrastructure, and
thus connect EOL with the BOL. This argument is not meant to contradict the need to
improve the currently available recovery infrastructure, meaning the technological progress
(see Section 2.2), but more a mutual support, so a hand-in-hand improvement. Meaning
that, whenever the available infrastructure is improved, it is theoretically possible to
recover more resources. However, if the product design changes again in the meantime,
it may be the case that the R-infrastructure in place may be one step behind and thus is
not able to recover more resources due to a misaligned dimensioning. In most cases, it
is easier to adapt the product design instead of the infrastructure, which does not mean
that the infrastructure should not be improved accordingly over time. The designers,
manufacturers, and R-infrastructures responsible need to be encouraged to collaborate
and create synergies and use technological enablers more specifically. The desired data
sharing throughout complete SCs of the presented strategy (improved communication) is
in line with the required digitalization technology and data-driven manufacturing systems,
highlighted by other researchers [50,52], necessary to enable a system change towards
the CE.

An illustrating example from the packaging industry is the upcoming trend of
biodegradable packaging. In this case, the design itself is well thought-out and an interest-
ing idea to solve major pollution problems. However, without the needed infrastructure
(e.g., sorting and industrial biodegradable facilities), these well-intentioned packaging will
mostly end up within the technological cycles, potentially downgrading them. Thus, the
locally available infrastructure always needs to be in compliance with the design of prod-
ucts, but often they ends up being one step behind. It would be easier for the BOL to adapt
towards the needs and possibilities of the EOL instead of the other way around. Therefore,
it would be easier to set up certain design guidelines (still allowing a certain scope for
product development) which are in accordance with the available infrastructure. At exactly
this shortcoming, the missing information and communication exchange between EOL and
BOL, the explained strategy intervenes. In doing so, the three previously mentioned goals
(closing and slowing loops, minimizing waste, and all in accordance with sustainability)
should be achieved. In this regard, the amount of energy consumption and its origins play
a crucial role in achieving successful system change without neglecting sustainable aspects.
The adapted butterfly diagram helps other researchers or practitioners to better understand
the CE in a holistic way.

In addition, further insights from the industry were gathered during the VSM analysis
of a PET-bottle case study in Luxembourg, which enabled the gathering of information
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about one product throughout its complete PLC. This specific example illustrated the
importance of the awareness of EOL capabilities while designing a product. New tech-
nologies, such as chemical recycling, enable the possibility of regenerating materials with
new qualities, but only through the use of high levels of resources and under the condition
that the product itself ends up at the correct facility (e.g., collection and sorting needs to
be done correctly). Thus, the product design influences the overall outcome. Currently,
most often used technology of mechanical recycling is dependent on the product design,
because the quality of the recycled material is directly influenced by this (e.g., color, added
barriers, label, etc.). This example strengthens the importance of the proposed strategy, in
line with technological progress.

6. Conclusions

CE is currently a well-discussed topic in literature as well as in politics. Hence, a lot
of efforts have already been applied to move away from the linear economy to a more
circular concept. Nevertheless, major issues still need to be overcome to successfully
sustain a CE paradigm change. One of the major issues is that CE is still not uniformly
defined at an international level, resulting in an excessive, inconsistent number of different
methods, hindering a uniform applicability. In addition, several barriers (e.g., missing
holistic approaches, misalignment between the collection and sorting infrastructure and
the design) are hindering the successful implementation of the CE concept.

This work helps to overcome some burdens by presenting a new strategy to enable a
successful system change towards CE. This was done by first having a closer look at the
main aspects of CE and visualizing the circular product-life-cycle, based on the butterfly
diagram and the 9R-framework. After this initial step, the goals and targets of CE are
highlighted and the burdens preventing a successful system change were located. This led
to the appearance of two areas with a need for action. The first area is the identification
of the necessary collection, sorting, and R-infrastructure (so-called EOL), which is the
starting point for most Rs (R9-R3). This means that without the required catching and
reprocessing infrastructure, it is impossible to enable a circular resource flow. The second
area is the development of circular product design guidelines, which satisfies the higher Rs
(R2–R0) regarding design, the so-called BOL. Thus, this new strategy aims at connecting
and enabling an information exchange between those two areas. To successfully change
towards a CE, it is indispensable that the EOL and the BOL cooperate, as the prevention
of this isolates both parties allowing them to only focus on their own issues. The product
design can only be as promising as the infrastructure to support a specific design.

The results of this work are in line with those of J. Grafström and S. Aasma [21]
(Figure 4, p.11) who identified the area of recycling, with its in- and outflow of material, as
crucial and highlight the connection towards the collection (EOL) and design (BOL) phases.
In addition to this, Paletta et al., [48] mention a misalignment between the collection and
sorting infrastructure with packaging design as one of the barriers for plastics recycling. An
initiative, which is approaching the same goal from the opposite direction, is the product
circularity data sheet (PCDS), which is aiming to share important product information
from the BOL to the EOL through the establishment of an official standard communicating
data system on the CE properties of products [79]. This does not mean that both initiatives
are in contradiction, but that they should be used collectively.

Future research should focus on implementing the herein described strategy within
practical use-cases. This could be done by developing new methods which enable the
sharing of information from the EOL with the BOL to apply CE principles in a holistic
manner. The sharing of this information and hand-in-hand collaboration between EOL
and BOL would be a major step towards a paradigm change towards a more circular
supply-chain and resource flows in general.
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