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Abstract: This research aimed to develop a simple but robust method to identify the key barriers
to the transition from a linear to a circular economy (CE) for end of life products or material. Nine
top-tier barrier categories have been identified that influence this transition. These relate to the basic
material properties and product characteristics, the availability of suitable processing technology,
the environmental impacts associated with current linear management, the organizational context,
industry and supply chain issues, external drivers, public perception, the regulatory framework
and the overall economic viability of the transition. The method provides a novel and rapid way
to identify and quantitatively assess the barriers to the development of CE products. This allows
mitigation steps to be developed in parallel with new product design. The method has been used to
assess the potential barriers to developing a circular economy for waste feathers generated by the UK
poultry industry. This showed that transitioning UK waste feathers to circularity faces significant
barriers across numerous categories and is not currently economically viable. The assessment method
developed provides a novel approach to identifying barriers to circularity and has potential to be
applied to a wide range of end of life materials and products.

Keywords: circular economy; waste management; sustainable materials; barriers; feathers

1. Introduction

Many industries and governments are promoting the transition to a circular economy as a way
to achieve improved and long-term sustainability and human development [1]. An essential part
of a circular economy involves the re-use of materials and products at the end of life. Despite
the well-documented benefits of a circular economy, the vast majority of materials and products
used by society remain part of a linear economy. The transition from a linear to a circular economy
(CE) has, therefore, become a key challenge of the 21st century [2]. A linear economy is one that
involves resource extraction from the environment, material production, product manufacturing, with
the product use phase followed by disposal. This depletes natural resources and is, in the long-term,
fundamentally unsustainable. An alternative is a circular economy, which involves keeping material
resources within the economic cycle by developing reuse and recycling and industrial symbiosis. As
part of this effort, it is crucial to identify the barriers that exist to achieving a circular economy so that
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appropriate mitigating steps to overcome these barriers can be implemented. The potential economic
benefits associated with moving to a circular economy business model have been widely reported [3,4].

Despite the benefits of a transition to a CE, the vast majority of materials and products remain
part of a linear economy [5]. However, calculating global circularity is challenging due to the lack of
appropriate metrics [6]. Research has quantified the extent of circular material use by society, and this
is reported to be between 6 to 37% globally, indicating that 63 to 94% of all the materials and products
we currently use are managed linearly [5,7]. Identifying the barriers to moving to a more circular
economy is a vital first step to enable changes to be made to core practices, materials management
scenarios and business and public perception. Extensive research has focussed on improving waste
recovery systems in general without considering more specific barriers to circularity [8-12]. Many
businesses do not currently take into account the full environmental impacts of the materials they use,
and they continue to rely on resource extraction, material consumption and the production of waste
materials at the end of life.

Different practical approaches can be used to promote circularity and reduce waste creation in
the value chain. These can be reactive interventions that deal with waste after it has been generated,
or proactive solutions that attempt to avoid waste generation. Proactive strategies occur during
the product design stage, where, in many cases, the majority of the environmental impacts associated
with a product are determined [13]. Eco-design and sustainable design strategies vary in approach
from those focussed on supporting decision making, such as design for recycling, design for material
avoidance and design to provide life extension, to those focussed on supporting analysis, such as
the material input per unit of service [14].

Analysis tools are useful to map the material resources associated with a product and assess
impacts to enable the re-design of systems and products. These include life cycle assessment (LCA) [15],
material flow analysis (MFA) [16], multi-criteria assessments and decision support systems [17,18],
all of which can promote circularity. However, these depend on the reliability of assumption-based
inventory data and the selected system boundaries [19]. Trade-offs between environmental benefits and
financial feasibility are not included, as this requires alternative approaches such as cost-benefit analysis
(CBA) [20]. Conducting an effective LCA or an MFA is highly dependent on the skills and knowledge
of the assessor [21]. These analysis tools provide information on the environmental impacts of product
systems. However, they do not identify the barriers to circularity that are inhibiting the transition from
a linear to a circular economy for a specific waste or end-of-life product.

The aim of this research was to develop an assessment method to determine the major barriers to
circularity for end-of-life products and materials. The framework has been used by selected industry
experts to assess the barriers to developing a circular economy for waste feathers produced by the UK
poultry industry. Limitations of the method and the potential for future development are discussed.

2. Literature Review of Research on Barriers to A Circular Economy

The incentive to achieve circularity for a particular material or end of life product is significantly
influenced by the value of the material involved [22]. The value is influenced by the value of the material
but is also by a combination of economic, regulatory and perception factors [23-25]. A practical way to
achieve more sustainable use of materials involves assessing the value of resources that can be recovered
from a waste [26]. An assessment method to determine the potential for circularity has been proposed
that relates the amount of waste generated to the availability of viable re-use technologies [27]. This
was used to assess if a material is a “waste” or a “resource” from a technological context. The recycling
potential has also been assessed using four quantitative factors to make informed decisions on re-use or
disposal [28]. Reasons that can justify linear disposal have also been discussed [29]. The inherent value
in materials can be lost in a linear economy because of inadequate recycling capacity, poor awareness
of the benefits of a circular economy or low consumer acceptance of recycled materials [3].

Six barriers to a circular economy have been identified from industry guidance reports, policy
white papers and academic research [30]. These barriers were related to financial, structural, regulatory,
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operational, attitudinal and technological issues. Motivational drivers can also influence the adoption
of a circular economy [23,24]. However, economic viability, either through a direct return on investment
or some other financial support mechanism, is fundamental to the transition from linear to circular in
any business [31]. Without a clear positive business case, the transition is unlikely to happen. Financial
viability is therefore often the primary barrier to circularity, although this is influenced by underlying
technical, operational and regulatory issues. Determining and demonstrating the financial benefits
and economic viability of the transition to circularity is a crucial step required to make the change
happen. A systematic review of circular economy barriers also concluded that a lack of awareness of
circular economy practices and how this can influence corporate performance was a significant barrier
to developing a circular economy [32].

The design of products also has a key role in determining the potential for circularity. A qualitative
study analysed the design of fifty different products and assessed their potential for circularity [33].
This identified issues associated with maintaining product quality throughout the life cycle, the quality
of products made from recovered materials and issues related to ownership of products as
the significant barriers.

Circular economy barriers related to specific industrial sectors have been identified. The lack of
circularity in the construction industry was reported to be due to a lack of awareness of a circular
economy and concern over the effect this could have on financial performance [34]. A metric system
using numerical performance indicators has been proposed for use in the biotechnology sector to
increase employer motivation to recycle [35]. A broad range of barriers was identified in the educational
sector including a conservative approach to decision-making, lack of knowledge on waste solutions,
misunderstandings about materials and their environmental impacts and a tendency to avoid risk [36].

Research has investigated the CE barriers influencing small and medium-sized enterprises (SMEs).
Forty-four different types of CE barriers that were relevant to SMEs were identified [37]. However,
the primary barriers were reported to be a lack of financial resources to make circularity happen, and
this was related to the financial vulnerability of SMEs and a lack of managerial, design and sustainability
competencies. Work has also identified the barriers to circular business models influencing companies
in The Netherlands [38]. The barriers were different depending on the business model of the company,
with internal and external barriers identified and critical challenges related to corporate externalities.
Developing a more circular approach to waste management in China identified key barriers such as
a lack of regulatory pressure, lack of environmental education, lack of concern for environmental
protection and low market pressures and demand for circularity [39]. Other research has also confirmed
that the primary barrier to developing a circular economy is uncertainty over the potential financial
and operational effects on a company [40].

The literature review has shown that CE barriers are not sector or product-specific and that a range
of different approaches to identifying CE barriers have been used. However, the studies to date have
generally identified generic barriers that are vague, general, and too imprecise to be used to identify
the real barriers inhibiting the linear to circular transition for specific materials or end of life products.
What is needed is more specific guidance on appropriate questions to ask that relate to a particular
waste or end of life product scenario. The method described in the following section takes the types
of generic barriers identified in the literature and produces assessment guidance using more specific
questions to assess the scale of the barriers in a case-specific but relatively simple way. The result is
an assessment method that can identify barriers inhibiting the transition from a linear to a circular
economy. This is critically important because understanding the barriers is an essential step to enable
appropriate actions to be taken to achieve the transition.
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3. Methodology to Identify Barriers to the Linear to Circular Transition

3.1. Development of Barrier Criteria

The method to assess the barriers to the transition to a CE was developed following analysis
of the literature concerned with barriers. Most assessment schemes have defined top tier barriers
associated with financial, regulatory, societal and organisational issues, with “financial” as the most
widely reported barrier category. Regulatory, technological barriers and supply chain issues were also
highlighted and used in almost all assessments, while cultural, societal and organisational barriers
were also included in some assessments.

Based on this previous recent work and from analysing the barriers to specific materials and end of
life products, the barriers identified by other workers have been re-grouped thematically [29,37,39-42].
This has produced a set of nine primary barriers, and these have been used in the assessment method
developed in this work. These nine top-tier barriers have sufficient granularity to avoid generalisation,
but cover the key aspects relevant to defining the CE potential of materials and end of life products.
The primary barrier categories selected are:

i)  Material characteristics,

ii)  The availability and suitability of appropriate processing technologies,

iii) The environmental impact of the current disposal/management method,
iv) Relevant industry and supply chain issues that can influence the transition,
v)  Organizational factors and characteristics that can influence the transition,
vi) The existence of various external drivers for change,

vii) Public perception of the current situation,

viii) The relevant regulatory framework and how that influences change and

ix) The overall economic and business viability of the change.

The development of these key barrier criteria is shown in Figure 1.
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Figure 1. Methodology to develop novel barrier assessment framework for CE transition.

3.2. Detailed Descriptions of Specific Barriers

3.2.1. Material Characteristics

This category assesses the inherent physical and chemical characteristics of the material and
how these influence the transition to circularity. Material properties control the value, processing
and future use scenarios. Possible 2"d tier material characteristics are given in Table 1, and these
include composition, economic value, component/parts, potential to have aesthetic value, stability,
hazardousness and degree of contamination. For example, a contaminated product containing many
different components that are difficult to separate is likely to require expensive and challenging
processing. Under these conditions, the second-tier barrier material characteristics (composition)
would be ranked as a Level 0 assessment.
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Table 1. Detailed features of materials characteristics prohibiting or supporting CE transition. Each

feature is associated with the different characterization levels 0-3.

Material Characteristics

that Influence No Potential Some Possibility Good Potential High Potential
the Linear to Circular (Level 0) (Level 1) (Level 2) (Level 3)
Transition
Composition: . Complex Stmple - Homogeneous and
. Highly complex ., composition. simple
Is the complexity or composition. . o
. and heterogeneous, Composite composition.
heterogeneity of However . .
. Components are structure, which Different
the material expected to oo components can be
i very difficult to . can be components do not
stop the transition to separated with .
. . separate. disassembled at need to be
circularity? effort. . -
designated joints. separated.
Economic value:
Is the inherent value of Potential to have
the material likely to stop  No value. Low value. Intermediate value.  high relative value.
the transition to
circularity?
Components/Parts:
Does the material Sinele material
contain many different Composite Composite material ~Material has very 5

with no impurities

components that are material with many  with limited few components or compatible
difficult to separate and  different amount of different  that have potential compatbi
1 e mixed materials.
will this stop components. components. to be separated.
the transition to
circularity?
Potential for aesthetic
Value:
Does the material No possible Material has little Material has some Material has

possess aesthetic value
that can be beneficial to
the transition to

aesthetic value.

aesthetic value.

aesthetic value.

significant aesthetic
value.

circularity?
Stability: .
Do the properties of Volatile and/or Material does .
. . degrade, but Material does not 1
the material degrade in odorous and s . Material is
. . stability can be rapidly degrade .
ways that will stop properties degrade . . . completely inert.
. : achieved with and is stable.
the transition to rapidly. .
. . some processing.
circularity?

Hazardous Level:

Is the material hazardous

Problematic waste
with some potential

Stable, neutral
waste that is
unlikely to cause

Safe, inert material
with no potential

and will this stop Hazardous waste for adverse health  adverse health or health or

the transition to and environmental  environmental environmental

circularity? impacts impacts if correctly ~ concerns.
handled

Degree of

Contamination: Material is

Is the material
contaminated by
components that will
stop the transition to
circularity?

The material is
extensively
contaminated.

The material has
intermediate levels
of contamination.

Material is
relatively
consistent.

consistent,
uncontaminated
and comparable to
virgin sources.

An example would be disposable coffee cups that consist of high-quality cellulose fibres with a thin
polyethene coating. The base-materials, the cellulose fibre and polyethene, are relatively low value
and difficult to separate, and because of this, the inherent material characteristics currently have a low
potential for circularity. Complex products, including composites [29] and alloys [43], or materials that
are contaminated [44] also have less potential for circularity. A material that is homogenous, clean
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and stable would have a Level 3 assessment. Examples would be waste wax from candles, leather
off-cuts from the car industry, and clean and dry sawdust collected from timber mills. These tend to be
mono-materials, with some value and potential for reuse, and they can easily be collected/sorted and
have potential for further processing.

3.2.2. Processing Technologies

The availability of appropriate processing technology is often a key barrier to transitioning to
a circular economy. This category depends on material characteristics. Technology availability and
readiness, the state of current infrastructure, processing technology location, the ease of processing and
relevant costs needs to be assessed. Possible 2™ tier processing technology characteristics are given in
Table 2, and these include technology readiness, processing complexity and effort, resource intensity,
waste generation and ease of implementation. Examples of a Level 0 assessment in the second-tier
category processing technologies (technology readiness) would be carbon fibre reinforced polymers
(CFRP). This material has high inherent value but is difficult to transition to a circular economy
because the processing technology to reuse/recycle CFRP is not currently readily available in industry.
Another example would be a material, which can be processed using equipment with low energy
requirements in which case the assessment would be Level 3, indicating a high potential to transition
to circularity. An example of a Level 3 assessment in Processing Technologies would be waste textiles
for which shredding technology exist that can be used to produce fibres with minimal production of

problematic residues.

Table 2. Detailed features of processing technologies prohibiting or supporting CE transition. Each

feature was associated with the different characterization levels 0-3.

Processing
Technologies that No Potential Some Possibility Good Potential High Potential
Allow the Transition (Level 0) (Level 1) (Level 2) (Level 3)
from Linear to Circular
Technology to
et il Theisd 1) o g
P & Technology to P technology is

technology readily
available that allows
the transition to
circularity?

reuse the material
does not exist.

a different technical
contexts and
analogous
processing is
possible.

available to make
this material
circular.

standard and freely
accessible.

Processing waste
productions: Are there
resulting processing
wastes, which would be
prohibitive for transition
to circularity?

Residues generated
by reprocessing are
likely to be highly
problematic
requiring
expensive linear
disposal.

Residues generated
are problematic but
can be managed
effectively.

Residues can be
managed and
disposal is unlikely
to cause problems.

Only minor or no
residues are
created.

Processing complexity
and effort: Is

the processing simple to
allow the transition to
circularity?

The material needs
a combination of
mechanical thermal
and chemical
treatments.

The material needs
significant amounts
of processing,
using at least
mechanical/
thermal, chemical/
mechanical or
chemical/thermal
treatments.

The material needs
either mechanical
or thermal or
chemical treatment.

The material does
not need any
processing to be
circular.
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Processing
Technologies that
Allow the Transition
from Linear to Circular

No Potential
(Level 0)

Some Possibility
(Level 1)

Good Potential
(Level 2)

High Potential
(Level 3)

Resource intensity: Are
the suggested processes
resource efficient to
allow the transition to
circularity?

Transition to

a circular economy
requires significant
use of other
resources.

The conversion of
the products
requires resources.

The conversion of
the products
requires only very
limited use of other
resources.

The conversion of
the products
requires no
resources.

Ease of implementation:
Is it easy to implement
the processing which
allows the transition to
circularity?

The processing
technology is
difficult to
implement.

The processing
technology exists
and can be
implemented with
effort.

The processing
technology can be
integrated easily.

The processing
technology is
standard in most
cases.

3.2.3. Environmental Impact of Current Disposal

This category assesses the environmental impact of the current linear management of an end of
life product or material. A high environmental impact is likely to drive the transition, as it is more

critical to rethink the current linear model in this situation. This is a critical assessment parameter

because the environmental impact is a key driver for the transition. The environmental impact relates
to the embodied carbon and embodied energy inherent to the material or end of life product. If
the material has high-embodied carbon/energy, then there should be greater incentive to transition from

linear to circular. Low carbon/low embodied energy materials do not have the same environmental

drivers to transition. Possible 2"¢ tier environmental impacts of current disposal characteristics

are given in Table 3, and these include embodied carbon, the sustainability of the current disposal

method and the sustainability of the new proposed option. An example of a Level 0 assessment for
the second-tier category environmental impact would be glass-bottles, which can currently achieve
material recovery rates of ~100%. The assessment in the case of used mobile phones would result in

Level 3, as the recovery of rare earths would be highly beneficial for the overall carbon footprint of
mobile phone production.

Table 3. Detailed feature analysis of environmental impacts prohibiting or supporting CE transition.

Each feature was associated with the different characterization levels 0-3.

Environmental Impact

and Consequences of No Potential Some Possibility Good Potential High Potential
the Current Linear (Level 0) (Level 1) (Level 2) (Level 3)
Disposal
Material has low
embodied carbon Material has
Embodied Carbon: and energy and . . . . Material has very
. . intermediate Material has higher .
What is the embodied therefore . . high levels of
- . embodied carbon levels of embodied .
carbon in the materials the consequences and ener carbon and ener embodied carbon
being considered? of linear disposal Y- 8 and energy.

are considered
minor.

Sustainability of current
disposal:

Is the current disposal
option having significant
adverse effects on

the environment?

The current linear
disposal produces
no adverse
environmental
impacts.

The current linear
disposal is
associated with
some adverse
environmental
impacts.

Linear disposal
could cause
significant adverse
environmental
impacts.

Linear disposal
causes drastic,
irreversible and
long term damages
and impacts
environment
dramatically.
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Environmental Impact

and Consequences of No Potential Some Possibility Good Potential High Potential
the Current Linear (Level 0) (Level 1) (Level 2) (Level 3)
Disposal
Changes to
Sustainability of new Changes to the current Circular Circular
proposed option: the current linear management management management
Does the new proposed  disposal methods are likely woul (;5 reduce would significantly
option significantly management to reduce reduce

reduce
the environmental
impact of the material?

methods may
adversely impact
the environment.

the environmental
impact of

the material only
minimally.

the environmental
impacts associated
with this material.

the environmental
impacts associated
with this material.

3.2.4. Organisational Context

This category aims to assess if the organisation involved in current material management would
be willing to change the current processes and management practices to increase circularity. This is
heavily dependent on management support, the organisational culture, and if the resource can be
made available to test new ideas to transition to circularity. Possible 2"? tier organisational context
characteristics are given in Table 4, and these include the organisational culture, the level of support
from management, the priority of sustainability and corporate social responsibility, the availability of
resources, the level of risk aversion and the innovation culture. A Level 0 assessment in Organisational
context would be a venture, which does not consider innovators and change-makers as important
drivers within the company and discourages attempts to change existing methods. A Level 3 assessment
would be a company where innovation and ideas are rewarded, especially when they are related to

circularity and sustainability.

Table 4. Detailed feature analysis of the organizational context prohibiting or supporting CE transition.

Each feature was associated with the different characterization levels 0-3.

Organizational Context
and Its Consequences
on Transition from
Linear to Circular

No Potential
(Level 0)

Some Possibility
(Level 1)

Good Potential
(Level 2)

High Potential
(Level 3)

Organizational culture:
Does the organization
owning the material
encourage development

The organization
does not promote
new ideas and is
highly reliant on
staying in within

The organization
does allow some
flexibility and new
ideas, however
the main business

The organization is
agile to some
degree and
regularly tests new
processes and

The organization is
very agile and
seeks constant
adaption and

and change? . . . - : change.
given constraints. is always in focus.  ideas.
Senior Senior
Top management Senior management

support: Are the senior
management in
the organization

supportive of the change

toa CE?

Senior
management does
not support new
ideas.

management is not
against new ideas
but stresses

the importance of
business as usual.

supports and
rewards new ideas,
as long as they do
not conflict with
the overall
business strategy.

management is
very flexible and
adaptive to trying
new things and
testing even if there
is uncertainty.

Priority of sustainability
and corporate social
responsibility (CSR)

Sustainability is not
important for

the vision and there
is no CSR policy.

Sustainability is
included in

the company
vision, but not
actively executed.

Sustainability is
important and
measures are
implemented.

Sustainability is
the core value of
the organization
and there is a high
level of CSR.
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Organizational Context
and Its Consequences

on Transition from
Linear to Circular

No Potential
(Level 0)

Some Possibility
(Level 1)

Good Potential
(Level 2)

High Potential
(Level 3)

Availability of resources:

Are the resources
available to support

There is no room
for resources to be
diverted, resources

There are resources
available; however
accessing them
needs extensive

There are resources
available and they
are accessed easily.

There are resources
available and they

are accessed easily,
and can be

the transition to a CE? are scarce. DN increased with
justification. -
minimal effort.
The company is The company is not
Risk aversion: How does  The company/ taking measuresto  The company is risk averse, can
the organization view entity is highly risk ~ manage risks, used to taking risks  effectively manage
risk? averse. however risks are to some degree. risks and often

ideally avoided.

takes risks.

Innovation: How

important is innovation

to the organization?

The company does
not promote
innovation,
especially when
related to
sustainability.

The company does
promote
innovation, but it is
not a main driver
for the business.

The company
rewards innovators
and encourages
innovation.

The company
rewards innovators
highly and seeks
innovation and
innovation/research
is a priority.

3.2.5. Industry and Supply Chain Issues

This category involves qualitative assessment of industry and supply chain characteristics and
attitudes [45]. Possible 2" tier industry and supply chain issues are given in Table 5, and these include
the Level of acceptance of the current practice, the affinity to achieving a circular economy, producer
liabilities, infrastructure readiness, storage and handling problems, distribution issues, stakeholder
responsibilities and potential communication problems. Practical and logistical considerations
associated with transforming to a circular economy are also relevant, as highlighted in the questions in
Table 5. This category considers the physical and temporal distribution of the material. Assessment
involves asking if the creation of an effective and efficient infrastructure to transition is likely to happen,
given the characteristics of the industry and the supply chain [46,47]. In a situation where material
characteristics are appropriate, processing technologies are available, and the environment would
improve from the transition. Stakeholders will be motivated and operational challenges will be solved.
A Level 0 assessment, in second-tier category supply chain, would correspond to products or materials
that are widely distributed. An example could be household food waste. This is widely distributed,
difficult to collect economically and waste management companies who collect the waste are reluctant
to invest in effective food waste recycling. An example of a Level 3 assessment for this parameter could
be industrially generated waste limestone, as it is produced at centralised manufacturing locations.

Table 5. Detailed feature analysis of the industry and supply chain prohibiting or supporting CE
transition. Each feature was associated with the different characterization levels 0-3.

Industry and Supply
Chain Issues that No Potential Some Possibility Good Potential High Potential
Influence Transition (Level 0) (Level 1) (Level 2) (Level 3)

from Linear to Circular

Some participants
of the supply chain
show interest in
engaging in new
activities related to
the material.

Most partners in
the value chain
would contribute
to find better
solutions and
transition to CE.

All organizations
in the supply chain
want to see

the material
transition to

a circular economy.

Acceptance of current
practice: Industry and
supply chain issues that
influence transition from
linear to circular

Current linear
disposal is
acceptable to
the industry.
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Industry and Supply

Chain Issues that No Potential Some Possibility Good Potential High Potential
Influence Transition (Level 0) (Level 1) (Level 2) (Level 3)

from Linear to Circular

Overall affinity to

circular economy: Does Current linear A linear model is

the industry show The industry has disposal is being The status quo is

willingness to change
and do they want to
transition this material to
a circular economy?

no interest for
circular economy.

questioned as
viable in
the long-term.

considered as
problematic and
change requested.

considered total
unacceptable.

Producer liabilities: Do
the people who control
the material consider
the current linear
disposal model to be
acceptable?

Producers consider
the current
situation as
acceptable and are
not liable for any
damages/
inefficiencies.

Product/ material
owners/users face
problems with
the current
situation.

The material owner
is clearly
identifiable.

The material owner
is clearly
identifiable and
subject to strict
regulations for
sustainability
standards.

Infrastructure readiness:
Does the nature of

the industry allow
sufficient quantities of

No existing
infrastructure to
handle

There is some
infrastructure to
collect and
transport

the material, but
requires significant

The material can be
transported in

a variety of
modalities without
problems with

The material can be
reprocessed in-situ
or does not need to
be transported/ A
fully established

the material to be the material. existing infrastructure is
amount of ) .
collected? i, infrastructure. built up to manage
additional ;
the material.
resources.
The material
storage is . .
. Thy 1 Thy 1 .
Storage and handling: extremely S toi?:fliires S toi;nztiir;i)t The material can be
Can the material be problematic, ge red & stored indefinitely,

easily stored and
handled?

time-sensitive, and
condition-critical
and requires
significant space.

space and needs
constant
monitoring.

problematic and
requires only
limited space.

with minimal space
usage.

Distribution issues:

Is the material highly
distributed and difficult
to locate/ access?

The material is
widely distributed
and therefore
difficult to collect.

The material is
distributed, but
central hubs of
collection can be
organized/ is
available.

The material is
available from
well-defined
locations or
collected in few
central locations.

It is very easy to
collect the material
and locations are
accessible.

Stakeho.ld.e N . . . There is a chain of ~ There is a chain of
responsibility: Is it clear It is not clear who Someone is responsibilit responsibilit
who can be held is responsible for responsible for P y P Y
. . available for inputs  available for each

responsible for the material atend  the EOL of and outouts of step of the suppl
the material and disposal  of life (EOL). the material. P . P PPy
impacts? the value chain. chain.

All partners in

the supply chain
Commumcatlop s The supply chain is A The supply chain is are congected, they
the supply chain well not connected and Communication well connected and 1 easily
connected to exchange of measures could be communication is communicate
accommodate increased in formagtion is not implemented with possible if digitally and have
commgmcathn eff0r.t to possible or difficult. some effort. requested. access tg .
transition to circularity? storage/information

about processes

and materials.
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3.2.6. External Drivers

This category assesses the external drivers and incentives to change from linear to circular.
Possible 2" tier external drivers are given in Table 6, and these include the availability of subsidies,
end-user/consumer perspectives, industry trends and drivers for research and development. External
drivers can have a significant impact, particularly when public perception of an industry becomes
an issue or there are governmental subsidies, grants or tax incentives to make changes. These can be
driven by the media, governments, industry or consumers [25].

Table 6. Detailed feature analysis of external drivers and incentives prohibiting or supporting CE
transition. Each feature was associated with the different characterization levels 0-3.

External Drivers and

Incentives to Change No Potential Some Possibility Good Potential High Potential

from a Linear to (Level 0) (Level 1) (Level 2) (Level 3)

a Circular Economy

Subsidies: Are there Some drivers from Gove.mment. .
R . heavily subsidizes

significant drivers and No government government Government offers .

. . . . < and gives

incentives for drivers to re-use or  available to re-use  subsidies and incentives to

the industry to change rethink the current  or rethink support to

the current linear
lifecycle of this material?

material life cycle.

the current
material lifecycle.

transition to CE.

develop a circular
economy for this
material.

End-User/ Consumer
perspective: Is

the material holder/
producer aware of
the importance of
moving towards

a circular economy?

No end-user
drivers to re-use or
rethink the current
material lifecycle.

End-users are
somewhat
motivated to re-use
or rethink

the current
material lifecycle.

End-users are
motivated to re-use
or rethink

the current
material lifecycle.

End-user is highly
motivated to re-use
and rethink

the current
material lifecycle.

Industry trends: Are
there overall industrial
trends and drivers,
which impact

the transition to
circularity?

No industrial
drivers to re-use or
rethink the current
material lifecycle.

Some drivers for
industry to re-use
or rethink

the current
material lifecycle.

Drivers/incentives
for the industry to
re-use or rethink
the current
material lifecycle.

Significant
drivers/incentives
for the industry to
re-use or rethink
the current
material lifecycle.

Research and
development: Is

the material currently
part of a research and
development programs?

No scientific or
technical
development to
re-use or rethink
the current
material lifecycle.

Some scientific and
technical
development to
re-use or rethink
the current
material lifecycle.

The scientific and
technical

development exists.

Main research area
at universities and
companies.

An example of a Level 0 assessment for external drivers would be takeaway food packaging.
There are currently no significant external drivers for this to transition from linear to circular, and it is
broadly accepted as an established part of the throwaway society. An example of a Level 3 assessment
in the second-tier external drivers category would be waste concrete, as many research groups are
working in this area [48-50].

3.2.7. Public Perception

This category assesses how public opinion influences the transition to circularity for the specific
material or end of life product under consideration. Public perception can induce rapid change to
an industry or make politicians aware of the need for change. Possible 2™ tier public perception issues
are given in Table 7, and these include public perception of the current linear disposal, the level of
public discussion/interest and the visibility of the current linear system. A Level 0 assessment in public
perception would be associated with no or low media interest with little or no public engagement
or interest. In this case, public perception is not going to drive change. Examples of such material
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include industrially generated food waste, which is not generally visible to the general public. A Level
3 assessment would be a material that is extensively discussed on all Levels by the public and media,
an example of which would be single-use coffee cups.

Table 7. Detailed feature analysis related to public perception that are prohibiting or supporting CE

transition. Each feature was associated with the different characterization levels 0-3.

Public Perception of

the Material and No Potential Some Possibility Good Potential High Potential
the Transition from (Level 0) (Level 1) (Level 2) (Level 3)
Linear to Circular

The end of life Most of the public ~ Most of the public

Linear disposal
perception: What is

the public perception of
the current linear
disposal of this material?

The current
end-of-life scenario
is accepted by

the public, media
and government.

issues associated
with the material
have a very low or
no profile with

the public, media
and government.

has a neutral
perception towards
re-using

the material in

a novel context.

has a positive
perception towards
re-using

the material in

a novel context.

Discussion: What is
the level of public
discussion and concern
associated with this
material?

Discussion on
the current
management of
this material is
avoided and not

There is no
discussion on
the current
management of
this material.

The material has
some coverage in
the media and

the public is aware
of issues.

The material has
a lot of public
interest and

the current end of
life options are

encouraged. widely discussed.
Organizations
The origin of associated with
Origin and visibility: Are The orlglr} Of. the material is The public maybe  the material are
th blic aware of thi the material is not i ble. and aware of known and
€ pubicaware o S clear and the issues aceable, a the end-of-life the public is

material and where it
comes from?

are not known to
the general public.

the public is aware
of the current
issues.

issues associated
with this material.

generally aware of
the adverse
impacts of linear
disposal.

3.2.8. Regulatory Framework

Regulations can influence the transition from linear to circular for a specific material or end of

life product. Possible 2" tier issues related to the regulatory framework are given in Table 8, and
these include health and safety, material handling requirements, taxes and fines, legal requirements,
transparency and responsibility. This may include issues such as traceability of the material [51],
transparency in the value chain [52] and public health and safety considerations [53]. The current
regulatory framework needs to be assessed to understand if it will allow the transition from linear
to circular. This is important because it forms the basis for the legal transition to circularity. A Level
0 assessment would be associated with materials that are inherently problematic and/or hazardous.
Low transparency in defining the material origin, missing certification systems or lack of responsibility
would further contribute a Level 0 assessment. An example would be contaminated soil. This has
the potential to be reused, but in reality, the regulatory framework makes this particularly challenging
and as such it remains linearly managed. A Level 3 assessment, in regulatory framework, would
be associated with clear documentation of material ownership. An example could be waste vinyl
canvases from heavy goods vehicles, which are typically branded with company logos.
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Table 8. Detailed feature analysis of the regulatory framework prohibiting or supporting CE transition.

Each feature was associated with the different characterization levels 0-3.

Regulatory Framework

No Potential Some Possibility Good Potential High Potential
and I-.Iealth'and Safety (Level 0) (Level 1) (Level 2) (Level 3)
Consideration

There are .
Health and Safety: There are issues

Are there any are
significant health and
safety issues associated
with this material that
could stop the transition
to circularity?

significant health
and safety issues
associated with this
material, which are
far-reaching,
irreversible with
lasting impact.

associated with
the material, but
they are localized,
time-constraint or
not severe.

There are no issues
associated with
the material.

There are no issues
associated with
the material, if any,
they are of positive
nature.

Handling requirements:
Does the material require
rigorous handling
requirements?

The material is
dangerous and
major requirements
needs to be met to
access the material

Components of

the material may be
hazardous under
certain conditions
however can be
mitigated with
personal protection
equipment.

The material can be
handled without
many precautions;
some basic training
may be required.

The material can be
handled without
precautions, no
training required.

Taxes and Fines:

Are there penalties
associated with

the material, if standard
procedures are not
adhered to?

Fines for wrongful
handling and
disposal of

the materials are
very high and it is
strictly controlled

Fines can be
imposed but they
are usually not
enforced.

Fines are
associated with

the mismanagement
of this material.

Fines are
associated with

the mismanagement
of this material and
these can be
substantial.

Legal requirements:

Are there are any
regulations that will stop
the transition to

a circular economy?

There are relevant
regulations in place
that will make

the move to other
disposal/ re-use
ideas very
problematic.

There are some
regulatory barriers
but there are
components related
to the material that
may become an
issue.

There is little to no
regulation with
regards to

the material.

The material is not
impacted by any
regulation.

Transparency and
Responsibility:

Is it clear who is legally
responsible for

the material at end of
life?

It is not clear who
is legally
responsible for

the material at end
of life.

It is clear who is
legally responsible
for the material at
end of life, but
there is not much
documentation
about it.

Itis clear who is
legally responsible
for the material at
end of life and
there is
documentation in
place.

It is not relevant/
necessary to define
responsibilities for
the material.

3.2.9. Economic Viability

The linear to circular transition has to make good business sense and needs to be financially
attractive/beneficial. Possible 2" tier issues that influence the economic viability are given in Table 9,
and these include monetisation (Can the material be processed into a new product or raw material for
which there is a viable market?), Value and Scale (Economic viability can be achieved but will this
require major investment in research, development and processing to make it happen?), Amount (Are
the total quantities of the material available appropriate for the potential application(s)?) Context
(Can the material be used directly without incurring excessive transport costs). Economic viability is
influenced and dependent on all the other assessment parameters. Materials and end of life products
assessed at Level O for other barriers are likely to be Level 0 for economic viability. Examples would
include materials, which are only available in small volumes. A Level 3 assessment for economic
viability means there is immediate demand to convert the material into value. An example would be
copper pipes arising from the construction and demolition industry.
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Table 9. Detailed feature analysis of the economic viability prohibiting or supporting CE transition.

Each feature was associated with the different characterisation levels 0-3.

Economic Viability and
Markets to Support

the Transition from
Linear to Circular

No Potential
(Level 0)

Some Possibility
(Level 1)

Good Potential
(Level 2)

High Potential
(Level 3)

Monetization: Can

the material be processed
into a new product or
raw material for which
there is a viable market?

The material has no
or very low
inherent value,
which could be
monetized with no
market/ demand
existent.

The material low
inherent value,
which could be
monetized
immediately, there
is little demand.

The material has

a certain monetary
value, which can be
realized even
without processing
and there is certain
demand.

The material has
significant
monetary value,
which can be
realized even
without processing
with strong
demand of

a thriving market.

Value and Scale:
Economic viability can
be achieved but this will
require major investment
in scale, research,
development and
processing to make it
happen?

The value creation
can only be
realized on large
scale, requiring
major investment.

The value creation
can be realized
only at scale, but
can be grown
successively to size.

The value creation
can be realized
already on medium
sizes scale
requiring small
investment.

The value creation
can be realized
already on very
small scale, existing
infrastructure can
be used without
any investment.

Amount: Are the total
quantities of material
available appropriate to
the potential
application(s)?

The total amount of
waste is very low
compared to
potential
applications.

The total amount of
waste is medium
compared to
potential
applications.

There is

a significant
amount of material
available to allow
production of more
than one product

type.

There is sufficient
material available
to be used in

a wide range of
applications.

Context: Can

the material be used
directly without much
transport and in a local
context?

The material/
product cannot be
re-used for in

a local context and
needs to be
transported far.

The material/
product cannot be
re-used for in

a local context but
transport can be
organized within
reason.

The material/
product can be
used within

a smaller radius
and does not
require long
transports.

The material can be
re-used on spot
and no transport is
involved.

3.3. Barrier Assessment Methodology

The procedure to assess the overall scale of the barriers to transitioning from a linear to a circular
economy involves assigning a Level of between 0 and 3 to each barrier category. These Levels are
defined in Table 10.

Level 0 assessment for a specific barrier corresponds to material or end of life product where
that category is a major issue. As a result, there is little or no potential to transition from a linear to
a circular economy because of this factor. This means that the existing linear management system will
remain in use unless major changes to address this particular barrier category are taken.

Level 1 assessment corresponds to the situation where that specific barrier characteristic has
significant potential to inhibit the transition from a linear to a circular economy. The transition is
possible, but issues exist that need to be addressed.

Level 2 assessment for a specific barrier corresponds to a material/waste where there is good
potential to transition from a linear to a circular economy. The transition is probable, and many of
the necessary aspects are in place to make this happen.

Level 3 assessment corresponds to a specific barrier where the material/waste that has a very
high potential to transition from a linear to a circular economy. All aspects are in place to make this
material/product circular, and there are no major reasons why it is not happening.



Sustainability 2020, 12, 1725 16 of 23

This assignment of appropriate levels is required for all the nine barriers categories identified to
complete an assessment. This will then allow specific barriers to being identified that are a particular
issue. In addition, the scoring system quantifies the overall scale of the barriers to circularity. Each
barrier category is assigned a score on a scale of 0 to 3. Assessing the nine categories then produces an
overall score that can range from 0 to 27 for the overall assessment. Once this assessment procedure is
complete, the barriers that are of particular concern can be identified and appropriate steps can then be
taken to allow the transition to circularity to be achieved.

Table 10. Material/product characterisation levels used to assess the potential to transition from linear
to circular.

Material/Product Characterisation Levels Assessed for Each Category

Material/Product at end of life has no potential to transition from a linear to
Level 0 a circular economy. It is likely to remain linear without major changes in materials
selection or product design.

Material/Product has some characteristics that make the transition from a linear to
Level 1 circular economy a possibility. There is a small potential but clear barriers and
issues exist that may require changes in material selection or product design.

Material/Waste has a good chance and potential of transitioning from a linear to
Level 2 a circular economy. Many aspects are in place to make this material/product part of
a circular economy and it should happen.

Material/Waste has a very high chance and potential of transitioning from a linear
Level 3 to a circular economy. All aspects are in place to make this material/product part of
a circular economy and it should happen.

Note: For simplicity the term ‘material’ is used to indicate ‘end of first life object or product’. This ‘material’ may be
formed from a single material such as a glass bottle or it may be a complex product that contains many different
materials such as a mobile phone.

4. Barriers to a Circular Economy: A Case Study of Waste Feathers in the UK

Feathers are primarily made from the protein keratin but have a complex structure consisting of
a hollow shaft (quill) and rachis, with vanes made up of barbs and barbules. The chemical composition
combined with the structure produces the unique combination of properties of feathers, and these
include high tensile strength and toughness, extremely low density and excellent thermal insulating
properties. Exploiting these characteristics in new materials manufactured from waste feathers has
been the subject of increased research in recent years [54-62]. Although down feathers are used for
filling duvets, clothes and upholstery, only a very small percentage of the waste feathers produced and
available from the poultry industry are beneficially reused.

The European poultry industry currently generates approximately 3.1 Million tonnes per year
of wet, soiled feather filter cake [58]. Typical feather waste material is displayed in Figure 2. This
is a Category III Waste Product that is usually either rendered to produce feather meal, a low-grade
animal feed or it, of to landfill. The current management of waste feathers is therefore categorised as
predominantly linear with a low-grade circular (feather meal) application. There are opportunities to
develop higher-value applications that exploit the inherent properties of this natural material in, for
example, thermal insulation and sound insulation products; feather fibre textiles and materials that
can be used for oil spill remediation. A circular economy for feathers is therefore possible, but barriers
to this exist. These are likely to be representative of the barriers to similar materials, including other
animal by-products [59].
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Figure 2. Waste feather filter cake as typically produced at poultry processing facilities in the UK. This
is contaminated and typically contains ~50% by weight of water.

Understanding the barriers to a circular economy for waste feathers would be highly beneficial
because feathers are a high volume of problematic waste material. Greenhouse gases are emitted from
the current rendering process to produce feather meal and these could be saved if an alternative circular
economy application could be developed. However, to date, there have not been any significant
developments that have produced a circular economy for waste feathers.

The analytical framework developed above was used to assess UK feather waste. The results were
obtained from a series of interviews and an expert survey. Purposive and snowball sampling was used
to identify practitioners in the UK poultry and textile processing industries. Structured interviews and
a survey were conducted to evaluate whether the Levels 0-3 used for the analytical framework were
broadly correct and could be appropriately applied from an industrial perspective. The framework
was presented in the form of tables with tick-boxes for the interviewees to conduct their assessment.
The interviewees were selected following contact with industrial network groups, from Environment
Agency recommendations and from talking to leading industry stakeholders. Efforts were made to
select a representative sample of companies dealing with feather waste as a potential recycling service
or producer of the material.

Table 11 shows the function, expertise and position in the feather waste processing supply chain
of the interviewees. They were initially introduced to the concept, the idea of barriers to a circular
economy and the Level assessment system used in the method. The interviews started with a broad
discussion of their personal experiences with feather waste and understanding of the circular economy.
In order to create comparable assessments, the interviewees were asked to consider typical feather waste
filter cake, as produced by UK abattoirs, as the starting point for their assessment. An average-sized
UK abattoir produces 100-200 tonnes of waste feather filter cake with 50% moisture content per week.
The interviewees then responded to barrier relevant questions by giving a Level indication related to
the perceived significance of each barrier, as outlined above. They were informed about the meaning
of Levels 0-3 and possible features promoting or inhibiting CE development. The assessment took
on average 60 minutes (+/—10min) to complete, and interviewees were asked about their impression
on the suitability of the assessment conducted, particularly with regards to the description and
assignments of Levels 0-3. The averages for all categories were calculated. Total scores per interviewee,
per category and overall Level score result were derived.
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Table 11. Overview Interviewees by company function and experience.

Interviewee Company Role Experience with Feather Waste  Interview Type
Category
1 Animal-by-Product CEO Long-Term Advisor for DEFRA Face to face
Consultancy and several poultry processors
Circular Experience with feather products Face to face
2 Economy CEO and marketing of waste-derived
Start-Up products
. Day-to-Day operations and tests
3 Renc.lermg . Researcher  with material and research for Telephone
Service Provider L
new applications
Poultry Producer of material, organizes Face to face
4 Processing COO logistics in accordance with
Facility regulation
Conversion of ABP into textile Face to face
5 Textile Processor Sales products, aware of finance and

public perception

The feather waste analysis using the CE barriers method achieved an overall score of 6.6 out of 27,
as shown in Table 12.

Table 12. Average scores of assessments (0-3) by barrier category, conducted by five industry experts,
for UK feather waste filter cake.

Assessment Results Average of
Interviewee Interviewee Interviewee Interviewee Interviewee All
No. 1 No. 2 No. 3 No. 4 No. 5 Assessments
Material
characteristics 2 3 0 0 3 1.6
Processing
technologies 1 2 1 1 3 1.6
Environmental 0 1 0 . . 06
impact .
Organisation
Context 0 0 0 0 1 0.2
Industry/supply 0 0 1 . . 06
chain .
External 0 0 0 ) 5 08
drivers
PubhF 1 1 0 . 5 )
perception
Regulatory 0 0 0 0 0 0
framework
Economic
viability 0 1 0 0 0 0.2
TOTAL for
each 4 8 2 6 13 6.6
Interviewee/27

It is concluded that waste feathers have some potential aesthetic value, but they are heavily
contaminated in the as-produced form. This was assessed to cause significant issues in attempting to
move towards circularity. The required technology to reuse feathers requires washing and disinfection,
and possibly mechanical, chemical and thermal processing. These processes are available and relatively
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easy to use by industry but are associated with costs. The material needs only basic sorting and
conversion into a product, and this requires limited use of other resources. The relevant materials
processing technologies do exist but cannot always work effectively with the volumes of waste
feathers currently available. The overall scoring of 6.6/27 indicates that there are significant barriers to
the transition to a CE associated with many of the different categories. The most severe barriers related
to regulation and organisational context, which achieved Level 0 scores. The least barriers were found
in the area of material characteristics and processing, which indicated that the materials have inherently
exploitable properties and the technology is available to generate novel and valuable products.

The results of the interviews were reasonably consistent, as all interviewees identified significant
regulatory and financial barriers influencing the transition of feather waste to a circular economy. Some
interviewees were not aware of the current state of processing technologies available to convert feather
waste into suitable products, and the results for organisational context appeared to be inconclusive, as
the position of the interviewee in the supply chain influenced the scoring.

The novel method for barrier assessment provided detailed and structured insights into
the transition of materials to a CE. The expertise, position and attitude of the assessor need to
be considered, and an informed decision must be taken when weighting the results, and this depends
on the assessor. A possible solution could be to use separate experts to assess the individual barrier
categories. A consolidated assessment might then provide a more realistic insight into the current
barriers to material cycles.

It is not clear how the assessor should operate if they lack relevant knowledge and experience
and it may be more appropriate and effective for a panel of people with a range of experience and
knowledge to complete the assessment. Responding to questions with incorrect assessments can lead
to incorrect barrier assessment and underestimating barriers can lead to an over-optimistic assessment.
Assessors ideally need to have an advanced level of understanding of the material to use the method,
and they should have experience with relevant to other materials and products. This would help make
informed decisions based on referencing, comparison and experience when assessing using Levels 0-3.

The scale used to assess the scale of barriers was 0 to 3. This could potentially be reduced to 0 to 1 or
expanded to 0 to 5. The view of the authors is that 0 to 3 represents a reasonable compromise, although
the optimum range to use is not apparent and could be scenario dependent. Most interviewees thought
that a more polarising scale without intermediate Levels would deliver more meaningful results
because the intermediate values are selected when there is some uncertainty. In the assessment tool
presented, no efforts were made to introduce weightings to the categories and the nine themes were
considered to have equal importance. However, this could be varied, depending on the availability of
resources to overcome specific barriers.

Clustering barriers into nine categories has the risk that some key issues may not be covered and
the methodology will not give a complete barrier assessment. Each category covers a relatively broad
area and their development has involved consultation with a wide range of academic and industrial
experts. There is clearly further scope to test and modify the methodology using other EOL materials
and to iteratively improve the method. A limitation is that the methodology aims to identify and
assess the severity of barriers rather than identifying barrier mitigation strategies, which are needed to
overcome the CE transition barriers. Potential future work to achieve this will be case specific. A smart
system, which utilises the knowledge generated on barriers and suggests strategies to overcome them
would be beneficial to supplement the novel barrier identification method outlined in this research.
The current method can identify barriers to the circular economy and help raise awareness in industry
and amongst regulatory bodies, supply chain stakeholders and the public. It can provide an easy way
for companies and other organisations to identify quick wins and avoid long delays on the journey
towards developing a CE and it has the potential to contribute to achieving a circular economy on
a larger scale.
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5. Conclusions

The proposed methodology defines potential barriers to circularity and assesses the scale of these
barriers in a particular scenario. Each potential barrier is assessed against different Levels (0-3). This
allows potential barriers to circularity to be identified and the total barrier to be quantified on a scale of
0 to 27. This then indicates the potential for transitioning to circularity. The different barrier categories
are materials characteristics, processing technologies, environmental impact, industry and supply
chain issues, organisation context, external drivers, public perception, the regulatory framework and
economic viability. The method is relatively simple and does not require energy-flow calculations,
carbon footprint assessments or cost analysis. However, it does require a detailed understanding of
the material being assessed from an industry perspective and a broader perspective of key issues.

The novel framework has been used to assess the barriers to transitioning to circularity for waste
feathers generated by the UK poultry industry. This showed that there are major non-technical barriers
for waste feathers to transition to circularity. Industry expert analysis produced an average overall
score of 6.6/27, indicating that major barriers to circularity exist. These are related to industry and
supply chain issues, lack of external drivers, public perception, the existing regulation and health
and safety concerns. The economic viability of transitioning waste feathers to circularity is uncertain.
Failure to address these barriers will mean feathers will continue to be used in low-grade applications
or landfilled despite the exceptional inherent properties of this material.
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