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Abstract: The limits to linear models of production based on material extraction, manufacture, use,
and disposal are becoming increasingly apparent across the global economy. The Circular Economy
(CE) describes an alternative to this problematic “take-make-waste” linear model that is concerned
with resource efficiency and waste minimization. The construction and demolition sector represents
an important focus for a CE transition due to its significant environmental impact. The use of ther-
mal insulation to reduce energy demand associated with heating and cooling in buildings is vital
for reducing the sector’s high environmental impact; however, there are significant challenges to
recycling thermal insulation materials (IM). This study examines these challenges in the context of
Switzerland and evaluates the potential for more circular management of expanded polystyrene
and stonewool IM. The research provides an original analysis of the Swiss IM value chain in the
context of the CE agenda based on a literature review, semi-structured interviews, and a workshop.
Research gaps are highlighted based on scientific literature. The roles and agency of actors involved
in the Swiss IM value chain are examined. Enablers of and barriers to wider IM recycling as reported
by workshop participants are outlined. Interventions for tackling the current challenges faced for
the recycling of thermal IM are suggested. Finally, an agenda for future research is proposed.
Throughout the discussion, the importance of the involvement, commitment, and collaboration of
stakeholders across the entire IM value chain for an effective and expedient transition to a CE is
highlighted.

Keywords: circular economy; insulation material; recycling; barriers; workshop; research agenda

1. Introduction

The global production and consumption of goods, coupled with population growth
and economic development, is increasingly unsustainable. The Circular Economy (CE)
offers an alternative economic model that is regenerative and sustainable in comparison
to the prevailing yet problematic “take-make-waste” linear model [1]. The CE model en-
tails fundamental changes in how materials are sourced, used, and disposed of, which are
necessary to make our economies more sustainable.

The construction and demolition (C&D) sector has a significant impact on the envi-
ronment [2], and therefore is a key target for CE interventions [3]. Key actions to make the
C&D sector more circular include: (i) recycling; (ii) minimizing resource depletion [4-6];
(iii) avoiding the use of toxic materials [7]; and (iv) diverting waste from landfilling [8].
Despite the diversity of actions needed to transition to a CE, research has shown that re-
cycling has to date been the most implemented circular strategy [9].
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Insulation materials (IMs) are critical to the decarbonization of the C&D sector and
to improving thermal comfort and reducing household expenditure on fuel [10,11]. The
sustainable management of IMs, however, faces significant challenges [12]. One example
is expanded polystyrene (EPS), which until recently in Europe was manufactured with
brominated flame retardants such as hexabromocyclododecane (HBCD), which are con-
sidered toxic and persistent organic pollutants [13,14]. Safe recycling of EPS installed be-
fore 2015 requires the elimination of HBCD and other hazardous chemicals [15], which
introduces technical complexity and added costs to the process.

At present, the predominant material pathways for most IMs are landfilling and
waste-to-energy treatment [16]. These pathways are the least conducive to a CE [17], and
are intrinsically unsustainable and insufficient to manage future increases in waste vol-
umes [18]. Strategies for sustainable thermal IM waste management that align with plan-
etary limits are urgently needed. Recycling offers the most effective strategy for mitigating
IM waste and reducing its environmental impact, and should therefore be increased
[16,19]. This is echoed by [20], who identified increasing use of recycled material in stone-
wool and extruded polystyrene (XPS) production processes as the most realistic and ef-
fective way to increase circularity in the C&D sector. However, multiple barriers to recy-
cling IMs still exist. Although previous research has proposed strategies for enhancing
recycling [20], further research is needed to provide empirical evidence to show how re-
cycling processes can be implemented across the value chain (i.e., considering the supply
and reverse chain of IMs and their recirculation flows).

This paper reports research that addresses this gap in the literature. The research was
conducted in the context of Switzerland. The Swiss IM market is composed principally of
six materials, which account for 95% of the nation’s insulation market: EPS, XPS, polyure-
thane (PUR), glass wool, stonewool, and wood fiberboard. EPS and stonewool represent
the highest volumes of installed material in their respective categories (oil- and mineral-
based [18]), and so comprise the focus of the research reported here.

In 2015, the amount of IMs installed in Switzerland was approximately 234,000 tons,
of which EPS accounted for approximately 26,100 tons and stonewool for approximately
87,500 tons [16]. EPS is one of the most widely produced basic polymers in the world [21].
It is used in numerous applications, from thermal insulation in buildings to packaging
(including food packaging), landscaping, and road construction. In Switzerland, the recy-
cling of EPS from building construction occurs through its collection into dedicated bags
that are sent to an EPS manufacturing company. The manufacturer subsequently incorpo-
rates a percentage of the recycled EPS into the production of new IM [16]. Stonewool is
composed of volcanic rock, typically basalt and dolomite. It is used for thermal insulation
in buildings and is generally deposited in landfills at the end of its useful life [22]. In Swit-
zerland, stonewool recycling is managed similarly to the EPS recycling scheme: the man-
ufacturer receives clean cuttings and deconstructed parts, and after processing them,
mixes them with production waste and reprocesses them into stonewool insulation [16].
Despite their wide use, these materials are recycled at a marginal rate in Switzerland, with
only 1.5% of approximately 59,700 tons of deconstructed material currently recycled [16].

Based on their prevalence in the C&D sector market in Switzerland and internation-
ally —and considering the relative market-readiness of relevant waste management tech-
nology —EPS and stonewool were selected as the focus of this research, which examined
the barriers to, and enablers of, IM recycling. These materials have already been the sub-
ject of substantive research and case studies in previous works. For instance, Ref. [20] fo-
cused on the benchmarking and comparison of IMs’ carbon footprint and circularity.
However, it is acknowledged that assessing the drivers of, and barriers to, transitioning
to a circular future for IM should be based on a systems perspective [20], considering the
entire value chain [13]. Few scientific studies explicitly focused on the structure of the IM
value chain and on the role and potential agency of the involved actors for driving a sys-
temic CE transition. More investigation is needed to identify, evaluate, and strategically
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address the barriers to embedding CE principles in the IM value chain. Developing related
insights will support the identification of leverage points and targets for CE interventions.

This research documented experts’ perspectives among IM value chain stakeholders
to examine the drivers of, and barriers to, circular management of EPS and stonewool
thermal insulation. The research provides an original analysis of the IM value chain in the
context of the widely observed exigency of transitioning to more circular resource man-
agement. In this study, we: (i) highlight research gaps based on scientific literature; (ii)
examine the roles and agency of actors involved in the Swiss IM value chain; (iii) outline
enablers of, and barriers to, wider IM recycling as reported by workshop participants; (iv)
suggest interventions for tackling the current challenges faced for the recycling of thermal
IM; and (v) propose an agenda for future research.

2. Materials and Methods

This study was performed in three steps: (i) a literature review of the pertinent scien-
tific publications; (ii) semi-structured interviews with subject-matter experts; and (iii) a
workshop with professionals in the IM value chain and recognized CE experts.

2.1. Literature Review

The goals of the literature review were to understand (i) which research streams on
EPS and stonewool have been explored in recent research; and (ii) the relevant gaps in the
research literature concerning the circular management of EPS and stonewool.

The literature review of scientific papers related to EPS and stonewool was per-
formed in December 2020 and was developed following established literature review pro-
cedures [23], by searching the Scopus database using combinations of keywords. For
stonewool, we used the string (“stonewool” OR “stone wool” OR “rock wool” OR “rock-
wool”) AND (“insulati*”) in the title, abstract, and keywords, starting from 2010, and lim-
iting the sample to the English language and journal articles reporting primary research
and review papers. We screened 197 documents. For EPS, we used the string (“EPS” OR
“expanded polystyrene”) AND (“insulati*”) in the title, abstract, and keywords, and ap-
plied the same filters. We screened 423 documents. To include all relevant sources of in-
formation related to sustainability and CE for IMs, we searched for related items using
the search string (“insulation material” OR “EPS” OR “expanded polystyrene” OR “stone-
wool” OR “stone wool” OR “rock wool” OR “rockwool”) AND (“circular” OR “sustaina-
ble” OR “sustainability”) in the title, starting from 2010. We obtained 19 additional items.

To analyze the literature, we applied an inductive categorization framework. This
approach can be found in analogous research (e.g., [24,25]). We screened the title and ab-
stract of the papers and assigned a code for each topic covered. Each paper could be asso-
ciated with multiple topics. The creation of topics was revised after the first screening of
the papers. The assignment of the codes was performed twice by two researchers inde-
pendently and discussed between them to reach an agreement. The individual topics were
grouped into six broad categories, which are shown in Table 1.
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Table 1. Topics and subcategories of topics used for the literature review.

Topic Sub-Topic
1. Performance and technical properties assessment 1.1 Properties and Performance: Insulation
1.2 Properties: Fire
1.3 Properties: Acoustic
1.4 Properties: Moisture
1.5 Properties: Structural/Mechanical
1.6 Properties: Deterioration

2. Environmental performance, impact, 2.1 Lifecycle impact assessment/LCA studies
management, and assessment
2.2 Human impact on reserves/MFA
2.3 Sustainability (explicit mention)
2.4 Circular Economy (explicit mention)
2.5 Recycling process, technology, applications, materials, other
2.6 Waste management
2.7 Health
3. Social impact, management, and assessment 3.1 Safety

3.2 Social issues

4. Economic factors and assessment, logistics 4.1 Efficiency subsidies
4.2 Supply chain and logistics
4.3 Insurance premiums
4.4 Financials and economic analysis and aspects

5. Other 5.1 Overview
5.2 Marginal
6. Out of scope 6.1 Out of scope
6.2 Repetitions

Additionally, based on the information available in the literature [16,26], a first map
(scheme) representing the supply and reverse chain of IMs in Switzerland, along with the
potential actors involved at each stage or process, was generated, as reported in Section 3.

2.2. Expert Interviews

The semi-structured interviews aimed to: (i) complement and interrogate the conclu-
sions of the literature review; (ii) revise the IM value chain map based on the interviewees’
critical feedback; (iii) better understand the role and potential agency of actors involved
in the value chain of IMs in Switzerland as well as the interrelations between them; and
(iv) inform the design of the subsequent research stage (i.e., the workshop).

Twelve semi-structured interviews were conducted in English, Italian, or French us-
ing the video conference software Zoom or a telephone. In Appendix A Table Al, we re-
port additional information about the interviewed experts. The experts were selected
based on: (i) their tenure in relevant organization; (ii) the researchers’ evaluation of their
subject matter expertise; and (iii) the experts” availability to conduct an interview in one
of the selected languages. Each interview lasted approximately one hour. All interviews
were recorded, transcribed, anonymized, and translated into English if necessary. Content
analysis of the transcripts was based on a semi-structured and iterative coding procedure
using MAXQDA software. The goals of analyzing the interview transcripts were to collect
information about the role of actors, the interaction among actors at specific steps of the
material flows, the enabling and hindering factors of IM recycling, potential interventions
for enhancing IM recycling, and ideas for a research agenda. The codes and sub-codes of
each category were created using an iterative approach by analyzing each transcript and
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discussing it between the researchers [27,28], reiterating the coding process until a con-
sensus was reached. The insights from the interviews were used to refine the IM value
chain map that was initially developed using information from the literature [16,26].

2.3. Workshop

The term workshop is interpreted as “an arrangement whereby a group of people learns,
acquire new knowledge, perform creative problem-solving, or innovate in relation to a domain-
specific issue” [29]. Workshops as research methodology are specifically designed to fulfill
a research purpose: to produce reliable and valid data about the domain in question [29].
In this research, a workshop was organized with the aims to: (i) document participants’
perspectives on the results obtained through the literature review and interviews; (ii) as-
sess perceived effectiveness and feasibility of the interventions that the research team sug-
gested to enhance IM recycling; and (iii) identify and examine the self-reported agency of
participants in relation to those interventions.

Thirteen experts participated in a two-hour online workshop organized using the
video conferencing software Zoom, a collaborative whiteboard app (Padlet), and a collab-
orative spreadsheet application (Google Spreadsheet). In Appendix A Table A2, we report
additional information about the participants. Four of the workshop attendees already
participated in the interviews of the earlier research stage. Before the event, the partici-
pants were asked to answer an online questionnaire to rank the barriers hindering IM
recycling according to the perceived urgency of lifting those barriers. During the work-
shop, the preliminary results of the literature review and the interviews were presented
to the participants, and two discussion sessions were held in parallel groups of six and
seven participants. In the first session, the participants reflected on the ranking of the bar-
riers as a result of the pre-workshop survey to reach a consensus on the relative im-
portance of each barrier. In the second session, three to four experts per group graded the
potential interventions proposed for enhancing IM recycling, based on: (i) their perceived
effectiveness (i.e., in terms of enhancing the IM recycling rate if implemented); and (ii)
based on their perceived feasibility (i.e., in terms of potential for implementation), in Swit-
zerland, in the upcoming 5 to 10 years. Each group focused on scoring two interventions.
All the interventions and their scores were combined in a matrix (see Section 4). Following
the scoring exercise, the experts were prompted to discuss ways in which they could in-
tervene (as individuals or as part of their organization) to enable the implementation of
interventions.

3. Results
3.1. Literature Review

The subtopics identified in the literature review and the respective frequency of their
appearance in search results are shown in Table 2 (the heat map shows which subtopics
were covered the most). For stonewool, 128 documents were classified as out of scope or
marginal; for EPS, there were 68. These were not included in the table. In Appendix A, we
report additional information on the sources of the screened articles (Tables A3 and A4),
and the evolution of the number of published studies since 2010 (Figures Al and A2).

Three main streams of research were identified through the literature review: broad
literature on the performance and technical properties of the selected IM; specific studies
on Life Cycle Assessment; and analyses on the financial aspects (mostly economic savings)
of IM installation and use. We elaborate on these three main streams of research in the
paragraphs below and identify pertinent research gaps.

The topic “Performance and technical properties assessment” appeared as the most
frequently investigated topic for both materials. This result reflected the importance of
energy and hygrothermal performance of IMs during the operational life of buildings. The
literature identified in this group focuses on structural and mechanical properties of the
selected IM, safety and fire resistance prerequisites, and hygrothermal performance.
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Table 2. Coverage of subtopics identified in the literature review (“out of scope” and “marginal” topics excluded). The
color scheme (from white to black) reflect the low (white) or high (black) relative coverage of each subtopic.

Topic

Subtopic EPS Stonewool

Performance and technical
properties assessment

Properties and Performance: Insulation _

Properties: Fire
Properties: Acoustic
Properties: Moisture

Properties: Structural/Mechanical
Properties: Deterioration

Environmental
performance, impact,
management and
assessment

Lifecycle impact assessment/LCA studies
Human impact on reserves/MFA
Sustainability (explicit mention)
Circular Economy (explicit mention)
Recycling process, technology, applications, materials, and
other
Waste management
Health

Social impact, management
and assessment

Safety
Social issues

Economic factors and
assessment, logistics

Efficiency subsidies
Supply chain and logistics
Insurance premiums
Financials and economic analysis and aspects

The subtopic “Lifecycle impact assessment/LCA studies” was relevant for approxi-
mately a quarter of the studies on stonewool and EPS. As the C&D sector faces increasing
economic and environmental sustainability challenges within the context of a competi-
tive and globalized economy, environmental criteria and assessments have become in-
creasingly important in the design and construction decision-making process [20].
Lifecycle environmental assessments quantify the whole life or embodied environmental
impact of IM and associated construction by accounting for resource and energy flows
from cradle to gate, site, grave, or cradle [30].

The sub-topic “Financials and economic analysis and aspects” was covered by ap-
proximately one-third and one-sixth of the literature in our sample on stonewool and EPS,
respectively. This subtopic included studies focused mainly on lifecycle total cost anal-
yses, often conducted alongside lifecycle environmental assessments, to determine opti-
mum IM layer type and thickness, and consequent lifecycle energy savings, payback pe-
riods, and capital cost of IM installation.

When examining which categories remained underrepresented, the category incor-
porating the recycling process and technology of EPS and stonewool, and the applications
of these recycled IM, was covered by only a small fraction (approximately one-tenth) of
the screened papers. These papers tackled the use of recycled EPS or stonewool waste,
alongside other materials, for applications of recycled materials and the generation of new
products (e.g., new concrete material [31]; nanofibers with uses for filtration [32]; sustain-
able alkali-activated materials for structural applications [33]; alkali-activated cementi-
tious binders [34]; and alkali-activated stonewool [35]).

While several research studies explored the IM recycling processes and applications,
the “Waste management”, “Supply chain and logistics”, “Social issues”, and “Circular
Economy” topics received the least attention in the papers screened. For the waste man-
agement of IM, the emphasis was essentially on: (i) the assessment of special treatment
options for the removal of flame retardants associated with waste polymers ([36]); (ii) on
External Thermal Insulation Composite Systems” waste management chains, routes, and
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economically and ecologically beneficial waste treatment options; and (iii) benchmarking
the carbon footprint and circularity of the production processes of EPS and stonewool by
using carbon and circularity indicators [20].

The literature review revealed no information on the structure of the value chain of
EPS and stonewool and their circular management, nor on the role or agency of system
actors who have the potential to drive a transition to the C&D sector’s circularity and
sustainability. Expanding the research to different IMs, we found some relevant previous
research. Notably, Ref. [16] described the Material Flow Analysis of IMs in Switzerland in
aggregate terms, which by inference provided some insight into the flow of stonewool
and EPS.

The results of the literature review suggested that broad interest in circular and sus-
tainable management of EPS and stonewool exists, but showed that substantive assess-
ment of pathways to sustainable management is to date largely underdeveloped. Hence,
the literature review reinforced our focus on two main research areas: (i) the structure of
stonewool and EPS value chains and the agency of actors within the IM socio-technical
systems; and (ii) the potential enablers of and barriers to widespread IM recycling.

3.2. IM Value Chain Map and Actors’ Roles and Agency

Based on the work performed in [26] and [16], and the insights derived from the ex-
pert interviews, we developed a list of actors involved in the IM value chain (Table 3), and
the Swiss IM value chain map (Figure 1). In Table 3, actors who are mostly involved in
each step of the value chain are identified, and brief descriptions of their professional roles
are provided. In Figure 1, a qualitative material flow analysis is paired to the identification
of which actors play a role in deciding how a specific step would take place. For example,
at the IM production stage, four main actors were identified: producers of IMs, certifica-
tion organizations, researchers, and authorities. All these actors have agency in steering
how the production process works, the composition of the material, and the requirements
for its production. Similarly, the map pictures the entire value chain and offers a global
overview of the types of collaborations that could be established among specific actors at
different stages of the value chain. The scheme provided by Ref. [26], which drew a system
diagram of the supply and reverse chain for EPS packaging in Brazil, represented a start-
ing point to prepare and iterate the Swiss IM value chain. However, since Ref. [26] focused
on EPS for packaging, some steps (especially in the production and distribution phases)
needed to be adjusted. Ref. [16] developed a material flow analysis of IMs in Switzerland.
In comparison to this scheme, Figure 1 provides a focus on the production and end-of-life
of products containing IMs, and the potential management of IMs abroad. Furthermore,
in addition to both schemes by Ref. [26] and Ref. [16], Figure 1 assigns the involved actors
at each step of the IM value chain.
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Table 3. Actors involved in the IM value chain (supply and reverse chain) and their potential role and agency.

Actor Role/Agency
Producers of (recycled) thermal IMs in Switzerland and abroad. IMs can either be entirely produced from virgin raw materials, or both virgin raw materials and recycled
materials. IM waste to be recycled can either be directly imported from abroad or generated within Switzerland, during the production stage itself (i.e., at the producer’s
site), during the installation phase at the construction site, or during the recycling phase that follows building renovation/deconstruction or that occurs at the end of life
of IM products (e.g., EPS, stonewool, etc.). IM waste can be either issued from the C&D sector or other sectors. IMs produced in Switzerland can either be exported
outside Switzerland, or used within Switzerland as input to make other products or to be distributed and installed in buildings.

Thermal insulation
material producers

Other producers  Producers of goods and materials other than thermal IMs for the C&D sector. These goods and products can incorporate (recycled) IMs (e.g., sandwich panels, concrete)
Distributors Actors in charge of distributing IMs from producer sites located within Switzerland or abroad, to the building’s construction and installation sites.
Installers Actors in charge of the installation of IMs in buildings and at the construction sites.
Actors such as legislative bodies, Swiss federal and cantonal offices, departments within cantonal authorities (such as the Department of Environment and Safety,
. municipalities, etc.) that have a role in setting laws, legislation, directives, legal requirements and procedures (regulations and standards), taxation, etc., that are related
Authorities . . . . . o . .
to the handling, treatment, and disposal of (C&D) waste (e.g., sorting, collection, recycling, thermal valorization, landfilling of waste, etc.), to the handling of

d poli ki
and policymatkers environmental, ecological, health and safety matters, building C&D-related matters (installation and demolition techniques, practices, products used in buildings), and

production processes and material-related matters.
The building or construction project owner initiates the construction project. In most cases, they are the client. The project owner is responsible for the funding of the
construction project, and for contracting the services of the third parties implicated in the design and construction. The construction project owner, or the contracting

Project owner
authority, can either be a person, a private legal entity (a firm or an association), or a public institution (i.e., public authority).
Architects and Architects and engineers provide subject-matter expertise, and manage and work jointly during the planning, design, and construction stages of a building or
engineers construction project.
Researchers Researchers have a role in conducting research; and in investigating, developing, and fostering innovation in processes, technologies, products and materials, techniques,
and practices. Their research scope can cover the production phase, the installation and renovation/deconstruction phases, and the recycling phase.
Certification Organizations or certifying bodies that are accredited for a sector and that can deliver and grant compliance certificates. They are acknowledged by the authorities of the
organizations involved sector. They are responsible for assessing whether the system, product, process, or organization meets and fulfills the certifications and standards requirements.
Independent Actors Fesponsible for .inﬂuencing( advising, a.nd consulting project owners, archi.tects and engineers, al:ld Constrgction ComPanies on the planning, design.(techniques,
consultants/advisors practices, and materials), execution, and delivery stages of the construction project. They have a role in promoting ecological labels and standards, sustainable and
environmental design, and installation and construction practices and techniques.
The homeowner has a choice in selecting an IM for their home, whether it is for a new installation or renovation.

Homeowners
Recycling companies Companies responsible for the material valorization and the recycling process of waste IM received.
Associations that represent, endorse, and protect the interests of the waste recycling industry, vis-a-vis the authorities, legislative and specialized bodies, and the general
public. Cooperating with other industry bodies and companies, they develop market-oriented recycling solutions and action plans. They raise awareness and promote
Recycling associations the implementation of best practices and principles for the collection, sorting, and recycling treatment of (C&D) waste. They have a role in elaborating relevant (quality)
standards and procedures, influencing and advising legislative bodies, project owners, C&D companies, and recycling companies in matters related to materials use,
valorization, and recycling.
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Construction Construction or contracting companies are responsible for the planning, leading, execution, management and administration, and supervision of building construction,
companies from the start of the project until its end.
Construction associations manage training and information platforms and sharing, focusing their activities on the publication of instruments for the construction of
Construction ecological and sustainable buildings. These instruments help to optimize the planning, construction, management, and deconstruction of buildings. Construction
associations associations can group several members, spanning federal (public) and private construction offices and departments, government entities and authorities, associations

for architects and engineers, public project owners, etc.

Actors responsible for the transport of collected and sorted waste material, from installation and renovation/deconstruction sites to the final waste treatment facilities

Transporters . ., o - . ees
P (recycling facilities, thermal valorization facilities, or landfill facilities).
Deconstruction . . . . . o\ g1
) Companies responsible for the deconstruction, dismantling, and demolition process of buildings.
companies
Sorting companies Companies responsible for receiving (mixed) waste material, sorting, and separating it into individual waste components or fractions.
Thermal valorization - . - . s . :
facilitios Facilities responsible for the thermal valorization of waste material after it is inspected to meet standards and quality requirements.

Facilities designed to receive waste that is not thermally or materially valorized that are responsible for the landfilling of the waste materials and the management of

Landfilling facilities landfills.
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Insulation material (IM) supply and reverse chain
Adapted from Wiprichtiger et al., 2020 and De Oliveira, Luna and Campos, 2019
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Figure 1. The IM value chain in Switzerland and involved actors at each step.
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3.3. Enablers of and Barriers to IM Recycling

Potential factors enabling the recycling of IMs identified through the literature re-
view and content analysis of the transcripts of the interviews are reported in Table 4. The
enablers relate to: (i) the level of actors’ concern about environmental issues and their
ecological culture; (ii) marketing benefits associated with the use of recycled materials or
the engagement into the recycling process; (iii) legal requirement to recycle IMs; (iv) prod-
uct requirements if a specific environmental quality label is pursued; and (v) economic
incentives to recycle and economic sustainability of the recycling process.

Table 4. The enablers of IM recycling.

Enabler

Description

Environmental concern and  Environmental/sustainability awareness of the actors and commitment to more eco-

ecological culture

friendly and sustainable products, processes, design, etc.

Marketing benefits

Benefits deriving from the interest for sustainability and CE application in the C&D
sector, positive image, and positive public interest for companies promoting a
circular management of IMs.

Legal requirements

Control, directives, (eco)norms, regulatory obligations, standards, etc. dictating the
use of recycled IMs, the recycling of IM waste over alternative waste treatment
options, ensuring public and private entities” adherence and alignment, and/or

influencing prices and taxes associated with raw and secondary materials use and

waste treatment options.

Label requirements

Building label certifications oriented towards sustainability and the CE; e.g.,
requiring sustainable building practices, or use of sustainable and recycled IM.

Higher cost of alternative end-of-life solutions, higher price of virgin raw materials,

Economic incentives and viability lower price of recycled materials, reduced recycling costs, and favorable economic

balance of recycling.

Table 5 reports the barriers to recycling IMs, as elicited through the literature review
and the expert interviews. These barriers are ranked and listed in order of their im-
portance, as evaluated by the workshop participants. Barriers related to costs and logistics
were considered the most important; i.e., the ones that should be lifted first. This was
followed by: (i) quality and technical requirements; (ii) awareness and commitment; (iii)
legislation, legal requirements, and control; and finally, (iv) lack of an established net-
work, cooperation, and ambiguous responsibility of different actors. In relation to the
costs, we noted that the cost of virgin materials may be higher or lower than the cost of
recycled materials across different IM regional markets over time. Hence, the price of vir-
gin raw materials was cited as an enabling factor (if the price of virgin raw materials was
higher than for recycled ones) and a barrier (in the opposite case).
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Table 5. Barriers to IM recycling. The column “Sources” specifies if the information was derived from a specific document
or through the expert interviews.

Barriers Examples Sources
Lower cost of virgin raw materials [8,37,38]
Low economic value of the waste materials and lack of market for secondary [39]
raw materials
Elevated cost of storage and handling of IM waste, given IM low density [37]
and cost of required associated machines and infrastructures
Costs and logistics Elevated cost of transport, given IM low density and under-optimal logistics [8,38]
and transport network !
Low cost of disposal methods alternative to recycling (i.e., low landfilling
o [8,37,38]
and thermal valorization cost)
Unequal costs and benefits sharing among the different IM-involved [20]
stakeholders
Insufficient IM waste quality and purity for recycling [20,37,40,41]
Health concerns over the quality of the recycled product, as IM waste may
. [16]
contain harmful compounds (e.g., HBCD)
Quality and technical Difficult separation of IM waste from C&D waste due to nonselective [16,20,41,42]
requirements demolition and infrequent buildings disassembly practices T
Lack of adequate technology to analyze the IM waste material for adequate [41]
recycling process choices and performance assessment
Energy balance of the recycling process Interviews
Reluctance to recycle stemming from negative “waste” image Interviews
Favored use of products made entirely from virgin raw materials as opposed
Awareness and to products containing recycled content, due to habits, routine use, and Interviews
commitment culture
Insufficient knowledge, best practices, and idea sharing and awareness .
. Interviews
about the recycling of IMs and the use of recycled IMs
Legislation, legal Legal impediments (e.g., legislation dictating IMs as waste) [37]
requli(eor;lf;’cls, and Inconsistent/insufficient follow-up control by the authorities Interviews
Insufficient collaboration and exchange among actors [43]
Network, cooperation, Lack of industrial network Interviews
o Lack of responsibility and obligation after production, diluted sense of .
and responsibility o Interviews
responsibility among actors
Lack of willingness to recycle other producers’ products Interviews

3.4. Interventions for Improving IM Recycling Rate

As reported in Tables 4 and 5, the interviews provided rich insights into perceived
barriers to, and enablers of, IM waste recycling. These point to potential interventions or
leverage points in the IM recycling system that could enable and accelerate the transition
to a circular IM management. Analysis of interview transcripts identified new insights
into potential interventions and actions to drive increased material recovery and recy-
cling. These interventions are shown in Table 6 and are described primarily in response
to the critical barriers mentioned in Section 3.3.
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Table 6. Potential interventions and actions addressing barriers and aimed at enhancing IM recycling.

Interventions Description

Barrier Addressed

Enforcement of Extended Producer
R ibilit dh izati f th
EPR and scheme harmonization esponst .1 ftyan armonlz.a l,fm orthe
recycling scheme (to avoid “one-

producer recycling scheme” set in place)

¢ Network, cooperation, and
responsibility

Collaboration of the IM value chain
actors (e.g., producers, recyclers,
deconstruction companies) with the
Madaster (building Material Cadaster)
platform, which enables product
traceability and the tracking of buildings
materials and components, and

Collaboration with a material cadaster
platform (e.g.,
Madaster:https://www.madaster.ch
accessed on 12 October 2021)

facilitates the use, reuse, recycling, and
recovery of materials

e Network, cooperation, and
responsibility

Enhancement of recycling processes and
technologies (e.g., collaboration with the
PolyStyreneLoop recycling project,
aimed at developing at industrial scale
an innovative purification process based
on the CreaSolv® Technology, allowing
the recycling of thermal IM waste
containing additives and flame
retardants)

¢ Network, cooperation, and
responsibility

¢ Quality and technical
requirements

Support of awareness campaigns,
advertisements, networking events (e.g.,
involvement of communication experts
to enhance the “image” of waste), and
support, implementation, and spread of
best practices within Switzerland and
benchmark with foreign best practices
(e.g., building IM installation techniques
and practices, materials choice, waste
handling, recycling scheme, etc.)

e Awareness and
commitment

e Quality and technical
requirements

Expansion of label requirements to

Label requirements promote recyclability

e Legislation, legal
requirements, and control

Increase of follow-up controls at

Follow-up controls e
demolition sites

e Legislation, legal
requirements, and control

Price increase of end-of-life Increase of prices (taxes) of alternative

alternatives waste (end-of-life) treatment options

e Costs and logistics
e Legislation, legal
requirements, and control

Enhancement of the necessary logistics
network (e.g., between waste collection
sites, recycling facilities, producers,
establishment of collection points,
fostering of partnerships enabling the
optimal functioning of the network)

Logistics network

e Costs and logistics

The scoring exercise of the suggested interventions performed by the workshop par-
ticipants resulted in a matrix in which interventions were mapped according to their fea-
sibility and effectiveness in enabling IM recycling (Figure 2). According to the matrix, the
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Feasibility

interventions could be grouped into four categories. Three interventions (increasing
awareness and sharing best practices, the improvement of the recycling technology —for
example, via the one proposed by the PolyStyreneLoop project (https://poly-
styreneloop.eu (accessed on 12 October 2021) for recycling thermal IM containing flame
retardants—and the improvement of the logistic network) were rated as the most feasible
and effective, and should thus be prioritized. Furthermore, two interventions (the collab-
oration of the IM value chain actors with a building material cadaster platform—e.g.,
Madaster—and the enforcement of an Extended Producer Responsibility (EPR) scheme)
were rated as very effective and feasible, and could then represent the second focus of
action. The intervention implying the expansion of label requirements to promote IM re-
cyclability was scored as the most feasible intervention, while having moderate effective-
ness. This could highlight the rather limited impact of label requirements, despite the eas-
iness of implementation. Finally, two interventions (the price increase of end-of-life alter-
natives—such as landfilling and incineration—and increasing formal follow-up controls
to check that IM waste is correctly handled) were scored as quite effective but only mod-
erately feasible, showing how their implementation would need a more complex restruc-
turing of the value chain and coordination and agreement among several stakeholders.

@ Awareness & best practices
» Collaboration with Madaster
® Logistics network

Price increase of end-of-life

alternatives
@ Label requirements
. Follow up controls

® EPR & scheme harmonization
@® Improvement of recycling
technology (PolyStyrenel.oop)

1 2 3 4

Effectiveness

Figure 2. Intervention scoring matrix, based on feasibility and effectiveness (score: 0: not effective/not feasible; 1: slightly
effective/feasible; 2: moderately effective/feasible; 3: very effective/feasible; 4: extremely effective/feasible).

4. Discussion

This study was undertaken to better understand enablers of and barriers to circular
resource management in the IM value chain. We: (i) reviewed current scientific literature
and highlighted relevant research gaps; (ii) considered roles and potential agency of actors
involved in the value chain of IMs; (iii) elicited enablers and barriers for the recycling of
IMs; and (iv) suggested potential interventions and actions. In the discussion section, we
will elaborate specifically on each of these points and, finally, will propose a research
agenda for tackling the current challenges to the recycling of thermal IM.
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4.1. IM Value Chain, and Enablers of and Barriers to IM Recycling

The results of this research allowed us to draw a scheme of the IM value chain. This
map condenses information related to material flows and social networks in a qualitative
form, eliciting which actors play an important role at each step of the IM value chain. The
importance of this visualization lies in summarizing all the steps through which IMs go,
from production to end of life. This visualization offers the opportunity for interest parties
to implement actions or establish collaborations that could affect how each step is per-
formed, in order to improve IM recyclability. As collaboration is key to overcoming bar-
riers related to the implementation of CE principles, and since many collaboration solu-
tions can be put in place [44], knowing which actors might have agency within the same
value chain step offers a valid tool to support partnerships. For example, this could sup-
port public actors—identified as key agents for change toward more sustainable actions
[45] —in selecting parties to contact in order to establish strategic partnerships.

This research contributed to the production of knowledge to elicit drivers and barri-
ers of IM recycling to implement CE principles specifically in the C&D sector. A point that
merits attention is the manner in which barriers and enablers should be prioritized for
effective use of resources and maximum impact on the transition towards a circular IM
management. In the literature, this has been done, for example, by expert judgment of the
importance of removing a specific barrier [46]. In the workshop organized for our study,
the ranking of barriers by the participants questioned how some aspects of the IM recy-
cling obstacles could be interconnected. For example, the lack of an established network
of actors for establishing industrial symbiosis goes hand in hand with the low value of
recycled materials, which do not have a market yet.

4.2. Interventions for IM Recycling

In order to overcome the barriers identified and leverage the pertinent enablers, the
prioritization of the interventions provided by the research team was conducted through
the scoring exercise performed by the workshop participants, in which interventions were
scored according to the perceived feasibility and the effectiveness of the intervention.
When initiating change and devising an action plan, it is crucial to prioritize and begin by
first focusing on the interventions that are the most effective in addressing the issues
raised, and that are the most feasible for implementation and achievement of the antici-
pated outcomes [47,48]. While the most effective intervention might not always be the
most feasible, often a balance of effectiveness and feasibility should be targeted. As shown
in the results section, the scoring of the interventions according to the above-mentioned
parameters resulted in the identification of four main groups of interventions: those with
great feasibility and effectiveness in enabling IM recycling; those that are rather feasible
and effective; two interventions that might be quite effective but are not very feasible; and
finally one intervention that would be very feasible, but quite ineffective.

In the first group, the interventions were related to: (i) increasing awareness and shar-
ing best practices; (ii) improving the recycling technology (for example, via the one pro-
posed by the PolyStyreneLoop project for recycling thermal IM containing flame retard-
ants); and (iii) improving the logistics network. First, the usefulness of disseminating
guidelines and educating future architects or other key C&D stakeholders regarding the
effective implementation of best practices (e.g., design, materials selection, and use) was
emphasized throughout the workshop, and was recognized in the pertinent scientific lit-
erature on CE in the C&D sector [49-51]. Guidelines were recognized to be very effective
in building confidence among the different stakeholders. Raising awareness and evaluat-
ing potential practices and actions that could be done to promote the recyclability of IM
(and a CE in the C&D sector in general) is essential for actors to recognize, change, or
adopt new methods and ways of doing [52,53]. Second, the improvement of the recycling
process and technology, as could be considered by the PolyStyreneLoop project [13,54],
earned a highly effective and feasible score. As stated by the invited experts, there is too
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little material recycled and recovered compared to the total volume of waste produced,
and technological improvements could offer disruptive solutions. There is a major chal-
lenge to maintaining product quality and purity associated with the introduction of recy-
cled IMs in the production process. Hence, it is important to have the appropriate recy-
cling technology to mitigate this concern. By tackling this issue, the barriers faced in re-
gard to secondary materials market availability and demand could also be resolved, as
more satisfactory recycled materials would be available for actors to use, even outside of
the C&D sector, which would support the establishment of industrial symbiosis [55,56].
Third, in terms of enhancing the logistics network, interventions targeting logistics im-
provements were considered very feasible and effective. However, as discussed through-
out the workshop, this network improvement could depend on the particular area con-
sidered and the prevalent constraints. For the specific case of Switzerland, the country is
also relatively small, so further development of the logistics network could be achieved
within its regions. According to the experts, there is a potential to further optimize the
storage, transport, and scheduling across the network, and the control of costs (storage,
handling, and transport) would allow for the extension and the higher efficiency of the
logistics network. These interventions relate to improvements of reverse logistics that ap-
pear in scientific literature examining construction waste topics [57-60].

In the second group, interventions were linked to: (i) the collaboration of the IM value
chain actors with a building material cadaster platform—e.g., Madaster—and (ii) the en-
forcement of an Extended Producer Responsibility scheme. First, the collaboration with
Madaster, a relatively recent platform that has gained momentum in the C&D sector in
Europe [61], was assessed as very feasible and would allow collecting material data
throughout the building’s entire lifetime. This would be important for resource and prod-
uct tracking, recovery, and reuse, thus rendering this intervention very effective, which is
linked to the benefits of material passports in general [62,63]. Second, as for the enforce-
ment of the Extended Producer Responsibility, the importance of identifying the final en-
tity/agent responsible for IM waste recycling was raised throughout the discussion. Spe-
cifically, the expert working for an IM producer acknowledged their responsibility and
stressed the growing consideration and importance their company (the producer) gives
to recycling processes that would allow the reintroduction of almost all produced materi-
als into the value chain. However, the harmonization of the recycling scheme was judged
as rather tricky by the workshop participants, who outlined the significant role that the
legislation could have in this regard in establishing an EPR scheme for IM, adopting a top-
down approach [64].

The third group of interventions was related to the expansion of label requirements
to promote IM recyclability. The workshop experts emphasized the need to promote and
expand the adoption of standards and labels that require environmentally friendly IMs,
such as those with recycled content. It was argued that these standards and labels should
be leveraged and supported by the whole network of C&D actors, which resonates with
recent literature highlighting the positive effect of targeting environmental labels [65].
However, as long as labels encourage but do not sufficiently consider or urge the use of
recycled materials, or are not widely adopted by actors, the effect of this intervention in
increasing the IM recycling rate would be moderate. As for the case of an EPR scheme,
top-down interventions were deemed to represent a valid solution.

Finally, the last group of interventions was related to the price increase of end-of-life
alternatives—such as landfilling and incineration —and increasing formal follow-up con-
trols to check that IM waste is correctly handled. First, the price or tax increase of alterna-
tive end-of-life and waste treatment solutions, which was considered extremely effective
but moderately feasible, would indeed incentivize actors to recycle [18]. The workshop
participants highlighted how higher disposal costs for landfilling or thermal valorization
would represent the first motivation for individuals to recycle, while environmental con-
cerns might come in second place. However, the needed political will and the legal
changes required to implement this intervention seemed difficult to attain and the process
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might likely be (politically) slow. Second, the increase of follow-up controls at demolition
sites stood out as the least feasible, as this intervention would require significant commit-
ment and efforts, especially from the authorities’ side, although its importance is acknowl-
edged in the literature [66]. Nonetheless, the implementation of this intervention would
be very effective in ensuring the separation of demolition waste and an increased recovery
and recycling rate of IMs.

In summary, the interventions discussed comprised potential ideas that involve both
bottom-up and top-down approaches to adapt CE guidelines to the specific case of IM
waste recycling. Knowledge is still needed to advance our understanding of how CE can
be effectively implemented in the C&D sector. Hence, suggestions for future research are
presented in the following section, specifically focused on a research agenda for improv-
ing the recycling of IMs.

4.3. Research Agenda

Building on the gaps identified in the literature and the insights collected through
the interviews and the workshop, future lines of research deemed important to enhance
and improve the circular management of IMs are summarized in a proposed research
agenda (Table 7), which is aimed at tackling the identified barriers. Specifically, further
research could focus on: (i) the improvement of IM recycling technology; (ii) the optimi-
zation of the recycling scheme; (iii) the assessment of risks inherent to the use of current
or alternative IMs; (iv) the possibility to use alternative components that could avoid the
use of pollutants/problematic materials; (v) the development of alternative building con-
struction and installation practices; (vi) the inquiry into opportunities for recycled IMs to
be used in different value chains; and (vii) alternative IMs that could replace the ones
currently used and deemed less sustainable.

Table 7. Suggested research agenda and link to the barriers addressed.

Research Agenda

Description Barriers Addressed

Recycling process and technology = waste recovery; recycling process for polluted/glued IMs

Devel t of suitabl tion t logies for I
evelopment of suitable separation technologies for IM « Quality and technical

. requirements
or IMs containing flame retardants 9

Optimization and harmonization of the IM recycling
scheme (i.e., supply and reverse chain), enabling more e Costs and logistics

Recycling scheme optimization optimal and efficient collection, sorting, logistics, and o Network, cooperation, and

transport network; more practical, convenient, and cost- responsibility
effective recycling chain and take-back schemes

Future impact of available IM

Study of current and alternative components used in IMs
and assessment of their overall health and environmental

impact, throughout their use and following their end of * Quality and technical

components life (i.e., assessment of their suitability for recycling and requirements
meeting performance and quality requirements)
Alternative components and Avoidance of pollutants/glues, impurities; research on ¢ Quality and technical
avoidances of pollutants in IM potential other components to replace harmful ones requirements
Assessment of innovative and sustainable building design
Alternative building construction and installation practices (modular assembly,

and installation, and deconstruction prefabrication), and sustainable deconstruction practices,

practices

¢ Quality and technical

. . . . requirements
enabling optimal resource use and circularity of

construction materials

Alternative applications for recycled  Assessment of different applications for the use of IM

IMs

¢ Quality and technical
requirements

¢ Costs and logistics

o Network, cooperation, and
responsibility

waste, in sectors besides the C&D sector
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Alternative IMs

Study of thermal IM that are more sustainable;
biodegradable; renewable; ecofriendly; safer; and easier to
separate, collect, transport, and recycle as alternatives to
EPS and or stonewool

¢ Quality and technical
requirements
¢ Costs and logistics

4.4. Contributions and Limitations

The identification of the barriers and enablers for a CE in the C&D sector has received
considerable attention in the recent scientific literature [46,52,67,68]. The contribution of
the present study lies in focusing on a type of construction material (i.e., IMs), about which
specialized literature on the CE is scarce. The logical integration of the results of this re-
search entailed the understanding of which barriers impede the recycling of IMs, and
then, in turn, the enablers that can be leveraged to suggest targeted interventions. By high-
lighting and discussing them, this research contributed to the proposal of CE interven-
tions targeting specific barriers and leveraging recycling drivers. A visual tool (a value
chain map) was developed, to understand how different actors could play a major role at
specific stages of the material flows of IMs. This tool could be used by both individual
actors and policymakers. The former could use it to understand their position along the
value chain and establish partnerships with actors involved in the same value chain steps.
The latter could use the map as a management tool to coordinate policies and understand
the interlinkages among different actors at different stages of the value chain. Throughout
the discussion of our results, we highlighted the importance of the involvement, commit-
ment, and collaboration of stakeholders across the entire IM value chain for an effective
and expedient transition to a CE. The emphasis on collaboration and the importance of a
holistic vision relate to the concept of innovation ecosystems [69], which are key for
achieving a CE [70]. Our research also contributed to promoting the discussion about CE
principles in the C&D sector by presenting the research results to trigger reflections and
bringing together several actors in a workshop. Although it was not a specific aim of its
inception, the workshop served to strengthen the connection among actors, thereby po-
tentially facilitating future collaboration, which was confirmed through a follow-up sur-
vey that the workshop participants filled after the event. Particularly, the workshop fos-
tered communication and discussion, as well as the exchange of ideas and practices
among the different reunited stakeholders (e.g., government actors, academic professors
and researchers, independent consultants, entrepreneurs, IM producers, recycling com-
panies, and association representatives). In this way, the workshop indirectly created an
inclusive exchange space and allowed for the establishment of a network among the sev-
eral actors, strengthening the links among them. The workshop dialogues raised aware-
ness and provided many participants with new sources of information, by considering
both empirical and theoretical research findings. Additionally, the workshop activities
pushed the participants to consider potential IM recycling interventions and actions, con-
sidering their feasibility and effectiveness, and they were triggered to reconsider their role
in the implementation of the proposed interventions. Potential joint efforts and collabora-
tions to foster the execution of the interventions were also raised.

There are some limitations to be considered regarding the presented research, with
consequent potential implications for validity and generalizability.

First, through the literature review, we screened documents that were published
from 2010. This choice was made to analyze recent literature and highlight the most recent
research gaps. Expanding the analysis to literature published before 2010 could provide
additional insights on topics related to EPS and stonewool IMs, although if not present in
the review results, they could be deemed addressed. Furthermore, the completion of the
literature review entailed a screening process and code allocation in which a degree of
subjective judgment existed. Although the review was performed by two researchers in-
dependently, and disagreements were discussed to resolve incoherence, it is acknowl-
edged that the analysis of the literature contained some inherent subjectivity, and hence,
potential oversight and omissions.
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Second, the focus of our research study on EPS and stonewool may have omitted
some important issues relevant to other IMs. We note that interviewed experts were not
necessarily involved only with stonewool’s and EPS’ value chains, and were sometimes
asked to provide their inputs about IM and C&D waste more generally. Therefore, some
findings may be particularly relevant to the IMs studied, while others may bear relevance
to IMs more generally. While many results may be generalizable to other material value
chains, we remind the reader that our analysis was based on only two materials —includ-
ing their unique technical, socio-technical, political, legal, and economic contexts —and
suggest caution in drawing inferences from our findings to other materials. Future re-
search could examine a wider set of IMs or other construction materials. However, for
some materials, similar analysis as the one presented in this research could be challenging
due to the current state, for example, of the recycling technology and infrastructure. As
reported by [16], for example, neither XPS nor PUR IMs are currently recycled in Switzer-
land.

Third, we recognize that our work examined the context of a specific country, namely
Switzerland. The interviews’ responses, the described IM value chain, and the proposed
IM value chain scheme reflect the idiosyncrasies (but also the transnational commonali-
ties) of Switzerland. As pointed out in [51], the high variety of actors involved in the C&D
value chain creates a complex network of responsibilities, with very different decision-
making chains in the different European countries. We highlight that it would be valuable
to conduct studies in other countries to evaluate the feasibility and relevance of interven-
tions outlined in this research.

Finally, potential sample and recruitment bias associated with the experts that were
interviewed and that participated in the workshop existed. We recognize that more and/or
nuanced perspectives and insights could have been gathered if additional stakeholders
were interviewed and/or invited to the workshop. However, we obtained information sat-
uration in the interviews, and deemed the number of participants to the workshop rea-
sonable within time and resource constraints.

5. Conclusions

As increasing volumes of IM are produced and installed, marginal rates of recycling
(and correspondingly high rates of waste incineration and landfilling) pose an urgent
need for interventions to close material loops. This research contributes to the scientific
literature on the operationalization of the CE principles in the C&D sector and on IM cir-
cular management in particular.

We built on previous knowledge of material flows to define and map the Swiss IM
value chain, including its principal stages and stakeholders, and delineated these stake-
holders’ roles and potential agencies. This mapping showed the relevant positions of dif-
ferent stakeholders within the current IM value chain, and pointed to the potential for
collaborations among actors who (could) interact at the same stage of the value chain for
recycling (and circularity) to be increased. The scheme could be practically used both by
individual actors and by policymakers to identify collaboration opportunities and to co-
ordinate policies aimed at increasing material circularity, fostering the establishment and
development of innovation ecosystems.

Semi-structured interviews with IM value chain stakeholders helped to iterate the
mapping of the IM value chain, and offered new insights on the enablers and barriers of
IM recycling within Switzerland. By better understanding current enablers and barriers,
targeted interventions could be identified to increase the rate of IM recycling. Those inter-
ventions were discussed with workshop participants and assessed in terms of feasibility
and effectiveness. According to this assessment, three interventions resulted being the
most feasible and effective: (i) increasing awareness and sharing best practices; (ii) im-
proving the recycling; and (iii) improving the logistics network. Moreover, by discussing
the findings through the expert workshop, we outlined a new research agenda to address
the barriers to—and unleveraged drivers of —widespread recycling and a circular IM
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value chain. Identified topics for further research include worked aimed at: (i) improving
the IM recycling technology; (ii) optimizing the recycling scheme; (iii) assessing the risks
inherent to the use of current or alternative IMs; (iv) evaluating the possibility to use al-
ternative components to replace pollutants/problematic materials; (v) developing alterna-
tive building construction and installation practices; (vi) inquiring opportunities for recy-
cled IMs to be used in different value chains; and (vi) discovering/producing alternative
IMs to replace those currently used and deemed less sustainable.

In conclusion, the presented research contributed to the production of knowledge to
implement the CE principles, specifically in the C&D sector. We highlighted the im-
portance of the involvement, commitment, and collaboration of stakeholders across the
entire IM value chain for an effective and expedient transition to a CE.
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Appendix A
Table A1. List of the experts interviewed. The experts were all male. The table also reports the lan-

guage in which the interview was performed, and whether the expert also participated in the work-
shop.

Intelrglew Affiliation Language of Interview Partl&ﬁ:ﬁ:& ;n the
1 Recycling association English Yes
2 Public administration French Yes
3 IM producer English No
4 Thermal valorization plant French No
5 IM producer French No
6 Independent consultant French Yes
7 IM producer French No
8 IM producer English No
9 User of IMs for other French No

products
10 Public administration Italian No
11 Building association French No
12 Recycling association French Yes
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Table A2. List of the participants in the workshop, and their gender and affiliation.

Participation in

Participant ID Affiliation Gender .
the Interviews
1 Recycling association Male Yes
2 Independent consultant Male Yes
3 IM producer Male No
4 Entrepreneur/material bank Female No
5 Researcher center on logistics Male No
6 Recycling association Male Yes
7 Recycling center Male No
8 IM producer Female No
9 Recycling center Male No
10 Construction company Male No
11 IM producer Male No
12 Public administration Male Yes
13 Research center in construction Male No

Table A3. Sources of articles screened in the literature review on stonewool and the percentage they
represented out of the total sample (n = 98). Sources linked to only one article are grouped under

“Others”.
Source (Name of Journal) %
Energy and Buildings 8.4
Construction and Building Materials 45
Fire and Materials 3.9
Fire Technology 3.2
Applied Thermal Engineering 1.9
Building and Environment 1.9
Energy 1.9
Energy Sources, Part A: Recovery, Utilization and Environmental Effects 1.9
Journal of Cleaner Production 1.9
Materials 1.9
Advances in Materials Science and Engineering 1.3
Applied Acoustics 1.3
ASHRAE Journal 1.3
Buildings 1.3
Canadian Acoustics — Acoustique Canadienne 1.3
Case Studies in Thermal Engineering 1.3
Energies 1.3
Energy Education Science and Technology Part A: Energy Science and Research 1.3
Energy Efficiency 1.3
Environmental Progress and Sustainable Energy 1.3
Fire Safety Journal 1.3
International Journal of Automotive and Mechanical Engineering 1.3
Journal of Hazardous Materials 1.3
Magazine of Civil Engineering 1.3
Materials and Design 1.3
Renewable and Sustainable Energy Reviews 1.3
Thermal Science and Engineering Progress 1.3
Thin-Walled Structures 1.3

Others 45.2
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Figure A1. Number of publications on stonewool per year, as analyzed in the literature review.
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Figure A2. Number of publications on EPS per year, as analyzed in the literature review.



Resources 2021, 10, 104 23 of 26

Table A4. Sources of papers screened in the literature review on EPS and the percentage they rep-
resented out of the total sample (n = 174). Sources linked to only one article are grouped under

“Other”.
Source (Name of Journal) %
Energy and Buildings 8.7
Construction and Building Materials 6.4
Journal of Cleaner Production 2.3
Materials 2.3
Journal of Building Engineering 2.0
Case Studies in Thermal Engineering 1.7
Chemosphere 1.7
Fire Technology 1.7
Journal of Building Physics 1.7
Applied Energy 1.5
Building and Environment 1.5
Buildings 1.5
Composites Part B: Engineering 1.5
Sustainability (Switzerland) 1.5
Applied Thermal Engineering 1.2
Energy Sources, Part A: Recovery, Utilization and Environmental Effects 1.2
Engineering Structures 1.2
Materials and Structures/Materiaux et Constructions 1.2
Advances in Materials Science and Engineering 0.9
BioResources 0.9
Case Studies in Construction Materials 0.9
Energies 0.9
Environmental Science and Technology 0.9
Fire and Materials 0.9
Fire Safety Journal 0.9
Journal of Thermal Analysis and Calorimetry 0.9
Advances in Building Energy Research 0.6
Akustika 0.6
Applied Sciences (Switzerland) 0.6
Asian Journal of Civil Engineering 0.6
Building Services Engineering Research and Technology 0.6
Cement and Concrete Composites 0.6
Energy 0.6
Energy Education Science and Technology Part A: Energy Science and Research 0.6
Environmental Engineering and Management Journal 0.6
Environmental Science and Pollution Research 0.6
European Journal of Environmental and Civil Engineering 0.6
International Journal of Engineering and Advanced Technology 0.6
International Journal of Thermophysics 0.6
Journal of Adhesion Science and Technology 0.6
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 0.6
Journal of Applied Fire Science 0.6
Journal of Applied Polymer Science 0.6
Journal of Cellular Plastics 0.6
Journal of Environmental Engineering (Japan) 0.6
Journal of Green Building 0.6

Journal of Materials in Civil Engineering 0.6
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Journal of Materials Science 0.6
Journal of Thermal Science and Technology 0.6
Journal of Thermoplastic Composite Materials 0.6
Kunststoffe International 0.6
Metrologia 0.6

Renewable and Sustainable Enerqy Reviews 0.6
Science of the Total Environment 0.6
Structural Concrete 0.6

Tehnicki Vjesnik 0.6

Thermal Science and Engineering Progress 0.6
Other 34.1
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