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Abstract

Circular economy is increasingly promoted as a solution to decouple economic growth and environmental
impacts. To design a circular and sustainable system, a structured approach is needed. In this study, we
suggest to follow a 3-step approach. First, the status quo is evaluated using environmental assessment
methods. We determine current circularity (share of assessed product and materials retained and further
used in the system), environmental impacts, the most impactful products and processes, and assess
contaminants and impurities. Second, scenarios favoring circularity strategies are developed and their
environmental impacts evaluated. Third, the scenarios are compared and measures for environmental
impact mitigation derived.

The suggested approach was applied to the case study of thermal insulation in residential buildings in
Switzerland. Coupling dynamic, prospective material flow analysis with life cycle impact assessment
enabled to determine current and future environmental impacts. Current material circularity is low due to
lacking incentives for recycling and legally required incineration of flame retardant containing oil-based
materials. The most impact-intensive processes were the production of insulation materials and the
incineration of oil-based materials including their adhering residues. The investigated scenarios include (i)
increased recycling, (ii) augmented use of biogenic materials, and (iii) a combination thereof. All scenarios
lead to reduced climate change and human toxicity impacts. The second and third scenarios showed
increased impacts for land use, ozone depletion, and ecotoxicity. Taking into consideration end-of-life
already in the design process, phasing out toxic materials and increasing usage of renewable materials are

crucial for sustainable, circular system design.
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1 Introduction

Natural resource extraction and processing has increased more than three fold since 1970, causing more
than 50% of the current global greenhouse gas (GHG) emissions (IRP 2019). To reduce environmental
impacts whilst maintaining economic prosperity and human well-being, environmental impacts and natural
resource consumption need to be decoupled from economic activities (UNEP, 2011). One approach for
decoupling, promoted by the Ellen MacArthur foundation and the United Nations Environmental Program
(UNEP), is circular economy (CE). CE aims at closing resource loops by reusing or recycling goods and

materials and, therefore, minimizing waste (Ellen MacArthur Foundation, 2013; UNEP, 2018).

There are many definitions for ‘circular economy’ (Kirchherr et al. (2017), Ghisellini et al. (2016), Winans
et al. (2017), Homrich et al. (2018)). Kirchherr et al. (2017) identified 95 different definitions in the
literature, which in some cases vary greatly. Here, we understand CE as a concept that includes the 10
circularity strategies (RO: refuse, R1: rethink, R2: reduce, R3:re-use, R4: repair, R5: refurbish, R6: re-
manufacture, R7: repurpose, R8: recycle, R9: recover, based on Potting et al. (2016)). CE covers different
levels (materials, products, but also consumers, eco-industrial parks, cities, nations, global) and links to
sustainable development of environmental quality, economic prosperity and social equity (Kirchherr et al.,
2017).

Zink and Geyer (2017) warned of potential rebounds of CE, as higher efficiency can lead to increased
overall production, resulting in elevated environmental impacts. Moreover, the closed-loop recycling
concept associated with CE does not necessarily have lower environmental impacts than open-loop
recycling (Haupt et al., 2018). Other aspects, such as contaminations and impurities in secondary resources,
should be considered as well when striving to make the economy more circular (Hahladakis and lacovidou,
2018; Haupt and Zschokke, 2017; Leslie et al., 2016; Pivnenko et al., 2016). Circulating materials in society
requires a comprehensive clean cycle strategy, where contaminants and impurities, but consequently also
the material itself, are eliminated from the system, e.g. through incineration (Brunner and Rechberger, 2015;
Kral et al., 2019, 2013).

To assess CE, different tools have been proposed and applied, most prominently material flow analysis
(MFA) and life cycle assessment (LCA) (Brunner and Rechberger, 2010; Haupt and Zschokke, 2017;
Hellweg and Mila i Canals, 2014). MFA is a useful tool that can help to assess anthropogenic material flows
and stocks. It can reveal opportunities for improved recycling and be used to monitor e.g. recycling targets.
LCA can be used for the assessment of the environmental performance of systems (see for example Haupt
and Hellweg, (2019); Huysman et al. (2017)). Other assessment methodologies, as reviewed by Cobo et al.
(2018), include life cycle costing (for example (Martinez-Sanchez et al., 2015; Massarutto et al., 2011) and
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the analysis of energy flows (Tonini et al., 2014). Additional methods include the combination of LCA and
optimization for minimized life cycle costs (Martinez-Sanchez et al., 2017), economic and environmental
optimization (Mlnster et al., 2015), the combination of LCA with waste and energy scenarios (Meylan et
al.,, 2018), the optimization of waste stream distribution using the urban biorefinery concept,
(Satchatippavarn et al., 2016) and the combination of MFA, LCA, and multi-objective optimization
(\Vadenbo et al., 2014b, 2014a). While the above-mentioned methods can be used for the assessment of CE
aspects, a comprehensive and structured method for the design of systems that embraces the facets of CE
whilst reducing environmental impacts is currently lacking. In this study, we aim to develop a method for
sustainable circular system design (SCSD) that environmentally assesses systems, derives measures to
increase the circularity of the system, and finally evaluates the derived measures’ sustainability. The method
draws from the pool of possibilities CE offers, such as for example circularity strategies within the
production chain (R0-R9), waste hierarchy, material quality aspects, and product design considerations, to
design systems with improved resource utilization and minimal ecological damage (Bocken et al., 2016;
Brunner and Rechberger, 2015; Haupt et al., 2017; Kral et al., 2019, 2013; Pauliuk et al., 2017; Potting et
al., 2016). To ensure not only circular design but also reduced environmental impacts, the method builds

on and integrates existing environmental assessment tools.

The developed SCSD methodology will be tested on a selected system in Switzerland. Switzerland is highly
committed to reduce its per capita CO, emissions by 50% by 2030 and even believes a reduction of up to
75% until 2050 is possible (BAFU, 2018). Around 30% of these emissions are caused by the building sector
(BAFU, 2018), which also contributes 40% to the total energy consumption (UVEK, 2017). A recent study
shows that, although negligible in terms of mass, thermal insulation materials are highly relevant in terms
of environmental impacts (Heeren and Hellweg, 2019). Due to the presence of hexabromcyclododecan
(HBCD), a flame retardant previously used in oil-based materials, the recycling of insulation materials is
still rather uncommon in Switzerland (Brupbacher and Rubli, 2016). HBCD is a persistent organic pollutant
(POP) and was banned from use as flame retardant in insulation materials in 2015 (Kasser et al., 2013).
Based on the long life spans of insulation materials, HBCD containing materials are expected to remain
present in waste streams for a long time. Therefore, a HBCD removal process is required to enable safe

recycling of HBCD contaminated insulation material (Schlummer et al., 2017).

Jakob et al. (2016) and Heeren and Hellweg (2019) expect that insulation material inflows and outflows
will be equilibrated by 2055 due to reduced population growth and expiring lifetimes of buildings, leading
to larger waste flows and less demand for new housing. The larger waste flows pose challenges to the
current waste management system but also opportunities for redesigning the system and closing material

loops. Current installation practice and the former use of toxic flame retardants hinder recycling. New



designs for recycling or even reuse-friendly installation and deconstruction, phasing out of toxic substances,
but also the cascading use of biogenic materials are possibilities for circular and sustainable design. The
system of thermal insulation materials in Swiss residential buildings hence offers a great opportunity to test

the suggested SCSD assessment.

2  The sustainable circular system design (SCSD) method

To derive a systematic approach for SCSD, existing environmental assessment methods are combined with

CE aspects. The proposed methodology has three phases described in detail in this chapter.

2.1 Phase 1: Status Quo Assessment

Phase 1 entails the environmental assessment of the chosen system. We propose to use the modular
MFA/LCA approach by Haupt et al. (2018). An MFA is conducted to identify and display the flows and
stocks of the assessed system. Besides the target material, contaminants and residues need to be modeled.
Based on the material flows, the system’s circularity can be determined. In the context of this publication,
we understand circularity as a measure of the share of products and materials repeatedly used in the system.
Products can be preserved in the system through reuse, repair, refurbishment, and remanufacturing. Material
cycling is facilitated through recycling processes (Potting et al., 2016). The metric used to determine the
circularity depends on the nature and number of applied value retention processes (see Equation 1).

mass of product retained + mass of material recycled
total mass of material entering the waste management system @

circularity =

In order to establish a direct link to the LCA, the flows and processes are translated into a product-process-
matrix (Haupt et al., 2018), and each process is attributed its related environmental impacts (LCA modules).
The direct link between MFA and LCA allows quantifying changes in environmental impacts due to
variation of material flows (Haupt et al., 2018). Both MFA and LCA include production, use, and end-of-
life of the products within the system, to allow for deriving measures at every step of the life cycle. The
functional unit for both MFA and LCA should consider the service the investigated system provides over a
determined time span (Weidema et al., 2004). To account for secondary material substituting primary
material, user-specific, institutionally prescribed, and technical functionalities should be considered as
suggested by Vadenbo et al. (2017).

The aim of phase 1 is to determine the system’s circularity, to identify all processes and material flows, to

calculate the environmental hotspots and to outline improvement potentials to be investigated in phase 2.



2.2 Phase 2: Scenario Development

In phase 2, scenarios for environmental impact mitigation are developed. The scenarios consider options
for impact reduction within the technical cycle (e.g. improved recycling) but also within biological cycles
(e.g. cascading use of wood) (Ellen MacArthur Foundation, 2013). Other options are replacing non-
renewable with renewable materials (e.g. replacing single use plastic cups with cardboard cups),
introducing options for material-contaminant separation, and using products made of waste materials (e.g.
foam glass insulation made of used packaging glass). We strongly recommend the involvement of experts
and policy makers to develop relevant and meaningful scenarios. The scenarios should also be tested in
terms of their feasibility, e.g. with regard to the availability of the biogenic material in a sustainable manner.
Using the previously described modular MFA/LCA method, the changes in environmental impacts for the

different scenarios are calculated.

To evaluate the future effects of the scenarios, we recommend conducting a prospective MFA/LCA. For
materials with long life spans, this would be a dynamic MFA/LCA. The chosen time horizon of the
assessment depends on the lifespan of the materials, as the effects of the scenarios are not visible until the
material life span has been reached (e.g. phasing out of oil-based materials). When modelling prospective
scenarios for decision-making, the consequences of a system change also needs to be considered. This calls
for a consequential LCA approach (Ekvall and Weidema, 2004). For this, marginal technologies that
consider market aspects and the investigated material need to be identified. This may involve considering

the forecasted local market changes and geographically specific technological developments.

The aim of phase 2 is to develop scenarios that comply with CE strategies. To determine whether the
developed scenarios are circular and sustainable, they are evaluated with environmental assessment

methods.

2.3 Phase 3: Derivation of Environmental Impact Mitigation Strategies

In phase 3, the derived scenarios are compared in terms of their environmental impacts, legal feasibility,
profitability, and social acceptance. Depending on the outcome of the assessment’s results, new scenarios
need to be developed. Phase 2 and 3 are thus applied iteratively to find the optimal solution. To test the

assumptions and determine critical parameters, a sensitivity analysis is conducted.

Based on the status quo assessment in phase 1 and the thereof derived scenarios of phase 2, the aim of phase

3 is to identify the strategy with highest impact reduction.



3 Application of the SCSD method on a selected case study

3.1 Phase 1: Status Quo Assessment

Following the first step of the SCSD assessment (section 2.1), the MFA of the insulation material in Swiss
residential buildings was modelled for the year 2015. The time series of insulation material inflow and
outflow by building component (roof, wall, ceiling, etc.) was derived from Heeren and Hellweg (2019),
who estimated the material volumes in Swiss residential buildings using GIS data for building footprints
and height. Using a stochastic approach by using lifetime distributions of different materials, the study
projects annual material in- and outflow of the building stock for the period 2015-2055 (see Tables S7—
S12). Six materials, which cover 95% of the Swiss insulation market, were considered: three oil-based
materials (extruded and expanded polystyrene and polyurethane foam), two mineral wools (glass wool and
stone wool), and one bio-based insulation material (wood fiberboard). In phase 2, (Section 3.2) foam glass,

hemp fibers, and cellulose fibers were additionally considered.

The insulation material system comprises the insulation materials, residues, and contaminations in the
insulation material (see SI 1, Chapter 1.3). For insulation material that enters the recycling process, it was
assumed that residues of adhesives were separated from the insulation material. The subsequent transport
and thermal treatment of the residues to municipal incineration plants, as well as the energy recovery from
incineration, was modeled (see Figure 1). For disposal pathways other than recycling residues were assumed
to enter the same treatment processes as the insulation material. It was assumed that all expanded and
extruded polystyrene (EPS and XPS, respectively) installed between 1980 and 2015 contained the chemical
HBCD. Polyurethane foams (PUR) typically contained a different brominated flame retardant,
pentabromodiphenyl ether (PBDE) (Morf et al., 2007). Similar to HBCD, PBDE has been classified as a
persistent organic pollutant and its production and use is forbidden (UN Environment, 2017). EPS, XPS,
and PUR can therefore not be recycled without first removing hazardous flame retardants from the

insulation material.



For the modelling of the deconstruction process the insulation materials were assumed to be separated and
collected in combustible, inert, mixed, or single material troughs (Figure 1) (Waser, 2017). Two practices
can be distinguished: (1) Conventional deconstruction, which entails deconstruction without single-origin
separation of materials, and (2) selective dismantling, where the facade is deconstructed layer by layer,
enabling a better separation and hence higher amounts of material collected in single material troughs. Only

insulation material collected from single material troughs enters the recycling process (Waser, 2017).
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Figure 1: Schematic overview of processes, material flows, transport, and system boundary of the thermal insulation

material case study.

The current recycling scheme for EPS involves the purchase of recycling bags by the deconstruction
company, which can then be brought back to the production company. There, the EPS is crushed to
granulate and stored until further used in the production of EPS (Waser, 2017). Neither XPS nor PUR
insulations are currently recycled in Switzerland. Stone wool recycling works similarly to the EPS recycling
scheme, clean cut-offs and sorted deconstructed stone wool parts are brought back to the only stone wool
producer in Switzerland. Here, the insulation is separated from residues, milled, mixed with production
waste, and pressed into briquettes at a nearby company before being added into the melting oven and
reprocessed into stone wool insulation (Waser, 2017). The current collected glass wool amounts are very
low and can be directly added as flakes to newly produced mats. For the recycling of large amounts of glass
wool an additional melting process in an oxymelt oven is required to obtain glass cullets that are then melted
and extruded to glass wool mats again (ISOVER St. Gobain, 2018). Wood fiberboard insulation is often

used in a cascade; it is made of waste wood chips and after use as insulation can either be used for energy



production, composted or clean cut offs from the fiberboards can be shredded and the resulting wood chips
reused in the insulation production again (PAVATEX SA, n.d.; Villiger, 2018).

As selective dismantling is more time-intensive and thus more costly, it is not as widespread as conventional
deconstruction. Hence, material is collected in the mixed, combustible, or inert fraction rather than in single
material troughs. Today, the largest amount of insulation material is either incinerated or landfilled and
only a small quantity is recycled. From a legal point of view, oil-based materials must be incinerated, and
mineral wools landfilled. However, since separation is often difficult, a small share of oil-based materials
ends up in landfills, and a small share of mineral wools is incinerated (Brupbacher and Rubli, 2016). The
modeling and visualization of results from the MFA were conducted in STAN and circular Sankey (Cencic

and Rechberger, 2008; Pauliuk and Hasan, 2017), as shown in Figures 2 and 4 and Figures S2 and S3.

In this case study, the only process contributing to circularity was recycling. We measured the system’s
circularity as described above (Equation 1). The circularity was calculated by comparing the ratio of the

amount of insulation material recycled with the amount of insulation material deconstructed.

To ensure a fair comparison between the impacts of different materials, the impacts were normalized to one
square meter of reference-insulation material with a fixed heat conductivity (lambda) of 0.035 W/m-K and
a thickness of 0.2 m. To achieve the same insulation performance, the thickness and hence mass of the other
materials were adjusted (considering the specific densities of the materials under investigation, as
documented in Table S1, SI 1). The functional unit used for the assessment of future scenarios was ‘the
thermal insulation system added to, and deconstructed from, Swiss residential buildings in one year’. The
LCA was built modularly following the approach of Haupt et al. (2018). The life cycle inventories (LCI)
used were taken from the database ecoinvent 3.3, allocation cut-off (Wernet et al., 2016) or compiled
manually (see Sl 2 for all LCIs). Emissions from the incineration of insulation material and residues were
calculated using the tool LCA4waste (Boesch et al., 2014). All calculations were made with the software
Brightway (Mutel, 2017).

Climate change impact was previously determined to be a key impact category for insulation materials
(Asdrubali et al., 2015; Kymal&inen and Sjéberg, 2008; Schiavoni et al., 2016; Zampori et al., 2013) and
was considered here using the IPCC model for climate change (IPCC, 2013). If biogenic materials are
considered in long-term applications, the impact of carbon sequestration should be included. Carbon
sequestration is important, as during the use phase of biogenic materials, re-growing biomass takes up and
stores carbon. Delaying the release of carbon to the atmosphere avoids impacts caused by elevated carbon

concentrations in the atmosphere (Brand&o et al., 2013). Following the approach of Guest et al. (2013) the



rotation period of the plant and the storage time of the final product in the system are determined to obtain

global warming potential factors for carbon sequestration.

Additionally, the impacts on human and ecotoxicity were evaluated using the UNEP-SETAC USEtox
method (Rosenbaum et al., 2008). Land use and terrestrial eutrophication were assessed because they may
be relevant for the biogenic materials, and ozone layer depletion to account for hydro- or
chlorofluorocarbons (HFCs, CFC) commonly used in XPS production (European Commission, 2011). As
the impact on climate change was determined to be the key parameter for insulation materials, only these
results are presented in the results (section 4). The results for the other impact categories can be found in
Figures S4 — S9 in the SI.

3.2 Phase 2: Development of Scenarios

Based on the assessment of the current system’s circularity by MFA and identification of environmental
hotspots by LCA, three possible future scenarios were developed and compared to the baseline scenario.
The shares of the different insulation materials were extrapolated for the years 2035 and 2055 based on the
development between 1980-2015 (Jakob et al. 2016) (see Figure S1 and section 1.2 in Sl 1 for detailed
information on extrapolation). The shares of materials going into single material collection, incineration,
landfilling, recycling, etc. were extrapolated from 2015, while considering the changing shares of the
insulation material types in the waste stream as a function of historic developments. The baseline scenario

is, therefore, the continuation of current trends, as observed in 2015 until 2055.

The environmental impacts were assessed for the time horizon 2015 — 2055 using dynamic models for the
years 1980 - 2015. To account for changes in the electricity mix and heat supply until 2035 and 2055, a
marginal electricity mix was determined. We assumed that when striving to reach a more sustainable and
circular economy, energy and heat demand would be covered by renewable energy sources (Ellen
MacArthur Foundation, 2013). To determine the renewable energy source that could cover additional
energy and heat demand, the reports from the Federal Office of Energy, scenario ‘Political Measures’, were
compared to the Greenpeace report ‘energy [r]evolution’. The Greenpeace report is more ambitious than
the federal study. The as-of-yet untapped energy sources, i.e. the differences in e.g. biomass utilization
between the reports, were identified (Bundesamt fiir Energie (BFE) 2007, Kirchner et al. 2012, Greenpeace
2015). The marginal electricity mixes for both years (2035 and 2050) consist, therefore, of electricity

produced from biomass (25%) and photovoltaics (75%) and heat produced from biomass.
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The first scenario includes an increase of insulation recycling through improving separate collection and
implementation of a separation process to recover flame retardants from insulation materials. The second
scenario assumes the substitution of oil-based materials with biogenic and mineral materials. The third
scenario is a combination of the other two: substitution of oil-based materials with more sustainable

renewable materials where possible and otherwise increased recycling of oil-based materials.

3.2.1 Assumptions for ‘increased recycling rate’ scenario

As current material circularity was determined to be low, options for increased future recycling as of 2020
were investigated. In this scenario, recycling refers to the preservation of the main components of insulation
materials. For oil-based materials, this is the polystyrene and the polyurethane. For the mineral and wood
fiber materials, the minerals and wood, without the binding material, is preserved. To enhance insulation
material recycling it was assumed that all houses are selectively dismantled, enabling a better separation of
the materials. Further, it was assumed that (i) oil-based materials are no longer landfilled, (ii) mineral
materials are no longer incinerated, and (iii) that, due to better separation during deconstruction, around
75% of the insulation material are collected in single material troughs of which 90% are brought to recycling
(see SI 1, chapter 2.2, for more information). To determine the amount of HBCD contaminated material,
the outflow of material installed before 2015 was calculated from the building stock model (Heeren and
Hellweg 2019). These materials required further treatment. The CreaSolv® process was assumed to be used
to separate polystyrene and flame retardants (Freegard et al., 2006). During the separation process, the
material is first shredded and then dissolved in a solvent. The HBCD remains in the precipitated
polystyrene, requiring an additional extraction step. After the extraction, the extracted HBCD is sent to a
bromine recovery unit and the polystyrene granulate can be reused. The solvent can be recovered and

applied in the process again (Schlummer et al., 2017).

3.2.2 Assumptions for ‘increased use of renewable materials’ scenario

For the renewable materials scenario it was assumed that oil-based insulation materials were phased out as
of 2020. Instead, biogenic materials are used in a cascade, with insulation material being the penultimate
use before energy recovery (Ellen MacArthur Foundation, 2013).The renewable insulation materials chosen
were wood, cellulose, and hemp fibers. Wood fiber as insulation is already used in Switzerland, but not to
a large extent (Jakob et al., 2016). Since only a small amount of waste paper in Switzerland is currently
used for insulation material production (Haupt et al., 2016), a large additional potential exists for the usage
of cellulose fibers. Hemp fiber insulation was chosen due to its good hygrothermal and environmental

performance (Kymaéléinen and Sjoberg, 2008; Zampori et al., 2013). Additionally, hemp can be grown in
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moderate climates in contrast to other renewable insulation materials such as cotton stalks or pineapple
leaves (Asdrubali et al., 2015). Foam glass was used to cover basement insulation demand, as the higher

humidity levels prevent the use of insulation from renewable materials.

To estimate the shares of the different materials, the following assumptions were made (see chapter 2.2 in
Sl 1 for more detailed information):

o Replacement of 25% of the oil-based insulation materials with hemp. The calculated agricultural
area to cover the hemp demand for insulation material would equal 0.4% of the total agricultural
area of Switzerland.

e The remaining demand was split in equal parts between wood and cellulose. The amount of
available waste wood for wood fiber insulation was calculated using the study done by Erni et al.
(2017) under the assumption that waste wood is independent of the forest area as it often comes
from imported products. For the development of available cellulose fibers, the low municipal solid
waste scenario for waste paper amounts from Meylan et al. (2018) was used. These estimations
resulted in the finding that wood and cellulose would be able to cover the required demand (Tables
S3-S6inSl1).

The global warming potential factors from Guest et al (2013) were used to account for the amount of
biogenic carbon stored in the insulation. It was assumed that wood was first used as furniture (40 years),
afterwards as insulation material (40 years), and finally incinerated for energy recovery. Hemp was assumed
to be solely used for insulation. For cellulose fibers, the time in the system as paper was 3.8 years followed
by the use as insulation material (Guest et al., 2013). An average life span of 40 years for insulation
materials was assumed (Saadatian et al. 2016). To avoid double counting, the benefits of carbon stored
during the first use (i.e. paper or furniture) were deducted from the total climate benefits of sequestered

carbon for the respective material.

Stone wool and glass wool were assumed to be recycled to the same extent as in the increased recycling

scenario.

3.2.3 Assumptions for ‘optimized’ scenario

We determined the use of oil-based materials to be environmentally favorable compared to the use of foam-
glass. Furthermore, foam-glass has a higher density and a higher thermal conductivity, resulting in a larger
mass of material required to achieve the same insulation performance as oil-based materials. In the third
scenario, therefore, oil-based materials were used in basements to ensure moisture protection, whereas

renewable materials were used to replace oil-based insulation everywhere else. These oil-based materials

12



and the mineral wools were assumed to be recycled to the same extent as in the increased recycling rate

scenario.

3.3 Phase 3: Evaluation of suggested measures for impact mitigation

Based on the environmental assessment of the status quo and the comparison with the scenarios, strategies
for impact mitigation are developed and discussed. A focus is laid on environmental aspects, which are

discussed in-depth. Economic and social aspects are qualitatively discussed (Section 5).

To test the robustness of the obtained results, the influence of individual parameters on the calculated

environmental impacts was determined by performing a sensitivity analysis on the following parameters.

e To determine the marginal electricity mixes’ influence, calculations were redone with a different
electricity mix for all life cycle stages of the insulation materials. For this electricity mix the
marginal energy source was assumed to be natural gas (Bundesamt fiir Energie, 2007; Kirchner et
al., 2012).

e The model of the amounts of insulation material installed and deconstructed takes into account
many aspects such as population growth and legally required increased thermal insulation use. The
calculations were repeated while taking into account a higher building refurbishment rate in
combination with increased thermal insulation to lower heating greenhouse gas emissions in the
use phase of buildings. This results in an increase of insulation material use (high turnover scenario
in Heeren and Hellweg (2019)). The aim of this sensitivity analysis was to evaluate the effect on
the environmental impacts but also to determine whether the available biomass or agricultural land
in Switzerland is able to cover the increased demand in the scenarios ‘increased use of renewable

materials’ and ‘optimized’.
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4  Results

4.1 Status Quo Assessment

In Figure 2, the amounts of insulation material produced, installed, deconstructed, and disposed in the year
2015 are shown. Residues and contaminants are not displayed in this visualization. The complete MFA can
be found in SI 1, Figure S2.

The circularity of the current system is low, namely 1.5%. Current installation practice prevents
deconstructed insulation material from ending up in single material troughs, as insulation material is glued,
which hinders fast and residue-free separation. Even if material is collected in single material troughs,
recycling systems currently only exist for EPS, stone wool, glass wool, and wood fiberboards. Oil-based

materials are legally required to be incinerated due to HBCD contamination (UN Environment, 2017).

2015

production

17800 t N 2757900 t

recycling

Y
1000t %
sorting
deconstruction 1000 t installation
oL Ta
59°700 t
use
216’200 t
incineration
o 317500t
= 277300 t
landfilling

Figure 2: MFA of thermal insulation materials, without
contaminants or residues, in Swiss residential buildings in
2015.
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Figure 3: a) impact on climate change for different insulation materials per m? with fixed heat conductivity, and b)
impact on climate change of the thermal insulation material in Swiss residential buildings for the year 2015. exp. =
expanded, extr. = extruded.

Figure 3 visualizes the impacts on climate change for each material normalized to one square meter of
insulation material with a fixed heat conductivity (left) and the impacts on climate change for newly

installed and deconstructed insulation materials in Swiss residential buildings in 2015 (right).

For oil-based materials, the most emission-intensive process is production, followed by the incineration of
the material itself and then the incineration of the attached glue and plaster (Figure 3a). For mineral
insulation materials, the environmental impact of production clearly surpasses the impacts caused by the

end-of-life treatment (inert material landfill).

Considering the whole system (Figure 3b), the largest impacts are caused by the production of the insulation
materials. It should be kept in mind that in 2015 a lot more material is installed than deconstructed, causing

production impacts to be much higher than waste treatment processes.
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4.2 Strategies for environmental impact reduction

a) 2055 b) 2055
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Figure 4: Comparison between insulation material flows in 2055 (a) for the baseline scenario and (b) increased
recycling scenario.

The scenario ‘increased recycling rate’ entails the largest increase in material circularity. The biogenic
insulation materials in the ‘increased use of renewable materials’ are mostly used in a cascade with energy
recovery after their use as insulation material. The comparison of the material flows of the scenario

‘increased recycling rate’ and the continuation of the current practice in 2055 is presented in Figure 4.

Enhanced construction (screwing instead of gluing), improved separation during building deconstruction
and increased collection in single material troughs facilitate increased recycling. These measures, together
with the implementation of the flame retardant separating CreaSolv® process, lead to a circularity rate of
62% for all insulation materials in Switzerland in comparison to a circularity rate of 10% in 2055 in the
baseline scenario (the MFA for the ‘optimized’ scenario for 2055 is displayed in Figure S3 in Sl 1).
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Compared to the baseline scenario, a decrease of greenhouse gas (GHG) emissions for the ‘increased
recycling rate’ scenario of 30% is seen (in 2055, Figure 5). For the ‘increased use of renewable materials’
scenario a decrease of 32% for 2055 is observed, while combining both scenarios as done in the ‘optimized’

scenario results in a decrease of 44% for 2055.
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Figure 5: Lefi: Impact on climate change for the different scenarios 'Business as usual’, (top) 'increased recycling
rate' (middle top), 'increased use of renewable materials' (middle bottom), 'optimized’' (bottom) for the year 2055 on
the left side. Right: the amount of insulation material installed and deconstructed for the different scenarios.

For the ‘increased recycling rate’ scenario, the lower impact results from lower production volumes, i.e. a
lower primary material input. The environmental impacts of the recycling process, i.e. the CreaSolv®
process, are marginal compared to the savings in the production. For the ‘increased use of renewable
materials’ scenario the impacts from the production of oil-based materials are reduced. As these insulation
materials are replaced by renewables and foam glass, the impacts from the production of wood, hemp, and
cellulose fibers, and foam glass increase. The emission of fossil CO, from the incineration, however, can
be avoided by using renewable materials. No foam glass is used in the ‘optimized’ scenario, leading to the

differences in environmental impacts compared to the ‘increased use of renewable materials’ scenario.
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The variation to the baseline scenario impacts in the category USEtox human toxicity are similar to the
impacts on climate change, with the optimized scenario having the lowest impacts. For the use of hemp, a
credit is given for the uptake of heavy metals in the hemp plant during its growth (see Figure S5 in Sl). In
absolute terms, the uptake of heavy metals by plants is irrelevant, showing that the human toxicity impacts
are negligible. The increased impacts with regard to ecotoxicity (see Figure S6 in Sl) of the scenario
‘increased use of renewable materials’ can be traced back to the production of foam glass, i.e. the
consumption of electricity and molybdenum, and the use of hemp fibers, i.e. the required energy for
irrigation. Again, processes far back in the supply chain dominate, showing that this impact category does
not contribute significantly to the overall environmental impacts. The expansion agent was assumed to be
CO,, and no CFCs or HFCs were emitted during the use phase of the oil-based materials, therefore the
impacts on ‘ozone layer depletion’ can also be considered negligible. The impact categories terrestrial
eutrophication and land use show similar results, with only the scenario ‘increased recycling rate’ leading
to a decrease in impacts. The other two scenarios lead to elevated impacts due to the cultivation of hemp,

requiring land and fertilizer.

Figure 5 (right) shows the installed and deconstructed amounts of insulation material for each scenario.
While recycling leads to reduced material consumption, a substitution of oil-based insulation material with

other materials leads to an increased mass of installed insulation but still reduced environmental impact.

4.3 Sensitivity Analysis

e The influence of including natural gas in the electricity mix as compared to a completely renewable
mix was minimal, i.e. for the continuation of current practice the difference was 0.03%. The small
difference is a result of the low electricity consumption and hence small impacts. The development
of the electricity mix is therefore not a decisive parameter for the assessment of insulation systems.

e Using the high-turnover scenario data resulted in an increased input of insulation materials of 9%
and 11% for 2035 and 2055, respectively, and an increase in output of 15% for both time horizons.
The impacts of the different scenarios change proportionally to the increase of insulation material
used; hence the relative improvement potentials stay the same. The detailed changes in impacts for
the different scenarios and time horizons with high turnover amounts are presented in Table S14 in
the Sl 1. The available amount of waste paper and waste wood was determined sufficient to cover

the demand of waste paper and waste wood in the high-turnover scenario (Table S6).
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5 Discussion

The results of the case study show that the current material circularity of insulation materials in Switzerland
is low. To increase the circularity, circular system design aspects, i.e. reversible building construction,
better separation onsite, and a process for the separation of insulation material and flame retardant need to
be considered. The environmental impacts of the assessed system can be reduced through either increased
recycling (-30%), replacement of oil-based materials with renewable materials (-32%), or a combination of
both (-44%). Overall, primary production and incineration of insulation materials and their adhering
residues were determined to be the most impact-intensive processes. To reduce environmental impacts, (i)
recycling should be increased and (ii) materials with lower impacts in production and in thermal treatment,

i.e. renewable materials, should be chosen.

5.1 Construction and deconstruction practice

Lacking recycling systems and incentives for recycling, current installation and deconstruction practices,
as well as the legally required incineration of oil-based insulation materials all contribute to the
aforementioned low material circularity. Current installation practice includes gluing insulation material to
walls, for it is the fastest and thus cheapest installation practice. With current deconstruction practice,
insulation materials are only roughly separated from mineral materials. This leads to only a small amount
of material collected in single material troughs and subsequently little recycling. The collected material
needs to then be separated from the adhesives, resulting in higher efforts to recycle. Instead of gluing,
insulation could be bolted, which would facilitate the separation of the insulation material from the glue but

not the separation from the mineral materials.

One approach for increased recycling might be the use of foamed mineral insulation materials, produced
from construction waste (Van der Haegen, 2019). This mineral insulation material may be deconstructed
and sorted similarly to the rest of the mineral materials as it consists mainly of recycled construction waste.
Foamed mineral insulation materials could be produced by construction or deconstruction companies and
hence also be installed, deconstructed, and recycled with the rest of the mineral construction materials. Such

technologies are in development, but do not yet exist at full scale (Van der Haegen, 2019).

Alternatively, fibrous materials such as cellulose fibers, are blown into and out of hollow spaces in a
building, which enables their direct collection as a single material and avoids adhesive residues (isofloc
AG, 2019).
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5.2 Incentives for increased recycling

The current recycling scheme assigns the recycling costs completely to the deconstructing party. An
advanced recycling fee, paid when purchasing insulation material, would switch the financial burden of the
recycling to the customer. This is a concept that has been proven to be useful, environmentally and
economically, in the context of waste electric an electronic equipment in Switzerland (Der Schweizerische
Bundesrat, 2006; K&gi and Franov, 2016). The introduction of an advanced recycling fee would remove the
financial burden of recycling from deconstruction companies and remove a barrier to collect and recycle

used insulation materials.

5.3 Value retention beyond recycling

Within the circularity strategies, recycling (R8) is a less preferable option and strategies further up in the
hierarchy should be considered (Potting et al., 2016). However, reducing (R2) the use of insulation material
is not an option as the energy savings from the use of insulation systems exceed the energy consumed
during the production (Al-Homoud, 2005). The reuse (R3) of insulation material would require modular
construction practices, enabling easy assembly and disassembly of construction materials. One often
mentioned strategy for increased reuse would be to establish a service oriented model (see for example
Witjes and Lozano (2016) and Bocken et al. (2016)), i.e. the leasing of insulation materials. This, however,
would be difficult to implement, due to the long life spans of the material in buildings. Consequently, in
the short-term perspective enabling increased recycling of insulation material will have the largest impacts
on circularity. To ensure increased circularity in the future, options, such as modular construction and

leasing, should be considered for optimal resource use.

5.4 Cascading and carbon sequestration of biogenic materials

Besides being less impact-intensive in production, wood and cellulose fiber insulations have the additional
advantage of being made of waste materials. Both materials can still be used for energy production after

their lifetime as insulation material.

The longer wood, hemp, or cellulose fibers are used, the longer carbon is stored in the materials while plants

can regrow and sequester carbon.

Biogenic materials, if not produced from waste, may however produce adverse impacts with regard to land
use and eutrophication. The risk that hemp plantation could be in competition with food production was
assumed to be limited as only 0.4% of the total agricultural land would be required to meet the assumed

demand.
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55 Costs

Materials from renewable sources are generally more expensive than mineral materials and oil-based
materials (see Table S13). Using materials with lower environmental impacts is therefore often related to
higher costs. Legal requirements currently only focus on insulation capacity, with no regard to the type of
material. Besides environmental awareness no driver for the selection of materials with lower impacts is
present. Many multi-family residential buildings are built by enterprises focusing mostly on profit, hence
opting for the insulation materials with the best cost-performance ratio. For private single-family homes in
Switzerland it depends on the budget and willingness of the owner which material is chosen.

5.6 Health impacts

Health risks of workers and occupants were not assessed in the case study. The health effects of stone and
glass wool fibers on the workers were evaluated in previous studies, concluding that the fibers might be
potentially carcinogenic (Berrigan, 2002; Lipworth et al., 2009; McConnell et al., 1994). The type of binder
used in the mineral wools influences the dissolution rate of the fibers (which is related to the onset of
cancer). As the binder composition changed in the last decade, health risks related to glass and stone wool
fibers should be reevaluated (Wohlleben et al., 2017).

6 Conclusion

The presented SCSD approach provides a comprehensive assessment of material flows, environmental
impacts and circular economy strategies. Most importantly, the combined assessment of material circularity
and environmental impacts prevents unsustainable, yet circular, solutions. The suggested three phases, of
which every phase entails clearly defined goals, allows for a structured approach for circular and sustainable
system design. An advantage of the suggested SCSD approach lies in using established methods, whose
applications are well known. Following the three phases allows for the design and assessment of new
products and systems; environmental hotspots are detected and afterwards improvement measures

developed.

The modeling of impurities and contaminants was shown to be of great importance in the case study. Hence,
for other case studies, we recommend to likewise model these, as they can be decisive in terms of
environmental impacts and represent a barrier for circular solutions. In the environmental comparison of

scenarios, we were also able to show that the lowest mass of resource consumption does not necessarily

21



lead to the largest environmental impact reduction. This highlights that sole mass-based assessment is not

enough to identify the best circularity option.

The SCSD method was applied on a rather simple case study with only one value retention process. The
methodology can also deal with other Rs, such as reuse, repair, etc. which have not been included in this

study.

The investigation of all system interactions poses a challenge, not just for the SCSD approach, but for
environmental assessments of systems in general. For example, different building types (e.g. solid wood
construction) or the effect on the building frame when using heavier or more insulation material were not

considered in this study.

By applying the method to the case study, the following generally applicable conclusions for SCSD can be

drawn:

1. Products should be designed free of hazardous substances, as also promoted in other studies,
otherwise recycling is either not possible, more costly (in monetary and environmental terms), or
it may result in unwanted exposure to pollutants in the products made from the recycling material.
Contaminants should be removed from the cycle and put to a final sink (Kral et al., 2019, 2013).

2. The fate of the product when reaching its end of life should be studied at the beginning of the design
process. Products than can be easily separated from other materials are much easier to reuse,
recycle, etc. Easier dismantling would additionally facilitate repairing and/or remanufacturing
and/or refurbishing. Product designers have a large leverage in enabling circularity strategies.

3. Concerning impacts on climate change, biogenic materials from waste should be considered when
choosing materials as they demonstrated advantages in the form of carbon sequestration and low

production impacts.

In conclusion, the three aspects of contaminants, end of life, and type of materials are crucial when
aiming at designing a more sustainable and circular system. We demonstrated that our SCSD approach
is a suitable means to support structured sustainable circular systems design for existing or newly

designed systems.
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