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Abstract 20 

Circular economy is increasingly promoted as a solution to decouple economic growth and environmental 21 

impacts. To design a circular and sustainable system, a structured approach is needed. In this study, we 22 

suggest to follow a 3-step approach. First, the status quo is evaluated using environmental assessment 23 

methods. We determine current circularity (share of assessed product and materials retained and further 24 

used in the system), environmental impacts, the most impactful products and processes, and assess 25 

contaminants and impurities. Second, scenarios favoring circularity strategies are developed and their 26 

environmental impacts evaluated. Third, the scenarios are compared and measures for environmental 27 

impact mitigation derived. 28 

The suggested approach was applied to the case study of thermal insulation in residential buildings in 29 

Switzerland. Coupling dynamic, prospective material flow analysis with life cycle impact assessment 30 

enabled to determine current and future environmental impacts. Current material circularity is low due to 31 

lacking incentives for recycling and legally required incineration of flame retardant containing oil-based 32 

materials. The most impact-intensive processes were the production of insulation materials and the 33 

incineration of oil-based materials including their adhering residues. The investigated scenarios include (i) 34 

increased recycling, (ii) augmented use of biogenic materials, and (iii) a combination thereof. All scenarios 35 

lead to reduced climate change and human toxicity impacts. The second and third scenarios showed 36 

increased impacts for land use, ozone depletion, and ecotoxicity. Taking into consideration end-of-life 37 

already in the design process, phasing out toxic materials and increasing usage of renewable materials are 38 

crucial for sustainable, circular system design. 39 

 40 

 41 

 42 

Key words: circular economy, sustainability, life cycle assessment, circular design, recycling 43 



3 

 

1 Introduction 44 

Natural resource extraction and processing has increased more than three fold since 1970, causing more 45 

than 50% of the current global greenhouse gas (GHG) emissions (IRP 2019). To reduce environmental 46 

impacts whilst maintaining economic prosperity and human well-being, environmental impacts and natural 47 

resource consumption need to be decoupled from economic activities (UNEP, 2011). One approach for 48 

decoupling, promoted by the Ellen MacArthur foundation and the United Nations Environmental Program 49 

(UNEP), is circular economy (CE). CE aims at closing resource loops by reusing or recycling goods and 50 

materials and, therefore, minimizing waste (Ellen MacArthur Foundation, 2013; UNEP, 2018). 51 

There are many definitions for ‘circular economy’ (Kirchherr et al. (2017), Ghisellini et al. (2016), Winans 52 

et al. (2017), Homrich et al. (2018)). Kirchherr et al. (2017) identified 95 different definitions in the 53 

literature, which in some cases vary greatly. Here, we understand CE as a concept that includes the 10 54 

circularity strategies (R0: refuse, R1: rethink, R2: reduce, R3:re-use, R4: repair, R5: refurbish, R6: re-55 

manufacture, R7: repurpose, R8: recycle, R9: recover, based on Potting et al. (2016)). CE covers different 56 

levels (materials, products, but also consumers, eco-industrial parks, cities, nations, global) and links to 57 

sustainable development of environmental quality, economic prosperity and social equity (Kirchherr et al., 58 

2017). 59 

Zink and Geyer (2017) warned of potential rebounds of CE, as higher efficiency can lead to increased 60 

overall production, resulting in elevated environmental impacts. Moreover, the closed-loop recycling 61 

concept associated with CE does not necessarily have lower environmental impacts than open-loop 62 

recycling (Haupt et al., 2018). Other aspects, such as contaminations and impurities in secondary resources, 63 

should be considered as well when striving to make the economy more circular (Hahladakis and Iacovidou, 64 

2018; Haupt and Zschokke, 2017; Leslie et al., 2016; Pivnenko et al., 2016). Circulating materials in society 65 

requires a comprehensive clean cycle strategy, where contaminants and impurities, but consequently also 66 

the material itself, are eliminated from the system, e.g. through incineration (Brunner and Rechberger, 2015; 67 

Kral et al., 2019, 2013). 68 

To assess CE, different tools have been proposed and applied, most prominently material flow analysis 69 

(MFA) and life cycle assessment (LCA) (Brunner and Rechberger, 2010; Haupt and Zschokke, 2017; 70 

Hellweg and Milà i Canals, 2014). MFA is a useful tool that can help to assess anthropogenic material flows 71 

and stocks. It can reveal opportunities for improved recycling and be used to monitor e.g. recycling targets. 72 

LCA can be used for the assessment of the environmental performance of systems (see for example Haupt 73 

and Hellweg, (2019); Huysman et al. (2017)). Other assessment methodologies, as reviewed by Cobo et al. 74 

(2018), include life cycle costing (for example (Martinez-Sanchez et al., 2015; Massarutto et al., 2011) and 75 
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the analysis of energy flows (Tonini et al., 2014). Additional methods include the combination of LCA and 76 

optimization for minimized life cycle costs (Martinez-Sanchez et al., 2017), economic and environmental 77 

optimization (Münster et al., 2015), the combination of LCA with waste and energy scenarios (Meylan et 78 

al., 2018), the optimization of waste stream distribution using the urban biorefinery concept, 79 

(Satchatippavarn et al., 2016) and the combination of MFA, LCA, and multi-objective optimization 80 

(Vadenbo et al., 2014b, 2014a). While the above-mentioned methods can be used for the assessment of CE 81 

aspects, a comprehensive and structured method for the design of systems that embraces the facets of CE 82 

whilst reducing environmental impacts is currently lacking. In this study, we aim to develop a method for 83 

sustainable circular system design (SCSD) that environmentally assesses systems, derives measures to 84 

increase the circularity of the system, and finally evaluates the derived measures’ sustainability. The method 85 

draws from the pool of possibilities CE offers, such as for example circularity strategies within the 86 

production chain (R0-R9), waste hierarchy, material quality aspects, and product design considerations, to 87 

design systems with improved resource utilization and minimal ecological damage (Bocken et al., 2016; 88 

Brunner and Rechberger, 2015; Haupt et al., 2017b; Kral et al., 2019, 2013; Pauliuk et al., 2017; Potting et 89 

al., 2016). To ensure not only circular design but also reduced environmental impacts, the method builds 90 

on and integrates existing environmental assessment tools.  91 

The developed SCSD methodology will be tested on a selected system in Switzerland. Switzerland is highly 92 

committed to reduce its per capita CO2 emissions by 50% by 2030 and even believes a reduction of up to 93 

75% until 2050 is possible (BAFU, 2018). Around 30% of these emissions are caused by the building sector 94 

(BAFU, 2018), which also contributes 40% to the total energy consumption (UVEK, 2017). A recent study 95 

shows that, although negligible in terms of mass, thermal insulation materials are highly relevant in terms 96 

of environmental impacts (Heeren and Hellweg, 2019). Due to the presence of hexabromcyclododecan 97 

(HBCD), a flame retardant previously used in oil-based materials, the recycling of insulation materials is 98 

still rather uncommon in Switzerland (Brupbacher and Rubli, 2016). HBCD is a persistent organic pollutant 99 

(POP) and was banned from use as flame retardant in insulation materials in 2015 (Kasser et al., 2013). 100 

Based on the long life spans of insulation materials, HBCD containing materials are expected to remain 101 

present in waste streams for a long time. Therefore, a HBCD removal process is required to enable safe 102 

recycling of HBCD contaminated insulation material (Schlummer et al., 2017).  103 

Jakob et al. (2016) and Heeren and Hellweg (2019) expect that insulation material inflows and outflows 104 

will be equilibrated by 2055 due to reduced population growth and expiring lifetimes of buildings, leading 105 

to larger waste flows and less demand for new housing. The larger waste flows pose challenges to the 106 

current waste management system but also opportunities for redesigning the system and closing material 107 

loops. Current installation practice and the former use of toxic flame retardants hinder recycling. New 108 
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designs for recycling or even reuse-friendly installation and deconstruction, phasing out of toxic substances, 109 

but also the cascading use of biogenic materials are possibilities for circular and sustainable design. The 110 

system of thermal insulation materials in Swiss residential buildings hence offers a great opportunity to test 111 

the suggested SCSD assessment. 112 

2 The sustainable circular system design (SCSD) method 113 

To derive a systematic approach for SCSD, existing environmental assessment methods are combined with 114 

CE aspects. The proposed methodology has three phases described in detail in this chapter.  115 

2.1 Phase 1: Status Quo Assessment 116 

Phase 1 entails the environmental assessment of the chosen system. We propose to use the modular 117 

MFA/LCA approach by Haupt et al. (2018). An MFA is conducted to identify and display the flows and 118 

stocks of the assessed system. Besides the target material, contaminants and residues need to be modeled. 119 

Based on the material flows, the system’s circularity can be determined. In the context of this publication, 120 

we understand circularity as a measure of the share of products and materials repeatedly used in the system. 121 

Products can be preserved in the system through reuse, repair, refurbishment, and remanufacturing. Material 122 

cycling is facilitated through recycling processes (Potting et al., 2016). The metric used to determine the 123 

circularity depends on the nature and number of applied value retention processes (see Equation 1). 124 

𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 +  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑟𝑒𝑐𝑦𝑐𝑙𝑒𝑑 

𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑤𝑎𝑠𝑡𝑒 𝑚𝑎𝑛𝑎𝑔𝑒𝑚𝑒𝑛𝑡 𝑠𝑦𝑠𝑡𝑒𝑚
 

 

(1) 

 

In order to establish a direct link to the LCA, the flows and processes are translated into a product-process-125 

matrix (Haupt et al., 2018), and each process is attributed its related environmental impacts (LCA modules). 126 

The direct link between MFA and LCA allows quantifying changes in environmental impacts due to 127 

variation of material flows (Haupt et al., 2018). Both MFA and LCA include production, use, and end-of-128 

life of the products within the system, to allow for deriving measures at every step of the life cycle. The 129 

functional unit for both MFA and LCA should consider the service the investigated system provides over a 130 

determined time span (Weidema et al., 2004). To account for secondary material substituting primary 131 

material, user-specific, institutionally prescribed, and technical functionalities should be considered as 132 

suggested by Vadenbo et al. (2017). 133 

The aim of phase 1 is to determine the system’s circularity, to identify all processes and material flows, to 134 

calculate the environmental hotspots and to outline improvement potentials to be investigated in phase 2. 135 
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2.2 Phase 2: Scenario Development 136 

In phase 2, scenarios for environmental impact mitigation are developed. The scenarios consider options 137 

for impact reduction within the technical cycle (e.g. improved recycling) but also within biological cycles 138 

(e.g. cascading use of wood) (Ellen MacArthur Foundation, 2013). Other options are replacing non-139 

renewable with renewable materials (e.g. replacing single use plastic cups with cardboard cups), 140 

introducing options for material-contaminant separation, and using products made of waste materials (e.g. 141 

foam glass insulation made of used packaging glass). We strongly recommend the involvement of experts 142 

and policy makers to develop relevant and meaningful scenarios. The scenarios should also be tested in 143 

terms of their feasibility, e.g. with regard to the availability of the biogenic material in a sustainable manner. 144 

Using the previously described modular MFA/LCA method, the changes in environmental impacts for the 145 

different scenarios are calculated. 146 

To evaluate the future effects of the scenarios, we recommend conducting a prospective MFA/LCA. For 147 

materials with long life spans, this would be a dynamic MFA/LCA. The chosen time horizon of the 148 

assessment depends on the lifespan of the materials, as the effects of the scenarios are not visible until the 149 

material life span has been reached (e.g. phasing out of oil-based materials). When modelling prospective 150 

scenarios for decision-making, the consequences of a system change also needs to be considered. This calls 151 

for a consequential LCA approach (Ekvall and Weidema, 2004). For this, marginal technologies that 152 

consider market aspects and the investigated material need to be identified. This may involve considering 153 

the forecasted local market changes and geographically specific technological developments. 154 

The aim of phase 2 is to develop scenarios that comply with CE strategies. To determine whether the 155 

developed scenarios are circular and sustainable, they are evaluated with environmental assessment 156 

methods.  157 

2.3 Phase 3: Derivation of Environmental Impact Mitigation Strategies 158 

In phase 3, the derived scenarios are compared in terms of their environmental impacts, legal feasibility, 159 

profitability, and social acceptance. Depending on the outcome of the assessment’s results, new scenarios 160 

need to be developed. Phase 2 and 3 are thus applied iteratively to find the optimal solution. To test the 161 

assumptions and determine critical parameters, a sensitivity analysis is conducted. 162 

Based on the status quo assessment in phase 1 and the thereof derived scenarios of phase 2, the aim of phase 163 

3 is to identify the strategy with highest impact reduction. 164 
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3 Application of the SCSD method on a selected case study 165 

3.1 Phase 1: Status Quo Assessment 166 

Following the first step of the SCSD assessment (section 2.1), the MFA of the insulation material in Swiss 167 

residential buildings was modelled for the year 2015. The time series of insulation material inflow and 168 

outflow by building component (roof, wall, ceiling, etc.) was derived from Heeren and Hellweg (2019), 169 

who estimated the material volumes in Swiss residential buildings using GIS data for building footprints 170 

and height. Using a stochastic approach by using lifetime distributions of different materials, the study 171 

projects annual material in- and outflow of the building stock for the period 2015–2055 (see Tables S7–172 

S12). Six materials, which cover 95% of the Swiss insulation market, were considered: three oil-based 173 

materials (extruded and expanded polystyrene and polyurethane foam), two mineral wools (glass wool and 174 

stone wool), and one bio-based insulation material (wood fiberboard). In phase 2, (Section 3.2) foam glass, 175 

hemp fibers, and cellulose fibers were additionally considered.  176 

The insulation material system comprises the insulation materials, residues, and contaminations in the 177 

insulation material (see SI 1, Chapter 1.3). For insulation material that enters the recycling process, it was 178 

assumed that residues of adhesives were separated from the insulation material. The subsequent transport 179 

and thermal treatment of the residues to municipal incineration plants, as well as the energy recovery from 180 

incineration, was modeled (see Figure 1). For disposal pathways other than recycling residues were assumed 181 

to enter the same treatment processes as the insulation material. It was assumed that all expanded and 182 

extruded polystyrene (EPS and XPS, respectively) installed between 1980 and 2015 contained the chemical 183 

HBCD. Polyurethane foams (PUR) typically contained a different brominated flame retardant, 184 

pentabromodiphenyl ether (PBDE) (Morf et al., 2007). Similar to HBCD, PBDE has been classified as a 185 

persistent organic pollutant and its production and use is forbidden (UN Environment, 2017). EPS, XPS, 186 

and PUR can therefore not be recycled without first removing hazardous flame retardants from the 187 

insulation material.  188 
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For the modelling of the deconstruction process the insulation materials were assumed to be separated and 189 

collected in combustible, inert, mixed, or single material troughs (Figure 1) (Waser, 2017). Two practices 190 

can be distinguished: (1) Conventional deconstruction, which entails deconstruction without single-origin 191 

separation of materials, and (2) selective dismantling, where the façade is deconstructed layer by layer, 192 

enabling a better separation and hence higher amounts of material collected in single material troughs. Only 193 

insulation material collected from single material troughs enters the recycling process (Waser, 2017). 194 

Figure 1: Schematic overview of processes, material flows, transport, and system boundary of the thermal insulation 195 

material case study. 196 

The current recycling scheme for EPS involves the purchase of recycling bags by the deconstruction 197 

company, which can then be brought back to the production company. There, the EPS is crushed to 198 

granulate and stored until further used in the production of EPS (Waser, 2017). Neither XPS nor PUR 199 

insulations are currently recycled in Switzerland. Stone wool recycling works similarly to the EPS recycling 200 

scheme, clean cut-offs and sorted deconstructed stone wool parts are brought back to the only stone wool 201 

producer in Switzerland. Here, the insulation is separated from residues, milled, mixed with production 202 

waste, and pressed into briquettes at a nearby company before being added into the melting oven and 203 

reprocessed into stone wool insulation (Waser, 2017). The current collected glass wool amounts are very 204 

low and can be directly added as flakes to newly produced mats. For the recycling of large amounts of glass 205 

wool an additional melting process in an oxymelt oven is required to obtain glass cullets that are then melted 206 

and extruded to glass wool mats again (ISOVER St. Gobain, 2018). Wood fiberboard insulation is often 207 

used in a cascade; it is made of waste wood chips and after use as insulation can either be used for energy 208 
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production, composted or clean cut offs from the fiberboards can be shredded and the resulting wood chips 209 

reused in the insulation production again (PAVATEX SA, n.d.; Villiger, 2018). 210 

As selective dismantling is more time-intensive and thus more costly, it is not as widespread as conventional 211 

deconstruction. Hence, material is collected in the mixed, combustible, or inert fraction rather than in single 212 

material troughs. Today, the largest amount of insulation material is either incinerated or landfilled and 213 

only a small quantity is recycled. From a legal point of view, oil-based materials must be incinerated, and 214 

mineral wools landfilled. However, since separation is often difficult, a small share of oil-based materials 215 

ends up in landfills, and a small share of mineral wools is incinerated (Brupbacher and Rubli, 2016). The 216 

modeling and visualization of results from the MFA were conducted in STAN and circular Sankey (Cencic 217 

and Rechberger, 2008; Pauliuk and Hasan, 2017), as shown in Figures 2 and 4 and Figures S2 and S3. 218 

In this case study, the only process contributing to circularity was recycling. We measured the system’s 219 

circularity as described above (Equation 1). The circularity was calculated by comparing the ratio of the 220 

amount of insulation material recycled with the amount of insulation material deconstructed. 221 

To ensure a fair comparison between the impacts of different materials, the impacts were normalized to one 222 

square meter of reference-insulation material with a fixed heat conductivity (lambda) of 0.035 W/m∙K and 223 

a thickness of 0.2 m. To achieve the same insulation performance, the thickness and hence mass of the other 224 

materials were adjusted (considering the specific densities of the materials under investigation, as 225 

documented in Table S1, SI 1). The functional unit used for the assessment of future scenarios was ‘the 226 

thermal insulation system added to, and deconstructed from, Swiss residential buildings in one year’. The 227 

LCA was built modularly following the approach of Haupt et al. (2018). The life cycle inventories (LCI) 228 

used were taken from the database ecoinvent 3.3, allocation cut-off (Wernet et al., 2016) or compiled 229 

manually (see SI 2 for all LCIs). Emissions from the incineration of insulation material and residues were 230 

calculated using the tool LCA4waste (Boesch et al., 2014). All calculations were made with the software 231 

Brightway (Mutel, 2017). 232 

Climate change impact was previously determined to be a key impact category for insulation materials 233 

(Asdrubali et al., 2015; Kymäläinen and Sjöberg, 2008; Schiavoni et al., 2016; Zampori et al., 2013) and 234 

was considered here using the IPCC model for climate change (IPCC, 2013). If biogenic materials are 235 

considered in long-term applications, the impact of carbon sequestration should be included. Carbon 236 

sequestration is important, as during the use phase of biogenic materials, re-growing biomass takes up and 237 

stores carbon. Delaying the release of carbon to the atmosphere avoids impacts caused by elevated carbon 238 

concentrations in the atmosphere (Brandão et al., 2013). Following the approach of Guest et al. (2013) the 239 
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rotation period of the plant and the storage time of the final product in the system are determined to obtain 240 

global warming potential factors for carbon sequestration. 241 

Additionally, the impacts on human and ecotoxicity were evaluated using the UNEP-SETAC USEtox 242 

method (Rosenbaum et al., 2008). Land use and terrestrial eutrophication were assessed because they may 243 

be relevant for the biogenic materials, and ozone layer depletion to account for hydro- or 244 

chlorofluorocarbons (HFCs, CFC) commonly used in XPS production (European Commission, 2011). As 245 

the impact on climate change was determined to be the key parameter for insulation materials, only these 246 

results are presented in the results (section 4). The results for the other impact categories can be found in 247 

Figures S4 – S9 in the SI. 248 

 249 

3.2 Phase 2: Development of Scenarios 250 

Based on the assessment of the current system’s circularity by MFA and identification of environmental 251 

hotspots by LCA, three possible future scenarios were developed and compared to the baseline scenario. 252 

The shares of the different insulation materials were extrapolated for the years 2035 and 2055 based on the 253 

development between 1980-2015 (Jakob et al. 2016) (see Figure S1 and section 1.2 in SI 1 for detailed 254 

information on extrapolation). The shares of materials going into single material collection, incineration, 255 

landfilling, recycling, etc. were extrapolated from 2015, while considering the changing shares of the 256 

insulation material types in the waste stream as a function of historic developments. The baseline scenario 257 

is, therefore, the continuation of current trends, as observed in 2015 until 2055. 258 

The environmental impacts were assessed for the time horizon 2015 – 2055 using dynamic models for the 259 

years 1980 - 2015. To account for changes in the electricity mix and heat supply until 2035 and 2055, a 260 

marginal electricity mix was determined. We assumed that when striving to reach a more sustainable and 261 

circular economy, energy and heat demand would be covered by renewable energy sources (Ellen 262 

MacArthur Foundation, 2013). To determine the renewable energy source that could cover additional 263 

energy and heat demand, the reports from the Federal Office of Energy, scenario ‘Political Measures’, were 264 

compared to the Greenpeace report ‘energy [r]evolution’. The Greenpeace report is more ambitious than 265 

the federal study. The as-of-yet untapped energy sources, i.e. the differences in e.g. biomass utilization 266 

between the reports, were identified (Bundesamt für Energie (BFE) 2007, Kirchner et al. 2012, Greenpeace 267 

2015). The marginal electricity mixes for both years (2035 and 2050) consist, therefore, of electricity 268 

produced from biomass (25%) and photovoltaics (75%) and heat produced from biomass. 269 
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The first scenario includes an increase of insulation recycling through improving separate collection and 270 

implementation of a separation process to recover flame retardants from insulation materials. The second 271 

scenario assumes the substitution of oil-based materials with biogenic and mineral materials. The third 272 

scenario is a combination of the other two: substitution of oil-based materials with more sustainable 273 

renewable materials where possible and otherwise increased recycling of oil-based materials. 274 

3.2.1 Assumptions for ‘increased recycling rate’ scenario 275 

As current material circularity was determined to be low, options for increased future recycling as of 2020 276 

were investigated. In this scenario, recycling refers to the preservation of the main components of insulation 277 

materials. For oil-based materials, this is the polystyrene and the polyurethane. For the mineral and wood 278 

fiber materials, the minerals and wood, without the binding material, is preserved. To enhance insulation 279 

material recycling it was assumed that all houses are selectively dismantled, enabling a better separation of 280 

the materials. Further, it was assumed that (i) oil-based materials are no longer landfilled, (ii) mineral 281 

materials are no longer incinerated, and (iii) that, due to better separation during deconstruction, around 282 

75% of the insulation material are collected in single material troughs of which 90% are brought to recycling 283 

(see SI 1, chapter 2.2, for more information). To determine the amount of HBCD contaminated material, 284 

the outflow of material installed before 2015 was calculated from the building stock model (Heeren and 285 

Hellweg 2019). These materials required further treatment. The CreaSolv® process was assumed to be used 286 

to separate polystyrene and flame retardants (Freegard et al., 2006). During the separation process, the 287 

material is first shredded and then dissolved in a solvent. The HBCD remains in the precipitated 288 

polystyrene, requiring an additional extraction step. After the extraction, the extracted HBCD is sent to a 289 

bromine recovery unit and the polystyrene granulate can be reused. The solvent can be recovered and 290 

applied in the process again (Schlummer et al., 2017). 291 

3.2.2 Assumptions for ‘increased use of renewable materials’ scenario 292 

For the renewable materials scenario it was assumed that oil-based insulation materials were phased out as 293 

of 2020. Instead, biogenic materials are used in a cascade, with insulation material being the penultimate 294 

use before energy recovery (Ellen MacArthur Foundation, 2013).The renewable insulation materials chosen 295 

were wood, cellulose, and hemp fibers. Wood fiber as insulation is already used in Switzerland, but not to 296 

a large extent (Jakob et al., 2016). Since only a small amount of waste paper in Switzerland is currently 297 

used for insulation material production (Haupt et al., 2017a), a large additional potential exists for the usage 298 

of cellulose fibers. Hemp fiber insulation was chosen due to its good hygrothermal and environmental 299 

performance (Kymäläinen and Sjöberg, 2008; Zampori et al., 2013). Additionally, hemp can be grown in 300 
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moderate climates in contrast to other renewable insulation materials such as cotton stalks or pineapple 301 

leaves (Asdrubali et al., 2015). Foam glass was used to cover basement insulation demand, as the higher 302 

humidity levels prevent the use of insulation from renewable materials. 303 

To estimate the shares of the different materials, the following assumptions were made (see chapter 2.2 in 304 

SI 1 for more detailed information): 305 

 Replacement of 25% of the oil-based insulation materials with hemp. The calculated agricultural 306 

area to cover the hemp demand for insulation material would equal 0.4% of the total agricultural 307 

area of Switzerland. 308 

 The remaining demand was split in equal parts between wood and cellulose. The amount of 309 

available waste wood for wood fiber insulation was calculated using the study done by Erni et al. 310 

(2017) under the assumption that waste wood is independent of the forest area as it often comes 311 

from imported products. For the development of available cellulose fibers, the low municipal solid 312 

waste scenario for waste paper amounts from Meylan et al. (2018) was used. These estimations 313 

resulted in the finding that wood and cellulose would be able to cover the required demand (Tables 314 

S3 - S6 in SI 1).  315 

The global warming potential factors from Guest et al (2013) were used to account for the amount of 316 

biogenic carbon stored in the insulation. It was assumed that wood was first used as furniture (40 years), 317 

afterwards as insulation material (40 years), and finally incinerated for energy recovery. Hemp was assumed 318 

to be solely used for insulation. For cellulose fibers, the time in the system as paper was 3.8 years followed 319 

by the use as insulation material (Guest et al., 2013). An average life span of 40 years for insulation 320 

materials was assumed (Saadatian et al. 2016). To avoid double counting, the benefits of carbon stored 321 

during the first use (i.e. paper or furniture) were deducted from the total climate benefits of sequestered 322 

carbon for the respective material. 323 

Stone wool and glass wool were assumed to be recycled to the same extent as in the increased recycling 324 

scenario. 325 

3.2.3 Assumptions for ‘optimized’ scenario 326 

We determined the use of oil-based materials to be environmentally favorable compared to the use of foam-327 

glass. Furthermore, foam-glass has a higher density and a higher thermal conductivity, resulting in a larger 328 

mass of material required to achieve the same insulation performance as oil-based materials. In the third 329 

scenario, therefore, oil-based materials were used in basements to ensure moisture protection, whereas 330 

renewable materials were used to replace oil-based insulation everywhere else. These oil-based materials 331 
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and the mineral wools were assumed to be recycled to the same extent as in the increased recycling rate 332 

scenario. 333 

3.3 Phase 3: Evaluation of suggested measures for impact mitigation 334 

Based on the environmental assessment of the status quo and the comparison with the scenarios, strategies 335 

for impact mitigation are developed and discussed. A focus is laid on environmental aspects, which are 336 

discussed in-depth. Economic and social aspects are qualitatively discussed (Section 5).  337 

To test the robustness of the obtained results, the influence of individual parameters on the calculated 338 

environmental impacts was determined by performing a sensitivity analysis on the following parameters. 339 

 To determine the marginal electricity mixes’ influence, calculations were redone with a different 340 

electricity mix for all life cycle stages of the insulation materials. For this electricity mix the 341 

marginal energy source was assumed to be natural gas (Bundesamt für Energie, 2007; Kirchner et 342 

al., 2012). 343 

 The model of the amounts of insulation material installed and deconstructed takes into account 344 

many aspects such as population growth and legally required increased thermal insulation use. The 345 

calculations were repeated while taking into account a higher building refurbishment rate in 346 

combination with increased thermal insulation to lower heating greenhouse gas emissions in the 347 

use phase of buildings. This results in an increase of insulation material use (high turnover scenario 348 

in Heeren and Hellweg (2019)). The aim of this sensitivity analysis was to evaluate the effect on 349 

the environmental impacts but also to determine whether the available biomass or agricultural land 350 

in Switzerland is able to cover the increased demand in the scenarios ‘increased use of renewable 351 

materials’ and ‘optimized’. 352 
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4 Results 353 

4.1 Status Quo Assessment 354 

In Figure 2, the amounts of insulation material produced, installed, deconstructed, and disposed in the year 355 

2015 are shown. Residues and contaminants are not displayed in this visualization. The complete MFA can 356 

be found in SI 1, Figure S2. 357 

The circularity of the current system is low, namely 1.5%. Current installation practice prevents 358 

deconstructed insulation material from ending up in single material troughs, as insulation material is glued, 359 

which hinders fast and residue-free separation. Even if material is collected in single material troughs, 360 

recycling systems currently only exist for EPS, stone wool, glass wool, and wood fiberboards. Oil-based 361 

materials are legally required to be incinerated due to HBCD contamination (UN Environment, 2017).  362 

Figure 2: MFA of thermal insulation materials, without 

contaminants or residues, in Swiss residential buildings in 

2015. 
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363 

Figure 3 visualizes the impacts on climate change for each material normalized to one square meter of 364 

insulation material with a fixed heat conductivity (left) and the impacts on climate change for newly 365 

installed and deconstructed insulation materials in Swiss residential buildings in 2015 (right).  366 

For oil-based materials, the most emission-intensive process is production, followed by the incineration of 367 

the material itself and then the incineration of the attached glue and plaster (Figure 3a). For mineral 368 

insulation materials, the environmental impact of production clearly surpasses the impacts caused by the 369 

end-of-life treatment (inert material landfill).  370 

Considering the whole system (Figure 3b), the largest impacts are caused by the production of the insulation 371 

materials. It should be kept in mind that in 2015 a lot more material is installed than deconstructed, causing 372 

production impacts to be much higher than waste treatment processes.  373 

Figure 3: a) impact on climate change for different insulation materials per m2 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. 
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4.2 Strategies for environmental impact reduction 374 

375 

The scenario ‘increased recycling rate’ entails the largest increase in material circularity. The biogenic 376 

insulation materials in the ‘increased use of renewable materials’ are mostly used in a cascade with energy 377 

recovery after their use as insulation material. The comparison of the material flows of the scenario 378 

‘increased recycling rate’ and the continuation of the current practice in 2055 is presented in Figure 4. 379 

Enhanced construction (screwing instead of gluing), improved separation during building deconstruction 380 

and increased collection in single material troughs facilitate increased recycling. These measures, together 381 

with the implementation of the flame retardant separating CreaSolv® process, lead to a circularity rate of 382 

62% for all insulation materials in Switzerland in comparison to a circularity rate of 10% in 2055 in the 383 

baseline scenario (the MFA for the ‘optimized’ scenario for 2055 is displayed in Figure S3 in SI 1).  384 

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

recycling scenario. 
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Compared to the baseline scenario, a decrease of greenhouse gas (GHG) emissions for the ‘increased 385 

recycling rate’ scenario of 30% is seen (in 2055, Figure 5). For the ‘increased use of renewable materials’ 386 

scenario a decrease of 32% for 2055 is observed, while combining both scenarios as done in the ‘optimized’ 387 

scenario results in a decrease of 44% for 2055.  388 

For the ‘increased recycling rate’ scenario, the lower impact results from lower production volumes, i.e. a 389 

lower primary material input. The environmental impacts of the recycling process, i.e. the CreaSolv® 390 

process, are marginal compared to the savings in the production. For the ‘increased use of renewable 391 

materials’ scenario the impacts from the production of oil-based materials are reduced. As these insulation 392 

materials are replaced by renewables and foam glass, the impacts from the production of wood, hemp, and 393 

cellulose fibers, and foam glass increase. The emission of fossil CO2 from the incineration, however, can 394 

be avoided by using renewable materials. No foam glass is used in the ‘optimized’ scenario, leading to the 395 

differences in environmental impacts compared to the ‘increased use of renewable materials’ scenario. 396 

Figure 5: Left: 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. 
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The variation to the baseline scenario impacts in the category USEtox human toxicity are similar to the 397 

impacts on climate change, with the optimized scenario having the lowest impacts. For the use of hemp, a 398 

credit is given for the uptake of heavy metals in the hemp plant during its growth (see Figure S5 in SI). In 399 

absolute terms, the uptake of heavy metals by plants is irrelevant, showing that the human toxicity impacts 400 

are negligible. The increased impacts with regard to ecotoxicity (see Figure S6 in SI) of the scenario 401 

‘increased use of renewable materials’ can be traced back to the production of foam glass, i.e. the 402 

consumption of electricity and molybdenum, and the use of hemp fibers, i.e. the required energy for 403 

irrigation. Again, processes far back in the supply chain dominate, showing that this impact category does 404 

not contribute significantly to the overall environmental impacts. The expansion agent was assumed to be 405 

CO2, and no CFCs or HFCs were emitted during the use phase of the oil-based materials, therefore the 406 

impacts on ‘ozone layer depletion’ can also be considered negligible. The impact categories terrestrial 407 

eutrophication and land use show similar results, with only the scenario ‘increased recycling rate’ leading 408 

to a decrease in impacts. The other two scenarios lead to elevated impacts due to the cultivation of hemp, 409 

requiring land and fertilizer. 410 

Figure 5 (right) shows the installed and deconstructed amounts of insulation material for each scenario. 411 

While recycling leads to reduced material consumption, a substitution of oil-based insulation material with 412 

other materials leads to an increased mass of installed insulation but still reduced environmental impact.  413 

4.3 Sensitivity Analysis 414 

 The influence of including natural gas in the electricity mix as compared to a completely renewable 415 

mix was minimal, i.e. for the continuation of current practice the difference was 0.03%. The small 416 

difference is a result of the low electricity consumption and hence small impacts. The development 417 

of the electricity mix is therefore not a decisive parameter for the assessment of insulation systems.  418 

 Using the high-turnover scenario data resulted in an increased input of insulation materials of 9% 419 

and 11% for 2035 and 2055, respectively, and an increase in output of 15% for both time horizons. 420 

The impacts of the different scenarios change proportionally to the increase of insulation material 421 

used; hence the relative improvement potentials stay the same. The detailed changes in impacts for 422 

the different scenarios and time horizons with high turnover amounts are presented in Table S14 in 423 

the SI 1. The available amount of waste paper and waste wood was determined sufficient to cover 424 

the demand of waste paper and waste wood in the high-turnover scenario (Table S6). 425 

 426 
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5 Discussion 427 

The results of the case study show that the current material circularity of insulation materials in Switzerland 428 

is low. To increase the circularity, circular system design aspects, i.e. reversible building construction, 429 

better separation onsite, and a process for the separation of insulation material and flame retardant need to 430 

be considered. The environmental impacts of the assessed system can be reduced through either increased 431 

recycling (-30%), replacement of oil-based materials with renewable materials (-32%), or a combination of 432 

both (-44%). Overall, primary production and incineration of insulation materials and their adhering 433 

residues were determined to be the most impact-intensive processes. To reduce environmental impacts, (i) 434 

recycling should be increased and (ii) materials with lower impacts in production and in thermal treatment, 435 

i.e. renewable materials, should be chosen.  436 

5.1 Construction and deconstruction practice 437 

Lacking recycling systems and incentives for recycling, current installation and deconstruction practices, 438 

as well as the legally required incineration of oil-based insulation materials all contribute to the 439 

aforementioned low material circularity. Current installation practice includes gluing insulation material to 440 

walls, for it is the fastest and thus cheapest installation practice. With current deconstruction practice, 441 

insulation materials are only roughly separated from mineral materials. This leads to only a small amount 442 

of material collected in single material troughs and subsequently little recycling. The collected material 443 

needs to then be separated from the adhesives, resulting in higher efforts to recycle. Instead of gluing, 444 

insulation could be bolted, which would facilitate the separation of the insulation material from the glue but 445 

not the separation from the mineral materials. 446 

One approach for increased recycling might be the use of foamed mineral insulation materials, produced 447 

from construction waste (Van der Haegen, 2019). This mineral insulation material may be deconstructed 448 

and sorted similarly to the rest of the mineral materials as it consists mainly of recycled construction waste. 449 

Foamed mineral insulation materials could be produced by construction or deconstruction companies and 450 

hence also be installed, deconstructed, and recycled with the rest of the mineral construction materials. Such 451 

technologies are in development, but do not yet exist at full scale (Van der Haegen, 2019). 452 

Alternatively, fibrous materials such as cellulose fibers, are blown into and out of hollow spaces in a 453 

building, which enables their direct collection as a single material and avoids adhesive residues (isofloc 454 

AG, 2019).  455 
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5.2 Incentives for increased recycling 456 

The current recycling scheme assigns the recycling costs completely to the deconstructing party. An 457 

advanced recycling fee, paid when purchasing insulation material, would switch the financial burden of the 458 

recycling to the customer. This is a concept that has been proven to be useful, environmentally and 459 

economically, in the context of waste electric an electronic equipment in Switzerland (Der Schweizerische 460 

Bundesrat, 2006; Kägi and Franov, 2016). The introduction of an advanced recycling fee would remove the 461 

financial burden of recycling from deconstruction companies and remove a barrier to collect and recycle 462 

used insulation materials.  463 

5.3 Value retention beyond recycling 464 

Within the circularity strategies, recycling (R8) is a less preferable option and strategies further up in the 465 

hierarchy should be considered (Potting et al., 2016). However, reducing (R2) the use of insulation material 466 

is not an option as the energy savings from the use of insulation systems exceed the energy consumed 467 

during the production (Al-Homoud, 2005). The reuse (R3) of insulation material would require modular 468 

construction practices, enabling easy assembly and disassembly of construction materials. One often 469 

mentioned strategy for increased reuse would be to establish a service oriented model (see for example 470 

Witjes and Lozano (2016) and Bocken et al. (2016)), i.e. the leasing of insulation materials. This, however, 471 

would be difficult to implement, due to the long life spans of the material in buildings. Consequently, in 472 

the short-term perspective enabling increased recycling of insulation material will have the largest impacts 473 

on circularity. To ensure increased circularity in the future, options, such as modular construction and 474 

leasing, should be considered for optimal resource use. 475 

5.4 Cascading and carbon sequestration of biogenic materials 476 

Besides being less impact-intensive in production, wood and cellulose fiber insulations have the additional 477 

advantage of being made of waste materials. Both materials can still be used for energy production after 478 

their lifetime as insulation material. 479 

The longer wood, hemp, or cellulose fibers are used, the longer carbon is stored in the materials while plants 480 

can regrow and sequester carbon. 481 

Biogenic materials, if not produced from waste, may however produce adverse impacts with regard to land 482 

use and eutrophication. The risk that hemp plantation could be in competition with food production was 483 

assumed to be limited as only 0.4% of the total agricultural land would be required to meet the assumed 484 

demand. 485 
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5.5 Costs 486 

Materials from renewable sources are generally more expensive than mineral materials and oil-based 487 

materials (see Table S13). Using materials with lower environmental impacts is therefore often related to 488 

higher costs. Legal requirements currently only focus on insulation capacity, with no regard to the type of 489 

material. Besides environmental awareness no driver for the selection of materials with lower impacts is 490 

present. Many multi-family residential buildings are built by enterprises focusing mostly on profit, hence 491 

opting for the insulation materials with the best cost-performance ratio. For private single-family homes in 492 

Switzerland it depends on the budget and willingness of the owner which material is chosen. 493 

5.6 Health impacts 494 

Health risks of workers and occupants were not assessed in the case study. The health effects of stone and 495 

glass wool fibers on the workers were evaluated in previous studies, concluding that the fibers might be 496 

potentially carcinogenic (Berrigan, 2002; Lipworth et al., 2009; McConnell et al., 1994). The type of binder 497 

used in the mineral wools influences the dissolution rate of the fibers (which is related to the onset of 498 

cancer). As the binder composition changed in the last decade, health risks related to glass and stone wool 499 

fibers should be reevaluated (Wohlleben et al., 2017). 500 

6 Conclusion 501 

The presented SCSD approach provides a comprehensive assessment of material flows, environmental 502 

impacts and circular economy strategies. Most importantly, the combined assessment of material circularity 503 

and environmental impacts prevents unsustainable, yet circular, solutions. The suggested three phases, of 504 

which every phase entails clearly defined goals, allows for a structured approach for circular and sustainable 505 

system design. An advantage of the suggested SCSD approach lies in using established methods, whose 506 

applications are well known. Following the three phases allows for the design and assessment of new 507 

products and systems; environmental hotspots are detected and afterwards improvement measures 508 

developed.  509 

The modeling of impurities and contaminants was shown to be of great importance in the case study. Hence, 510 

for other case studies, we recommend to likewise model these, as they can be decisive in terms of 511 

environmental impacts and represent a barrier for circular solutions. In the environmental comparison of 512 

scenarios, we were also able to show that the lowest mass of resource consumption does not necessarily 513 
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lead to the largest environmental impact reduction. This highlights that sole mass-based assessment is not 514 

enough to identify the best circularity option.  515 

The SCSD method was applied on a rather simple case study with only one value retention process. The 516 

methodology can also deal with other Rs, such as reuse, repair, etc. which have not been included in this 517 

study. 518 

The investigation of all system interactions poses a challenge, not just for the SCSD approach, but for 519 

environmental assessments of systems in general. For example, different building types (e.g. solid wood 520 

construction) or the effect on the building frame when using heavier or more insulation material were not 521 

considered in this study. 522 

By applying the method to the case study, the following generally applicable conclusions for SCSD can be 523 

drawn:  524 

1. Products should be designed free of hazardous substances, as also promoted in other studies, 525 

otherwise recycling is either not possible, more costly (in monetary and environmental terms), or 526 

it may result in unwanted exposure to pollutants in the products made from the recycling material. 527 

Contaminants should be removed from the cycle and put to a final sink (Kral et al., 2019, 2013). 528 

2. The fate of the product when reaching its end of life should be studied at the beginning of the design 529 

process. Products than can be easily separated from other materials are much easier to reuse, 530 

recycle, etc. Easier dismantling would additionally facilitate repairing and/or remanufacturing 531 

and/or refurbishing. Product designers have a large leverage in enabling circularity strategies. 532 

3. Concerning impacts on climate change, biogenic materials from waste should be considered when 533 

choosing materials as they demonstrated advantages in the form of carbon sequestration and low 534 

production impacts.  535 

In conclusion, the three aspects of contaminants, end of life, and type of materials are crucial when 536 

aiming at designing a more sustainable and circular system. We demonstrated that our SCSD approach 537 

is a suitable means to support structured sustainable circular systems design for existing or newly 538 

designed systems.  539 
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