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ABSTRACT

Environmental threats are triggered by the overconsumption of raw materials. It is
therefore necessary to move towards a society that both reduces extraction and
keeps the majority of the extracted raw materials in the socio-economic system.
Circular economy is a key strategy to reach these goals. To implement it effectively,
it is necessary to understand and monitor material flows and to define hotspots, i.e.
materials that need to be tackled with the highest priority. This paper is aimed at
determining how to increase circularity in the Swiss economy by means of a Material
Flow Analysis coupled with a simplified Life Cycle Assessment. After having char-
acterized material flows, we analyzed two types of hotspots: i) Raw materials con-
sumed and/or disposed at high level, and ii) Raw materials whose extraction and pro-
duction generates high environmental impacts. The Material Flow Analysis shows
that each year 119 Mt of raw materials enter the Swiss economy. Therefrom, 15 Mt
are derived from recycled waste inside the country; 67 Mt leave the system yearly; 27
Mt towards disposal. Out of the disposed materials, 56% are recycled and re-enter
the socio-economic system as secondary materials. Looking at hotspots; concrete,
asphalt, gravel and sand are among materials that are consumed and disposed at
high level. Yet, looking at greenhouse gas emissions generated during extraction and
production, metals - including the ones in electrical and electronic equipment - as
well as textiles are among the categories that carry the biggest burden on the envi-

1. INTRODUCTION

The publication of the Planetary Boundaries concept
in 2009 (Rockstrom et al., 2009) and its update in 2015
(Steffen et al., 2015) showed that global-scale alteration
of biogeochemical flows, biosphere integrity, land-system
change and climate change are the major environmental
threats that humanity is facing nowadays. These threats
are a consequence of human overconsumption of natural
resources (O'Neill et al. 2018). It is therefore essential to
understand factors that drive raw material consumption
and the flows of materials that this generates. This allows
tackling hotspots and developing pathways to reach a 'safe
operating space for humanity' (Heijungs et al., 2014; O’Neill
et al. 2018), for example by reducing extraction and keep-
ing the majority of the extracted raw materials in the so-
cio-economic system.

Broken down the Swiss economy, we see a need for
quantifying flows of materials and energy with their related
environmental impacts. Studies exist assessing the mate-
rial input and the environmental consequences (Jungbluth
et al., 2011; Frischknecht et al., 2014; Frischknecht et al.,
2018), or the environmental consequences of resource and

ronment per unit of material.

energy recovery in waste management systems (Haupt,
2018). However, to our knowledge there are no studies
focusing on the material inputs and outputs of the entire
economic system, including considerations about the recy-
cling efficiencies and losses (incineration, landfilling).

This paper aims at determining how to increase circu-
larity of raw materials in the Swiss economy. It does so
by: i) Characterizing mass flows, ii) Assessing the environ-
mental impacts generated by these flows, and iii) Defining
which raw materials are hotspots, i.e. are either consumed
and/or disposed at high level or their extraction and pro-
duction generates high environmental impacts. The result
of this research is meant to support the Swiss government
in taking decisions for moving towards more circularity in
material management.

2. MATERIALS AND METHODS
2.1 Material flows of Swiss economy

To address the circularity of the Swiss economy and to
answer the research question of this paper, we carried out
a static Material Flow Analysis (MFA) covering the mate-
rial metabolism within the Swiss economy and coupled it
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with a Life Cycle Assessment (LCA). Material Flow Analy-
sis (Baccini & Brunner, 2012) helps to assess the material
input into a national economy, its accumulation within the
system and its output to other economies or to the environ-
ment (OECD, 2008). This research is based on the method-
ology developed in three sectoral studies. In each of them,
a particular area of the Swiss economy was analyzed: con-
struction (Gauch et al., 2016), mobility (Gauch et al., 2017),
and production & consumption (Matasci et al., 2018).
For construction and mobility, we used a stock-driven ap-
proach. For the remaining production and consumption
area, we applied an inflow-driven approach due to the lack
of information on the existing stock and the impossibili-
ty to perform a bottom-up estimate. The reference year is
2018. Calculations were done using Microsoft Excel 2016.

Official statistics on masses of imported, domestically
extracted and exported goods served as a basis for the cal-
culation. In this research, we considered about 750 class-
es of goods registered, covering the entire Swiss economy,
as for example industrial buildings, private cars, airplanes,

stoves, pullovers, computers, or medicaments. For each
of them, we determined the raw material composition and
service lifetime. Additionally, we grouped them into 28 con-
sumption categories (Table 1).

We examined 195 types of raw materials (e.g., rein-
forced concrete, sawn softwood, low-alloyed steel, wrought
alloy aluminum, crude oil, cotton fiber, or polyethylene). We
grouped them into 18 categories, as presented in Table 2.
Materials in electric and electronic equipment as well as
in batteries were aggregated in a distinct category called
'Electronics, batteries' to be able to look at them specifi-
cally.

Water and gold were not included in the frame of this
study. Water was excluded due to the enormous quantities
consumed (630 Mt/a) generating nonetheless relatively
small environmental impacts (0.1 Mt CO,-eq./a, less than
1% of the total). Gold was disregarded for the opposite
reason: the small quantities consumed (about 800 Mt in
2018) generating massive environmental impacts (12 Mt
CO,-eq., which is about 15% of the GHG emissions created

TABLE 1: Twenty-eight consumption categories covering the entire Swiss economy, classified by areas and sub-areas of the socio-eco-

nomic system.

Areas of the socio-economic system  Sub-areas Consumption categories Number of classes of goods
Construction Buildings Single-family houses 1
Apartment buildings 1
Service buildings 1
Industrial buildings 1
Agricultural buildings 1
Other buildings 1
Civil engineering Streets 1
Rail 1
Infrastructure for supply and disposal 1
Mobility Mobility Two wheels 6
Passenger cars 6
Transporters 10
Lorries 6
Buses 4
Agricultural and industrial vehicles 20
Trailers 3
Trams 1
Trains 7
Boats 4
Airplanes 7
Cable cars 3
Production & consumption Food Food 36
Living, working Furniture 187
Clothing, accessories 19
Communication, education 24
Leisure, entertainment 28
Health 8
Industry Industry 361
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TABLE 2: Eighteen categories of raw materials, classified by type.
Electricity is expressed in tons of oil equivalents (toe) as described
in Gauch et al. (2017).

Categories of raw Number of classes of

Type materials materials
Energy carriers : Electricity (toe) 2
Motor fuel 5
Combustible 3
Food products : Food 38
Fodder, animals 23
Solid materials | Gravel, sand 5
Asphalt 2
Concrete 4
Brick 6
Glass, ceramics 10
Steel 3
Aluminum 4
Other metals 24
Plastics 14
Textiles 6
Wood, paper 11
Electronics, batteries 10
Chemicals 25

by all other materials consumed annually in the country put
together). An analysis of the material flows and the envi-
ronmental impacts produced by the consumption of these
two materials can be found in Matasci et al. (2018). Finally,
for each category of raw materials, we defined a disposal
pathway.

2.2 Environmental impacts generated by mass flows

Based on the determination of quantities and compo-
sitions of the flows we calculated a simplified Life Cycle
Assessment (LCA). LCA is a method developed to assess
environmental impacts associated with the different life
stages of a product or a process, from cradle to grave. As
functional unit, we considered a ton of used raw materi-
al. We employed the Life Cycle Inventory database ecoin-
vent v. 3.2-3.5 (ecoinvent 2016, 2018). This was combined
with the results of the MFA to assess the environmental
impacts in terms of greenhouse gas (GHG) emissions and
total environmental impact of the different mass flows.
The calculation of the total environmental impact is based
on the Ecological Scarcity Method (Frischknecht & Biisser
Knopfel 2013), developed specifically for Switzerland. This
method allows measuring the current distance to political-
ly determined targets on the broadest possible basis.

System boundaries for raw material flows were set on
the level of the political borders of Switzerland. Environ-
mental impacts are however not limited by these borders
and can take place inside and/or outside the country. Con-
sequently, the GHG emissions and other environmental im-
pacts hidden behind imported products are also taken into
account.

We considered both primary and secondary materials.
Primary raw materials are 'virgin materials, natural inorgan-
ic or organic substances, such as metallic ores, industrial
minerals, construction materials or energy fuels, used for
the first time' (EU 2017). Secondary raw materials are raw
materials derived from recycling of waste that can be used
in manufacturing a new product. Imported raw materials
can be a combination of both.

3. RESULTS AND DISCUSSION

According to the results of the MFA, about 119 Mt
of raw material flew into the Swiss economy in 2018. Of
these, 104 Mt/a came from either domestic extractions or
imports. The remaining 15 Mt (13%) re-entered the system
annually as secondary raw materials either for the same
purpose (recycling) or for a different one (downcycling, up-
cycling). From the 119 Mt/a, 52 Mt/a stayed in the stock,
mainly concrete, sand and gravel in construction. The re-
maining 67 Mt/a exited the Swiss economy. Thereof; 22
Mt/a were dissipated into the environment, for example
in form of burned fuel for mobility and combustible, con-
sumed food or dispersed chemicals (e.g. pesticides). On
top of that, 18 Mt/a were exported and 27 Mt/a were dis-
posed (Figure 1). Of the disposed materials, 18 Mt/a (67%)
were either recycled or composted (Figure 2). We consider
composted materials to go into the environment (either
into the ground or into air) and are therefore not part of the
flow of secondary materials reentering the system (Figures
1,2).

The disposal phase is composed of various intermedi-
ate stages. These include cross-exchanges of solid mate-
rials between disposal processes (Figure 2). Examples are
residues from incineration plants (slag), which are returned
to the recycling process, or residues from waste water
treatment plants (sewage sludge), which are incinerated.
Figure 2 shows some of the modelled flows in more de-
tails. To note that a share of the substances entering the
disposal process 'disappears' from the mass balance, for
example by being converted into gaseous substances in
incineration or composting/biogas plants.

Figure 3 shows both masses and environmental im-
pacts for the 18 categories of raw materials in more de-
tails. On the left-hand side of the figure, information on
the mass entering the disposal path is depicted for each
category of raw materials, split in the different fates these
are facing (recycling, incineration, landfill, compost and
biogas). Masses consumed are shown for comparison
by a broken line. Statistical data corroborate these results
where information is available (FOEN, 2019). In the center
of Figure 3, the GHG generated by disposal and consump-
tion are illustrated. The figure shows how emissions pro-
duced by disposal are much smaller than the ones created
by extraction, production and consumption of these raw
materials (broken line in the figure). It is however important
to note that these results are connected with a certain level
of uncertainty, as specific values for the end of life of many
raw materials are lacking in the ecoinvent database. On the
right-hand side of Figure 3, the GHG emissions generated
by the production and transport to the consumer of a mass
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FIGURE 1: Aggregated mass flow for Switzerland in 2018. In yellow the Domestic Material Consumption (DMC), in light yellow the flow
of secondary materials reentering the system (Matasci et al., in preparation). Composted materials are considered to go directly into the
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environment (in the ground / into air) and are not part of the flow of secondary materials reentering the system.
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unit of primary vs. a mass unit of secondary raw material
are shown.

Figures 2 and 3 illustrate that the majority of the dis-
posed raw materials are inert materials coming from the
construction sector (concrete, sand and gravel, asphalt,
brick). As Switzerland decided to stop landfilling of organic
waste back in 2000 (FOEN, 1999), organic waste is nowa-
days either composted, incinerated or recycled.

Many raw materials re-enter the system as secondary
raw materials. Among them, concrete is mainly downcy-
cled in civil engineering structures. Recycled concrete in
the building sector is only slowly gaining acceptance in
Switzerland. Food is also eliminated in high quantities. The
2.9 Mt/a of disposed food (about 1/3 of the food entering
the system) is food waste generated either by consumers
or within the supply chain (Beretta & Hellweg, 2019). Fuel
for mobility and combustible consumed are dissipated into
the environment during combustion and therefore do not
appear in the disposal path.

An additional result established by this study and de-
picted in Figure 3 is the recognition that big masses of
disposed materials do not necessarily carry the highest
environmental burden. The disposal of concrete for exam-
ple generates a relatively small amount of GHG emissions
in absolute terms, whereas the disposal of chemicals and
plastics creates far higher emissions even if the discard-
ed masses are smaller. This is also true for consumption:
the raw materials depleted in higher amount are not the
ones that generate the highest burden for the environment
during their extraction, transport and consumption. The life

Disposal [Mt/a]

0 20 40 600

GHG emissions through
disposal [Mt CO,-eq./a]
10 20

phases of concrete up to consumption for example pro-
duce a far smaller amount of GHG per unit of material as
the ones of electronics and batteries, metals, or textiles.
Another aspect shown on the right hand-side of Figure
3 is that the production of secondary raw materials devel-
ops much lower emissions than the one of primary raw ma-
terials. This highlights the importance of moving from the
current linear economy towards a circular economy. This
is particularly true for metals in waste electrical and elec-
tronic equipment, WEEE) which are often critical. Critical
raw materials are raw materials of a high importance to the
economy and whose supply is associated with a high risk
(EU 2017). Examples are indium and neodymium contained
respectively in flat screens and in magnets. The recycling
of these metals is not yet established in Switzerland (Boni
et al. 2015). If the totality of electronics and batteries cate-
gory (WEEE) would be recycled and used for the same pur-
pose, emissions generated by Swiss consumption could
decrease of about 3 t CO_-eq./a. On the other hand, some
materials disposed contain pollutants that should not re-
turn into the system as for example brominated flame-re-
tardants (BFR) in plastics (Haarman et al. 2018). Recycling
is therefore not always possible or not the best option.
This study presents three main methodological lim-
itations. The first one concerns the different approaches
used for the various sectors of the economy, namely a
stock-driven approach for the building and the mobility
sectors and an inflow-driven method for the remaining sec-
tors of the economy. In future research, a common meth-
odology should be used instead. The second limitation

GHG emissions per unit

of material [Mt CO,-eq./Mt]
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FIGURE 3: From left to right: i) Annual masses of disposed raw materials, differentiated by their disposal fate (recycling, incineration, land-
fill, compost/biogas). ii) GHG emissions created during the disposal of these raw materials. In i) and ii) the mass of annually consumed
raw materials respectively the GHG emission developed are also shown for comparison (broken line). iii) GHG emissions generated by
production and transport per unit of consumed material for both primary and secondary raw materials. What is illustrated here as ‘primary’
material can also contain secondary materials if imported, for example metal scraps.
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concerns the limited information on the average material
composition of the different categories of goods analyzed.
Data came from different sources and do vary in quality.
When data was not available, best guess assumptions of
the authors were necessary. Finally, it was not possible to
find an equivalent in the ecoinvent database for all raw ma-
terials embedded in the approx. 750 categories of goods.
Sometimes proxies had to be selected instead, in particular
for chemicals.

4. CONCLUSIONS

This study highlights the necessity to increase circular-
ity for most categories of raw materials due to three rea-
sons: i) the large masses being consumed and disposed, ii)
the high environmental impacts generated either ii) during
the lifespan and/or iii) by primary production in relation to
the recovery of secondary materials.

The disposed amount and the environmental impact
caused can vary largely depending on the type of raw ma-
terial considered. Material hotspots identified due to the
large mass eliminated yearly in Switzerland are concrete,
asphalt, gravel and sand. For concrete, even if the envi-
ronmental impacts generated by its disposal are relatively
small, there are other aspects to be examined. These are
for example the finite nature of its main component, gravel
and the potential conflict with other land uses; the amount
of energy required to produce its binder, cement; as well
as conflicts in land use through the disposal of waste con-
crete and for the extraction of gravel (FSKB, 2017). Now-
adays, concrete from demolition activities in Switzerland
is mainly downcycled. The use of recycled concrete in the
construction sector consequently needs to be further pro-
moted.

Concerning environmental impacts created through
the disposal of materials; hotspots identified are plastics,
chemicals and food. The avoidance of food waste and
the recycling of plastics could therefore be two pertinent
measures to reduce the actual environmental burden of the
Swiss waste management system. It is worth noting that
the environmental impacts caused by the consumption of
materials are generally much higher than the ones gener-
ated during the disposal phase. Hence, more effort should
also be put into limiting consumption in the first place and
into keeping raw materials in the system. This can be done
for example by expanding the lifespan of goods or by reus-
ing them.

In addition, for many raw materials the primary produc-
tion has a higher environmental impact in comparison to
their secondary production. This is particularly the case for
metals, including those embedded in electrical and elec-
tronic equipment. For some metals as aluminum in bever-
age cans or tinplate in tin cans, the recycling rate is already
rather high (Haupt, 2018). However, for some others, as
for example critical metals like indium and neodymium in
electronic waste, the actual recycling rate in Switzerland is
close to zero (Boni et al.,, 2015) and therefore should be
further improved.

An additional outcome of this study is the recognition
that there is a need for a better monitoring of some flows.

Our results show that not all flows related to disposal are
covered by official statistics or that data collected for some
of them are approximate. This is the case, for example, for
waste flows generated by industry or for the composition
of waste produced by households. The last one is only in-
vestigated in-depth every 10 years (FOEN, 2014).

Finally, this study shows that circularity cannot be ap-
plied to all raw materials entering a socio-economic sys-
tem. In fact, some raw materials are dissipated into the
environment when consumed, as for example motor fuel,
combustible, food or some chemicals. Circularity alone can
therefore not bring us to a more sustainable society. Other
measures as the phasing-out of fossil fuels are also needed.
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