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Abstract: Reducing material flows and their associated environmental impacts substantially con-
tributes to moving toward a more sustainable society. Both individual consumption behavior and
governmental regulations play a crucial role in reaching sustainability goals. In this article, we present
a Material Flow Analysis combined with a simplified Life Cycle Assessment of the Swiss economy.
Results were linked to an analysis of consumption patterns. This allowed us to evaluate the direct
influence of consumer behavior on national greenhouse gas emissions using a consumption-based
approach and the quantification of the range of these emissions from different lifestyles. We conclude
that the consumer has a direct influence on slightly more than 50% of the greenhouse gas emissions
generated by the Domestic Material Consumption. If everybody were to behave like the 20% of
the population with the most climate-friendly behavior, emissions would decrease by merely 16%.
Cooperation between stakeholders at all levels of society is therefore needed. This study provides a
contribution to decreasing material and energy consumption and defining possible future pathways
with the final aim to bring anthropogenic greenhouse gas emissions down to zero in Switzerland.

Keywords: Material Flow Analysis; Life Cycle Assessment; climate change; Domestic Material
Consumption; sustainable development; consumer behavior

1. Introduction

Anthropogenic climate change is one of the biggest challenges that humanity is
facing [1-3]. Due to its complexity, time-delayed effects, global dimension, and the variety
of actors involved, its consequences are often difficult to grasp, and its mitigation is
perceived as beyond the control of governments and individuals [4-6].

In 2015, all 196 parties of the United Nations Framework Convention on Climate
Change (UNFCCC) adopted the Paris Agreement as an attempt to reduce the risks and
impacts of climate change [7]. The goal was set to hold the increase in global average
temperature to well below 2 °C above pre-industrial levels, with an intent to limit the rise to
1.5 °C. However, the agreement has not proven its effectiveness yet, as global greenhouse
gas (GHG) emissions continue to rise. According to the United Nations Environment
Program (UNEP), global GHG emissions in 2016 amounted to about 52 Gt, including
the emissions induced by land use changes. By 2019, they had risen to about 59 Gt [8,9].
The reason for this is twofold: on the one hand, countries are not on track to meet their
pledges [10]; on the other hand, the pledges do not—in their current state—allow countries
to reach the agreement’s goal [11].

Victor et al. [10] argued that to make the Paris Agreement effective, national pledges
need to include information on “who will do what by when, how they will do it and at
what cost”. In an Environment Synthesis Report [12], the United Nations focused on the
role of non-state and subnational actors (NSAs) such as states, regions, cities, companies,
investors, foundations, cooperative initiatives, and civil society organizations in bridging
the GHG emissions gap. The report showed that NSAs can both help with implementing
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pledges made at the national level and encourage efforts to go beyond current mitigation
commitments. Existing studies quantifying the influence of NSAs in reducing national
GHG emissions corroborate this statement [13-21]. In these studies, individuals play
various roles, such as politicians, business women and men, investors, or activists. Fewer
studies specifically analyze what could be the influence in bridging the GHG emissions
gap of individuals in their role as consumers. Their contribution could, however, be
relevant [22-27].

Hence, we believe that there must be a clearer mapping of stakeholders’ influence on
national GHG emissions and the elaboration of possible future pathways at the national
level that take into account the influence of consumers to bring anthropogenic greenhouse
gas emissions down to zero. To do so, we suggest taking a consumption-based approach.
This approach differs from the more commonly used territorial (production-based) one in
that it considers all emissions released along the supply chain of goods and services con-
sumed by national residents—i.e., emissions also produced outside of political borders [28].
It offers therefore additional emission reduction opportunities.

At the level of individuals, the analysis of consumer behavior allows analyzing the
range of possible actions in their role as consumers—that is, actions involved in obtaining,
consuming, and disposing of products and services [29]. The study of consumer behavior
looks into individual qualities such as demographics, personality, lifestyles, and behavioral
variables to explain what moves their consumption. Various publications analyzed, for
instance, lifestyle patterns and the induced GHG emissions [22,30-39]. For example,
Druckman and Jackson [33] evaluated the bare necessities of households in the United
Kingdom (UK) and estimated the GHG emissions related to them. Results showed that
GHG emissions of an average household could decrease by about 37%, still allowing its
members to have a “decent” life. Moreover, Ala-Mantila et al. [30], Baiocchi et al. [31],
Fromelt et al. [36], and Girod and De Haan [38] found a wide range of GHG emissions
among different lifestyles. Baiocchi et al., for example, estimated the range of GHG
emissions across lifestyle groups in the UK varying by a factor of 2-3.

Up to now, few studies have analyzed the impact of consumer behavior on the
GHG emissions generated by a nation with a consumption-based approach [22,40,41].
Defining hotspots as well as clear roles and responsibilities for reducing GHG emissions
would, however, be key to developing effective mitigation strategies as well bringing
anthropogenic GHG emissions down to zero as fast as possible. This article aims to provide
a step towards filling this gap by answering the following research question: “What is the
influence of consumer behavior on GHG emissions generated by the Domestic Material
Consumption (DMC) of a nation?”. We suggest that individuals in their role as consumers
can have a substantial influence on reducing national GHG emissions. In our analysis, we
took Switzerland as a case study, due to its very high GHG emissions per capita [42—45]
and the consequent urgent need to reduce them.

This paper is structured as follows: In Section 1, we first provide an overview of
existing studies on stakeholders’ influence on national GHG emissions. We then focus on
the influence of consumer behavior and analyze the approaches used. Subsequently, in
Section 2, we present the approach and the set of methods selected to answer our research
question. We then move to Section 3, where we present the results of the application of
our approach to the case of Switzerland. Finally, in Section 4 we provide conclusions
concerning the influence of consumer behavior on greenhouse gas emissions generated by
the domestic consumption of a nation.

2. Materials and Methods

For our case study, we looked at Switzerland, which is among the 10 countries with
the highest material footprint per capita and among the 20 countries with the highest
carbon, water, and land footprint per capita worldwide [42]. Swiss consumption has a
considerable environmental footprint abroad through the import of raw materials and
semi-manufactured and finished products (in short: goods) [43-45]. Frischknecht et al. [45]
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estimate that more than half of the GHG emissions caused by Swiss consumption are
generated outside the country. Under the Paris Agreement, Switzerland committed to
halving its territorial GHG emissions by 2030 compared to its 1990 levels [46]. In 2019, the
Federal Council set a more ambitious target and decided to reduce its net carbon emissions
to zero by 2050 [47].

To determine the influence of consumer behavior on GHG emissions generated by
Swiss consumption, we used a four-step approach with a set of related methods (Figure 1):

1. We carried out a Material Flow Analysis (MFA) to assess the type and quantity of
materials annually consumed in Switzerland;

2. By combining the results of the MFA with impact factors, we subsequently performed
a simplified Life Cycle Assessment (LCA). This allowed us to determine the potential
environmental impacts induced by the annual consumption of various materials in
Switzerland. We focused on quantifying the related emissions of greenhouse gases;

3. Based on steps (1) and (2), we made an educated guess of the direct and indirect
influence of an average consumer on generating these emissions based mainly on
statistical data provided by the government (see Table Al in Appendix A);

4. We finally coupled our results with the outcomes of an analysis of consumption
patterns developed by Fromelt et al. [36] to evaluate the range of GHG emissions
among different behavior groups of the population.

impacts induced by
the consumption of
materials

different behavior
groups of the
population

consumers' influence
on national GHG
emissions

consumed

' i) Material Flow ii) Simplified Life iii) Assessment of -\ iv) Analysis of
Analysis Cycle Assessment direct and indirect Consumer Behavior
i influence

E Type and quantity of Potential Range of GHG

i materials annually emissions among

environmental i Mapping of

Figure 1. The four-step approach used in this study. The first two steps analyze the entire Swiss
economy, whereas the last two steps analyze consumer behavior at the level of an individual.

We took the year 2018 as reference. The system boundaries for the MFA are the Swiss
political borders: only national extraction and flows of materials that cross these borders
in a given year are accounted for. With the LCA, however, the system boundaries are
not fixed in space and time; environmental impacts generated alongside the life cycle of
materials—no matter where or when they occur—are considered.

Consumer behavior was analyzed at the level of an individual. We considered the total
resident population. In 2018, the population of Switzerland amounted to about 8.5 million
inhabitants [48].

2.1. Material Flows in the Swiss Economy

There are various methods for evaluating material flows in an economy [49]. Among
the most common is the MFA method [50,51]. At the macro-economic level, MFA allows
investigating material inputs into a national economy, their accumulation within the
system, and their output to other economies or the environment [52]. Our MFA is based
on both stock-driven and inflow-driven static models. With the first type of model, we
calculated inflows and outflows based on information on stocks and lifetimes, and with
the second type the outflows and stocks based on the available information on inflows and
lifetime [53-55]. The latter was applied for the calculation of production and consumption
goods stocks and flows due to the lack of information on the existing stock of goods.
Calculations were conducted using Microsoft Excel 2016.
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To define the total annual consumed mass flow, we calculated the DMC: the annual
mass of all imports plus the quantity of raw materials extracted from the domestic territory,
minus the mass of all exports (1) as defined by Eurostat [56].

DMC = Imports + domestic extraction — exports. 1)

We did not, however, include fodder in the DMC, as we consider it to be a precursor
of animal products such as meat, fish, milk, or eggs.

Data on the masses of imported, domestically extracted, and exported goods provided
by the Swiss Federal Customs Administration (FCA) [57], the Federal Statistical Office
(FSO) [58,59], the Federal Office of Energy (SFOE) [60], and the Swiss Farmer’s Union [61]
served as a basis for the calculations. We moreover made use of data from Wiiest & Part-
ner [62] and Rubli [63] on the material stock for buildings and civil engineering, respectively.

The FCA provides information on the amounts of imported and exported goods at
different levels of granularity [57], ranging from 97 to 13,000 classes (respectively two-digit
and eight-digit level). We made use of the two-digit level, as we considered this to be of
sufficient granularity for many of the goods analyzed. Nonetheless, we disaggregated some
of the 97 classes into sub-classes when information at the two-digit level was not precise
enough. This was done, for example, for chemical products, products of the oil industry,
or goods containing precious metals. By doing so, we obtained about 800 consumption
classes covering the entire Swiss economy, which we then aggregated into 28 consumption
categories (e.g., single-family houses, apartment buildings, passenger cars; see Figure 2).
The 28 consumption categories were aggregated into six sub-sectors and three main sectors
of the economy—construction, mobility, and production and consumption—following the
methodology developed in Gauch et al. [64,65] and Matasci et al. [66].

Main sectors of the economy (3), sub-sectors (6), consumption categories (28)
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Figure 2. Material and consumption categories investigated in the frame of this study. The color code
for the material categories is consistently used throughout this article.
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In addition, for each of the about 800 classes of goods, we determined an average
material composition by means of a literature review and the best guess assumptions of
the authors. We defined 156 possible types of materials (e.g., crude oil, apples, steel, brass,
polyethylene) and aggregated them into 18 material categories (Figure 2). The material
categories were then further classified into three groups of constituents: energy carriers,
food products, and other solid materials. The resulting matrix (materials x consumption
categories) is presented in Figure 2.

Besides this, data on the service lifetime and disposal pathways of the ~800 classes of
goods were determined with a literature review (Figure 2). This allowed us to characterize
the various ingoing (imports, domestic extraction, recycling), outgoing (dissipative losses,
disposal, and exports), and consumed mass flows as well as the size of the stock and its
growth rate.

2.2. Environmental Impacts Induced by the Annual Material Flows

There are several methods that enable assessing the environmental impacts associated
with these mass flows [49]. Examples are the Ecological Footprint (EF) [67], Input-Output
Analysis (IOA) [68], and Life Cycle Assessment (LCA) [69]. Among the various methods,
LCA appears to be the most suitable one for analyzing products and services. LCA allows
one to assess the environmental impacts associated with the various stages of the life
cycle of a product, process, or service from the cradle to the grave [69]. There are various
databases providing information on environmental impacts. We selected the Life Cycle
Inventory (LCI) database ecoinvent [70,71], as this is one of the most comprehensive and
transparent LCI databases available and is best suited for Switzerland.

To each of the 156 types of materials mentioned in Section 2.1 we assigned an ecoinvent
product name (e.g., “market for steel, low-alloyed” to steel or “market for polyethylene,
high density, granulate” to polyethylene). By weighting the environmental impact of each
material with its percentage mass in each of the material categories, we calculated the
average amount of GHG emissions per mass unit of material. We subsequently multiplied
this value with the various mass flows calculated in the MFA.

Additionally, we calculated the total environmental impact generated by consumption
with the Ecological Scarcity Method [72]. This method weights environmental impacts by
applying “eco-factors”. The eco-factor of a material is derived from environmental laws
or political targets. The more the present level of consumption of resources or emissions
exceeds the environmental protection target set, the greater the eco-factor becomes.

Among the Earth system processes considered, we can find, e.g., resource depletion
and biodiversity loss. For these processes, planetary environmental boundaries have been
exceeded or are in imminent danger of being exceeded [2]. A selection of the results is
presented in Appendix A (Figures A1, A4 and A5).

2.3. Influence of Consumer Behavior
2.3.1. Direct and Indirect Influence of a Consumer

We defined the direct influence of a consumer as one that allows for a modification of
the GHG emissions of a nation through consumption behavior. For each of the consumption
categories presented in Figure 2, if the answer to the question “Can an individual directly
influence the GHG emissions through consumption behavior?” was yes, then we considered the
influence to be direct. If the answer was no, the emission was considered to be indirect
(Figure 3).

Having a maximum direct influence (equal to 100%) on GHG emissions generated
by a consumption category means that the decisions made by the consumer are sufficient
to generate the lowest environmental impact possible with the actual state of technology
development and persisting cultural values. This applies, for example, to private mobility
through the choice of means of transportation and distances covered: if individuals decide
not to buy a vehicle but to walk and restrain their mobility, the direct emissions generated
are null.
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Lifecycle of goods
A 2.
d "O-=B E ﬁ W'..%

Production Trade and Acquisition Use phase Disposal
transportation

Consumer influence
Can an individual directly influence the emissions of the consumption category through personal consumption behavior?

Section 2.3.1 Yes No
Direct influence Indirect influence
Section 2.3.2 How much?

Figure 3. The concept behind the calculation of the direct and indirect influence of consumer behavior
applied in this study.

Having a maximum indirect influence (equal to 0% direct influence) on the GHG
emissions generated by a consumption category means, on the other hand, that the con-
sumption decisions taken by an individual have no direct influence on the amount of
GHGs emitted and that the amplitude of the environmental impacts depends merely on
political decisions and/or the economic reality. Here, an individual consumer can only
influence GHG emissions, for example, in the role of voter in elections or popular votes or
by attempting to influence decisions within a professional role. This often applies to public
and quasi-public goods and services, such as, for example, road and rail networks; public
buildings such as hospitals and schools; industry and agriculture buildings; or freight
transportation [73]. A consumer is not able—through a specific behavior—to directly
change the amount of GHG emissions generated to build, maintain, or operate them.

We attributed a percentage of the direct and indirect influence of the consumer to each
of the 28 consumption categories. Percentages have been calculated from national statistics
or the best guess assumptions of the authors. The assumptions presented in Table A1l
include some simplifications: the first one concerns single-family houses and apartment
buildings. We assumed that tenants only have an indirect influence on the amount of
GHGs emitted, as they cannot decide on the structure and materials of the building nor
on its heating system or renovation measures. We did not consider the influence of the
occupant’s behavior on energy consumption, such as the influence of opening windows in
winter or over-heating their home. This influence can, however, be considerable [74].

A second simplification concerns mobility, including road and rail networks: we
assumed that a consumer has total direct influence on the emissions generated by public
transportation. We made this decision with the same assumption made for privately owned
passenger cars or airplanes: it is the consumer who decides to take or not take a bus or
a train and how often. In reality, however, the consumer has no direct influence on the
efficiency of public transportation, its geographic coverage, or the source of energy used to
operate it.

Finally, we assumed that a consumer has only an indirect influence on the emissions
generated by the construction and maintenance of road and rail networks as well as on the
emissions generated by fuel consumed for the transportation of goods. De facto, though,
there are situations where consumer behavior triggers changes in these networks or in
the quantity of fuel consumed for the transportation of goods. For example, more private
transportation leads to congested roads, which can bring about an expansion of the road
network, and higher consumption leads to more road and rail transportation of goods.

2.3.2. Lifestyle-Dependent Behavior

To evaluate the spectrum of GHG emissions in the population (Figure 3), we used
the results generated by Fromelt et al. [36]. In their research, the authors used the Swiss
Household Budget Survey (HBS) carried out with 9734 households between 2009 and
2011. The HBS provides detailed information on the characteristics and consumption
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behavior of these households in terms of money spent and masses consumed for about
350 categories of services and goods. Fromelt et al. translated this information into the
GHG emissions of about 200 categories of goods and clustered households into 28 different
behavioral archetypes.

At first, we broke the GHG emissions of the 28 different behavioral archetypes down
to emissions per person depending on the size of the households in each cluster. We then
ranked the 28 behavioral archetypes according to the intensity of these emissions and
grouped the archetypes in 20% shares (quintiles) of the population, from the least to the
most climate-friendly quintile. In a following step, we attributed each of the GHG emissions
generated alongside the life cycle of the ~200 categories of goods analyzed by Fromelt et al.
to one of the 28 consumption categories. We then calculated for each quintile and each
consumption category the percentage distance to the average emissions of the population
for the given category. For this, we considered only the share of emissions on which the
consumer has a direct influence (e.g., for personal cars only the share of emissions generated
alongside the life cycle of private cars and not the ones generated by the use of company
fleets). As a result, we obtained the spectrum of GHG emissions for consumers” direct
influence. The remaining emissions—i.e., the ones for which the consumer only has an
indirect influence—were shared equally among the various behavioral archetypes. Finally,
we scaled back the emissions to the entire national economy, assuming that everybody
would behave like the most or the least climate-friendly quintile of the population.

3. Results
3.1. Material Quantities Consumed Yearly in Switzerland

The Material Flow Analysis shows that, in Switzerland, about 87 Mt of materials
are consumed yearly (Figure 4). Altogether, 119 Mt annually enter the system (inflow).
Of them, 48 Mt/a are imported, 56 Mt/a are extracted inside the national borders, and
15 Mt/a come from recycled (secondary) materials. About 10 Mt/a of fodder are either
imported or produced inside the country to feed livestock. As mentioned in Section 2, we
did not account for fodder for animal farms in the DMC, as we consider it to be a precursor
of animal products such as meat, milk, and eggs. About half of the inflow—52 Mt/a—
accumulates annually in stock. The remaining 67 Mt/a of materials leave the system
(outflow), either dissipating into the environment (motor fuel and combustibles, food,
some chemicals, etc., 22 Mt/a), being disposed of (27 Mt/a), or being exported (18 Mt/a).
A detailed picture of the material flows can be found in Figure A2.

Import 3 S |Dissipation 22 Mt/a
48Mya | Import + & g2 ——
domestic H § Consumption (DMC) | & gﬁ Isposal t/a
Domestic | extraction | &5 Mta ./~ |Export 18 Mt/a
extraction 104 Mt/a - = T
56 Mt/a i |
(| i X| |
r Y (- Export 18 Mt/a |
-
\ >

Fodder 10 Mt/a A ¥

: #
Compost and biogas 3 Mt/a
Incineration and landfill 9 Mt/a

Secondary materials 15 Mt/a

Stock
3210 Mt

Figure 4. Aggregated material flows for Switzerland in 2018. The Domestic Material Consumption
(DMC) is in yellow. The flow of secondary materials re-entering the system is in light yellow.
Reproduced with permission from Matasci et al., Detritus; published by CISA Publisher, in press [75].
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Of the approximately 87 Mt consumed annually, about 62 Mt/a (71.3%) are related
to construction (Figure 5). “Production and consumption” accounts for about 18 Mt/a
(20.4%) of materials consumed, and mobility for the remaining 7 Mt/a (8.3%). Looking at
the categories of materials: about 46% are constituted of concrete and 25% of energy, either
in the form of food (10%), combustible (8%), or motor fuel (7%) (Figure A1). Breaking down
the mass of consumed materials to the individual level shows that a person in Switzerland
consumes about 10.2 tons of raw material annually.

25 Construction Mobility Production & consumption
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Figure 5. Swiss Domestic Material Consumption (DMC) allocated to 18 material and 28 consumption
categories. Electricity is expressed in tons of oil equivalents (toe), the mass of oil that would produce
the same amount of greenhouse gas emissions as the used electricity mix. An explanation of the
methodology can be found in Appendix B.

Results are of the same order of magnitude as the ones reported by the FSO [76]
(11.0 t/a per person) when fodder is included: 11.3 t/a per person.

3.2. Environmental Impacts Generated by Consumption.

When linking the DMC to the environmental impacts generated from the extraction up
to the consumption of the various materials, results show that it generates about 99 Mt/a
of GHG expressed as CO;-eq. annually (Figure 6). About half of these emissions (51.6 Mt
COy-eq./a) occur in the country (excluding emissions generated by aviation). Results are
somewhat higher than reported by the Swiss Federal Office for the Environment FOEN [77]
for 2018 (46.4 Mt CO,-eq./a). Differences are mainly due to a higher estimation of GHG
emissions from the food sector and passenger cars.

The allocation of GHG emissions to the consumption categories does not follow the
same pattern as the allocation of the masses. About half of the emissions are generated
by production and consumption (43 Mt CO,-eq./a; 43.7%). The remaining emissions are
generated almost equally by construction (28 Mt CO;-eq./a, 28.3%) and mobility (28 Mt
COy-eq./a, 28.0%).
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Figure 6. Greenhouse gas emissions through the Domestic Material Consumption (DMC) allocated
to 18 material and 28 consumption categories.

The combustion of energy carriers represents the biggest part of the cake, being
responsible for half of the emissions. These are shared among the combustion of motor fuel
(25%), combustible (19%), and electricity (6%) (Figure Al). Food consumption accounts
for about 18% of the emissions. The consumption of concrete, despite its high 46% mass
fraction, is responsible for only about 3% of the emissions. A detailed picture of the GHG
generated by the annual mass flows can be found in Figure A3.

Results on the total GHG emissions are slightly lower than those found in Frisch-
knecht et al. [44,45] (about 13.6 Mt CO,-eq./a per person or 108 Mt CO,-eq./a for 2011
and 116 Mt COy-eq./a for 2015). Three factors can explain these differences: (i) The
different reference years analyzed (2011, 2015 and 2018). (ii) The different LCI databases
used (ecoinvent v.2.2 and treeze Ltd. vs. ecoinvent v.3-2-3.5). Finally, (iii) the fact that
Frischknecht et al. [45] also considered indirect warming effects of stratospheric emissions
from aircrafts (i.e., specific effects generated by contrails, water vapor, and aviation-induced
cirrus clouds). This almost doubled the GHG emissions of aviation.

Swiss inhabitants generate on average about 11.6 tons of CO, equivalent per person
with their annual consumption. These emissions also include the ones on which they
have only an indirect influence (about 5.4 t CO,-eq./a)—e.g., emissions generated by the
exploitation and use of gravel, sand, and asphalt for the construction or maintenance of
streets and rails or the ones generated by the combustion of the motor fuel needed by
lorries to transport goods.

3.3. The Influence of Consumer Behavior

Looking at the three main sectors of the economy (construction, mobility, and pro-
duction and consumption), the results show that for construction there is a large share of
GHG emissions under the indirect influence of consumers (about 68%, Figure A6), as the
majority of building surfaces are either part of rented apartment buildings or belong to
service and industrial buildings. Single-family houses are an exception to this, as their
inhabitants usually own them.

For mobility, on the other hand, there is a high level of direct influence (about 73%
of the GHG emissions) due to the individual choice of means of transportation—e.g., for
passenger cars or airplanes. Finally, for production and consumption, we found a high
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amount of public influence on industry, as well as a high amount of consumer influence in
other categories for the general consumption of goods such as food, furniture, and clothing
(Figure A6).

If the entire population behaved in the same way as the 20% of the population with the
most climate-friendly behavior (white dots in Figure 7), GHG emissions would decrease
to 83 Mt CO»-eq./a, which represents a 16% reduction in emissions. If, vice versa, the
entire population behaved in the same way as the 20% of the population with the least
climate-friendly behavior (black dots in Figure 7) GHG emissions would rise to 116 Mt CO;-
eq./a, which represents a 17% increase. The spectrum of GHG emissions per person ranges
between 9.7 t COz-eq./a (low GHG quintile) and 13.5 t CO;-eq./a (high GHG quintile).
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Figure 7. Greenhouse gas (GHG) emissions through consumption allocated to 28 consumption
categories. In dark green, the GHG emissions indirectly influenced by consumers; in light green, the
GHG emissions directly influenced by them. White dots show emissions that would result if the
entire resident population were to behave like the quintile that groups behavioral archetypes with the
lowest GHG emissions per capita. Black dots show emissions that would result if the entire resident
population were to behave like the quintile that groups behavioral archetypes with the highest GHG
emissions per capita.

Looking only at the share under the direct influence of the consumer, average emis-
sions amount to 6.1 t CO,-eq./a. The emissions of the most climate-friendly quintile are
31% lower (4.2 t CO,-eq./a per person), and the ones of the least climate-friendly quintile
32% higher (8.1 t COy-eq./a) than the average ones.

Figure 8 summarizes the results of this study. The first bar on the left side shows the
annual mass consumption of materials of the entire Swiss population. The two remaining
bars show the greenhouse gas emissions generated by the consumption of these masses.
The second bar shows the emissions attributed to the material categories. The third bar
shows the direct vs. indirect influence of the consumers. White and black dots show
how the GHG emissions would change if all were to behave like the 20% share of the
population with the most or the least climate-friendly consumption behavior, respectively.
The 20% most climate-friendly share of the population generates about one third fewer
GHG emissions compared with the 20% share of the least climate-friendly one (approx.
83 Mt CO,-eq./a or 84% and approx. 116 Mt CO,-eq./a or 117%, respectively, in comparison
to the average).
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Figure 8. Consumption and greenhouse gas emissions of the Swiss population in 2018, differentiated
according to materials and the influence of consumer behavior. White dots show emissions that
would result if the entire resident population were to behave like the quintile that groups behavioral
archetypes with the lowest GHG emissions per capita. Black dots show emissions that would result
if the entire resident population were to behave like the quintile that groups behavioral archetypes
with the highest GHG emissions per capita.

4. Discussion
4.1. The Effects of Material Consumption on Climate Change

This study allowed us to quantify and categorize the materials consumed annually
in Switzerland and evaluate the environmental impacts generated during their life cy-
cle. It showed that masses are considerable: individuals consume, on average, almost
150 times their own average body weight per year, mainly due to the consumption of
construction material.

The consumption contributing the most to climate change is linked to the use of energy
carriers as well as food consumption. Both combustibles and motor fuels rely heavily on
fossil sources, and their consumption releases vast amounts of carbon dioxide, whereas
the agricultural production of food is the primary source of methane emissions [78]. These
results are in line with those reported by other studies [43-45].

Concrete, gravel, and sand are among the most consumed materials. While they
account for almost half of the annually consumed mass, their consumption only generates
a relatively small environmental impact when looking at the greenhouse gas emissions
generated by national consumption (about 3% of the total). A high mass consumed
hence does not automatically result in a high level of GHG emissions. The extraction
and disposal of these materials nevertheless has other consequences for the environment.
These are linked to landfilling capacities and to the increasingly difficulty of accessing
primary mineral resources in the country [79]. On the other hand, the consumption of low
quantities of materials can generate high environmental impacts. This is true, for example,
for materials in electronics and batteries. These goods contain precious metals such as
silver, palladium, and platinum or scarce metals such as indium or tantalum with low
mass fractions whose extraction and production are often associated with high impacts
on the environment [66,80]. Moreover, these metals are often considered critical for the
economy [81].
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4.2. Influence of Consumer Behavior on Greenhouse Gas Emissions of a Nation

Through their consumer behavior, individuals have an influence on only about half of
the GHG emissions related to the DMC of Switzerland. For the other half, they have only
an indirect influence—e.g., through their roles as voters or in their professional life. These
indirect GHG emissions are generated by the consumption of public and quasi-public
goods and services, such as road and rail networks, public buildings (hospitals, schools,
industry, agriculture buildings), and freight transportation. Additionally, many dwellings
in Switzerland are not owned by their inhabitants, with the country having one of the
world’s lowest home ownership rates [82]. For these reasons, consumers have a relatively
low direct influence on the emissions generated in the construction sector.

This study also highlights the limited variance in GHG emissions within the pop-
ulation. If we consider only the share of GHG emissions on which consumers have a
direct influence, consumer behavior alone cannot bring anthropogenic GHG emissions
down to zero. We showed that if everybody would behave like the most climate-friendly
quintile of the population, the share of GHG emissions under the direct influence of the
consumers would diminish about 31%. Considering the entire GHG emissions generated
by consumption, the reduction would be merely 16%. We see three main reasons for
this: Firstly, the fact that even the most environmentally friendly option available for
many consumption categories often still generates GHG during its lifetime. This can be
caused by either the actual state of technology and/or the low penetration of cleaner and
energy efficient solutions in the market. Secondly, because individual determinants such
as attitudes and beliefs, which are psychological variables influencing an individual con-
sumer’s decision making, are shaped by the socio-economic system (cultural values, beliefs,
habits, social norms) in which the person is living, as suggested by Fischer-Kowalski and
Amann [83], Bin and Dowlatabadi [22], and O'Rourke and Lollo [84]. Thirdly, the fact that
often reduction measures need the collaborative action of various stakeholders at all levels
of society [85-87]—e.g., concerning mobility options. Without intervention from politics to
create and maintain a public transportation system—for example—an individual will have
difficulty in switching from private transport to public transport. Often, consumers find
themselves “locked in” in consumption patterns that are not sustainable [88].

A concerted strategy at the political level seems, therefore, to be needed for a coor-
dinated and guided change, to enable the shift towards a more climate-friendly behavior
on the part of consumers, and to further decrease the environmental impact of even those
consumers with the most climate-friendly behavior. Jackson [88] mentions as possible
instruments enabling access to pro-environmental choices, incentives structures, and institu-
tional rules. Other authors, such as Lehner et al. [89], highlight the positive effect of nudges,
reinforcements, and indirect suggestions in influencing the behavior and decision-making
of groups or individuals.

4.3. Uncertainty of the Results

Results are linked with inherent uncertainty, which arises from the limited data quality
of different sources. Data uncertainty was estimated in a qualitative way by evaluating six
dimensions of quality of the data source: accuracy, validity, reliability, timeliness, relevance,
and completeness [90,91] (Table A2).

The highest uncertainty lies in the accuracy and reliability of data on building stock
composition, lifespans of goods, and average material composition. This affects in particu-
lar the quality of the estimation of flows related to the construction sector, including the
estimation of secondary flows re-entering the system. In order to verify the plausibility of
the results, we cross-checked our results with official statistics [58,92] and obtained good
results for the majority of the flows. However, some of the estimated secondary flow, i.e.,
of gravel and sand, turned out to be higher. Uncertainty related to the accuracy, validity,
and timeliness of material composition data does also affect the quality of results related to
“production and consumption”. This affects in particular the quality of the distribution of
consumed masses among the different materials. Here, uncertainty is particularly critical
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for metals, as these can have a very high environmental impact per mass of consumed
material. For example, increasing the annual consumed mass of palladium by only 1 t/a
(+9%) would increase the total Swiss GHG emissions by about 11,300 t CO;-eq./a (+0.01%).
Finally, results related to the mobility sector are expected to have a much lower uncertainty.
On the one hand, we could provide a good average material composition and lifetime of
the categories of vehicles. On the other hand, we had access to accurate, up to date, and
reliable data on national fuel consumption.

4.4. Limitations of This Study and Further Research

This study presents some methodological limitations. Perhaps the main one concerns
the authors’ best guess estimations of the direct and indirect influence of a consumer on
GHG emissions. As mentioned, the differentiation between direct and indirect influence
has to be seen as a strong simplification of reality. Nonetheless, it provides a first basis
for discussion with transparent assumptions. Another limitation of this study concerns
data availability. Information on the material composition of goods comes from different
sources with different quality, and sometimes the best guess assumptions of the authors
were necessary. In addition, it was not always possible to find an equivalent product name
in the ecoinvent database for each type of material mentioned in Section 2.1, and some-
times proxies were chosen instead. Finally, a last limitation relates to the methodological
difference in calculating material flows in the three main sectors (construction, mobility,
and production and consumption) using stock-driven and inflow-driven approaches. Yet,
care has been taken in avoiding double-counting and including all possible material flows.
A comparison with national statistics confirms the plausibility of the results obtained [76].
Nonetheless, in the future a common methodology along all sectors of the economy should
be used instead.

In the assessment of the environmental impacts, we focused on climate change and
the achievement of the Paris Agreement goals. However, there are other major human-
induced environmental changes threatening planetary habitability. Rockstrom et al. [1] and
Steffen et al. [2] defined what they called the “planetary boundaries” of a “planetary playing
field” for humanity. We addressed some of them—such as the alteration in biogeochemical
flows, biosphere integrity, and land-system changes—in an aggregated way with the
Ecological Scarcity Method (see Appendix A). However, it would be important to look at
all planetary boundaries in a systemic way in order not to shift the environmental burden
to other resources or other places.

In addition, this study only considers the influence of consumers on climate change.
However, as mentioned by Hsu et al. [12], other state and non-state actors also play an
important role in mitigating GHG emissions, and cooperation among them is often needed.
A multi-stakeholder analysis would be a relevant follow-up to this research.

Finally, a further important dimension that ought to be considered in addition to
the what (which materials are consumed, which impacts are generated) and the who
(which stakeholders are involved) is the how: How do material flows need to be changed?
How do stakeholders need to act and when? Which possible future pathways allow the
transition back to a safe operating space? Research on this topic is still scarce (see, e.g.,
Giinther et al. [93]).
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Appendix A
2018 Consumption Greenhouse gas | Global environmental
(DMC) emissions impact
Category Mt/a % Mt CO,- % T eco- %
eg/a points/a

Electricity (toe) 1.8 2% 5.6 6% 15.0 9%
Motor fuel 6.3 7% 247 25% 22.2 14%
Combustible 6.7 8% 19.2 19% 13.8 8%
Food 8.7 10% 18.1 18% 46.9 29%
Fodder, animals 0.6 1% 0.2 0.8
Gravel, sand 6.7 8% 0.2 0.7
Asphalt 1.3 2% 0.4 0.4
Concrete 39.8 46% 3.1 3% 3.7 2%
Brick 2.9 3% 0.9 1% 0.8
Glass, ceramics 34 4% 1.6 2% 2.0 1%
Steel 2.3 3% 4.8 5% 10.5 6%
Aluminum 0.2 2.2 2% 3.2 2%
Other metals 0.1 1.0 1% 135 8%
Plastics 1.2 3.3 3% 3.1 2%
Textiles 0.3 4.5 5% 7.0 4%
Wood, paper 2.5 15 2% 25 2%
Electronics, batteries 0.1 3.3 3% 111 7%
Chemicals 2.1 2% 4.4 4% 6.4 4%
Total energy carriers 14.8 17% 49.5 50% 51.0 31%
Total food products 9.3 11% 18.3 19% 47.7 29%
Total solid materials 62.7 72% 31.1 31% 65.0 40%
Total 86.9 100% 98.9 100% 163.8 100%

Figure A1. Annual Domestic Material Consumption (DMC) in Switzerland for 2018 and the environ-
mental impacts generated by it (toe: tons oil equivalents).
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Figure A2. Detailed representation of the mass flows generated by Swiss Domestic Material Con-

sumption in 2018.
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Figure A3. Detailed representation of the greenhouse gas (GHG) emissions generated by the mass

flows of the Swiss economy in 2018.
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Figure A4. Detailed representation of the total environmental impact generated by the mass flows of

the Swiss economy in 2018.
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Figure A5. Representation of the total environmental impact generated by the Swiss Domestic
Material Consumption (DMC) divided into 18 material categories and 28 consumption categories.

Table Al. Assessment of the direct and indirect influence of consumer behavior for the 28 consumption categories considered

in the frame of this study.

. Indirect Direct i
Consumption Category Influence Influence Description
Single-family houses 3% 97% When owned: direct influence, as owners can decide on the composition and structure of the building, its
Apartment buildings 84% 16% heating system, and renovation measures.
Rented: indirect influence.
The percentage is calculated from the number of owned and rented single-family houses, resp. apartments
buildings in Switzerland [94,95], regardless of their size.
Service buildings 100% 0%
Alncllustrlal buildings 1000/° 00/0 Indirect influence. Single individuals cannot—with their consumption behavior—modify the emissions
gricultural buildings 100% 0% - . . .
1 o o generated by the construction, maintenance, and end-of-life of this infrastructure.
Other buildings 100% 0% . . X . N
o, o The entire population benefits from this infrastructure. Even if someone does not own a car, for example, the
Streets 100% 0% d d th d X for th . P’ d h . bli N
Rail 100% 0% person depends on the road network for the transportation of goods or when using public transportations.
Supply and disposal 100% 0%
Two wheels 0% 100% Direct influence. Individuals’ personal decisions to use a bike or a motorbike or not and how much to use it.
Passenger cars 7% 93% Privately owned: direct influence. Decision of the individual to own or not a passenger car, of which type,
and how much it is driven. Owners are, however, often in a locked-in situation (you ride what you have).
Company fleets: indirect influence.
The percentage is calculated from the total distance daily covered within the country for private reasons vs.
for business [96].
Transporters 100% 0% Indirect influence. An individual cannot influence the attributes of the vehicles and the distance they cover.
Lorries 100% 0% The transportation of goods benefits the entire society.
Buses 0% 100% Direct influence. The individual decides to either use public transportation or not. In reality, however, the
use of public transportation is not merely demand-driven. The offer of public transportation is also a result
of political and economic decisions.
Agricultural and 100% 0% . . . . . .
in c%\rxlsz‘lial \r/Zheil?les ° ? Indirect influence. The consumer cannot 1nﬂuenct<}e1 the :ype of ‘vfhlcles used and their performance. Vehicles
Trailers 100% 0% serve the entire society.
Trams 0% 100% Same as for buses.
Trains 20% 80% Public transportation: direct influence. Predominantly there is a direct influence on whether to use trains as a

mean of transportation or not. In reality, however, the use of public transportation is not only
demand-driven; the network is also a result of political and economic decisions.
Freight transportation: indirect influence.
The percentage has been calculated from the operating performance of trains (million vehicles.km for the
transportation of goods vs. passenger traffic) [97].
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Table A1. Cont.

Consumption Category

Indirect
Influence

Direct
Influence

Description

Boats

67%

33%

Public transportation and private vehicles: direct influence.
Transportation of goods: indirect influence for goods transportation.
The percentage has been calculated from the share of motor fuel consumption between cargo ships vs. public
passenger and private passenger ships [64].

Airplanes

80/0

92%

Public transportation and private vehicles: direct influence (no distinction between private and
business travels).
Transportation of goods: indirect influence.
Percentage calculated from the mass of transported goods vs. the estimated mass of transported
passengers [98,99].

Cable cars

OO/U

100%

Direct influence. Individuals own decision to use cable cars or not.

Food

18%

82%

From the moment food is bought: direct influence. Individuals make decisions on the type, origin, and
quantity of food consumed as well as the amount of food wasted.
Supply chain: indirect influence.
Percentage calculated from the share of food waste taking place before and after the consumer buys the
product [66].

Furniture

38%

62%

Goods in dwellings: direct influence.
Goods in service and industrial buildings: indirect influence.
The percentage has been calculated from the share of mass of single-family houses and apartment buildings
(direct influence) vs. the mass of the remaining types of buildings (indirect influence) [65,100].

Clothing, accessories

00/0

100%

Direct influence. Individuals make decisions on the type, origin, and quantity of clothing and accessories
they buy.

Communication,
education

50%

50%

Private goods: direct influence
Goods in services and the industry: indirect influence.
Percentage estimated by authors as no available data found.

Leisure, entertainment

0%

100%

Direct influence. Individuals make decisions on the type and quantity of leisure and entertainment activities
they engage in.

Health

0%

100%

Direct influence. Individuals make decisions on the type, origin, and amount of body care products, cleaning
agents, and drugs they buy.

Industry

100%

00/0

Indirect influence. The type and quantity of materials and energy used by the industry are beyond the
control of a consumer.

Table A2. Classification of data uncertainties according to six data quality dimensions [90,91]: from A: “High quality of

data” to E: “Low quality of data”.

Data inputs Source Type of Data Accuracy Validity Reliability Timeliness Relevance Completeness
Accurate C . . Age of data is Data The information is
ompliance Collection . . .
enough for with require- rocess appropriate applicable and comprehensive
intended q pro for the task at useful for enough to match
ments consistent .
use hand intended use data needs

Statistical

Imports [57] database A A A A A A
Statistical

Exports [57] database A A A A A A
Domestic Statistical

extraction (58] database A A B B A A

Electr1c1t.y [60] Statistical A A A A A A
consumption database
Animal Statistical

products [o1] database A A B B A A

Built stock [62,63] Scientific C A C C A B

reports

e Statistical

Mobility stock [59] database A A B B A A
Statistical
Literature databqsgs,
. scientific

Material review and reports and
i best guess - . C A B-C D A B
composition N articles, online
assumptions

of the authors

sources and
expert
estimates
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Table A2. Cont.

Data inputs Source Type of Data Accuracy Validity Reliability Timeliness Relevance Completeness
Literature
review and
Lifespans best guess C A C C A B
assumptions
of the authors
Environmental Scientific
. ts [70,71] reports (LCI) A A A B A A
rmpac database)
Literature
Direct and review and
indirect best guess
influence of assumptions B A B-C A A B
consumer of the authors
(see Table A1)
50.0 28.3% : 28.0% ; 43.7% —
: : @ Direct influence
H ! @ Indirect influence
450 : 432
H Influence:
Direct: 523
Indirect: 46.6
Mt CO-eq./a
)
g
o
o
g
Construction Mobility Production & consumption
Figure A6. Allocation of the greenhouse gas emissions through consumption to the direct and
indirect influence of the resident population for construction, mobility, and production and consump-
tion, respectively.
Appendix B
The conversion of electricity in tons of oil equivalents (toe) has been calculated as
follows: first, we defined the amount of GHG emissions per unit of Swiss electricity mix
at the socket (including import shares) provided in the ecoinvent database [71]. This
amounts to 0.102 kg CO,-eq. per kWh (or 28.3 tons of CO,-eq. per TJ). We then divided
this value by the emission factor of oil products provided by the Swiss Federal Office for
the Environment (FOEN), which amounts to 3.15 kg of CO;-eq. per kg of oil [101]. We
therefore obtained a value of 0.03 kg of oil equivalents per kWh (or 8.97 toe per TJ) [64].
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