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Servicing or Buying New? Estimating the Environmentally Optimal
Time for Car Replacement in Sweden — an LCA Approach.

LARISSA PATRICIA WISSERT

Wissert, L. P., 2022: Servicing or Buying New? Estimating the Environmentally Optimal Time for Car
Replacement in Sweden — an LCA Approach. Master thesis in Sustainable Development at Uppsala University,
No. 2022/10, 53 pp, 30 ECTS/hp

Abstract:

Purpose. Road transportation is one of the major sources of GHG emissions today. Technological improvements
in fuel consumption, as well as the electrification of vehicles can reduce emissions from road transportation.
This study aims to investigate the optimal time for vehicle replacement in Sweden for an ICEV to minimise
GHG emissions. While many LCA studies compare the total emissions from ICEVs with BEVs and conduct a
break-even analysis, little focus is dedicated to the implications of the results. Previous studies did not estimate
the time of vehicle replacement at which GHG emissions are minimised. To represent the Swedish vehicle fleet,
the optimal replacement time is estimated for a Volvo V70 (petrol, 2011 model), when replacing it with a Volvo
V60 (petrol, 2020 model) (Scenario 1), correspondingly when replacing with a Polestar 2 (battery-electric, 2020
model) (Scenario 2). Methods. For the estimation of lifetime emissions resulting from the three vehicle models,
a Life Cycle Analysis was conducted. The functional unit investigated was 200.000 km driven with the V70,
the V60 and Polestar 2, assuming that the vehicles were operated in Sweden. The emission values are then used
to model the vehicle replacement in each scenario and the results are analysed. Findings. The LCA study
showed that the V70 emits 64,08 tCOzeq. over its total lifespan, the V60 46,48 tCOzeq., and the Polestar 2 29,05
tCO2eq. The study showed that there is not one optimal replacement time, but the optimal time for vehicle
replacement, from a carbon emission point of view, is inherently linked to the total driven mileage and number
of cars owned. However, the trend shows that the time of replacement in Scenario 1 should be close to the End-
of-Life of the V70. For Scenario 2 it is beneficial to replace the V70 immediately.

Keywords: Sustainable Development, Life Cycle Analysis (LCA), Vehicle Replacement, ICEV, BEV, GHG
Emissions.

Larissa Patricia Wissert, Department of Earth Sciences, Uppsala University, Villavdgen 16, SE- 752 36 Uppsala,
Sweden
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Summary: Cars contribute to increasing greenhouse gas emissions and enforce global warming. Their
emissions result not only from their usage, but also from the production, the maintenance, and the waste-
treatment after the car is not usable anymore. During the past decades, vehicles became increasingly efficient,
and electric vehicles entered the market. Many people showed increased interest in and consciousness of climate
change, and how emissions can be reduced when already owning a vehicle became a more relevant question. Is
it more sustainable to continue driving the current car, or when is it better to replace it with a new vehicle? This
study aims to give answers to this question, by having a look at the average vehicle on the Swedish roads. The
cars investigated here are two petrol cars - a Volvo V70 from 2011, a Volvo V60 from 2020 - and the full-
electric Polestar 2, also from 2020. For those car models, the study calculates first their carbon footprint, and
then compares two replacement scenarios: (1) when is it more sustainable to replace the V70 with the V60?
And (2) when is it more sustainable to replace the V70 with an electric Polestar 2? The results showed that its
most sustainable to keep the V70 up to 200.000 km when the new car model has also a combustion engine.
When the new vehicle is a full-electric one, it is most sustainable to replace the V70 as soon as possible.

Keywords: Sustainable Development, Life Cycle Analysis (LCA), Vehicle Replacement, ICEV, BEV, GHG
Emissions.

Larissa Patricia Wissert, Department of Earth Sciences, Uppsala University, Villavigen 16, SE- 752 36 Uppsala,
Sweden
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1. Introduction

Global emissions are still rising, and the consequences of climate change are becoming increasingly
observable (IEA, 2022a). To minimise the impacts, it is paramount to reverse or lower the rate of
global temperature rise by reducing present greenhouse gas (GHG) emissions dramatically (IPCC,
2021). Over the past decades, GHG emissions fell in most sectors, while they have been increasing
for transportation. Within it, most emissions result from the transportation on road, including from
passenger vehicles, commercial vehicles, as well as light- and heavy duty trucks (European
Parliament, 2019).

The global climate crisis demonstrates the criticality in re-thinking consumer choices and the need to
get a transparent view of emissions caused by consumption of products (Schaubroeck et al., 2020). In
Sweden, around every second person owns a passenger vehicle (Trafikanalys, 2022). Owning a vehicle
comes with high GHG emissions throughout its lifetime. Carbon emissions arise from the vehicle
production, but also from its fuel or energy consumption while driving, maintenance activities and the
scrapping after is End-of-Life (Hawkins et al., 2013; Schaubroeck et al., 2020). Vehicle models
become increasingly efficient over time thanks to technological improvements, leading to a reduced
consumption of fuel and energy, thus lowering GHG emissions (EEA, 2021a). Especially electric
vehicles are today considered to be a more sustainable alternative to conventional combustion engines
(Nordelof et al., 2014).

Whenever products improve in efficiency and significantly lower their emissions, the question rises
whether it is more sustainable to keep the current product or to replace it — and if so, how long the
current product should be used before replacing it with a more efficient successor, so that, holistically,
life cycle emissions are minimised. This becomes especially relevant for products with high emissions
during their lifetime — such as passenger vehicles (Schaubroeck et al., 2020). Car owners have to
decide for themselves when the optimal lifetime of their vehicle is reached and when they want to
replace it with a new one. To make a well-informed decision, it is important to have an overview over
the emissions from vehicles, which enables comparison of different alternatives. However, it is also
important to get an insight into and a method for the estimation of the environmentally optimal time
for vehicle replacement.

1.1. Objective

This project aims to estimate the environmentally optimal time of replacement for a passenger vehicle
by using Life Cycle Analysis (LCA) as method.

In two different scenarios, the study investigates the total emissions resulting from car ownership of
two vehicles: an older vehicle and a newer model replacing it. The aim is to calculate the optimal
lifespan for the initial vehicle, i.e. the point in time for the vehicle replacement. This point is reached
when the total GHG emissions from owning and operating the two models are minimised. The optimal
lifespan is calculated for two scenarios, where different vehicle models serve as potential
replacements. Firstly, an internal combustion engine vehicle (ICEV) which is fuelled with petrol.
Secondly, a battery electric vehicle (BEV), which is entirely fuelled with electricity. The initial model
is assumed to be a petrol fuelled ICEV.

The most registered engine type in Sweden is petrol fuelled ICEV (Trafikanalys, 2022). To display a
realistic overview over the Swedish passenger vehicle fleet, this engine type was chosen for the initial
model. It was also chosen for the replacement model in Scenario 1. This scenario displays the optimal
lifespan of the initial model, when replacing it with a new model of the same engine type. However,
the number of electric vehicles (EV) are constantly rising in Sweden over the last years (ibid). The
country aims to phaseout the sale of newly produced ICEVs by 2030 (ICCT, 2021, p.6). Therefore,
Scenario 2 was chosen to display the replacement of an ICEV with a new BEV — a scenario that could



be relevant for many car owners in the upcoming years.
The vehicle models chosen for this study were:

e Initial vehicle model: Volve V70/2011
The average Swedish vehicle age is around 10 years (ACEA, 2022, p.10). The most sold
passenger vehicle in Sweden in 2011 was the Volvo V70 (Kageson, 2013). Therefore, the V70
was chosen as initial vehicle model.

e Replacement Scenario 1: Volve V60/2020
In 2021, the most registered vehicle in Sweden was the Volvo V60 (Statista, 2022). It was
therefore chosen as the replacement vehicle in Scenario 1.

e Replacement Scenario 2: Polestar 2/2020
The most popular BEV in Sweden in 2021 was the Tesla Model 3 (ibid). However, the Polestar
2 was chosen as replacement model since Polestar is a company also owned by Volvo Cars.
To have a better comparison between the models, three models from Volvo Cars were chosen.

The focus is on the environmental indicator of global warming potential (GWP). Other indicators are
not considered in this study. That being said, the study will frequently refer to the point of lowest
GHG emissions as the “environmentally optimal” for readability.

The potential replacement of a vehicle is a decision that needs to be made by every car owner at one
point during their ownership. However, there is no evaluation and estimation yet when it is more
environmentally beneficial to replace a vehicle with a newer and more efficient model. This study
aims to shed light on the matter.

1.2. Research Questions

This study provides a framework for car owners to evaluate when it is environmentally more
sustainable to replace their current car model with a more efficient, new model. The research questions
are therefore:

o What are the total life cycle emissions from a Volvo V70, V60, and a Polestar 2?

e After what mileage should a Volvo V70 be replaced by a V60 in order to minimise aggregate
GHG emissions from the two cars?

e After what mileage should a Volvo V70 be replaced by a Polestar 2 in order to minimise
aggregate GHG emissions from the two cars?



2. Literature Review

The following section gives an overview over the passenger vehicle fleet on different geographical
levels, and reviews relevant literature around the life cycle emissions from passenger vehicles.

2.1. Passenger Car Fleet

2.1.1. Global

In 2010, the global car fleet hit the mark of one billion cars for the first time. Five years later, almost
950 million passenger cars and around 335 million commercial cars were on the roads. The number of
passenger vehicles globally increased by around 30% within only ten years and are expected to
continue rising (Statista, 2021).

Statistically, Europe, North America, and the Pacific region have the highest car ownership rate in the
world. On the European continent, almost every second person owns on average a vehicle. However,
especially outside those three main regions, the projected number of vehicles in the future will rise
significantly (Hao et al., 2016). By 2040, the global car fleet is expected to almost double to two
billion vehicles, largely due to population and GDP growth in China and India (World Economic
Forum, 2016).

Global car sales in 2019 were dominated by gasoline cars representing 79%, while BEV only made up
around 2%. In 2030, the latter is predicted to rise to 18%, while gasoline cars will decrease to an
estimated 44% (Statista, 2020). In a few decades, alternative drivetrains will replace around 50% of
today’s ICEVs, with BEVs being the leading vehicle category (Bloomberg NEF, 2021).

2.1.2. European Union

The European Union targets to produce “no net emissions of greenhouse gases [by] 2050 and [aims
for] economic growth [which] is decoupled from resource use (European Commission, 2019, p.2)”. A
major contributor to this will be the transition towards “sustainable and smart mobility (ibid, p.3)”.

Today, the European mobility sector is further away from climate neutrality than ever before. During
the past 20 years, the emissions were reduced in the energy, industry, residential, and agricultural
sectors compared with their 1990 levels. However, the emissions in the transportation sector are still
increasing annually. Contributing around 27% of Europe’s total GHG emissions, the sector is the
largest emitter (Transport & Environment, 2018, p.8; European Parliament, 2019).
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Fig. 1. Emissions from the transportation sector by source. Data from European Parliament (2019). Illustration

by the author.

Fig. 1 shows the distribution of emissions in the transportation sector. Accounting for 72% of the total
emissions in the sector, road transportation is the main source. More than 60% of those emissions
come from passenger and commercial vehicles. This demonstrates the necessity of emissions reduction
in this sector (European Parliament, 2019). To achieve carbon neutrality, the European Union aims to
cut the emissions in the transportation sector by 90% by 2050, especially through the transition
towards alternative fuels such as biofuels, hydrogen, and the electrification of vehicles (European
Commission, 2019, p.10).

Today, there are almost 247 million passenger cars on the roads in the EU and 349 million passenger
cars on the European continent. In 2020, almost 94% of the passenger cars in the EU are ICEVs, more
than half of the total car fleet is fuelled by petrol, and only around 0,5% are EVs. The average vehicle
age is 11,8 years. The oldest cars on average are driven in Lithuania and Romania, with a vehicle age
of around 17 years. The youngest passenger car fleet has an age of only 6,8 years on average and can
be found in Luxemburg (ACEA, 2022, p.10).

Since the turn of the millennium, the trend went towards heavier vehicles with increased power. While
the average vehicle mass in 2000 was around 1268 kg, it increased by 10% to 1392 kg in 2015.
Especially SUVs and larger vehicles are more popular than ever and highlight one of the reasons why
European transportation emissions do not fall the way they should. A reduced vehicle mass of 100 kg
can save on average around 5,4 gCOseq./km for vehicles with an internal combustion engine
(Transport & Environment, 2018, p.31).

2.1.3. Sweden

In Sweden, a total number of 4,987 million passenger vehicles were registered in 2021. During the
past four years, (2018-2022) the share of new registered EVs out of newly registered cars in Sweden
increased from under 5% to around 18%, while petrol cars become significantly less popular
(Trafikanalys, 2022).

The Swedish government has an ambition to increase the number of rechargeable vehicles significantly
during the current decade. The country aims to phase out the sale of new produced ICEV vehicles by
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2030 (ICCT, 2021, p.6). To make the purchase of a new, environmentally friendly car more attractive,
the Swedish government introduced a bonus payment for “low emission vehicles/klimatbonusbilar
(Transport Styrelsen, 2021)”. The maximum bonus is around 70.000 SEK for vehicles with zero
operation emissions but covers all vehicle purchases that emit less than 60 gCO»eq./km (ibid).

With an average age of 10,2 years, the Swedish passenger car fleet is around one year younger than
the average vehicle in the European Union (ACEA, 2022, p.10).

2.2. LCA Method

The Life Cycle Analysis (LCA) is a method for the estimation of environmental impacts. Its structure
and fundamental elements are standardised since 1997 through the ISO 14040 standardisation
(Hauschild, 2018). The main characteristic of the LCA method is that it considers the holistic life
cycle of a product or process. By considering emissions from all product life stages and by giving “a
systematic overview and perspective, the shifting of a potential environmental burden between life
cycle stages or individual processes can be identified and possibly avoided (ISO 14040, 2006, p.7)”.

Besides the consideration of a total lifespan, LCA studies are characterised by covering a wide range
of environmental indicators. The most prominent indicator is the Global Warming Potential (GWP).
To display the holistic impacts of a product on the environment, however, it is necessary to consider
more indicators such as the usage of freshwater resources, toxicological impacts on the ecosystem and
on human health, to name a few. The greatest benefit from using the LCA method is that it allows for
the quantification of emissions and environmental damages, based on a standardised, scientific
approach (Bjorn et al., 2018a).

LCA studies include four phases: defining the goal and scope of the project, the life cycle inventory,
the impact assessment, as well as the interpretation of the results (Fig. 2).

Goal and Scope _
definition - —
A
Direct Applications:
Y - product development
and improvement
Inventory analysis — Interpretation - - strategic planning
N — - - public policy making
- marketing
- other
Y
Impact assessment >

Fig. 2. LCA framework demonstrating the four phases according to ISO 14040 (2006). Illustration by the author.

Goal and Scope: The definition of the goal and scope concerns the relevance and purpose of the LCA
study. It is important that it is clearly formulated and presents why the study is performed and for



whom. The first part requires a precise definition of the functional unit. The functional unit works as
a reference for the input and output data of the study and enables the study results to be compared
with other LCA results. Besides the functional unit, it is important to define the system boundaries of
the study by determining what belongs to the product’s life cycle. Furthermore, the assessment
parameters and geographical as well as temporal boundaries of the LCA must be defined (ISO 14040,
2006, p.8; Hauschild, 2018).

Inventory Analysis: The aim of the inventory analysis is to gain information and to collect data about
the material, energy, and waste flows within the product system (ibid).

Impact Assessment. The impact assessment is the analysis of the life cycle inventory and quantifies
the environmental impacts of the functional unit, including all its physical flows over the lifetime
(ibid).

Interpretation: The interpretation of the LCA results put the performed study into perspective with
previous studies and allows for conclusions (ibid).

The main strength of LCA studies is that they allow for the quantification of environmental impacts.
By comparing products, it is possible to draw conclusions which of the products has the lowest impacts
on the environment. However, LCA results alone cannot answer the question whether the emissions
of a product are sufficiently low (Bjern et al., 2018a).

LCA studies first became popular in the 1960s, as a reaction to the increasing environmental concerns
from society. In the 1990s, the method became more standardised and started to be used for the
investigation of entire vehicles and their components (Bjern et al., 2018b). Today, many studies
research alternative driving techniques. Nordelof et al. (2014) conducted a review of 79 LCA studies
investigating rechargeable vehicles. One of their main findings was that many studies lack in defining
a precise goal and scope for their performed project. This often makes it difficult to draw real-life
conclusions out of the studies for policy makers and society alike. Furthermore, they identified some
factors which vary between car owners and are often not considered when performing those studies:
The real-life emissions resulting from vehicles depend significantly on individual driving behaviour
and the location of driving (including city, suburban and highway driving). Additionally, the daily
average driven mileage can differ significantly and might influence the fuel consumption and thus the
resulting emissions. LCA studies that investigate the impacts of rechargeable vehicles should —
according to the authors — put a stronger focus on the evaluation of the electricity mix that fuels the
BEV and address the issue that the recycling processes of Li-batteries cannot be considered as given
yet (Nordelof et al., 2014).

2.3. Vehicle Life Cycle

Emissions between ICEVs and BEVs differ significantly for all the displayed phases of a vehicle
during its lifetime (Energiforsk, 2021). In the next sections, the emissions estimated in literature and
the differences between the engine types are explained.

2.3.1. Vehicle Life Stages

A typical vehicle life cycle includes three main phases: the production, its operational phase, and its
End-of-Life (EoL) (Hawkins et al., 2013). Fig. 3 illustrates the different phases a passenger vehicle
goes through during its lifetime.
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Fig. 3. Overview of vehicle life stages. Illustration by the author.

The emissions during the production phase usually starts with the extraction of raw materials needed
for the construction of the vehicle. The materials are used to produce car components, such as the
chassis, electronics, vehicle engine and battery. Those parts are transported to the place of the vehicle
assembly, where all parts are put together. The newly produced vehicles are distributed to retailers
and customers (Hawkins et al., 2013).

The operational phase of a vehicle includes two different factors: The combustion of fuel or
consumption of electricity and the maintenance of the vehicle. The combustion of fuel comes with two
sources of emissions: First, the emissions resulting from the extraction, production, and distribution
of the fuel — the so-called Well-to-Tank emissions (WTT), secondly from the actual combustion of the
fossil fuel — the so-called Tank-to-Wheel emissions (TTW). For the operation of electric vehicles,
emissions only arise from the production of the electricity. Depending on the energy source the number
of emissions can vary. Unlike ICEVs, electric vehicles do not emit carbon when driven (European
Commission, 2014). Emissions from driving with a vehicle are measured since 1997 using the so-
called New European Driving Cycle (NEDC). The NEDC is a European standardised method for the
estimation of the fuel consumption of vehicles under laboratory conditions. The NEDC value indicates
the average, minimum, and maximum amount of fuel and/or electricity a vehicle consumes per 100
km. Since 2017, the so-called Worldwide Harmonized Light Vehicle Test Procedure (WLTP)
superseding the NEDC. The testing is assumed to measure more precise emission values compared to
the NEDC standardisation (European Commission, 2017). The maintenance of a vehicle includes both
regular and irregular maintenance activities. A regular activity is the service that is suggested by the
vehicle manufacturer in a specific interval. Irregular maintenance describes repair and spare part
replacement activities due to broken parts and components (Danilecki et al., 2021).

At the end of every vehicle’s lifespan, emissions arise from scrapping and recycling of materials
(Hawkins et al., 2013).

2.3.2. Life Cycle Impacts of Internal Combustion Engine Vehicles (ICEV)

Conventional passenger vehicles with internal combustion engine are still the most popular car
category not just in Sweden, but around the world (Bloomberg NEF, 2021; Trafikanalys, 2022). Since
this study aims to investigate the optimal lifespan of an ICEV, an overview of the LCA literature and
results is provided in the following paragraphs.

One of the most commonly used datasets for automotive LCA studies are based on data gathered by

Schweimer and Levin (2000). Their study provided a detailed analysis of a Golf A4 and was used as
the cornerstone in a large number of LCA studies since (Danilecki et al., 2021). Over the past years,
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many studies focused on the cars from the compact class (Hawkins et al., 2013; Pero et al., 2018;
Energiforsk, 2021).

Today, we experience a shift towards heavier and more powerful vehicle models, especially in the
SUV segment (section 2.1.2.). The differences in vehicle categories has also a direct impact on the
life cycle emissions of the cars (Danilecki et al., 2021). To display a wide range of car sizes, Tab. 1
shows emission values for the life stages of a vehicle, starting with small segment cars to SUVs. The
values in the table are displayed in [tCO,eq.], meaning tons of CO; equivalent emissions. The mileage
is displayed in thousand kilometres [tkm] throughout the study.

Tab. 1. Lifetime missions for petrol engines from literature.

Engine | Study Year | Loc | Functional | Prod | Use- EoL Total | Unit
Unit . Phase

Pero et al. | 2018 EU | Small 4,97 | 25,61 - 30,49 | tCOzeq.
segment car,
150 tkm

Energifors | 2021 SE Passenger 5,40 | 30,60 0,60 | 36,60 |tCO2eq.
k car (not
specified),
200 tkm

Giradi et | 2015 IT VW Golf, - - - 46,20 | tCO2eq.
al. 150 tkm

Bieker 2021 EU | Passenger 6,00 | 43,00 - 49,00 | tCO2eq.
car (not

ICEV/ specified), g
CO2 eq./km

travelled
petrol

Hawkins et | 2013 EU | Mercedes - - - 51,66 | tCOzeq.
al. A-class (C-
segment),
per km
driven

Polestar 2020 SE XC40 16,10 | 41,00 0,60 | 57,70 | tCO2eq.
(SUV), 200 .
tkm

Volvo Cars | 2021 SE XC40 15,70 | 43,00 0,60 |59,30 | tCO2eq.
(SUV), 200
tkm

The LCA studies shown in Tab.1 vary in the estimated lifetime emissions, partly because they also
differ in the functional unit investigated. In automotive LCA studies it is crucial to state clear vehicle
characteristics, as well as the assumed lifetime, typically expressed in kilometres, during which the
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car is operated. Depending on that factor, the emissions during the use phase differ since more fuel
and maintenance activities are required (Nordelof et al., 2014). The LCA studies performed by Pero
et al. (2018) and Giradi et al. (2015) chose vehicles with a total lifespan of 150 tkm, while the Swedish
institute Energiforsk (2021), Polestar (2020), and Volvo Cars (2021) assumed 200 tkm for their LCA
studies. Other studies like Bieker (2021), as well as Hawkins et al. (2013) do not specify the total
lifetime of the investigated vehicle.

Polestar (2020) and Volvo Cars (2021) published two independent LCA studies, in which the lifetime
emissions of their BEVs are compared to the Volvo XC40’s (SUV/petrol). The studies both followed
a gradle-to-grave approach, accounting for all emissions from material extraction to the vehicle’s EoL,
except vehicle maintenance, for an assumed lifetime of 200 tkm. Both studies come to almost similar
results, with values that are significantly higher than the results from the other studies shown in Tab.
1. The studies give a direct insight into the materials, processes, and energy that is used in Volvo’s
production. Direct emission data from vehicle producers is often not available or accessible, therefore
the public studies from Polestar and Volvo deliver important data, that can be considered closer to
real-life emissions (Polestar, 2020; Volvo Cars, 2021).

The vehicle production usually accounts for around one fifth to one fourth of the total emissions for
an ICEV. By far the largest part of ICEV emissions result from the fuel combustion during the
operation of the car. The EoL emissions only contribute a minor share of emissions out of the total
value (see Tab. 1).

All studies shown in Tab.1 do not account separately for the emissions caused by the maintenance of
a car during its lifetime. Danilecki et al. (2021) came up with an approach for the inventory of ICE
passenger car maintenance, by investigating the Ford Focus II model from the C-segment. To collect
data around the type of service activities and repair that are needed and at what time in the vehicle
life, they analysed the data from 40 vehicles from an authorised workshop. By comparing the in-depth
analysis of vehicle maintenance with previous performed studies, they found that their results show
almost 58% more overall impacts from car maintenance than stated in earlier studies. Since service
activities and repairs tend to increase in frequency, as well as energy and material usage, the study
provides an estimation of emissions arising from maintenance which is closer to real-life than assumed
earlier (Danilecki et al., 2021).

2.3.3. Life Cycle Impacts of Battery Electric Vehicles (BEV)

In the recent years, studies investigating and comparing electric vehicles with conventional ICEV
increased. The electrification of passenger vehicles is considered to be an impactful tool to decrease
especially GHG emissions resulting from the transportation sector (European Commission, 2019, p.9).

The category of Battery Electric Vehicles sums up cars that are exclusively fuelled by electricity stored
in the vehicle battery. The aggregate emissions of BEVs and the share of emissions per life stage differ
between electric vehicles and conventional ICEVs. Tab. 2 shows the emissions values from the
corresponding studies from the previous section.



Tab. 2. Lifetime Emissions from battery-electric vehicles from literature.

Engine

Study

Year

Loc.

Functional
Unit

Prod.

Use-
Phase

EoL

Tot.

Unit

BEV

Energiforsk

2021

SE

Passenger car
(not
specified),
200 tkm;
Swedish
electricity
mix

8,00

0,60

9,30

tCOzeq.

Bieker

2021

EU

Passenger car
(not
specified), g
CO2 eq./km
travelled

8,00

8,00

16,00

tCOzeq.

Pero et al.

2018

EU

Small
segment car,
150 tkm

8,97

10,40

-0,09

19,29

tCOzeq.

Giradi et
al.

2015

IT

Nissan Leaf,
150 tkm

23,20

tCOzeq.

Hawkins et
al.

2013

EU

Nissan Leaf,
per km
driven

39,36

tCOzeq.

Polestar

2020

SE

Polestar 2
(SUV), 200
tkm

26,20

15,00

0,50

41,70

tCOzeq.

Volvo Cars

2021

SE

C40 (SUV),
200 tkm, EU
28 electricity
mix

26,40

16,00

0,50

42,90

tCOzeq.

Similar to the review of ICEV LCA data, the estimated emissions for electric vehicles differ between

studies due to the investigation of varying functional units (model, mileage, and location).

The Swedish research institute Energiforsk (2021) published a comparative LCA study, putting a
special focus on the differences in emissions arising from different car engines and fuels. Differing
from the other listed studies, the LCA performed by Energiforsk also analysed biofuels and hydrogen
driven passenger vehicles. They assumed a lifespan of 200 tkm and an operational phase under
Swedish conditions. Their results show, that BEVs have the lowest climate impact with around 9,3
tCOzeq. for the entire lifetime (Energiforsk, 2021).
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Volvo Cars (2021) and Polestar (2020) state lifetime emissions of around 40 tCO,eq, with higher
emission values for the production phase and significantly lower emissions during the operational
phase.

Hawkins et al. (2013) performed a comparative LCA study and investigated the impacts caused by
ICEV and EV dependent on the duration of the operational phase. Therefore, they run their simulation
first for a lifespan of 150 tkm, and afterwards for 200 tkm. They found, that BEVs decrease for a
lifespan of 200 tkm the GWP around 27-29% compared to gasoline vehicles. Furthermore, their study
showed that the longer the lifespan of the cars that are compared, the higher are the differences in
emissions between ICEV and BEV. With a higher functional unit, the production as a share of life
cycle emissions will be higher. As such, the difference in life cycle emissions between an ICEV and
a BEV will increase along with an increase in the functional unit (Hawkins et al., 2013).

Girardi et al. (2015) focused on the importance of the electricity mix used in the LCA studies of the
BEVs and concluded that life cycle emissions will vary depending on the composition of the national
electricity mix. Today, the large parts of the electricity mix within Europe are still produced with
fossil fuels. Therefore, the authors argue that it is highly important to consider different scenarios for
the fuelling of BEVs (Girardi et al., 2015).

When comparing the emissions resulting from the production of the BEVs to the ICEVs, the LCA
studies showed, that emissions are higher in the production of electric vehicles. This results especially
from the production of the battery that is needed to store the electricity. The production of a Lithium-
ion battery causes by far the most emissions of all parts used in the construction of BEVs. Dependent
on the battery capacity and size (and therefore range of the vehicle), as well as the location of
production (Bieker, 2021).
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3. Methods

3.1. Description of Vehicles

Based on the information about the Swedish car fleet, three vehicle models were considered in this
study: Old Petrol, New Petrol, and New BEV (see Tab. 3). Tab. 3 provides an overview of the chosen
car models, including car properties such as model name, producer, year of production, vehicle mass,
and power.

The initial vehicle considered in this study is the Volvo V70 from 2011. The car model is today around
10 years old and therefore represents the average vehicle age in Sweden (see section 2.1.3.).
Replacement Scenario 1 investigates the replacement with a Volvo’s V60 model from 2020. The V60
is around 10 years younger than the V70 and has the same type of engine (ICEV/petrol). Replacement
Scenario 2 investigates the battery-electric Polestar 2 produced in 2020. The Polestar 2 is also around
10 years younger than the V70. While the ICEV models show a similar weight of 1700 kg, the
Polestar 2 is with 2110 kg around 400 kg heavier (see Tab. 3). BEVs are on average 24% heavier than
comparable ICEV models (Timmers & Achten, 2016). The vehicle models are therefore considered to
be comparable with each other.

Tab. 3. Properties of the investigated vehicle models V70, V60, and Polestar 2 ([1] (Car.info, 2022a);[2]
(Car.info, 2022b);[3] (Polestar, 2020);[4] (Electric Vehicle Database, 2022)).

Properties Initial Vehicle Replacement Scen. 1 Replacement Scen. 2
Model name V70 V60 Polestar 2
Manufacturer Volvo Cars Volvo Cars Polestar

Production year 2011 2020 2020

Engine ICEV/petrol ICEV/petrol BEV

Mass [kg] 1695 [1] 1734 2] 2110 [3]

Power [kW] 125 [1] 120 [2] 300 [4]

Polestar was established in 1996 and was acquired by the Volvo Group in 2015. All three chosen cars
were built under the head of Sweden’s largest car manufacturer Volvo Cars (Volvo Cars, 2022a), and
are therefore considered to be comparable among each other.
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3.2. Life Cycle Analysis Approach

Emissions arise throughout the entire life cycle of vehicles, starting with the extraction of raw
materials, followed by the production and use-phase, ending with the disposal as described in section
2.3.1. To quantify the aggregate value of emissions for a vehicle, the method of Life Cycle Analysis
(LCA) is used. The LCA study is implemented using two approaches of emission estimation: using
emission factor with data for a V70 petrol (2011), a V60 petrol (2020), and a full-electric Polestar 2
(2020) (see section 3.2.1. and 3.2.2.), using SimaPro LCA software (version 9.3.0.3) focusing on the
impact category of global warming potential (GWP). The emissions included in this study are CO,,
CHs4, and N»O, described by the unit [CO,eq.] representing GHG emissions.

3.2.1. Goal and Scope

Goal

The goal of this LCA study is to determine the GHG emissions of car models: Old Petrol, New Petrol,
and New BEV along their life cycle. The emission values will be used to compare these models from
carbon footprint point of view and determine the environmentally optimal replacement scenario for
the old petrol vehicle (V70) with other new car models (V60 and Polestar 2). This provides a
framework for customers to evaluate when it is optimal to replace their current car with a new one.

System boundary

This study follows a cradle-to-grave approach. This means that emissions resulting from the
production, use-phase, and waste-treatment (at End-of-Life) of the vehicles are considered. Fig. 4
illustrates the system boundary with a flow chart of major processes in a car supply chain while Fig.
3 displays the simplified life cycle stages of each vehicle considered in this study. However, the
emissions from the production and waste-treatment stages were adapted from previous studies
(Polestar, 2020; Volvo Cars, 2021) while the use-phase was the focus of the emission calculations.
These car models are produced and used in Sweden. Therefore, emissions arising from the
transportation of vehicle parts and newly produced vehicles to their destination are considered
negligible and not considered. A list of all assumptions and limitations can be found in section 3.2.5.
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Fig. 4. System boundary. Illustration by the author.

Functional unit

The functional unit of this study is 200 thousand km (shortened to [tkm] in this study) of driving
distance under Swedish conditions for each vehicle introduced in section 3.1. Swedish conditions refer
to the LCA inventory for which datasets were chosen according to the geographical location Sweden.
The mileage of 200 tkm was chosen, because it gives the opportunity to get a long overview over the
lifetime emissions (Weymar & Finkbeiner, 2016) and represents the average vehicle age in Sweden
(ACEA, 2022, p.10).

3.2.2. Life Cycle Inventory

Data type and sources

There are two types of data which were used for the calculation of emissions: values taken directly
from literature and data from literature that was adjusted to the vehicle models used in this study.
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Literature based data:

1. The emissions values for the production of the V70 and V60 were taken from the LCA study
performed by Volvo Cars in 2021. The values for the production of the Polestar 2 were taken
from the LCA study performed by Polestar in 2020. Both studies aimed to compare the lifetime
emissions of the Polestar 2 with the emissions from Volvo’s XC40 ICEV/petrol model (2020).
The emissions caused during the entire production process of a vehicle significantly depend
on the engine and weight of the individual vehicle (Transport & Environoment, 2018, p.31).
The weight of Volvo’s XC40 model is 1690 kg comparable with the weight of company’s V70
and V60 models presented in Tab. 4. The benefit of Volvo Cars LCA study is that the processes
of assembly and production are based on Volvo’s internal data (Volvo Cars, 2021). The
emission values from the production of the XC40 are therefore considered to be equal to the
emissions resulting from the production of the V70 and V60 models.

Tab. 4. Emissions from vehicle production (Polestar, 2020; Volvo Cars, 2021).

Model Material Assembly Unit Reference
production

V70 14 1,7 tCO2eq. Volvo Cars,
2021.

V60 14 1,7 tCO2eq. Volvo Cars,
2021.

XC40 14 1,7 tCO2eq. Volvo Cars,
2021.

Polestar 2 | 24 2,2 tCO»eq. Polestar, 2020.

2. The combustion of fuel for the V70 and V60 was estimated according to the NEDC standard,
while the electricity consumption was modelled according to the WLTP standard. Furthermore,
it is assumed that the consumption of fuel and energy stays constant throughout the lifetime
of a vehicle. Therefore, the average consumption values were chosen. In Tab. 5 the minimal,
maximal, and average fuel (ICEV) and electricity consumption (BEV) per 100 km driven are

shown, as well as the resulting emissions per kilometre driven.
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Tab. 5. Emissions from fuel and energy consumption for vehicle operation.

Min. Max. Average | Reference

1/100km 5,2 14,8 10,0 Volvo Cars, 2018a.
V70

gCOzeq./km | 121,0 344,0 233,0

1/100km 4,9 7,6 6,25 Volvo Cars, 2018b.
V60

gC0Ozeq./km | 116,0 176,0 146,0

kWh/100km | 13,2 26,3 18,0 Electric Vehicle
Polestar 2 Database, 2022.

gCOzeq./km | 6,4 13,2 9,05 (Swedish conditions)

Note: The GHG emissions resulting from operating the Polestar 2 (BEV) occur during the electricity
production (WTT-emissions), and not while driving the vehicle (TTW-emissions).

The emissions resulting from the waste treatment at the end of the vehicle life cycle are taken
from the LCA study from Polestar (2020), similar to the emissions of the vehicle production
(see Tab. 6).

Tab. 6. Emissions from End-of-Life treatment (Polestar, 2020).

Model EoL Unit

V70 0,6 tCO2eq.
V60 0,6 tCO2eq.
Polestar 2 0,5 tCO»eq.

Data from LCA literature:

1.

The service activities are taken from Danilecki et al. (2021) and adjusted to the functional unit
in this study. The service activities include checking air-conditioning and brake system, as well
as the chassis, vehicle electrics, lighting, and tires. Additionally, the braking fluid gets replaced,
as well as the engine oil for the ICEV. The air, pollen, and oil filters are checked and replaced
if necessary. The detailed data-input in SimaPro can be found in Appendix 1 for the ICEV
models and in Appendix 2 for the BEV model. According to the recommendation of the
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manufacturer, service activities should be conducted after every 15 tkm driven or once every
year for the Volvo V70 and V60 (Volvo Cars, 2022b), and after every 30 tkm or once every
second year for the Polestar 2 (Renault Group, 2021; Polestar, 2022).

2. The data for the repair for the vehicles is taken from different studies. The inventory here
exclusively accounted for the material of the products. For the spare parts it is not accounted
for emissions from production processes, transportation, and the replacement activities in the
workshops. This limitation is due to lack of relevant data. The interval of part replacements
comes from internal data from the Mekonomen Group and its workshops and is based on the
experience of experts in the company. The Mekonomen Group is one of the leading businesses
for vehicle maintenance and the retail of spare parts. The spare parts were chosen since they
needed to be replaced most frequently and are considered to give an approximation for the
repairs needed during an average vehicle life (see Appendix 1-3).

The values for the car maintenance are compared with the values for ICEV and BEV maintenance in
ecoinvent database (Maintenance, passenger car, petrol {GLO}| market for | APOS, U and
Maintenance, passenger car, electric, without battery {GLO} | market for | APOS, U).

Inventory of V70

The individual data-input and inventory of the lifetime emissions resulting from the Volvo V70 are
shown in Tab. 7. The detailed inventory of service activities and the listed spare-parts can be found in
Appendix 1 and 3.

Tab. 7. Life Cycle inventory for Volvo V70.

Life stage Amount Unit Comment Reference

Production 15,7 tCO2eq. Volvo Cars,
2021.

Fuel combustion | 5,2-14,8 1/100km Volvo Cars,
2018a.

Service 1 p Every 15 tkm Appendix 1

Repair: Interval: Appendix 3

Brake pads 16 p 90 tkm, 180 tkm |

2 pads/wheel

Brake discs 4 p 120 tkm |
1 disc/wheel

SLI Battery 2 p 75 tkm, 150 tkm
Tires 12 p 60 tkm, 120 tkm,
180 tkm
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Life stage Amount Unit Comment Reference

EoL 0,6 tCO2eq. Polestar, 2020.

Note: p describes the number of a certain service or part; the inventory for vehicle service is a summation of all
services during the 200 tkm lifespan and is therefore only mentioned as 1 in the table.

Inventory of V60

The detailed data-input and inventory of the lifetime emissions resulting from the Volvo V60 is
provided in Tab. 8. Information about the inventory of the service activities and spare parts are listed
in Appendix 1 and 3.

Tab. 8. Life Cycle inventory for Volvo V60.

Life stage Amount Unit Comment Reference

Production 15,7 tCO2eq. Volvo Cars,
2021.

Fuel combustion | 4,9-7,6 1/100km Volvo Cars,
2018b.

Service 1 p Every 15 tkm Appendix 1

Repair: Interval: Appendix 3

Brake pads 16 p 120 tkm, 180 tkm |

2 pads/wheel

Brake discs 4 p
180 tkm |
1 disc/wheel
SLI Battery 2 p 75 tkm, 150 tkm
Tires 12 p 60 tkm, 120 tkm,
180 tkm
EoL 0,6 tCO2eq. Polestar, 2020.

Inventory of Polestar 2
The data input of the lifetime emissions resulting from the operation of the battery electric Polestar 2

are displayed in Tab. 9. Detailed information, inventory of service activities, and spare parts for the
electric vehicle are listed in Appendix 2 and 3.
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Tab. 9. Life Cycle inventory of Polestar 2.

Life stage Amount Unit Comment Reference
Production 26,2 tCO»eq. Polestar, 2020.
Electricity 13,2-26,3 kWh/100km Electric Vehicle
consumption Database, 2022.
Service 1 p Every 30 tkm Appendix 2
Repair: Appendix 3
Tires 12 p 60 tkm, 120 tkm,

180 tkm
EoL 0,5 tCO2eq. Polestar, 2020.

3.2.3. Emission Factor-Based Estimation of Vehicle Emissions

To get the best estimate of emission values for the comparison of the cars, the cumulative value was
calculated at every 5 tkm driven for the individual vehicles. This allows to display changes in
emissions during an increasing vehicle age. All data described in the Inventory section (3.2.2.), was
collected, scaled, and displayed for every year (15 tkm), including the cumulative values from the
previous years as well as the emissions from the vehicle production. All specific data points are shown
in Appendix 4.

3.2.4. Software (SimaPro) Based Estimation of Vehicle Emissions

The ecoinvent database 3.0.2. includes a dataset which aim to give the total emissions of a passenger
car dependent on its size (small, medium, large) and its European emission standard (Euro 3-5). The
dataset accounts for the production, fuel combustion, and maintenance of an average vehicle according
to the car segment (ecoinvent, 9.3.0.3). To give reference values to the cumulative emissions of every
5 tkm driven by the vehicles in this study, the ecoinvent dataset was similarly analysed for every 5
tkm up to 200 tkm driven.

As a comparison for the analysed V70 in this study, the ecoinvent dataset Transport, passenger car,
medium size, petrol, EURO 4 {RER} | APOS, U was chosen, which includes vehicles with a mass of
around 1600 kg (Danilecki et al., 2021). Furthermore the vehicle is classified as EURO 4 standard
(Car.info, 2022a).

The Volvo V60 investigated, also falls into a medium vehicle size, and is labelled with the EURO 6
standard (Car.info, 2022b). However, the ecoinvent database 3.0.2. only considers vehicles with
EURO standard 3 to 5. Therefore, it is assumed that the EURO 5 dataset could provide a reference
value and Transport, passenger car, medium size, petrol, EURO 5 {RER} | APOS, U was considered
for analysis.

The database used in this study does not include a dataset for the transportation with an electric
vehicle. Therefore, the results from this study are compared with the results from the LCA performed
by Polestar (2020).
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3.2.5. Assumptions and Limitations of LCA Approach

Assumptions

This LCA study assumes a lifespan of 200 tkm of mileage while driving under Swedish conditions for
the three investigated car models Volvo V70 and V60, as well as the Polestar 2. The production of the
V70 and V60 is assumed to be comparable to Volvo’s XC40/petrol model with a similar weight. The
fuel efficiency and consumption of all vehicles is assumed to remain constant over the total lifetime.
It is assumed that the ICEV models are serviced once per year and the BEV model once every second
year. The major repairs are limited to four spare-parts for the ICEVs: brake pads and discs (braking-
system), the SLI-battery, and tires. For the BEV it is assumed that only tires need to be replaced, due
to lack of relevant data from repair. (Though the repair assumptions are incomplete, the reader will
see in Section 4 that the repairs constitute a very minor part of life cycle emissions. Therefore, the
limit of the assumptions is considered inconsequential.) This is an assumption made for purposes of
clarity and are double checked with the maintenance information from the corresponding ecoinvent
datasets. After the assumed lifetime of 200 tkm or after the premature EoL due to vehicle replacement,
the vehicles are assumed to be out of service and scrapped. The study does not consider scenarios of
vehicle resell either within Sweden or internationally.

This study also excluded the following aspects:

o Indirect emissions from the construction, operation, and maintenance of roads, infrastructure
such as gas stations and parking, manufacturing locations, and workshop for vehicle
maintenance.

e Emissions resulting from the rub-off of tires and braking pads.

e Any other service activities or repairs, such as car wash and repair after vehicle accidents.

e Emissions from the processing and transportation of spare parts, and the electricity consumed
for part replacements in the workshops due to unavailability of required data.

Limitations

The necessary data regarding the production of spare parts and the energy consumption in the
workshops (during use maintenance and service) was not easily available. Therefore, this LCA study
is based largely on literature values from previous LCA studies (see section 2.3.2. and 2.3.3.) The fuel
and electricity consumption of the vehicles was assumed to be constant throughout the vehicle life;
however, this assumption could be slightly different from real-life conditions due to individual driving
behaviour and state of the car. The emissions and optimal replacement times calculated in this study
consider only the three investigated car models and cannot be generalised. However, this approach
can help to find trends and to hypothesise replacement scenarios for other vehicles. Conclusions can
furthermore only be drawn for the maximal lifespan of 200 tkm.

This LCA study considers only greenhouse gas emissions. However, the comparison of car models
could be affected by environmental impact categories other than GWP (e.g. cumulative energy
demand, eutrophication potential, acidification potential etc.) and economic factors. Therefore, the
best comparison scenarios could be identified when these factors are considered in addition to
emissions.
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3.3. Vehicle Replacement

3.3.1. Emission as Comparison Factor of Vehicles

Even though there are other environmental impacts of vehicles such as water footprint and
ecotoxicology, GHG emissions are one of the main indicators for sustainability in the discussion
around vehicle electrification and reduced emissions in the transportation sector. In this case, the quest
is therefore to reduce the resulting GHG emissions to a minimum value. The lowest level of emissions
is in this study considered the most environmentally optimal.

3.3.2. Scenarios for Vehicle Replacement

In this study, two replacement scenarios are considered:

e The replacement of the initial Volvo V70/petrol engine (2011) with a Volvo V60 (2020) of the
same engine type.

e The change from a fossil fuel driven engine to a battery electric vehicle, by replacing the Volvo
V70 (2011) with a Polestar 2 (2020).

Both scenarios have 20 similar replacement sub-scenarios based on the mileage of the old car before
replacing it with the new car. For each sub-scenarios, scenario emission rate (SER) i.e. average
emissions in terms of gCOzeq. per kilometre have been calculated. The emissions in gCO,eq. per
kilometre could also be described as a function of mileage per vehicle. The most sustainable
replacement sub-scenario is considered to be the one that emitted minimum emission in gCO»eq. per
kilometre (approach 1) or the one with the lowest aggregate emissions at a given total mileage
(approach 2). To do so, for both scenarios, sub-scenarios with differing replacement time were
calculated. Starting with a sub- scenario of no-replacement of the V70 model, the replacement of the
V70 is modelled for every 10 tkm of vehicle mileage. For each replacement car a lifespan of 200 tkm
is assumed.

3.3.3. Determining Environmentally Optimal Replacement Time

The emissions from a vehicle over its lifetime arise from the production, operation, maintenance, and
End-of-Life treatment life cycle stages as shown in section 2.3.1.

The total tons of CO, emissions equivalence E; of a vehicle i, can be described as a mathematical
function of the mileage of that car, t;, expressed in tkm. The data from the LCA approach can be
plotted in Excel and investigated with a regression line. This showed that the emissions from a vehicle
increase at a slightly increasing rate over time because of the increase in emissions from repairs and
maintenance (see Appendix 4). As such, the total emissions can be modelled as a second-degree
polynomial over a realistic mileage t; € (0,200], as described in Equation 1.

a; and b; are emission factors, dependent on the fuel consumption, maintenance, repair and EoL
emissions from vehicle i. ¢; is a constant and describes the initial emissions from vehicle i resulting
from its production.

The aggregate emissions in each sub scenario, E, can thus be described as the sum of n second-degree

polynomials, where n € Z* indicates the number of cars in consideration including V70 (i.e. initial
V70, 1 replacement car, 2" replacement car ... ‘n-1’ replacement car), as described in Equation 2.
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E®) =Y E= Y aitf +bhiti+ g ———————————— eq.2

t = (tq,ty, ..., ty) is the mileage vector where each component t; refers to the mileage of vehicle i. The
mileage of every investigated vehicle i, t; is variable and adjusted to the different sub-replacement
scenarios in approach 1 and 2 (see section 3.3.3.1. and 3.3.3.2.). It is also necessary to define the
parameter for the total mileage, T = Y-, t;. It will introduce itself later in the analysis.

Two approaches to tackling the problem of determining best replacement scenario are explored.
Firstly, the average emissions [gCO»eq./km] are calculated and compared for every sub-replacement
scenario. This is done by calculating the aggregate emissions of every sub-replacement scenario
divided by the total driven mileage of both cars. The emissions per driven kilometre for all sub-
scenarios are plotted over the time (mileage) of replacement.

Secondly, aggregate emissions from each replacement sub-scenario, for different total mileages of the
sub-scenario, are evaluated. Crucially, as will be demonstrated, in terms of emissions, the optimal
replacement strategy is inherently linked to the total mileage.

3.3.3.1. Approach 1: Average Emissions for Driving Two Vehicles

In the first approach, the aggregate emissions of every sub-replacement scenario are calculated and
divided by the total driven mileage of both cars, and then compared for different sub-scenarios. It is
assumed that only the lifespan of the initial vehicle (V70), t;, is variable, while the V60 and Polestar
2 are driven their full 200 tkm (t, = 200).

For both replacement scenarios, the replacement of the V70 is investigated at intervals of 10 tkm. At
the beginning, the no replacement scenario is considered. The no-replacement scenario (NO)
represents the scenario of driving two identical V70 models for 400 tkm i.e. after 200 tkm, the V70
model will be replaced with the same V70 car which will be used for the next 200 tkm. The NO sub-
scenario is mainly used as a reference point. The goal is to identify the sub-scenario with minimum
SER value.

The SER for any sub-scenario is defined in Equation 3.
SER(t) = 1000 X E(ty,ty)/t————————— — — — eq.3
The emission-mileage ratio is multiplied by 1000 to align the units.

For example, considering the main scenario replacing the V70 with a V60 and the sub-scenario with
the replacement at 10 tkm.

E(10,200) = Y% ,E; = E; + E, = 18,64 + 46,48 = 65,12

T=Y2,t;= t; +t, = 10 + 200 = 210 tkm

SER(10,200) = 1000 x 65,12/210 = 310,1 gCO,eq./km

See Appendix 4 and 6 for all values.

3.3.3.2. Approach 2: Emissions for any Total Mileage

In the second approach, the mileages of both vehicles are allowed to be variable, whilst subject to the
constraints t; € (0,200] A T = Y., t;. The aim is to find the sub-scenario with minimal emissions
for any given aggregate mileage. Five arbitrary sub-scenarios were selected for an evaluation of how

the total emissions change over different values for the parameter t. Due to the large number of
possible sub-scenarios, the aggregate emissions were evaluated graphically to stylise trends.
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There are scenarios where t; + t, < 7. If so, a third vehicle was introduced for the remainder of the
aggregate mileage. The third one is assumed to be of the same model as the second one, i.e. either a
Volvo V60 or Polestar 2, depending on the scenario.

For example, considering the first scenario replacing the V70 with a V60 and the sub-scenario with
the replacement at 10 tkm, and driving a total mileage 7 = 200 tkm. This means that the V70 is driven
10 tkm (t;=10), and the V60 is driven a total mileage of 190 tkm (t,=190), because t = t; + t, must
be the case. The values can then be inserted into Equation 2 to calculate the total emissions from
driving the cars in this sub-scenario:

E(10,190) = Y2 . E; = E,(10) + E,(190) = 62,85 tCO2eq.

The emission values for the V70, V60, and Polestar 2, dependent on their mileage #; can be found in
Appendix 4.
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4. Results

4.1. Total Lifetime Emissions

From this LCA study, the aggregate emissions arising from the three investigated car models are
presented in Fig. 5. The emission values for the total lifespan of 200 tkm can be found in Tab. 10.
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% 30 m Fuel
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20

10

V70 V60 Polestar 2

Fig. 5. Illustration of aggregate emissions and contribution of each life cycle stage for vehicle model. The
results correspond to the functional unit of this study (or vehicle lifespan) i.e. a mileage of 200 tkm.

Tab. 10. Cumulative GHG emissions over 200 tkm lifespan for V70, V60, and Polestar 2.

Model Total lifetime emissions Unit

V70 64,08 tCOzeq.
V60 46,48 tCOzeq.
Polestar 2 29,05 tCO2eq.

The vehicle with the highest lifetime emissions over a mileage of 200 tkm driven is the Volvo V70.
Over its entire lifespan the vehicle emits 64,08 tCO,eq., which corresponds to an emission of 320
gCOeq./km (including all life stages). Volvo’s V60 model from 2020 emits less than the V70. Over
its lifetime, the V60 emits a total amount of 46,48 tCO,eq. Driving this vehicle for 200 tkm
corresponds to an emission of 232 gCO,eq./km. The emissions from the Polestar 2 are significantly
lower than the emissions from the V70 and V60. The BEV emits a total amount of 29,05 tCO»eq. Per
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driven kilometre, the Polestar 2 emits on average 145 gCOseq./km.

Fig. 5 displayed the aggregate emission values for the entire lifespan of the three vehicle models.
Besides the number of lifetime emissions, the graph also shows that the distribution of emissions
differs along the life cycle stages and across car models.

Fig. 6 shows the distribution of emissions for the V70 model along its life cycle stages. The End-of-
Life treatment and maintenance of the vehicle make up only around 3% of the total emissions. The
production process, including raw material extraction, parts production, and vehicle assembly account
for almost one quarter of the emissions with 24%. The major source of emissions is the production
and combustion of the petrol, with contribution almost three quarters of the total emissions.

EoL
1%

/

Production
24%

Fig. 6. Distribution of lifetime emissions for the Volvo V70/ICEV from 2011.

The distribution of emissions for the V60 model is presented in Fig. 7. The major quantity of emissions
results from the combustion of fuel, with around 63% of the total emissions. The production of the
V60 represent around 34% of its lifetime emissions, while the End-of-Life treatment and maintenance
of the vehicle make up only around 3%.
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Fig. 7. Distribution of lifetime emissions for the Volvo V60/ICEV from 2020.

Fig. 8 shows the distribution of emissions for the full-electric Polestar 2. The major source of
emissions from the BEV comes from its production with around 90% of its total emissions. The
production process also includes the manufacturing of the Li-lon battery. The operation of the vehicle
accounts for around 8%, with 6% from the electricity needed to fuel the car and 2% for the vehicle
maintenance. The End-of-Life treatment accounts for another 2% of the total emissions from the

Polestar 2.

Fuel EoL Maintenance
uel o
2% 2%

6%

Production
90%

Fig. 8. Distribution of lifetime emissions for the Polestar 2/BEV from 2020.
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4.2. Replacement Scenarios

4.2.1. Replacement Scenario 1: V70 to V60

The first replacement scenario investigates the optimal mileage for the Volvo V70 when it is replaced
by the Volvo V60 with the same engine type.

4.2.1.1. Approach 1: Average Emissions from Driving a V70 and V60

The graph in Fig. 9 shows the average emissions per driven kilometre for car replacement after every
10 tkm. The minimum emission per kilometre is emitted when the Volvo V70 is replaced with a V60
at the end of the vehicle lifespan of 200 tkm. Driving the vehicles for a total distance of 400 tkm leads
to an average emission of 276,6 gCO»eq./km. All SER values can be found in Appendix 6 and
visualised in Fig. 9.

The emission values have been mathematically expressed as function of mileage for vehicle
replacement (see Equation 1 under section 3.3.3.1.). The function displayed in Fig. 9. is fitted to the
calculated values from the study using Equation 3.

SER(t;,200) = 0,0006t? — 0,2981t; + 312,19 — — — — — — — — — — — — eq.4

From Equation 4, the minimum SER value of main scenario 1 (i.e. V70 to V60) is reached at mileage

of 248.400 km and SER value of 275,2 gCOseq./km, meaning that the optimal replacement time is
reached at around a mileage of 248 tkm with an average emission of 275,2 gCO,eq./km.

315,00
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300,00
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290,00

285,00
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280,00

y =0,0006x> - 0,2981x + 312,19

275,00

270,00
0 20 40 60 80 100 120 140 160 180 200

Replacement time, t; [tkm]

Fig. 9. Scenario Emission Rate against the mileage of each scenario for replacement scenario 1 (V70 to V60).
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4.2.1.2. Approach 2: Emissions for any Total Mileage

Instead of comparing the average emissions for driving the V70 for a variable time and the V60 for
the entire 200 tkm lifespan, the aggregate values from driving a certain mileage t can be investigated.
The graph in Fig. 10 shows the total emissions from driving up to 400 tkm. Considered are the no-
replacement scenario, as well as the sub-scenarios with a replacement after 50, 100, 150, and 200 tkm.
The graph displays the aggregate emission values for every mileage 7 up to 400tkm and follows
Equation 2, when plotted with the data gathered in the LCA (see Appendix 4).
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Fig. 10. Scenario 1: Total emissions for 400 tkm of aggregate mileage, including the no-replacement scenario
(red) as well as replacement after 50 (green), 100 (yellow), 150 (blue) and 200 (purple) tkm.

In replacement scenario 50, 100, and 150, for driving 400 tkm, a second replacement car is needed,
when assuming that t; € (0,200].

Taking replacement scenario 50 (replacement after 50 tkm) as an example, the graph visualises the
replacement by showing the line increasing (due to the emissions from the vehicle production). When
driving the V60 in this replacement scenario, the total emissions approach the emissions from driving
the V70 the entire 200 tkm. After the total mileage T = 200 tkm, the emissions are the lowest, but
increase again at a total mileage 7 = 250 tkm. The increase then comes from a second vehicle
replacement.

What the graph indicates, is that for any total mileage t, the optimal time for vehicle replacement

varies. The environmentally optimal time of replacing a car is inherently linked with the total mileage
from all the cars owned.

4.2.2. Replacement Scenario 2: V70 to Polestar 2

4.2.2.1. Approach 1: Average Emissions from Driving a V70 and Polestar 2

The second main scenario displays the environmentally optimal mileage for the Volvo V70 to be
replaced with the battery electric Polestar 2.
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The graph in Fig. 11 shows the average emissions per kilometre with a replacement sub-scenario after
every 10 tkm. The SER value is minimum for the replacement of the Volvo V70 with a Polestar 2 at
a mileage of 10 tkm. Considering both vehicles (i.e. 10 tkm mileage of V70 and 200 tkm mileage of
Polestar 2), the average emission (i.e. SER) of this scenario is found to be 227,1 gC0Ozeq./km. All SER
values can be found in Appendix 6.
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Fig. 11. Scenario Emission Rate against the mileage of each scenario for replacement scenario 2 (V70 to
Polestar 2).

The mathematical expression of the relationship between SER and mileage for replacement sub-
scenario of scenario 2 is given in Equation 3 (see Section 3.3.3.1.).

SER(t;,200) = —0,00007tZ — 0,0442t; + 226,63 — — — — — — — — — — — — eq.5

From Equation 5 and Fig. 11, the local minimum SER value is reached for a replacement mileage
close to 0. That means, the optimal replacement scenario (or the best use of V70 and Polestar 2) is an
early replacement with the Polestar 2, which would be used for 200 tkm.

4.2.2.2. Approach 2: Emissions for any Total Mileage

Instead of comparing the average emissions for driving the V70 for a variable time and the V60 for
the entire 200 tkm lifespan, the aggregate emissions from driving a certain mileage T can be
investigated. The graph in Fig. 12 shows the total emissions from driving up to 400 tkm. Considered
are the no-replacement scenario, as well as the sub-scenarios with a replacement after 50, 100, 150,
and 200 tkm. The graph displays the aggregate emissions for every mileage 7 up to 400tkm and follows
the logic of Equation 2, when plotted with the data gathered in the LCA (see Appendix 4).
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Fig. 12. Scenario 2: Total emissions for 400 tkm of car ownership, including the no-replacement scenario (red)
as well as replacement after 50 (green), 100 (yellow), 150 (blue) and 200 (purple) tkm.

In replacement scenario 50, 100, and 150, for driving 400 tkm, a second replacement car is needed,
when assuming that t; € (0,200].

Taking replacement scenario 50 (replacement after 50 tkm) again as an example, the graph shows a
significant increase in emissions (due to the high emissions from the production of the Polestar 2).
When driving the Polestar 2 in this replacement scenario more than 120 tkm, the total emissions are
lower than the emissions from continuing driving the V70 up to 200 tkm.
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5. Discussion

5.1. Life Cycle Emissions

Fig. 5 presents the aggregate emissions of all three vehicle models over the entire life cycle stages
considered in this LCA study. In section 4.1, the lifetime emissions of passenger vehicles from the
literature were presented. The following section provides a comparison of the results from this study
and previous published LCA literature.

This study investigated two vehicle models with the same type of engine: the Volvo V70 from 2011
and the V60 from 2020. The literature review in section 2.3.1. did not distinguish between old and
new vehicle models. Therefore, both ICEV models in this study (V70 and V60) are compared to the
literature presented in the section.

Volvo V70, the oldest vehicle model in the study, showed the highest lifetime emissions of all
investigated models. The V70 emits about 64,08 tCOeq. per functional unit i.e. a mileage of 200 tkm.
From the literature shown in section 2.3.1. Pero et al. (2018) estimated lifetime emissions for a small
segment car to be 30,49 tCO2eq. per 150 tkm i.e. estimated mileage over the lifespan. Similarly, from
other study (Volvo Cars, 2021) the lifetime emission is about 59,3 tCOeq. for the Volvo XC40 over
200 tkm lifespan. The calculated emissions are 4,8 tCO,eq. higher than the values estimated in the
reviewed LCA study by Volvo Cars (2021) and 33,6 tCO,eq. higher than in the study by Pero et al.
(2018). While the study by Volvo Cars (2021) investigated the emissions from the Volvo XC40 in the
SUV segment, which is roughly the same vehicle size as the V70, the study by Pero (2018) assumes a
small segment car. In general, the vehicle size influences the emission values throughout the lifetime.
A small vehicle size leads to lower total emissions (Transport & Environment, 2018, p.31). When
looking at the distribution of the emissions over the life cycle stages, the studies presented showed
that a major part of emissions comes from the combustion of fuel. For instance, Pero (2018) concluded
that the emission share of fuel combustion is 83,6%, while the values published by Volvo Cars (2021)
showed an emission share of 72,5% of the total emissions caused by fuel combustion. Similarly, in
the current study, the combustion of fuel constituted about 73%. This confirms the results from the
previous studies. The production of the vehicles in the literature is estimated to take up 15% (Pero,
2018) to 26.5% (Volvo Cars, 2021) of the total emissions. This study estimated a share of 24% from
the total emissions resulting from the vehicle production (see Fig. 6).

The value from the SimaPro based estimation is 71,9 tCO,eq., i.e. around 7,8 tCOzeq. higher than the
value estimated in the emission-factor based estimation. The lifetime emission values calculated based
on emission-factor are therefore between the literature values and the values estimated by the SimaPro
model.
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Tab. 11. Estimated total emission using different methods.

Lifetime emission in [tCOzeq.] per 200 tkm

Vehicle model Emission-factor based SimaPro model Literature-based value
estimation
V70 64,08 71,9 30,49 -59,3
V60 46,48 55 30,49 -59,3
Polestar 2 29,05 - 9,3-42,9

Volvo V60: The ICEV model from 2020 emits a total amount of 46,48 tCOzeq. per the functional unit
i.e. a mileage of 200 tkm. The lifetime emission is around 17,6 tCOeq. lower than the V70. The value
for the V60 lies between the values estimated in the reviewed literature (see Tab. 11). The value from
the emission-factor based approach is 16 tCOzeq. higher than the value estimated by Pero et al. (2018),
and 12,8 tCOzeq. lower than the value in the LCA study from Volvo Cars (2021). The distribution of
emissions over life cycle stages of V60 differs from the V70. While the emissions from vehicle
production, maintenance, and EoL are similar for both cars, the emission value from fuel combustion
is around 17 tCO,eq. lower for the V60. While the V70 has an average fuel consumption of 10,0
1/100km, the V60 consumes only 6,25 1/100km. The production (assumed to be equal to that of the
V70) takes therefore, with 34% (24% V70), a larger share of the total emissions from the V60. The
fuel combustion takes up 63% (73% V70). Similar to the emissions from the V70, the maintenance
and EoL constitute 3% (see Fig. 6 and 7). The total emission value of V60 from the SimaPro model is
about 55 tCOzeq. per functional unit, i.e. around 8,5 tCOzeq. higher than the value estimated using
emission-factor approach. The estimated emission lies within the values presented in the literature and
is lower than the estimation by the SimaPro model. A reason for the lower emission value could be
due to the fact that the vehicle used in the SimaPro model was a vehicle with the emission class EURO
5, while the V60 from 2020 is categorised as EURO 6. There is no dataset for the emission class EURO
6 available in the used ecoinvent database. A lower emission class indicates lower fuel efficiency,
thus higher GHG emissions per driven mileage. The difference between the ecoinvent dataset for
Transport, passenger car, medium size, petrol, EURO 4 {RER} | APOS, U and Transport, passenger
car, medium size, petrol, EURO 5 {RER} | APOS, U is around 16,9 tCO,eq. for the same vehicle type
and functional unit. It can therefore be assumed that vehicles in the emission class EURO 6 are
significantly more efficient than EURO 5 cars.

Polestar 2: The Polestar 2 represents the only vehicle model with a battery-electric engine that was
investigated in this study. Over the lifespan of 200 tkm, the vehicle emits 29,05 tCO,eq. The values
found in the reviewed literature span from 9,3 tCOzeq. for an unspecified vehicle type (Energiforsk,
2021) to 42,9 tCOzeq. in the study performed by Volvo Cars (2021) for the Volvo C40, over the same
lifespan. The Swedish institute Energiforsk (2021) assumed the emissions from electricity generation
for the lifetime of 200 tkm to only result in 0,6 tCO,eq. for the Swedish electricity mix. Volvo Cars
(2021) assumed the average electricity mix from all EU member states. Charging the BEV with
electricity from the EU electricity mix causes around 16 tCO.eq. The emission value for the EU
electricity mix is high, because, in many member states, a large share of electricity is still generated
through fossil energy sources, causing high GHG emissions (EEA, 2021b). The significance of energy
generation and the national electricity mix is discussed more in detail in 5.3.2. As the production phase
of BEV contributes the most emissions, the size of the vehicle investigated is an important factor for
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the total amount of emissions during the lifespan. The emission from the actual driving of the cars
represents only 6 to 35% depending on the electricity mix considered in the studies. The higher the
share of fossil energy sources in the electricity mix, the higher were the emissions for the operation
of the vehicles. Thus, the total percentage of emissions from production is lower (Energiforsk, 2021;
Volvo Cars, 2021). Therefore, unlike the case of ICEVs, the vehicle operation (use phase) of the
Polestar 2 vehicles is not a major determining factor for the emission estimation. There are some
factors that influence the total lifetime emissions such as the vehicle size and power, driving
behaviour, as well as the functional unit and electricity mix assumed in the study. The factors are
further discussed in section 5.3.

5.2. Replacement Scenarios

5.2.1. Replacement Scenario 1: V70 to V60

Replacement scenario 1 shows that replacing the V70 with a V60 after 200 tkm, lowers the emissions
to 276,4 gCOszeq. /km, which is about 44,0 gCO,eq. /km less than the emissions from keeping the V70
(320,4 gCOzeq. /km). From an emission point of view, the results suggest that the optimal replacement
time of V70 with V60 is reached at the end of the assumed lifespan of 200 tkm. For the replacement
of an old ICEV/petrol (V70) with a new (V60) which is more efficient model of the same engine type
and fuel, it is therefore beneficial to drive the vehicle close to its EoL.

The production of the V60 comes with a total number of 15,7 tCO,eq. When replacing the V70 with
the V60 before its assumed End-of-Life, the V60 needs to be driven at least 180 tkm. After this
mileage, the difference in fuel emissions from the two vehicles equals the emissions from the
production of the V60.

Approach 1 considered the mileage of the V70 to be variable within t; € (0,200] while the mileage of
the replacement car was assumed to be constant at t, = 200. However, in real-life, the replacement of
the old vehicle prior to its lifespan (i.e. 200 tkm), can increase the total number of vehicles owned, as
shown in approach 2. The total time of vehicle ownership is variable and depends on the individual
owner. When taking the aggregate mileage into account, the trend in scenario 1 shows that emissions
can be minimised by driving the Volvo V70 close to its End-of-Life.

5.2.2. Replacement Scenario 2: V70 to Polestar 2

Replacement scenario 2 showed a significant difference in emissions between the two car models. The
Polestar 2, with its battery electric drivetrain emits on average about 147 gCO,eq./km under Swedish
conditions, which is less than half of the emissions from driving the Volvo V70. In this case the
optimal mileage for a replacement of V70 with Polestar 2 is therefore early. Equation 5 indicated the
optimal replacement time close to 0 km. In reality, a replacement in the first years of car ownership is
not realistic. The results suggest, however, that it is most beneficial to replace the V70 as early as
possible with a Polestar 2 from a GHG emissions perspective.

The results in section 4.2.2. already indicated that for the replacement with a BEV, the optimal lifespan
of the V70 is shorter than for the replacement with a new ICEV. Due to the significantly lower
emissions from the vehicle usage, it is environmentally beneficial to replace the V70 earlier than in
Scenario 1. Since the emissions from the production of electric vehicles are significantly higher than
the ones from the production of conventional ICEVs, it is also relevant to drive the BEV as long as
possible. The functional unit of this study was assumed to be 200 tkm. Vehicles in real-life might be
able to last longer than this assumption. This LCA, however, does not include data for the behaviour
of emissions after 200 tkm. Especially for BEV cars, it is therefore most beneficial if the cars are
driven as long as possible. The longer the electric vehicles are driven, the lower their average emission
per kilometre will be, since the share of emissions resulting from the productions diminishes with an
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increasing vehicle age (Weymar & Finkbeiner, 2016).
5.2.3. Differences between Scenario 1 & 2

When comparing Scenario 1 and 2, as well as the aggregate emissions calculated in section 5.1., the
Polestar 2, with its electric motor, has the least carbon impact of all three investigated vehicle models.
In case of a vehicle replacement, Scenario 2 is the preferred replacement model to reduce GHG
emissions.

The major difference between the ICEV and the BEV is their emissions from the actual driving of the
vehicle. For the same estimated maximum lifespan of 200 tkm, the Polestar 2 only emits around 1,8
tCOzeq. when using the Swedish national electricity mix. The emissions resulting from the combustion
of petrol combustion represent around 46,8 tCOeq for driving the V70 200 tkm. Its operative
emissions are around 23 times higher than those of the Polestar 2. The V60 shows a slightly lower
fuel consumption compared to the V70 and emits around 29 tCO,eq for driving 200 tkm. The
operational emissions from the V60 are around 15 times higher compared to the Polestar 2.

5.2.4. Limitations

In this study, the vehicle maximum mileage (lifespan) is assumed to be 200 tkm. Other sub-scenarios
e.g. 150 tkm or 250 tkm could be assumed and investigated. It is also important to note that, in this
study, the optimal replacement mileage for the initial vehicle is determined based on GHG emissions.
In reality, the decision is mainly based on the economic benefits, rather than environmental
sustainability. Therefore, future studies could consider the economic aspect when developing and
using the replacement scenarios of old car with new models.

This study assumes that vehicles leave the road and market after their lifetime by being scrapped.
However, in the past years, the number of vehicles exported after the deregistration in Sweden,
increased. In 2021, 91.000 passenger vehicles were sold and exported to other countries, equalling
35% of all deregistered cars in the same year (Trafikanalys, 2022). From an environmental
sustainability point of view, this could lead to other car replacement and analysis scenarios.

5.2.5. Extending and Generalising the Model in the Second Approach

The second approach, described in 3.3.3.2, offers the potential be extended and generalised, turning it
into a problem of computational calculus. Assuming the life cycle emissions from any car can be
modelled according to Equation 1, and introducing variable u; referring the functional unit of the LCA
for car 7, then the question can be expressed as shown in Equation 6:

min(E(t) = Y-, E; |Vt et t; € O,u] A Y ti=1)——————————— — eq.6

Thus far, 7 and n have been treated as parameters in the model. Whilst that is arguably justified for
the aggregated mileage — a person could perhaps be assumed to own cars during, say, 50 years — that
is not the case for the number of cars. In reality, as mentioned earlier, the longer one retains any given
car, the lower the number of cars one may turn out to need. As such, the number of cars could be
treated as a function of # and 7 as displayed in Equation 7:

n(t,t)

min(E(t) = Yr47E; |Vt et t; € (0,u] A X1

im1 ti=1)———————————— eq.7

Further research is therefore needed to extend and generalise the model in order to estimate the
environmentally optimal time for replacement of any given vehicle.
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5.3. Determining Factors for Vehicle Emissions

5.3.1. Driving Behaviour

Exact emissions from driving a vehicle are hard to predict. This study assumes an annual mileage of
15 tkm, and a constant fuel consumption over the vehicle lifespan. However, fuel consumption and
energy demand are highly dependent on local conditions and individual driving behaviour (Hawkins
et al., 2013). Factors that can influence the GHG emissions while driving are speed, traffic, local
conditions including the kind of road, as well as local temperature (Egede et al., 2015).

Studies have shown that the optimal environmental fuel efficiency for petrol cars is reached with a
speed of 65-85 km/h (Chu et al., 2018), meaning that steady driving within this speed range causes
the lowest GHG emissions. Generally, there are three different driving modes: urban, sub-urban and
highway driving. Urban driving is characterised by low speed and numerous stops due to traffic, and
usually causes the highest emissions for combustion vehicles. Sub-urban driving includes less traffic
and higher speeds, while high-way driving comes with high speed and no stops. For combustion
engines, the amount of emissions decreases from urban to high-way driving, meaning the less stops
and traffic, the lower the GHG emissions (Nordelof et al., 2014). For electric vehicles on the other
hand, the energy demand increases from urban to highway driving, as well as with increasing speed
(Electric Vehicle Database, 2022).

Since this study was focusing on Swedish conditions, it is especially interesting to highlight the effect
of temperature on the GHG emissions of vehicles. Studies indicated that the carbon emission quantity
from driving is higher in cold temperatures compared to moderate warm temperatures (Suarez-Bertoa
et al., 2019).

With the long period of cold temperatures in Sweden, the geographics of big urban areas with small,
rural areas, those factors are highly relevant factors to consider, when thinking about the real-life
emissions resulting from driving. For people outside bigger cities, with a lot of sub-urban and highway
driving, combustion engines can be useful and driven at their recommended environmental speed. For
transportation in urban areas, however, electric vehicles have strong advantages compared to
combustion engines. Individual driving requirements, including daily and annual mileage, are
therefore also relevant factors to consider for estimating the optimal environmental lifespan of a
vehicle.

5.3.2. Composition of Energy Sources in the National Electricity Mix

As indicated in the composition of lifetime emissions from BEVs, the emissions arising from the
electricity production are crucial when it comes to the overall sustainability of the vehicles. The study
showed that under the current Swedish electricity mix, the charging and driving of the Polestar 2 is
only responsible for 1,8 tCO»eq. for the entire lifetime, representing 6% of the total emissions (Fig.
8). However, it is important to highlight that the Swedish electricity mix produces one of the lowest
GHG emissions during the generation of electricity in the European Union (EEA, 2021b). In other
words: the cleaner the electricity source, the less emissions are caused during the lifespan of (fully-)
electric vehicles (see section 2.3.3.).

The LCA study performed by Polestar (2020) showed that the lifetime emissions for the Polestar 2
can vary significantly depending on the electricity source used for charging. The emissions due to
electricity when using a global electricity mix account for around 23,0 tCOseq. for the vehicle lifespan
of 200 tkm, while the European electricity mix would sum up to 15,0 tCOzeq. Assuming a scenario of
electricity generated exclusively through wind energy, the emissions could be reduced to 0,4 tCO-eq.
for driving 200 tkm.
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The generation of one kilowatt hour electricity in Sweden caused the emissions of 8,8 gCO,eq./kWh,
whereas the average value in the European Union accounted for 230,7 gCOeq./kWh — with the trend
for further decrease (EEA, 2021b). Sweden’s electricity generation is dominated by low carbon
intensive energy sources, mainly nuclear and hydro power, and with wind energy on the rise. For the
upcoming decades, it can therefore be expected that the share of emissions caused by charging will
further decrease (Energimyndigheten, 2021). It is, however, important to see that while the electricity
generation in Sweden causes little emissions today, other countries such as Germany and Poland are
still heavily relying on fossil fuels in their electricity mix (EEA, 2021b). The operation of an electric
vehicle is therefore not everywhere as clean as it is today in Sweden.

5.3.3. Vehicle Size and Power

The investigated car models in this study were chosen to represent the average Swedish passenger
vehicle fleet. All three models have a vehicle weight between 1690 and 1730 kg each (section 3.1.1.),
which is classified as a medium sized car in the ecoinvent database. The average vehicle weight in
Sweden is with 1567 kg, significantly higher than the EU average with 1385 kg (ICCT, 2017, p.55).
However, studies indicated that the average vehicle size increased by 15% since 2000 (section 2.1.2.).
With increasing vehicle weight and power, the overall emission amount is also increasing. This comes
partly from the material needed for the vehicle production, but also the increased fuel or energy
consumption during the operational phase. Emissions can therefore be actively lowered by reducing
the vehicle size. This is especially important in a country like Sweden that shows overall the highest
vehicle weight and size compared to the other member countries of the European Union (Transport &
Environment, 2018, p.31).

5.3.4. Raw Materials

This study investigated the GHG emissions resulting from the entire life cycle of the three car models
focusing on the use phase (car operation) and the identification of the optimal environmental lifespan
for the old Volvo V70 in relation to two possible replacement scenarios i.e. old V70 to new V60 and
old V70 to new Polestar 2. However, sustainability is not purely defined by GHG emissions, but rather
includes numerous different factors and aspects that need to be considered for decision-making. As
shown in 2.2., LCA studies can investigate different environmental impact categories such as water
consumption, Acidification Potential, Eutrophication Potential etc.

BEVs have low GHG emissions during the operational phase. However, electric vehicles have other
aspects of environmental disadvantages. For example, the battery production comes with severe
environmental and social impacts. Electric vehicles are on average six times more raw material
intensive than internal combustion engines, with high demands for Copper, Lithium, Nickel,
Manganese, Cobalt, and Graphite. Raw materials are finite resources, and their extraction often
impacts ecosystems as well as the local population (IEA, 2022b, pp.1-2,89). In order to reduce further
pressure on ecosystems and the availability of primary raw material resources, it is highly important
to put a focus on circularity and material recycling after the vehicle lifetime (Baars et al., 2021). In
addition, reducing the vehicle size and power can lower the pressure on raw material extraction as
well as the overall emission from passenger car life cycle (see section 2.1.2.).

5.3.5. Transparency

The collection of data for the life cycle inventory showed that often relevant data needed for the
estimation of emissions is either not accessible or not published at all. Additionally, the emission
values from car usage according to the NEDC testing were often criticised in the past for not yielding
real-life emissions (Transport & Environment, 2018, p.42).

For consumers to make an informed decision, it is necessary for vehicle manufacturers to publish a
full LCA result of the vehicle production, as well as an estimation for the fuel and/or electricity
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consumption during the lifetime. The information should also be presented to the consumer in a
digestible manner. As shown in section 2.2., LCA studies can quantify the environmental impacts of
products, processes or services and enable comparison between different products. Therefore, in the
future, it should be targeted to make the publication of emissions mandatory for all kinds of car
manufacturers and car related service providers. The availability of such data enables car owners to
have an overview of the car emission and other environmental impacts and make fully informed
decisions, e.g. when to replace an old car with a new car from an environmental point of view. In this
regard, the methods and results of this study may provide a foundation for further similar studies.
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6. Conclusion

The aim of this study was to determine the environmentally optimal time of replacing a passenger
vehicle with a newer and more efficient model. The assessment was done using Life Cycle Analysis
(LCA) method focusing on the GHG emissions from the entire lifespan of the vehicles. The LCA study
showed that the V70 emits 64,08 tCO,eq. over its lifespan, the V60 emits 46,48 tCOyeq., and the
Polestar 2 29,05 tCOzeq. It was intended to answer the question: When should a vehicle be replaced?
To answer this question, two replacement scenarios were developed: (i) Replacement of a Volvo V70
with a new Volvo V60 and (ii) the replacement of a Volvo V70 with a Polestar 2. For both scenarios
it is assumed that the V70 will be taken off the roads and scrapped after the vehicle replacement.
Based on existing knowledge, the average lifespan of each of these three car models was assumed to
be 200 tkm under Swedish driving conditions. To estimate the environmentally optimal replacement
time for the V70, two approaches were taken: (1) the calculation of the average emission value per
driven km, when driving the V70 for a variable time and the replacement car (V60/Polestar 2) for a
determined mileage of 200 tkm. And (2) the summation of the aggregate emission values for any total
mileage 7 (up to 400 tkm) driven, with a variable lifetime for both, the V70 and the replacement
vehicle. Approach (1) indicated that the optimal environmental replacement time in scenario 1 is up
to the End-of-Life of the V70 (200 tkm), with an average emission of 276,4 gCOeq./km. For scenario
2, this approach showed the emissions are minimal when replacing the V70 early. For the vehicle
replacement after 10 tkm, the emissions were lowest with an average value of 227,1 gCOseq./km.
Approach (2) indicated that for both scenarios, the optimal environmental replacement time of the
V70 depends on the total mileage T, which needs to be treated as an additional parameter.

The results indicated that both, a replacement with a new Volvo V60 as well as a replacement with a
Polestar 2 (BEV) can lower emissions significantly. Electric vehicles are especially beneficial in
countries with a high share of carbon-neutral energy sources in their electricity mix, such as Sweden.
Moreover, since the production of BEVs contributes the largest share of its total life cycle emissions,
once they are produced, it is beneficial to drive the BEV cars as long as possible, beyond the
recommended mileage of 200 tkm, to reduce the average emission per kilometre over entire time of
ownership (i.e. operation of V70 and Polestar 2).

Replacing every internal combustion engine today with a BEV alone will not solve the current climate
crisis. Reducing the vehicle size, deciding for a sufficient engine power, adjusting the individual
driving behaviour, as well as driving less can reduce the negative environmental impact resulting from
vehicles. Since the environmental impacts of vehicles are high compared to other products people use in
their everyday life, it is important to enable car owners to make well-informed decisions, by providing them
access to environmental data and information (e.g. emissions related data) and appropriate training services
on environmental impacts and sustainable use of cars. This assessment has been conducted focusing only
on GHG emissions. Other decision factors such as aggregate energy demand (over entire life cycle of cars)
and economic benefit should be considered in future similar studies.
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9. Appendix

Appendix 1: Life Cycle Inventory for Service Activities for ICEVs.

Amount | Unit Dataset Reference
0,13 kg Aluminum, primary, liquid {GLO}| market for | Cut- | Danilecki et al.,
off, U 2021
0,40 kg Coating powder {RER}| market for coating powder | | Danilecki et al.,
Cut-off, U 2021
0,44 kg Epoxy resin insulator, A1203 {GLO}| market for | | Danilecki et al.,
Cut-off, U 2021
3,97 kg Ethylene glycol {GLO}| market for | Cut-off, U Danilecki et al.,
2021
29,84 kg Ethylene, average {RER}| market for ethylene, | Danilecki et al.,
average | Cut-off, U 2021
1,33 kg Iron-nickel-chromium alloy {GLO}| market for | | Danilecki et al.,
Cut-off, U 2021
46,30 kg Lubricating oil {RER}| market for lubricating oil | | Danilecki et al.,
Cut-off, U 2021
5,29 kg Paper, wood containing, supercalendered {RER}| | Danilecki et al.,
market for | Cut-off, U 2021
10,32 kg Propylene {RoW}| market for propylene | Cut-off, U | Danilecki et al.,
2021
4,63 kg Reinforcing steel {GLO}| market for | Cut-off, U Danilecki et al.,
2021
1,98 kg Silicone product {RER}| production | Cut-off, U Danilecki et al.,
2021
0,26 kg Steel, low-alloyed {GLO}| market for | Cut-off, U Danilecki et al.,
2021
1,12 kg Synthetic rubber {GLO}| market for | Cut-off, U Danilecki et al.,
2021
1,98 kg Injection moulding {GLO}| market for | Cut-off, U | Danilecki et al.,
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2021
0,13 kg Sheet rolling, aluminum {GLO}| market for | Cut- | Danilecki et al.,
off, 2021
3,5 kg Sheet rolling, steel {GLO}| market for | Cut-off, U | Danilecki et al.,
2021
1,5 m Welding, arc, steel {GLO}| market for | Cut-off, U | Danilecki et al.,
2021
0,2 kg Wire drawing, steel {GLO}| market for | Cut-off, U | Danilecki et al.,
2021
753,228 | MJ Heat, district or industrial, natural gas {Europe | Danilecki et al.,
without Switzerland} | heat production, natural gas, | 2021
at industrial furnace >100 kW | Cut-off, U
35,697 kWh Electricity, medium voltage {Europe without | Danilecki et al.,
Switzerland} | market group for | Cut-off, U 2021
Appendix 2: Life Cycle Inventory for Service Activities for BEV.
Amount | Unit Dataset Reference
1,98 kg Ethylene glycol {GLO}| market for | Cut-off, U Danilecki et al.,
2021
14,92 kg Ethylene, average {RER}| market for ethylene, | Danilecki et al.,
average | Cut-off, U 2021
23,15 kg Lubricating oil {RER}| market for lubricating oil | | Danilecki et al.,
Cut-off, U 2021
2,65 kg Paper, woodcontaining, supercalendred {RER}| | Danilecki et al.,
market for | Cut-off, U 2021
17,849 kWh Electricity, medium voltage {Europe without | Danilecki et al.,
Switzerland} | market group for | Cut-off, U 2021
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Appendix 3: Life Cycle Inventory for Spare Parts.

Brake pads
Material | Amount | Unit Dataset Comment Reference
Cast Iron | 11,90 kg Cast iron {GLO}| |1 disc/wheel; 4 | Gradin &
market for | Cut-off, U | discs in total Astrém, 2020
Brake discs
Material | Amount | Unit Dataset Comment Reference
Steel 1,70 kg Steel, low-alloyed | 2 pads/wheel; 8 | Mekonomen
{GLO}market for | | total; 2 changes internal
APOS, U
SLI Battery
Material Amount | Unit | Dataset Comment Reference
Lead 8,61 kg Lead {GLO}| Hawkins et
market for | Cut- al., 2013
off, U (appendix)
Copper 0,13 kg Copper {GLO}| Hawkins et
market for | Cut- al., 2013
off, U (appendix)
Polyethylene 0,11 kg Polyethylene, high Hawkins et
density, granulate al., 2013
{GLO}| market for (appendix)
| Cut-off, U
Polypropylene | 0,4 kg Polypropylene, Hawkins et
granulate {GLO}| al., 2013
market for | Cut- (appendix)
off, U
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Tires

{GLO}|market
APOS, U

for |

wheels/car;
replacement

3x

Material | Amount | Unit Dataset Comment Reference

Rubber 9,00 kg Synthetic rubber | Tire without rim; 4 | Stenschke &
{GLO}|market for | | wheels/car Vietzke, 2000
APOS, U

Steel 8,00 kg Steel, low-alloyed | Weight rim steel; 4 | Skandix, 2022
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Appendix 4: Lifetime emission values for V70, V60, and Polestar 2.

V70
Mileage Emissions [tCO»eq.]
Year [tkm] Production
| 15,700 15,700
Fuel Repair Maintenance Total
5 1,170 - - 16,870
1 10 2,340 - - 18,040
15 3,510 - 0,019 19,229
20 4,680 - - 20,399
2 25 5,850 - - 21,569
30 7,020 - 0,019 22,758
35 8,190 - - 23,928
3 40 9,360 - - 25,098
45 10,530 - 0,019 26,287
50 11,700 - - 27,457
4 55 12,870 - - 28,627
60 14,040 0,159 0,019 29,975
65 15,210 - - 31,145
5 70 16,380 - - 32,315
75 17,550 0,043 0,019 33,547
80 18,720 - - 34,717
6 85 19,890 - - 35,887
90 21,060 0,035 0,019 37,111
95 22,230 - - 38,281
7 100 23,400 - - 39,451
105 24,570 - 0,019 40,640
110 25,740 - - 41,810
8 115 26,910 - - 42,980
120 28,080 0,159 0,019 44,329
125 29,250 - - 45,499
9 130 30,420 - - 46,669
135 31,590 - 0,019 47,858
140 32,760 - - 49,028
10 145 33,930 - - 50,198
150 35,100 0,043 0,019 51,429
155 36,270 - - 52,599
11 160 37,440 - - 53,769
165 38,610 - 0,019 54,958
170 39,780 - - 56,128
12 175 40,950 - - 57,298
180 42,120 0,290 0,019 58,778
185 43,290 - - 59,948
13 190 44,460 - - 61,118
195 45,630 - 0,019 62,307
200 46,800 0,600 - 64,077
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V6o

Mileage Emissions [tCO»eq.]
Year [tkm] Production
15,700 15,700
Fuel Repair Maintenance Total
5 0,730 - - 16,430
1 10 1,460 - - 17,160
15 2,190 - 0,019 17,909
20 2,920 - - 18,639
2 25 3,650 - - 19,369
30 4,380 - 0,019 20,118
35 5,110 - - 20,848
3 40 5,840 - - 21,578
45 6,570 - 0,019 22,327
50 7,300 - - 23,057
4 55 8,030 - - 23,787
60 8,760 0,159 0,019 24,695
65 9,490 - - 25,425
5 70 10,220 - - 26,155
75 10,950 0,043 0,019 26,947
80 11,680 - - 27,677
6 85 12,410 - - 28,407
90 13,140 0,035 0,019 29,191
95 13,870 - - 29,921
7 100 14,600 - - 30,651
105 15,330 - 0,019 31,400
110 16,060 - - 32,130
8 115 16,790 - - 32,860
120 17,520 0,255 0,019 33,865
125 18,250 - - 34,595
9 130 18,980 - - 35,325
135 19,710 - 0,019 36,074
140 20,440 - - 36,804
10 145 21,170 - - 37,534
150 21,900 0,043 0,019 38,326
155 22,630 - - 39,056
11 160 23,360 - - 39,786
165 24,090 - 0,019 40,535
170 24,820 - - 41,265
12 175 25,550 - - 41,995
180 26,280 0,194 0,019 42,938
185 27,010 - - 43,668
13 190 27,740 - - 44,398
195 28,470 - 0,019 45,147
200 29,200 0,600 - 46,477
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Polestar 2

Mileage Emissions [tCO»eq.]
Year [tkm] Production
26,200 26,200
Electricity Repair Maintenance Total
5 0,045 - - 26,245
1 10 0,091 - - 26,291
15 0,136 - 0,005 26,340
20 0,181 - - 26,386
2 25 0,226 - - 26,431
30 0,272 - 0,005 26,481
35 0,317 - - 26,526
3 40 0,362 - - 26,571
45 0,407 - 0,005 26,621
50 0,453 - - 26,666
4 55 0,498 - - 26,712
60 0,543 0,159 0,005 26,921
65 0,588 - - 26,966
5 70 0,634 - - 27,011
75 0,679 - 0,005 27,061
80 0,724 - - 27,107
6 85 0,769 - - 27,152
90 0,815 - 0,005 27,202
95 0,860 - - 27,247
7 100 0,905 - - 27,292
105 0,950 - 0,005 27,342
110 0,996 - - 27,387
8 115 1,041 - - 27,433
120 1,086 0,159 0,005 27,642
125 1,131 - - 27,687
9 130 1,177 - - 27,732
135 1,222 - 0,005 27,782
140 1,267 - - 27,828
10 145 1,312 - - 27,873
150 1,358 - 0,005 27,923
155 1,403 - - 27,968
11 160 1,448 - - 28,013
165 1,493 - 0,005 28,063
170 1,539 - - 28,108
12 175 1,584 - - 28,154
180 1,629 0,159 0,005 28,363
185 1,674 - - 28,408
13 190 1,720 - - 28,453
195 1,765 - 0,005 28,503
200 1,810 0,500 - 29,048
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Emissions over time (according to the tables):
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Appendix 5: Software (SimaPro) Based Estimation of Vehicle Emissions.

Driven SimaPro Reference [tCOzeq.]
Years Average mileage [tkm] Vehicle 1* (V70) Vehicle 2** (V60)
1 15 5,45 4,12
2 30 10,80 8,25
3 45 16,20 12,40
4 60 21,60 16,50
5 75 26,90 20,60
6 90 32,20 24,70
7 105 37,70 28,90
8 120 43,10 33,00
9 135 48,50 37,10
10 150 53,90 41,20
11 165 59,30 45,40
12 180 64,70 49,50
13 195 70,10 53,60
EoL 200 71,90 55,00

Note:

*Vehicle 1 refers to the dataset Transport, passenger car, medium size, petrol, EURO 4 {RER} |
APOS, U

** Vehicle 2 refers to the dataset Transport, passenger car, medium size, petrol, EURO 5 {RER] |
APOS, U
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Appendix 6: SER values for Replacement Scenario 1 and Scenario 2.

Replacement scenario [tkm]

RS 1: Average emissions [gCOzeq./km]

RS 2: Average emissions [gCOzeq./km]

No Replacement 320,4 3204
10 310,1 227,1
20 306,7 227,5
30 303,6 2279
40 300,7 228,1
50 298,1 228,4
60 296,4 2293
70 294,0 229,5
80 292,1 229.,9
90 290,3 230,2
100 288,4 230,3
110 286,7 230,5
120 285,6 231,2
130 284,1 231,3
140 282,7 231,4
150 281,4 231,7
160 280,1 231,7
170 278.,9 231,8
180 278,6 232,7
190 277,4 232,7
200 276,4 232,8
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