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Abstract

Vehicles are generally viewed as having theirmajor environmental impact in the
use phase because of combustion emissions. New technology can significantly
decrease use emissions. These advantages suggest a rise in alternative vehicle
drivetrains, e.g. electrical motors as well as a decrease of fossil fuel engines. It
is of importance to consider what impact this technical shift might have in a life
cycle perspective. New technology requires specialised materials which in turn
have substantial impacts during raw material extraction, manufacturing, and
end of life. This means that the utilised materials may affect the total life cycle
impact of a product. The impact can shift to other life phases and additionally
give rise to impacts other than the frequently used energy consumption and
climate change.

The aim of this thesis is to understand how system boundaries effect environ-
mental impact assessment. Potential life cycle assessment issues are
investigated through studies of vehicle environmental impacts in different life
cycle phases and varying systemboundaries. These issues are approached through
several tools: LCA, Environmentally Responsible Product Assessment (ERPA),
and Material Hygiene (MH).

Three publications are appended to this thesis. Publication A compares two
different disposal scenarios for end of life vehicles in Sweden. Publication B
compares complete life cycle impacts of two dissimilar drivetrains in similar
vehicles. Publication C investigates potential benefits of a concept sea vessel by
comparing it with cargo transport by trucks.

To fairly compare vehicles, with different drivetrain technology, it is not ad-
visable to apply assessment that is limited to studying the use phase. Neither
is it reliable to limit impact inventory to only energy use and CO2 emissions.
The consequences of a narrow system-boarder are difficult to keep track of. To
avoid sub-optimising and minimise risk of unawareness of trade-offs life cycle
perspective is essential.
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Sammanfattning

Fordon anses vanligtvis ha sin största miljöpåverkan i användningsfasen på
grund av förbränningsutsläpp. Ny teknik kan betydligt minska utsläppen under
användning. De gynnsamma fördelarna kan tyda på en ökning av alternativa
fordonsdrivlinor till exempel elmotorer och en minskning av fossilbränslemo-
torer. Det är viktigt att följa upp den miljöpåverkan detta teknikskifte kan ha i
ett livscykelperspektiv. Ny teknik kräver speciella material som i sin tur har be-
tydande påverkan under råvaruutvinning, tillverkning och sluthantering. Detta
innebär att utnyttjade råvaror och kombinationer av material kan påverka den
totala livscykelpåverkan för en produkt. Miljöpåverkan kan förflyttas till andra
livscykelfaser än användning och dessutom ge upphov till annan påverkan än
energiförbrukning och klimatpåverkan, de mest frekvent använda påverkans-
faktorerna.

Syftet med denna avhandling är att förstå hur systemgränser påverkar miljö-
konsekvensanalyser. Genom studier av miljöeffekter av fordon i enskilda
livscykelfaser och varierande systemgränser undersöks potentiella livscykelanalys-
problemställningar. Problemställningarna har studerats genom flera verktyg:
LivsCykelAnalys (LCA), miljömässigt ansvarsfull ProduktAnalys (ERPA) och
Material Hygien (MH). LCA är ett verktyg som kvantifierar påverkan av en
produkt eller en tjänst under hela dess livscykel som omfattar: utvinning av
råmaterial, tillverkning, användning och sluthantering. ERPA är ett förenklat
kvalitativt verktyg för att effektivisera LCA och identifiera ”hotspots” av påver-
kan i livscykeln. MH är ett checklist-verktyg för att stödja design för återvin-
ning.

Tre publikationer A, B och C ingår i denna avhandling. Publikation A ”Investi-
gating improved vehicle dismantling and fragmentation technology” jämför
två olika sluthanteringsscenarier för uttjänta bilar (ELV) i Sverige. Publikation
B ”Comparative streamlined LCA of Internal Combustion and Electric dri-
vetrains” jämför komplett livscykelpåverkan av två olika drivlinor i två liknande
vägfordon. Publikation C ”Life Cycle Assessment and Life Cycle Cost Analysis
of Innovative Vessel, The CargoXpress” undersöker potentiella fördelar med
ett nytt konceptuellt fraktfartyg genom att jämföra denmed godstransport med
lastbil.

Resultaten visar att för att rättvist jämföra transportprodukter, med olika driv-
lineteknik, är det inte lämpligt att begränsas till studier av användningsfasen.
Det är inte heller skäligt att begränsa påverkansinventeringen till endast de van-
ligaste effektkategorierna: energianvändning och CO2-utsläpp. Det är känt att
konsekvenserna av en mycket snäv systemgräns är svåra att hålla reda på. För
att undvika icke-optimala beslut och minimera risken för omedvetna kompro-
misser är livscykelperspektiv centralt.
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Yhteenveto

Ajoneuvojen ympäristövaikutuksen katsotaan yleisesti olevan suurin käyttövai-
heessa fossiilisten polttoaineiden käytöstä aiheutuvien päästöjen johdosta.
Uuden tekniikan avulla näitä päästöjä voidaan vähentää merkittävästi käytön
aikana. Nämä hyödyt voivat aiheuttaa kasvua vaihtoehtoisissa voimansiirrois-
sa, kuten sähkömoottoreissa sekä vähennystä fossiilisten polttoaineiden moot-
toreissa.On tärkeää seurataminkälaisiamuutoksia ympäristövaikutuksessa nä-
mä tekniset muutokset tuovat koko elinkaaren näkökulmasta. Uusi teknologia
vaatii erikoisraaka-aineita ja -materiaaleja, mikä puolestaan vaikuttaa merkit-
tävästi raaka-aineiden louhintaan, tuotantoon ja loppukäsittelyyn. Tämä tar-
koittaa sitä, että hyödynnetyt raaka-aineet ja materiaaliyhdistelmät voivat
vaikuttaa koko tuotteen elinkaaren aikana syntyneisiin ympäristövaikutuksiin.
Ympäristövaikutukset voi siirtyä muihin elinkaarivaiheisiin kuin itse käyttöön,
ja lisäksi aiheuttaa muita vaikutuksia kuin energiankulutus ja ilmastovaikutus,
jotka olevat yleisimmin käytetyt vaikutustekijät.

Tämän väitöskirjan tavoitteena on ymmärtää järjestelmärajojen vaikutuksia
ympäristövaikutusarviointiin. Tarkoituksena on selvittää elinkaariongelmia tut-
kimalla ajoneuvojen ympäristövaikutuksia eri elinkaarivaiheissa ja vaihtelevien
järjestelmärajojen vaikutuksia. Ongelmia on tutkittu eri menetelmien kautta:
elinkaariarviointi (LCA), ”ympäristöystävällinen tuotearviointi” (Environmen-
tally Responsible Product Assessment, ERPA) ja ”materiaalihygienia” (Material
Hygiene, MH). Elinkaariarvioinnilla lasketaan määrällisesti tuotteen tai palve-
lun ympäristövaikutukset koko elinkaaren aikana aina raaka-aineen hankin-
nasta, tuotantoon, käyttöön ja tuotteen hylkäämiseen asti. ERPA on yksinker-
taistettu kvalitatiivinen menetelmä, joka tehostaa ERPA:a ja eri elinkaarivai-
heiden suurimpien ympäristövaikutusten tunnistamiseksi. MH on tarkistuslis-
tamenetelmä, joka tukee kierrätyksen suunnittelua.

Tämän väitöskirja on rakennettu kolmen julkaisun ympärille: A, B ja C. Jul-
kaisu A ”Investigating improved vehicle dismantling and fragmentation tech-
nology” vertaa kahta erilaista autoromutustapaa Ruotsissa. Julkaisu B ”Com-
parative streamlined LCA of Internal Combustion and Electric drivetrains”
tutkii koko elinkaaren vaikutuksia ja vertaa kahta erilaista voimansiirtoa kah-
dessa samanlaisessa ajoneuvossa. Julkaisu C ”Life Cycle Assessment and Life
Cycle Cost Analysis of Innovative Vessel, The CargoXpress” tutkii uuden
konseptialuksenmahdollisesti tuomia ympäristöhyötyjä vertaamalla tätä kuorma-
autolla toteutettuun rahtikuljetukseen.

Tulokset osoittavat, että voidakseen vertailla ajoneuvoja, joilla on erilaiset
voimansiirtotekniikat, ei ole tarkoituksenmukaista rajoittaa tutkimuksia käyt-
tövaiheeseen. Ei olemyöskään järkevää rajoittaa vaikutusten tutkimista ainoas-
taan yleisimmin käytettyihin vaikutusluokkiin: energiakulutukseen ja CO2-
päästöihin. Tiedetään, että seurauksia on vaikea seurata hyvin tiukalla järjes-
telmärajauksella. Elinkaarinäkökulmaonkeskeinen ei-optimaalistenpäätösten
välttämiseksi ja tietämättömien kompromissien minimoimiseksi.
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1 Introduction

All products have environmental impacts. There is no product with zero en-
vironmental influence; even virtual services require physical products and ma-
terial in some form. Vehicles, with some exceptions, are in general considered
to have their major environmental impact during use. Propulsion energy for
vehicles with combustion engines generally comes from the burning of fossil
fuel. This combustion generates emissions like CO2, SOx, NOx, and Particu-
lates. Since the majority of the impact is during use, a simplified comparison
between vehicles is easy tomake by looking at energy requirements per distance
travelled or consumption of energy source per distance for example “litre pet-
rol/km”. This also gives an easy understanding of howmuch exhaust emissions
are emitted per distance, for example “kg CO2/km”. Additional emissions dur-
ing other life phases are insignificant compared to the magnitude of impacts
during use when it comes to combustion engines.

However, with the introduction of alternative technology this simplified way
of assessing vehicles is no longer accurate. It is no longer enough to only con-
sider the use phase, it is in fact deceptive as stated by [Lutsey and Sperling,
2012]. There could also occur a shift to other environmental impacts, e.g. from
energy utilisation and climate change to metal depletion, human toxicity and
more [Hawkins et al., 2013]. Hence, not only is the relative importance of dif-
ferent stages shifted as the burdens in the use phase potentially decrease, but
the introduction of new technology also can shift impacts to other impact cat-
egories. In general, Life Cycle Assessment (LCA) transport studies concentrate
on the use phasewith energy consumption and climate change as impact factors
[Nealer and Hendrickson, 2015, Nordelöf et al., 2014]. This insufficient view
must be renewed as critical environmental impacts risk being made invisible.

Embedded systems, lightweightmaterials, andother new technologies in vehicles
enable reduction of fuel consumption and thereby also emissions. This means
that selection of certain materials can diminish environmental impacts of a
product during use [Samaras andMeisterling, 2008,Notter et al., 2010,Hawkins
et al., 2013, Dunn et al., 2015]. The development of complex products gener-
ally implies an increase of material mix and there is a growing need for spe-
cialised materials. This could imply elements with unique characteristics and
blend of materials such as alloys and composites. Materials used in products
have a life cycle beginning with raw material extraction, manufacturing, use,
and finally end of life (EOL). During this life cycle, products have different en-
vironmental impacts which can be quantified and divided into three categories:
resource consumption, human health and ecological consequences [Baumann
and Tillman, 2004]. The magnitude of these potential impacts throughout the
life cycle is affected by the selection of materials. An everyday product such as
a smartphone includes over 34 elements of the periodic table and that is not in-
cluding materials and/or resources used during manufacturing [Muller, 2013].
Some specialisedmaterials are classified asCritical RawMaterials (CRM)which
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combines a high economic importance with a high risk associated with their
supply [European Commission, 2014]. The supply risks are measured through
The World Governance Indicator (WGI). This indicator takes into account ac-
countability, political stability and absence of violence, government effective-
ness, regulatory quality, and rule of law (ibid.). Examples of CRM include rare
earth elements (REE), cobalt, and niobium. To develop and build high-tech
products, CRM are rapidly becoming more important and in demand. These
materials are used increasingly in modern components such as: small strong
magnets, high definition displays, computer chips, and energy dense batteries
etc. [Walters and Lusty, 2011].

The possibility to decrease environmental impacts implies a rise in alternative
drivetrains, for example electrical motors and a decrease of fossil fuel engines.
It is thus of importance to consider what environmental impact this technical
shift might have in a life cycle perspective. This thesis investigates the environ-
mental impacts of vehicles with a special focus on materials.

1.1 Aim and scope of thesis

The aim of this thesis is to understand how system boundaries effect environ-
mental impact assessment. Potential life cycle assessment issues are
investigated through studies of vehicle environmental impacts in different life
cycle phases and varying system boundaries. A special focus is set on how ma-
terials used in vehicles influence the impact. The importance of appropriately
defining system boundaries in life cycle assessments will be analysed.

This thesis will answer two research questions:

What effects will different system boundaries have in the environmental
assessment of vehicles?

Why is it critical to systematically review defined system boundaries and
increase the awareness of effects from different system boundaries?

The scope of this thesis includes thewhole or part of the life cycle environmental
impacts of different vehicles such as: cars, trucks, and sea vessels; with internal
combustion engines or electrical motors. Four case studies are used to answer
the two research questions. The first case study assesses the environmental im-
pacts during EOL-management of end-of-life road vehicles (ELV) in Sweden.
The second case study is a life cycle comparison of different road vehicle tech-
nologies. The third case study is a life cycle comparison between road vehicles
and sea vessels. The fourth case study is a comparison of the two cargo vehicles
in two different use scenarios.
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2 The research field

This section describes the background for this thesis. It gives an overview of the
research field, declares the importance of life cycle perspective, gives examples
of the environmental impacts of vehicles, describes two LCA tools, and finally
outlines the concept of Material Hygiene.

Eco Design, Design for Recycling (DfR), andDesign for disassembly all are con-
nected to product development and material management with an aim to min-
imise resource consumption and increase recycling. The prime goal is
Ecological Sustainability but this field has a strong connection to the other pil-
lars of sustainability: Economic and Social Sustainability [Brundtland, 1987].
To work towards Ecological Sustainability Design for Environment (DfE) is one
way to go. DfE is also called Eco Design, green design, environmental con-
scious design, life cycle design, sustainable design etc. [Bhamra, 2004, Fiksel,
2011, Poulikidou, 2013]. These terms are considered similar and share three
important principles:

1. Early consideration of environmental aspects into product development.

2. Life cycle thinking.

3. The use and integration of supporting DfE tools.

Early consideration of environmental aspects and consequences into product
development is important, for example the choice of materials has an impact
throughout thewhole life cycle. To reduce this impact, prior planning of product
life cycle and choice ofmaterials is crucial. Section 2.2 describes this connection
further.

Life cycle thinking can be viewed as using life cycle perspective to investigate the
whole life cycle impact ofmaterial choice for example. The life cycle perspective
is described in section 2.1.

The use and integration of supporting DfE tools is an important support for Eco
Design. There are countless of tools available for supporting green design. In a
review by [Poulikidou, 2016], 41 methods and tools out of hundreds were iden-
tified and classified. In this thesis three tools were selected: LCA, ERPA and
Material Hygiene. LCA is a tool for quantifying environmental impacts and is
chosen because it offers the possibility to compare environmental performance
of different forms of solutions; although, the requirement of detailed quantified
data can be a disadvantage. ERPA is a simplified qualitative LCA-tool. ERPA
gives a comprehensive overview of impact hotspots but the greatest weakness
is that the tool may be influenced through subjectivity. Material Hygiene is a
checklist tool to support Design for Recycling and is selected for illustratingma-
terial environmental impact. However, trade-offs are not easily identified with
this tool. These tools are described more in sections 2.3, 2.4, and 2.5.
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DfE involve several areas for example Design for Recycling (DfR). DfR con-
nects to a plan for EOL-management of a product, to make it more recyclable.
This could involve the choice of material, shape, composition, fasteners etc.
Recyclability is one of several product requirements. DfR suggest making bet-
ter material choices for efficient separation and recovery [Gungor and Gupta,
1999]. Design for disassembly is a sub-category part of DfR. Products that
are not designed for disassembly have less predictable material recovery rate,
higher disassembly times and generate more waste [Guide, 2000]. In addition,
parts not designed for disassembly may be more prone to be damaged during
disassembly and this often increases material replacement rates (ibid.).

2.1 Life cycle perspective

A life cycle is the life scenario of a product or service consisting of several phases:
raw material extraction, manufacturing, use, and EOL [ISO, 2006]. Figure 1
illustrates a linear life cycle, also called “cradle to grave”. Products are not only
physical things but can also involve a product service system (PSS). Further in
this thesis the term “product” is used for physical subjects.

Figure 1: Linear Life Cycle, cradle to grave.

Considering the life cycle perspective, two important aspects must be declared.

Primarily, when quantifying environmental impacts a lot of data is required
which demands time and resources. There has always been a wish to sim-
plify the process. Previously this has been possible during assessment of active
products such as road vehicles; since the use phase has turned out to be thema-
jor influence it has been possible to exclude other phases. Most road vehicles
had similar technology which made simplified comparable assessments of the
use phase possible saving effort, time, and money. However, there was a limit
to the reliability of the result.

Secondly, one of the results of studying the complete life cycle is finding hot-
spots [Graedel and Saxton, 2002] and to identify areaswhere improvements are
required for better environmental performance [Hur et al., 2005]. This means
identifying the life phase and/or impact with the greatest influence. By provid-
ing such information, an organization can potentially prevent or diminish en-
vironmental impacts. Finding hot spots is important but this is also a simpli-
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fication which in turn causes limitations - the same limitations arise when only
studying one life cycle phase.

Accordingly, life cycle perspective is of importance to display the total environ-
mental impacts of a product. It is vital to study environmental impacts in a life
cycle perspective to avoid problem-shifting from one life cycle phase to another
[Finnveden et al., 2009]. This means that if only one phase is studied for a
product theremight be larger environmental impacts hidden in other life phases.
For example, if the use phase is assessed for a road vehicle, results might show
that an electrical vehicle has lower environmental impacts than a combustion
engine vehicle. This is not the whole truth since an electrical vehicle has
significant environmental impacts during material extraction, manufacturing,
and EOL-management [Hawkins et al., 2013]. Distinguishing the impact shifts
elsewhere within the life cycle improves the identification and minimisation of
trade-offs [ISO, 2015].

2.2 The life cycle impacts of vehicles

This section provides brief background about how a vehicle might impact the
environment during a life cycle. Additionally, this section presents EU
directives and legislations that are of importance for product development and
material selection. A directive is a legislative act by the EUwhich requiresmem-
ber states to achieve a particular result without dictating means of achieving
that result [European Union, 2015]. Directives normally leave member states
with a certain amount of freedom to set the rules, unfortunately this means
that the execution of directives varies throughout the EU. Most environmental
directives concerning waste management have recently been recast. In current
and coming years, rules will be stricter in terms of for example the rates of re-
use, recycling, and more.

Rawmaterial extraction

Raw material extraction is the first life cycle phase and could include mining
for virgin ores, extraction of oil, and other resources, or preparing recycled
materials for manufacturing. Most virgin raw material extractions have a very
high energy demand, water and landuse. Environmental impacts are also caused
by extensive emissions to air, water, and soil. There are significant environ-
mental impacts during the processing of ore to manufacturable material due to
energy requirement, use of chemicals, process waste, and spillage. This means
that extractedmaterial accumulate a high embedded energy throughout the life
cycle.

A lot of materials are required for vehicles and additional specialised materials
are needed for high-tech products. For example, several REE are used in elec-
tric motors. Electrical and electric components are common in all types of road
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vehicles such as in automatedmovements of windows, mirrors, lamps etc. Min-
ing of REE causes significant environmental impacts due to radioactive mining
waste and the demand for considerable amount of energy. Slack regulation and
illegal mining operations pose a threat to local environment, causing illness,
occupational poisoning of workers and residents, and pollution of air, land and
water [Walters and Lusty, 2011]. The refinement processes often involve many
chemicals.

There is a directive on restriction of using certain hazardous substances in products
called Restriction of Hazardous Substances Directive (RoHS) [The European
Parliament and The Council of the EU, 2011]. RoHS defines a number of sub-
stances that are forbidden to use within the EU. The number of substances is
dependent on date at the moment because of the enforcement of the recast of
the directive. The key differences between the previous RoHS 1 and the new
RoHS 2 concern the scope, restriction of new substances, and the coherence
with other EU-legislation.

The EU Regulation concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals is called “REACH” [The European Parliament and The
Council of the EU, 2006]. REACH is aimed to improve the protection of hu-
man health and environment from risks posed by chemicals, while enhancing
the competitiveness of the EU chemicals industry. It also promotes alternative
methods for hazard assessment of substances in order to reduce the number of
tests on animals. There are however substances not currently included in RoHS
2 which are still toxic, scarce or under REACH restrictions that might be essen-
tial to achieve certain functionality in products.

Manufacturing

During manufacturing the materials are processed, moulded and assembled to
a product. During this life phase, environmental impacts occure due to energy
use, resource use, and production waste. Impacts of manufacturing are gener-
ally considered one of the lowest impacts for conventional vehicles. But with
the development of advanced vehicles this is shifting and manufacturing is no
longer insignificant [Hawkins et al., 2013]. Many high-tech products demand
more energy during manufacturing, for example Lithium-ion batteries used in
EVs. Since themanufacturing phase increases its effect on the life cycle impacts
system-boundary aspects such as electricity mix have a large influence on the
magnitude of the environmental impact [Majeau-Bettez et al., 2011].

Manufacturing is also governed by the RoHS and REACH Directive.

Use

During the use phase the product is administrated for its function. As stated
in the introduction of this thesis, advanced materials in vehicles can lower the
environmental impacts during use [Hawkins et al., 2013]. For active products
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like vehicles, the use phase is conventionally considered to be the most influen-
tial. This is usually because of massive energy and resource requirements for
propulsion in combustion engines. As explained in the introduction, this might
no longer apply for new technology.

Vehicle impacts during use can originate frommaintenance, repair, or other en-
ergy needs. Fuel used in combustion engines are also extracted, refined, trans-
ported and should be part of the system boundary for a complete life cycle as-
sessment. Similarly, the production of electricity for electrical vehicles must be
considered. There is a significant difference in environmental impact depend-
ing on the electricity mix. The mix in turn is depending on the source for elec-
tricity production, for example hydro-, nuclear-, oil-, coal- and/or wind power.

End of life

The well-known waste hierarchy, figure 2, presents the most favoured options
as a non-waste product, also known as a prevention of waste
[European Commission, 2015]. This could involve maintenance, service, or re-
paration to avoid waste and to give the product a longer life time in the use
phase. Other options in descending scale are: reuse, material recycling, en-
ergy recovery, and the least favoured option disposal. Reuse means actual re-
use of products or components. The non-waste and reuse levels are a part of the
concept of Re-manufacturing, a focus on value-adding recovery [Guide, 2000].
Material recycling covers reuse of material resources including downcycling.
Energy recovery regards some kind of energy recovery usually through inciner-
ation. Disposal in this case indicates a lost resource for example through landfill
[European Parliament and Council, 2008].

Figure 2: Waste hierarchy [European Commission, 2015]
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There are several EU directives concerning EOL. Objectives of EU End of Life
Vehicle (ELV) directive [The European Parliament and The Council of the EU,
2005] are primarily about preventing waste and additionally to promote reuse,
recycling, and recovery of vehicle material. The ELV directive increased the
required recovery rates starting from 2015. Required reuse and recovery rate
is 95% of the total vehicle mass, of which at most 10% can constitute energy
recovery. All road vehicles with a mass less than 3.5 ton are regulated under
the ELV directive.

When a vehicle is scrapped, the CRM in electronic components, for example
REE,might become a released pollutant in the environment and a lost resource.
If REE is mixed with other materials it complicates the recovery significantly.
Commercial recycling techniques for REE are non-existing or poor, currently
only 1% of REE are recycled [Binnemans et al., 2013]. REE materials are at
best downcycled.

2.3 LCA - Life Cycle Assessment

LCA is an analytical tool that investigates the environmental impact of a product
or service throughout its entire life cycle which includes: raw material extrac-
tion, manufacturing, use, and EOL treatment. The LCA procedure is well de-
scribed in standards (ISO 14040:2006), documents, and guidelines
[ISO, 2006, Baumann andTillman, 2004]. The assessment consists of four pro-
cedure steps: goal and scope definition, inventory analysis, impact assessment,
and interpretation. These four steps are part of an iterative process meaning
that all four are dependent and influenced on each step. To start a study, a
purpose of the LCA is specified in the goal and scope definition. During the
inventory analysis phase, the life cycle model is constructed, data is collected,
calculations are made of emissions produced, and resources used. These are
related to various environmental problems in the impact assessment phase.
Throughout the process, interpretations are made and finally potential impacts
can be identified.

Although LCA is a well-defined and useful method, it requires detailed
quantitative data. If this data is lacking or hard to find the assessment will
become time consuming, costly, and difficult [Tingström and Karlsson, 2006,
Hochschorner and Finnveden, 2003]. The significant disadvantage with LCA
is that in most situations it is impossible to prove conclusively that any one
product or any one process is better than another. This is because many para-
meters cannot be simplified to the degree necessary to reach such a conclu-
sion. Many LCAs have reached different and sometimes contradictory conclu-
sions about similar products [UNECE, 2012]. This inconsistency is because of
choices of system boundaries, marginal or average data, allocation issues etc.
[Finnveden et al., 2009].

Advantages of LCA are mainly making it possible to compare environmental
performance of different forms of solutions (included in a study also known as
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comparative LCA), results are based on a transparent system analysis, and it
can serve as a basis for learning and policymaking [Tingström and Karlsson,
2006]. Additionally, it can give a comprehensive analysis of effects based on
the cradle-to-grave approach [UNECE, 2012].

SimaPro [PRe Consultants, 2011] is a practical application that collects,
analyses, andmonitors the environmental performance of a product or a service
[UNECE, 2012].

2.4 ERPA - Environmentally Responsible Product
Assessment

EnvironmentallyResponsible ProductAssessment (ERPA) is a StreamlinedLife
Cycle Assessment (Streamlined LCA) method developed and described by
[Graedel, 1998]. One of the reasons for selecting this approach is its detailed
documentation regarding the application process that increases the
transparency of the study. This qualitative method is not dependent on access
to quantitative process data as much as a full LCA.

ERPA evaluates the environmental performance of the product under five im-
pact categories or “stressors” (material choice, energy use, and solid-, liquid-,
and gaseous residues) and five life cycle stages (pre-manufacture/resource ex-
traction, manufacture, delivery, use, and EOL). The environmental stressors
and life cycle stages form a 5X5 matrix. Each element of the matrix is assigned
a rating from 0 to 4, where 0 indicates poor environmental performance/high
environmental impact as opposed to 4which indicates good environmental per-
formance/low environmental impact. The rating is based on specific scoring
guidelines and protocols provided by the method [Graedel, 1998].

Previous studies where the ERPA matrix was applied have identified a number
of advantages as well as limitations of the method
[Hochschorner and Finnveden, 2003, Hur et al., 2005]. ERPA considers the
whole life cycle of the product from manufacturing to EOL. This provides pos-
sibilities for identification of trade-offs among the different life cycle stages and
reduces the risk for sub optimizations. [Hur et al., 2005] conclude that the
ERPA is a useful tool that may assist in identification of the key life cycle stages
of the product where environmental improvements are needed. The method
can be used both for the development of new products as well as for exist-
ing ones. ERPA however is a simplified LCA tool in the sense that there are
no demands for quantitative input and that the assessment is based on a pre-
defined set of environmental impacts. According to [Moberg et al., 2014] such
simplifications entail a risk that environmental information is overlooked. Des-
pite the detailed documentation the ERPAmethodmay involve arbitrariness as
noted by [Hochschorner and Finnveden, 2003]; something that can be con-
sidered a common limitation of qualitative or semi-quantitative approaches.
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2.5 MH - Material Hygiene

Material Hygiene (MH) is a systematic tool for Design for Recycling and Design
for Disassembly. The definition of the tool is: “In every step of the product life
cycle, MH is to act towards larger amounts of useful material from recycling,
on the same quality level as virgin material” [Johansson, 2008]. As (ibid.)
states in his thesis, MH is not static since material evolution, new research, and
new legislationmust be considered. The goal ofMH is to stimulate a closedma-
terial loop. MH is related to “Functional Recycling” which means that the ele-
mental properties (e.g. physical or chemical) are utilised in a new cycle [Guinée
et al., 1999,Graedel et al., 2011b]. In an extensive studymade byUnitedNations
Environment Programme (UNEP), the rate of recycling is defined as recycling
efficiency [Graedel et al., 2011a]. This report identifies, among other things, an
important question: “Does the design of the discarded product, and the ways
in which materials are joined or merged enable or inhibit available recycling
processes?” (ibid.).

The MH consists of three aims: low material mix, structural clarity, and rel-
evant information are linked to recyclability. There is a trade-off between the
properties of product development. It is necessary tomonitor the trade-off from
a life cycle perspective to minimise any rebound effect. For example, the re-
placement of scarce and toxic materials should be regarded in terms of a life
cycle perspective to avoid rebound effects such as lower efficiency or shorter
use life time.

Figure 3: Recovery Model, life cycle with flows representing reuse (A), upgrad-
ing needs (B and C), and (Loss) of resources [Luttropp, 1997].

Figure 3 demonstrates the principle of a Recovery Model. Flow A represents
products and parts recovered and reused without upgrading; it might include
electric motors, doors, windows etc. Flow B representsmaterial fractions need-
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ing someupgradingwhile FlowC representsmaterial fractions demandingmore
upgrade to facilitate recycling, downcycling or energy recovery. Flow “Loss”
represents resources that are lost from the life cycle [Luttropp, 1997]. It is desir-
able to decrease the need for upgrading, to minimise resource losses and down-
cycling. With a high maintained MH the need for upgrading is decreased. This
is achieved via strategic material use in design and manufacturing followed by
an unbroken information chain during product use.

The weakness ofMH is the risk of neglecting rebound effects. If one of themain
aims is met and a low material mix is achieved it might negatively affect the
function, performance or life time of the product. This demands a high level
of insight by the designer to understand this connection. There is also a risk
that themethod is too simplified formodern complex products. The electronics
in a product is usually considered to be one structure. This might lead to an
underestimation of potential impacts since it consists of many materials.

The strength of MH is that it is easy to learn, use, and it is educational. It
can help designers and especially engineering students to develop their green
product development skills.

LowMaterial Mix

Themix ofmaterials is closely linked to the recycling efficiency. This is of course
an issue since development pushes products towards more complex mixes
[Johnson et al., 2007]. The variety of materials used in a product influences
the possibility to achieve a clean recycling fraction. Therefore, it is generally
better to reduce the number of materials and parts used. However, a high num-
ber of materials which are possible to separate is better than a few materials
in a complex inseparable mix. Different materials should be kept separated
and unnecessary alloys should be avoided. Using a low mix of materials im-
plies keeping the construction simple, using few varieties of material, and to
facilitate recovery of fractions with high concentration, thus resulting in higher
purity of recycle materials.

Structural Clarity

A clear and defined structure is of great value during EOL and the structure
must be planned during product development. The insight of required reuse of
components and/or recycling materials at EOL is a challenge for designers and
should be included as obviously as design for assembly, design for usability, or
any other product requirement. Repair, upgrading and recycling are promoted
by a simple and visible structure of parts, joints and sub-assemblies. This is
very important since it has the potential to prolong a product’s life. Reduction
in dilution and quality losses could be achieved by an improvement in sorting
technology, and implementation of design for recycling and disassembly among
others [Nakamura et al., 2012].
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Relevant Information

Product information and especially material resource identification are crucial
for a successful EOL management. In most cases, it is required to keep docu-
mentation on scarce and toxic resources used in products, such as through the
EU REACH Regulation [The European Parliament and The Council of the EU,
2006]. Toxic materials should be kept sealed in the life cycle loop as accord-
ing to MH. The importance of information and identification to optimise EOL
treatment of composites were stated by [Hedlund-Åström, 2005]. Information
is an important link tomake EOLmanagementmore sustainable andmore eco-
nomic for the disassembler [McMillan et al., 2012].
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3 Method

In this section the research work resulting in this thesis will be described.
Throughout the research gathering and analysing relevant literature was an on-
going process. The literature in question consists of scientific journal articles,
reports, books, doctoral theses, and websites.

In the beginning the work was centred on acquiring knowledge and skills to
use methods and tools of Eco Design and LCA. The Eco Design tool called Ten
Golden Principals [Luttropp and Brohammer, 2014] was learned by practising
and experimenting on physical products. A product was disassembled,
materials were identified, and a life cycle scenario was modelled. Through this
analysis, the product major environmental impacts were identified. This gave
the possibility to improve on the design and thereby lower the environmental
impact.

The analytical tool LCA is described in section 2.3. LCA was the main tool used
during the research process. One of many practical applications for LCA is the
software called SimaPro [PRe Consultants, 2011]. This software was learned
through exercises and supervision by skilled teachers. SimaPro provides a large
database with data for different environmental impacts. The software can be
used to model a life scenario for a product which provides calculated quanti-
fied impacts of different categories. Besides the database provided by SimaPro,
specific data was collected from literature, websites, technical reports, and dis-
cussed with practitioners working in the area of the first Case study (I). Fore-
ground data on the ELV scrapping scenarios, including the shredder, material
recovery rates, manual disassembly, and transportation distances, were based
on interviews and data from literature for similar systems. The background sys-
tem, including transport, fuels, electricity, heat, recycling, incineration, landfill,
and avoided processes, wasmodelled using data from the Ecoinvent database in
SimaPro 7.3.2. The aimwas to identify and quantify specific environmental im-
pacts during vehicle EOL. The calculated results were followed by discussions
with different researchers in similar and adjacent areas.

The second case study (II) was modelled for a conjoined project at KTH,
Stockholm. This project broughtmanydifferent research areas together towork
on vehicle assessment from slightly different perspectives. Data was collected
mainly through literature and discussionswith researchers in various areas; ad-
ditionally, the two drivetrains were disassembled and analysed. The object of
Case study (II) was to identify life cycle differences of two dissimilar drivetrains
qualitatively; the drivetrains consisted of an electricalmotor including batteries
and a combustion engine. Themethod is a qualitative screening using a Stream-
lined LCA called ERPA as described in section 2.4. Although numerous SLCA
approaches are available, ERPAwas selected due to the detailed documentation
available that facilitates the application process and increases the transparency
of the study.

The research continued with participating in an EU-project under the FP7 that
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was the European Union’s Research and Innovation funding programme for
2007-2013 [EU, 2015]. One output from the project was a new concept ves-
sel for cargo transport called CargoXpress [CargoXpress, 2015]. One specific
aim was to identify and quantify life cycle environmental impacts. This in-
volved data collection from within the project as well as from external sources.
Once again SimaPro was used to model life cycles for two cargo transportation
vehicles (Case study III) and two different use scenarios (Case study IV).

Throughout this research tutoring students in Eco Design and supervising stu-
dent projects have been parallel assignments and natural parts of understand-
ing the research.

Reflection and iterations of the case studies gave the base to this thesis.

3.1 Case studies

Four case studies presented in the three appended publications are used to an-
swer the research questions. Together the studies present a variation of life
cycle phases, system boundaries, and scenarios for vehicles covering an assess-
ment of one single life cycle phase (Case study I), a complete life cycle assess-
ment (Case study II and III), and assessment of alternating scenarios (Case
study IV), see figure 4. A more detailed description of the case studies and
summary of main results, related to the research questions, are given in the
subsections of section 4.

Figure 4: The four case studies illustrated with the system boundaries

Case study (I) was a study of the EOL phase with two scenarios. Two differ-
ent EOL management methods of EOL road vehicles in Sweden are studied.
The first scenario is the current EOL method using a high level of automation
and mainly a shredding mill. The second scenario is a manual disassembly of
the ELV. SimaPro was used to model and compare the two ELV management
scenarios, and to quantify the environmental impacts of climate change, metal
depletion, and cumulative energy demand (CED). Since the purpose was to
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make a preliminary screening comparison, and since real process data on the
hypothetical manual disassembly scenario are not available, the level of detail
and scope of the impact assessment were limited. The outcome of Case study
(I) was publication A.

Case study (II) investigated the complete life cycle and was a comparison of
two different drivetrain technologies. The different drivetrains consisted of an
electrical motor including batteries and an internal combustion engine. The
Streamlined LCA approach ERPA, described in section 2.4, was presented in a
qualitative study in order to assess the environmental performance of the two
drivetrains. In this study the drivetrains were assumed to have the same use
profile. Through assessment, key life cycle stages were identified meaning the
most influential life phases with most environmental impact. Case study (II)
resulted in a workshop held at KTH and publication B.

A comparative LCA was used in Case study (III) to analyse the whole life cycle
and quantify impacts of two different cargo vehicles. Case study (IV) was a LCA
comparisonmade through alternating use scenarios to calculate environmental
impacts of cargo transport. The vehicles studied were a truck with a trailer
and a new vessel concept called CargoXpress. SimaPro was used to show the
quantitative environmental benefits and weaknesses of the studied vehicles.
The whole life cycle was included for the compared vehicles and significant life
phases and impacts were identified. The results of Case study (III) and (IV)
were reported to the project management and the EU and the outcome of the
analysis was presented in publication C.

These four case studies with different system boundaries were not primarily
used for comparison but will provide an answer to the research questions from
different perspectives. The common factor was environmental assessment of
vehicles.
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4 Summary of appended papers and results

This section summarises the publications A, B, and C. For each summary a
short background is presented and the specific research questions are stated.
The main results of each case study and results related to the questions of this
thesis are presented and described. The studies consist of a variation of life
cycle phases, system boundaries, and scenarios for vehicles covering: a single
life phase assessment (Publication A), complete life cycle assessment (Publica-
tion B), and alternating use scenarios including a complete life cycle assessment
(Publication C). The publications regard environmental assessment of vehicles
from different perspectives.

4.1 Publication A: Investigating improved vehicle
dismantling and fragmentation technology

In the 70’s a common road vehicle was basically a metal shell on wheels with
a mechanical combustion engine, and a limited amount of additional materials
such as upholstery and glass. Vehicles of the 21th century are no longer simple
shells - they are advanced electronic computers on wheels. Almost everything
in a vehicle could be measured and adjusted by a user or control system. This
has also contributed to lower impacts during use through more specialised ma-
terials [Samaras and Meisterling, 2008].

Modern road vehicles are a complex mix of materials but the EOL manage-
ment has not kept up with this development. The dominating EOL method for
vehicles is shredding. Thismethodwas developed during the 70’s when thema-
terial mix was low. Recovery was simple and effective. By shredding vehicles
into smaller pieces it was easy to separate valuable metals from additional ma-
terials. Recycling rates were very high at this time and only a minor fraction
was landfilled.

As stated previously, more materials decrease impact during use phase; how-
ever, impacts might shift to other life cycle phases, for example to EOL. It is
problematic that shredding remains the preferred method while the composi-
tion of vehicles have evolved. Thismay cause large environmental impacts since
the majority of specialised materials, for example REE, lack recovery processes
and are lost by beingmixed in with different fractions, incinerated, or landfilled
with other materials [Binnemans et al., 2013, Andersson et al., 2016].

The assumption of this publication was that separating vehicle materials into
fractions could be an optimisedmethod throughmanual ELVdisassembly. This
could enable high resource efficiency, minimising environmental impact, and
finally enable material-based monitoring that is follow-up of recycling targets.

In Case study (I) a comparison was conducted using the LCA tool and SimaPro
software to model two different ELVmanagement scenarios. The first scenario
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was Shredding, the current Swedish ELV method. The second scenario was
Manual Disassembly, a hypothetical scenario designed to reach the recycling
targets of the EU ELV Directive for 2015 [The European Parliament and The
Council of the EU, 2005]. The LCA considered three impact categories: climate
change, metal depletion, and CED, thus identifying the potential EOL climate,
resource-, and energy consumption impacts.

The main research question in this publication was:

“Can manual recycling increase recycling levels of ELV, and improve the en-
vironmental and resource efficiency of the waste management system?”

with the sub-question:

“What are the major benefits and how do they accrue?”

Compared to the current shredding disposal manual disassembly significantly
reduced climate change impact andmetal depletion. Thiswas through recycling
of more polymers and copper, and recovery of more energy via incineration.
The manual disassembly in Case study (I) did not make any claims to salvage
REE specifically. Although the results showed great environmental benefits if
MH was kept throughout the waste management. In this publication the need
to develop new ELV scrapping methods for better resource management was
identified.

The system boundary of this study was limited to one life cycle phase. It was
assumed that the vehicles had identical life cycles up to EOL and the life cycle
was not influenced by the choice of EOL management. Therefore, the begin-
ning of the life cycle could be disregarded [Finnveden, 1999]. The omission of
the production and use phases gives rise to some uncertainty. Although the
omission is a reasonable assumption for an EOL LCA study from a short-term
perspective, froma long-termperspective it represents oversimplification. Since
ELVs are subject to producer responsibility in Sweden, there is at least in
theory, an incentive to design vehicles so as to enable optimal recycling. Radical
changes in disassembly and recycling practicesmay therefore lead to changes in
vehicle design. The presented results fromCase study (I)were intended to guide
future research into improving ELV management. They could also be used to
inform policy-makers and other stakeholders of the urgency of rethinking and
redesigning ELV recycling targets and management.

4.2 Publication B: Comparative streamlined LCA of
Internal Combustion and Electric drivetrains

Road transport contributes to approximately one fifth of the total CO2emissions
within the EU [European Commission, 2015]. Transport is the only major sec-
tor in the EUwhere greenhouse gas emissions, including CO2emissions, are still
rising (ibid.). This is caused by a growing need for transport. More electrical
vehicles could be part of a solution to decrease emission impacts during use.
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This qualitative comparison between an electrical and an internal combustion
vehicle was a screening assessment. When comparing the included materials
in an Electrical Vehicle (EV) to materials in an Internal Combustion Engine
Vehicle (ICEV) there are many similarities concerning the use of steel, alu-
minium, copper etc. However, there is a significant difference between the two
vehicles since the EV needs an amount of CRM, for example REE. The differ-
ence is significant to a degree where assessments must be viewed from a life
cycle perspective.

The aim of this paper was to shed light on the importance of CRM in vehicles, in
particular REE, in a life cycle perspective. This was of great interest since EVs
are thought of as a sound environmental choice and they are being introduced
on a larger scale to replace ICEVs. This was done by means of a comparative
study of two existing prototype vehicles. These prototypes, called Smite, were
developed and built at KTH (Royal Institute of Technology) in Sweden, with
the main focus of maximising energy efficiency. These prototypes are identical
apart from the drivetrain, which provided a unique opportunity to focus only
on the differences of the drivetrain [Finnveden, 1999], which was where the
significant differences in terms of CRM arose.

The research question to be answered by this publication was:

Where can themajor differences in terms of environmental impact between an
electric vehicle and a fossil fuel vehicle be identified if the drivetrain is studied
phase by phase: extraction of raw materials, product manufacture, delivery,
product use and refurbish/recycle/disposal?

A Streamlined LCA called ERPA was used for the comparison. This tool is de-
scribed in section 2.4.

Considering the relationship of the environmental impact in all life cycle phases
between the drivetrains, itwas clear that therewere significant differences between
the two. During pre-use stages; raw material extraction and manufacture, the
environmental impacts were low for the ICEV while high for EV. This was due
to the use of REE in the drivetrain of the EV. The EV also scored worse in
the disposal stage, due to the current lack of efficient recycling and of loss of
resources. On the contrary, during the use phase the environmental impact of
the EV was very low compared to the ICEV, mainly depending on the efficiency
of energy consumption of EV compared to ICEV fossil fuel combustion.

From the findings of Case study (II) it became apparent that the preferred
assessment models, relying only on use phase energy consumption and CO2
emissions, cannot be fairly applied when conventional vehicles were compared
to new and emerging vehicle technologies, as important impactsmight be omit-
ted. The results showed significant differences of the life cycle impact distribu-
tion of the two drivetrains. Thus the life cycle perspective as well as customised
metrics capturing relevant environmental aspects, should be adopted. If the
impact of materials is overlooked, there is a risk of severe sub-optimizations in
the transport sector as EVs are introduced on a larger scale. This study provided
possibilities for identification of trade-offs among the different life cycle stages.
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Case study (II) considered the whole life cycle but only a limited scenario. The
use assumptionwas limited to include only a range that was possible for the EV.
In line with previous research Case study (II) showed that the overall environ-
mental benefits of EVs during use can be questionable in a life cycle perspective
since manufacturing and EOL of electronics and batteries are energy intensive
and involve critical materials. Moreover, during the use phase EVs result to
no direct emissions; indirect emissions during electricity production may vary
considerably depending on the electricity sources assumed and on the system
boundaries.

4.3 Publication C: Life Cycle Assessment and Life Cycle
CostAnalysis of InnovativeVessel, TheCargoXpress

This publication included a Life Cycle Cost Analysis (LCCA) as well as a LCA.
The LCCA will not be discussed in this thesis.

The world’s population is growing at a rapid rate and demands for further use
of resources grow with it. Transportation of industry goods will grow in coming
years around the world, in particular through shipping [Buhaug et al., 2009,
Smith et al., 2015]. In 2009, a EU-project was launched with the aim to de-
velop an innovative cargo vessel in order to meet the upcoming shortage of
energy and to decrease the CO2 emissions during the transport of cargo. The
aim was to be met by the relocation of cargo transport from road to sea by us-
ing small and medium sized ports. The result of the EU-project was a novel
concept vessel for cargo transport: the CargoXpress catamaran. It featured for
instance a lightweight construction with minimal drag, the use of cleaner fuel
(LNG), wind-power propulsion through a sail-wing, electricity source trough
solar-panels, auxiliary power through an electric motor, and an on-board crane
[CargoXpress, 2015]. The high technology components require lightweightma-
terials and other specialised materials. For example, the components involve
the use of an assortment of CRM including Indium, Gallium, REE etc.

The objective of this study was to quantify the environmental impact of the
cargo transport vehicle within the EU. Four emission factors were selected to be
quantified: CO2, SO2, NOx, and Particulates. The main function of the studied
vehicles was to transport cargo in Twenty-foot Equivalent Unit (TEU) contain-
ers, an ISO-standardised container [Maersk, 2013]. A functional unit was set to
TEU*km. Two comparative LCA studies quantified the environmental impacts
of sea transport by CargoXpress and road transport by truck. Case study (III)
compared the total life cycle impacts of CargoXpress and truck. Case study (IV)
compared two typical transport routes for the two vehicles. These were mod-
elled as two transport scenarios.

Case study (III) showed that there were environmental gains to be made by
transferring cargo transport from road to sea. The truck life cycles had 18 times
larger CO2emissions than CargoXpress life cycle. Results from the analysis
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of Case study (IV) clearly showed benefits for transporting goods with small
light weight vessels. Cargo transportation with CargoXpress had overall lower
environmental impacts compared to cargo transport with trucks in a life cycle
perspective.

Case study (IV) shows that comparative LCA with the help of scenarios can
further shed light on environmental consequences. Case study (III) showed
that the major impacts, for both vehicles, were in the use phase for almost all
investigated emissions, except for Particulate emissions. CargoXpress
Particulate emissions during the raw material extraction phase were slightly
higher than during the use phase. This was a concrete example of an impact
that runs the risk of being disregarded if the system boundary is set only around
the use phase. However, when using the life cycle perspective Particulate im-
pact upstream from the use phase is identified and quantified. Additionally,
results indicate that if the vessel operation time would increase the raw ma-
terial phase Particulate impact would decrease relatively to the use phase im-
pact; and vice versa if operation time decreases the Particulate impact of the raw
material phase would increase in significance. Thus, results showed that Par-
ticulate impacts were dependent on the scenario assumptions. Accordingly, the
choice of material was of great importance.
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5 Discussion

To fairly evaluate the impact of different vehicle technologies, it is important to
not only study the use phase and not only use the preferred impact categories
of energy consumption and climate change. The assessment omits important
impacts originated outside the use phase and other impact categories. These
impacts can for example be from raw material extraction, manufacturing, or
EOL phase as e.g shown is Case study (I). Case study (II) and (III) both reveal
that significant impacts arise fromspecialisedmaterials that are needed in high-
tech vehicles. Although specialised materials significantly decrease use phase
impacts as seen in Case study (IV), thesematerials have impacts from upstream
the life cycle (raw material extraction and manufacturing) and downstream in
the EOL phase. This means that an effect of developing a high-tech vehicle
could be that the impact shifts to other life phases outside the system boundary.
Additionally, this increases the impacts separated from the frequently used cat-
egories, as the life cycle assessments in Case study (II) and (III) present. The
material consumption influence impact categories of e.g. resource consump-
tion (water, land, etc.) and human health, as discussed in Case study (II).

Wise material selection and goodmanagement of our resources throughout the
life cycle has a substantial beneficial impact. In the beginning of the life cycle,
materials are extracted and the product is manufactured providing the product
with a backpack in the form of embedded energy. This backpack is carried in
the product through the use phase and finally ends up in the EOL phase. The
understanding of that wastemanagement and recycling are both important and
must be increased is old. It dates as far back as when the concept of product life
cycle was coined in the 50’s [Jovane et al., 1993, Dean, 1950]. The importance
of EOL is connected to the embedded energy in products since the total life
cycle impact magnitude is greatly influenced depending on if this energy can
be recovered or not, as demonstrated in Case study (I). The embedded energy
recovery rate is depending on how high on the waste hierarchy, see figure 2, a
product is managed. If the product is reused, all embedded energy is recovered.
On the contrary, if a product is landfilled all embedded energy is lost.

The effectiveness of the EOL management process varies significantly depend-
ing on the product. With current technology, single material products contain-
ing for instance aluminium, copper, or paper are recycled to a high extent (48%
- 67%), contrary to mixed materials [McMillan et al., 2012]. Products contain-
ing mixed materials are not recycled to such high rates because the complexity
of thematerial mix in products increases faster than available EOLmethods de-
velops to salvage these materials [Johnson et al., 2007]. Additionally, products
and components not designed for disassembly may be more prone to be dam-
aged during disassembly and this often increases material replacement rates
[Guide, 2000]. This means that some materials do not get recycled due to un-
clear structure, lack of information or complexity of the mix [Johansson and
Luttropp, 2009]. The recycling ofmixedmaterialsmight not be carried out even
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though some material in the mix may have a high value. Material resources are
instead downcycled with other materials, incinerated or landfilled. There are
of course exceptions some materials such as copper, gold, and palladium are
possible to extract from complex mixes. Additionally, these materials have a
high value, are limited in supply, and demand a lot of energy to be processed
from virgin ore. Precious metals can be separated by electrolysis and purified
from other metals and materials. This process is a “single target” material re-
covery since most other non-precious metals and materials will be lost during
this process.

What does Sustainable EOL management look like? As presented in the waste
hierarchy as seen in figure 2, the most favoured option is a non-waste product
[European Commission, 2015]. It is possible to avoid waste by ensuring a long
use life time for a product, although this does not guarantee decreasing impacts
in other life cycle phases. A longer life time can be managed through service,
reparation, second hand market etc. All discarded products carry some value.
The waste management of a product should be a reverse engineering; all parts
or materials are disassembled and made ready to be used again. This requires
a life cycle plan and design for disassembly that will evolve waste to a valuable
resource.

The aim of this thesis was to understand how system boundaries effect en-
vironmental impact assessment. Potential life cycle assessment issues were
investigated through assessment of vehicles in four case studies. Focus was set
on howmaterials used in vehicles influence the impact, this connectionwas dis-
cussed in the previous paragraphs. In the following sections the two research
questions are answered.

What effects will different system boundaries have in the environmental
assessment of vehicles?

The findings increased the understanding of that when a single life phase was
assessed it gives a limited answer because of a narrow system-boundary. This
understanding is also addressed in a case study about new materials for
lithium ion batteries by [Kushnir and Sandén, 2011]. Comparing conventional
vehicles to new and emerging vehicle technologies relying solely on use phase
and limited impact categories did not give a fair assessment since effects out-
side the system boundary of the use phase were neglected, as also concluded by
[Nealer and Hendrickson, 2015, Nordelöf et al., 2014]. The focus should not
be on a single life phase since the consequences were impossible to keep track
of. [Guinée et al., 2011] suggest that these limitations should at least be clearly
reported in a study. Although, the system boundary between significant and
insignificant processes is difficult to determine since it is generally not known
in advance what data are insignificant [Finnveden et al., 2009].

Using alternating scenarios can further highlight how the impact of a life phase
can shift, this is called explorative scenarios [Finnveden et al., 2009].
Explorative scenarios aim to answer the question “What can happen?” as in
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a study by [Eriksson et al., 2007]. Determining a scenario for a vehicle includes
assumptions about life time, use frequency, range etc. Depending on if the scen-
ario was based on average or best/worst case, these assumptions will have a sig-
nificant impact on the assessment results. The different focuses of attributional
and consequential LCA are reflected in several methodological choices in LCA
[Tillman, 2000]. As stated previously, one is the choice between average and
marginal data in the modelling of subsystems of the life cycle [Finnveden et al.,
2009, Ekvall and Weidema, 2004].

To avoid sub-optimising, a life cycle perspective is important and improved
metrics for capturing significant impacts should be used. Through assessment
of a complete life cycle, it is possible to identify “hot spots” which have the
most influential impacts, as in Case study (II), this is described by [Graedel
and Saxton, 2002, Graedel, 1998]. This does not mean that the assessment
should be limited to one life phase but it will give an indication of where differ-
ent impact categories affect the most and thereby increase awareness of trade-
offs. [Hur et al., 2005] concluded that key life phases can be identified where
environmental improvements are needed.

Why is it critical to systematically review defined system boundaries and
increase the awareness of effects from different system boundaries?

When using LCA tools to evaluate environmental impact of vehicles, it is im-
portant to be aware of the effect of assumptions and system boundaries as dis-
closed by [Rebitzer et al., 2004]. [Baumann and Tillman, 2004] also states that
assumptions about the life time of products have implications for the choice of
functional unit. It is important to state the limitations of a study for increased
transparency, as also stated by [Guinée et al., 2011]. Limitations may be the
result of system boundaries or assumptions and identified limitations gives a
better understanding of the LCA result.

In Case study (II) the assumed scenario for both vehicles was limited due to the
maximal one-charge range of the lead acid batteries for the EV. This assump-
tion gave an underestimated range for the ICEV. The assumed scenario, that is
the life time range connected to functional unit [Baumann and Tillman, 2004],
was central to determine if a vehicle was a good environmental choice or not
compared to other vehicle technology. Quantified benefits of EVs for Global
Warming Potential (GWP) were shown by e.g. [Hawkins et al., 2013] increases
with longer driving distance. Therefore the relative benefit in the use stage of
EV as well as of ICEV may be underestimated. Due to the greater emissions
intensity of EV production phase, changing the vehicle lifetime has a greater
effect on the GWP per kilometer for EVs than it does for ICEVs [Hawkins et al.,
2013].

If a narrow system boundary is adopted and impact categories omitted, the
basis for decisions becomes lacking and can lead to severe sub-optimisation and
unaccounted trade-offs. To optimise the usability of a vehicle environmental
assessment, the system boundary must be expanded to include the whole life
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cycle that is adopting a life cycle perspective, as in a study by [Messagie et al.,
2014]. This is also the conclusion of recent reviews of vehicle LCA [Nealer
and Hendrickson, 2015, Nordelöf et al., 2014, Hawkins et al., 2012]. This is
crucial if a larger technical shift is to be assessed. It is beneficial to broaden
the scope of impact categories to include impact such as resource consump-
tion (water, land and materials), human health, and ecological consequences
such as impacts on biodiversity. Additionally, it is important to note that the
advantage with a qualitative LCA, as used in Case study (II), is to include im-
pacts not easily captured in numbers [Baumann and Tillman, 2004].

This research states that life cycle perspective must be observed to determine
the best environmental choice in a broad perspective, preferably in a holistic
systems perspective. This is true independent on vehicle technology.

5.1 Conclusion

To fairly compare vehicles with different drivetrain technology, it is not advis-
able to apply assessment that is limited to studying only the use phase. The
system boundary is then too restricted. Neither is it reliable to limit impact in-
ventory to only the commonly used impact categories of energy use and CO2
emissions. There is a significant risk of overlooking environmental impacts
from life cycle phases outside the system boundary. These impacts could be due
to the selection of specialisedmaterials for vehicles. Tominimise the risk of un-
derestimation of trade-offs and to avoid sub-optimising, life cycle perspective
is to be used during assessments.

When using LCA tools to study the environmental impact of vehicles, it is im-
portant to be aware of the effect of assumption and system boundaries. Sim-
plification is a way to speed up the assessment process but it involves risks of
inaccurate results. Life cycle perspective can identify potential impact hot spots
and is a way to minimise unrecognised trade-offs.

24



6 Future work

Transport by land is increasing globally and this causes strains on infrastruc-
ture such as congestion and emissions. Road vehicles generate both exhaust
and non-exhaust emissions. One of many non-exhaust emission types is par-
ticulates. Particulate emissions from transport are a known issuewith consider-
able impacts on for example air, plants, animal and human health. As exhaust
emissions control become stricter, e.g. through EU legislation, relative con-
tributions of non-exhaust sources to traffic related emissions will increasingly
become more significant [Grigoratos and Martini, 2014]. A lot is known about
thenon-exhaust particulate emission systembut there are still gaps in the know-
ledge. It is previously known that non-exhaust particulate emissions from road
vehicles are generated through wear processes in brakes, tyres, wheels, dust,
bitumen, and more. The major source of non-exhaust vehicle particulates is
currently considered to be the brakes due to wear and friction during braking
of the vehicle. Brake particulate amounts and characteristics are influenced by
for example materials in the brake, the driver behaviour and brake patterns.

The LOWBRASYS (a LOW environmental impact BRAke SYStem) project aims
at demonstrating a new and low environmental impact brake system that will
reduce particulate emissions [LOWBRASYS, 2016]. Beyond the ambition of
finding new brake materials and particulate collection systems near the source
a LCA will monitor environmental impacts. A comparative LCA will evaluate
different brake solutions. As discussed in this thesis the choice of materials for
a product affect environmental impacts throughout the life cycle. In this case
it is for instance of interest to assess environmental impacts of raw material
extraction of brake materials, manufacturing of brakes, life length of brakes,
the vehicle total emissions (other than particulates) due to different brakes,
and disposal at the end of life with potential recycling of brake materials. Since
this area of research is uncharted the definition of system boundaries of the
assessment is of great importance, hence what processes to include in the brake
system is to be critically evaluated, as concluded in this thesis. Furthermore,
the LCA is complicated by factors insufficiently addressed by the tool such as
indirect impacts of human behaviour (brake patterns). This lack in
methodology of transposing macroscopic scenarios to microscopic LCA
scenarios was pointed out as one of the most difficult issue to address by
[Guinée et al., 2011]. There is a need to take into account more types of
externalities (economic and social impacts) and more mechanisms (rebound,
behaviour, price effects, dynamics) to meet the shortcomings of existing LCA
studies (ibid.).

A developed environmental assessment methodology with a system boundary
working in several levels could give a systems perspective of a brake system
environmental impacts. If it could handle macro-level impacts and zoom in to
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the micro-level impacts it would give a more holistic view and a better model of
the system. It is important to increase the understanding of the impact of local
environmental uniqueness and the dynamic nature of industry and
environment [Reap et al., 2008]. Further research is needed to determine what
approach is effective. By investigating how this issue is approached in other
areas such as biofuel industry, agriculture, building sector etc. could give valu-
able insight to develop the method for brake system assessment.
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