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Abstract

Road transport contributes to approximately one quarter of all EU green
house gas emissions and is the leading cause of air pollution in cities. There
are significant measures aimed at the reduction of use phase environmental
impacts; in theEU, these strategies focus on the decarbonisation of road trans
port, such as through the prioritization of low and zeroemission vehicles.
Electric vehicles are seen as one of the primary measures for reducing road
transport impacts. However, the introduction of new technology includes
new challenges throughout the vehicle life cycle, such as the need for critical
raw materials, highenergy manufacturing, charging electricity, and waste
management; this, in turn, leads to a risk of impact shifts between life cycle
phases and impact categories.

Life Cycle Assessment (LCA) is one way to analyse environmental impacts.
Applying LCA and life cycle thinking in research and industry allows for the
detection of impact shifts and environmental suboptimisation. A full LCA
study is demanding in terms of both data collection efforts and user expertise
requirements. The need to simplify the process and results of an assessment
in order to support decisionmaking was identified in the early days of LCA
development.

There are numerous simplification approaches in LCA. Previously, the most
prominent simplification terms were screening and streamlined LCA; now,
a multitude of names and approaches have emerged. There is no consensus
in the LCA community about LCA simplifications. In some cases, the line
betweenwhat should be considered anLCA, simplifiedLCAorneither is fuzzy.
The haphazard application of simplifications in LCA studies undermines the
transparency and confidence in results.

The aim of this thesis is to use the life cycle perspective guided by simplified
LCA approaches to increase our understanding of the risk of impact shifts,
resulting from measures to reduce vehicle environmental impacts. Four ap
pended publications present five LCA studies of road vehicles. All appended
studies are simplified using different approaches. The studies examine differ
ent impact reduction measures such as changing drivetrains, reducing par
ticulate emissions from braking, and the scrapping of old vehicles. A fifth
publication is a literature review that explores the common understanding of
simplifications used in published LCA studies. The review identifies and in
vestigates the types of simplifications used and discusses how these might be
categorised.
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The appended LCA studies examine both impact shifts from one life cycle
phase to another and between impact categories. It is difficult to determ
ine whether a decrease in a life cycle phase or impact category could offset
an increase in another and, therefore, to be able to determine if an impact
shift is an acceptable compromise. New smart materials are expected to solve
many environmental impact issues; however, there are risks associated with
insufficient life cycle inventory data, limitations in knowledge about potential
environmental impacts, and inefficient regulations covering new materials.

The analysis of simplification approaches and case studies indicates thatmost
simplifications are motivated by the lack of primary data. Additionally, study
findings strengthen concerns about the significant inconsistency in LCA sim
plification terminology and how well approaches are described in individual
studies. There is a need for a common simplification terminology and report
ing standard. Due to the wide variety of purposes, scenarios, and products
assessed, it is impossible to devise a onesizefitsall approach for simplifica
tions, especially if the aim is to identify potential impact shifts.

Keywords: LCA simplification approach, impact shift, reduction measures,
road transport, streamlining, screening
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Sammanfattning

Vägtransporter orsakar ungefär en fjärdedel av EUs totala utsläpp av växt
husgaser och är den ledande orsaken till luftföroreningar i städer. Betydande
åtgärder syftar till att minska användningsfasens miljöpåverkan. EUs strate
gier fokuserar på attminska vägtransporters koldioxidutsläpp, t.ex. genomatt
prioritera fordon med låga eller inga användningutsläpp. Elektriska fordon
ses som en av de främsta åtgärderna för att minska miljöpåverkan från väg
transport. Dock innebär introduktionen av ny teknik nya utmaningar längs
fordonets livscykel, t.ex. behov av kritiska råmaterial, högenergiproduktion,
ökad elbehov vid laddning och avfallshantering. Det finns en risk för för
skjutning av miljöpåverkan mellan livscykelfaser och påverkanskategorier.

Livscykelanalys (LCA) är ett sätt att analyseramiljöpåverkan. Möjligheten att
upptäcka förskjutning avmiljöpåverkan och ineffektiva åtgärder förmiljön är
en anledning till att tillämpa LCA och livscykeltänkande inom forskning och
industri. En fullständig LCAstudie kräver både betydande datainsamlingsin
satser och krav på användarexpertis. Behovet av att förenkla processen och
utvärderingsresultaten för att stödja beslut identifierades redan tidigt under
utvecklingen av LCA.

Det finns en betydande mängd av LCA förenklingar. De mest framträdan
de förenklingstillvägagångssätten var tidigare ”screening” och ”streamlined”
LCA, dessutomhar enmängd andra namnoch tillvägagångssätt dykt upp. Det
finns ingen konsensus inomLCAvärlden om hanteringen av LCA förenkling
ar. I vissa fall är gränsen luddig mellan vad som ska betraktas som en LCA,
förenklad LCA och ingendera. Godtycklig tillämpning av förenklingar i LCA
studier undergräver transparensen och förtroendet för resultaten.

Syftet med denna avhandling är att öka förståelsen för risken för förskjutning
av miljöpåverkan, vid åtgärder för att minska fordonens påverkan, genom
att använda livscykelperspektivet stödd av förenklad LCA. De fyra publika
tionerna inkluderar fem LCAstudier av vägfordon och fordonskomponenter.
Alla fem studierna är förenklade genomolika tillvägagångssätt. Studierna un
dersöker olika miljöåtgärder så som att byta drivlina, minska partikelutsläpp
vid bromsning och skrotning av gamla fordon. En femte publikation undersö
ker också den gemensamma förståelsen för LCA förenklingar, genom en litte
raturöversikt av publicerade LCAstudier. Litteraturöversikten identifierade
och undersökte vilka förenklingar som används och hur dessa skulle kunna
kategoriseras.
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De inkluderade LCAstudierna exemplifierade både förskjutning av miljöpå
verkan mellan livscykelfaser och påverkanskategorier. Det är svårt att avgöra
om en minskning i en livscykelfas eller påverkanskategori kan kompensera
för en ökning i en annan. Detta betyder att det är komplicerat att kunna av
göra om en förskjutning av miljöpåverkan är en acceptabel kompromiss. Nya
smarta material förväntas vara lösningen för många miljöproblem. Det finns
emellertid risker med otillräcklig LCIdata, kunskapsbegränsningar angåen
de potentiellamiljökonsekvenser och ineffektiva regler gällande nyamaterial.

Analysen av förenklingstillvägagångssätt och fallstudier indikerade att de fles
ta förenklingar styrdes av brist på primärdata. Dessutom stärktes anledning
en till oro gällandedenbetydande inkonsekvens i LCAförenklingsterminologin
och hur väl tillvägagångssätten beskrivs i enskilda studier. Det finns ett behov
av en gemensam terminologi och rapporteringsstandard för LCA förenklings
tillvägagångssätt. På grund av studiers varierande syften, scenarier och ana
lyserade produkter är det omöjligt att utforma ett generellt tillvägagångssätt
för alla LCA förenklingar, särskilt om syftet är att identifiera potentiella för
skjutningar av miljöpåverkan.
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1 Introduction

Road transport contributes to approximately one quarter of all EU green
house gas emissions and is the leading cause of air pollution in cities (European
Commission, 2019b). Transport is the only major sector in the EU where
greenhouse gas emissions, including carbon dioxide emissions, have not de
clined (ibid.). Even though there has been a decrease in greenhouse gases
per vehicle in countries such as Sweden, this does not compensate for the in
creased number of vehicles on the roads (Naturvårdsverket, 2019). The EU
strategies focus on the decarbonisation of road transport viameasures such as
the prioritization of low and zeroemission vehicles (European Commission,
2019b). However, road transport does not cause climate change only dur
ing use; there are also significant land use and human health impacts during
phases such as material extraction and manufacturing (Smith Stegen, 2015;
Cullbrand and Magnusson, 2011; Binnemans et al., 2013; Steen et al., 2013;
Hawkins et al., 2013; Notter et al., 2010).

Systemlevelmeasures are needed to decrease vehicle use and encouragewalk
ing, cycling, public transportation, online meetings, and the coordination
of cargo transport (Naturvårdsverket, 2019; European Commission, 2019b).
Additionally, existing road transportmust be further improved on the product
and component levels using measures such as the introduction of more elec
tric vehicles, highefficiency Internal Combustion Engines (ICE), newmater
ials for lightweighting and other low emissionmeasures (e.g. decreased brake
emissions), and the scrapping of old vehicles.

Changes in a product—such as the technology or material used—may involve
the shifting of impacts in a life cycle perspective. The introduction of electric
vehicles (EV) has brought new challenges throughout the vehicle life cycle,
such as the need for critical raw materials, highenergy manufacturing, char
ging electricity, and highly complexwastemanagement (Hawkins et al., 2013;
Ma et al., 2012; Notter et al., 2010; Nealer and Hendrickson, 2015; Nordelöf
et al., 2014). During use, ICEVs contribute to both exhaust and nonexhaust
emissions (Grigoratos andMartini, 2015;Kupiainen, 2007). Exhaust or tailpipe
emissions are produced by the combustion of fuel or wear in a vehicle engine,
while nonexhaust emissions encompass all other emissions from a vehicle
(Kupiainen, 2007). One significant contributor to nonexhaust emissions is
particulates generated through wear from braking (Grigoratos and Martini,
2014). Morewearresistantmaterials canbeused tomanufacture a lowemission
disc brake (Federici et al., 2016; Wahlström et al., 2017), but these materi
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als themselves have upstream environmental impacts and potential environ
mental impacts connected to low material recovery during endoflife treat
ment. This means that any such measures must be evaluated from a life cycle
perspective to avoid impact shifts that lead to overall outcomes that are en
vironmentally suboptimal. In this thesis, the impact shift is defined as an
unintentional and unacknowledged transfer of environmental impacts from
one life cycle phase to another, or between ecological impact categories. If
the life cycle impacts of materials and lowemission technologies are over
looked, severely suboptimal outcomes may result in the transport sector as
new measures are introduced on a larger scale. In order to avoid unacknow
ledged impact shifts, a life cycle perspective is essential during the evaluation
of potential impact reduction measures (Finnveden et al., 2009). Life Cycle
Assessment (LCA) (ISO, 2006b) is one way to analyse environmental im
pacts. The possibility of detecting impact shifts and environmentally subop
timal outcomes is one reason for the application of LCA and life cycle thinking
in research and industry. Additionally, EU directives such as that involving
ecodesign requirements are based on life cycle thinking (The European Par
liament and the Council of the European Union, 2009a).

The use of LCA in research, industry and policymaking is steadily increas
ing, as can be seen, for example, in the annual increase in scientific LCA
publications (McManus and Taylor, 2015), and an observed increase in the
number of published LCAbased environmental product declarations (Toni
olo et al., 2019). LCA results are typically complex and require a thorough
understanding of underlying assumptions. When LCAs are used as a tool to
inform decisionmaking, it is essential that aspects such as methodological
choices, system boundaries, data quality, and other delimitations and limit
ations are transparent and unambiguously reported. A full LCA study is de
manding in terms of both data collection efforts and user expertise require
ments. For a product developer, the study must be manageable and inter
pretable in order to be useful. The need to simplify the process and results
of assessment to support decisionmaking was identified in the early days of
LCA development, for example, by (Overcash, 1994) and (Weitz et al., 1996).
Besides saving money and time, the use of simplified LCA produces bene
fits in connection with early stages of design, where data is limited (see, e.g.
(Bhander et al., 2003; Keoleian, 1993)).

There are a multitude of simplification approaches in LCA. Previously, the
most prominent simplification terms were screening and streamlined LCA
(Svensson andEkvall, 1995); now, however, a number of names and simplific
ation approaches have been developed, such as simplified, partial, abridged,
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limited, fast, and scoping LCA. In some cases, the line between what should
be considered an LCA, simplified LCA or neither is fuzzy. The common ter
minology and classification systems needed to support transparent and un
ambiguous reporting of simplifications in LCA are lacking. If the simplifica
tion is not adequately described, there is a significant risk the results will be
misinterpreted. Inadequate transparency makes it impossible, for example,
to interpret results, evaluate their accuracy, apply them to reality, or compare
studies. The haphazard application of simplifications in LCA studies under
mines transparency and confidence in results Hung et al. (2018).

Rebound effects are not within the scope of this thesis due to (among other
things) the sustainability systemsperspective required to study the phenomenon
(Hauschild et al., 2018). Neither is tradeoff considered; that is an acknow
ledged compromise in one area to obtain benefits in another (Byggeth and
Hochschorner, 2006). This thesis is limited to only process LCA and does not
consider input/output LCA.

1.1 Aim

The main aim of this thesis is to increase the understanding of impact shifts
in a vehicle LCA context by using the life cycle perspective, guided by sim
plified LCA approaches. Impact shifts—i.e. when impacts move along the
life cycle or between impact categories—arise as a consequence of measures
implemented to reduce vehicle environmental impacts. Both not using a life
cycle perspective and misinterpreting simplified LCA results present risks.
Without valid assessment results, suboptimal measures could be implemen
ted without an awareness of potential environmental impact shifts. The study
of impact shifts is vital, since this knowledge is key to aspects such as efficient
vehicle design and the adaptation of policymeasures and legislation that keep
pace with constant technological developments. The appropriateness of us
ing simplification approaches to identify potential impact shifts in a vehicle
context, based on the appended studies, is discussed in this thesis.

Due to the lack of common understanding concerning the terminology of sim
plification approaches in LCA, two initial research questionswere formulated.
Answering these two questions was necessary in order to be able to describe
the case studies performed within the scope of this thesis and discuss their
results in the context of simplification. These answers may also contribute to
a common understanding of LCA simplifications, leading to more transpar
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ent and unambiguous reporting of simplifications in LCA. This is important
for better sharing of LCA results in general, to support decisionmaking.

RQ1: What simplification approaches are used in LCA studies?

RQ2: How can the identified simplification approaches be categorised in or
der to improve transparency and reporting in simplified studies?

Five different vehicle LCA studieswere performed to fulfil themain aimand to
investigate the life cycle impacts of different types of measures to reduce im
pact in the use phase, and strongly connected to the following research ques
tion:

RQ3: What types of impact shifts may occur due to these measures aimed at
the vehicle use phase?

Based on the studies included, this thesis will attempt to also discuss the gen
eralisability of the findings with regard to how and why impact shifts may
occur.

1.2 Contribution of the appended publications to the
thesis aim

Publication A address the two first research questions (RQ1 and RQ2, con
cerning simplification) by investigating simplifications described in published
LCA studies. In publications B and C, disc brakes were assessed using differ
ent kinds of simplified LCAs. Two different methods of waste management of
endoflife vehicles (ELV) were assessed in publication D. The study presen
ted in publication E focuses on a comparative and semiquantitative LCA of
two different drivetrain technologies. The studies in publications B, C, D,
and E assisted in answering the final research question (RQ3) concerning the
shifting of environmental impacts. The five studies (B1, B2, C, D, and E) in
cluded in the four publications, used some of the identified simplifications,
and the studies were also intended to explain the simplification approaches
identified.

1.3 Structure of the thesis

This thesis consists of this cover essay and five appended publications (pub
lications AE). The Background and previous research section provides the
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necessary background on the concepts discussed in the cover essay and the
appended publications. The section focuses on life cycle assessment, simpli
fied approaches, and the environmental impacts of vehicles. The different
methods used in the appended studies and research strategy are described
in the Research Design and Methods section. The Summary of appended
publications section briefly summarises the study background, describes the
goal and scope and lists the research questions. The research questions are
answered in the Discussion and conclusions section, where the results, con
tributions and limitations are also discussed. Finally, future research oppor
tunities are listed.
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2 Background and previous research

This section aims to provide the necessary background on the different con
cepts discussed in the cover essay and the appended publications. First, the
life cycle perspective is described, including some simplified LCA approaches
that are relevant to this thesis. Finally, some specific environmental impacts
connected to road vehicle environmentalmeasures are outlined, and previous
research, relevant policy and regulations are addressed.

2.1 Life cycle perspective

The focus in this thesis is the need for a life cycle perspective in order to
evaluate potential impact reduction measures and the unintentional negat
ive effects they may create (Hauschild et al., 2018). The LCA perspective en
ables the detection of potential impact shifts in terms of shifts between both
life cycle phases and impact categories. The monitoring is aided through the
quantitative approach and holistic view on environmental impacts. The life
cycle perspective can aid in the comprehension of the complex production
chain that is not visible in the end product (Roos, 2016).

2.1.1 Life cycle assessment

LCA, according to InternationalOrganization for Standardization (ISO) stand
ard 14040:2006 (ISO, 2006b), is a method for assessing the potential envir
onmental impacts of a product, system, or service throughout its life cycle1.
The life cycle of a product begins with the extraction of raw materials, fol
lowed by manufacturing, the use phase, and the concluding endoflife phase
(i.e. waste management). During this life cycle, the product requires inputs
in the form of resources and energy, but also emits outputs such as emis
sions. Using these inputs and outputs, a set of indicator scores are calculated
and presented as different environmental impact category indicators such as
climate change, resource depletion, human toxicity, and freshwater eutroph
ication.

1For the remainder of the thesis, the word “product” alone is used to indicate the subject of
assessment.
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According to the ISO 14044:2006 standard “Environmental management –
Life cycle assessment –Requirements and guidelines” (ISO, 2006a), there are
four steps in the LCA method (Figure 1):

1. Goal and scope definition, including the systemboundary and func
tional unit. The system boundary is the set of criteria specifying which
unit processes are part of a productsystem. The functional unit is a
quantified performance of a product system for use as a reference unit
(ISO, 2006a), which in turn enables comparisons of different products.

2. Inventory analysis is an inventory of input/output data concerning
the process included in the product’s life cycle. The data includes emis
sions to air, water, and soil, as well as the use of resources in the form
of energy, water, material, and land area.

3. Impact assessment relates the inflows and outflows from the invent
ory analysis to potential environmental impacts via characterisation factors.
The selection of impact categories is made based on relevance for the
study.

4. Interpretation, where the results of the previous steps are summar
ised and discussed as a basis for conclusions, recommendations, and
decisionmaking in line with the defined goal and scope. Additionally,
this step includes an evaluation that considers completeness, sensitiv
ity, and consistency checks.

Figure 1: The iterative LCA process (ISO, 2006b).
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In comparative LCA, two ormore different products are comparedwhich have
the same or similar function. The functional unit is critical when comparing
different impact reductionmeasures with identical or similar main functions.
The aim is to find a functional unit so that the products can be reasonably and
fairly compared.

LCA studies can be used to explain or predict. In the LCA context, an explain
ing model is called attributional LCA (Hauschild et al., 2018). The predict
ive LCA model is called consequential (ibid.). Attributional and consequen
tial modelling are seen as the two main Life Cycle Inventory (LCI) modelling
frameworks (ibid.). Understanding the difference between attributional and
consequential modelling and when to use each has been one of the most chal
lenging aspects of LCA, and there is still no consensus on this issue within the
LCA community (ibid.).

There are various software programs that support LCA calculations; SimaPro
is one example. SimaPro is an analytical software tool that collects, ana
lyses, and monitors the environmental performance of a product or service
(PRé Consultants, 2019). It features many databases, with Ecoinvent be
ing the primary database (Frischknecht et al., 2007; Ecoinvent, 2019). Fore
ground data is typically based on real plant measurement, laboratory/pilot
tests or a combination of these factors with literature values and estimates.
Background data are, in most cases, based on LCI databases like Ecoinvent
(Hauschild et al., 2018). Using the software, it is possible tomodel the product
life cycle (e.g. through processes) and calculate different potential environ
mental impacts depending on the chosenLife Cycle ImpactAssessment (LCIA)
method (e.g. ReCiPe (Huijbregts et al., 2016; National Institute for Public
Health and the Environment Nederlands, 2018), cumulative energy demand
(CED)(Frischknecht et al., 2007) or ecological footprint (PRe Consultants,
2017)).

Hauschild et al. (2018) highlight four fundamental strengths of LCA: (1) it
takes a life cycle perspective; (2) it covers a broad range of environmental
issues; (3) it is quantitative; and (4) it is based on science. Through assess
ment, a mapping of potential environmental issues is presented in an overall
picture. Data can be used to predict the possible effects and aid explanation
of the impacts. Usually, quantitative data is used to display LCA results, and
concrete figures are often useful when parties with different interests—such
as designers, engineers, production managers, and retailers—are working to
gether in order to facilitate the understanding of environmental impacts. One
of the primary strengths of LCA is that it teaches life cycle thinking; in other
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words, it helps people recognize howactions applied to one aspect of a product
might affect the total life cycle impact (EU Joint Research Centre, 2017).

The weaknesses of LCA are frequently linked to pragmatic reasons: since the
assessment is both timeconsuming and requires a high level of competence
on the part of the analyst, it is expensive. From a scientific perspective for the
weaknesses of themethod lie in the subjectivity of setting the systemboundar
ies, data choices, and interpretation of results, which can be very challenging
(Curran, 2014; Finnveden, 2000). This is one of the reasons transparency
is critical in an LCA study (Finkbeiner (editor), 2015). Furthermore, the re
quirements for data accessibility, quality, and representativeness might also
be classified as methodological issues. Finally, it can be challenging to ex
plain and communicate the results to stakeholders in a fair but straightfor
ward manner.

2.1.2 LCA simplification approaches

The background and previous studies presented in this section are part of the
findings from studyA. In this cover essay, the term “simplified LCA approach”
encompasses all kinds of approaches in which the LCA study is simplified in
someway, including the approaches previously described as streamlining and
screening.

In the early days of LCA’s development, how to simplify it was an aspect of
the methodology that received a lot of attention. The need to simplify study
results in order to support decisionmaking was identified, for example, by
Overcash (1994), who reviewed European progress in LCI and LCA method
ology. As explained in the LCA ISO standard, the data inventory in LCA in
volves the “compilation and quantification of inputs and outputs for a product
throughout its life cycle” (ISO, 2006b), which is a resourcedemanding task.
Although the ISO standard clearly leaves simplification out of its scope, the
level of detail for even a full LCA (i.e. one that covers the full scope of the
product/service life cycle)was said to “depend on the subject and the intended
use of the study” (ISO, 2006b). This implies that “the depth and the breadth
of LCA can differ considerably depending on the goal” (ibid.). Curran and
Young (1996) highlighted the need for a simplified LCA approach that retains
the comprehensive nature of the life cycle concept, yet allows for more un
complicated and rapid yet still accurate evaluations.

Early papers about simplified LCA approaches mainly used the terminology
“screening LCA” and “streamlined LCA”. The earliest mention of simplified
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LCAapproacheswas found in a study by Svensson andEkvall (1995) onhow to
fairly and costeffectively compare twoproducts. These approaches have been
described earlier, but could not be found on Scopus or using other termino
logy. The goal of “screening”, according tomost studies (e.g. Rebitzer (2005);
Svensson andEkvall (1995)), was to identify those areas of the productsystem
and/or key aspects of the life cycle that contribute significantly to the environ
mental impacts of the overall system. Screeningwas notmeant to quantify the
aspects necessarily, but rather to identify the hotspots and areas that should
not be neglected in a complete LCA study (e.g. Rebitzer (2005); Andersson
et al. (1998)). The definition of streamlined LCA varies, as shown below, but
it is usually described as an LCA with a narrower scope that includes fewer
processes and/or fewer impact categories. Svensson and Ekvall (1995) re
commended that streamlining be combinedwith screening for a costeffective
assessment.

The earliest published overview of simplification approaches (with eight dif
ferent categories) was presented in a study from 1996 that reported on the
state of the practice based ondiscussionswithLCApractitioners and research
ers (Weitz et al., 1996). The approaches in this studywere called streamlining.
It is interesting to note that the International Organization for Standardiza
tion (ISO) issued the first international standard for LCA, providing its main
principles and framework, in 1997. This indicates that the development of
LCA and LCA simplification approaches were taking place in parallel.

As indicated in the table below (Table 1), Weitz et al. (1996) were later re
ferred to by most subsequent studies containing overviews of simplification
approach categories, such as (Hunt et al., 1998; Todd et al., 1999) and (Cur
ran and Young, 1996). Some differences can be identified when comparing
these studies. No categories other than those already presented byWeitz et al.
(1996) were added over time, but some were reorganised or removed.

10



Table 1: Identified simplification categories from 1996 to 1999. Matching categories, presented
in different publications, are organised in rows for ease of comparison. Grey cells indicate that
the category is not included in the specific categorisation (Publication A).

Curran and Young (1996) did not include “Establish criteria to be used as
showstoppers or knockouts”. Interestingly, this categorisation in the Curran
and Young article that reports from the EPA conference on streamlining LCA
is based on the keynote by K. A. Weitz, in which he presented only seven sim
plification categories. This was probably because there was no consensus on
the definition of simplifying approaches, and the approaches were a work in
progress.

Hunt et al. (1998) evaluated the effects of ten simplifying approaches on LCA
results. The evaluation was carried out by applying sets of baseline LCI data
for a variety of product systems and comparing results to the results of the cor
responding full LCA. The categories “Limit or eliminate impact assessment”
and “Establish criteria to be used as showstoppers or knockouts” were not in
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cluded, but the study by Weitz et al. (1996) was referenced. The absence of
these categories was not explained.

The Final Report from the SETAC North America Streamlined LCA Work
group by Todd et al. (1999) is often cited, and can be considered a central
study in terms of LCA simplification. Compared to Weitz et al. (1996), this
list did not include the two categories “Eliminate specific inventory paramet
ers” and “Limit or eliminate impact assessment”; again, their absence was not
explained.

Hung et al. (2018) noted that seemingly very little exploration and develop
ment were aimed at simplification approaches, and that the strategies de
veloped in the EPAmeeting (Todd et al., 1999) still were adopted but have not
been updated. It was clear that simplification approaches had not developed
significantly over time. Although some categories had been modified, others
had disappeared, and approaches had been tested on a variety of product sys
tems to evaluate their usability. Hung et al. (2018) summarised that therewas
no universal guidance as to which of the strategies to apply, in what context
they were appropriate, or to what extent should they be used.

There are several tools that could be included in the approaches to simplify
the LCA process, two of which were used in the appended studies. The first
of these is the semiquantitative environmentally responsible product assess
ment (ERPA) LCA method, which was developed and described by Graedel
(1998). ERPA evaluates the environmental performance of products accord
ing to five impact categories or “stressors” (material choice, energy use, and
solid, liquid, and gaseous residues) and five life cycle stages (premanufacture/
resource extraction, manufacture, delivery, use, and endoflife). The envir
onmental stressors and life cycle stages form a 5 x 5 matrix. Each element
of the matrix is assigned a rating from 0 to 4, where 0 indicates low envir
onmental performance/high environmental impact and 4 indicates good en
vironmental performance/low environmental impact. The rating is based
on specific scoring guidelines and protocols outlined by the author (Graedel,
1998). The results are not strictly a measure of environmental performance,
but rather an estimate of the potential for improvement in environmental per
formance (Graedel and Saxton, 2002). The evaluator sets a score to approx
imate the results of the more formal LCA inventory analysis and impact ana
lysis stages (Graedel et al., 1995; Curran and Young, 1996).

The second tool is Eco Audit, which simplifies LCA application and is in
cluded in the CES EduPack software from Granta Design, Cambridge Uni
versity (Granta, 2018; Ashby et al., 2008). The software primarily consists of
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a substantial database with more than 3,900 engineering materials and 240
processes. The tool evaluates the environmental impact of a product from the
cradle to the grave according to six parts of a life cycle: material, manufacture,
transport, use, disposal, and endoflife potential. The impacts are expressed
as environmental stressors of energy use [MJ] and carbon dioxide footprint
[kg].

2.2 Road vehicle life cycle environmental impacts

This section describes the specific potential environmental impact shifts con
nected to the measures taken to reduce road transport impacts. Additionally,
previous vehicle LCA studies, transportrelated policy and regulations are dis
cussed.

2.2.1 Electric vehicles and combustion engine vehicles

From a life cycle perspective, most studies conclude that EVs have the po
tential to reduce carbon dioxide emissions during the use phase. Different
life cycle emission reduction rates favouring EVs are reported in the literat
ure varying from 10% to 24% (Hawkins et al., 2013) to almost 50% (Ma et al.,
2012). These savings occur mainly as a result of fuel change (from fossil fuels
to less carbonintense electricity), reduced tailpipe emissions and improved
engine efficiency (Hawkins et al., 2013; Ma et al., 2012), but also depend
on underlying assumptions with regard to electricity mix, driving range and
more (Ma et al., 2012; Faria et al., 2013; Hawkins et al., 2013; Messagie et al.,
2014).

The potential reduction of use phase impacts with the introduction of EVs
depends on advanced technology based on specialised materials such as rare
earth elements (REE), lithium, or cobalt (Cullbrand and Magnusson, 2011;
Steen et al., 2013) which could potentially offset the EV emission savings.
REE such as neodymium, dysprosium and others can be found in themagnets
and traction batteries of most EVs. Although these materials are not scarce
in the Earth’s crust, the fact that their geographical distribution is limited to
only a few regions creates both a considerable supply risk and economic risk
(Campbell, 2014; Golev et al., 2014; Walters and Lusty, 2011). Further, due
to environmental constraints associated with their extraction, the European
Commission has designated REE as critical raw materials (CRM) (European
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Commission, 2019a). Although many highlight the importance of respons
ible use and recovery of these elements (Binnemans et al., 2013; Smith Ste
gen, 2015), recycling rates for REE remain negligible (Andersson et al., 2017;
Binnemans et al., 2013).

As the environmental impact of the use phase decreases, the production stage
of the EV becomes more critical from a life cycle perspective (Hawkins et al.,
2013; Ma et al., 2012). Hawkins et al. and Ma et al. observed that the emis
sions during production increase not only in relative values (as expected) but
also in absolute terms. In the assessment performed by Ma et al., the impact
of vehicle production increased from 38 g carbon dioxide eq. per km (for the
internal combustion engine vehicles (ICEV)) to 54 g carbon dioxide eq. per
km (for the EV). Batteries and other advanced electronic components are re
sponsible for this impact shift due to their advanced materials and intensive
production processes (Hawkins et al., 2013; Ma et al., 2012). Moreover, im
pact shifts, such as from energy use and climate change to metal depletion,
human toxicity, etc. are observed (Hawkins et al., 2013; Notter et al., 2010).
It is apparent that a life cycle perspective is essential to detect impact shifts
and make a fair comparison between EVs and ICEVs.

The environmental impacts connected to the material intensity of EVs has so
far been assessed in a number of studies, as Nealer and Hendrickson (2015);
Nordelöf et al. (2014) observed in their extensive literature reviews. Accord
ing to the latter, only 28 LCA studies out of 79 (about 35%) considered im
pacts other than energy use and Global Warming Potential (GWP). As these
cannot be viewed as representative impact categories—despite their extens
ive use (Moberg et al., 2014)—the increased impacts of raw materials may be
overlooked in relation to both consumption and endoflife. This, in turn,
may entail a risk of overestimating the potential benefits of EV technology.

The conventional method of comparing energy and emission performance
looks at energy consumption and carbondioxide emissions per kilometre (EPA,
2012; TheEuropeanParliament and theCouncil of theEuropeanUnion, 2009b).
The European policy on the reduction of carbon dioxide emissions from pas
senger vehicles (European Commission, 2019b) focuses only on use phase
emissions. However, the introduction of highefficiency combustion engines
and electric vehicles may also demand a stronger focus on the preservation of
(environmentally) valuable materials.
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2.2.2 Nonexhaust particulate emissions

Exhaust emissions of particulate matter, nitrogen oxides, hydrocarbons and
carbon monoxide are regulated in the EU (European Commission, 2019b).
While emissions from road transport consist mostly of exhaust emissions res
ulting from fuel combustion, nonexhaust releases contribute to both non
methane volatile organic compounds (NMVOCs) (from fuel evaporation) and
primary particulate matter (PM) (from tyre and brakewear and road abra
sion) (European Commission, 2019b). With the introduction of vehicle par
ticulate abatement technologies, PM2.5 emissions have declined 50% since
2000, increasing the relative importance of nonexhaust emissions (ibid).
Nonexhaust emissions such as brake particulates are not yet regulated (Grig
oratos and Martini, 2015; Kupiainen, 2007).

Published studies ondisc brake development are plentiful (e.g. (Federici et al.,
2016; Harada et al., 2013; Maleque et al., 2010; Perricone et al., 2017; Verma
et al., 2016)). These studies investigate particulate emissions generated through
wear, noise pollution, and other issues related to the use phase. There is,
however, a lack of life cycle perspective in disc brake research. To the best
of the author’s knowledge, no previously published studies have investigated
impacts from a life cycle perspective (i.e. how the choice of materials, for ex
ample, affects impacts upstream and downstream from the use phase). No
studies report or investigate if and how environmental impacts shift due to
product development. There are, however, some studies connecting disc brakes
and environmental issues. In a study by Madeswaran et al. (2016), an “eco
friendly” brake pad is presented, though without any impact calculations or
life cycle considerations. Amaster’s thesis byAndersson andDettmann (2013)
about optimising brake disc production does consider several different im
pact categories, but the study scope is limited to production. In the study
by Eddy et al. (2015), disc brake development is used as a case study to test
predictive modelling for material selection. Eddy and colleagues make a sig
nificant point about materials being of substantial importance in terms of the
product’s sustainability level, although they do not reveal any actual LCA res
ults.

Particulate emissions in disc brakes originate from wear between the contact
surfaces of the friction pad material and the brake disc. The highest emis
sions are found in urban environments, since the braking frequency is higher
there than on freeways (Grigoratos and Martini, 2014). The harmful impacts
of particulates on the environment and human health have been known for a
long time, but the issue has been investigated more thoroughly only in recent
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years. A literature reviewbyAbbasi et al. (2013) lists the adverse health effects
attributed to particulates in many different studies; the primary health issues
involve the respiratory system, neurophysiological symptoms, and neuro
behavioural impairment, but also include a higher risk of cancer, heart at
tack, and stroke. The toxicity of the particulates is related to their size, shape
and surface texture (Oberdörster et al., 2005).

Although nonexhaust emissions are not regulated (Grigoratos and Martini,
2015; Kupiainen, 2007), the environmental objective of reducing air pollu
tion has created an interest in decreasing the amount of particulates gener
ated by wear from braking (IIASA, 2016). New materials for both brake pads
and discs are being tested; tests indicate that the amount of particulatematter
decreases (among other factors) when thematerials show an increased resist
ance to wear (Federici et al., 2016; Wahlström et al., 2017), meaning that PM
formation decreases during the use phase. This reduced wear also increased
the disc’s lifespan compared to a reference disc. Other resources, raw mater
ials and processes are used upstream, however, and the endoflife treatment
needs to be adapted to handle the new disc brake materials. From a life cycle
perspective, the gain in the use phase has potential consequences for other
life cycle phases, as shown in vehicle LCA studies (e.g. (Hawkins et al., 2013;
Notter et al., 2010)).

2.2.3 Waste management and recycling of vehicles

In the 1970s, a typical road vehicle was ametal shell onwheels with amechan
ical combustion engine and a limited amount of additional materials such as
upholstery and glass. The vehicles of the 21st century are no longer straight
forward shells: they are advanced computers onwheels. Almost everything in
a vehicle can be measured and adjusted by a user or control system. Modern
road vehicles are a complex mix of materials, but the endoflife (EoL) man
agement has not kept pace with this development. The most widely used EoL
process for vehicles is shredding, a method developed during the 1970s when
the material mix was low. By shredding vehicles into smaller pieces, it was
easy to separate valuable metals from other materials. Recycling rates were
very high at this time, and only a minor fraction of the vehicle was landfilled.
By 1994, recycling rates were high, reaching 75% by mass—something that
was not due to legislation, but to the economic value of the recoverable parts
and materials (Klimisch, 1994).

The changing material composition of cars increases the difficulty of design
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ing efficient disassembly and recycling treatments for ELV, and poses a chal
lenge at the EoL stage (as noted, for example, by Mildenberger and Khare
(2000) and Tonn et al. (2003)). While the use of lightweight materials im
proves fuel efficiency, it results in lower overall levels of recyclability (Milden
berger and Khare, 2000). Schneider et al. (2010) describe the difficulty of
postshredder recycling of glass and polymers to illustrate the ineffectiveness
of current practices, and conclude that EU member states face significant
challenges in achieving the ELV recycling targets for 2015; this is also con
firmed in a study by Blume and Walther (2012).

ELV Directive 2000/53/EC (The European Parliament and The Council of
the EU, 2005) (the EndofLife Vehicle Directive) aims to reduce hazardous
liquid emissions, increase recycling of materials (i.e. metals, polymers and
textiles), increase component reuse, and reduce amounts of ELV waste going
to landfill. The current standard requires an average of 95% by mass of ELV
be reused or recycled, of which at most 10% can constitute energy recovery
(The European Parliament and The Council of the EU, 2005). It is promising
that the ELV Directive is evolving, and the current version of the directive ad
dresses specific materials (i.e. lead, mercury, cadmium, and hexavalent chro
mium) (European Commission, 2017). Additionally, the directive is under
evaluation, and the feedback (European Commission, 2019c) seems to indic
ate a desire to include regulation of EV recycling, REE and other materials
used for hightech components.

There is still significant uncertainty and a lack of representative inventory
data concerning the percentage of materials recovered from ELV (Andersson
et al., 2017; Binnemans et al., 2013; Ljunggren Söderman and Ingemarsdot
ter, 2014; Cullbrand et al., 2015). The introduction of hybrid and electric
vehicles on themarketwill further complicate the disassembly and recovery of
materials, especially in approximately 1012 years when these vehicles reach
their EoL phase (Nordelöf et al., 2019; Khodier et al., 2018).
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3 Research Design and Methods

In this section I describe my research strategy based on the main aim, re
search questions, studies and publications (Figure 2). The studies conduc
ted in order to answer the research questions are described in terms of the
methods, software applications, databases, and tool used. My main research
methods were a literature review and LCAs (both full LCA and simplified ap
proaches). The first two research questions—concerning the use and categor
isation of simplification in LCA—were addressed in a literature study repor
ted in Publication A, and the categories were further explored in the appen
ded studies. The final research question—concerning impact shifts—was ad
dressed by combining results from several studies (B1E) dealing with the life
cycle impacts and potential impact shifting caused by vehicle designmeasures
targeting the use phase of vehicles.

Figure 2: Research strategy

The appended publications (BE) present vehicle LCA studies evaluating pro
posed measures for decreasing use phase environmental impacts. The evalu
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ationsweremade by conducting comparative LCAs of disc brakes, wasteman
agement of ELV, and drivetrains. Different assessment methods and tools
were used, but all assessments had a life cycle perspective and were simpli
fied in some manner. A total of five different comparative LCA studies were
analysed. An analysis of each individual study revealed how a measure could
lead to potential impact shifts. A detailed accounting of methods and tools
can be found in the appended publications.

3.1 Study A: Literature review

The basis for study A was a systematic literature review of LCA simplifica
tion approaches. The findings of previously published overviews of categories
of LCA simplification approaches were presented in section 2.1.2. A slightly
modified (to fit the LCA review aim) PRISMA statement protocol (Moher
et al., 2009) was used to minimize the risk of bias, increase scientific validity,
and provide guidelines for conducting the review. The PRISMA statement
contains a fourphase flow diagram (Figure 3). The PRISMA screening step
was referred to here as scanning to avoid confusion with the LCA simplifica
tion approach.
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Figure 3: Identification, scanning, eligibility and inclusion of documents according to the
PRISMA flow diagram, adapted from (Moher et al., 2009) (Publication A).

The study’s first step was a literature search to identify documents on sim
plification in LCA. The search was performed on 19 June 2019 in the Scopus
database (Elsevier, 2019) using the “TitleAbstractKeywords” fields. The search
was done in the “Title Abstract Keywords” fields. The intentionwas to include
LCA studies and all associated terminology and plural forms; see Figure 4 for
the search string.
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Figure 4: The search string used to identify documents in Scopus (Publication A).

The identified documents encompassed various types of literature, such as
books and peerreviewed scholarly journal papers, and covered a period from
1994 to June 2019. The Scopus database search identified 575 documents,
and 18 additional documents were identified using snowballing (i.e. scan
ning central studies for cited [backward] and citing [forward] studies to find
further relevant documents). Six duplicate documents were removed.

In the scanning step, 587documents (title, abstract andkeywords)were scanned
and 34 documents were excluded because they were not relevant (i.e. the
studies were not on environmental LCA). Next, the defined eligibility criteria
(inclusion/exclusion criteria) were applied; see publication A for details. The
abstracts or full text of 553 documentswere reviewed, and 76 documents were
excluded due to not meeting the inclusion criteria. After these steps, the 477
remaining studies were included in the qualitative analysis.

Scanning the identified documents provided insight into the common under
standing of simplifications in LCA, which was the subject of the first two re
search questions. Six simplification categories were chosen to represent pre
viously identified groups. The subsequent literature search produced an ad
ditional four simplification categories that were added to the category list.
The identified LCA simplification approach categories were analysed using an
LCA process perspective by mapping where in the LCA workflow they were to
be introduced and what stage in the life cycle framework was affected.
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3.2 Studies B1 and B2: Disc brake LCA

Research on disc brakes is mainly directed at the use phase, but study B ana
lyses the entire life cycle to detect, among other factors, any potential impact
shifts due to material choice.

Two disc brake alternatives were assessed via a quantitative LCA. Publica
tion B presented two attributional studies: study B1 was a full comparative
LCA study, while study B2 was a simplified comparative LCA study that omit
ted identical elements. Foreground data for both studies was collected from
product developers and other experts involved in the project (LOWBRASYS,
2017). SimaPro (PRéConsultants, 2019)was used tomodel and assess the im
pacts in both studies, and for background data generic data in the Ecoinvent
database version 3, allocation default (Ecoinvent, 2019) was used. Studies
B1 and B2 used the ReCiPe2016 (Hierarchist perspective) impact assessment
method, as implemented in SimaPro version 9.0.0.47 (National Institute for
Public Health and the Environment Nederlands, 2018), and a broad analysis
of all ReCiPe 17 midpoint impact categories was conducted.

Studies B1 and B2 were simplified by omitting the vehicles fitted with the disc
brakes; this was possible because the vehicles were similar and did not influ
ence the relative results. Study B2 was additionally simplified by omitting all
identical elements common to the compared disc brakes (i.e. life cycle phases,
materials and processes).

3.3 Study C: Disc brake Eco Audit

In study C the Eco Audit tool (Granta, 2018; Ashby et al., 2008) (featured
in EduPack software) was used to compare two disc brake alternatives. The
environmental stressors were presented only as energy use and carbon diox
ide footprint2. Foreground data was collected from product developers and
other experts involved in the research project (LOWBRASYS, 2017). Study C
assessed an early version of the new disc brake rather than the final design.
As with study B, there were a limited number of previous disc brake studies
from a life cycle perspective; therefore, this study was an interesting example
of how potential impact shifts can be easily detected.

Study C was further simplified by omitting all identical elements common to
the compared disc brakes (i.e. life cycle phases, materials and processes). The

2In study C the stressors are incorrectly referred to as “environmental impacts”.
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use phase was cutoff, since the only difference between the disc brakes—the
amount of particulates they emitted—did not affect energy use or the carbon
dioxide footprint. Some of the specific rawmaterials used by themanufactur
ers could not be found in the EduPack material database; surrogate data was
therefore chosen, and the difference in stressor impact between the original
and surrogate material was assumed to be minor.

The results of studies B and C are not meant to be compared. It is the simpli
fication approaches used in study C that are discussed in this thesis; in other
words, the usability of the simplified tool.

3.4 Study D: Vehicle waste management

StudyDwas a quantitative screening LCA of two alternatives for vehicle waste
management, and was therefore able to illustrate potential losses of material
and energy in the form of an impact shift to the endoflife phase.

In study D, two endoflife vehicle management practices were examined via
a screening waste management LCA, omitting all upstream life cycle phases.
The foreground data were partly collected through communication with ex
perts, and partly based on average generic data found via a literature search.
SimaPro version 7.3.2 (PRé Consultants, 2019) was used to model and as
sess the impacts. The background data in study D used the second version
of Ecoinvent Frischknecht et al. (2007). Climate change and metal resource
depletion were assessed using the ReCiPe2008 Midpoint impact (Hierarch
ist perspective) (Goedkoop et al., 2009) impact assessment method. Energy
demand was assessed using the cumulative energy demand (CED) method
(Frischknecht et al., 2007).

3.5 Study E: Drivetrain comparison

In study E, the ERPA approachwas chosen to compare the environmental im
pacts in each life cycle phase between a combustion engine and an electricmo
tor, with a focus on the drivetrain. The potential impact shift due to a change
in drivetrains could be detected through this screening assessment. The fore
ground data, used for justification of scores, were based on actual data on the
existing vehicles, literature, and communication with experts. Background
data were not used quantitatively, but rather as a basis for setting the scores
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that are used in ERPA to approximate the results of the more formal LCA in
ventory analysis and impact analysis stages.

The ERPA matrix was chosen because it has a life cycle perspective (i.e. all
life cycle stages of the productsystem are taken into consideration), and the
approach reduced data complexity yet provided a semiquantitative outcome
so that a comparison of the two alternatives could be made. A broad environ
mental impact focus was adopted, including emissions and use of resources,
and detailed documentation of the approach was available to facilitate the
application process and increase transparency (Graedel, 1998). Additionally,
previous examples where ERPA was applied were available for consultation
and comparisons (Hur et al., 2005; Hochschorner and Finnveden, 2003).

One reason for selecting ERPA to study the difference between the drivetrains
was its detailed documentation on the application process, which increased
the transparency of the study. This semiquantitative approach did not de
pend on access to quantitative process data to the same extent as a full LCA.
The study was further simplified through the omission of both vehicle bod
ies, using an approach described by researchers such as Finnveden (1999);
Christiansen et al. (1997) and Tillman et al. (1994); this was possible since
the vehicle bodies were similar and did not influence the relative results.
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4 Summary of appended publications

Each subsection contains a brief summary of the study background, a descrip
tion of the goal and scope, and a list of the research questions. Publication A
presents a comprehensive survey of simplification approaches used in pub
lished LCA literature. Publications B through E examine different measures
to reduce use phase impacts and potential impact shifts as relates to new disc
brakematerials, endoflife treatment of vehicles, and a change in drivetrains.
The measures intended to reduce the environmental impact are described,
and themain results relevant to the identification of impact shifts are presen
ted.

4.1 Publication A: The Common Understanding of
Simplification Approaches in Published LCA
Studies – A review and mapping

The literature searchmethod is described in section 3.1. Section 2.1.2 presents
the previous studies, which are part of the findings from study A3. The iden
tified documents were categorised according to the simplification approach
usedor described in the case studies. Of the identified categorisation schemes,
that by Todd et al. (1999) was identified as being the best suited to our needs.
The six categories of LCA simplification approaches are described below in or
der to clarify the approaches recognised by this study. Ellingsen et al. (2016a)
and Hung et al. (2018), who referenced these simplification approaches in
their studies, inspired the wording of the category labels.

Simplification approaches found in LCA studies via the literature search, that
did not correspond to any of the six simplification approach categories men
tioned above were grouped to form additional categories resulting in four ad
ditional categories of LCA simplification.

The LCA simplification approaches are described below with examples from
a few typical studies and the five appended LCA studies (B1E) (see Table 2).

3Katja performed the literature search and analysed the findings. Katja and Anna B. wrote
the text.

25



Table 2: LCA simplification approach categories. Listed in the final column: the appended
studies using the simplification approach. (Based on a table from Publication E.)
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In cases where several simplification approaches were used in combination or
in parallel, the use of multiple simplification approaches were shown by the
reoccurring studies. Since the difference between some categories might at
first glance seem insignificant—for example, between category 6 “limiting the
constituents studied” and category 7 “cutoff”—the categories are explained
below.

4.1.1 Simplification approaches

To further illustrate the identified simplification categories (Table 2), the sim
plification approaches used in the appended studies were described. The ap
pendedpublications provide a selection of someof the simplification approaches.
Note that the studies utilise many simplifications, as was also common in in
cluded example studies identified in study A.

1. Partly or fully ignoring upstreamor downstreamprocesses,
including studies known as cradletogate (Magelli et al., 2009), gate
togate (Franze andCiroth, 2011), welltowheel (VanMierlo et al., 2004),
and waste LCA (Study D). This simplification limits the inventory ana
lysis and succeeding process steps. It is used when the limitation is as
sumed to have negligible effects on the results, when one specific life
cycle area is of interest, or if there are limited data available.

Study D is an example of a typical waste LCA study, where all upstream
processes were ignored. When comparing the various endoflife treat
ment alternatives for a discarded product, thematerial extraction, man
ufacturing and use phases can be excluded if it can be assumed they are
not influenced by the choice of endoflife treatment (Finnveden, 1999).
The comparative LCA therefore covered ELV scrapping and the endof
life treatment of material fractions from the ELV (i.e. recycling, incin
eration and landfilling), but did not include vehicle production and use.

2. Narrowing the range of environmental impacts considered.
This approach limits the number of impact assessment categories and,
consequently, also limits the necessary inventory parameters to those
contributing to the selected impact categories. Narrowing the range of
impact categories can be carried out by focusing on a limited number
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of environmental stressors, such as the five used in the Environment
ally Responsible Product Assessment (ERPA) method (Graedel, 1998).
Other common simplifications are focusing only on climate change (Bala
et al., 2010) and energy use (Oregi et al., 2015). Although relevant im
pacts must be determined by the aim of the study, the simplification
may also be applied due to lack of data.

The tool used in study C considered only two environmental stressors:
energy demand and carbon dioxide footprint. Study D considered three
impact categories: climate change, metal depletion and cumulative en
ergy demand (CED). In study E, the scores used in the ERPAmatrix for
each life cycle phase were the sum of the five stressors (material choice,
energy use, and solid, liquid and gaseous residues).

3. Mixingqualitativeandquantitativedata, dependingonavail
ability, can entail that quantitative inventory is transformed into qual
itative indicators, or that qualitative inventory and impact assessment
are used. An example of mixing quantitative and qualitative data is
semiquantitative assessments that combine both (Fleischer et al., 2001).
This simplification is applied in the inventory analysis step. In some
studies, a qualitative screening was used in the early design phase of a
product (Heidari et al., 2019) or as a complement to quantitative LCA
(Hochschorner and Finnveden, 2003). The impact assessment step can
be simplified with this approach to illustrate environmental factors that
are not readily translatable to quantification, such as biodiversity and
habitat issues (Todd et al., 1999). This simplification can be used if data
are not readily available. In study E, the assessment was performed in
a semiquantitative manner using the ERPA matrix.

4. Using surrogate datameans that processes or materials with a lack
of data inventory are replaced with similar secondary data based on
physical, chemical or functional similarities (Biswas and Naude, 2016).
The simplification is used in the inventory analysis step, while the level
of data quality is determined in the goal and scope step. This approach
is also referred to as using proxy data (Lee and Xu, 2004). The effects
of using secondary data on the validity of results has been tested in sev
eral studies such asMoberg et al. (2014); Schmidt and Beyer (1998) and
Weitz et al. (1996).
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In studies B1 and B2, materials used in, for example, the friction mix,
were not included in any of the SimaPro databases; in these cases, ma
terials as close as possible to the original material were chosen. In study
C, some of the specific raw materials used by the manufacturers could
not be found in the EduPack material database, and the raw material
that was assumed to be closest to the original material was therefore
chosen.

5. Establish "showstopper" criteria that render a certain op
tion unacceptable and further analysis irrelevant. This ap
proach is applied in the inventory analysis step through analysis of key
material and process parameters. The aim of the approach is to find
critical issues that may make further analysis unnecessary. Only one
example of this category was identified among the studies found in the
literature review: a “red flag” analysis (Joyce and Björklund, 2019). The
lack of other studies using this approach could be due to the fact that
“no result” studies are rarely published. This simplification approach
was not used in the appended studies.

6. Limiting the constituents studied to thosemeetinga threshold
volume. This approach excludes all material and energy inventory
analysis under a set percentage. This is one part of the ISO standard
“cutoff”, since this simplification concerns inventory of mass and en
ergy volumes. Fullscale LCAs sometimes use a threshold of 1%, while a
more significant percentage may result in a simplified LCA (Todd et al.,
1999). In building assessments, auxiliarymaterialswith lowmass—such
as nails—are usually excluded (Kellenberger and Althaus, 2009). This
simplification is used if the effects of the exclusion can be determined
to be minimal, and also if there is a lack of data.

In study C, the metal powder production and thermal spraying pro
cesses could not be added as manufacturing in the Eco Audit tool; a
such, the processes were excluded and the effects were assumed to be
minimal.

7. Cutoff. The ISO standard (ISO, 2006b) defines cutoff as excluding
unit processes or product systemsbased on a specified amount ofmater
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ial or energy flow or level of environmental significance associated with
that process or system. Approach 6, “Limiting the constituents studied”
maybe seen as being a part of this category, but the cutoff approach also
considers the significance of environmental impact. This simplification
is applied in the inventory analysis, limiting the material and energy
inventory and the impact assessment step. In this simplification ap
proach, as in approach 6, there is a “cutoff paradox”; in other words, in
order to know if a process can be cut off, you must know how much the
process contributes to the total impacts. To avoid this paradox, some
LCA practitioners use a massbased cutoff criterion (Hauschild et al.,
2018). The cutoff is used when the limitation has negligible effects on
the results, and also if there is a lack of data.

In study B, the disc brake assembly process was cutoff since it was as
sumed that the process impact had negligible effects on the results. In
study C, the use phase was cutoff. The difference in the use phase im
pact between the disc brake alternatives was confined to the amount of
particulate emissions. The particulate emission impact effect on energy
need and carbon dioxide footprint was assumed to be insignificant. In
study D, the impact of the equipment used in the shredding scenario
and the power tools used in the manual disassembly scenario was cut
off from the LCA. In addition, the emissions produced by the shredding
plant itself were disregarded, as they were assumed to be negligible.

8. Tool/Database. The use of a tool, matrix, modular LCA or database
can simplify the gathering of data for the inventory analysis and also
assist in the impact assessment and interpretation steps. This simpli
fication addresses the availability of data with access to complete data
bases or as reduced reusable bundles, i.e. modules (Rebitzer, 2005).
There are a significant variety of tools aimed at simplifying LCA, and
these have different aims, such as supporting the assessment through
areaspecific tools (JiménezGonzález et al., 2013), aiding in the assess
ment of impacts (Bocken et al., 2012), and guiding the interpretation of
results (Hofstetter et al., 2000). This simplification application is used
during screening studies, using areaspecific databases and tools, and
when there is a lack of primary data.

In study C, where a new disc brake and a reference are compared, the
environmental assessment is carried outwith anEcoAudit tool (Granta,
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2018). In study E, the assessment of drivetrains was performed using
the ERPA matrix (Graedel, 1998).

Modules are interconnected but exchangeable units which together can
represent a full life cycle (Steubing et al., 2016). This approach includes
other research areaspecific databases used to simplify an LCA study
(Clune et al., 2017). Modular LCA can be used to adapt available data to
similar cases, as in the study by Roches et al. (2010) where agriculture
data was adjusted using modules to fit another setup. Modular LCA en
ables a simplified investigation of scenarios and tradeoffs among dif
ferent decision parameters (Feiz et al., 2015; Jungbluth et al., 2000).
No LCA modules were used in the appended publications.

9. Comparative LCA with the omission of identical elements.
This approach is possible if two or more products being compared have
identical elements, such as life cycle phases, materials or processes. The
identical elements can be omitted and the difference in impacts can be
assessed. This approach was mentioned as an “obvious” simplification
by Svensson and Ekvall (1995) and limits the comparative inventory
analysis. This simplification resembles categories 1 “Limiting up or
downstream processes” and 7 “Cutoff”, but is justified by being a com
parative study. It is important to note that the results of such a study
are relative and not absolute. In the study by Kellenberger and Althaus
(2009), building components were compared and identical materials
and processes were excluded. When comparing different vehicle com
ponents, such as exterior panels (Poulikidou et al., 2016) or drivetrains
(study E), it is possible to omit all other vehicle parts that are identical
in order to focus on the component in question.

PublicationBpresented two studies comparing twodifferent disc brakes,
referred to as the “reference” disc brake and the “new” disc brake. Study
B1 was a full disc brake LCA, and only the vehicle body life cycle was
omitted, including the use phase emissions other than those connected
to braking (Figure 5). Study B2 was further simplified, and all identical
elements were omitted: the materials extraction and manufacturing of
the disc, manufacturing of the brake pads, identical transports, and as
sembly; see Publication B for details.
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Figure 5: Flow chart describing assessed and omitted elements (Publication B).

Disc brakeswere also assessed in studyC, and the vehicle body life cycles
were again excluded. Study D compared two ELV management prac
tices; here, the identical pretreatment of the vehicles (the detoxific
ation) was omitted. In study E, the compared vehicles were identical
apart from the drivetrain, which provided a unique opportunity to fo
cus on the differences between the drivetrains and omit the identical
elements of the rest of the vehicles, such as the vehicle body (Finnveden,
1999).

10. Screening is aimed at finding key issues without quantifying them in
detail (see, for example, Rebitzer (2005); Svensson and Ekvall (1995)).
In general, screening is applied in the inventory analysis steps, usually
covering the entire life cycle with lower data quality. It is advisable to
assess several impact categories in order to minimise the risk of leaving
out potential hotspots. Examples of such studies include Thrane (2006)
screening of a variety of fish products, Moberg et al. (2010) screening
comparisonof printed and epaper newspapers andBretz andFrankhauser
(1996) evaluation of chemicals.

The manual procedure in study D was a hypothetical scenario based
on assumptions about design and performance; the comparison was,
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therefore, a screening of comparative environmental impacts. Study E
was a screening assessment using the ERPAmatrix to identify environ
mental hotspots.

While Christiansen et al. (1997) views screening as a part of LCA simpli
fications, many have described screening not as an LCA simplification
approach, but as an application of LCA results (Todd et al., 1999; Weitz
et al., 1996). Thismay be the reason screeningwas not included in any of
the previously published summaries of LCA simplification approaches.
The arguments for categorisation of screening as a simplification ap
proach are the explicit purpose of “finding key issues”, the acceptance
of lower data quality, the possibility of qualitative assessment, and the
identified studies stating only screening as a simplification approach.

4.1.2 Categories of simplifications in the LCA process

The identified LCA simplification approach categories were mapped in an
LCA process perspective; this may assist in more transparent documentation
and explanation of the simplifications used in a specific study. The simplifica
tions are like the LCA process steps in that they are iterative and influence one
another; for example, if the inventory analysis is limited by a simplification,
this will influence the impact assessment step and vice versa. The different
categories of simplification are mapped and explained in the different stages
of the LCA framework in Figure 6.
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Figure 6: Simplification approaches mapped in the iterative LCA process perspective (Public
ation A).

The goal and scope definition step is central to any simplification, as a study
is valid if the degree of incompleteness is in line with the goal and scope
(European Commission, 2010). Hence, most forms of simplification should
be determined by the goal and scope definition, butwill affect the LCAprocess
in one ormore subsequent steps. It is highly beneficial for the interpreter and
reader if the motivation for the simplification approaches used is explained,
and the approaches themselves are described in this step.

The most labour intensive step is usually inventory analysis, which involves
collecting and compiling data on the elementary flows; as such, it is the step
most in need of simplification. Nine of the ten simplification approaches
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could be of use in this step: (1) “Partly or fully ignoring upstream or down
stream processes”; (3) “Mixing qualitative and quantitative data”; (4) “Using
surrogate data”; (5) “Establish ‘showstopper’ criteria”; (6) “Limiting the con
stituents studied”; (7) “Cutoff”; (8) “Tool/Databases”; (9) “Comparative LCA
with the omission of identical elements”; and (10) “Screening”.

The selection of LCIA method and impact categories are made, based on rel
evance for the study. In the impact assessment step, four simplification ap
proaches were of relevance: (2) “Narrowing the range of environmental im
pacts considered”; (3) “Mixing qualitative and quantitative data”; (7) “Cut
off”; and (8) “Tool/Database”.

Finally, only one simplification was relevant to the interpretation step (in
cluding identification of significant issues, checking of completeness, sens
itivity and consistency, and providing conclusions, limitations, and recom
mendations): (8) “Tool/Database”.
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4.2 PublicationB: Comparative Life Cycle Assessment
of CarDiscBrakeSystems–Case study results and
method discussion about comparative LCAs

Particulates generated through wear from braking are significant contribut
ors to nonexhaust emissions originating from vehicles (Grigoratos andMar
tini, 2014). TheEUproject LOWBRASYS (LOWenvironmental impactBRAke
SYStem) included, among other things, development of a new car disc brake
(LOWBRASYS, 2017). Note that EVs also have nonexhaust emissions; these
are, however, different in terms of quantities and circumstances than those
for ICEVs. In this case study, only ICEVs are considered. The studied disc
brake is novel in the sense that it is intended to reduce particulate matter
emissions. The project aimed to offer a low environmental impact brake sys
tem that would reduce micro and nanoparticle emissions. It strived to im
prove the measurement of micrometresized and ultrafine particles and the
understanding of their effects on health and the environment, whilst also
providing recommendations to policymakers. An environmental assessment
was performed via a comparative LCA comparing the new disc brake with a
reference disc brake to ensure that the project was in line with expectations.

Publication B4 presented two studies: B1 and B2. Study B1 was a full disc
brake LCA, and only the vehicle body life cycle was omitted. Study B2was fur
ther simplified, and all identical elements were omitted: thematerials extrac
tion andmanufacturing of the disc,manufacturing of the brake pads, identical
transports, and assembly. In both studies B1 and B2, however, the particulate
emissions connected to the braking of the full vehicle were included.

The goal of the studies was to analyse the differences in environmental im
pacts (other than particulate emissions) between the two disc brake alternat
ives. The scope of the study included the complete life cycle for both disc
brakes, which were used in petrol passenger cars in the EU. The assessed
brakes were installed in identical cars; the main differences between the two
disc brakes were in the materials used in and on the disc and pads. The new
disc featured aWCCoCr thermal spray coating. The full LCA system bound
ary included raw material extraction, manufacturing, transport of resources
and products, use including spare parts, and endoflife management of the
disc brakes. The functional unit was defined as “deceleration of a car during
the lifetime of the car”. The scope of the use phase was set to the lifetime of a

4Katja collected the data, performed the LCA study, analysed the results, and wrote the text.
Anna HÅ. supervised.
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car: 240,000 km.

The lifespan of the different parts depends on wear resistance. Additional
testing by the car manufacturer showed that the lifespan of the new disc was
at least as long as the lifespan of the car, while the lifespan of the reference
discwas relatively shorter. Over the lifespan of the car, 1 newdiscwas needed,
while 2.5 reference discs were needed during the same period. During the
lifespan of the car, 14 reference pads were needed as opposed to 16 of the new
disc brake pads (Table 3).

Table 3: The assumed amount of disc brake parts needed during one vehicle lifespan
(Publication B).

Disc Brake part Reference disc brake New disc brake
Pads 14 16
Discs 2.5 1

The differences in impacts of the two disc brakes were distributed over 17 im
pact categories (Figure 7). The analysis showed that there were some signific
ant differences between them; for example, the new disc brake had a signific
antly higher impact in the “ionizing radiation” and “mineral resource scarcity”
categories. Impacts decreased in 8 of the 17 impact categories, and signific
antly decreased in the “human carcinogenic toxicity” category. In the “min
eral resource scarcity” impact category, the tungsten carbide used in the new
disc coating resulted in a notable impact of about 50% (2.83 kg Cu eq.) of the
total life cycle impact; this indicates an impact shift between impact categor
ies.
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Figure 7: The environmental impacts caused by the disc brakes presented in 17 impact
categories (Publication B).

The “fine PM formation”, “terrestrial ecotoxicity”, “marine ecotoxicity”, and
“human noncarcinogenic toxicity” categories were primarily linked to only
the brakewear emissions during use. Thenewdisc brake caused slightly lower
impacts in these categories due to the reduced amount of PM formation.

The “human carcinogenic toxicity” was linked to the materials and manufac
turing of the cast iron disc; since a greater number of reference discs were
required, the impact was higher. The recycling of cast iron lowered the high
impact, but the manufacturing of the disc had a significant impact.

There was an overall decrease in impacts during the use phase, but the new
disc brake alternative used more resources for the manufacture of one disc
compared to the reference disc brake. The shorter lifespan of the reference
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disc demanded a higher number of spare part discs to fulfil the same func
tional unit, but this impact was reduced due to material recycling. Hence,
there was an impact shift from the use phase to material and manufacturing
life cycle phases. The contributing impacts of the new disc brake were con
nected primarily to the coating, and secondarily to the pad manufacture and
materials.

Analysis of the 17 impact categories showed that the new disc brake had a sig
nificantly higher impact in the categories of “ionizing radiation” and “mineral
resource scarcity”. Hence, there was also an impact shift between impact cat
egories. It is difficult to determine if a decrease in some impact categories
might offset an increase in others; as such, all increases in impact must be
assessed.
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4.3 Publication C: Evaluation of an Eco Audit Tool –
through an LCA of a Novel Car Disc Brake

In study C5, two disc brakes were assessed. The “new disc brake” assessed in
study C was an earlier design than the “new disc brake” assessed in publica
tion B. At that time in the project (LOWBRASYS, 2017), the disc brakes were
assumed to need fewer spare parts, and the friction mix used in the brake
pads was slightly different. Unfortunately, this means the results from pub
lications B and C cannot be compared. However, it is the simplification ap
proaches used in study C that are discussed in this thesis; in other words, the
usability of the simplified tool.

The two disc brakes were modelled in the Eco Audit tool provided by Granta
(2018) on “Level 3, Sustainability” (the most advanced level). The objective
was to identify significant environmental stressors during specific life cycle
phases. The scope of the study included the entire life cycle, and the geo
graphical scope included Europe. The disc brakes were assumed to be used
in an average European family gasoline car. The functional unit was defined
as deceleration of a car during the lifespan of the car, which was assumed to
be 240,000 km. The assumed amount of disc brake parts needed during one
vehicle lifespan is presented in Table 4.

Table 4: The assumed amount of disc brake parts needed during one vehicle lifespan
(Publication C).

Disc Brake part Reference disc brake New disc brake
Pads 10 8
Discs 2 1

The environmental stressors of energy use and carbon dioxide footprint are
presented for each life cycle phase (Figure 8 and 9). Note that the use life cycle
phase was excluded, since the only difference between the disc brakes—the
amount of particulates emitted—did not affect energy or carbon dioxide foot
print.

5Katja collected the data, performed the LCA study, analysed the results, and wrote the text.
Anna HÅ. supervised. Katja presented at the conference.
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Figure 8: Comparison of reference and new disc brake, energy [MJ]. (Publication C).

Figure 9: Comparison of reference and new disc brake, carbon dioxide footprint [kg].
(Publication C).

The impacts of the spare parts used during the use phase were included in
the material and manufacturing phases. In the energy summary chart from
the Eco Audit tool (Figure 8), it was evident that the energy needs during the
material and manufacture phases of the reference disc brake were more sig
nificant than those for the new disc brake. Additionally, Figure 9 shows that
the carbon dioxide footprint of the reference disc brake was higher during the
material and manufacture life phases than that of the new disc brake. The
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percentage difference shown in grey, on the lower part of the picture, rep
resents the overall difference in energy usage and carbon dioxide footprint.
Though the materials needed for the coating of the new disc contribute to a
significant impact, the impacts from the production of the two reference discs
were more substantial.

In this case, assessing the early disc brake design, no impact shift towards
the upstream life cycle phases was observed. The endoflife potential (the
last part of the life cycle) was more beneficial for the reference disc due to a
higher amount of cast iron being used and recycled. Hence, although there
was a slight impact shift to the endoflife phase, overall the new disc brake
had lower impacts than the reference disc brake. The EcoAudit tool identified
critical raw materials; magnesia was used in the pads, and tungsten, chro
mium and cobalt were used in the new disc coating. No impact shift between
the two impact categories was detected.
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4.4 Publication D: Investigating Improved Vehicle
Dismantling and Fragmentation Technology

In study D6, two different endoflife vehicle waste management practices
were compared. The proposed measure was concerning vehicle material (for
example, lightweight materials and hightech components) aimed at reduc
tion of use phase impacts. New technology in vehicles can reduce fuel con
sumption; this means that the selection of specific materials could diminish
environmental impacts during use (Samaras and Meisterling, 2008; Notter
et al., 2010; Hawkins et al., 2013; Dunn et al., 2015). However, impacts might
shift to other life cycle phases, such as to the endoflife phase, as was the case
in this study.

The current practice, which includes a shredding process, was compared to
a hypothetical practice that included manual disassembly. The manual dis
assembly scenario was designed to reach the recycling targets in the 2015
ELV Directive (i.e. 85% of the total ELV mass was to be reused or recovered,
including energy recovery). Three categories of potential impacts were as
sessed: climate change, metal depletion, and CED. Provided that the manual
disassembly increased the recycling rate for ELV, and improved the environ
mental and resource efficiency of the waste management system, the aim of
this study was to identify the major benefits and how they accrue.

The comparative impacts resulting from management of one ELV are shown
below (Figure 10).

6Katja performed theLCA study, andAnnaB. supervised. Katjawrotemost of the text. Conrad
and Anna B. supervised and edited.
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Figure 10: Climate change, metal depletion, and cumulative energy demand (CED) impacts of
waste management (WM) of endoflife vehicles (ELV) (Publication D).

The manual scenario had a 10% lower climate change impact than the shred
ding scenario due to the higher rate of recycling—primarily of polymers—and
the energy recovery from incineration. The manual scenario resulted in 9%
less metal depletion than the shredding alternative, most of which was due
to increased copper recycling (recycling rates for steel and aluminium were
the same in both processes). The difference in CED impacts indicated the po
tential energy savings from the development and improvement of ELV man
agement. The CED in the manual scenario was over 50% lower than that for
shredding. In particular, the depletion of fossil resources such as hard coal,
lignite, crude oil, natural gas, coal mining offgas, and peat was reduced. The
results indicate a possible impact shift between impact categories.

The identified impact shift between life cycle phaseswas from the use phase to
the endoflife phase if thematerials are not recovered. StudyD illustrates the
consequences of inadequate management and recovery of vehicle materials.
A transition tomanual disassembly would decrease the potential impact shift,
themagnitude of which is dependent onmaterial type andmix, and the ability
to recycle the resource.
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4.5 Publication E: Scrutinising the Electric Vehicle
Material Backpack

Publication E7 presented a screening semiquantitative comparison between
an Electric Vehicle (EV) and an Internal Combustion Engine Vehicle (ICEV).
Several similarities were found when the materials in an EV were compared
to those in an ICEV, such as the use of steel, aluminium, and copper. How
ever, there was a significant difference between the two vehicles, since the
EV required certain critical raw materials (CRM) such as rare earth elements
(REE). The additional materials needed were referred to as the EV “material
backpack” in this publication.

The aim of Publication E was to shed light from a life cycle perspective on
the importance of CRM in vehicles, and REE in particular. This was of great
interest since EVs are thought of as a sound environmental choice, and are
being introduced on a larger scale to replace ICEVs. At the time of the study’s
publication, the significance of CRM in electric vehicles had been addressed,
but was not discussed nearly as much as it is today. The assessment was per
formed in a semiquantitativemanner using a simplified LCA tool—the ERPA
matrix—which was developed and described by Graedel (1998). Two existing
prototype vehicles were studied. These prototypes, called Smite, were de
veloped and built at the KTH (Royal Institute of Technology) in Stockholm,
Sweden. The main focus of the design was maximising the propulsion energy
efficiency. These prototype vehicles were identical apart from the drivetrain,
and all identical parts in the vehicles were omitted from the study (Finnveden,
1999). The significant differences, in terms of CRM, became apparent in the
assessed parts.

The aim of the study was to identify the significant differences in terms of
environmental impacts between an electric vehicle and a fossilfuel vehicle.
The vehicle drivetrains were studied phase by phase as follows: extraction
of raw materials, product manufacture, delivery, product use, and refurbish
ment/recycling/disposal.

The summarised ERPA matrix scores are displayed in Figure 11. The scores
in the matrix for each life cycle phase are the sum of the five stressors (mater
ial choice, energy use, solid residues, liquid residues, and gaseous residues).
A high score indicates excellent environmental performance (low environ
mental impact) while a low score indicates poor environmental performance

7Katja collected the core data andmodelled the simplified LCA. Sofia assisted in data analysis.
Katja and Sofia wrote the text. Conrad and Anna B. supervised and edited.
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(high environmental impact). The ratings below the graph show the separate
life stage scores for the EV and ICEV.

Figure 11: Life stage score results of the ERPA comparison of drivetrains in the EV and ICEV.
A high score indicates a low environmental impact, while a low score indicates a high
environmental impact (Publication E).

The ICEV demonstrated better environmental performance in three out of
five life cycle stages (premanufacture, product manufacture and disposal).
Scores in the product delivery phase were the same for both vehicles. In con
trast to the other life stages, the product use score was higher for the EV;
in other words, the change from an ICE to an electric motor resulted in im
pact shifts from the use phase to the material, manufacturing, and endoflife
phases.

Reduced stressor impacts in the use phase were achieved in four categories:
material choice, energy use, and liquid and gaseous residues. Therewas, how
ever, an increase in environmental impact stressors in the following upstream
phases; premanufacture (all but energy use), and product manufacture (all
but solid residue). There was also an increased environmental impact in the
disposal phase due to the material choice and solid residue stressors.

The results in publication E are further investigated and divided into the five
stressors in Figure 12.
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Figure 12: The ERPA scores divided into the five stressors for ICEV and EV. A high score
indicates a low environmental impact, while a low score indicates a high environmental impact
(Publication E).

The analysis revealed an impact shift between categories, or stressors, due
to the change from an ICEV to an EV. Impact shifts were identified in three
stressor categories: material choice, solid residues and liquid residues. The
impact shifts in these three stressors were due to the increased impact in up
stream life cycle phases from the mining of CRM, and the manufacture of the
batteries and electric motor. Additionally, there was an impact shift inmater
ial choice and solid residues stressors to downstream life cycle phases due to
the lack of recovery methods for CRM. This study cannot precisely determine
if the increase in these stressors is offset by the decrease in impacts during
the use phase.
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5 Results and discussion

History is full of promising new smart solutions for decreasing environmental
impacts. Some measures, however, have been shown to lead to significant
impact shifts. Increased awareness of potential impact shifts and the use
of LCA to support decisionmaking provide ample opportunities for avoid
ing seriously suboptimal outcomes. Unfortunately, new technology is usually
accompanied by a lack of available data on processes, materials and emis
sions. This lack of data may lead to simplified assessments that risk being
overinterpreted if the validity limitations of these approaches are not taken
into account. On the other hand, the environmental impact of new technology
risk being overestimated due to lack of data on large scale and optimised pro
cesses.

In this section, the results of the above studies are compared to previous find
ings, policy and regulation implications are discussed, and the research ques
tions are answered. The main aim of this thesis was to increase our under
standing of impact shifts in a vehicle LCA context by using the life cycle per
spective guided by simplified LCA approaches. The results in terms of the
identified impact shifts and simplification approaches used in the appended
studies are discussed (simplification approaches are referenced as approach
#, see Table 5).

5.1 LCA simplification approaches

There is no commonunderstanding of simplification approach terminology in
LCA. Two research questions were formulated in order to provide an oppor
tunity to describe the case studies performed within the scope of this thesis
and discuss their results in the context of simplification.

RQ1: What simplification approaches are used in LCA studies?

Study A identified early overviews of simplified approaches described by re
searchers such as Weitz et al. (1996); Hunt et al. (1998); Curran and Young
(1996), and Todd et al. (1999); these are still the most frequently referenced.
Christiansen et al. (1997) was also an important contribution at the time, but
unfortunately not available online which hinders the usage further. Ellingsen
et al. (2016b) andHung et al. (2018) are among the authors who discussed the
simplification approaches and pointed out that they needed to be reviewed.

48



The simplification approaches identified in study A were grouped accord
ing to the element being simplified. Initially, six simplification approaches
(approaches 1 to 6) were based on the categories described by Todd et al.
(1999), and the labels were inspired by Ellingsen et al. (2016b) and Hung
et al. (2018). However, not all simplification approaches found in study A
fit into these six previously published simplification categories; these simpli
fication approaches were therefore examined, and four additional categor
ies were identified. These categories (approaches 7 to 10) were “Cutoff”,
“Tool/Databases”, “Comparative LCAwith the omission of identical elements”,
and “Screening”. A total of ten simplification approaches were identified in
study A (see Table 5).

The different simplification approaches used in the appended studies are lis
ted in the final column in Table 5 in order to aid the discussion of the sim
plification approaches identified in study A and those used in the appended
studies.

Table 5: The identified simplification approaches and the appended studies which use them.
# Simplification category Appended study
1 Partly or fully ignoring up and/or downstream processes D
2 Narrowing the range of environmental impacts considered C, D and E
3 Mixing qualitative and quantitative data E
4 Using surrogate data B1, B2 and C
5 Establish "showstopper" criteria 
6 Limiting the constituents studied C
7 Cutoff B1, B2, C and D
8 Tool/Database C and E
9 Comparative LCA with the omission of identical elements B1, B2, C, D and E
10 Screening D and E

A categorisation such as this may contribute to a common understanding
of simplification approaches, and could lead to more transparent and un
ambiguous reporting of simplifications in LCA. This is important for both
decisionmaking and the sharing of LCA results in general.

RQ2: How can the identified simplification approaches be categorised in or
der to improve transparency and reporting in simplified studies?

The simplification approaches were differentiated through an exploration of
the reasons for their use, their applications, andwhere in theLCAprocess they

49



had an effect. The identified simplification categories were mapped and ex
plained in terms of their role in the different stages of the LCA framework. The
first step in the LCA process—definition of goal and scope—is central for LCA
simplifications. Examination of the documents included in study A and the
simplification categories supported the idea that simplification in LCA was
often motivated by a lack of data. The simplification was most often aimed at
reducing the inventory analysis effort.

Additionally, study A’s findings strengthened the concern regarding signi
ficant inconsistencies in LCA simplification terminology, and how well the
approaches were described in individual studies. Although the EPA report
(Todd et al., 1999) was often cited, many studies (in study A) were found that
did not refer to it or any other simplification category in order to clarify the
simplification applied. A key challenge for the LCA practitioner is to ensure
that the choice of simplification approach is consistent with the study goal,
and that the subsequent results will be adequate to support that goal (Weitz
and Sharma, 1998). The motivation for the choice must also be communic
ated to the decisionmaker and audience for the study. The simplifications
were rarely justified to the same degree as other methodological choices in
full LCA studies. In several studies identified in study A, the simplifications
were not evaluated if the approach was appropriate for the intended purpose
of the study. Additionally, caution should be used when more than one sim
plification approach is used.

In order to transparently report the approaches used in an LCA study, the ap
proaches should be described, the motivation for their use explained and the
expected influence evaluated. The description should clarify what has been
simplified and which LCA workflow step is influenced. The motivation for
the use of the approach should explain why the simplification is justified;
for example, the exclusion is assumed to be negligible, there are a lack of
primary data, or due to focus on a specific area. Finally, an evaluation of how
the simplification approaches are expected to influence the results should be
presented. This transparency aids the study’s audience in interpreting and
comparing the results. The ISO standard (ISO, 2006a) presents guidelines
and instructions regarding the “full” LCA process, and these can be used to
strengthen the reporting of simplification approaches in studies. This is in
line with the ILCD handbook (European Commission, 2010) statement con
cerning simplified LCA approaches; which states that although simplification
approaches are typically not compliant with the ISO standard (ISO, 2006a),
the standard may be used as a guideline.
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5.2 Impact shifts

Five different vehicle LCA studies were performed in order to investigate the
life cycle impacts of different types of measures intended to reduce the use
phase impacts. Impact shifts can arise as consequences of measures that are
implemented in order to reduce environmental impacts.

RQ3: What types of impact shifts may occur due to these measures aimed at
the vehicle use phase?

The appended publications examine both impact shifts from one life cycle
phase to another, and between impact categories.

EVs have widely been seen as a promising measure to reduce the environ
mental impact of road transport, thanks to their “zero” exhaust and green
house gas (GHG) emissions during the use phase (Faria et al., 2012; Hawkins
et al., 2013; Ma et al., 2012). In study E, changing drivetrains did achieve
a lower impact in the use phase, but there were impact shifts upstream and
downstream in the life cycles. Additionally, impact shifts to other stressors,
such as material choice, solid residues and liquid residues, were identified.
In studies B1 and B2 examining a new disc brake alternative, there was an
overall decrease in impacts during the use phase, but the new disc brake used
more resources upstream than the reference disc brake; in other words, there
was an impact shift from the use phase to the material and manufacturing
phases of the life cycle. Analysis of the 17 impact categories showed that the
new disc brake had a significantly higher impact in the “ionizing radiation”
and “mineral resource scarcity” categories. Hence, there was an impact shift
between impact categories. The results from studies B1 and B2 could not be
compared to other research, since no other published disc brake LCA studies
could be found.

An impact shift towards the endoflife phase was demonstrated in study C.
Although the overall impacts of the new disc brake were lower than those of
the reference disc brake, even though more reference discs were used (two as
opposed to one of the new discs), the fact that the cast iron could be recycled
meant that the burden was avoided. This shift is significant if the waste man
agement phase is considered to be central, as in study D. A comparison of
two waste management processes in study D showed a significant difference
in environmental impact, with themanual process recyclingmore copper and
polymers. Waste LCA studies could clarify the environmental impacts caused
due to low or insignificant recycling or recovery of materials. The changing
material composition of vehicles increases the difficulty of designing efficient
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disassembly and recycling treatments for ELV, and poses a challenge at the
endoflife stage, as noted byMildenberger and Khare (2000) and Tonn et al.
(2003). The findings in study D showed that low recovery of resources can
cause impact shifts to the endoflife phase.

Based on the studies included in this thesis, I will attempt to discuss the gen
eralisability of the findings with regard to how and why impact shifts may
occur. The results in the appended publications showed that impact reduc
tion measures aimed at the use phase may cause life cycle consequences in
the form of impact shifts; in the studies in question, the shifts were due to the
use of materials with high impacts during extraction, components requiring
energy intense manufacturing processes, and the low recovery of resources.

In studies B1 and B2, an impact shift in the “mineral resource scarcity” impact
category was caused by the tungsten carbide used in the coating for the new
disc. Study E highlighted the importance of environmental impact shifts as
sociated with the increased dependence on CRM found in EVs. Precisely how
those impact shifts play out currently depends partly on the geographical set
ting and on future technological developments. The ICEV displayed better
environmental performance in three out of five life cycle stages due to the im
pact of the burden of the materials needed—such as REE—for the EV, and
by the lack of recycling possibilities. Although the assessment considered an
optimised ICEV (ultralight body, low fuel consumption), use phase emissions
were significantly higher compared to the EV running on the average Swedish
electricity mix, consisting mainly of hydropower and nuclear power (Swedish
Energy Agency, 2015). Overall, the results of this study supported previous
findings by others (e.g. Ma et al. (2012); Hawkins et al. (2013); Notter et al.
(2010)) regarding impact shifting between life cycle stages in comparisons of
ICEVs and EVs.

In order to optimise environmental outcomes, the complex material mix in
vehiclesmust bemet with a flexible wastemanagement system (studies D and
E), as also noted byPassarini et al. (2012). There is a clear need to developnew
ELV scrapping practices for better management of resources and to investig
ate the value of “new”materials in ELV (Mildenberger andKhare, 2000; Tonn
et al., 2003). Studies D and E showed that the fact that shredding remains the
preferred process—while the composition of vehicles has evolved—is prob
lematic; something also confirmed by Schneider et al. (2010) and Blume and
Walther (2012). This may cause significant environmental impacts, since re
covery processes for themajority ofmaterials—such as REE—are lacking, and
they thereforemay be lost by beingmixed in with other fractions, incinerated,
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or landfilled with other materials (Binnemans et al., 2013; Andersson et al.,
2017). Current waste management practices, as assessed in study D, caused
a significant increase in environmental and resource impacts due to lost cop
per, polymers and more. Additionally, the practice does not seem to fulfil
the current or possibly stricter future requirements of the ELV Directive (The
European Parliament and The Council of the EU, 2005).

In conclusion, it is clear that the endoflife phase must not be excluded from
vehicle LCA studies. In order tomove towards a circular economy—a systemic
approach to economic development designed to benefit businesses, society,
and the environment—material resourcesmust be salvaged (Andersson et al.,
2017; Binnemans et al., 2013). In contrast to the linear model, a circular eco
nomy is regenerative by design and aims to gradually decouple growth from
the consumption of finite resources (Ellen McArthur Foundation, 2013). The
recovery of material resources—such as CRM in the EU (European Commis
sion, 2019a)—is of critical concern, and studies D and E both demonstrated
a need to close the cycle when it comes to CRM. This will only become pos
sible, however, when the technology and incentives for costeffectivematerial
recycling are in place.

5.3 Using simplifiedapproaches todetect impact shifts

The appropriateness of using simplification approaches to identify potential
impact shifts in a vehicle context, based on the appended studies, is discussed
in this subsection.

Impact shifts can be detected using a simplified study if the simplification
approach is valid for that specific case. Due to the wide variety of purposes,
scenarios, and products assessed, it is impossible to devise a onesizefitsall
approach for simplifications, as noted by Weitz and Sharma (1998). There
is a risk of arbitrary and subjective choices of simplification approaches—for
example, it is unclear howmany impact categories are enough to constitute a
full versus a simplified LCA study (Bala et al., 2010).

Excluding a significant impact source—such as the car body (approach 9) in
studies B1 and B2, and all other use phase impacts other than disc brake and
exhaust emissions (Figure 5)—creates the risk of obtainingmisleading results.
Itwas noted in publicationB that the full car use phase environmental impacts
were more significant than the disc brake emissions, by magnitudes. Three
pitfalls can be identified with the use of approach 9 “Comparative LCA with
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the omission of identical elements”: (1) it creates an assessment blind spot;
(2) it decreases analyses of impact significance; and (3) it prevents hot spot
analysis.

The first pitfall associated with approach 9 is the creation of an assessment
blind spot; in other words, there is a risk that significant impacts might be
overlooked. This concern ismainly significant if there are few (or no) previous
studies of a particular product, as in this case with the disc brakes. This risk of
“straining gnats and swallowing camels” means that potential environmental
impacts originating from the excluded elements might surpass the assessed
parts by magnitudes.

Secondly, simplification approach 9 offered only a comparative result, which
is less revealing than a full LCA. It can be challenging to evaluate whether a
difference is small or large, relatively speaking; for example, 1 kg may be sig
nificant (2 kg compared to 3 kg in total) or insignificant (999 kg compared to
1,000 kg in total), depending on the context. Analysis of the impact category
quantity showed that between 0.1% and 48%of impacts were omitted in study
B2 compared to B1. Thismeans that although the differences between the im
pacts of the two discswere the same independent of themodel, the impactwas
harder to evaluate as significant or insignificant since the full impact was re
duced. Although the impact reduction could be quantified in this particular
study, this is usually not the case. In study B2, the cast iron used in the new
disc brake was not considered, its potential impacts were missing from the
results. The fact that this information is missing from the results means that
they could potentially be misleading, causing certain possible improvements
to be overlooked, and leading to effort being put into ineffective actions.

Third, use of approach 9 prevented a hotspot analysis, since it was unknown
how much the omitted elements contributed to the impact. This is in line
with previous observations fromHauschild et al. (2018), for example, that the
omission prevents a proper hotspot analysis because it cannot be known how
much the omitted processes contribute to overall environmental impacts. The
resulting inaccurate information could lead to suboptimal recommendations
for actions and decisions.

The Eco Audit tool was used in study C for fast and easy analysis (approach
8). The strength of the vast material database, including potential environ
mental stressors, was significant (as shown by the identification of CRM) and
provided the possibility of using surrogate data (approach 4). One of the is
sues with using only two stressors (approach 2) was that the impacts of CRM
might not be sufficiently represented. The limitation of processes and ma
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terials in the tool (approaches 6 and 7) could lead to a serious underestimate
of impacts, thereby overlooking potential impact shifts. The tool also lacks
some more complex assessment features, such as handling of additional life
cycles, i.e. spare parts. The spare parts were not excluded from the study, but
the interpretation was made more difficult since the impacts were harder to
connect to the spare parts. In some cases, the tool was able to provide valid
results to guide a decisionmaker, but in this case, it seems the tool was too
simplified to assess the disc brakes adequately.

The omission of the production and use phases (approach 1) in study D gave
rise to someuncertainty. Although the omissionwas a reasonable assumption
for an ELV LCA study from a shortterm perspective, from a longerterm per
spective it may represent an oversimplification. Since ELV are subject to pro
ducer responsibility policies in Sweden (Svenskförfattningssamling, 2007)
there is—at least in theory—an incentive to design vehicles so as to enable op
timal recycling. Radical changes in disassembly and recycling practices may,
therefore, lead to changes in vehicle design. Additionally, if a car owner knows
that the car parts will be reused and recycled, will he or she decide to scrap
the car sooner than if it was assumed to be landfilled or downcycled? Hence,
the assumption that the upstream phases are not influenced by the choice of
endoflife treatment (Finnveden, 1999; Tillman et al., 1994) could be false in
this case, at least from a longerterm perspective.

The impacts of lost REE resources were not considered in study D (approach
6); the significance of CRM, however, should be considered (Binnemans et al.,
2013; Smith Stegen, 2015).

Based on the findings in studies C and E, it became apparent that the assess
ment paradigms and performance standards relying solely on use phase en
ergy consumption and carbon dioxide emissions (approaches 1 and 2) could
not be reasonably applied when components or conventional vehicles were
compared to new and emerging electric vehicle technology as essential ele
ments were omitted. In these situations, a life cycle perspective as well as
customised metrics capturing relevant environmental aspects should be ad
opted. This would enable the detection of any potential impact shifts between
life cycle phases and impact categories. Thesemetrics should be incorporated
not only in environmental systems analysis tools (approach 8) and studies,
but also in policy measures and regulations.

The simplifications used in the studies haddifferent strengths andweaknesses,
depending on the specific case. In study E, the five stressors presented a
broader picture of the potential impact shifts than studying only carbon diox
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ide emissions. The assessment showed a qualitative impact shift (approach
3), but this shift was not quantified. The magnitude of the impacts was, how
ever, strongly connected to aspects such as CRM extraction impacts, the elec
tricity mix of production energy, the electricity mix of charging energy, and
recovery rates. Limiting the constituents studied to thosemeeting a threshold
volume (approach 6) based on mass could not give satisfactory results, since
many CRMwere used in small amounts. If the impacts of materials are over
looked, there is a risk of seriously suboptimal outcomes in the transport sec
tor as EVs are introduced on a larger scale. Excluding all up and downstream
phases (approach 1) and assessing only the use phase was not recommended.
Narrowing the range of environmental impacts considered (approach 2) was
not recommended either, since in studies D and E there were impact shifts to
other impact categories that might be overlooked.
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6 Conclusions and future research
opportunities

The early discussions about simplifications contributed essential parts to the
development of the first LCA standard, such as the specific considerations
and investigations of what should be included and reported in a complete LCA
study. There is a need for a common simplification terminology and report
ing standard. Due to the wide variety of purposes, scenarios, and products
assessed, it is impossible to devise a onesizefitsall approach for simplifica
tions, especially if the aim is to identify potential impact shifts.

In study A, 10 simplification approaches are identified; 6 of these had been
previously identified, and4 are newcategories. The simplification approaches
are differentiated using an exploration of the reasons for their use, their ap
plications, and where in the LCA process the simplifications have an effect.
Transparently reporting simplification approaches used in an LCA study re
quires that they be described, the motivation for their use be explained, and
their influence be evaluated; this will ultimately aid the study’s audience in
interpreting and comparing the results.

The introduction of impact reduction measures aimed at the use phase may
cause life cycle perspective consequences in the form of impact shifts. These
shifts may be caused by materials with high impacts during extraction, com
ponents with energy intense manufacturing, and low recovery of resources.
Although new smart materials are expected to solve many environmental im
pact issues, risks associated with insufficient LCI data, limitations in know
ledge regarding potential environmental impacts, and ineffective regulations
concerning new materials must be taken into account. Using some simplific
ation approaches makes it difficult to determine if an increased impact in one
life cycle phase or impact category offsets a decrease in others, and thus to
determine whether an impact shift is an acceptable compromise.

6.1 Future research opportunities

The development of newmaterials may demand the development of new LCA
methods. Some impacts are poorly covered by current models for LCIA, such
as radioactive tailings resulting from REE mining and nanomaterials used in
products (Garvey et al., 2019) or emitted as particulates from braking. Future
work is encouraged in the area of the environmental impact of disc brakes
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from a life cycle perspective. The modelling of PM emissions in LCA also
needs to be refined—primarily in terms of unaddressed toxicity (Oberdörster
et al., 2005), but also in regard to the question of how to model material
specific PMemissions (Garvey et al., 2019). This is of particular interest, since
regulations concerning nonexhaust emissions are surely coming in the near
future (Grigoratos and Martini, 2015; Kupiainen, 2007).

Wemust move away from the common practice of merely stating that an LCA
study is streamlined, simplified, or some other term without further explan
ation. Researchers need to define how the LCA is simplified, what motivates
the choice of simplification approach, and which steps of the LCA are affected
and how. In order to facilitate this, some sort of common LCA simplification
terminology and reporting standards are needed. It might also be argued that
simplification approaches should be included in the ISO standard in order to
ensure higher quality simplified studies and improve the ability to interpret
them and compare results.

The literature review in study A should serve as a guide for further invest
igation and development for LCA practitioners interested in improving the
transparency of simplified studies. Future research could investigate the con
nection between different simplification approaches, product systems, and
research areas. Although there is no universal simplification, there are ap
proaches that are more or less suitable depending on the nature of the study.
There is no standard guidance as to which of the simplification approaches
to apply, in what context they are appropriate, or to what extent they should
be used (Hung et al., 2018). There are interesting connections to explore con
cerning terminology and frameworks for the handling of data gaps and repres
entativeness (Henriksen et al., 2018, 2019), partly since most simplification
approaches are motivated by lack of data.
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