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Preface

This thesis provides a summary of the research work performed during the five year PhD
program of “Planning and decision analysis - with specialization in Environmental Strategic
Analysis”, at the Division of Environmental Strategies Research (fms) at KTH.

This research was conducted within the research project “Coupling Materials-Environmental
Analysis” funded by the Center for ECO2? Vehicle Design. The center provides a node for
multidisciplinary research on different features of vehicle design incorporating research both on
road and rail vehicles. Among the aims of the center is to balance the ECOnomical and ECOlogical
(ECO?%) constraints of vehicle design and provide methods and tools for functional and
environmentally improved transport solutions and designs. Two academic units at KTH (the
Department of Aeronautical and Vehicle Engineering, and the Division Environmental Strategies
Research (fms)), vehicle related manufacturing industries and transport authorities in Sweden
were among the core partners of the center.

The research project “Coupling Materials-Environmental Analysis” consists of three different
PhD projects. The “Environmental Impact Analysis”, which this thesis is part of, resulted in four
of the appended publications (Papers I-1V). Papers III and IV was a result of multidisciplinary
research, between PhD students and supervisors of the three different subprojects.

The last paper (Paper V) belongs to the “Sustainable Drivetrains” project funded by KTH-
Sustainability and was performed by researchers at the Division of Environmental Strategies
Research (fms) and the Department of Machine Design at KTH, with valuable input from
researchers of the Integrated Transport Research Lab (ITRL) at KTH.
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Abstract

In response to global environmental concerns and in particular resource depletion and climate
change, vehicle manufactures have adopted different strategies for improving the environmental
performance of their fleet and reduce the high energy demands and carbon dioxide (CO3)
emissions during the operation phase. Reducing the weight of the vehicle is among the most
common ones. New lighter materials such as composites are introduced that facilitate weight
reduction without compromising functionality, comfort and safety. In addition to that,
alternative propulsion systems are available, with electric vehicles constantly increasing their
share in the market. Despite the considerable benefits in relation to the operation phase of the
vehicle, both design strategies have been associated with increased environmental impact
during the manufacturing phase and also recyclability limitations at the end of life (EOL) stages.
In order to address and increase understanding on these trade-offs a more holistic and life cycle
approach is necessary when vehicle design strategies are developed and assessed.

This thesis explores up to what extent such a life cycle approach is adopted in vehicle design
today. The aim of this work is twofold: 1) to increase understanding on the ways that vehicle
design strategies for reducing fuel consumption, have been and can be assessed from an
environmental and life cycle perspective, and 2) to contribute to method development for
improved life cycle environmental performance of vehicles. This research has been focusing on
lightweight design and electric drivetrains as two of the major design strategies adopted today,
by assessing and discussing their potential to improve the life cycle environmental performance
of vehicles.

In order to explore and increase understanding on current practices an empirical study was
performed. Data for the study was collected through interviews with four vehicle manufacturing
industries in Sweden. The results indicated that although the studied companies are aware of
the major environmental challenges in relation to their products and work intensively to fulfil
the increasing regulatory and customer requirements, environmental considerations during
product development processes and material selection in particular, often lack a holistic lifecycle
perspective. In relation to the use of tools for assessing and integrating environmental aspects
into product development (namely Design for Environment (DfE) tools), variations among the
companies were observed while only a limited number of such tools were utilized in a
systematic manner and mainly for monitoring compliance purposes. This thesis showed,
however, that a rich and diverse toolbox is available and different tools or combinations of tools
can be considered suitable to be used during vehicle design and development stages. Most of the
tools listed in this work, cover aspects that were identified as important from a vehicle design
perspective, such as relevant environmental impacts, life cycle considerations, customer
requirements and more.

The influence of new design strategies on the life cycle environmental performance of vehicles
was assessed in three case studies; two of them looking into lightweight design and applying
quantitative life cycle assessment (LCA) and one looking at alternative drivetrains and electric
vehicles based on a streamlined LCA approach. Both strategies were shown to offer energy and
greenhouse gas (GHG) emissions savings, although the impact during manufacturing increases
due to more advanced and energy demanding materials. The actual level of this trade-off
however, depends on the underlying assumptions relating to the operational life of the vehicle,
fuel efficiency or, for the case of electric vehicles, the carbon intensity of the energy supply mix.
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Despite its low share in terms of environmental impact, EOL has an important role in the overall
environmental performance of vehicles which is expected to increase in the future.

The thesis contributed to method development by suggesting a systematic and life cycle
approach for material selection. The suggested approach combines traditional material analysis
to environmental assessment tools and consists of five steps: (1) Definition of design target, (2)
Selection of material families and candidate materials, (3) Weight minimization, (4) Life cycle
modelling and assessment, and (5) Results analysis and Material selection.

The thesis concludes that with systematic processes, integrated tools and metrics that manage to
capture relevant environmental challenges for this product category, possibilities for life cycle
improvements are increased, minimizing the risk for omissions and sub-optimizations.

Keywords: Vehicle design; Design strategies; Lightweight design, Electric vehicles; Design for
Environment (DfE); DfE tools; Life cycle assessment (LCA); Simplified LCA; Composite materials
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Sammanfattning (Summary in Swedish)

Som ett svar pa de globala miljoutmaningarna och i synnerhet resursutarmning och
klimatférandringar, har fordonsindustrin utvecklat olika designstrategier for att forbattra
miljoprestandan hos sin fordonsflotta och minska de héga energikraven och koldioxidutslappen
(CO2) under anvandningsfasen. Att minska fordonets vikt ar bland de vanligaste
designstrategierna. Nya lattare material som kompositer har utvecklats, som underlattar
viktminskning utan att kompromissa med funktionalitet, komfort och sikerhet. Dessutom
utvecklas alternativa framdrivningssystem, dar elfordon stindigt 6kar sin andel pa marknaden.

Trots de betydande fordelarna under anvandningsfasen av fordonet, kan bada dessa
designstrategier kopplas till 6kad miljopaverkan under tillverkningsfasen och é&ven till
atervinningsbegransningar i livscykelns slutskede. For att atgarda och 6ka forstaelsen for dessa
avvagningar ar ett mer holistiskt och livscykelbaserat perspektiv ndédvandigt nar
fordonsdesignstrategier utvecklas och utvarderas.

Denna avhandling undersoker i vilken man ett sddant livscykeltinkande anvinds inom
fordonskonstruktion idag. Syftet &r dubbelt: 1) att oka forstdelsen for hur
fordonsdesignstrategier som syftar till att minska bransleférbrukningen har och kan beddémas ur
ett miljo- respektive livscykelperspektiv, och 2) att bidra till metodutveckling for battre
livscykelmiljoprestanda hos fordon. Denna forskning fokuserar pa lattviktskonstruktion och
elektriska drivsystem som tva av de stora designstrategierna idag, genom att bedéma och
diskutera deras potential att forbattra miljoprestandan under hela fordonslivscykeln.

For att undersoka och 6ka forstaelsen for nuvarande praxis har en empirisk studie genomforts.
Data for studien samlades in genom intervjuer med fyra fordonstillverkningsindustrier i Sverige.
Resultaten av studien visade att dven om de studerade foretagen dr medvetna om de stora
miljoutmaningarna som ar kopplade till deras produkter och trots att de arbetar intensivt for att
uppfylla 6kande reglerings- och kundkrav, saknar ofta produktutvecklingsprocesser och i
synnerhet materialvalet ett helhetslivscykelperspektiv. Nar det giller anvidndningen av verktyg
for att bedoma och integrera miljoaspekter i produktutvecklingsprocesser (namligen,
produktutvecklingsverktyg for miljon), observerades stora variationer mellan féretagen. Endast
ett begransat antal sddana verktyg anvandes pa ett systematiskt satt och framfor allt for kontroll
och uppfdljning av regelverk. Denna avhandling visar att en rik och varierad verktygslada ar
tillganglig och att olika verktyg eller kombinationer av verktyg kan anses lampliga att anvdndas
under fordonsdesign och olika fordonsutvecklingsstadier. De flesta av de verktyg som behandlas
i detta arbete tacker aspekter som har identifierats som viktiga ur ett fordonsdesignperspektiv,
som t.ex. relevant miljopaverkan, livscykelovervaganden, kundkrav med mera.

Inverkan av nya designstrategier pa livscykelmiljoprestandan hos fordon har utvarderats i tre
fallstudier. Tva av dem bedomer lattviktsdesign med hjilp av kvantitativ livscykelanalys, och en
fokuserar pa alternativa drivlinor och elfordon som bedéms pa ett kvalitativt sitt. Bada
designstrategier visade sig ge energi- och vaxthusgasutslappsbesparingar dven om paverkan
under tillverkningsfasen okar sarskilt pa grund av de mer avancerade och energikravande
materialen. Nivin pa denna avvigning beror pa antaganden avseende fordonets operativa
livslangd, bransleeffektivitet, eller i fallet elfordon, koldioxidintensiteten i
energiforsérjningsmixen. Trots sin 1aga andel nir det giller miljopaverkan har slutskedet en
viktig roll i den 6vergripande miljoprestandan hos fordon och den férvantas 6ka i framtiden.
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Slutligen bidrar denna avhandling till metodutveckling genom att foresld ett systematiskt och
livscykelbaserat perspektiv vad giller materialval. Den féreslagna metoden kombinerar
material- och milj6 analysverktyg och bestar av fem steg: (1) Definition av designmal, (2) Val av
materialfamiljer och kandidatmaterial, (3) Viktminimering, (4) Livscykelmodellering och
livscykelbeddmning, och (5) Resultatanalys och Materialval.

Avhandlingen drar slutsatsen att med systematiska processer, integrerade verktyg och matt som
klarar av att fanga relevanta miljoutmaningar, 6kar mdjligheterna till livscykelférbattringar
medan risken for brister och suboptimeringar minskar.

Nyckelord: Fordonskonstruktion; Designstrategier; Lattviktsdesign, Elektriska fordon;
Miljovanlig produktutveckling; Produktutvecklingsverktyg for miljon; Livscykelanalys (LCA);
Forenklad LCA; Kompositmaterial
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1. Introduction

1.1 Background

As the need to address the climate and energy challenge becomes urgent, transport is a key
sector where action is required. Recent figures show that the transport sector is responsible for
about a third of the final energy demand and about a quarter of greenhouse gas (GHG) emissions
in Europe (European Commission, 2013) as well as worldwide (IEA, 2015). More than 80% of
these figures is accounted to road transports (passenger cars, light and heavy duty trucks) that
to a large extent continue to rely on fossil based fuels such as gasoline and diesel for their
operation (European Commission, 2013).

The pressure towards improved environmental performance of vehicles has increased as a
result of regulation and customer requirements. Noteworthy example is the new target on
carbon dioxide (CO2) emissions from passenger cars introduced by the European Union (EU)
(Regulation (EC) No 443/2009, 2009), which sets the fleet average to be achieved by all new
cars developed from 2021, to 95 grams of CO; per kilometer (km); lowered by 27% compared to
the 2015 levels. Similar restrictions have been introduced in the United States under the
Corporate Average Fuel Economy (CAFE) standard (93 g/km by 2025) as well as China (117
g/km by 2020 ) and Japan (105 g/km by 2020) (ICCT, 2014; NHTSA, 2009).

In response to the increased requirements, automotive manufacturers work intensively on
strategies that would improve the environmental performance of their fleet. Over the last decade
the emissions of CO; per km from petrol and diesel passenger cars in Europe have been reduced
in average by 27% and 21% respectively (EEA, 2015). This progress has been a result of not only
engine performance improvements and increased drivetrain efficiency but also due to
innovations in vehicle design (such as lighter vehicles) that assisted in reducing the fuel
consumption during the operation stage of vehicles (Kim et al., 2010). In addition to that, the
road vehicle fleet has been enriched with cleaner technologies and alternative fuel or propulsion
systems; biofuels such as ethanol and electric vehicles (EV) are some examples (Moriarty &
Honnery, 2008).

Fuel consumption of vehicles is determined by many different factors, weight being one of them.
A 10% reduction in weight is estimated to save up to 8% of fuel depending on the driving cycle,
type of the vehicle and other operating conditions (Cheah, 2010; Wohlecker et al., 2007). For this
reason, lightweight design is a common design strategy among vehicle manufacturers (Kim et al.,
2010). Lightweight design can be realized through material substitution or by the development
of more material efficient structures. New lighter materials are introduced that facilitate weight
reduction without compromising functionality, comfort and most important safety. For
passenger car manufacturers the incentives for lightweight design are high. Truck or rail
vehicles are considerably heavier although weight reduction in these sectors is also relevant not
only in terms of energy efficiency improvements but also for the possibilities of increased
payload. From a societal point of view increased payload provides opportunities for more
efficient and sustainable transports of people and goods.



A technological advancement in vehicle development is the introduction of alternative
propulsion systems such as fuel cell vehicles (FCV), battery electric vehicles (BEV) and hybrid
electric vehicles (HEV) with the latter ones constantly increasing their share in the global market
(OECD-IEA, 2016). Although the fleet of BEV and HEV remains small, these alternative
drivetrains have the potential to lead to significant energy and emission reductions (Stephan &
Sullivan, 2008).

From the aforementioned examples, it becomes apparent that the major focus on innovation and
design strategies of the transport sector has been in improving the performance of the vehicle
during the operation phase (Samaras & Meisterling, 2008). That can be expected considering the
long lifetime and high energy demands of vehicles during that stage which determine their life
cycle environmental performance. The more recent studies, however, have started to draw a
different picture.

Using lightweight materials such as composites and high performance metals result in
considerable energy savings during the operation phase of the vehicle. These lightweight
materials however, have an energy intense manufacturing phase which may offset the potential
savings when the complete life cycle of the vehicle is considered (Duflou et al., 2012; Kim et al,,
2010; Lewis et al.,, 2014; Witik et al,, 2011). In addition, composite materials introduce new
challenges at the end of life (EOL) stage since recycling and recovery possibilities of these
materials are low (Witik et al,, 2011). The life cycle environmental performance of internal
combustion engine vehicles (ICEVs) and electric vehicles (EVs) has been investigated by
Hawkins et al. (2013). The finding of their study reported an increase of the environmental
impact during the manufacturing stage of the EV as a result of batteries production. Similar
results have been presented by Faria et al. (2013) and Ma et al. (2012).

Conclusions from these studies indicate that a more holistic and life cycle approach is needed
when vehicle design strategies are developed and assessed. Taking into consideration the
improvements during the use phase a shift towards other life cycle stages is expected that need
to be sufficiently explored. The extent to which such a holistic approach is already adopted in
automotive industry is one of the topics discussed in this thesis. Although the vehicle
manufacturing is one of the leading sectors with a long tradition on eco-design strategies, there
is still room for improvements as it will be shown in later chapters. Additionally, this thesis
contributes to life cycle thinking implementation with a material selection approach that
combines traditional material analysis tools to environmental assessment tools. The aim and
research questions posed in this work are described in more details below.

1.2 Aim and scope of the thesis

The aim of this thesis is to increase understanding on the ways that vehicle design strategies
aiming at reducing fuel consumption, have been and can be assessed from an environmental and
life cycle perspective but also to contribute to the development of a systematic approach for
material selection. This research focuses on lightweight design and electric drivetrains as two of
the major design strategies adopted today, by assessing and discussing their potential to
improve the life cycle environmental performance of vehicles.



To fulfil the aforementioned aim, three main objectives were formulated, each one addressing
specific research questions (RQ):

A. Tomap and increase understanding on the current practices and available tools

RQ 1: What environmental aspects are prioritized by the Swedish vehicle manufacturing
industry and what tools and processes are currently adopted for identification and
evaluation of design strategies?

RQ2: What tools are available that can assist the systematic identification and
assessment of design strategies for improved environmental performance of vehicles?

B. To assess vehicle design strategies from a life cycle perspective

RQ3: How do new design strategies for reducing fuel consumption affect the life cycle
environmental performance of vehicles and what key factors should be in focus when
new design strategies are assessed?

C. To contribute to method development for improved life cycle environmental
performance of vehicles

RQ4: How can environmental assessment tools be integrated during product design and
material selection processes?

A “design strategy” is defined as the plan of action to gain competitive advantage, aiming to
merge and bring together the business strategy and goals, to the product design and
development processes (Olson et al., 1998). In this thesis, | refer to design strategies as the
design alternatives that have been adopted in order to reach a specific goal (for example
reducing the energy use during the operation phase of the vehicle).

1.3  Structure of the thesis and contribution of the appended papers

This thesis consists of an introductory part (cover essay) and five appended papers. Each paper
contributes to one or several of the research questions posed in Section 1.2 while collectively
they have been performed to contribute to the aim of the thesis. Figure 1 illustrates the
contribution of the appended papers to the three objectives of this thesis.
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Figure 1 Contribution of the appened papers to the objectives of this thesis

The study presented in Paper I provides empirical data on the integration of environmental
requirements during vehicle design and development processes and assists in answering RQ1.
Paper II answers RQ2 by investigating the availability of tools for assessing and integrating
environmental aspects into product design and development processes. The aim of Paper II was
to map the research area and provide vehicle developers a useful toolbox. Papers III, IV and V
answer RQ3. Papers III and IV present a comparative life cycle assessment (LCA) of different
material alternatives for lightweight design while in Paper V two drivetrain technologies are
assessed in a qualitative manner. Paper IV contributes also to method development and
answers RQ4 by introducing and testing an integrated material selection approach.

1.4 Outline of the cover essay

Chapter 1 provided a brief introduction to this thesis along with the aim and key research
questions addressed. Chapter 2 and Chapter 3 aim to provide the necessary background on the
different concepts discussed in the thesis and appended papers. More specifically, Chapter 2
focuses on the process of product development and the integration of environmental
considerations and tools during that process while Chapter 3 discusses vehicle design strategies
and developments that are of relevance to this work. The research strategy of this thesis
together with the methods used in the different papers, are described in Chapter 4. Chapter 5
summarizes and discusses the findings of the appended papers based on the thesis objectives
and research questions. The contributions and limitations of this thesis are briefly discussed in
the same chapter. Finally, the conclusions of this work are presented in Chapter 6 where
recommendations for future research are also provided.



2. Theoretical context

This chapter provides the theoretical context and background of this thesis and principally the
work presented in Papers I, II and IV. Among others product development, material selection,
life cycle thinking, Design for Environment (DfE) and DfE tools are briefly described below
representing key elements and concepts related to this work.

2.1 Industry and the environment

In order to meet the growing demands for products and services, humans have caused
significant changes to the ecosystem and natural environment through for instance the massive
exploitation of resources and increased emissions of pollutants and waste. Industry is most
often seen as part of the problem i.e. as a major contributor as regards today’s environmental
challenges. It would be wise however, to consider industry as part of the solution as well, since it
has also succeeded in providing innovative technologies and environmentally improved
products and services that may assist the transition towards sustainable development.

The view of companies towards global environmental challenges and their responsibility in
improving their own environmental performance has changed and significantly improved over
the years; sometimes through voluntary initiatives, although most of the times as response to
environmental regulation and customers’ pressure (Porter & van der Linde, 1995). Over time
improving the environmental performance and profile of the organization has become a
strategic element. Companies realized that there are many associated benefits such as
competitive advantage, reduced cost through resource efficiency, good image etc. (ibid). In
order to develop and remain competitive however, companies need to be proactive and able to
adapt when new environmental challenges emerge.

A holistic view on industrial activities may assist in identifying the sources of environmental
impacts but also possibilities for improvement. Companies are an interactive part of the society
and the natural environment where they operate. A broad network of actors and processes form
the business environment of the company. To illustrate the range of actions taking place in the
company and the continuous interactions (inputs and outputs) with its internal and external
environment Holmberg (1998) assigns four roles to a company; the role of purchaser of
resources and services, the role of resource converter, the role of supplier of products or
services as well as the role of communicator and information exchanger. Through these different
roles, companies have a great opportunity to influence and minimize the negative effect of their
activities on the natural environment by, among others, using materials and resources
efficiently, adopting cleaner manufacturing processes and providing environmentally superior
products, technologies or services.

Taking the right measures for improved environmental performance requires information in
relation to the different environmental constraints associated to the company’s activities and
products. Thus, processes that would provide such information at different levels of the
company and in a good time are necessary. Although a clear boundary between the
environmental performance of the product and the in-house environmental performance of the



organization is often difficult to set, the focus of this thesis is on strategies and measures that
aim to improve the environmental performance of the product as the main goal and outcome of
the industrial activities.

2.2 The life cycle of products - Calls for a broader perspective

Products are often conceived as artefacts that have been developed to fulfil a predefined
function. After a shorter or longer period of time and when they are no longer in use, most
products end up as waste. The concept of “life cycle of products” expands this linear picture to
illustrate production, use and disposal as continuous, circular and interconnected activities.
When the environmental performance of a product is concerned all these stages have their own
contribution to it. Some products have a material and resource intense manufacturing stage
while for others the major environmental burden is associated to their operational life.

Although environmental impacts occur in different stages over the life cycle of the product, the
majority of them have been determined earlier. The environmental performance of the product
is defined to a great extent at the same time as the product is developed; when decisions about
materials, manufacturing processes, functions, life span or performance are decided. It has been
noted by numerous authors that product design and development is a strategic phase for the
“environmental adaptation” of products (Hallstedt et al., 2013; Ritzén, 2000).

Such a broader perspective in relation to the life cycle of products has already been incorporated
in various initiatives as well as regulation measures and environmental management schemes.
One example is the Integrated Product Policy (IPP) introduced by the European Commission
(COM (2001) 68, 2001) that points towards the direction of more systematic and integrated
product development practices where the life cycle impacts of the product are considered by all
stakeholders involved. The Eco-design directive (Directive 2009/125/EC, 2009) emphasizes the
responsibility of the manufacturer and introduces a set of guidelines aiming to improve the life
cycle environmental performance of energy consuming products.

Moreover, the REACH, Registration, Evaluation, Authorization and Restriction of Chemicals
regulation (Regulation (EC) No 1907/2006, 2006) and ROHS, Restriction of Hazardous
Substances directive (Directive 2002/95/EC, 2002) are associated with the material
composition of products aiming to minimize the use of toxic and potentially harmful substances.
Waste prevention policies and the product specific End of Life Vehicles (ELV) directive
(Directive 2000/53/EC, 2000) aim to address explicitly the EOL stage by suggesting measures
and setting specific recyclability targets.

Finally, the revised and recently published environmental management standard I[SO
14001:2015 has made the need for companies to integrate environmental considerations into
their product planning and developing processes more apparent. The standard has evolved from
previous versions to promote life cycle thinking and places special focus on the environmental
performance of the product (Ciravegna Martins da Fonseca, 2015; Lewandowska & Matuszak-
Flejszman, 2014).

The aforementioned developments have already started to change the ways product
development processes are organized as well as the priorities set. It becomes clear that in order
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to comply with these regulations, all different phases of the life cycle of the product should be
improved from materials and manufacturing processes to EOL treatment possibilities.

2.3 Product development

Product development is a process that aims to transform an idea or market opportunity into a
technical and commercial solution (Whitney, 1990). It describes both the development of new
products as well as modifications of existing ones. Product development is a strategic process for
the organization. As a highly interactive process, it involves different actors operating within the
system boundaries of the company; for example customers, regulators and competitors as
shown in Figure 2. All of these actors set requirements and demands that need to be integrated
and balanced to the company’s own visions and goals.

Suppliers Competitors

Customers Environment

Legislation The company

Policy
Strategy
Economy

Product development,

I

Product development

Market

I Design

Production

qmm—————

Figure 2 Product development as part of the company’s business environment and structure;
Redrawn from (Johannesson et al., 2013)

Generic models illustrating the product development process and major activities involved exist
in the literature. Key stages of the product development process, as shown in Figure 3, include:
product planning, conceptual design, embodiment or detailed design, product review and final
production (Pahl et al, 2007; Ulrich & Eppinger, 2008). Although organizations tend to
customize their product development process based on their own needs, resources and routines
these generic models can be considered quite representative.



Product Concept Detailed System - level Testing and

planning development design design refinement Production

Figure 3 Key stages of the product design and development process (Pahl et al., 2007; Ulrich &
Eppinger, 2008)

Product planning (also referred to as problem identification) is the first step of the product
development process where the needs of the market and business opportunities are identified
and ideas for potential products are created (Pahl et al., 2007). This step involves participants
and receives input from different parts of the organization (such as marketing, research and
development, sales etc.) as well as from external actors e.g. customers, suppliers or regulators
(Johannesson et al., 2013). The result of this step is a list of technical specifications and
requirements. During the consecutive stage of concept planning and design, different product
concepts or design alternatives are developed aiming to fulfil the requirements defined before.
Among the different concepts and alternatives, one is selected to be further developed and
designed (principle alternative) at the embodiment and detailed design stages (Pahl et al., 2007).
Moving towards the last pre-manufacturing stages details of the product are determined
including shape, materials, production processes etc. Refinements and revisions may be
necessary before the final launch, thus product development is an iterative process (ibid).

Typically, two different types of product development processes can be identified; technology
driven and product driven. The former aims to technology development and to apply
technologies that are not currently on the market. The latter based on market demands and
competing products applies existing technologies and refers to more incremental modifications
(Tingstrom, 2007). In both cases, product development is a highly structured process aiming to
increase time efficiency from idea creation to the market. For this reason and to deal with the
increased number of information and input to the process, product development has evolved
from linear to more integrated processes with parallel working groups, increased information
exchanges and use of various supporting tools (Lindahl, 2005). These are often called concurrent
engineering (CE) or life cycle engineering (LCE) models (Hallstedt, 2008; Tingstrom, 2007).

Such integrated and formalized models for product development are identified to be followed by
the companies participating to the studies of this thesis as shown in Paper I, where product
planning and design are key activities for determining the requirements and attributes of future
products or technologies.

2.4 Material selection

Material selection is part of the product development process and an activity of high importance.
The overall performance and actual design of the product is influenced by the choice of
materials. Material selection may take place in early design and development stages where
different material options are evaluated for new applications but also in projects where new
materials are investigated to substitute existing ones. Material selection itself may also be



performed in stepwise procedures like the one illustrated in Figure 4. It is often considered as a
complex activity where a multiple of requirements and constraints need to be considered and
fulfilled. The overall objective is to match the functional and performance requirements of the
intended application with the properties of the respective materials (mechanical, physical etc.).
However, thousands of materials are available today and selecting the most appropriate one is
often a puzzle for product designers.

Identify the Identify the Identify Evaluate
design materials candidate candidate Select material
requirements selection criteria materials materials

Figure 4 A generic material selection process (Ashby, 2011)

The functional and performance requirements (indicated as “design requirements” in Figure 4)
are defined by the respective application or product. In turn material selection criteria are
defined based on four major areas: (1) material properties, (2) material cost and availability, (3)
material processing and product manufacturing, (4) environmental performance (Ashby, 2009).
The materials that fulfil performance, design and cost requirements can be considered as
candidate materials for the product or application. Until recently these where the major aspects
considered during material selection. The increased pressure for low environmental footprint
has added the environmental performance as a new parameter in the material selection process.
In the material selection model presented by Ashby (2009), environmental information is
provided, together with the physical and mechanical properties of the material, in the form
environmental footprint indicators for instance energy or CO; footprints. Detailed models on
material selection where physical characteristics are combined with environmental
performance indicators have been developed by for example Ermolaeva et al. (2004), Giudice et
al. (2005) and more.

2.5 Design for Environment (DfE) - Definition and key elements

Given the rising environmental challenges and the potential of product development to minimize
those challenges, the role of engineer designers and product developers has changed. New
products are expected to be functional and appealing and have a low environmental footprint. In
order to be able to deal with this challenge systematic and integrated product development
processes are needed that consider environmental together with functional and economic
attributes. Such integrated processes are referred to as “Design for Environment” (DfE) or
“Ecodesign” practices.

Fiksel (2011) defines DfE as “the systematic consideration of design performance with respect
to environmental health, and safety objectives over the full product and process life cycle” while
Ecodesign refers to the “integration of environmental aspects into product design and
development, with the aim of reducing adverse environmental impacts throughout a product's
life cycle” (ISO 14006, 2011). The two terms are very similar and often used interchangeably. In



this thesis the term Design for Environment (DfE) is adopted and used to describe the
systematic integration of environmental aspects and requirements during product design and
development processes. DfE aims to address and minimize the environmental impacts of a
product throughout its life cycle without compromising other criteria like quality, function, cost
etc. (ISO TR/14062, 2002).

A broad list of publications is available on how DfE can be implemented in practice while a big
variety of frameworks and tools have been developed to enable such integration (Brones &
Monteiro de Carvalho, 2015). According to the literature three key elements of the DfE approach
can be identified and are addressed in this thesis: (1) early consideration of environmental
aspects into product development, (2) life cycle thinking and (3) use and integration of
supporting DfE tools.

Early consideration of environmental aspects into product development

According to Bhamra (2004), the “early stages” of product development refer to the activities
that take place before the detailed design specification phase of the product. Incorporating the
environmental performance of the product during those early stages is considered the most
efficient way to minimize the negative impact of products on the environment (Bhamra, 2004;
Ritzén, 2000). Not only because most of environmental aspects are determined during design
decisions, but also due to the high degree of design freedom at those early stages (Luttropp &
Lagerstedt, 2006). At later design stages and as specifications of the product are decided,
opportunities for modifications are fewer and in most cases more expensive to perform.

Life cycle thinking

DfE encourages designers and all actors involved in the product development process, to think
outside the technology, functional and economic performance of the product and incorporate a
broader perspective that includes all stages of its value chain (Fiksel, 2011); from the extraction
of raw materials or natural resources, to the manufacturing, use, recycling and final disposal
(ISO TR/14062, 2002). Life cycle thinking assists in obtaining a holistic picture of the product
and the system in which it is embedded. Hence, it offers higher possibilities for identification and
minimization of trade-off situations, i.e. situations when the environmental impacts of one
activity or life cycle stage are transferred to other activities or life cycle stages of the product.
Life cycle thinking provided the foundations for a variety of frameworks and methodologies
such as Life Cycle Assessment (LCA), Life Cycle Management, (LCM), the Integrated Product
Policy (IPP), Design for Environment (DfE), and more.

Use and integration of supporting DfE tools

The third key element of the DfE approach is the use of DfE tools (Johansson, 2002; Lindahl,
2005; Tingstrom, 2007). The term “tool” in this context is defined in a broad sense as any type of
systematized aid to incorporate environmental aspects into the product design and
development process (Baumann et al., 2002). The overall goal of such tools is to provide
methodological support and guide product development towards the most relevant
improvement strategies (Byggeth & Hochschorner, 2006; Hallstedt, 2008). DfE tools may also
facilitate communication and information exchanges within the product development process
(Lindahl, 2006). A significant number of tools are available today and can be used for various
purposes; to assess and monitor the environmental performance of a product but also to
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generate or compare improvement strategies (Baumann et al., 2002; Byggeth & Hochschorner,
2006; Poulikidou, 2012). DfE tools may vary in complexity, data and expertise requirements i.e.
from generic manuals and guidelines to more sophisticated analytical tools (Baumann et al.,
2002). They can be qualitative or quantitative and can be presented in a variety of forms and
structures; like radar graphs, matrices, checklists or computer based tools (Poulikidou, 2012).
Numerous reviews of DfE tools are available that may assist practitioners to the identification
and selection of suitable tools. Among the most recent ones are the literature reviews performed
by Bovea and Perez-Belis (2012), Birch et al. (2012), Pigosso et al. (2015) and Rossi et al. (2016).

While initially considered a prescriptive tool or complication of design guidelines, the notion of
DfE and DfE implementation has expanded to a product development management approach
involving and affecting different levels and actors of the organization (Boks & McAloone, 2009;
Johansson et al.,, 2007). According to Tingstrom (2007) implementation of DfE strategies require
management commitment, structured processes, DfE mind-set and use and adoption of DfE
tools. Similarly Hallstedt et al. (2013) devised a list of 8 key elements for integrating
sustainability strategies into product development and innovation, classified in four main areas;
organization, processes, roles and tools. The work presented in this thesis does not investigate
all of these elements to the same extent. The focus has been on the DfE mind-set (in a broader
sense of acquiring relevant information) and DfE tools. Issues relating to the ways that DfE
processes are structured and the people involved are touched upon in Paper I. The thesis
however, does not go into details regarding the effectiveness or management implications of
these processes.

2.6 Adoption of the DfE approach in industry

The adoption of the DfE principles and approach in industry has been explored in numerous
publications (Bey et al.,, 2013; Deutz et al., 2013; Handfield et al., 2001; Jonbrink et al., 2013;
Kara et al., 2014; Lindahl, 2006; Short et al., 2012). Companies have been working on providing
environmentally improved products and services in different ways and to different extents
(Kara et al., 2014). Demands from regulation and customers, expected competitive advantage or
economic advantage, environmental policy of the company or individual interest are among the
most commonly reported drivers for adoption of the DfE strategies in industry (Bey et al., 2013;
Kara et al,, 2014; Short et al., 2012).

Boks and McAloone (2009) report a transition in relation to DfE practices being introduced in
specific projects that focused mostly on environmental aspects and “low-hanging fruits” to more
systematic and integrated processes today. Similarly, Johansson et al. (2007) describe the
development and implementation of DfE practices in industry to evolve from the “start-up”
phase, to the “consolidation” phase and now being in the “modern business-integrated” phase.

Although these findings demonstrate a positive progress, there are still barriers to overcome.
Results from empirical studies show that companies are still facing difficulties to prioritize and
implement DfE practices during product design and development (Deutz et al., 2013; Handfield
et al,, 2001; Jonbrink et al.,, 2013; Short et al.,, 2012; Tukker et al., 2001). Handfield et al. (2001)
and Tukker et al. (2001) were among the first to demonstrate the maturity gap between theory
and practice when it comes to DfE implementation. This gap remains evident in the more recent
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studies of Deutz et al. (2013) and Jonbrink et al. (2013). Their findings not only indicate
variations in environmental awareness among different companies but integrating
environmental aspects into design processes seem to be “far from standard practice” as they
conclude. Companies continue to work on “single issues” e.g. energy efficiency improvements,
or restrictions of certain materials and chemicals that hinders the proactive and holistic
adoption of DfE principles and allows only for incremental environmental improvements
(Jonbrink et al., 2013; Thompson et al.,, 2011).

Dekoninck et al. (2016) classify the barriers for DfE implementation in five major areas:
strategy, tools, collaboration, management and knowledge. More specifically lack of
management commitment, support and motivation, lack of resources, time and cost constrains,
organizational complexities, lack of routines, lack of information and expertise, unwillingness to
cooperate and communication gaps between proponents and executors of DfE strategies are
among the most commonly reported (Bey et al,, 2013; Boks, 2006; Jonbrink et al., 2013). All
these however, are proven to have a significant influence and being determining factors for the
successful implementation of the DfE approach and strategies.

2.7 The use and diffusion of DfE tools - Requirements for successful
integration

A similar gap and lack of integration is reported for the case of DfE tools. Despite the apparent
maturity and constant development of DfE tools in literature, there is limited evidence of their
use in practice (Baumann et al., 2002; Lindahl, 2005; O'Hare et al., 2010; Rossi et al,, 2016). Only
a few studies demonstrate systematic utilization of DfE tools while LCA is among the tools most
often applied (Kara et al., 2014; Thompson et al,, 2011; Tingstréom et al., 2006). The majority of
publications report utilization of DfE tools in pilot projects (Bovea & Perez-Belis, 2012) while
other aim to compare DfE tools based on empirical case studies and participatory action
research (Knight & Jenkins, 2009; Tingstrom & Karlsson, 2006; Vallet et al., 2013).

Different reasons that hinder the diffusion of DfE tools have been reported in literature. For
example: no demand for tools in the product development process, tools complexity and need
for environmental expertise, limited time to learn and use the tool in an efficient manner, data
constraints (especially for advanced analytical tools), lack of integration to the design process
and tools that engineer designers are using (Lindahl, 2006; Lofthouse, 2006; Millet et al., 2007;
Rossi et al,, 2016). Another limitation relates to the actual lack of knowledge on the available
tools. It is often the case that companies have neither a structured process for selecting DfE tools
nor the time or resources to perform investigations on the various tools available (Pigosso et al.,
2013). As a result, companies may have been using tools that are not suitable for them or may
not using tools at all.

Selection and customization of DfE tools are essential activities in order for these tools to be
successfully integrated into the design process (Ernzer & Birkhofer, 2002; Knight & Jenkins,
2009; Ritzen & Lindahl, 2001). Product developers are encouraged to obtain information on a
broad range of tools and be confident to choose the ones that are most relevant and suitable for
them (Bhander et al., 2003). In general DfE tools should be able to:

12



= capture environmental challenges that are of relevance to the company and product
(Ernzer & Birkhofer, 2002)

= provide a holistic life cycle perspective in order to avoid sub-optimizations and shifts of
environmental impacts (Byggeth & Hochschorner, 2006)

= support decision making (Byggeth & Hochschorner, 2006) and

= provide knowledge and enhance communication and cooperation among the people
involved in the product development process (Tingstrom & Karlsson, 2006)

Moreover, DfE practitioners and designers often express the need for DfE tools to be easy to
understand and implement i.e. having low education and deployment requirements. These
aspects however, depend a lot on the resources and experience of the company. It can be
concluded that the product per se, the structure of the company and product development
process as well as the expertise available are very likely to determine the selection of the right
DfE tools.
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3. Vehicle design strategies for improved environmental
performance

Vehicles have long life cycles and belong to the broad category of “active products” indicating
that energy is needed for their operation (Johannesson et al., 2013; Lindahl, 2000). Usually the
environmental impact of such products is determined by the use phase and vehicles are no
exception at least up until now. As a result and in order to reduce the energy consumption
during the use phase of vehicles, the major strategies adopted by the automotive industry
include improving engine efficiency, reducing the weight of vehicles and introducing alternative,
less carbon intense fuels and propulsion systems. The strategies considered and discussed in
more detail in this thesis concern lightweight design and alternative propulsion systems
(passenger EVs). Key elements in relation to these strategies are shortly described in Sections
3.1 and 3.2 providing the background material for Papers III, IV and V.

3.1 Lightweight design

Lightweight design is a material selection and product development process aiming to reduce
the weight of a product or component. The same steps and constraints discussed in Section 2.4
are applied while all together they shall provide a design with the lowest possible weight.

Lightweight design can be realized in different ways including material substitution and by
designing more material efficient structures. Material substitution, i.e. replacing heavier
materials in different parts of the vehicle with lighter ones, is the main strategy for lightweight
design that is discussed in this thesis. In addition, a short reference to the concept of sandwich
structures is made as a means to obtain material efficient designs. Material substitution was
applied in Papers III and IV while the concept of sandwich structures was used to design the
component studied in Paper IV.

3.1.1 Lightweight materials in vehicles

Two decades ago, ferrous metals like cast iron and steel comprised more than 60% of the
material composition of an average passenger car (Sullivan et al., 1998). As the demands for
lighter vehicles emerge, new materials were developed and introduced aiming to reduce the
overall weight of a vehicle. Among others the use of high performance steel, magnesium or
aluminium alloys started to increase as a means to replace heavier steel grades and iron
components. Although metals continue to dominate in today’s road and rail vehicles their
average composition has changed significantly especially when passenger cars are concerned. A
characteristic example is the increased use of polymers. The share of polymers in different parts
of a passenger car has reached more than 15% of the weight depending on the vehicle (Lyu &
Choi, 2015). Due to inferior properties in comparison to metals however, the application of
polymers has been mainly to interior parts or components with lower stiffness and strength
requirements. However, the development of advanced engineering materials such as polymer
composites managed to provide alternatives even for load caring and more demanding
automotive applications.
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3.1.2 Polymer composites - potentials and limitations

Composites are materials that are made from two or more constituents, the reinforcement and
the matrix material. The reinforcement carries the mechanical loads, defining the strength of the
final material while the matrix is protecting the reinforcement by absorbing and distributing the
loads (Astrom, 1997). The main feature of composite materials is that the final material exhibits
considerably improved properties (such as stiffness, strength, or environmental resistance)
compared to the constituent materials individually. Increased specific stiffness in practice means
less material to fulfil a function and for this reason composites are very attractive material
alternatives for lightweight designs.

Different types of composite materials exist. In automotive applications fiber reinforced
composites (FRC) are most commonly used for body panels and other parts of the vehicle. These
can be made for example from carbon or glass fibers (used as reinforcement) and a polymer
based resin (used as matrix). Glass fiber reinforced composites (GFRCs) such as sheet molded
compounds (SMC) are among the most commonly found composite materials in automotive
applications. Despite being stronger, carbon fiber reinforced composites (CFRCs) are more
expensive and therefore their introduction to vehicle components has been slower (Asensi,
2016).

The polymer resins used in composite materials can be divided into two groups namely
thermoset and thermoplastic resins (Ashby, 2009). The major difference is that thermoset resins
(like polyester) require chemical crosslinking; an irreversible process where the resin reacts
chemically with the reinforcement and therefore it cannot be separated and reshaped. In
contrast, thermoplastic resins can be melted, separated and reshaped again (ibid).

A variety of manufacturing methods for composite materials and components exist, of different
levels of automated work procedures or manual work requirements. The selection of the most
appropriate one is determined by the type of polymer resin used for the composite
(thermoplastic or thermoset), the shape and size of the component as well as cost (Astrom,
1997). For composite materials it is often the case that raw material and final component are
made during the same manufacturing process. Alternatively, raw materials can be supplied in
different pre-impregnated forms. For the types of composites that are used in automotive
industry, compression molding techniques are the most common to manufacture SMC
components that are based on a thermoset resin (unsaturated polyester) while resin transfer
molding (such as injection molding) is a preferable alternative with thermoplastic resins
(Astrom, 1997).

The development of advanced composite materials is expected to increase their use also for
structural vehicle applications. From a mechanical and lightweight design point of view such
materials is a very promising technology. The vehicle manufacturing industry however, would
have to face the challenge of energy intense manufacturing processes and limited recyclability
potential. The argumentation around the former is that the higher energy demands of
production are compensated by the lower energy requirements for operation during the life
cycle of the vehicle. The latter however, is more difficult to overcome as the European Directive
has already since 2015, set a minimum of 95% reuse and recovery target for ELVs (Directive
2000/53/EC, 2000). At the moment recycling incentives of composites materials are low due to
market and cost constraints. Moreover, incineration for energy recovery can also be problematic
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due to their low heating value (Hedlund-Astrom, 2005). The majority of composite materials are
disposed in landfills something that contradicts with the waste prevention policies posed by EU
(e.g. (Directive 2008/98/EC, 2008)) and result in considerable loss of resources.

3.1.3 Self-reinforced composite polymers (SrPCs)

A new group of composite materials has been developed having the potential to provide a
recyclable alternative. These composites are called self-reinforced composite polymers (SrPCs)
or single-polymer composites (Alcock & Peijs, 2013). A key characteristic of these materials is
that the matrix and reinforcement are made by the same (currently polymer based) material
(Kmetty et al., 2010). Examples of common thermoplastic polymers that are used in SrPCs
include Polypropylene (PP), Polyethylene (PE), or poly (ethylene terephthalate) (PET).

Previous studies have shown that Self-reinforced poly (ethylene terephthalate) (SrPET) can be
an attractive material for automotive applications due to the inherent properties which makes it
comparable with GFRCs that are currently in use (Jerpdal & Akermo, 2014; Schneider et al.,
2013). From an environmental perspective STPET and SrPCs in general can be a preferable
choice due to higher recycling potentials compared to common thermoset composite materials.
Being new, the potential of these materials needs to be further investigated before they can be
more widely introduced in practice. Papers III and IV appended in this thesis provide such
initial investigations that may facilitate development and adoption of these new materials.

3.1.4 Lightweight (sandwich) structures

An alternative way to reduce weight is by the use of material efficient structures such as
sandwich structures. A sandwich structure consists of three elements: the two faces (two outer
layers) and the center core (Astrom, 1997). Sandwich structures may provide good mechanical
properties without increasing the weight of the structure. As layers, high performance materials
are often used such as polymer composites or sheet metals. The core is usually a lower
performing material. Wood, polymer foams or corrugated structures are often used as core
materials. Manufacturing processes applied to sandwich structures are similar to those of
composite materials (Astrom, 1997).

Due to the heterogeneity that some sandwich structures exhibit (as they often consist of three or
more different materials) similar separation and recyclability limitations can be encountered as
for the case of composite materials. The possibilities to use SrPCs in lightweight sandwich
structures have been explored in previous research (Schneider, 2015) and in Paper IV with the
aim to provide material efficient and recyclable alternatives for automotive applications.

3.2 Alternative propulsion systems; the case of electric vehicles

Electric propulsion systems exist for more than 100 years (OECD/IEA, 2013). The technology
has been adopted mainly in rail vehicles and less in passenger cars or trucks where the internal
combustion engine (ICE) dominated. Despite being considerably more energy efficient, EVs were
not capable of reaching the travel range freedom offered by ICEVs due to the low energy density
of their batteries. Development and improvements of the electric propulsion systems along with
the need for less polluting vehicles have facilitated the reintroduction of EVs in the market.
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During the last decade a considerable increase of EVs sales has been reported. In 2014, the
global EV registrations almost tripled compared to the 2012 levels (OECD/IEA 2016).

Different electric drivetrain combinations are available i.e. hybrid electric vehicles (HEVs), plug
in hybrid EVs (PHEVs) or range-extended electric vehicles (REEVs), battery electric vehicle
(BEVs) and hydrogen fuel cell vehicles (HFCVs) (Ma et al., 2012; Tate et al., 2008). The majority
of EVs (except HFCVs) use batteries to store energy while their difference lies in the ways that
power is supplied and stored in the batteries. Key characteristics of the different electric
drivetrain alternatives are provided in Table 1.

Table 1 List and characteristics of electric drivetrain alternatives

Type Drivetrain/s Function
Internal combustion The vehicle can use both systems. Energy to the electric
HEVs engine and electric drivetrain is supplied from the ICE or through regenerative
drivetrain braking (i.e. HEVs do not use electricity).
Internal combustion The vehicle can use both systems. Electricity to the electric motor
PHEVs engine and electric is supplied from external sources in charging stations. Additional
drivetrain power can be provided by the ICE.
El';citrlcegl;/lvvii;r;n’ Electricity to the electric motor is supplied from external sources
REEVs equibp . in charging stations. The ICE is not providing power to the wheels
internal combustion : .
. directly, but to the batteries.
engine
Electricity to the electric motor is supplied from external sources
BEV Electric drivetrain in charging stations. Additional energy can be supplied through
regenerative braking.
HFCV Electric drivetrain Elec.tricity- to the electric motor is provided by the fuel cell; in the
vehicle using compressed hydrogen and oxygen from the air.

When compared to ICEVs the main difference of EVs stands in the drivetrain (i.e. the electric
motor, batteries and power electronics) (Elwert et al.,, 2016). The remaining parts of the EVs
such as the car body, chassis, and interior parts remain essentially the same while similar
materials can be expected (Hawkins et al., 2013). EVs are usually heavier than ICEVs, due to the
heavier battery pack that requires also more space in the vehicle.

The battery is a key component of EVs because it determines its range and travel capabilities
when used in electric mode. Nickel metal hydride (NiMH) and Lithium-ion (Li-ion) are two
major batteries technologies used in EVs today, with the latter constantly increasing their share
(Elwert et al., 2016; Majeau-Bettez et al., 2011). Research and development on EV batteries has
been focusing on increasing their energy density and life span but also in reducing recharging
time. All these parameters are expected to influence and determine the performance comparison
between EVs and ICEVs thus the future of the adoption and share of EVs in the market.

The electric drivetrain is more complex than the conventional internal combustion engine in
terms of parts and equipment, requiring also more advanced materials (Cullbrand & Magnusson,
2011; Elwert et al., 2016). Examples include rare earth elements (REE) such as neodymium and
dysprosium that are found in the permanent magnet motors as well as lithium, cobalt, and
copper (Elwert et al., 2016). The use of copper for instance is more than two times higher in EVs
compared to a conventional but still highly equipped vehicle while similar variations are
observed for neodymium and cobalt (Cullbrand & Magnusson, 2011).

17



Due to availability constrains, supply monopoly as well as high environmental impact, materials
such as REE or cobalt are labelled as critical materials while the use of lithium should also be
closely monitored (Elwert et al, 2016; European Commission, 2014; Tukker, 2014). The
dependence of EVs on these materials entails risks for the automotive industry not only in terms
of supply shortage and higher prices but also in terms of increased environmental impact as
shown in recent studies (Ma et al., 2012; Messagie et al., 2014).

Additional concerns arise in relation to the EOL stage of EVs. As a new technology, only a limited
volume of EVs can be expected to have reached the ELV stream today. Thus recovery and
recycling of EVs and EVs components have not been established on a large scale yet. For the case
of traction batteries, EU poses a minimum of 50% recycling efficiency target by average weight
(Directive 2006/66/EC, 2006). Due to the inherent differences between EVs and ICEVs however
(in terms of drivetrain design and materials) the preparedness of the current recycling systems
to manage and recover materials from these drivetrains, is rather uncertain (Elwert et al., 2016).
Valuable materials can then be lost to construction materials, backfilling materials and landfills
(Andersson et al., in press).

While environmental comparisons between EVs and ICEVs focus on the use phase performance
and the potential of EVs to reduce GHG emissions, the differences in terms of materials and the
associated challenges discussed above seem to be receiving less attention in publications related
to EVs (Hawkins et al., 2012; Nordelof et al., 2014).
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4. Methodology

This chapter describes the research strategy of this thesis and the methods applied in the
appended papers. Depending on the research questions raised throughout this work different
qualitative and quantitative approaches were utilized that assisted in defining the context of the
study and study objects, in data collection and in data analysis. An overview of the research
strategy is provided in Table 2 linking the appended papers to the respective methods applied.
The reader may also refer back to Figure 1 for information on how the papers link to the aim and
objectives of the thesis.

The first research question (RQ1) was addressed through an explorative, empirical study (as
described in Paper I) aiming to investigate the current DfE practices and use of DfE tools in the
Swedish vehicle manufacturing industry. Case study research assisted in defining the study
objects. Data were collected through semi-structured interviews and then analyzed based on the
transcribed material and thematic areas obtained.

In order to answer RQ2, on the available tools for identifying and assessing design strategies, a
literature review study was designed as described in Paper II and further in the text.

RQ3 was answered through a combination of studies (Papers III, IV and V). The environmental
performance of new materials and drivetrain technologies was assessed in three different
environmental assessment case studies where different environmental impact analysis tools
were applied, namely LCA and the Environmental Responsible Product Assessment method
(ERPA).

Paper IV addresses also RQ4, by developing a new approach for material selection where LCA
was an integrated part of the decision making process. The approach was tested with the use of
a case study. The novelty of the study is that weight optimization models are utilized as a
primary source of information for product specification since the suggested approach is
expected to take place before the final product is available.
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Table 2 Overview of the research strategy and methods used in the appended papers of this thesis.
Methods and abbreviations are further explained in the text.

Appended Papers

Research strategy and methods

Paper I (RQ1) : Empirical study on
integration of environmental aspects into
product development: processes,
requirements and the use of tools in vehicle
manufacturing companies in Sweden

Defining context/application area:

Case study

Data collection:

Qualitative research interviews

Data analysis:

Word to word transcription, division in thematic
areas, comparisons to literature

Paper II (RQ2): Overview and classification
of Design for Environment tools -a diverse
toolbox for vehicle developers.

Defining context/application area:

Case study

Data collection:

Literature review

Data analysis:

Classification- list of properties obtained from
literature review and Paper I

Paper III (RQ3): Environmental performance
of self-reinforced composites in automotive
applications - Case study on a heavy truck
component

Defining context/application area:

Case study

Data collection:

Questionnaires, databases, literature review
Data analysis:

LCA (using GWP and CED)

Paper IV (RQ3 & RQ4) : Material selection
approach to evaluate material substitution for
minimizing the life cycle environmental
impact of vehicles

Defining context/application area:

Case study

Data collection:

Questionnaires, databases, weight optimization model,
literature review

Data analysis:

LCA (using GWP and CED)

Paper V (RQ3) : Comparative streamlined
LCA of Internal Combustion and Electric
drivetrains

Defining context/application area:

Case study

Data collection:

Personal communication, literature review
Data analysis:

ERPA (using predefined impact categories)

4.1 Case study

A case study is defined as “an empirical inquiry of a contemporary phenomenon within its real-
world context” (Yin, 2009). A key feature of case study research is the interest in deriving an in
depth understating of a single or a small number of cases (Yin, 2012). Case study research can be
used to answer explanatory or descriptive research questions and is broadly applied in different
scientific fields from natural sciences to medicine or social sciences. Depending on the aim and
objectives of the study, a variety of qualitative and quantitative tools can be used in order to
obtain results.

The research performed in this thesis focuses on the vehicle manufacturing sector and vehicle
design. All five appended papers have vehicle design as a starting point and apply case study
research to different extent, for different purposes and by using different methods and tools to
obtain results. Paper I applies case study research in order to obtain empirical data on the
environmental aspects that are prioritized today in the vehicle industry and the tools used. The
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Swedish vehicle manufacturing industry, consisting of four large international companies, was
investigated (multiple case studies). The selection of these companies offered the opportunity to
cover different modes of transport and thus provide examples of road as well as rail vehicles
design. The variety and diversity of cases was of greater interest than quantity (of similar cases).
For this reason the scope was not expanded to include more industries of the same sector
located in other regions.

In Paper II case study research can be considered an auxiliary method assisting in framing the
aim of the paper and providing the context for the selection of analysis properties of the
identified tools. Although the main aim of the paper was to provide vehicle developers with a
rich and diverse toolbox, the applicability of the identified tools during vehicle design was not
further tested on empirical case studies.

In Papers III-V environmental assessment tools were applied in different case studies in order
to assess different material or drivetrain alternatives from an environmental and life cycle
perspective. The use of case studies in these specific papers assisted in increase understating on
the environmental performance of the different alternatives but also in illustrating the trade-offs
that may be encountered when new design strategies for reducing fuel consumption are
considered. Moreover, in Paper IV the case study was used in order to apply and illustrate the
integrated material selection approach that was suggested in the paper and therefore assist the
reader and potential user to increase understanding on the steps involved. The case study also
assisted in finding the strengths and limitations of the suggested approach.

4.2 Literature review

Literature based research methodology (usually referred to as simply literature review)
describes the systematic process of collecting, analyzing and evaluating scholarly material (Fink,
2010). In Paper II, literature review served as a stand-alone qualitative research method. The
key steps followed in the study were:

= determination of research question and relevant sample (e.g. databases, journals etc.)
= determination of searching parameters

= searching and data collection

= screening and evaluation

= classification and analysis

= presentation of results

The core aim of the paper was to compile an inventory on DfE methods and tools and highlight
aspects of the tools that can be relevant in a vehicle design context. Databases of scientific
journals (such as Scopus) and the catalogue of the KTH Library in Stockholm were screened in
order to find information in peer reviewed articles, conference proceedings or academic
publications and books. In addition, reports and webpages of commercially available tools were
investigated. The keywords searched included: eco-design/eco-design tools, design for
environment/design for environment tools, environmental impact assessment/environmental
impact assessment tools, life cycle assessment. No year limitation was applied. Both publications
that described a specific tool or reviews of tools were considered as relevant.
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Due to the large number of publications obtained, a screening process was applied in order to
select tools for further analysis. Thus, the review included only:

= tools for which sufficient information could be acquired

= tools relating to the environmental performance of products and not the performance of
manufacturing facilities or the performance of a company in general

= from a sustainability perspective, the focus of the review has been on tools that focus on
the ecologic and economic performance of the product, i.e. tools investigating social
sustainability were not included

Moreover, procedural tools and standards, i.e. tools supporting companies in the procedures of
integrating environmental aspects into product development, were not included. The main
reason was that procedural tools typically rely on results from analytical tools as for instance the
framework developed by Simon et al. (2000), or target different levels and actors in the
organization (not only the product development process) as the (ISO 14006, 2011).

The DfE tools were classified into three groups based on the support that they can provide to the
product development process; prescriptive, analytical and tools that aim to identify design
strategies (also referred to as eco-ideation tools). The identified tools were analyzed based on
product specific requirements obtained from the literature and from an earlier empirical study
performed by the author (Paper I). The aim was to highlight features of the tools that would be
more relevant from a vehicle design perspective. The selected features are summarized in Table
3.

Table 3 List of features that are used for the analysis of the identified DfE tools

(Adapted from Paper II)
Feature Description
Input and output Type of data that is required and provided by the tool
mechanisms (Qualitative/quantitative/semi quantitative approach)

Systems perspective | Possibilities for relevant environmental aspects to be
considered and assessed
Possibilities to consider the life cycle of the product

Multi-criteria Possibilities to integrate functional requirements
perspective Possibilities to integrate customer requirements

Possibilities to integrate regulation requirements

Possibilities to integrate economic requirements

Possibilities to identify trade-offs

Integration Possibilities for integration with other tools (e.g. engineering
design tools)

4.3 Qualitative research interviews

Research interviews are conversations that have a structure and a purpose (Kvale, 2009).
According to Gillham (2005), interviews differ from other type of qualitative research methods
such as questionnaires since (a) the questions asked during interviews are open i.e. the
respondents provide their own answer; (b) there is a form of structure and a purpose from the
side of the interviewer; and (c) there is an interactive relationship between the respondent and
the interviewer that allows for adjustments or clarifications. Depending on the level of
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interaction and adjustments, interviews can be classified as structured, semi-structured or open
(Kwvale, 2009).

Qualitative research interviews, was the primary method for data collection in Paper I following
the procedure described by Kvale (2009). The aim of the paper was to collect primary data
regarding the implementation of the DfE approach and the use of DfE tools in the four different
companies studied. In total eighteen semi-structured interviews were performed. The target
group in each company was personnel with environmental and DfE tools expertise as well as
vehicle designers. Information on the profile of the respondents can be found in Table 4. More
details on their expertise and working area can be found in Paper 1.

Table 4 Sample specifications (Adapted from Paper I)

Compan Total number of Role of respondent in the company
pany respondents (No. of respondents)
Senior specialist for environmental features (1)
A 5 Feature leader for materials and environment (1)

Environmental engineer - consultants (2)
Engineer designer (1)

Strategic advisor of environmental issues (1)

B 4 Attribute leaders for environment (2)

Engineer designer (1)

Senior engineer on vehicle verification and

C 2 environmental regulation (1)

Engineer designer - Group manager (1)
Manager for center of competence on Design for
Environment (DfE) (1)

D 4 DfE engineers in two different departments (5)
Engineer designer (1)
Areas of expertise covered: Environmental managers,
Total: 18 environmental experts, DfE tools experts and engineer

designers

Questions posed during the interviews that relate to the research questions of this thesis
included:

* questions relating to the processes of integrating environmental aspects and
requirements during product development

» questions relating to the type of environmental objectives and requirements that are
prioritized and integrated into their product development process, and

= questions relating to the DfE tools currently being used by the companies

A complete list of the major topics discussed can be found in the Appendix section of this thesis.

The majority of interviews were performed face to face and lasted for approximately one hour.
Two telephone interviews were arranged as well due to distance constraints. The interviews
were recorded and then transcribed. Respondents were given the opportunity to verify the
content of the transcribed material and indicate possible confidential issues. Since no
confidentiality limitations emerge, all material was used for further analysis using thematic
clusters as suggested by Miles and Huberman (1994). The transcribed material was classified
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under different clusters that were derived from the research questions as well as patterns
observed in the text.

4.4 Environmental assessment

Among the aims of Papers III-V was to assess the environmental performance of different
material alternatives as well as drivetrains from a life cycle perspective. The assessment was
performed using LCA in Papers III and IV and the streamlined semi-quantitative approach
ERPA in Paper V. The two methods are described separately below.

4.4.1 Life cycle assessment (LCA)

Life cycle assessment (LCA) is an analytical tool for evaluating the environmental performance
of a product or service during its life cycle; i.e. from material extraction, to production, use phase
and final disposal (ISO 14040, 2006). It accounts all inputs (in terms of raw materials, resources
and energy) and outputs (emissions, by-products and waste) of a given system aiming to identify
potential sources for environmental impacts. Based on established life cycle impact assessment
methodologies the effect of these material, energy and emission exchanges from and to the
natural environment can be estimated (Bauman & Tillman, 2004). The implementation process
is supported by established standards and guidelines which increases the robustness and
consistency in application of the tool. A milestone in LCA methodology was the development and
introduction of the ISO 14040 standard series which provided a comprehensive framework
around LCA methodology (ISO 14040, 2006; ISO 14044, 2006). In 2010 the International
Reference Life Cycle Data System Handbook (ILCD) was developed (European Commission-Joint
Research Centre-Institute for Environment and Sustainability, 2010) together with product
specific guidelines (Product Environmental Footprint Category Rules (PEFCRs)). The Canadian
Standards Association (CSA) has also published a LCA standard that applies specifically to
passenger cars (SPE-14040-14, 2014).

LCA consists of four main steps in accordance to the ISO 14040 standard:

a) Definition of the goal and scope of the study
b) Inventory analysis

c) Impactassessment

d) Presentation and interpretation of the results

There are two methodological approaches in LCA namely the consequential and attributional
approach (Finnveden et al., 2009). These two approaches vary in scope and have a significant
influence on the data collection and modelling processes. The first approach also called change-
oriented uses marginal data aiming to “describe how the environmental exchanges of the system
can be expected to change as a result of actions taken in the system” (Rebitzer et al., 2004). The
second approach (attributional or accounting) “describe a product system and its environmental
exchanges” by using average data, and data that “reflect the actual physical flows to and from the
studied system” (Finnveden et al., 2009).

Based on the purpose of the assessment two types of LCA studies can be distinguished; stand-
alone or comparative (Bauman & Tillman, 2004). As LCA entails the collection and assessment of
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a huge amount of data, software tools have been developed in order to enhance the
implementation process of the method (Rossi et al,, 2016). Examples include SimaPro (PRé
Consultants, 2010), GaBi (thinkstep, 2015) and OpenLCA (OpenLCA, 2016) that are
commercially available.

Results from LCA studies can be presented as raw data of inventory flows (such as material or
energy flows). Impact assessment however, assists in linking the inventory data collected with
potential environmental impacts thus providing a more comprehensive and meaningful
outcome. A number of ready-made impact assessment methods exist and the selection of the
most appropriate one depends on the data collected, the scope of the assessment and intended
audience and more (Bauman & Tillman, 2004).

LCA was used in Paper III and Paper IV. A summary of the specifications and models applied
are briefly presented below. More information can be found in the respective papers.

4.4.1.1 LCA specifications and models applied in Papers IIl and IV

Goal and scope definition

In Papers III and IV accounting comparative LCAs were performed. In Paper III, LCA was used
as a tool to investigate the performance of the novel SrPET material and compare it with
materials currently in use for the selected vehicle part (a truck panel). The functional unit of the
case study was defined as: “two exterior panels for a heavy truck”. The panels were assumed to
be used by a diesel truck weighing 40tn and covering a life time distance of 1,000,000 km. The
three studied panels exhibit different properties e.g. material composition and weight in order
to fulfil the functional specifications given by the manufacturer.

The system boundaries of the study included the stages of acquisition and production of the raw
materials and panels, use phase of the panels as part of the vehicle and EOL of the panels. The
transports occurring during the different steps were also considered. Identical processes such as
distribution of the vehicle were excluded. Similarly processes that were expected to have a low
influence of the outcome such as the process of assembling the part on the vehicle were also
excluded.

In Paper IV, LCA was used as a tool to assess the environmental performance of six different
material alternatives for a truck roof. The functional unit was defined as “one truck roof”. The
design specifications for the roof were obtained from industry safety standards. The roof was
used for a 40tn diesel truck while the lifetime distance covered was assumed to be 1,000,000
km. The system boundaries of the study included the stages of acquisition and production of the
raw materials and roof, use phase of the roof, and EOL. As this was a theoretical case on a non-
existing product, transports and assembly processes were not considered.

Allocation issues emerge in both studies. The most significant concerned the need to allocate the
fuel consumption of the complete vehicle during the use phase to the specific component
studied. For this purpose weight allocation was used in both papers assuming a linear
correlation between weight and fuel consumption. Due to this simplification, sensitivity analyses
were performed assessing alternative use phase scenarios. More information can be found in
Papers IIl and IV.
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Inventory analysis

In both papers the LCA software tool SimaPro 7 (PRé Consultants, 2010) was used as the core
tool to model and perform the LCA study. For Paper III, primary data was used whenever
possible while the rest of processes were modelled using generic data from Ecoinvent and the
European Life Cycle Database (ELCD) available in SimaPro. In Paper IV the majority of data was
based on literature and generic data from the Ecoinvent and ELCD databases.

Impact assessment

In both studies the life cycle environmental performance of the different material alternatives
was assessed using the Cumulative Energy Demand (CED) (Huijbregts et al., 2010) and Global
warming potential (GWP) (Frischknecht R. et al., 2007) indicators as applied in SimaPro. CED
assesses all primary energy demands and is expressed in units of Mega joule (M]). GWP
evaluates the impact on climate. Using equivalency factors developed by the Intergovernmental
Panel on Climate Change (IPCC) (IPCC, 2007), emissions of GHG are measured and displayed in
terms of carbon dioxide equivalents (CO-eq).

Results interpretation

The life cycle results of the two studies were presented in different ways. First, a contribution
analysis of the key life cycle stages was performed (manufacturing, use phase and EOL) followed
by a separate contribution analysis of the manufacturing stage which was evaluated in more
detail. Due to uncertainties in different stages of the life cycle of the components studied, a
number of additional scenarios were developed and analyzed as sensitivity analyses. In Paper
III sensitivity analyses were performed in relation to the SrPET concept design, the use phase
conditions and EOL. In Paper IV variations in operating conditions, energy efficiency, and EOL
were further assessed.

4.4.2 Environmentally Responsible Product Assessment (ERPA)

Environmentally Responsible Product Assessment (ERPA) is a semi-quantitative environmental
assessment method developed by Thomas Graedel (Graedel, 1998). Semi-quantitative
approaches although based on qualitative input data, may result in a quantitative outcome when
scoring or valuation is applied. The method evaluates the environmental performance of the
product under five impact categories; material choice, energy use, and solid-, liquid-, and
gaseous residues and five life cycle stages; pre-manufacture/resource extraction, manufacture,
delivery, use, and disposal. A 5X5 matrix is created where the rows indicate the environmental
stressors and the columns the life cycle stages. The product is assessed by assigning a value from
0 to 4 to every cell of the matrix. The value 0 indicates the highest environmental impact (worst
performance) while 4 indicates the lowest environmental impact (best performance). The rating
is based on specific scoring guidelines provided by the method. The sum of the matrix element
values defines the total environmental performance of the assessed product.

The ERPA method was used as the main evaluation tool for comparing the two prototype
vehicles and drivetrains in Paper V. The prototype vehicles were identical in terms of structure
and body, differing only in the drivetrain and batteries. That provided a unique opportunity to
simplify the study and highlight the differences of the two prototypes that was the aim of the
paper. Although quantitative data were not required to perform the study, there was still need
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for quantitative information to be able to assess and rate the two drivetrains. Data were
collected via personal communication with researchers at KTH, Stockholm and literature search.
Moreover, the drivetrains were disassembled to provide primary information on the material
composition of the two engines. The ERPA method does not require a strict definition of
functional unit but to ensure that results were comparable the same function, i.e. equal lifetime
and range, was assumed for both drivetrains.

The assessment and scoring process was based on the guidelines and scoring protocols provided
by the manual of the method (Graedel, 1998).

4.5 Weight optimization

Paper IV investigated the possibilities to combine materials and environmental analysis tools in
a systematic material selection approach. The goal of the suggested approach was to derive
feasible and weight efficient design alternatives that were also assessed in terms of
environmental performance with the help of LCA. The approach was tested on a case study of a
truck roof as described earlier. When candidate materials for the roof were selected, the weight
of the roof had to be determined. To derive the lowest optimal mass for the design alternatives, a
weight optimization model was developed. Lowering the mass however, should not compromise
functional requirements of the studied part. Therefore design constraints such as available space
or maximum allowed deformation were defined and applied to the weight optimization model.
The weight optimization function was generically defined as:

Minimize f,(x(1.1)) (1)

Subject tofi (x(1.)) < bk, k=1..n (2)

Where, f; is the weight function which is a function of the design variables x. fi is the constraint
function while bxrepresent the constraint values. x and x define the lower and upper boundaries
for the design variables x; which may represent the allowed wall thickness of the truck roof or
other predefined constraints. The optimization model was designed and implemented in
MATLAB®. More details on the model and background assumptions can be found in Paper IV.
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5. Summary of results and discussion

This chapter presents and discusses key findings of the five papers appended to this thesis. The
structure of the chapter follows the structure of the objectives and research questions listed in
Section 1.2. The chapter ends with a reflection on the strengths and limitations of the thesis and
the research strategy adopted (Section 5.4).

5.1 Mapping current practices and available tools

In order to explore and compare the theory and practice in relation to the ways that vehicle
design strategies have been and can be assessed from an environmental and life cycle
perspective, an empirical study and a literature review were performed. The results from these
studies are presented and discussed in Sections 5.1.1 and 5.1.2 respectively.

5.1.1 Exploring current practices on DfE implementation and utilization of DfE tools

Current practices on DfE implementation were investigated in Paper I aiming to address RQ1:
“What environmental aspects are prioritized by the Swedish vehicle manufacturing industry and
what tools and processes are currently adopted for identification and evaluation of design
strategies?”

Data for the study were collected through semi-structure interviews with employees at four
major vehicle manufacturing companies in Sweden that produce road and rail vehicles as well as
vehicle components. The diversity of end products covered (passenger cars, heavy duty vehicles,
buses and trains), provided the opportunity to acquire a broad overview of the Swedish vehicle
manufacturing sector. At the same time comparable results were obtained due to similarities in
size, regulatory requirements and major areas of environmental concern. The sample of
interviewees consisted of people that were directly or indirectly related to the product
development process while the majority worked with aspects related to the environmental
performance of the vehicle or vehicle components (see also Table 4, Section 4.3).

Paper I investigated the structure of the product development processes adopted by the four
companies and the ways (in terms of activities, people and tools) that environmental aspects are
integrated during these processes. Table 5 summarizes the findings of the paper.
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Table 5 Summary of results on DfE implementation and utilization of tools (adapted from Paper I)

Company A Company B | Company C | Company D
Structured product X X X X
development process
Structured DfE process X X - X
In-hou_se environmental X X X X
expertise

Production: Restricted materials and hazardous substances,
emissions during manufacturing of vehicle; Operation: energy
use, noise, air quality inside the vehicle; EOL: recyclability of
materials and vehicle

Environmental priorities
and requirements

In-house DfE tools expertise X - - X
DfE tools

Tools that generate strategies X X X X

Analytical tools X - - X

Monitoring tools X X X X

*Only the users of the monitoring tools (databases and substance lists)

Product development in all four companies is a structured and formalized process following the
generic models described in earlier sections. For all studied companies improving the
environmental performance of their products is among the core values thus environmental goals
and requirements are set for all vehicles during early planning stages. Similarly to other sectors,
regulation and customer demands determine these requirements to a great extent (Bey et al,
2013).

As shown in Paper I the studied companies have adopted different ways for identifying,
assessing and integrating environmental considerations into their product development
processes. In some cases a systematic DfE process was in place, with continuous involvement of
environmental engineers and DfE experts throughout product development; from early planning
to detailed design stages. For other companies, a more prescriptive model was adopted.
Environmental requirements were defined and monitored centrally in the company with less
interaction with the vehicle design departments and product development. Such variations led
to different maturity levels in terms of DfE adoption and implementation between the
companies, thus different strengths and limitations were identified.

Environmental priorities and requirements

In terms of environmental priorities, Paper 1 showed that vehicle manufacturers focus on
similar aspects when it comes to improving the environmental performance of their products
(as summarized in Table 5). Among the most important environmental constraints prioritized in
product development include energy and resource consumption as well as GHG and other
regulated emissions (especially during the operation stage). The design strategies mentioned in
order to cope with these constraints were mainly related to performance and energy efficiency
improvements, including lightweight design, alternative fuels and technologies.

Reducing the use of chemicals and potentially hazardous materials as well as aspects related to
recycling and EOL of the vehicle were defined as another important area of concern among the
companies. In terms of environmental performance, material alternatives are assessed with
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respect to their impact on the weight of the vehicle and recyclability (by setting recycling
targets). Material alternatives would also need to comply with different material and substance
control standards introduced either as regulatory requirements or customer requirements and
industry initiatives; for example the Global Automotive Declarable Substance List (GADSL)
(American Chemistry Council Inc, 2010).

Utilization of DfE tools

The use of DfE tools is an area where greater variations among the studied companies were
observed. The interviewees listed different types of tools that have been occasionally or more
systematically used by the respective company (Table 6).

Table 6 List of tools mentioned by the interviewees from the four companies studied (Paper I).
Shaded areas indicate that the tool was available and used in a systematic way. Non-shaded areas
indicate that the tool was not available or the utilization level of the tool varied.

Type and name of tool CompanyA CompanyB CompanyC CompanyD
Mapping and generating ideas (product planning)
Brainstorming N v
Mind maps v
Customer surveys v
Guidelines and checklists (product development and product design )
Environmental design guidelines v v V v
Recyclability checklists (DfR) V
Substance and chemical control lists V V vV v
Performance indicators (product planning, development and design)
Benchmarking N N V N
EPS indices v v
Recyclability indicators v v v
Eco-footprint Vv v
Vehicle performance indicators Vv N v v
Databases (product design and detailed development)
Material database systems N N V N
Tools for impact assessment (product development and detailed design, complete product)
LCA / SLCA N N N
EIA/E-FMEA v v
LCC v v
Communication tools (complete product)
EPD v v
Testing and verification (product development, complete product)
Simulations /Laboratory testing N N V N

DfR= Design for recycling; EPS=Environmental priorities strategies; LCA=Life cycle assessment; SLCA=Simplified life cycle
assessment; EIA=Environmental impact assessment; E-FMEA=Environmental failure mode effect analysis; LCC= Life cycle cost
analysis; EPD=Environmental product declaration.

The provided list covered a big range of tools; from prescriptive guidelines and monitoring tools
to analytical ones, like LCA. DfE tools were used in different stages of the product development
process and for different purposes; to collect information, to generate ideas, to assess different
design alternatives or products, to monitor compliance and more.

Customer surveys, brainstorming processes and benchmarking indicators were among the tools
mentioned by the interviewees for identifying design strategies and set environmental
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requirements. Although these are not traditionally defined as DfE tools (or eco-ideation tools
(Bocken et al,, 2011)) they are commonly used in product development processes in order to
generate new product ideas (Dominick et al., 2001). Environmental parameters however, are
often added to the tools although no specific example was discussed with the interviewees. Two
of the companies mentioned Environmental Failure Mode Effect Analysis (E-FMEA) or
Environmental Effect Analysis (EEA) as customized tools that assisted in generating design
strategies. No current use of these tools was, however, reported.

For assessing design strategies (including different technologies, components or material
alternatives) analytical tools such as LCA were often used. LCAs were most commonly
performed on finished products, although cases where new product concepts were assessed
before the actual design stage were also reported. Not all companies used LCA to the same
extent. Only two of the studied companies used LCA as a systematic method within the company
and had a special software and LCA expertise in place. In the other two companies, LCA
assessments were outsourced to academic researchers or consultants, since no tool or LCA
expert was available in the company.

None of the respondents reported a systematic use of LCA in material selection processes but
rather some individual studies that were performed when a need for such information was
identified. Substance and chemical control lists, material databases as well as recyclability
indicators were used to monitor and verify material compliance to different regulations and
company targets. These tools are based on sector-specific initiatives and were adopted and
customized by all four studied companies. Moreover, these were reported to be the most
systematically applied tools during product design and development processes.

Additional ways to monitor the performance of different parts of the vehicle were mentioned by
the respondents including simulations (e.g. on energy requirements) and other testing tools.
Although these tools are also not defined as DfE tools, they can be considered very useful to the
design groups and relevant from a DfE approach since they provide opportunities for tools
integration (in conventional DfE tools) and the possibilities to obtain primary information on
key environmental performance parameters.

Remarks and observations

Paper I indicates that the studied vehicle manufacturing companies adopt different ways for
identifying and integrating environmental considerations into their product development
processes. The findings of the study support the conclusion drawn from previous research that
adoption of systematic processes for the environmental adaptation of products is still not a
standard practice within industry (Dekoninck et al., 2016; Deutz et al.,, 2013; Jénbrink et al,,
2013; Short et al.,, 2012). Key elements that may facilitate the DfE implementation process have
been suggested in literature (Brones & Monteiro de Carvalho, 2015; Hallstedt et al., 2013;
Johansson 2002; Tingstréom, 2007). Comparing these, to the findings of the study, missing
elements were identified that may assist the studied companies in harmonizing and
complementing existing processes or establishing new (discussed in Paper I in more detail). The
discussion below focuses on the environmental requirements and DfE tools as two of these
elements mostly related to the aim of this thesis.

The studied companies focus on relevant aspects aiming to improve the environmental
performance of their product during the operation stage and meet the legal and customer
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demands. This is the first step towards a successful adaptation of the environmental
performance of the product (Johansson 2002). The DfE approach further suggests that design
alternatives should be considered in a holistic and systematic way taking the life cycle
implications into consideration (Fiksel, 2011; ISO 14006, 2011). Even for companies with in-
house environmental expertise, environmental requirements remained narrow in scope,
especially during material selection processes. Issues related to acquisition of raw materials,
their production processes and the associated impacts were not always addressed. Technical
aspects and cost were among the factors that determined material selection processes together
with regulation compliance.

The most apparent gap with DfE literature, as indicated in Paper I, relates to the integration of
DfE tools into the product development process and the effective use of information from these
tools during design decisions. DfE tools may not only provide useful information to the product
design process, but may also enhance communication among departments, and increase
understanding and awareness on critical environmental constraints (Johansson et al., 2007;
Lindahl, 2005; Tingstrom, 2007). The maturity in terms of experience and capabilities of the
studied companies in relation to DfE tools however, varies considerably. As shown, not all
companies use DfE tools to the same extent and especially environmental impact assessment
tools. Two of the studied companies can be considered rather advanced in terms of
implementation and knowledge around the LCA methodology, thus managing to overcome
barriers that are often associated to these tools such as time constraints, data gaps etc.
Especially for vehicle manufacturers limitations in relation to data gaps tend to be lower since
customized product specific tools such as the International Material Database System (IMDS),
provide a great potential for acquisition of primary data in terms of materials composition of the
vehicle and its components. It has also been noted that, due to this system, the time for
performing environmental assessments has been significantly reduced (Dahllof L., 2013; Koffler
et al,, 2008). Paper I showed that companies with structured DfE processes were more familiar
and had greater experience on using DfE tools in a systematic manner. Although limited
interaction among product designers and DfE tools users was reported in the study, the
opportunities for cooperation were higher when DfE was a formal process (combining both DfE
expertise and tools).

To conclude, the results from Paper I indicate that greater efforts are needed so that DfE
processes are formalized and that DfE tools are more systematically adopted and integrated into
the product development processes of the studied companies. As result of current practices, a
life cycle perspective is not sufficiently addressed and considered when design strategies are
developed and introduced. Neither in terms of environmental requirements and life cycle
thinking in material selection processes, nor in terms of DfE tools that could facilitate integration
and increase understanding of emerging challenges. Thus, the risk for sub-optimizations and
shift of environmental burdens along different life cycle stages remains apparent.

5.1.2 Availability of tools in literature

Paper II provided an overview of existing DfE tools. Findings from the paper are presented
below answering the second research question, RQ2, “What tools are available that can assist the
systematic identification and assessment of design strategies for improved environmental
performance of vehicles?”
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The literature review on DfE tools presented in Paper II resulted in a rich toolbox of 41
qualitative and quantitative DfE tools, of different levels of complexity and data demands. The
identified tools are presented in Table 7. Based on the specific needs and degree of information
that the user aims to obtain, different tools can be utilized and for different purposes. Product
specific tools, aiming to assist vehicle design and development were also identified in the paper
(Arena et al,, 2013; Millet et al., 2012; Schoggl et al.,, 2014).

It has been previously noted that selection of DfE tools should among other things be based on
informed choices (e.g. on the options available) as well as on specific needs of the users
(Lofthouse, 2006; Ritzen & Lindahl, 2001). Moreover, DfE tools should manage to capture and
assess environmental aspects that are relevant to the product (Byggeth & Hochschorner, 2006;
Ernzer & Birkhofer, 2002; Lofthouse, 2006). Given the high number of tools available, companies
need support in finding the most suitable DfE tools (Pigosso et al., 2013). Among the numerous
reviews of DfE tools available by for instance Birch et al. (2012), Bovea & Perez-Belis (2012),
Byggeth & Hochschorner (2006), Pigosso et al,, (2015) and Tyl et al. (2014), none have been
performed to approach specifically the vehicle design and development process, as the study
presented in Paper IL

For this reason, and in order to assist the tools selection process during vehicle design and
development, the identified tools were analyzed based on features of DfE tools that were
identified as important and relevant to this product category. Examples include the ability to
capture and monitor environmental impacts that are associated with vehicles, to have a life cycle
perspective and to integrate customer and design requirements (see also Table 3, Section 4.2).
These features were obtained from Paper I and previous research. The result of the analysis of
the tools based on the selected features is provided in Table 7.

Environmental and life cycle performance considerations

The DfE tools included in the paper, manage to capture environmental constraints that are
relevant from a vehicle design perspective (such as emissions of various pollutants and toxic
substances, use of resources, the generation of waste and recycling aspects). The only aspect
that was less commonly captured by the listed tools was noise. Similarly, most of the tools may
consider the life cycle of the vehicle including activities related to manufacturing, use and final
disposal. The majority of tools manage to cover multiple environmental aspects in a life cycle
perspective while tools that focus on a single impact category or tools that focus on optimizing a
certain life cycle stage were identified (for instance tools that assess EOL strategies). As different
units in the vehicle manufacturing industry may need to address different environmental
challenges, monitor different requirements or optimize specific properties of the vehicle, such
specialized tools have the possibilities to provide relevant support, thus offering greater
potentials for adoption and integration to the vehicle design and development process.

Multi-criteria perspective

Vehicle developers participated in the study presented in Paper I expressed a need for tools that
would assist in adopting a multi-criteria perspective by combining different aspects and design
requirements of the product, including functional, economic and environmental requirements
but also regulations and standards, and customer demands. Results from Paper Il indicated that
such a multi-criteria perspective where DfE tools combine different design requirements and
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constraints exists in many tools. A variety of combinations are available (as shown in Table 7)
usually covering 2 to 3 different aspects at the same time.

Among the listed tools, possibilities to integrate multiple requirements are most often provided
by tools that aim to identify design strategies. The environmental parameters in those tools are
related to customer requirements (as for instance in the Environmental Quality Function
Deployment (EQFD) and House of Ecology (HoE)) or functional properties of the product (as in
the Eco-Functional Matrix). The majority of these tools originate from Quality Function
Deployment (QFD) and similar methods that are commonly used during product innovation
processes (Tyl et al, 2014). A limitation however, is that possibilities to assess the
environmental performance of the identified strategies are not offered by these tools and for this
reason the use of advanced or simplified assessment methods is required.

Fewer possibilities for a multi-criteria perspective were identified in tools for assessing design
strategies. A few examples include the material selection tools by Ermolaeva et al. (2004) and
Ribeiro et al. (2013) which consider environmental, economic and functional requirements and
the CES Selector with Eco audit software (Granta Design, 2013). Although the latter covers a full
range of relevant features, it lacks a detailed environmental assessment process.

Integration to engineering design tools

Paper II investigated also the availability of DfE tools that can be integrated or combined with
traditional engineering design tools (such as weight optimization models or computer based
design tools). Such tools may assist vehicle designers to obtain direct information on the
feasibility or performance of the design alternatives not only in terms of technical specifications
but also in relation to environmental aspects, and potentially increase the efficiency and
effectiveness of the DfE process. In Paper I it was discussed that sector based material
databases and material control lists were developed and integrated to the design processes and
engineering tools. Among the DfE tools listed in Paper II however, only a limited number offer
possibilities for tools integration. Due to the complexity of the product, facilitating such
integration in current engineering tools in a reliable and efficient way is a challenge. Although
there is an ongoing development towards software tools that combine computer aided design
systems to environmental performance indicators, such as SolidWorks Sustainability and CES
Selector with Eco Audit, there is no clear evidence about their use in industry.
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Table 7 Analysis of the identified DfE tools based on the selected features

Systems perspective Multi-criteria approach Trade-offs Integration to
DfE tool Input -output Life 1 Envi 1 engineering
i ife cycle nvironmenta . .
mechanism ey . Functions Regulation Customer Cost EN LC EN/OTH tools
thinking constraints
Prescriptive tools
Ecodesign checklist QualltaFlvel and Yes Multiple Yes No Yes No . . . No
quantitative
Ten golden rules Qualitative Yes Multiple Yes No No No No
gl:;::;?lﬁgg Chemical Quantitative No Single No Yes No No Yes
. R Qualitative and . . . .
Ecodesign guidelines quantitative Yes Multiple Yes (Yes) (Yes) No No
CSPD Qualitative Yes Multiple No No No Yes . . .
Tools that identify strategies
Semi .
LC-QFD Quantitative Yes Multiple Yes Yes Yes (Yes) No
EQFD Semi (Yes) Multiple Yes Yes Yes No . . . No
Quantitative p
Eco Functional matrix Sef‘“ . Yes Multiple Yes No Yes Yes . . . No
Quantitative
HoE Semi (Yes) Multiple No (Yes) Yes Yes . . . No
Quantitative p
CBR and TRIZ Quantitative (Yes) Multiple Yes (Yes) (Yes) No . ™) . No
ARI'Z-bas'e dlife cycle Quantitative Yes Multiple Yes (Yes) (Yes) No . . . Yes
engineering model
Analytical tools (simplified assessment)
Eco Design Strategy - . . . .
Wheel Qualitative Yes Multiple Yes No No No No
E-Concept Spiderweb Qualitative Yes Multiple Yes No Yes Yes . . . No
ABC Analysis Qualitative Yes Multiple No Yes No Yes . . . No
Qualitative and . . . .
MECO quantitative Yes Multiple No (Yes) (Yes) No Q] No
MET Quantitative Yes Multiple No No No No . . No
Semi- .
ERPA Quantitative Yes Multiple No No No No No
Semi- .
EEA Quantitative Yes Multiple No Yes Yes No No
ECO Design Pilot Semi- .
Assistant Quantitative Yes Multiple No No No No No
Analytical tools (advanced assessment)
LCA Quantitative Yes Multiple No No No No . . Yes
LCA software Quantitative Yes Multiple No No No No . . No
E-LCC Quantitative Yes Multiple No No No Yes . . . No




Systems perspective Multi-criteria approach Trade-offs Integration to
DfE tool Input -output Life cvdle  Envi 1 engineering
mechanism e cycle nv1ronm_enta Functions Regulation Customer Cost EN LC EN/OTH tools
thinking constraints
LCDSM Qualitative and Yes Multiple No No No No . . Yes
quantitative
ERA Quantitative (Yes) Single No No No No No
Qualitative and . . . w
MCA quantitative (Yes) Multiple (Yes) (Yes) (Yes) (Yes) Q] ™ ™) No
Material selection tool Quantitative Yes Multiple Yes No No Yes . . . No
LcA fr.a mewor]-( for Quantitative Yes Multiple Yes No No Yes . . . No
material selection
CES .S?,} ector with Eco Quantitative Yes Multiple Yes Yes Yes Yes . . . Yes
Audit
EcologiCAD Quantitative Yes Multiple Yes No No No . . . Yes
GaBi DfX Quantitative Yes Single No Yes Yes Yes B . . Yes
SolidWorks Sustainability Quantitative Yes Multiple Yes No No No . . . Yes
EDST Quantitative No Single No No No No .
Analytical tools (Indicators)
ReSICLED Quantitative No Single No Yes No Yes . (Yes)
Ecodesign indicators Quantitative No Single No No No No (Yes)
LM.R.R. Quantitative No Single No Yes No (Yes) . (Yes)
Environmental Qualitative and . .
benchmarking quantitative (Yes) Multiple or Single (Yes) (Yes) (Yes) (Yes) Q] ™) ™) (Yes)
MIPS Quantitative (Yes) Single No No No No ™) (Yes)
CED Quantitative (Yes) Single No No No No ™) (Yes)
OPM Quantitative Yes Single No No No No . (Yes)
E2PA Quantitative Yes Multiple Yes No No No . . . (Yes)
REACH, environmental Semi- . .
economic indicators Quantitative No Single No Yes No Yes (Yes)
yehlcle development Qualitative and Yes Multiple No Yes No Yes . . . (Yes)
indicators

quantitative data

Note: = indicates that the parameter is valid for the tool while (=) indicates that the parameter is valid for the tool but is highly dependent on selections and decisions of the user. CSPD= Checklist for sustainable product development; LC-QFD=Life
cycle quality function deployment; EQFD=Environmental quality function deployment; HoE= House of ecology; CBR= Case based reasoning; TRIZ= Theory of Inventive Problem Solving; MECO=Materials, energy, chemicals, other; MET=
Materials, energy, toxicity; ERPA= Environmentally responsible product assessment; EEA= Environmental effect analysis; LCA= Life cycle assessment; E-LCC=Environmental life cycle cost analysis; LCDSM= Life cycle design structure
matric; ERA= Environmental risk assessment; MCA= Multi criteria analysis; CAD= Computer aided design; DfX= Design for X; EDST= Environmental design support tool; ReSICLED=Recovery Systems modelling & Indicators Calculation
Leading to End-of-Life-conscious Design; .LM.R.R.= Impact of modules on recyclability rate; MIPS= Material intensity per unit service; CED= Cumulative energy demand; OPM= Oli point method; E2PA=Environmental efficiency potential

assessment; REACH=Registration, Evaluation, Authorization and Restriction of Chemicals
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DfE tools implementation and development considerations

Overall the results of the paper showed that existing DfE tools manage to capture aspects that
are relevant from a vehicle design and development perspective although omissions and
limitations exist. None of the tools capture all suggested features. Moreover, and as DfE tools
may entail simplifications (for instance focusing on specific environmental impacts or life cycle
stages) the selection of tools should be based on the application as well as the relevance of the
obtained information (Hochschorner and Finnveden, 2003). It was suggested in the paper that
using a combination of tools is preferable in both cases to avoid sub-optimizations and problem
shifting.

Data requirements associated to the different tools will very likely determine the
implementation stage of the tool during product development. As a rule of thumb it is usually
suggested that simplified assessments and eco-ideation tools are used at very early stages while
detailed and advanced assessment towards the end. A paradox can be observed however, since
some of the simplified assessment tools or tools that aim to provide design strategies might still
require advanced and detailed knowledge about the product or results from for instance LCA
studies in order to be able to provide a reliable outcome. In the study of Hochschorner and
Finnveden (2003) but also in Paper V empirical evidence of this paradox is provided since
quantitative data are used for the justification of scoring choices.

Successful practices among vehicle manufacturers however, provide an example of how data
limitations can be minimized. It was discussed in Paper I, that with the establishment of sector
based tools (e.g. materials monitoring tools) direct input of primary data can be provided to LCA
and similar assessment methodologies. Based on this, the vehicle manufacturing industries have
a great potential to increase the systematic use of assessment tools that, if combined with tools
for identifying design strategies, will assist not only in facilitating the eco-innovation process but
also in selecting strategies based on life cycle considerations.

From Paper I and previous findings (Ernzer & Birkhofer, 2002; Knight & Jenkins, 2009; Ritzen &
Lindahl, 2001) is it concluded that product customized tools are more likely to be adopted and
used in a systematic manner. Although development of product specific tools is ongoing (a few
were listed also in this thesis) more efforts are needed in order to customize existing tools or
develop new that better fulfill the needs of vehicle manufacturing industries, especially in terms
of capturing relevant information and metrics but also in terms of integration to product
development processes.

5.2 Assessing vehicle design strategies from a life cycle perspective

This section aims to answer the third research question of this thesis, RQ3: “How do new design
strategies for reducing fuel consumption affect the life cycle environmental performance of vehicles
and what key factors should be in focus when new design strategies are assessed?”

This thesis looks at the life cycle environmental consequences of two different design strategies
for reducing fuel consumption; reducing the weight of the vehicle (assessed in Paper III and IV)
and using alternative propulsion i.e. an electric drivetrain (assessed in Paper V). Both strategies
offer considerable advantages in lowering the energy use and CO; emissions during the
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operation stage of the vehicle. At the same time, however, new challenges emerge that can
potentially lead to problem shifting situations, i.e. situations when one environmental aspect or
life cycle stage is improved at the expense of another. The factors that are expected to influence
the extent of these shifts and potential trade-offs are discussed along with the implications to the
vehicle design and material selection processes.

The case studies

Lightweight design was assessed in two material selection LCA case studies presented in Paper
III and Paper IV respectively. In Paper III current material alternatives used for a heavy truck
exterior panel were assessed and compared to SrPET which is a novel material. The current
material alternatives included a glass fiber reinforced unsaturated polyester (SMC) and an
unreinforced thermoplastic material, (polycarbonate/poly (ethylene terephthalate), PC/PET).
SMC is a thermoset composite material with limited recycling possibilities while PC/PET
although recyclable, has considerably poorer mechanical properties. STPET was assessed as a
potential alternative for this specific component due to weight reduction possibilities exhibiting
higher specific stiffness compared to PC/PET and increased recyclability compared to SMC.

The second material substitution study (Paper IV) concerned the life cycle environmental
performance of a roof of a heavy truck. The roof was designed as a sandwich structure and six
different material alternatives were evaluated; two metals (steel and aluminium) that are
common for vehicle applications, two composite materials (carbon fiber reinforced vinyl-ester
(C/VE) and glass fiber reinforced vinyl-ester (G/VE)) that are also widely used, the novel SrPET
composite, and unreinforced PET. The main purpose of the case study was to test the material
selection approach that is presented in the same paper (described further in Section 5.3), which
is done through a theoretical case of a non-existing product.

The truck panels and roof were assumed to be used by a diesel truck weighing 40tn and covering
a life time distance of 1,000,000 km. The reference scenario for EOL treatment of the panels in
Paper III was assumed to be incineration with energy recovery of the thermoplastic SrPET and
PC/PET panel and landfill of the SMC panel. In Paper 1V, the truck roofs made of metals and
thermoplastic materials were assumed to be recycled while the ones made of thermoset
composites were incinerated. Benefits of the recovered materials and electricity were modelled
as avoided burdens i.e. replacing the production of primary material and electricity. The
environmental performance of the panels and roof was assessed in terms of CED and GWP.

In Paper V two drivetrain technologies were assessed through a case study of two prototype
vehicles; an internal combustion and an electric vehicle. The two prototypes were identical in
terms of body construction which made it possible to exclude those parts and focus only on the
differences of the vehicles which were identified in the drivetrains. The benefit of this was the
ability to highlight important variations between lifecycle stages that resulted as a change of the
drivetrain technology. The two drivetrains were assessed using the semi-quantitative method
ERPA (described in Section 4.4.2). It was assumed for the study that the two drivetrains have the
same function with equal lifetime and range. The ICEV uses gasoline during operation while for
EV the Swedish electricity mix was assumed to be used in order to charge the batteries. During
EOL the study assumes that the drivetrains are collected and handled in Sweden following the
Swedish EOL management practices (Tasala Gradin et al., 2013); the drivetrains are detoxified,
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shredded and divided into fractions. The magnetic and heavy fractions are melted and down
cycled while the light fraction is landfilled.

Additional features of the case studies have been presented also in Sections 4.4.1.1 and 4.4.2. A
detailed description of the inventory data and underlying assumptions is provided in the
respective papers. Although the three studies vary significantly (in terms of scope, method used
etc.) they collectively provide useful insights about the aspects that could influence the
environmental performance of vehicles.

New vehicle design strategies and emerging trade-offs

As expected, the lighter alternatives exhibited the lowest impact in terms of lifetime energy
demands and GWP in both lightweight design cases studies. For all material alternatives, the use
phase accounted for the biggest proportion in both impact categories followed by the
manufacturing phase. Given the assumptions related to the EOL alternatives, that stage had only
a minor contribution to the life cycle energy demands and GHG emissions.

Variations in the relative importance of the use and manufacturing stages indicated the potential
for trade-off and problem shifting between different life cycle stages of the vehicle. These
variations were more apparent by the results obtained in Paper IV. The steel roof in Paper IV
was the heaviest one exhibiting the highest life cycle CED and GWP. Almost 95% of that impact
was attributed to the use phase. For the lightest and best performing C/VE or aluminium
structures the share of the use phase was slightly higher than 50% with the majority of the
remaining impacts occurring during manufacturing. The impact during manufacturing of the
lightest structures was increased not only in relative terms but also in absolute numbers. The
energy requirements during manufacturing of the C/VE structure were almost 4 times higher
than steel resulting also in 3 times more GHG emissions. Similar results were obtained for the
remaining materials (see also Table 7 in Paper IV). The only case where such a trade-off did not
occur was in the comparison between SMC and SrPET exterior panel of a truck in Paper III
which showed that the lighter material (SrPET) not only decreased the impact during the use
phase but also performed better during the manufacturing stage.

In line with previous research the findings of Paper III and IV, illustrate the potential benefits
and limitations in terms of environmental performance when lightweight design alternatives are
considered. As shown by for instance Koffler (2014) and Duflou et al. (2012) significant savings
in terms of life cycle energy demand and GHG emissions can be achieved. In addition, Koffler
(2014) showed that the lightweight GFRC alternative considered in his study, resulted in greater
energy demand during the materials and part production stage compared to the steel
alternative. Kim et al. (2010) draw the same conclusions when lightweight design using
aluminum and high strength steel was considered, indicating that the lighter design alternatives
resulted in higher impact during manufacturing. Similarly to Paper III, however, results
indicating energy and emissions savings during manufacturing stages are also available (Duflou
etal, 2012).

The results of this thesis confirm previous studies and illustrate the importance of lightweight
design as a means to reduce the energy and GHG emissions during the use phase of the vehicle.
Due to the risk of problem shifting when lighter materials are used, the importance of life cycle
considerations is demonstrated. Moreover, as benefits and limitations of lightweight materials
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can be case specific, this thesis makes apparent the need for integrated and systematic
assessments in standard material selection processes.

A similar shift between the use and manufacturing stages has been identified for the ICEV and
EV drivetrains assessed in Paper V. The ICEV exhibited poorer environmental performance
during the use phase, in comparison to the EV. The opposite result was obtained for the
manufacturing stage. Quantitative assessments on EVs provided by for instance Hawkins et al.
(2013) and Ma et al. (2012) draw same conclusions. In Paper V, the low performance of the
electric drivetrain during pre-use stages was mainly due to the materials needed and especially
the use of critical materials such as REEs found in the permanent magnet. REEs require energy
intense extraction and manufacturing processes (Ali, 2014). Mining of REEs has also been
associated with releases of toxic and radioactive materials resulting in significant threats for
human health and ecosystem’s toxicity (ibid). Thus, for EVs the associated trade-offs are not only
between the different life cycle stages but also between different environmental impacts as also
indicated by Hawkins et al. (2013).

Paper V highlights the difference between the two drivetrains in terms of material composition
something that is less often discussed in the literature (Messagie et al., 2014). Such a result has
significant implications in the ways that vehicles and new design strategies are currently
evaluated and compared. It was discussed in Paper V that although the most common way to
compare the performance of vehicles today is in terms of energy demands and CO; emissions
these metrics may no longer be appropriate to capture emerging challenges and environmental
impacts associated to EVs. This observation may also be relevant for the case of lightweight
design and new advanced materials for which little information in relation to their life cycle
environmental performance is currently available.

EOL considerations

Given the selected impact categories and assumptions related to treatment processes, the EOL
stage exhibited the lowest impact of all stages in the case studies of Papers III and IV. It
remains, however, an important stage in the lifecycle of the vehicle. Due to regulatory demands
on ELVs, vehicle manufacturers would need to consider replacing materials that are not
recyclable and provide solutions that comply with those demands. Although ELV refers to
passenger cars and light duty vehicles only, truck as well as rail vehicle manufacturers seem to
be highly affected due to increased demands posed by their customers as seen in Paper L.

The potential benefits of recycling compared to other EOL treatment methods are illustrated
through the findings of Paper III and IV. In both studies recycling resulted in greater energy and
GHG emissions saving potentials compared to incineration and landfill where no energy or
material recovery was assumed. As seen in Paper IV for instance, recycling of the aluminium
truck roof may potentially reduce the total energy requirements by 30% while recycling of the
thermoplastic PET and SrPET truck roofs by about 15%. Recycling of the thermoset composites
(C/VE, G/VE and SMC) was not investigated in the case studies of this thesis, the main reason
being that recycling practices for carbon fiber or glass fiber composite materials are still under
development and at a cost that it does not allow composites recycling to be considered an
attractive option today (Pimenta & Pinho, 2011; Yang et al, 2012). Studies on composites
recycling however, demonstrate the lower energy intensity of recycled compared to virgin
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materials (Howarth et al., 2014; Witik et al., 2013) indicating the potentials to minimize the life
cycle impact of these materials.

For plastic and composite materials, incineration is often considered as a way to deal with waste
volumes and at the same time recover energy. When incineration of the truck panels and roofs
was concerned, especially for GWP, the case studies showed that the process impact is higher
than the potential benefits of incineration. Despite having been described as “worst case” in
Paper 1V, landfill of plastics in terms of GHG emissions can be regarded as a better alternative
than incineration, a conclusion that is also supported by Bjérklund and Finnveden (2005) and
Eriksson and Finnveden (2009). Considering the waste management hierarchy (Directive
2008/98/EC, 2008) however, landfill is the least preferable option whereas recycling is
promoted as among the most preferable alternatives.

The study performed in Paper V showed also that the low environmental performance of the EV
was a result of the low recovery and recycling potential of the materials found in the electric
drivetrain. Previous studies have reported great potentials for energy savings when EV
components, for instance traction batteries, are recycled (Dunn et al., 2015; Messagie et al,,
2014). Similar benefits have been reported for the case of composite materials as shown in
Paper III, Paper IV and previous research (Howarth et al., 2014; Witik et al., 2013), highlighting
the potentials of more circular product systems.

For recycling to be a meaningful practice however, not only need the materials and components
in vehicles to be recyclable and designed in a way that makes it possible to be separated and
recycled or recovered, but also technologies and platforms to manage these materials in efficient
and cost effective ways need to be established. As products tend to become more complex,
consisting of more advanced and heterogeneous materials, current EOL practices can be
expected to be less appropriate in the future. This entails numerous challenges and uncertainties
in relation to the ways that EVs and new more complex drivetrains and vehicle designs will be
managed at their EOL (Elwert et al,, 2016).

Influencing factors

Results from accounting LCA studies (like the ones performed in this work) usually provide a
“snapshot” of the environmental performance of the product that is associated to the underlying
assumptions of each study. Similarly in Papers III and IV, the environmental performance of
lightweight strategies was estimated based on certain assumptions as regards different lifecycle
conditions. From the sensitivity analysis performed in Paper IV, it was derived that assumptions
in relation to use phase of the vehicle (and consequently component) such as operational life
and fuel consumption are expected to influence the life cycle environmental performance of the
vehicle and therefore the significance of the identified trade-offs.

Paper IV for instance demonstrated that the benefits from lightweight materials increase as the
assumed lifetime distance increases. For a short lifetime distance (up to 200,000 km), as shown
in Figure 5, the heavier structures made of steel or thermoplastic polymers perform better due
to their low impact during the manufacturing stage. As the travelled distance increases, lighter
materials compensate for their energy intense production as shown also by Kim et al. (2010). If
more energy efficient engines (for example EVs) are assumed the relative importance of the use
phase would be reduced. Considering Figure 5, the gradient of the plotted lines will decline. This
implies that all breakeven points between materials (i.e. the points when two materials exhibit
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the same performance) would move to longer distances which would make the benefits of
lighter materials to be less obvious.
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Figure 5 Influence of life cycle driving distance on CED and GWP for a diesel truck (Paper IV). Note:
The values in the vertical axis of the CED figure should have been x10 instead of x104

The travelled distance seems to also influence the results relating to EV technologies as reported
by Faria et al. (2013) and Egede et al. (2015). For the case of EVs, however, the carbon intensity
of the electricity mix, used to supply traction energy, is the most influencing factor that
determines not only the total impact of the EV but also the actual emissions savings during the
use phase compared to ICEVs (Faria et al., 2013; Hawkins et al., 2013; Lewis et al., 2014; Ma et
al, 2012). In Paper V, the Swedish electricity mix (that is based on hydropower and nuclear
energy) was assumed to provide power to the electric drivetrain. A more carbon intense
electricity mix would decrease the difference among the two drivetrains during the use phase,
making the benefit of the EV less apparent. The method used in Paper V however, did not allow
for a quantitative assessment of the influence that different electricity mixes may have on the
environmental performance of the electric drivetrain and the associated savings compared to
the ICEV. HawKkins et al. (2013), estimated that the amount of CO; emissions per km can be more
than 3 times higher when a fossil fuel based electricity mix is used (e.g. from lignite combustion)
compared to renewable sources (for example wind power).

5.3 Contribution to method development

Last but not least this thesis aims to contribute to method development by facilitating the use of
environmental impact assessment methodologies during product design and material selection
processes. The final research question, RQ4, “How can environmental assessment tools be
integrated during product design and material selection processes?” is answered through the
findings of Paper IV.

Previous research suggests that material selection is rarely based on processes that consider
both functional and environmental properties in an integrated manner something that was also
discussed in Paper I. Such practices however, often lead to sub-optimizations and shifts of
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environmental burdens among different impact categories or life cycle stages as already shown
by the results of Papers III-V in line with previous research. If life cycle improvements are
aimed for, information on the factors influencing the life cycle environmental performance of the
vehicle need to be considered and monitored early in the design stages.

In Paper IV, an integrated material selection approach is introduced, in which environmental
LCA is incorporated in the traditional material selection process with the aim to allow for
systematic evaluation of material alternatives before any final design decision. The suggested
approach is illustrated in Figure 6.

The life cycle design approach suggested in Paper IV consists of five major steps; (1) Definition
of design target, (2) Selection of material families and candidate materials, (3) Weight
minimization, (4) Life cycle modelling and assessment, and (5) Results analysis and Material
selection. Steps (1) to (3) are commonly applied in tradition material selection models (Ashby,
2011; Farag, 2014). The suggested approach however, builds on these models and expands their
scope especially when the environmental performance of the materials is concerned (Step 4).

Life cycle based material selection approach

Design requirements and
constraints

Design Target
A 4
R ) Design requirements and constraints
Selection of Material
. e properties .
material families - Welght Purchase cost per material based
and candidate "l minimization on mass, design, etc.
- Product
materials properties lDesign alternatives
—>! Life cycle models | ° Other cost:
Cost Assessment Manufacturing
and assessment use, etc.

Material
properties

Environmental impact (El)
Wof design alternatives

Results analysis
and material
selection

Life cycle cost

iMaterial, Cost, El etc.

Final design

Figure 6 Framework for life-cycle based materials selection as developed and presented in Paper
IV. The dashed lines show processes that are outside the scope of the suggested approach but could
be included in the model.

The approach provides a generic guide to vehicle designers, while selection of weight
minimization models, environmental analysis tools and impact assessment indicators can be
decided by the users. In the case study provided in the same paper, LCA was modelled using the
software tool SimaPro and generic databases that were available to the authors of the paper. The
impact assessment methods selected (CED and GWP) captured two impact categories although
in a real material selection situation, the users are given the freedom to select the ones that
better fulfil their needs. Availability and quality of data will also determine the selection of the
most appropriate impact assessment method. As different methods may lead to different
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outcomes, it has been suggested by Bovea and Gallardo (2006) and Simdes et al. (2011) that a
variety of methods are applied before decision making on material selection or substitution.

Through the case study presented in Paper 1V, possible ways to analyze and interpret the
results are suggested. Suggested aspects to consider included: (1) total life cycle impact of each
material alternative separately and in comparison to the others, (2) environmental performance
of each alternative in different life cycle stages, (3) trade-offs between life cycle stages or
environmental impact indicators and (4) variations in the design target or properties of the
product and its life cycle that may influence the life cycle impact of the material. Selection of the
optimal material is case specific, depending on company priorities of trade-offs between
functional requirements.

Although cost is an important parameter, it was not considered in this approach. Cost
constraints are already integrated in material selection today. Emphasis is given to the
environmental parameter that although it is not new, it is still not prioritized. Previous studies
may indicate the ways that cost can be integrated in a life cycle design material selection process
(Ermolaeva et al., 2004; Giudice et al., 2005; Simoes et al., 2013).

In relation to the tools available (as discussed and presented in Section 5.1.2), the approach fills
the gap of integrated and multi-criteria models (shown in Paper II) where environmental
assessment tools are combined with traditional engineering design tools such as weight
optimization models. The suggested approach is expected to be closer to how the material
selection process is performed during vehicle design today, thus adoption and implementation
can be easier. As seen from Paper I, environmental expertise exists in some of the companies
thus the competence needed is already available. Finally, by suggesting this integrated approach
where different expertise is required (both from vehicles designers and DfE specialists),
communication and co-operation during product design is enhanced.

Among the novel aspects of the suggested approach is that structural weight minimization is
used as a means to acquire relevant information for the LCA models. Since no details on product
specifications are available at that stage, engineering design tools may assist to bridge that data
gap. With such a combination, information on the environmental performance of the product or
design alternative is provided to vehicle designers along the selection process allowing for more
comprehensive decisions that consider both functional and environmental properties of the
design target.

5.4 Contributions and limitations of the thesis

The research questions raised throughout this work directed me to the use of a combination of
qualitative and quantitative methods as described in Chapter 4. While the selected research
approach assisted in obtaining relevant results that manage to fulfil the aims of the appended
papers and thesis, the methods used have both advantages and limitations that are important to
consider. Moreover, methodological and scoping choices can be expected to affect the outcome
of the study and need to be discussed.

The interview study presented in Paper I contributed with valuable empirical data in relation to
DfE implementation among vehicle manufacturing industries. Although the literature on
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frameworks and success factors is rich, studies that investigate the use of them in practice as
well as company specific case studies are rather scarce (Boks & McAloone, 2009). Elements that
have been previously identified as important for a successful DfE approach such as integrated
processes and tools (Hallstedt et al, 2013; Johansson 2002; Tingstrom, 2007) have been
investigated in the aforementioned paper. This assisted in providing a comprehensive picture
and understanding on potential links and relations among those elements. The results of the
study however are rather case specific and cannot be generalized for all vehicle manufacturing
industries or for other sectors. Yet, they agree to a large extent with previous findings and can be
used to assist the adoption of DfE practices and tools among industry in general. As such the
study is of relevance for both DfE researchers as well as DfE practitioners.

The compilation and analysis of the DfE tools in Paper II is expected to assist the tool selection
process of the vehicle manufacturing industry. Features that have been identified as relevant for
this product category are highlighted. As mentioned, the high number of DfE tools makes a
comprehensive presentation difficult. Moreover, new tools and frameworks are constantly
developed. Therefore, omissions in relation to the available tools certainly exist. The study
however, aimed to capture key methodological combinations and to provide a representative list
of the options available. This list can be expanded and supplemented based on the respective
needs of the companies. The list can also be of use for other sectors that have similar design
constraints.

Based on the findings from Paper III and Paper 1V, the thesis demonstrated the potential trade-
offs that may occur as a result of light weight design. From a DfE perspective both studies and
Paper 1V in particular contribute to the development of a DfE mind-set during material selection
for the automotive industry. The papers show that it is possible even at early development
stages to obtain information on the environmental performance of a design alternative and to
use this information during decision making. An additional contribution of Paper III in
particular is the information provided in relation to the environmental performance of the
newly developed SrPET material. This first assessment assisted in providing inventory data in
relation to the manufacturing process of this material but also into benchmarking its overall
performance (environmental and functional) in relation to existing and commonly used
materials.

LCA however, is a data demanding tool and it usually involves simplifications (Moberg et al.,
2014). The degree to which such simplifications affect the result of the study needs to be
discussed. A major simplification adopted in both papers concerns the selection of impact
assessment indicators. From the broad list of indicators and impact assessment methodologies
available two indicators were used, CED and GWP, assessing resource and GHG emissions
intensity. Although both metrics are widely used when composite materials are assessed (Das,
2011; Duflou et al., 2012) such a simplification entails a risk that important information is
omitted or overlooked (Bovea & Gallardo, 2006; Moberg et al.,, 2014). Manufacturing processes
of synthetic composite materials may for instance give rise to impacts related ecosystem’s and
human toxicity due to the increased use of solvents and other chemicals (La Rosa, Cozzo, Latteri,
Recca, et al,, 2013; La Rosa, Cozzo, Latteri, Mancini, et al., 2013).

In terms of data quality, in should be noted that both Paper III and Paper IV include generic
data. Although in Paper III primary data were used to cover most foreground processes, less
information was available for the newly developed SrPET material. This limitation however, can
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be expected, as the material is not currently in production. More optimized design and
manufacturing processes have the potential to lead to lower energy requrements. Paper IV
relies only on generic data since a theoretical case is presented. Although representative
processes were selected, the outcome of the study in absolute terms is rather context depended.
The limitation in relation to the SrPET material relates also to this study as little information on
manufacturing routes is available.

Finally, the environmental assessment presented in Paper V demonstrates the key differences
among the two drivetrain technologies and discusses the importance of developing relevant
metrics for their comparison and assessment. ERPA however, is a qualitative tool and as such it
can be considered to contain more arbitrary elements compared to quantitative assessments
(Hochschorner & Finnveden, 2003). Among qualitative methods and tools, ERPA provides
sufficient documentation in relation to the scoring system that in combination to primary and
quantitative data used during the justification process may reduce the limitation of vagueness or
subjectivity. Certain assumptions and simplifications as for example in relation to the electricity
mix, batteries composition or EOL treatment processes etc. can be expected to influence the
overall outcome as discussed in the paper.

Together Papers III, IV and V demonstrated that the choice of materials may have a significant
impact on the life cycle environmental performance of newly developed vehicles. Irrespective of
the design strategy adopted the environmental impact during manufacturing stages is expected
to increase in relative importance accompanied by the recyclability challenge during the EOL
stage. In this thesis, the different design strategies have been considered and assessed in
isolation something that is not likely to happen in practice. Lightweight design is expected to
influence the life cycle environmental (and economic) performance of an ICEV and an EV
differently, thus influencing also the criteria applied during material selection processes.
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6. Conclusions and recommendations for future work

The aim of this thesis is to increase understanding on the ways that vehicle design strategies has
been and can be assessed from an environmental and life cycle perspective. The research
focuses on lightweight design and electric drivetrains as two of the major design strategies
adopted today. Through case studies the potential of these strategies to improve the life cycle
environmental performance of vehicles is assessed. Moreover, this thesis aims at contributing to
the development of a systematic and integrated approach for materials selection as a means to
increase the systematic consideration of environmental parameters during design processes.
The main conclusions are presented below.

A. Map and increase understanding on the current practices and available tools

It can be concluded from the findings of this thesis that the maturity, regarding adoption and
implementation of DfE practices, varies among vehicle manufacturing industries in Sweden. As a
consequence, the ways that design strategies (aiming to improve the environmental
performance of vehicles) are identified and assessed vary too. Although the studied companies
are aware of the major environmental challenges in relation to their products and work
intensively to fulfil the increasing regulatory requirements, environmental considerations
during product development processes, and in particular during material selection, often lack a
holistic lifecycle perspective.

When the adoption of supporting DfE tools is concerned, significant differences among the
companies exist, especially in terms of maturity, experience and degree of systematic use of such
tools. Prescriptive tools that manage and monitor regulatory requirements have succeeded in
becoming an integrated part of the product development process in all studied companies while
the use of analytical tools is less formalized. Even for the tools available in the companies their
full potential has not been exploited, as results from such tools were quite seldom used to
determine a DfE design strategy.

This thesis showed, however, that a rich and diverse toolbox is available and different tools can
be considered suitable to be used for this product category. More than 40 DfE tools were listed
and analyzed aiming to assist vehicle developers to the DfE tools selection process. The
identified tools vary in terms of complexity and offer different possibilities to capture aspects
that have been identified as important from a vehicle design perspective such as the ability of
the tool to monitor environmental impacts associated with this product category, life cycle
considerations, customer requirements and more. Although these aspects were covered in many
tools and in various combinations, none of the tools manage to fulfil all of them. The use of a
combination of tools is encouraged that would assist vehicle developers to obtain
comprehensive information on the most important aspects that need to be monitored during the
different stages of vehicle design and development.

B. Assess vehicle design strategies from a life cycle perspective

The fact that design strategies are not sufficiently assessed increases the risk of problem shifting
situations and sub-optimizations. From the findings of the case studies and the sensitivity
analyses performed it can be concluded that there is often a trade-off among savings in use
phase and the manufacturing stage of the vehicle, when it comes to new vehicle design strategies
aiming at reducing the energy use during the operation stage. This trade-off occurs, both when
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lightweight design or electric drivetrains are concerned. The estimated level of these trades-offs
however, depends on the underlying assumptions of the study and especially the ones
concerning the operational life of the vehicle, fuel efficiency and alternative fuels or for the case
of EV, the carbon intensity of the energy supply mix.

It becomes apparent from the findings of this thesis that despite its low share in terms of
environmental impact, EOL has an important role in the overall environmental performance of
vehicles which is expected to increase in the future. For the case of lightweight materials and
EVs long lifetimes are suggested in order for the benefits of these strategies to be fully exploited.
As this is something that cannot be guaranteed or predicted, efficient designs, but also efficient
manufacturing processes and improved (and most important in place) recycling systems can be
proven to be even more influential towards minimizing the environmental impact of vehicles.
Thus, for long term gains and for a sustainable transport sector, improvements during the use
phase of the vehicle would be of less value unless both up-stream (pre use) and down-stream
(after use) processes are also improved.

Thinking of the complete life cycle of the design alternatives already at the early product
development stages would assist in identifying environmental hotspots and potential trade-offs.
Moreover, relevant metrics need to be considered. Findings from this thesis indicate that new
challenges may emerge especially for the case of EVs and advanced materials that current
assessment practices might not be able to capture.

C. Contribute to method development for improved life cycle environmental
performance of vehicles

With processes that integrate environmental analysis tools to traditional product design models,
there is a higher possibility that design strategies will be assessed and alternatives will be
evaluated before final decisions. Such an approach for material selection is presented in this
thesis. The suggested approach follows traditional material selection models adding the
environmental assessment process as part of the material evaluation step. Design tools such as
weight optimization may provide necessary information to the assessment process when limited
information about product characteristics is available. The suggested approach offers
customization freedom to the users that is expected to facilitate its adoption and makes it
adaptable to the needs of the design target and associated impacts. With such an integrated
material selection process possibilities for life cycle consideration are increased while omissions
and the risk for sub-optimization are eliminated. Finally, cooperation and learning processes are
encouraged as the approach integrates a variety of competences including engineer designers,
material experts and environmental specialists.

6.1 Recommendations for future work

The scope of Paper I was limited to looking only at the product development process and to the
degree that life cycle environmental considerations have been integrated into that process.
Future research may consider expanding this scope by considering all stakeholders (customers,
investors, regulators, financial departments, procurement etc.) that in one way or another
influencing the business and environmental goals of the company. Mapping these different flows
of information may assist in increase understanding on the potential synergies and conflicts
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among the requirements expressed by the different actors which may facilitate or hinder eco-
innovation activities in the vehicle manufacturing industry in Sweden.

An obvious extension of the environmental assessments presented in Papers III and IV could be
to include a broader range of environmental impact assessment methods and indicators. This
would lead to a more comprehensive assessment of composite materials thus assist in
identifying emerging sources of environmental impacts and potential trade-offs.

If the material selection approach presented in Paper IV were tested in practice and in actual
vehicle design and development processes, insights in relation to the factors (both in terms of
processes and people) influencing deployment, efficiency and the overall success of the
approach could be obtained. This result may facilitate adoption and systematic use of DfE tools
during material selection that would eventually lead to more informed material choices.

This thesis discusses vehicle design strategies based on traditional business models that have a
strong focus on the final product provided. However, the interest and development towards
more function or service oriented business models, the so called Product Service Systems (PSS),
has increased also in the case of the automotive industry. Compared to traditional models,
products in PSS are designed for remanufacturing and for longer lifetimes. Life cycle
considerations are thus essential in PSS models. This research can be expanded, to investigate
the implications that such a business model shift may have on the ways that vehicles and
transport solutions in general, are designed and developed. The results may highlight the
potential contribution of PSS towards more sustainable product systems and the associated
impact of this transition in terms of innovation of transport services but also in terms of
regulation and policy making.
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Appendix: Interviews protocol used for Paper |

COMPANY:

PRODUCT:
RESPONDENT:

ROLE AND EXPERTISE:
DEPARTMENT:

A. Introduction

A brief introduction to the purpose of the study is given by the interviewer. There is time for
questions and clarifications in relation to the interview process.

B.

C.

Opening questions

Could you please describe your background and role in the company?

Could you mention a few words about your department in relation to the structure of the
company and product development process?

How is your role affecting the product design and development process and specifically
when the environmental performance of the product is concerned?

Could you describe the environmental policy of your company in general? Are there
specific strategies/goals concerning environmental issues? Which department/s is/are
responsible for working with environmental issues in the company?

Product design and development

Could you shortly describe the product design and development process (e.g. the major
steps, time frames, specializations and people involved)?

Do you use any type of method/tool in the product design stage (e.g. CAD tools)?

What are the main aspects to consider during the design process related to the product?
To what extent are product’s specifications defined by the
company/customer/regulation?

Environmental aspects and eco-design

What are the major environmental challenges that your company need to consider in
relation to the product and in a life cycle perspective?

What is the motivation for the company to improve the environmental performance of
the products (consumer demand, legislation, cost reduction etc.)?

What strategies are adopted to cope with these challenges and improve the
environmental performance of your product?

To what extent are these challenges considered at the product development stages?

How are requirements in relation to the major environmental constrains identified?
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F.

What processes for integrating environmental aspects during product development are
followed?

How difficult/easy/ successful or not is to balance environmental requirements to the
other design requirements that need to be considered in relation to the product?

Use and experience on DfE/eco-design tools

Are you familiar with/have experience on using any type of eco-design tools? Are any of
these tools systematically applied in the company?

Why are tools used? (if any)

Have you experience in developing/using ecodesign guidelines?

What types of environmental impact assessment methods or tools are you using?

Who is responsible for performing environmental assessments?

How are results of these studies communicated /integrated to the product development
process and design decisions?

What potentials or barriers do you see regarding the tools you are using?

What are your general requirements on ecodesign/impact assessment tools? Are there
any formal requirements?

Who decides about the methods and tools that are to be used? Are there any criteria?
How often do you meet trade-off situations? How do you usually handle them? (E.g.
among different environmental aspects or environmental and other aspects)? Are tools
supporting such process?

Do you have/use any database (internally or sector based) with information about your
products? Like for example: raw materials composition, energy needs per product,
emissions, toxicity etc.

In case that no assessment method is used, were there any previous attempts to apply
and use such tools? What were the main reasons/identified difficulties preventing their
use?

General questions

[s any environmental management scheme under implementation? E.g. EMAS, [SO 14000
etc.? Do you publish environmental /sustainability reports?

[s there education and training of the employees regarding environmental issues?

[s there education/training about the assessment methods and tools?

Did you attend any internal seminars regarding environmental issues?

Do you set specific demands to your suppliers related to their environmental
performance? Are they prepared to provide specific information to the companies if
needed (e.g. material /substance composition of their products)?
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