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Abstract
To this day Life Cycle Assessment (LCA) is the most widely adopted and conclusive tool for the
assessment of product sustainability along its entire physical life cycle. However, LCA entails two major
shortcomings: first, it exclusively assesses environmental sustainability impacts and therefore neglects the
social and economic dimensions of sustainability. Secondly, it solely focuses on directly product-related
processes and does not account for the broader context in which a product is manufactured, used or
recycled. For those reasons, the purpose of this thesis is to go beyond LCA and develop a framework for
product sustainability assessment in the context of a product’s system environment.
In order to provide a solid conceptual basis, an extensive literature study of sustainability concepts and
existing methods for product sustainability assessment (PSA) was conducted; sixteen identified PSA
tools were critically evaluated with respect to their methodology and specific features. The systematical
literature review, together with the identified research gap, constitute a contribution to the field of product
sustainability assessment and served as a basis for the framework to be developed.
The framework for Product System Sustainability Assessment (PSSA) focuses on the assessment of
active consumer products in their use phase. It is based on the concept of system levers, which aims
to formalize the leveraging effects of the product’s system environment on product sustainability. The
environmental, social and economic dimensions of sustainability, as well as the five identified dimensions
of the system environment are specified in a top-down approach. Based on that, the final PSSA framework
is composed. It provides a conclusive methodology to comprehensively capture the multi-dimensionality
of sustainability and the complexity of a product’s system environment. A proof of concept is given based
on a case study on battery electric vehicles in different local contexts.
The final conclusion of this thesis is the finding that product sustainability is not an inherent product characteristic, but a function of the product’s broader system environment. Therefore, product sustainability
must be assessed from a dynamic perspective, to account both for temporal changes and interrelations
between the product and its system environment and vice versa.
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Zusammenfassung
Bis heute ist die Lebenszyklusanalyse (Life Cylce Assessment, LCA) die weitverbreitetste Methode zur
Bewertung der Nachhaltigkeit von Produkten. Jedoch bringt die Lebenszyklusanalyse zwei wesentliche
Nachteile mit sich: zum einen bewertet sie ausschliesslich Auswirkungen auf die Umwelt und lässt somit
die soziale sowie ökonomische Nachhaltigkeitsdimensionen ausser Acht. Zum anderen konzentriert
sich LCA auf die direkten, produktbezogenen Prozesse, ohne den Gesamtzusammenhang in welchem
Produkte produziert, genutzt und wiederverwertet werden, zu erfassen. Ziel dieser Arbeit ist es daher,
über LCA hinauszugehen und eine Methode zur Bewertung von Produktnachhaltigkeit im Kontext der
Systemumgebung eines Produktes zu entwickeln.
Um auf eine fundierte Grundlage bauen zu können, wurde eine umfassende Literaturrecherche zu Nachhaltigkeitskonzepten und existierenden Methoden zur Nachhaltigkeitsbewertung von Produkten durchgeführt. Sechzehn identifizierte Methoden wurden kritisch evaluiert. Die systematische Literaturrecherche
sowie die daraus abgeleitete Forschungslücke bilden die konzeptionelle Grundlage des Frameworks,
welches in dieser Arbeit entwickelt wurde.
Die Methode zur Bewertung von Produktnachhaltigkeit in der jeweiligen Systemumgebung (Product
System Sustainability Assessement, PSSA) konzentriert sich auf die Bewertung von aktiven Produkten
in ihrer Nutzungsphase. Sie basiert auf dem Konzept, dass bestimmte Aspekte des Systemumfeldes eine
Hebelwirkung auf die Nachhaltigkeit von Produkten haben. Die ökologische, ökonomische und soziale
Nachhaltigkeitsdimension, sowie die fünf identifizierten Dimensionen der Systemumgebung wurden
in einem Top-down-Ansatz spezifiziert. Das entwickelte PSSA Framework stellt eine aussagekräftige
Methode dar, um alle Dimensionen der Nachhaltigkeit sowie die Komplexität der Produktumgebung
zu erfassen. Eine Fallstudie zu Elektroautos in verschiedenen lokalen Systemumgebungen dient dem
Nachweis der Wirksamkeit des entwickelten Konzepts.
Die abschliessende Schlussfolgerung dieser Arbeit ist, dass Nachhaltigkeit keine inhärente Produkteigenschaft ist, sondern eine Funktion der Systemumgebung eines Produktes. Somit muss die Nachhaltigkeit
von Produkten aus einer dynamischen Perspektive bewertet werden, um sowohl zeitliche Veränderungen
als auch Zusammenhänge zwischen dem Produkt und seiner Systemumgebung mit zu berücksichtigen.
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Development of a tool to assess the effectiveness in sustainable design

1. Problem
The topic sustainability is widely spread in society as well as in industries. Recent studies show that in
particlar the design of products has a tremendous effect on a product’s sustainability; independent of
the dominating lifecycle phase. A number of approaches exist, allowing to quantify a product’s potential environmental impact, which is a subset of sustainability. The probably most common method to
assess the potential environmental burden of a product is the life cycle assessment based on DIN EN
ISO 14040. Since sustainability assessments (or parts of it) are both time consuming and challenging,
effectiveness in design is more important than ever before. In this context, effectiveness is referred to
as evaluating and selecting the right product designs considering sustainability. Such product designs
may have following features: a high impact on sustainability (both positive and negative), a high potential market penetration, and a long product life time on the market.

2. Goals
Steven J. Skerlos introduced in „Promoting Effectiveness in Sustainable Design“ a framework to analyze effectiveness in sustainable design. He suggests four criteria that have to be met in order to consider a product as relevant for sustainable design. However, the study does not include methods to
quantify the degree of fulfillment of the four criteria. The thesis’ goal is to develop a tool in order to
make the effectiveness in sustainable design measurable, the proposed framework applicable, and to
help finding the relevant products to be designed sustainably. To question and to modify the framework proposed by Skerlos is explicitely permitted.

3. Procedure






State-of-the-Art review and evaluation of existing approaches to assess effectiveness in sustainable design
Development of a tool to assess the effectiveness in sustainable design

Derive evaluation criteria (items) to evaluate effectiveness in sustainable design based on literature, selected pratical examples and own ideas

Define rating scales (qualitative and/or quantitative) to make the degree of criteria fulfillment
quantifiable

If needed, development of a method to aggregate the scores of the different criteria

Implementation of the assessment method in a tool (checklist, tool in Excel (VBA), Matlab, or
similar)

Development of evaluation guidelines to give the user guidance on how to interpret the evaluation results
Application of the metric in practice as prove of concept (case study/studies)
Evaluation and discussion of the thesis results
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1
Introduction
"The Earth is one but the world is not. We all depend on one biosphere for sustaining our lives. Yet each
community, each country, strives for survival and prosperity with little regards for its impact on others.
Some consume the Earth’s resources at a rate that would leave little for future generations. Others, many
more in number, consume far too little and live with the prospects of hunger, squalor, disease and early
death."
World Commission on Environment and Development, Our Common Future, 1987 [91]

1.1 Context and motivation
Thirty years after the important Brundtland Report on Our Common Future the statement above is more
topical than ever. Living in highly globalized world with a population of 7.6 billion people [123] the
exploitation of our biosphere, the uneven distribution of resources and severe humanitarian crises still
impose the most complex challenges on our global society. The challenges inevitably ask for a shared
commitment of international communities, governments and industries to shape a sustainable future.
To this day manufacturing industries significantly influence global socio-economic development and
growth, while also critically impacting ecosystems along their entire supply chains and beyond [37]. The
trend of ever-growing production volumes is tremendously increasing both the consumption of natural
resources and the emission of harmful waste. As a result, human demands are said to have well exceeded
the biosphere’s regenerative capacity since the 1980s [88]. However, manufacturing industries have
traditionally focused on the guiding principles of efficiency, time and quality. More recently, increasing
international competition, as well as trends for shorter product life cycles on one hand and the demand
for "greener products" on the other, have imposed new challenges on all industry sectors. These facts and
above all, our moral responsibility for future generations and the ecosystem, results in the indispensable
need for sustainable product development and manufacturing.
In the past decades, both academia and the industry have made major efforts to take into account the
environmental aspects of engineering activities. Approaches to meet sustainability challenges were
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made on all systems levels and scales. At the level of industrial systems, for instance, the concept of
Industrial Ecology suggests to shift industrial systems from a linear to a closed-loop model. Inspired by
natural ecosystems, the underlying idea is to recycle and reuse both waste materials and energy to feed
industrial processes in order to reduce resource consumption and pollution [22, 28]. At the manufacturing
system level, the collective terms Environmentally Benign Manufacturing and Sustainable Manufacturing
comprise a set of concepts, methods and tools to design production processes, facilities and supply chains
with minimal environmental impacts. Their focus primarily lies on reducing the consumption of materials,
energy and clean water, as well as on controlling the emission of greenhouse gases, toxic substances and
the generation of harmful waste [37, 38]. But ultimately, the root of any environmentally conscious
industrial activity lies at the product level.
Research has revealed that around 80% of the environmental, economic and social impacts induced by
a product are determined in the phase of product development [10]. The design of a product defines its
material composition, associated primary resource extraction and supply chains, manufacturing processes,
use characteristics and end-of-life options. Consequently, the thoughtful design and development of
products offers the potential of being a significant multiplying factor in the endeavor towards a more
sustainable world. Against this background, this thesis aims to address the topic of product sustainability.
More specifically, the motivation is to develop a framework for product sustainability assessment in the
context of its system environment. An elaborated justification is given in the following section 1.2.

1.2 Problem definition
Many concepts developed by academia and industry aim at minimizing the ecological impact of products. Two particularly prominent frameworks are the Life Cycle Assessment (LCA) and the Design for
Environment (DfE), synonymously referred to as EcoDesign. While Life Cycle Assessment (see section
3.2.1) provides an analytical framework to evaluate the environmental impact of products or services
along their entire life cycle, Design for Environment (see section 3.1.1) comprises synthesis tools for the
systematical consideration of environmental impacts in the process of product development and design
[38]. Methods including, but not limited to, DfE and LCA and have been widely applied throughout many
industries in order to improve product sustainability. The implementation of such tools unequivocally
lead to significant progress towards environmentally benign industrial activities [38].
At the same time, a notable trend to label products as "green" has evolved [96]. Thereby it seems to
be secondary, if the product is somewhat more sustainable than a competitor’s product or if it asserts to
be sustainable in absolute terms, and if the latter applies, how this claim is justified. Also, a "green"
product could be any redundant product using a "green" technology (one might think of a backpack with
integrated solar panels) or a "greener" replacement of a inherently unsustainable product concept, such
as disposable cutlery made from recycled plastic. In addition, the definition of the term sustainability
mostly remains rather vague; tangible objectives for product sustainability may be hard to be defined,
as discussed in detail in chapter 2. For these reasons, and due to the fact that numerous synthesis tools
aiming for the design of more sustainable products have already been published, this thesis focuses on
analysis tools for the assessment of product sustainability. As evaluated in the literature review in chapter
3, a variety of tools, methods and frameworks for the evaluation of the sustainability of products have
been suggested. However, two deficiencies inherent to most of these frameworks should be pointed out.
Namely, the predominant focus on a single aspect of product sustainability and the mostly static nature
of product sustainability assessment.
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1.2.1 Focus on a single aspect of product sustainability
As the introducing statement implies, the idea of sustainability evolves around the concern for the
anthropological impacts on the Earth’s ecosystem, but simultaneously includes both a social and an
economic dimension. Based on this fact Elkington [20] introduced the concept of the Triple Bottom Line
(TBL) of sustainability in 1994. It states that sustainability should be measured against three dimensions:
environment, economy and society, as illustrated in figure 1.1. According to the concept of the TBL, a
focus on the environmental impacts and economic outcomes of an industrial activity is not sufficient to
guarantee sustainability in the long run. Instead, it is of vital importance to include the social aspect,
such as justice and distribution of assets both between individuals and companies, as well as between
generations [38]. However, most developed frameworks assessing product sustainability are situated at the
intersection of the environment and economy, adressing almost exclusively the aspect of eco-efficiency
[75]. In addition, concepts accounting for social sustainability, or economic sustainability have been
developed and find application in industry and the public sector. Following the concept of LCA the
frameworks of Social Life Cycle (SLCA) and Life Cycle Costing (LCC) have been developed, amongst
others [53]. Yet, only few methods for the assessment of product sustainability follow an integrated
approach by comprehensively accounting for all three dimensions of the Triple Bottom Line [75]. The
ones claiming to do so, however, tend focus on very specific aspects of economic or social sustainability,
particularly costs and health, as analyzed in section 3.1.2. Therefore, the framework developed in the
scope of this thesis aims to comprehensively assess all three dimensions of product sustainability.

Figure 1.1: The Triple Bottom Line of product sustainability [38]

1.2.2 Static nature of product sustainability assessment
The second identified shortcoming of the majority of assessment frameworks is the predominant lack of
a dynamic perspective on product sustainability. The term dynamic is used to contrast two deficiencies
inherent to most of the assessment concepts suggested in literature (see section 3.1.2).
Firstly, the sustainability assessment of products mainly focuses exclusively on the product itself, including
its material composition, energy intensity or the product related ecological and economic balances. In
other words, the boundaries of the product system are drawn very narrowly, not accounting for its broader
system context. One might argue that LCA frameworks for instance account for product-related upand down-stream process such as mining and recycling or even environmental impacts of the respective
industry sector. Because of this, many researchers agree on the fact that LC-based methods provide the
most holistic and reliable product evaluations [38, 78, 96]. However, frameworks such as Life Cycle
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Assessment do not explicitly account for dynamic reciprocal effects between the product itself and its
system environment. In this thesis the system environment of a product is defined as the set of characteristic
features, framework conditions and dynamic interrelations of the product’s physical environment. The
system environment of a product, for instance, comprises its environment of use and user behavior,
the given infrastructure, legislative frameworks or existing market dynamics (a more detailed definition
is given in section 4.3.2). Zink and Geyer [96] greatly illustrate the problem of the lacking account
for reciprocal product-system dynamics by the common misconception that the recycling of materials
automatically entails a displacement of primary material consumption. This assumption ignores the fact
that some markets, such as markets for metal scrap, are constrained by supply rater than demand. Thus,
the recycling of metals might grow the overall size of the market instead of displacing primary production
[28, 96]. Consequently, the question of product sustainability requires a dynamic assessment of product
characteristics in its respective mutlti-dimensional system environment.
Despite also emphasizing the need to evaluate product sustainability against the background of its
system environment, Skerlos [78] points out the second deficiency inherent to most frameworks for
product sustainability assessments. Namely insufficient inclusion of spatiotemporal dynamics when
evaluating sustainability impacts. Skerlos illustrates that several frameworks analyze product sustainbility
by assessing environmental stressors, such as greenhouse gas emission or emission of toxic substances,
which eventually may cause actual environmental impacts like climate change, ozone depletion and so
forth. It lies in the nature of the problem that stressors are much easier to be assessed and quantified
than environmental impacts, which can hardly be allocated to specific products. Consequently, the sole
focus on environmental stressors mostly disregards that emissions occur at varying points in time and
at different geographic locations [57, 78]. As the literature review in chapter 3 reveals, such local and
temporal dynamics are rarely taken into account in the existing frameworks for product sustainability
assessment.

1.3 Objectives and procedure
As stated in the initial task description, the goal of this project was the development of a tool to assess
the effectiveness in sustainable design. Based on the motivation and problem analysis outlined in this
chapter, the following key objectives of the thesis were defined:
A) Conduct an extensive literature review on the topic of product sustainability assessment, in order to
identify the research gap in the field of research.
B) Develop an analysis tool for the assessment of product sustainability, which...
i) ... comprehensively accounts for the Triple Bottom Line of sustainability,
ii) ... assesses product sustainability within the context of its dynamic system environment,
iii) ... takes into consideration both spatial characteristics and temporal dynamics.
The procedure followed in this project is depicted in figure 1.2.
Before starting with the challenge of grasping the complexity of product sustainability, the first step of
this project is the attempt of a definition of the term sustainability. As chapter 2 illustrates, there is
no such thing as a unique, well-defined concept of (product) sustainability, but rather a widely-adopted
common sense for what sustainability stands for. As previously mentioned in this introductory chapter
a large variety of analysis tools, methods and frameworks for product sustainability assessment (PSA)
have been developed in the past years. In order to get a better understanding of the state-of-the-art, as
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well as to precisely identify the research gap and to avoid the development of a redundant framework,
an extensive literature review was conducted (see chapter 3). The synthesized findings of this in-depth
analysis constituted the basis for the definition of the specific objectives and features for the newly
developed framework. Chapter 4 explains the fundamental concept of the framework for product system
sustainability assessment (PSSA), which was developed in the scope of this project, as well as the
methodological approach of its development. Based on the composed framework a case study was
conducted with the goal to prove the significance of the framework and to identify starting points for
further improvement. Chapter 5 extensively discusses the case study on battery electric vehicles in three
different system environments, as well as the identified system levers on the product’s sustainability. The
project was completed by a critical evaluation of the developed framework, which proved its explanatory
power and addressed its limitations (see chapter 6). To conclude this thesis, chapter 7 goes back to two
issues put forward by Skerlos [78], as well as Zink and Geyer [96]; it discusses the question on how to
tackle effective sustainable design and whether there can be such thing as a green product at all.
Note The initial task description of this project stipulated that the tool to be developed should be based
on the publication "Promoting effectiveness in sustainable design" by S. J. Skerlos [78]. The formulated
goal of the task description was to make the conceptual framework suggested by Skerlos applicable by
developing a metric to assess effectiveness in sustainable design. However, the critical evaluation of the
proposed framework (see section 3.2.2) revealed that it indeed serves as a valid starting point to take on a
broader perspective on product sustainability, but is too vague and incomplete to constitute a sound basis
for the development of a meaningful tool. For this reason and to avoid the development of a redundant
tool for product sustainability assessment, the author decided to define the scope and conceptual basis of
the tool based on the research gap, which was identified in the literature review. This approach was taken
in consultation with the supervisors of this master thesis.
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Figure 1.2: Procedure of the Master thesis project
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2
The concept of sustainability
"The questions, that come to be connected with sustainable development or sustainable growth or just
sustainability are genuine and deeply felt and very complex. The combination of deep feeling and
complexity breeds buzzwords, and sustainability has certainly become a buzzword"
R. M. Solow, Nobel laureate in economics, on sustainability, 1991 [79]
The words nachhaltig (sustainable) and Nachhaltigkeit (sustainability) first entered the German language
in the 18th century via studies on sustained yield forestry. A parallel etymological development occurred
in the English language. In the 1970s the verb to sustain evolved into the neologism of sustainability to
capture the concept of maintaining ecosystems and human society in the long term [8]. With the raising
awareness for the idea of sustainability in the past decades, the number of definitions and perspectives
on sustainability skyrocketed. This chapter starts with an attempt to present common definitions of the
buzzword sustainability. In the following section 2.2, an overview of different perspectives on the concept
of sustainability is given, mainly focusing on the environmental, ecological and social viewpoints. The
weak and strong sustainability paradigms are discussed in section 2.3, since they strongly influence the
approaches taken in product sustainability assessment. Finally, section 2.4 discusses product sustainability
with a special focus on the product life cycle phases and product design.

2.1 Attempt of a definition
This section aims to give an overview on the concept of sustainability. It neither claims to be comprehensive, nor to break down the complexity of sustainability to a few paragraphs. However, it illuminates
the definitions and concepts which most influenced the sustainability understanding underlying this thesis. Costanza and Patten [14] argue that the discussion about what defines sustainability is misleading,
because it presents the issue as definitional, when in fact the problem lies in achieving a consensus on
what we want to last. Their definition of sustainability is as simple as "a sustainable system is one that
survives or persists", since the core of the challenge is the prediction of what will or should persist. Thus,
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they raise the discussion on what is sustainability to a metalevel by formulating three basic questions:
(1) What system, subsystem or characteristics of a system should be sustained? (2) For how long? And
ultimately, (3) when do we assess whether the system, subsystem of characterisitc has persisted? The
third question incorporates the proposition that sustainability cannot be defined, but only predicted and
evaluated after the fact. Whereas the first and second question outline the need to capture the interrelated
spatial and temporal scales of systems, which naturally have a finite life span [14]. Thus, the responsibility
is delegated to society as a whole to agree on which aspects of our ecological, economic or social systems
should be sustained and at which point of time we define these aspects as sustained. This necessarily
implies a certain nested hierarchy among the (sub-) systems itself and also, to define which are the desired
life spans that are consistent with the (sub-) system’s time and space scales. Consequently, a system
is sustainable "if and only if it persists in nominal behavioral state as long or longer than its expected
natural longevity or existence time" [14]. From this viewpoint the question of sustainability is also about
recognizing the indispensable balance of longevity on one hand, and the limited longevity of systems
constituting the fundamental basis for evolution to occur on the other.

Figure 2.1: The three E’s of sustainability: environment, economy and equity as equally represented spheres

The presented meta-perspective on the definition of sustainability illustrates both its underlying complexity
and its relative nature. However, the very root of the sustainability discussion lies in the recognition that
humankind is having a severe impact on the Earth’s biosphere and in the imperative to preserve the Earth’s
ecosystems. This is why the book "Sustainability: A History" states that "sustainability is, first and
foremost, used as a corrective, a counterbalance, and directly tied to climate change" [8]. Consequently,
almost all definitions of sustainability arise from the environmental perspective - capturing both the
vital dependence of human existence on the natural environment and the influence of socioeconomic
activities on nature [2, 8, 29, 38, 44]. The environment, society and economic activities are not seen as
antagonistic spheres, but as indelibly interrelated. Thus, the most common illustration of the concept of
sustainability is the tripartite Venn diagram, shown in figure 2.1. The model was endorsed by the 2005
UN World Summit and is illustrated in this, or similar manner, in numerous publications [8]. According
to this representation sustainability requires a balance between the three E’s representing the environment,
social equality (equity) and economic interests. In other words, sustainability must be livable for the
environment and society, viable from an environmental and economic perspective and economically
equitable for society and individuals. Some models include a forth E to emphasize the importance of
education in a sustainable society [8].
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The Triple Bottom Line (TBL) of sustainability, briefly mentioned in the introducing chapter 1.2.1, is
based on the same idea of three integral constituents: the environmental, economic and social dimension
of sustainability. Yet, the concept is primarily influenced by how to measure the sustainability impact
of an organization or economic activity. The core statement of Elkington’s Triple Bottom Line [20] is
that a corporation’s prosperity should not be judged solely based on the traditional financial bottom line,
but must equally include its environmental, social and ethical performance. In the context of sustainable
business practices, the above Venn diagram is also used to represent what is referred to as the "3P
thinking" of planet, people and prosperity [2]. Going a step further from the micro-economic view of the
TBL to the scale of macro-economics, Dasgupta [15] states the indispensable need to take into account
manufactured capital, knowledge and human capital, as well as natural capital when measuring wealth
and sustainable economic development. The underlying argument is that intergenerational well-being
can only be assured if what Dasgupta refers to as the comprehensive capital is sustained. Thus, global or
national wealth is understood as a sum of manufactured capital (industrial capacity, infrastructure, financial wealth etc.), human capital (knowledge, education, health, happiness, etc.) and ultimately natural
capital (clean atmosphere, fresh water, fertile land etc.) [7, 15]. This understanding of sustainability as
the preservation or growth of stocks of capital constitutes an operational model. Due to the fact that every
dimension of sustainability can be regarded as a stand-alone capital stock, this approach may serve as
more as tangible basis for the discussion on the topic. Nonetheless, it bears the risk of undervaluing the
mutual interdependence of sustainability dimensions.

Figure 2.2: The environment as basis of sustainability: environment, society and economy as concentric spheres
(after [8])

This (inter-) dependence of sustainability dimensions is the main point of critique of the Venn representation the 3 E’s of sustainability. The illustrated Venn diagram suggests that the environment, economy
and equity co-exist. Thus, it does not incorporate the fact that neither society, nor economy could exist
without the environment. Consequently, an alternative sustainability model (represented in figure 2.2)
emphasizes the conceptual priority of the environment. The biophysical ecosystem constitutes the basis
of human existence, the social system in which any economic activity is nested [8, 62]. This nested
model induces a hierarchy to the sustainability concept, which above all prioritizes the preservation of
the environment. However, it is less popular than for the previously presented concepts not least, because
it might provoke a too strong focus on environmental issues overshadowing social or economic topics.
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The idea of sustainable development
The concepts presented so far dealt with the question of what is sustainability on a metalevel, based on a
overlapping, or nested model of three sustainability dimensions or from an economic idea of capital stocks.
The idea of sustainable development however, puts the focus on the ethical dimension of sustainability.
The hugely influential Brundtland Report [91] states that:
"Sustainable development is development that meets the needs of the present without compromising the
ability of future generations to meet their own needs."
This definition of sustainable development is the most generally accepted, commonly cited definition for
sustainability as a whole [8, 33, 53, 62, 65]. Despite emphasizing the ethical component of sustainability,
it focuses on the necessity for development rather than on the conservation of current conditions [62].
Sustainability is thus understood as a necessary process or evolution away from the status quo of social
and economic inequality and environmental degradation. The Brundtland Report further emphasizes
the political dimension of sustainable development paradigm. Welfare can only be achieved if both the
limitations of environmental, social and economic resources and the responsibility for present and future
generations are equally internalized on local, national and international levels [29, 91].

Summary
Summarizing, it can be said that the ethical dimension of the concept of sustainable development lies
in the thoughtful balance of needs and limitations. While the incorporation of ethical and political
dimensions is seen as the outstanding strength of the idea of sustainable development, critics argue that it
defines sustainability too vaguely. Under the guise of a definition which simultaneously meets the need
of all stakeholders, corporations are said to continue business as usual. The vagueness of the concepts
allows corporations to circumvent serious self-limitations while paying lip service to the need of future
generations. More explicitly, critics argue that the strong focus on development to fight poverty evades
the need to restrain consumption of the affluent society [62]. The truth in this case does not only lie
somewhere in between, but in the diversity of sustainability concepts. As this section outlined, there is no
such thing as the sustainability definition. On the contrary, it is necessary to recognize the complexity of
the challenge towards sustainability and account for its multidimensional nature in order to find adequate
solution approaches.
To conclude, three main principles that recur in the discussions about sustainability should be pointed out.
According to Caradonna [8], these principles are inherent to almost all sustainability definition, models
or ideas and key to the concept of sustainability:
• Human society, the economy, and the natural environment are interconnected.
• It is an imperative need that society respects the limits of the Earth’s ecosystem.
• Humankind can only survive if it consciously creates a shared vision for future generations.

10

2.2 Environmental, economic and social perspectives on sustainability

2.2 Environmental, economic and social perspectives on
sustainability
This section aims to give a more tangible idea on the commonly targeted sustainability issues by outlining
the environmental, economic and social perspectives on sustainability.

Environmental
The environmental dimension of sustainability traditionally receives the most attention and is therefore
extensively discussed in academic literature, as well as by politicians and the media. The Sustainable
Manufacturing Indicators Repository of the American National Institute of Standards and Technology
(NIST) [113] present a useful categorization of the core issues of environmental sustainability, namely:
• Emissions of fluids, gases, solid waste and waste energy.
• Pollution of the environment with harmful substances such as toxic substances, greenhouse gases,
ozone depletion gases, noise and acidification substances.
• Resource consumption, including the subcategories of water, material and energy consumption.
• Natural habitat preservation, including the subcategories of biodiversity, land use and quality.
As mentioned in the introductory chapter (1.2.2), it is important to carefully differentiate between the
consideration of environmental stressors and environmental impacts. This can be illustrated for instance,
by the example of climate change which is receiving widespread attention. The international agreemen to
cap the temperature increase to 1.5◦ C above pre-industrial level formulates a goal to limit the antroplogical
impact on the global climate [84]. Thus, it addresses what is referred to as the endpoint of the causal
chain between the emission of greenhouse gases (i.e. stressor) and climate change (i.e. impact).
Due to the inherent uncertainty on the pathway between the industrial activities and the ultimate impact,
research on environmental sustainability mostly focuses on the midpoint assessment of tangible stressors
[57]. Environmental sustainability is commonly evaluated by clustering sustainability issues to so called
impact categories, which aim to capture the three areas for protection: resources, human health and
ecological health. In general, each specific impact category comprises a set of individual environmental
stressors, which can be (mostly quantitatively) assessed by midpoint methods, respectively indicators.
The most commonly used impact categories in LCA and other methods are described in table 2.1 [3, 39].
The categorization of environmental impacts is a crucial step towards taking action to sustain the ecosystems. However, the categories themselves neither present an implicit hierarchy, nor do they give information about desirable targets. A noteworthy approach to solve this issue is given by the concept of planetary
boundaries presented by Rockström et al. [68]. Recognizing the anthropogenic pressure on the Earth
system, the environmental scientists propose a sustainability approach that defines planetary boundaries
in which humanity is expected to be able to operate safely. Transcending one or more of these red lines
may be detrimental or even disastrous, because of the risk of crossing thresholds and thereby triggering
sudden nonlinear dynamics in the Earth’s system. Thus, the nine identified planetary boundaries are
interdependent and can be understood as the "planetary placing field" for humanity. The underlying
motivation of the proposed concept is to shift the efforts towards sustainability from a philosophy of
minimizing negative externalities of specific sectors, towards a more holistic philosophy of responsible
management and governance within the safe space of human development [68].
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Impact Category

Unit

Explanation

Abiotic resource depletion potential

kg or MJ

depletion of elements (ore, uranium etc.) or
fossils (crude oil, natural gas, coal etc.)

Biotic resource depletion potential

(contextual)

depletion of living stocks such as fish or
wood

Primary Energy Demand

MJ, resp. kWh

consumption of primary energy (renewable
or non-renewable sources), respectively end
use energy

Global warming potential

kg CO2 eq.

emission of greenhouse gases (CO2 , CH4 ,
N2 O etc.) causing a warming effect on the
Earth’s surface

Acidification potential

kg SO2 eq.

acid rain caused by air pollutants which
transform into acids, causing among other
effects forest dieback

Eutrophication potential

kg PO4 eq.

enrichment of nutritients in water or soil,
e.g. due to fertilization in agriculture causing
exaggerated algae growth

Ozone depletion potential

kg CFC-11 eq.

depletion of UV-absorbing atmospheric
ozone due to emission of depleting substances (e.g. CFCs)

Photochemical ozone creation
potential

kg C2 H4 eq.

creation of toxic ozone at the ground level
suspected to damage vegetation and material

Human- and eco-toxcity

kg C6 H4 Cl2 eq.
& (comparative
toxic units)

exposure of humans or animals to toxic substances such as heavy metals

Particulate matter formation

kg PM2.5

harmful form of air pollution caused by
solids particulates of 2.5µm

Land use

(contextual)

comparison of the natural condition of the
ecosystem to the condition of land occupation and transformation (regarding aspects
such as erosion, filtration, groundwater, biotic production etc.)

Water use

m3

consumption of fresh water (including
rainwater)

Table 2.1: Environmental sustainability: impact categories [3, 39, 97]

While the impact categories described above define specific environmental stocks affecting areas of
protection (resources, human and ecological health), planetary boundaries define a set of quantified
tresholds which must not be violated by humankind. Although Rockström et al. do not provide an
explicit basis for prioritization of the nine boundaries, since they are said to be equally critical for the
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preservation of the environment, the defined boundaries can serve as objective starting points to compare
the urgency of action in relation to the closeness of transgression [47].
Figure 2.3 indicates the nine defined planetary boundaries. Most of the dimensions have already been
described in the context of impact categories. Additional ecological processes of relevance are the flows of
nitrogen and phosphous biochemicals, as well as the preservation of biosphere integrity (i.e. biodiversity
loss). The category of novel entities, assesses the pollution with toxic chemicals (by radioactive materials,
plastics, heavy metals etc.) and the atmospheric aerosol loading is comparable with the impact category
for particulate matter [68, 81]. Figure 2.3 illustrates the actual thresholds of the normalized control
variables defined by Rockström et al. which lie in between the green (safe space) and yellow zone of
increased risk. At first glance it can be seen that in the year 2015 four of nine boundaries have already
been alarmingly exceeded - with the genetic biodiversity and biochemical flows being far in the zone of
high risk [81].

Figure 2.3: Planetary boundaries: current status of the control variables, 2015 [81]

A fairly different and rather abstract perspective on the anthropological impact on the environment is given
by the so called IPAT Equation. The equation, published in the 1970s, aims to quantify the influencing
factors which are said to have an impact on environmental sustainability. Therefore, the environmental
impact (I) is expressed as a the product of population (P), affluence (A) and technology (T), thus I = P·A·T.
The function is both suited to compare the variable’s damaging effect on the environment, and to assess
potential compensation effects e.g. of the technological progress on the increasing population [11, 35].
Recently, the equation evolved to more nuanced variants and was primarily applied to evaluate the role of
technology in sustainable development. The simplicity of the model substantiates its explanatory power,
as well as the common criticism that the model ignores interdependencies of the factors and the neglects
drivers such as political or social structures [95].
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Economic
The economic perspective on (environmental) sustainability received widespread attention with the Club
of Rome’s paradigm shifting publication on "The limits of growth" in 1972, which initiated a debate on
social stability and the antithesis of suicidal economic growth [8]. The current research on sustainability
economics present a series of theories and models aiming to describe, among others, the dynamic
interdependencies of economic growth, (non-) renewable resource stocks and the substitutability of
natural capital, human capital and manufactured capital. Several models in the field of sustainability
economics take up the interrelation between technical progress and sustainable development, which has
briefly been mentioned in relation with the IPAT Equation [7].
Some of these sustainability concepts are based on the idea of resource- and energy efficiency improvements due to technological progress. In this context it is important to account for the so called rebound
effect. The rebound effect describes the reduction of potential saving effects of technological progresses
due to behavioral or systemic responses, mostly induced by the technological improvement itself. An
efficiency improvement of 1% for instance, can result in a reduction of resource or energy demand by far
less than 1%, or even in an overall increase of resource consumption [5]. A prominent example for the
rebound effect are light-emitting diodes (LEDs), which are by far more energy efficient and also more
cost efficient than incandescent light sources. Thus, they seem to have excellent relative environmental
characteristics per unit service. However, the LED technology is now being so widely adopted, not least
because of its endless range of applications that the overall demand for lighting has skyrocketed in the past
years [96]. It even bears the danger of a so called "backfire" which the increased lighting consumption
eventually outweighs the efficiency gains of the new technology. The case of LED lights is an example
for the so called direct rebound effect, which captures the increased demand for the same product. The
indirect rebound effect in contrast describes the increased demand for a secondary product or service,
due to cost or energy savings based on the technological progress of the primary product [78, 96]. An
example for the indirect rebound effect could be an increased demand for kitchen appliances as a response
to lower operation costs of fridges, so that the energy cost savings are eventually invested in new energy
consuming products.
While the above paragraph focuses on the influence of economic dynamics on environmental sustainability, there is also an essential perspective of economic sustainability itself. Economic sustainability
focuses on the economic performance and development and can be defined as "an organization’s impact
on the economic circumstances of its stakeholders and on economic systems on the local, national and
global scale" [55]. This definition expresses a predominant focus on the external impact of a business
on economic systems. The second possible approach to economic sustainability is the focus on internal
economic impacts of an organization. Economic sustainability is mostly assessed from the latter perspective, because the key to an organization’s responsibility towards sustainability is to stay in business
[55]. Following this internal approach, the NIST Sustainable Manufacturing Indicators Repository [113]
summarizes the core issues for economic sustainability of a company under the three self-explanatory keywords: costs, profit and revenue. Labuschagne [55] assesses the sustainability performance of industries
and provides four somewhat more extensive criteria to evaluate the short- and long-term sustainability
and survival capabilities of a business:
• Financial health, entailing the internal financial stability of a company including financial aspects
such as profitability, liquidity and solvency.
• Economic performance, assessing the company’s value as perceived by shareholders, the management and government. This includes aspects such as share profitability, contribution to gross
domestic product (GDP) and market share performance.
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• Potential financial benefits, other than profits, such as (inter-) national subsidies rewarded for
sustainable business initiatives (e.g. positive environmental impacts or technology improvements).
• Trading opportunities, assessing a company’s (inter-) national trade network and trade risks.

Social
The scope of social sustainability is highly dependent on perspective taken on the topic. Mc Kenzie
[62] defines social sustainability very vaguely as "a life-enhancing condition within communities, and a
process within communities that can achieve that condition. It lies in the complex nature of human actions,
social systems and intermediate chains of effects that the ranges of specific characteristics of an ideal lifeenhaning condition are very vast and hard to be formalized [55, 77]. The NIST Sustainable Manufacturing
Indicators Repository [113] for instance assesses social well-being of employees, customers and the
community in great detail. The specific features range from "injury rate" and "sick days" to "salary
ratio" and "incidents of marketing communications non-compliance" or even "population density". In
this case, the NIST repository comprises both the internal and the external view on social sustainability.
The same is true for the Global Reporting Initiative (GRI) [30], which provides an international standard
for sustainability reporting guidelines on the corporate level. The GRI framework suggests the following
sub-categories for social sustainability:
• Labor practices and decent work

• Society

• Human rights

• Product sustainability

In contrast, the Core Indicators of Sustainable Development suggested by the United Nations do not
explicitly include an internal, corporate perspective on social sustainability. It primarily offers a framework for the evaluation of governmental progress towards sustainable development, but may also serve
as foundation for corporate social sustainability standards [55]. The social core categories are:
• Equity

• Housing

• Health

• Security

• Education

• Population

2.3 Weak vs. strong sustainability paradigm
The concept of sustainability is complex and multidimensional. This ultimately leads to the indispensable
need of managing sustainability challenges and acknowledging the trad-offs. These required trade-offs
may be of inter-generational or inter-regional nature, or between the three dimensions of sustainability.
Thereby, any compromise on sustainability issues inherently entails a moral, ethical and political element.
A prominent discussion evolves around the question of whether developing countries should have to fulfill
the same potentially economically detrimental environmental targets as industrialized countries, which
carry the responsibility for the lion’s share of anthropological effects on ecosystems. This discussion
implies the question, how to find a ethical balance between human progress and environmental conservation? And to what extent environmental impacts should be tradable for socio-economic benefits?
[7, 47]

15

2 The concept of sustainability

These questions lead to the paradigms of weak versus strong sustainability, which define a spectrum of
view on the replacement environmental capital by human capital (health, education, social capital etc.)
and human-made capital (financial wealth, infrastructure etc.). The weak sustainability paradigm argues
that development is sustainable if it yields to a positive, non-decreasing aggregated income. Thus, the net
comprehensive capital passed on to future generations must be preserved, but individual capital stocks may
diminish over time. This implies that the nature of sustained capital is negotiable and any form of capital
is assumed to substituable [33]. Consequently, the risk of adopting the weak sustainability paradigm is
an overreliance on technological progress, which is assumed to compensate for the depletion of natural
resources and the resulting burden to the ecosystem [2]. In addition, the weak sustainability paradigm
does not adequately account for imperative thresholds of environmental impacts to avoid the potential
triggering of non-linear catastrophic reactions, as discussed in the context of planetary boundaries [44].
On the contrary, the strong sustainability paradigm suggests that sustainable development can be
achieved if and only if all three forms of capital are preserved. So the idea of strong sustainability implies
that a reduction of environmental capital cannot be substituted by the growth of human or manufactured
capital [2]. The conservation of the physical stock of natural capital is non-negotiable and therefore the key
challenge in order to ensure a non-decreasing flow of income for future generations. However, the strong
sustainability paradigm, if applied strictly to every form of natural capital, would leave almost no margin
for any industrial activity, since it would require to leave the Earth in its pristine condition [44, 47]. Further,
no industrial activity has a neutral or even net positive impact on non-renewable resource stocks and the
environment. This extreme paradigm is referred to as "absurdly strong environmental sustainability"
[33].
Summarizing, it can be said that the weak and strong sustainability paradigms present two extreme view
points on the issue of sustainability. In a more operational context the debate must find answers to the
question, to which degree a substitution of natural capital by human-made capital is feasible, acceptable
and eventually responsible [47]. The definition of non-negotiable natural resources ultimately remains a
ethical, social and political challenge. Objective scientific studies to support this debate are essential, but
cannot give a conclusive answer to the definition of sustainability.

2.4 Product sustainability
The term product sustainability is as elusive as the concept of sustainability itself. Sustainable products
can be defined as "those that provide environmental, societal, and economic benefits, while protecting
public health, welfare, and the environment over their full commercial cycle, from the extraction of raw
materials to final disposition, providing for the needs of future generations" [48]. Fiksel et al. [23] define
sustainable products as products which fulfill the duality of minimizing resource consumption, while
maximizing value creation. Resources are defined as natural or anthropogenic stocks that are required for
the creation, use and disposal of a product. Value is conceived as a condition, attributable to a product
that benefits one or more stakeholders of the enterprise (including the general public) [23]. At the same
time researchers also recognize that "describing a product as sustainable is problematic due to the issues
around volume and scale of production as well as varying impacts depending on the context(s) in which
a specific product is made, used [...] and disposed" [87].
Research on product sustainability can be roughly classified under two umbrella terms: sustainable
product design and product sustainability assessment. Core aspects of sustainable product design will be
summarized in the last part of this section and the state-of-the art in product sustainability assessment
will be discussed in detail in chapter 3. What both perspectives on sustainable products have in common
is the comprehensive assessment of all phases of the product life cycle.
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Sustainability along the product life cycle
The physical life cycle of a product is commonly divided into four core life cycle phases, being raw
materials (pre-manufacturing), manufacturing, product use and end of life (post-use), as illustrated in
figure 2.4. The physical product life cycle should not be mistaken with the economic understanding of a
product life cycle, which subdivides a product’s overall sales over time in four market phases. This section
gives a brief overview about the key characteristics of the life cycle stages and potential sustainability
issues for each.

Figure 2.4: Basic product life cycle stages

The first stage of any life cycle is the extraction of raw materials from natural reserves and the subsequent
processing of the virgin materials. This stage, also referred to as pre-manufacturing, includes for instance
the mining of metal ores, smelting them into alloys, or the extraction and processing of crude oil. The
processes prior to the actual product manufacturing also includes the packaging, storage and transportation
of the (semi-) processed materials or semi-finished goods [1, 48]. Some publications additionally associate
the actual process of product design to the pre-manufacturing life cycle stage. However, this is debatable,
since it is the preliminary design process which allocates the required raw materials to the actual product.
Environmental sustainability issues worth considering in this life-cycle phase are, for example, the
overall volume of extracted material, the reduction of consumption of non-renewable resources, the
emission of hazardous materials during material processing and the impact on natural habitats. From a
social perspective, ownership rights, equitable trading arrangements and working conditions in mining
industries are relevant issues, whereas economic sustainability should address the topics of corruption,
cost effectiveness and the consideration of environmental externality costs [61].
The subsequent manufacturing phase transforms the (semi-) processed materials into finished goods
for sale. The involved manufacturing and technologies are highly diverse regarding their functional
principles, performance characteristics, complexity and scales. Both material processing and assembly
processes vary substantially regarding their energy requirement, consumption of auxiliary materials and
labor intensiveness. In addition, also the up- and downstream supply chain processes, as well as packaging,
storage, or even advertising, are attributed to the manufacturing life-cycle phase [48]. For this reason,
Haapala et al. [37] point out the importance to comprehensively assess the entire manufacturing system
(including e.g. forward and reverse supply chains and process planning) when assessing sustainability
in manufacturing. The field of sustainable manufacturing has been strongly pushed forward in the past
years. In "A Review of Engineering Reseach in Sustainable Manufacturing" [37] Haapala and other
leading researchers in this field provide an extensive overview on the topic. Key sustainability issues in
manufacturing include the energy consumption, emission of greenhouse gases, worker safety and health
and waste management, just to name a few [61].
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The use phase of a product describes its actual function deployment and pertains to the time period
in which the consumer owns or operates the product. During the use stage the product might consume
auxiliary products, energy and operation time. Thus, conventional requirements on the product are energy
efficiency, safety, reliability, easy operation and maintainance or repair [48]. From a sustainability point
of view, the option to upgrade, refurbish or repurpose a product could also be of relevance, although the
respective benefits are both controversial and highly dependent on the product and its usage environment
[97]. In addition, researchers emphasize that the product-user interaction and the consumer behavior
strongly influences the sustainability performance of a product in its use phase [72, 96]. Relevant
sustainability issues during the use phase for instance are its energy efficiency, consumption of auxiliary
materials, its impact on the consumer’s quality of life or the consumer’s affluence [61].
The end of life phase describes the processes subsequent to a product’s service life. These can be as
simple as the disposal or incineration of a product, consequently directly affecting its environment by
generating waste and not directly refeeding its materials to the industrial material life cycle. Due to
rapidly growing waste streams and the increasing concern about material shortages, the end of life phase
of products has gained tremendous attention in the past years [42]. The so called 6R concept summarizes
possible approaches to both prolong a product’s life cycle and to transits from a linear "cradle-to-grave"
to a closed loop material flow. The 6R concept comprises the activities to Redesign products, Reduce the
complexity in product design, Reuse both materials and products, Recover materials by disassembling
and dismantling products for subsequent post-use activities, Recycle and Remanufacture [48].
Pursuing the aim to increase the eco-efficiency of products and industrial activities in general, the vision
of "cradle-to-cradle" life cycle systems, developed by McDonough and Braungart [63], has stimulated
controversial discussions in the past years. In conventional "cradle-to-grave" life cycle materials ultimately
reach the waste management stage (grave). Contrary, the "cradle-to-cradle" concept is based on the key
principle that the waste of one industrial activity equals food for another industrial system. The vision
aims to imitate nature’s nutrient cycles and has been widely criticized for not being practically feasible,
not being compatible with continued economic growth and for being blind to energy-efficiency [6]. A
further in-depth analysis of the "cradle-to-cradle" concept goes beyond the scope of this thesis. However,
the critical discussion of the two concepts offers valuable food for sought on the topic of sustainability.

Sustainability in product design
Sustainable product design can be defined as a "process of developing a product that performs functions
successfully, generates profits for the company, is socially acceptable, and uses minimum energy and
material without producing hazardous waste" [12]. The outstanding importance of product design on
the path to more sustainable industrial activities lies in the fact that it vastly impacts the environmental
performance on all subsequent life cycle stages [83]. Traditionally, sustainable product design focus on
increasing the eco-efficiency of products, or rather on reducing the negative environmental footprint of
products [6]. For this reason, numerous guidelines, metrics and methodologies have been developed
in order to formalize sustainable design efforts. Chiu and Chu [12] provide an extensive review of
sustainable product design from life cycle perspective. Waage [87] provides a very lucid and operational
road-map for the integration of sustainability issues in product design. The most prominent umbrella term
for sustainable product design is Design for the Environment, also referred to as EcoDesign, which will
be briefly discussed in section 3.1.1. Overall, the literature study on sustainable product design revealed
that environmental issues (primarily targeting resource and energy consumption) strongly dominate in
sustainable product design. Social and economic sustainability are underrepresented. Yet, Hauschild
et al. [38] point out that most products inherently have a social dimension by deploying a specific
function and beyond that must necessarily prove economical reasoning. Whether the sole awareness
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of the socioeconomic dimension of product development satisfies the need for substantial social and
economic sustainability in product design is open to debate.
A notable trend in product design, is the trend towards sustainable product and/ or service development
[60], respectively eco-efficient producer services [4].Thus, the focus in product development is shifting
from the physical product towards the function it is meant to deliver to the customers. Here again, the
underlying aim is to maximize the environmental and social performance of economic activities. Starting
from the core function, the resulting offering to the customer can be either a physical product, a service
or a hybrid product service system (PSS) [60]. A prominent and widespread example for such product
service systems are car sharing offers, such as Zipcar or Mobility. However, the positive sustainability
impact of a product service system is not inherent to its design, but highly dependent on its system
environment. Or more specifically on questions such as, whether a Zipcar replaces car ownership, how
it affects mobility habits or on the matter how the product service system evolves on the market. This
influence of system environments on product sustainability will be discussed in much greater detail in the
framework developed in chapter 4.
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3
Literature review of tools and concepts for
product sustainability assessment
The purpose of sustainability assessment is to provide decision-makers with an evaluation of global to
local integrated natureâsociety systems in short and long term perspectives in order to assist them to
determine which actions should or should not be taken in an attempt to make society sustainable.
based on "Sustainability Science" by R.W. Kates et al., 2001 [51, 65]
As discussed in section 1.3, the goal of this thesis is to develop a framework for product sustainability
assessment (PSA) in the context of its system environment. Due to the complexity of viewpoints on
(product) sustainability and the multi-dimensional nature of pre-existing tools, concepts or frameworks
for sustainability assessment, a systematic literature review was performed. Hence, one main contribution
of this thesis will be to provide a structured and evaluated overview of existing approaches in product
sustainability assessment, including their distinctions and similarities. The objectives of the literature
review were:
• To develop a comprehensive understanding of the state of the art and developments in the field.
• To categorize and evaluate existing tools for product sustainability assessment, by identifying their
key characteristics and analyzing their strength and shortcomings.
• To thoroughly define the research gap for the framework to be developed in the scope of this thesis.
• To derive a set of key features and objectives for the framework to be developed.
As the introductory citation states, sustainability assessment should provide information to decisionmakers, by comprising local to global scales, ecological and societal systems likewise, as well as short
and long term perspectives. Consequently, existing sustainability assessment tools focus on the product
level, the manufacturing facility, corporate or industry level, the country level or even assess sustainability
on a global scale - depending on their respective purpose. Another distinctive feature is the temporal
focus of the tools, which ranges from retrospective evaluation to prospective, forecasting tools.
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Section 3.1 strategically evaluates and categorizes existing tools for product sustainability assessment,
each by itself and in comparison to each other. The main strength and shortcomings are summarized and
discussed. Three selected concepts which strongly influenced the framework developed in the scope of
this thesis (see chapter 4) are discussed in section 3.2. Finally, section 3.3 provides a synthesis of the key
findings of the literature review.
In general, the generic term of sustainability assessment tools is widely used for the sake of simplicity
in this chapter. The term tool stands representative for tools, methods, frameworks, models, indicators,
indices or metrics, thus for rather operational approaches to product sustainability assessment. Whereas,
the term concept is used in this chapter to characterize rather conceptual approaches. The framework
developed in the scope of this project is referred to as framework, since it comprises several assessment
tools.

3.1 Strategic evaluation of tools for Product Sustainability
Assessment (PSA)
The research on publications on the topic of product sustainability assessment revealed a total of 16
meaningful tools and concepts, which were analyzed in greater detail. Many more tools addressing the
topic of product sustainability assessment can be found in literature. The number of the selected tools
and concepts which were evaluated was limited by defining three criteria to be met by the respective PSA
tools; (1) The significance of the tool, given either by its objective widespread acceptance (or number of
citations), its meaningfulness or by the inclusion of (new) valuable aspects on the topic. (2) A primary
focus on products, thus not on assessment of services or product service systems (PSS). And (3) a focus
on environmental sustainability, or the Triple Bottom Line of sustainability. The latter criteria is justified
by the sustainability model, illustrated in figure 2.2 that prioritizes the environmental dimension as the
substantial basis of sustainability. In addition, most identified tools were published in 2000 or later, with
exception of EcoDesign and the Eco-indicator which arose in the 1990s and LCA which first emerged in
the 1970s.
The tools were categorized, as explained in the following section. In addition, they were analyzed with
regard to 20 features and characteristics, which were identified as relevant and meaningful in the scope
of the literature review. The respective features are justified and evaluated in section 3.1.2. The table on
page 23 to 25 provides an overview of all tools and the assessed characteristics.
Besides the 16 tools for product sustainability assessment discussed in this section, the literature review
revealed a number of further notable tools, concepts and publications. The most influential to this thesis
are listed with short description and comments in the appendix A.1. Several concepts, such as social life
cycle assessment (SLCA) [18] or life cycle costing (LCC) [65], adapt the concept of life cycle thinking to
strategically assess or to develop sustainable products. Other methods provide guidelines for the strategic
product and procsess life cycle planning [54, 83]. An other notable trend is the development of corporate
sustainability assessment tools either by providing framworks for corporate portfolio evaluation [34, 49],
or directly by the companies themselves, such as Walmart [75] or General Motors [17].
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3.1.1 Categorization and analysis of identified tools
The 16 identified tools were clustered in the five categories listed below and are each briefly summarized
in the following section. In addition, the evaluation of the main advantages and drawbacks of each tool
represent an original contribution to research in the field of product sustainability assessment. The tools
were categorized according to their key characteristics and core purpose. It goes without saying that
some tools could fit multiple categories, especially since most of them adapt a life cycle perspective on
product sustainability.
• Product design & development - tools aiming for a strategical inclusion of sustainability aspects
• Decision making - tools aiming to facilitate design decisions based on sustainability considerations
• LCA based - life cycle assessment based tools
• Sustainability indices - tools providing a quantitative sustainability assessment
• New perspectives - concepts going beyond conventional product sustainability assessment

Design & development
EcoDesign [38] comprises a set of operational tools and methods which aim to rationalize a product’s
function with the environment. A common approach is to map functional requirements with environmental impacts in an Eco-functional matrix, in order to provide an overview of the interdependencies of
environmental concerns, economic reality and technical feasibility. Eco-designed products should ideally
be flexible, reliable, durable, adaptable, modular, dematerialized and reusable. These requirements are
comprised in a variety of EcoDesign rules and guidelines, which can be summarized to: avoid toxic
substances, minimize resource and energy consumption along the entire life cycle, promote longevity
and consider the product’s end of life. The main advantage of EcoDesign is the strategic consideration
of environmental aspects of all product life cycle phases at the early design stage, at which a product’s
sustainability impact is significantly influenced. The main drawbacks of the tool are its sole focus on environmental aspects (despite economically motivated functional requirements) and the lack of prioritization
of environmental impacts.
Consequential LCA for market-driven design (cLCA-MDD) was developed by Whitefoot et al. [93]
as a tool for reactive product design. The consequential life cycle assessment aims to capture the
environmental impact of design responses resulting from industrial and policy decisions, or market
decisions of customer and competitors. The key features of the tool are the modeling of environmental
impacts of design decisions and the explicit consideration of ripple effects resulting from market decisions
(such as downsizing vehicle’s engine) or policy decisions (such as emission taxes). Thus, the main
advantage of the cLCA-MDD tool is the inclusive impact assessment of product design decisions and
market dynamics. The underlying market model, however, is rather simplistic, so that the operational
benefit of the tool is questionable. Also, it purely focuses on environmental aspects of sustainability.
Sustainable product and/or service development (SPSD) developped by Maxwell et al. [61, 60] is
a method, which provides pragmatic guidance to companies for sustainable product development. The
SPSD process identifies, assesses and implements options for optimum product (or service) sustainability
along the entire life cycle. It addresses the TBL of sustainability by balancing environmental, economic
and social aspects and is thus seen as a complementary method on top of application of EcoDesign
guidelines. Based on a streamlined strategy level approach the method provides a guideline through the
stages of product development. However, SPSD may result in a product not be produced at all, if the
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functional requirements cannot be met in a sustainable manner. The strength of the methods lies in its
incorporation of corporate strategies, product development systems and supply chain dynamics. However,
it is not very specific about how to effectively come to sustainability decisions in product development,
since the provided checklist remains rather vague.
The Road-map for integration of sustainability issues presented by Waage [87] suggests a four-phase
process for integrating both system and sustainability perspectives into product design and manufacturing.
The road-map provides guidance for strategic sustainability decision making in each phase of product
development by suggesting a set of questions to be considered. A special focus lies on devising tangible
sustainability factors for product characteristics, explicitly considering social aspects of sustainability
and on drawing out geographic particularities, impacts and cumulative effects. The clear benefit of the
road-map is its emphasis on understanding the sustainability context prior to making design decisions.
In addition, it explicitly incorporates the subsequent assessment of sustainability solutions and feedback
mechanisms to refine the critical sustainability issues in product design, also including issues evolving
around impact accumulation. Though, this comprehensive approach comes along with the drawback of
not providing specific sustainability measures.

Decision making
The Eco-indicator 95 has been developped by Goedkopp et al. [32] and assesses life cycle impacts of
materials and processes, so that product designers can easily benchmark the environmental impact of
design options and make decisions based on a summarizing indicator. The Eco-indicator provides values
for 100 materials and processes based on which a damage model can be established, which provides
endpoint impact assessment of the damage to resources, the ecosystem and human health. Ultimately,
the three damage categories are weighted to an overall Eco-indicator. This weighting is considered the
most important and controversial characteristic of the tool, since it induces a subjective hierarchy to
environmental impacts. The clear advantage of the Eco-indicator is its straightforward practicability and
the summary of environmental impacts in a quantitative indicator, which might facilitate design decisions.
This fact, however, bears the danger of over-simplifying complex sustainability issues by breaking them
down to few indicators and damage categories. In addition, the significance of the endpoint assessment
is questionable due to the inherent subjectivity and uncertainty. Last but not least, the tool focuses
exclusively on environmental sustainability issues.
The Life Cycle Index (LInX) indexing procedure developed by Khan et al. [52] provides a tool for
environmentally benign decision-making in process and product development. The life cycle indexing
system is based on a life cycle assessment of design options. The outcomes of the LCA are then allocated
to four sub-indices or so called "houses", being environment and resources, costs, technical feasibility
and socio-political impact. The overall index is calculated based on weighting and balancing factors
subjectively chosen by the respective decision makers. A particularity of the tool is the conscious
double-accounting of environmental parameters which are of relevance in more than one impact section.
All in all, the tool is highly operational, straight-forward and easy to be applied. Its drawback lies
in its oversimplification of environmental impacts and in the throwing together of diverse (and partly
questionable) sustainability factors such as fixed costs, human-machine interaction and mass of solid
waste disposed.
The EVR Model (eco-cost/value ratio) proposed by Vogtländer et al. [86] provides, just as the LInX tool,
a single LCA-based indicator for the evaluation of environmental sustainability in decision making. The
approach focuses on the communication of sustainability issues through the parameters of cost and value.
Therefore the tool assesses the sum of marginal prevention costs of: pollution (and toxic emissions),
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material depletion and energy consumption. The basic idea of the ERV model is to link the "value chain"
of a product’s life cycle (including product quality, service, image) to the ecological "product chain",
while the latter is accounted for via the eco-costs. Ultimately, the eco-cost/value ratio is calculated to
give an aggregated information on the environmental justification of a product. The lower the overall
EVR, the lower are the environmental costs of the product, thus the higher is its sustainability (in terms
of the authors). The clear advantage of the tool is its descriptive integration of external eco-costs in the
decision making. However, the sustainability assessment via the eco-cost/value ratio is too simplistic,
since it neglects the complexity of environmental impacts and presents them as compensatable, or rather
justifiable, with a higher product value.

LCA based
Life Cycle Assessment is the most widespread method for comprehensive assessment of a product’s
environmental impact throughout all stages of its life cycle (raw material extraction, production, use
phase and end of life). As an analysis tool, LCA is well suited both to evaluate existing products,
as well as to support decision making in the product design process. The four phases of life cycle
assessment, different underlying models and applicable software solutions are comprehensively presented
and discussed in section 3.2.1.3. The outstanding advantage of the LCA method, which also justifies its
integration in various other product sustainability assessment tools, is its strategic life cycle evaluation and
operational practicability [38, 80]. The main drawbacks of the method are its sole focus on environmental
sustainability issues and the product itself, without considering the surrounding system, as well as induced
uncertainties (e.g. due to spatial and temporal variability) [9].
A scheme for comprehensive Life Cycle Sustainability Assessment (LCSA) of products was suggested
by Klöpffer [53]. It is based on a three pillar model to assess the environmental, economic and social
aspects of sustainability. The proposed scheme is: LCS A = LC A + LCC + SLC A or in other words
the simple summary of the outcomes of Life Cycle Assessment, Life Cycle Costing and Social Life
Cycle Assessment. The two latter tools complement LCA with the economic and social perspective on
sustainability [18, 65]. The scheme explicitly does not stipulate a formal weighting of the respective life
cycle assessments and points out the importance of consistent system boundaries and data sets for the
individual assessments in order to achieve conclusive results. This, together with the assessment of the
entire TBL of sustainability, justifies the advantage of the scheme. Though, each LC analysis is conducted
separatly and therefore does not account for (dynamic) interdependencies of sustainability impacts (such
as social impacts of poor environmental sustainability).
Spillemaeckers et al. [80] suggest a Product Sustainability Assessment model, which complements
the product related LCA method with an organization oriented approach in order to incorporate social
and economic aspects of product sustainability. The authors emphasize the need to shift the focus from
corporate sustainability towards the sustainability impact of a product outside of the company’s gates.
Therefore the model is based on a two-fold approach: the first branch focuses on the product and process
related aspects of sustainability by assessing the outcomes of the environmental LCA; the second branch
looks at the production chain and thus integrates economic and social aspects linked to the company.
The benefit of the model is a clear step-by-step guideline to a comprehensive product sustainability
assessment, contrary to most other models it explicitly integrates sustainability aspects of the company’s
supply chain. Coming from a rather organizational perspective, the model strongly focuses on supply and
process chain management, without going into detail with respect to specific sustainability issues to be
addressed. This vagueness is the main drawback of the model.
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Sustainability indices
The Product Sustainability Index (ProdSI) developed by Shuaib et al. [75] satisfy the wide-spread
demand for a quantitative metrics-based framework to evaluate both the total life cycle and the three
sustainability dimensions of a product. This broad evaluation is achieved by a hierarchical approach.
First, a wide range of individual metrics aims to quantify diverse aspects assumed to be of relevance for
product sustainability (e.g. material utilization, GHG emission, sales price, separability of the product).
The metrics are normalized on a 1 to 10 scale and consequently subsumed to sub-clusters and clusters.
The 13 clusters are finally aggregated to one overall product sustainability index. The weighting factors for
each respective metric and (sub-) cluster is defined by the user. The appeal of the tools is its transparent,
highly operational and straightforward assessment of product sustainability. Its major drawback lies in its
compensatory nature: if for instance the sub-cluster "legal costs" scores high, it might compensate a low
score of the sub-cluster "health". The final aggregated one-dimensional ProdSI score suggests a definite
quantification of sustainability, without emphasizing the complexity of the issue and the subjectivity of the
underlying weighting and aggregation functions. Last but not least, it claims to comprehensively assess
the TBL of sustainability, but overemphasizes the corporate perspective on the sustainability performance.
Ford Europe’s Product Sustainability Index (Ford PSI) [70] represents a product specific tool to assess
product sustainability from a corporate perspective. The sustainability management tool is aimed to be
used by the company’s engineering division and comprises eight indicators reflecting environmental,
social and economic sustainability attributes. The index is based on existing metrics and thoughtfully
reasons the underlying drivers for inclusion. The benefits of the tool are first and foremost its easy
applicability by users who are not necessarily experts in the field of sustainability assessment. In addition,
the index provides a solid basis for decision making against the background of sustainability performances.
Due to the specific area of application of the tool, the chosen indicators do not comprehensively assess a
vehicle’s sustainability impacts. The social aspects, for instance, are reduced to the aspects "safety" and
"mobility capability" and thus do not account for the most crucial social sustainability impacts of a car
being health risks caused by the emission of toxic gases or particulate matter.
Another, more comprehensive, Product Sustainability Index (PSI) has been presented by Jawahir et
al. [48]. The index also aims to include all three dimensions of product sustainability, as well as the
four life cycle stages of a product. The suggested scheme is based on three steps: first, the identification
of potential influencing factors, with a special focus on the product’s or company’s system environment,
such as (inter-) national regulations for instance. In a second step a detailed LCA should be conducted
and the resulting absolute values of each impact category should be normalized on a 1 to 10 scale. The
weighting factors are chosen based on the perceived importance and company priorities. In the last step,
the assessed sustainability factors are arranged in a 4 by 3 matrix (4 life cycle stages, 3 sustainability
dimensions) and the sub-index of each stage-sustainability-dimension combination is calculated with a
given formula. Ultimately, a final product sustainability index is aggregated. The benefit of the tool is the
provision of sub-indexes which facilitate the identification the main most pressing sustainability aspects
with respect to LC stages and sustainability dimensions. A further benefit is the adaptable nature of
the tool, since the relevant sustainability features are not predefined. However, the index bears a couple
of drawbacks: the sustainability assessment is purely LCA-based in such way that social and economic
sustainability issues might not be captured in a sufficiently extensive manner. Also, the final index score
is significantly influenced on the chosen weighting factors and might be highly misleading, since the
complexity of sustainability issues is reduced to a quantitative score.
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New perspective
The dynamic and multidimensional measurement of product-service system sustainability presented
by Lee et al. [56] offers a completely new perspective on sustainability assessment. Lee and colleagues put
the emphasis on the highly dynamic external system influences on product sustainability. By employing
a system dynamics approach, the method aims to model the product’s system environment, including
stocks and flows, causal interrelations (captured in causal loop diagrams), as well as positive and negative
feedback mechanisms. For practical application, first relevant sustainability indicators for all three
dimensions must be identified, based on which partial causal loop diagrams are built, which are then
composed to a overall system model. By running simulations of the model the sustainability indicators
and dynamics can be analyzed, assessed and understood. To limit the complexity of the model the focus
should lay on one specific life cycle stage or attribute of the product. The core benefit of the tool lies in the
strategic inclusion of system dynamics to understand and measure a product’s sustainability performance.
This dynamic and multi-dimensional approach is quite unique. However, its drawbacks lie in its practical
applicability: the modeling of system dynamics requires expert knowledge and above all, sound data
basis to precisely describe the stocks and flows with mathematical functions. The complexity of those
functions increases exponentially with increasing level of details of the model.
Four criteria for sustainable product design are suggested by Skerlos [78] in his publication "Promoting
effectiveness in sustainable design". Skerlos emphasizes the need to simultaneously evaluate a product’s
environmental impact, market success, societal needs and regulatory constraints. For this reason he states
four criteria to be met in order to classify a product as sustainable. The product must have an environmental
or societal justification, it must not lead to undesired, negative consequences exceeding its benefits. Also,
the product design must be self-sustaining in the market and must not be so successful that it leads to
negative rebound effects, respectively to negative accumulative effects on sustainability. The benefit of
this approach to sustainable product design is the inclusive assessment of the system environment and the
awareness for system dynamics potentially affecting a product’s overall sustainability. Its drawbacks are
the vagueness of the proposed framework and the lacking guidance for its operational use. The framework
will be discussed in greater detail in section 3.2.1.1.
The concept of net green was proposed by Zink and Geyer [96], who claim that "there is no such thing
as a green product". The authors justify their statement with the fact that a product can only be green
contrast to another benchmark product. In addition, they elaborate that a product cannot be inherently
green since its sustainability impact is highly affected by its dynamic environment, including consumer
behavior, market dynamics and potential rebound effects. For this reason, they suggest the concept of
net green stating that a business is net green, if and only if it reduces overall environmental impact. In
other words, the concept calls for a holistic incorporation of all product-related dynamics affecting its
sustainability. The illustration of this shortcoming inherent to most product sustainability assessment
tools is a clear benefit of the concept. However, the concept remains not more than a general idea on
the topic of sustainability without suggesting any operational tool or framework. Last but not least, the
concept of net green does not solve the problem of requiring a benchmark product, but this fact and the
overall concept are discussed in greater detail in section 3.2.1.2.
Table 3.1: Overview: strategic evaluation of tools for Product Sustainability Assessment (PSA)
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Existing tools and concepts, meeting the criteria:
(1) significance
(2) primary focus on products
(3) focus on environmental sustainability or the TBL

both apply

yes

no

no expl. information

key feature of tool

2

color codes:

Nature and scope of application of tools

1

Quantitative

1

2

Prod. development

1

3

1

2

Synthesis tool

equilibrium
conditions

3

1

1

Static PSA

supply chain
dynamics

3

1

1

Conceptual

Key features

2

2

2

1

1

PSS, Process
Description

focus on product design for functionality
and the environment

2

1 claims to be
operational, but is
rather a concept

1

2

1

1

Qualitative

design methods and tools

based on LCA and market dynamics,
focuses purely environmental impact
of design responses

2

2

1

2

3

1

Prod. evaluation

[39]
assessment of design responses to
industrial and political decisions

four phase design process, use of
assessment tools (LCA etc.),
provides list of sust. criteria & questions

3

but not very
specific

1

2

3

3

Analysis tool

Hauschild (2005)

[93]
strategy level method for optimal,
sustainable function implementation in
product service systems
integration of sustainability in product
design and corporate processes
--> open and comprehensive approach

focus on few impact categories
--> damage oriented (end-point)

3

2

current state
assessment
(no extrapolation)

2

3

1

Dynamic PSA

Eco-Design & Design for Environment (DfE)

Whitefoot (2011)

[61]

LC impacts of materials
& processes --> for designers

highly subjective index,
importance of double-accounting

3

2

1

2

2

1

Operational

Consequential LCA for market-driven design

Maxwell (2003)

[87]

LCA based, with four sub-indices, for
decision making in design

economic allocation of eco-efficiency,
purely environmental focus

2

2

1

2

1

1

Product

Effective sustainable product / service development (SPSD)

Waage (2007)

[32]

decision tool based on LCA data,
virtual eco-costs single indicator

2

2 no details &
potential pitfalls

1

3

3

Reference

Road-Map for integration of sustainability issues

Goedkopp (1996)

[52]

four steps / phases &
LCI methods (process, economic inputoutput, hybrid) + variants

2

2

1

2

3 quantitative
modelling of
feedback

Tool / concept

Eco Indicators for products (e.g. Ecoindicator 95 or 99)

Khan (2004)

[86]

life cycle sustainability assessment
LCSA = LCA + LCC + SLCA

environmental assessment of
product life-cycle and related
processes value chain
importance of consistent system
boundaries & data --> three pillar life-cycle
thinking
two-fold approach: (1) process tree
(product) = LCA & env. + (2) production
chain (company) = econ. & social

2

2

1

2

2

Category

2

but not very
specific

2

guidelines

Life Cycle Index (LInX)

Vogtländer (2001)

[39]

product + company perspective, focus on
transparent supply chain management (key
of sustainability effort)

highly hierarchical, quantitative and
subjective assessment tool

2

2

2

3

2

2

EVR Model (eco-cost/ value relation)

Hauschild (2005)

[53]

metrics to quantify sustainability
--> one final, comprehensive index

includes pre-existing metrics and reasons
respective drivers for inclusion

2

2

2

2

2

1

Life Cycle Assessment

Klöpffer (2008)

[80]

eight indicators (env., economic, social) for
vehicle sustainability assessment

strict matrix categorization,
visual representation of PSI,
based on LCA data

rather high-level,
than operational

2

2

reactive

Life Cycle Sustainability assessment of products

Spillemaeckers (2006)

[74]

product sustainability analysis:
3 (TBL) x 4 (LC phases) matrix
with list of influencing factors

1

1

2

2

A product sustainability assessment

Shuaib (2014)

[69]

application of system dynamics and
system dynamics modeled by causal loop
feedback mechanisms, as well as the TBL of
diagrams, focus on use phase
sustainability

2

1

1

Product Sustainability Index (ProdSI)

Schmidt (2006)

[48]

tentative of holistic approach to
sustainability, including system dynamics

3

2

Ford of Europe`s Product Sustainability Index (PSI)

Jawahir (2006)

[56]

criteria for evaluation of product design
and for the generation of product concepts

no such thing as a green product

open towards
realization

Product Sustainability Index (PSI)

Lee (2012)

[78]

products in their dynamic system
environment (social and economic)

3

Dynamic, multidimensional measurement of PSS
sustainability: TBL system-dynamics based approach

Skerlos (2015)

[96]

LC approach: includes TBL and additionally
focuses on supply chain dynamics (SCD)

Four Criteria
- promoting effectiveness in sustainable design

Zink, Geyer (2016)

1

Concept of Net Green (no green product)

Design & Development
Decision making
LCA based
Sustainability Indices
New perspectives

Category

Design & Development

Decision making

LCA based

Sustainability Indices

New perspectives

2

2

2

2

2

Product Sustainability Index (PSI)

Dynamic, multidimensional measurement of PSS
sustainability: TBL system-dynamics based approach

Four Criteria
- promoting effectiveness in sustainable design

Concept of Net Green (no green product)

final score

2

1

2

Ford of Europe`s Product Sustainability Index (PSI)

Product Sustainability Index (ProdSI)

A product sustainability assessment

LCA, LCC, SLCA
outcomes

2

Life Cycle Assessment

Life Cycle Sustainability assessment of products

final score

final score

EVR Model (eco-cost/ value relation)

1

Life Cycle Index (LInX)

final score

2

Road-Map for integration of sustainability issues

1

2

Effective sustainable product / service development (SPSD)

Eco Indicators for products (e.g. Ecoindicator 95 or 99)

2

2

Multi-criteria

Single score

Consequential LCA for market-driven design

Eco-Design & Design for Environment (DfE)

Tool / concept

Literature review on tools and concepts for
Product Sustainability Assessment (PSA)

Compensatory

5

5

1

7

1

1

1

no index, but concept of net green

5

5

3

no index

5

within subindices

5

no index, but four criteria / questions

rating scales

5

1

1

1

1

end-point modeling

no index

2

1

7

5

5

7

1

1

Env. effects (end-point)

Env. stressors (mid-point)

no index, LC outcomes are evaluated stand-alone for
transparency, no weighting

7

from surveys

if impact
scores are
applied

5

5

5

5

5

no index, but guideline for design process

no index, but strategic guidance for industry

no index, but quantitative assessment
of changes in product design

7

5

Weighted

no index, but design guidelines

Normalized

Sustainability index

Characteristics of the assessment methodology

1

1

predecessor model

1

1

3

1

1

1

distance to target

5

1

= no product

2

7

5

5

5

5

5

5

5

5

5

LCA

LCA

5

SLCA

6

5

6

5

6

5

strictly
product
related

5

5

5

5

5

5

5

5

5

5

5

Pre-manuf.

safety &
mobility

dynamics yes, but net green
= only env. Impact

5

5

costs

cost of
ownership

from econ.
perspective

no tangible details or
guidelines

LCC

financial
perspective
only

7

5

6

eco-cost
assessment

pollution,
material,
energy

5

5

costs +
technology

5

6

health

no tangible details or
guidelines

5

5 mainly
cost &
function

7

6

health

competitors

6

Social

6

ecosystems
& resources

5

"sustainable" world
(not specified)

1

5

only GHG
emissions

5

5

Economic

Triple Bottom Line
Ecologic

other design options

equilibrium design

competitive products

1

7

1

1

"Absolute"

Relative to benchmark

5

5

5

Use

5

5

6

5

6

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

as far as considered in LCA

5

5

not explicitly, but through LCA

5

5

5

Production

Lice cycle phases

Scope of sustainability assessment

5

5

5

6

six R

5

5

5

5

5

5

5

5

5

5

EoL

5

5

5

5

5

5

5

5

5

5

5

5

abridged

consequential
5

optional

LCA
analysis

Tool / concept

6

6

Local aspects of
sustainability

6

6

6

Explicit
awareness of
subjectivity

cumulative (ripple)
effects

5

6

Market
dynamics

6

6

Rebound
effects

6

6

6

6

6

Consumer
behavior

5

5

focus on materials, processes
and energy

6

6

6

6

6

6

6

System perspective on
product sustainability

importance of consistency of data &
system boundaries in LC approaches

strategic assessment of product
environment impacts along its LC

descriptive integration of external ecocosts

straight-forward, easy to apply and
understand

impact assessment,
easy to assess

open framework to fit appliance in
relevant product and sustainability
context

focus on PSS, effectiveness of sust.
design and supply chain dynamics

impact assessment of reactive
design changes

80% of sustainability is defined at design
stage

Advantages

does not go into detail, allows
assumptions and simplification, strong
focus on supply chain

no dynamics included, no inclusion of
further sustainability issues

aggregating and truncation errors,
deficient impact assessment

sustainability communication through
value and costs

too simplistic

only few damage categories and
one final score

not very specific, remains vague

not at all specific (e.g. how to integrate
suppliers),
rather vague checklist

simplistic market-model

no evaluation/ prioritization of
environmental impacts

Drawbacks

Evaluation

Eco-Design & Design for Environment (DfE)

*)

6

6

6

6

6

clear guideline, easy to understand and
follow + focus on significance

claim to integrate TBL, but is too
superficial, purely quantitative

Inclusion of specific sustainability aspects

Consequential LCA for market-driven design

5

5

6

6

6

5

6

assessment of multiple criteria
(TBL, 6R, 4 LC phases),
straight-forward

few selected indicators,
benchmark is last product generation

Literature review on tools and concepts for
Product Sustainability Assessment (PSA)

Road-Map for integration of sustainability issues

6

5

6

6

6

sustainability defined by product +
company + supply chain actors

6

strong focus on operational application
in industry

no guidance on how to include relevant
factors, insignificant rating values,
purely LCA based

Category
6

Sustainability as product
characteristic
"green product"

Eco Indicators for products (e.g. Ecoindicator 95 or 99)

6

6

6

6

6

5

6

easy and clear framework, adaptable to
include any influencing factors

difficulty to derive required data and
functions for causal loop diagrams

Design & Development
5

call to integrate dynamics of time and space

product centered approach

7

existence of environmentally
superior products

5

product centered approach

Life Cycle Index (LInX)

6

6

6

6

6

5

6

multi-dimensional assessment of
relevant dynamics

very vague, not operational

5

EVR Model (eco-cost/ value relation)

7

6

6

6

6

5

5

awareness for necessity of holistic
approach and consideration of system
dynamics

not operational, no framework

5

Life Cycle Assessment

6

6

6

6

warranty,
safety

5

5

assessment of system dynamics
influencing product sustainability

ripple effects

Life Cycle Sustainability assessment of products

5

6

6

6

5

5

5

5

A product sustainability assessment

6

6

6

6

5

6

competitors

Product Sustainability Index (ProdSI)

6

6

5

5

5

5

Ford of Europe`s Product Sustainability Index (PSI)

only indirectly by
choice of relevant
factors

6

5

5

5

Product Sustainability Index (PSI)

6

6

5

5

Dynamic, multidimensional measurement of PSS
sustainability: TBL system-dynamics based approach

6

5

Effective sustainable product / service development (SPSD)

Four Criteria
- promoting effectiveness in sustainable design

6

5

Concept of Net Green (no green product)

Decision making
LCA based
Sustainability Indices
New perspectives

3.1 Strategic evaluation of tools for Product Sustainability Assessment (PSA)

3.1.2 Evaluation of selected features and characteristics
All 16 identified tools for product sustainability assessment were evaluated with respect to 20 selected
features and characteristics, as illustrated in the overview matrix on pages 28 to 30. The evaluated
characteristics aim to facilitate the analysis and direct comparison of the PSA tools, as discussed in detail
in this section. This analysis has two main purposes: fist, to identify the research gap in the field of
product sustainability assessment and second, to create a solid basis for the identification and specification
of objectives and features for the PSA framework, which was developed in the scope of this thesis.

Nature and scope of application of analyzed tools
Except for Lee’s [56] system-dynamics based approach to model the sustainability of product service
systems (PSS), all tools focus on the assessment of physical products, which was a selection criteria
for the choice of analyzed tools. However, all three tools assigned to the category of "decision making"
[32, 52, 86] are open towards the realization of the desired product function, either as a product or as a
(hybrid) service system. Following the trend of increasing software integration in products, to the point
of creating complex cyber-physical systems, and the trend towards the so called "sharing economy", the
sustainability assessment of product service systems becomes an indispensable need. Yet, the mutual
assessment of products and service systems is far more complex due to the less tangible nature of service
systems.
All tools with a clear focus (such as product development, decision making, life cycle assessment) aim
to be operational, mostly giving guidelines for implementation in industry and business processes.
However, some of the tools are not very specific and leave much room for interpretation. This vagueness
brings the benefit of adaptivity and the potential drawback of inconclusiveness. In contrast to the mostly
operational frameworks, the three frameworks explicitly including the system perspective on product
sustainability [56, 78, 96] (all in the category "new perspectives") remain conceptual and were published
in the last five years. Thus, it can be said that the more progressive PSA tools remain conceptual and were
not yet translated to operational frameworks, whereas the tools following the established understanding
of product sustainability are well developed for practical application in industry.
Only five out of 16 tools assess product sustainability from a dynamic perspective by accounting for
temporal changes of the product itself or of its influencing factors in its pre-manufacturing, production,
use or end of life phases. It is also notable that all conceptual frameworks [56, 78, 87, 96] incorporate
or call for a dynamic assessment of product sustainability. The only operational framework considering
dynamic effects focuses exclusively on supply chain dynamics [60].
Eco-Design and the remaining three tools in the category of product "design and development" are the
only concepts explicitly focusing on the synthesis of sustainability aspects in the process of product
decelopment [38, 60, 87, 93]. All other analyzed tools provide analysis methods to identify, evaluate
and quantify product sustainability either at the early stage during product development (also referred to
ex-ante assessment) or in the ex-post evaluation of existing products [65].

Characteristics of the assessment methodology
"Decision making" [32, 52, 86], "LCA based" tools [38, 53, 80] and "sustainability indices" [48, 70, 75]
tools are predominantly quantitative. Whereas tools for product "design and development" [38, 60, 87]
are mainly qualitative and based on guidelines, checklists or provide comprehensive frameworks to
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facilitate the explorative and flexible development of sustainable products. Only two [56, 80] out of 16
tools are explicitly both quantitative and qualitative, incorporating the advantages of both approaches.
Several quantitative tools [32, 52, 75, 86], especially those developed to facilitate decision making
processes, suggest the calculation of an overall sustainability index or single score. The underlying
motivation is to provide straightforward criteria to evaluate products and design options against each
other. Therefore, the complex multi-dimensional problem of product sustainability is broken down to a
single aggregated measure, which is easy to interpret and communicate. This approach implies that aspects
which are detrimental to sustainability can be compensated by other aspects with a positive sustainability
impact. Thus, it follows the weak sustainability paradigm, discussed in section 2.3. However, a few
tools either provide a set of more differentiated sustainability indicators (e.g. by sustainability dimension
or life cycle phase) [48, 53, 70], or base their assessment on the paradigm of strong sustainability by
emphasizing the necessity of a multi-criteria evaluation of sustainability [56, 78, 96].
Measuring sustainability based on a composite sustainability index usually requires a basic concept to
normalize and weight individual impact categories. Because of the heterogeneous nature of the individual
sustainability metrics, it is necessary to convert them to a single normalized scale (e.g. from 1 to 10) to be
able to aggregate an overall index [75]. While some tools pre-specify normalized rating scales (e.g. [70])
others leave the definition of rating scales to the user [75]. The weighting of individual sustainability
metrics is required in order to assign different importance or a certain hierarchy to individual impact
categories when aggregating the metrics to an overall index. Therefore, weighting is a sensitive process,
which highly influences the accuracy of the sustainability assessment. For this reason, weighting scales
should be defined in a preferably objective manner to reflect context specific values [12, 75]. Possible
approaches are weighting scales based on the distance to (sustainability) target method [47] or based on
surveys, as suggested in the Life Cycle Index [52]. An extensive overview and review about different
approaches for the calculation of composite indicators, including different methods for normalization
and weighting, is given by Singh et al. [77]. The issues coming along with the aggregation of multidimensional sustainability metrics to one compensatory index were discussed in the paragraph above.
The vast majority of methods rely on the assessment of (environmental) stressors, or rather on a midpoint
assessment of product sustainability. The underlying reasoning is the easier quantification and allocation
of environmental stressors to processes, products and functional units (as discussed in section 2.2). The
only tool explicitly applying an endpoint model of environmental impacts is the Ecoindicator 95 [32],
by providing a damage-oriented life cycle impact assessment. Table 3.2 summarizes the advantages and
disadvantages of the endpoint assessment method.
Advantages

Disdavantages

Modeling of the actual (environmental) damages caused by stressors

Limited knowledge about actual causal impact
chains challenges the modeling

Tangible results of damage-oriented assessment are easier to understand and facilitate the
interpretation of sustainability impacts

Uncertainties along the impact pathways limit
the reliability of damage-oriented model

Clear and comprehensive overview of full extent of sustainability impacts and causalities

Endpoint modeling inevitably incorporates
subjective value-based assumptions

Table 3.2: Advantages and disadvantages of endpoint impact assessment [31, 57]
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Figure 3.1: Example of mutually exclusive impact pathways resulting in a common endpoint measure [57] (edited)

Figure 3.1 illustrates two potential impact pathways from environmental stressors (midpoint measures)
yielding the same impact (endpoint measure), namely lost lives and damage / costs. The graphs assigned
to the respective factors illustrate the uncertainty inherent to the individual assessment levels, which
ultimately lead to the situation that two mutually exclusive energy sources end in a common endpoint
measure [57]. An endpoint based decision making is impeded in this particular case comparing energy
sources. Lenzen [57] comprehensively discusses the underlying question of uncertainty in impact and
externality assessments, as well as the implications on decision making. He comes to the conclusion that
the midpoint assessment method should be preferred, based on the following key arguments:
• The mulit-facetteed midpoint information clearly reveals the multi-dimensionality of sustainability
issues and the need for trade-offs between aspects.
• Midpoint assessment requires less data, information and modeling efforts.
• The aggregation of impacts along impact pathways may cause the fading of crucial secondary
information such as uncertainty of sustainability aspects and relative importance.
• Most importantly, the multi-criteria sustainability assessment enables the conscious inclusion of
significant subjective factors in the evaluation of the midpoint measures, which cannot be quantified
or explicitly incorporated in endpoint measures.
Despite the outlined differences of both approaches and their respective consequences for sustainability
assessment, many of analyzed PSA tools do not explicitly differentiate between midpoint or endpoint
method. The dimension of environmental sustainability is commonly assessed based on the midpoint
stressors (referred to as impact categories), which were discussed in section 2.2. When it comes to
economic and social sustainability, however, the sustainability categories of the PSA tools tend to mix
midpoint and endpoint measures, whereby the differentiation is not straightforward. A possible explanation for this is the high interrelation of economic and social aspects with other system variables and
their inherent complexity. This complicates the clear definition of social or economic stressors induced
by the product itself, while the assessment of endpoint impacts seems to be more tangible (e.g. health,
employment, wages).
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As discussed in chapter 2 there is no absolute and comprehensive definition of product sustainability.
Consequently, with the exception of Skerlos’ framework, all analyzed PSA tools evaluate sustainability
with respect to a benchmark. While some tools explicitly discuss the question of appropriate benchmarks,
others implicitly leave this question to the user. Suggested benchmarks are:
• other design options or function realizations [38, 60]
• equilibrium design (referring to market equilibrium) [93]
• distance to sustainability target [32]
• predecessor product [70]
• competitive product [48]
• no product [96]
Waage et al. [87] suggest to benchmark design options with the vision of a "sustainable world", without
further specifying the cornerstones of this vision. The concept to promote effectiveness in sustainable
design suggested by Skerlos [78] is the only publication suggesting something like an absolute product
sustainability, based on the four criteria to be met by a "sustainable product".

Scope of sustainability assessment
All analyzed PSA tools include the environmental perspective on sustainability. The primary focus is
mostly (sometimes even exclusively [93]) on the assessment of greenhouse gas emissions. Only five out of
16 tools assess all three dimensions of the Triple Bottom Line in a (more or less) comprehensive manner
[52, 53, 56, 60, 78]. Yet, it is remarkable that several tools claim to assess economic sustainability, but
exclusively focus on assessing financial issues by equating economic sustainability with costs (e.g. for
the owner or the manufacturing company). This is especially the case for all three analyzed sustainability
indices [48, 70, 75]. Only few methods include more comprehensive economic aspects, such as variations
in prices, supply and demand [56, 78, 93, 96]. A similar over-simplification of complex aspects of
sustainability was identified in the assessment of social sustainability. Here, the main shortcomings are
the sole focus on the assessment of human health [32, 38], the exclusively economic perspective on social
sustainability by assessing only customer related aspects [48, 70, 75], as well as the lack of specifications
of social sustainability criteria [80, 87].
It seems to be a matter of course that PSA tools assess all four major life cycle phases of a product, either
directly or indirectly by relying on LCA data. In order to reduce the modeling complexity Lee et al. [56]
restrict their system dynamics approach to the analysis of the product use phase. Also Zink and Geyer
[96] predominantly focus on the use and end of life phase only in their discussion of the concept of net
green. All of the analyzed tools either explicitly include results of Life Cycle Assessments, or mention
the usefulness of conducing LCAs in order to systematically acquire reliable data.

Inclusion of specific sustainability aspects
Only three of 15 PSA tools explicitly consider a spatial dependency of sustainability aspects (either the
site of cause or locality of impact) in their assessment [60, 80, 87]. The subjectivity inherent to any
sustainability assessment is emphasized in just three of the analyzed tools [32, 52, 96].
Regarding the broader economic aspects influencing product sustainability, four tools or concepts integrate
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the influence of market dynamics, rebound effects and the consumer behavior in the sustainability
assessment [78, 93, 96]. In contrast, none of the analyzed tools in the categories of "decision making",
"LCA based" tools or "sustainability index" takes on a broader perspective on the impacts of markets or
consumers on product sustainability.
The only concept taking on a rather critical perspective on the topic of "green" or "sustainable" products
is the concept of net green suggested by Zink and Geyer. Their publication "There is no such thing as a
green product" (see section 3.2.3) suggests that product sustainability is not exclusively inherent to the
product itself, but also dependent on its context of use or system environment. Some PSA tools take a
highly product-centered approach, some call for the inclusion of material, processes, energy consumption,
supply chain and corporate aspects into an expanded "product-system" to be assessed [32, 60, 56, 78].
The concept suggesting "new perspectives" on sustainability assessment have the common feature to
explicitly include the system’s impact on product sustainability.

3.2 Discussion of selected concepts for Product Sustainability
Assessment
The research objective of this thesis is to develop a framework to classify products in terms of their
sustainability. Steven J. Skerlos’ paper "Promoting effectiveness in sustainable design" [78] and the aricle
"There is no such thing as a green product" by Trevor Zink and Roland Geyer [96] served as a starting
point and initial orientation on the topic of product sustainability assessment. The critical evaluation
of both suggested concepts constituted an important basis for the course taken in this thesis and should
therefore be discussed in greater detail in the sub-chapters 3.2.2 and 3.2.3.
The most established and well-developed method for product-related sustainability assessment is Life
Cycle Assessment. However, the method is not the ultimate solution in product sustainability assessment
and entails some limitations, which motivate the further development of new tools and frameworks for
product sustainability assessment. For this reasons, Life Cycle Assessment and its characteristics are
discussed in greater detail in the subsequent sub-chapter 3.2.1.

3.2.1 Life Cycle Assessment (LCA)
LCA was developed over the past 45 years as an analytical tool to measure and evaluate the environmental
impacts of products and services [65]. For a product to perform its function it must be developed,
manufactured, distributed and powered or maintained during its use phase, before eventually reaching its
end of life. Throughout these life cycle phases all product-related processes, supportive activities and
consumption of energy or resources inevitably have an impact on the Earth’s ecosystem [38, 92]. For
this reason, the strategic assessment of environmental impacts along a product’s life cycle is the primary
objective of LCA. Secondary purposes are the awareness raising for urgent sustainability issues, as well as
the provision of a solid evidence base for sustainability communication [35]. The results of a Life Cycle
Assessment can provide substantial information for decision-making in product development, ecodesign
and the design of (manufacturing) processes on a corporate level, as well as for consumer decisions at the
consumer level. In addition, LCA is also applied in the public sector. Governments, for instance, apply
LCA for the analysis of societal system options, e.g. for the evaluation of waste management systems
[38].
The scope of Life Cycle Assessments is the strategic identification, quantification and evaluation of
environmental impacts along its four life cycle phases (pre-manufactuting, production, use and end of life),
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Figure 3.2: Life cycle or product system of a product, including transportation processes (T) [38]

including the transportation processes forming an physical link between the individual life cycle stages
[92]. Figure 3.2 illustrates this product system. The main advantage of this cradle-to-grave approach over
site-specific environmental analysis tools is that the product’s audit boundaries are broadened to include
all environmental burdens from material extraction (cradle) to its disposal (grave) [52].
In the pursuit to improve the sustainability of products, it is crucial that corporations not only assess their
internal processes, but also all external processes associated with its industrial activity. Consequently,
it is the responsibility of a manufacturing company to assess sustainability aspects both up-stream (e.g.
suppliers and their suppliers) and down-stream (e.g. end of life treatment) of its core field of activity
[38, 92]. Or in other words, from cradle-to-grave. Life Cycle Assessment provides corporations with
a conclusive basis for conscious desicion-making with respect to sustainability objectives. In addition,
it serves as powerful method, to disclose potential shifts of environmental impacts from one area of
concern, towards other unsought areas [38].
The LCA method was standardized and harmonized by the International Standards Organization (ISO)
within the ISO 14000 series for Environmental Management. The four developed standards (ISO 1404014043) provide a set of minimum requirements for the performance of life cycle assessment [38].
According to the ISO standards a Life Cycle Assessment should proceed iteratively through four phases,
which will be explained in greater detail in the following subsection 3.2.1.1.

3.2.1.1 The four phases of a Life Cycle Assessment
The four phases of the LCA methodology are [38]:
i) Goal and scope definition
ii) Life Cycle Inventory (LCI)
iii) Life Cycle Impact Assessment (LCIA)
iv) Interpretation
The first phase of goal and scope definition marks out the intended use of the LCA, the primary
objectives and the boundaries of the product system under study. In addition, the level of detail of
the analysis, the temporal and technological scope of the processes under consideration and specific
assessment parameters to be considered are defined [52]. When defining the product system a special
focus lies on the thorough qualitative description of the function provided by the system, based on which
a quantitative functional unit is defined. The functional unit defines the reference flow of products for
the LCA [38]. For example, if the product under study is a water bottle, then the functional unit might
be packaging of 1 liter of liquid. Based on this definition, different water bottle options (such as plastic
bottles vs. glass bottles) can be quantitatively compared and environmental impacts can be broken down
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and assigned to one well-defined measurand [35]. The careful choice of the functional unit is a crucial
step in LCA since it can highly influence the outcomes of the assessed parameters. Thinking of LCA
studies on different motorized vehicles, for instance, it makes a difference if the functional unit is energy
consumed per kilometer or energy consumed per passenger-kilometer. Due to the comparative nature of
most LCA studies, it is essential that the product systems to be compared deliver the same function [38].
In addition, it is of importance to carefully chose the product of reference for the LC study to guarantee the
significance of the comparative results of the LCA. The chosen benchmark (reference product) generally
fulfills the same functional service and might be a concurrent design, a new version of a product or even
an alternative concept to deliver the product function [92]. Last but not least, the selection of reference
processes might be of importance for the LCA study, e.g. if different manufacturing processes for the
same product should be evaluted [92].
In the inventory analysis (LCI) phase, material and energy balances are performed for all processes within
the boundaries of the previously defined product system. The inventory analysis collects information on
all input and output flows along the product life cycle in order to quantify the environmental burdens
associated with the functional unit under consideration. The flows to be quantified include resource
consumption, the discharge of waste and the emission of liquid, solid or gaseous materials to the
environment [35, 52]. The data is typically presented in an aggregated form for the entire product system,
e.g. as total emission of CO2 per functional unit or total use of water in cubic meters per functional unit.
This function-specificity is a fundamental characteristic of the inventory analysis, in order to ensure that
the subsequent impact assessment occurs based on consistent data [38].
The life cycle impact assessment (LCIA) has the purpose to translate the elementary flows from the life
cycle inventory into specific environmental impacts. Thus, it aims to model all potential impacts of the
product system, which might cause damage to environmental areas of protection. According to the ISO
14040 standard the impact assessment consists of five steps [39]:
i) Selection of impact categories and category indicators (selection). The impact categories to be
addressed are selected in accordance with the goal of the study (e.g. climate change).
ii) Assignment of LCI results to the selected impact categories (classification). The quantified flows
are assigned to the chosen impact categories (e.g. CO2 emissions to climate change).
iii) Calculation of category indicator results (characterization). The individual flows are multiplied with
impact specific categorization factors in order to aggregate multiple flows to one measure (e.g. all
green house gas emissions are aggregated to kgCO2 equivalent per functional unit).
iv) Calculating the magnitude of category indicator results relative to reference information (normalisation). The individual impact categories are normalized to a common scale. A frequently chosen
reference measure is annual impact from an average person per functional unit.
v) Converting indicator results of different impact categories by using numerical factors based on
value-choices (weighting). This optional step aims to assign certain value or urgency based priorities
within and in between impact or damage categories. The last weighting or valuation step is the most
normative part of the methodology at which preference or stakeholder values are applied and the
severity of damages is prioritized. Consequently, this last step is inherently subjective.
Here again the previously discussed issue (3.1.2) of midpoint vs. endpoint modeling must be considered.
According to ISO 14044 the indicator that is chosen can be located anywhere along the impact pathway.
If midpoint indicators are chosen, they should ideally be located at the point after which the impact
mechanisms is identical for all flows of the respective category. At the same time, they should be as far
as possible away from the areas of protection in the causality chain, i.e. at the last point where impact
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modeling is not yet highly uncertain. This trade-off is illustrated in figure 3.3 for the impact pathway
of global warming [39]. The endpoint modeling of impacts on areas of protection naturally entails an
increased uncertainity to the assessment, which is claimed to be justified by the improved interpreation
of the results [38].
Interpretation is the phase of the LCA at which the results of the inventory analysis and impact assessment
are evalutated against the background of the goals and questions defined in the inital LCA phase [39].
The outcomes of the interpretation might serve as a conclusion and recommendation for environmentally
conscious decision making processes. The interpretation might also induce a hierarchy to sustainability
issues or simply encourage a further iteration of the study to achieve more conclusive results [38]. Last
but not least, the interpretation can serve to compare different benchmark products or to deduce tangible
suggestions for sustainability improvements. This is why this phase is sometimes also referred to as
"improvement assessment" [35, 52].

Figure 3.3: Simplified impact pathway for global warming connecting elementary flows from the inventory to the
areas of protection [39]

3.2.1.2 Different variants of LCA methods
The two most common variants of LCA methods are the Process LCA and the Input-Output LCA. Their
main differentiation is the underlying network chosen to model the product system and system boundaries,
as illustrated in figures 3.4 and 3.5. Hybrid LCA aim to combine the advantages of both LCA methods.
For Process LCA the most important processes of the product system are chosen. These are the processes
which either are thought to have the highest environmental impacts, or the processes of interest to meet the
objectives of the LCA study. To reduce the complexity of the inventory analysis and impact assessment,
the higher order and indirect aspects of the product system tend to be ignored. This bears a danger of quite
large errors, since significant sustainability issues might be overlooked in the premature simplification of
the product life cycle processes. These errors are referred to as truncation errors [35, 78].
For Process LCA the data collection for the life cycle inventory is facilitated by number of existing
databases, which offer comprehensive information for a target region or industry. The NREL database,
for instance, offers inventory data for the U.S. [114], while the GREET database provides specific data
for the transportation sector [124]. The most comprehensive, commercial database is Ecoinvent [35].
A particular challenge of Process LCA is the correct allocation a process’s resource consumption and
emissions to the specific products involved in the process. This can be done either by partitioning (in
proportion of selected attribute of process output, such as monetary value or number of products) or
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Figure 3.4: Process LCA network [36]

Figure 3.5: Input-Output LCA Network [36]

displacement (by taking credit for the process displaced by the byproducts). LCA software such as GaBi,
SimaPro or OpenLCA are available to support both the inventory analysis and impact assessment [35].
The Input-Output LCA in contrast focuses on the quantification of input and output flows of specific
sectors. For this, multiple processes are aggregated within their respective industrial sectors (e.g. manufacturing of steel and iron, or production of agricultural products) [103]. Consequently, the boundaries
of the product systems are very comprehensive, i.e. the life cycle processes are included in great detail,
so that truncation errors are comparatively small. However, the pre-defined economic sectors simultaneously simplify nuances of industrial interdependencies and therefore reduce the accuracy of the model.
Due to the fact that only a limited number of economic sectors can be modeled and quantified in the
required comprehensiveness, each sector will include several different processes and not only the process
of relevance for the LCA study. The resulting error is referred to as aggregation error [35].
Since the Input-Output LCA models are created based on pre-existing databases for (regional) sectors,
gathering of data for the inventory analysis is highly facilitated. This enables quick, streamlined LCA
without requiring an in-depth analysis of the product system [35]. The online tool for Environmental
Input Output LCA (EIOLCA) provides a powerful software to model a product’s life cycle based on 428
producer sectors of the US (data from 2002). The input and output values of each sector are normalized
using monetary values, most commonly the producer price to the resource.

3.2.1.3 Discussion of notable aspects of Life Cycle Assessment
The discussion of Process vs. Input-Output LCA illustrates that life cycle studies are highly dependent on
the defined system boundaries. In addition, the delimited product system represents the given life cycle
conditions at a specific time and location, so that LCA outcomes cannot be easily translated into other
system contexts. Most commonly, attributional LCA (aLCA) are used with the available databases [36].
Attributional LCA take on a static perspective on the product’s life cycle by attributing environmental
impacts to the product based on current facts and conditions. Since the defined boundaries of the product
system isolate it from the rest of the world, aLCA does only account for environmental causes and
impacts within the system itself. Greater economic interrelations, market dynamics or sociopolitical
circumstances are not taken into account [35, 93]. Depending on the product’s actual system environment
and the chosen system boundaries, this simplification might distort the significance of the results.
Consequential LCA (cLCA), in contrast, take a broader perspective on the product’s life cycle and
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evaluate how facts and conditions might change dynamically over time or in response to product related
activities. A special focus of cLCA lies in the assessment of the potential consequential impact of
decision-making based on the LCA outcomes. Therefore, cLCA relies on economic and policy models
to estimate the impact of decisions and to assess marginal changes from the current state [36, 93]. The
advantage of this approach is the more comprehensive description of product life cycles and reciprocal
effects of its surrounding system. However, cLCA predominantly focus on economic supply and demand
models, which are commonly simplified in order to reduce the modeling efforts [93].
In any case, the main advantage of Life Cycle Assessment over site-specific or product-centered environmental analysis methods is the fact that product system boundaries are streched wide enough to include
all environmental burdens and impacts along a product life cycle [52]. However, the LCA method entails
drawbacks and challenges for its practitioners, as discussed in the following section.

Limitations of LCA
While the methods and databases for inventory analysis are well-developed, the impact assessment
methodologies vary significantly and may conflict markedly. Skerlos [78] claims that impact assessment
methods are often inconclusive and inaccurate, and points out that the characterization, normalization
and weighting of impact category results might serve to propagate the assumptions and biases of the LCA
practitioners. In addition, the impact assessment usually treats all emissions as if they occur at the same
time at a single (non-defined) locality. Thus, LCA cannot sufficiently account for the actual temporal and
spatial effects of environmental burdens and impacts [78]. While the environmental impacts are caused
by discrete stages (e.g. CO2 emissions of manufacturing processes), the environmental consequences of
green house gas emissions, for instance, have a long lasting, global effect.
The literature study identified the static evaluation (or "snapshot assessment") and the limited accounting
of its broader system environment as the main limitations of the (attributional) Life Cycle Assessment.
Even though consequential LCA methods make an attempt to assess dynamic changes within the product
system, they remain simplistic, since the complexity scales with the size of the system under evaluation [9].
Characteristics of the product’s system environment such as legislative frameworks, consumer behavior
or local and temporal dynamics are not assessed.
LCA is a quite comprehensive and powerful method for product sustainability assessment, not least,
because it usually assesses sustainability relative to a benchmark product or process. This comparative
nature of LCA bears the risk of encouraging premature conclusions on a product’s sustainability. A
product might perform well relative to an unsustainable benchmark, while remaining utterly unsustainable
in absolute terms. Although the perspective of the LCA method is rather on doing "less bad" by taking
corrective actions [96]. In contrast to this weak sustainability paradigm, the concept of absolute
sustainability (or strong sustainability, see section 2.3) aims to compare the demands of ecological
resources with the nature’s capacity to supply [36].
Last but not least, Life Cycle Assessment focuses exclusively on the dimension of environmental
sustainability and does not incorporate social or economic sustainability dimensions. The idea to equally
apply life cycle assessment methods for the assessment of social and economic aspects seems attractive at
first sight. However, even if identical system boundaries, functional units and benchmarks are defined for
the environmental LCA, Social LCA and Life Cycle Costing of a product system, product sustainability is
more complex, than the aggregation of LCA, sLCA and LCC outcomes. On the contrary, it is also about
the interlinkages and the dynamics developed in a system [77]. As discussed in the introducing chapter
2 on sustainability, sustainability should be located at the intersection of the environmental, social and
economic dimensions.
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3.2.2 Promoting effectiveness in sustainable design
Steven J. Skerlos publication "Promoting effectiveness in sustainable design" [78] starts from the basic
assumption that a sustainable product design serves a larger system. According to Skerlos sustainable
design should balance private interests of a corporation and product functionalities against broader
environmental, economic and societal sustainability considerations. To promote the effectiveness in
sustainable design, Skerlos suggests four criteria to be met for a product design to be "sustainable". The
criteria are summarized and critically discussed in the following paragraphs.
1) The design must target significant social or environmental sustainability challenges. It is easy
to justify almost any engineering project with its allegedly positive impact on ecosystems, resource
consumption, social systems or social living standards and to claim the improvement in any of these areas
as sustainable [78]. For this reason, Skerlos demands that the adressed sustainablility challenges should
be significant in dimension (i.e. not only on a corporate scale, but also on the local, global or social scale)
and magnitude. The aspect of magnitude expresses the need to match the proportional improvement of
sustainable design with the scale of required transformation. If for instance a country’s greenhouse gas
(GHG) emissions should be reduced by 80% by 2050 a lower product or process specific GHG reduction
should not be labelled as "sustainable" [78].
Given this criterion, sustainable design processes should ideally be grounded on meaningful sustainability
targets in order get both dimension and magnitude of the desired outcomes right. Such targets could for
instance be based on a distance-to-target approach or on the urgency derived from the status of planetary
boundaries (see 2.2). Skerlos suggests that the evaluation whether a technology or design addresses a
significant sustainability challenge should be left to practitioners of life cycle assessments [78]. However,
the paper does not specify based on which criteria the red line between significant and insignificant
sustainability issues should be drawn. Neither does it give guidance how to balance environmental and
societal benefits and burdens, when defining significant sustainability challenges. Summarizing, this
criterion is definitely justified by its ethical value and the indispensable need to shift sustainability efforts
from incremental corrective actions towards far-reaching changes in the design of products. However,
the criterion lacks operational value. The definition of significance and trade-offs remains fairly vague
and highly subjective. In addition, the criterion does not account for the fact that such profound design
changes (with a sufficiently large magnitude) mostly occur based on incremental and iterative technology
improvements.
2) The design must not lead to undesirable consequences in its life cycle that overshadow its environmental or societal benefits. For this, the anticipated environmental and social profiles associated with
different design options should be estimated with the help of tools for sustainability assessment, such as
LCA. LCA-based methods provide the most comprehensive and reliable product information, although
they are rather difficult to use when evaluating design options in creative product development processes
[78]. Skerlos in particular emphasizes the importance of a careful interpretation of the LCA outcomes
against the background that impact assessment frameworks vary markedly, based on their operational
approach and the underlying set of values. In addition, this criterion brings up the importance of also
considering spatial and temporal dynamics when assessing environmental sustainability [78].
The second criterion targets the important issue of a well-intentioned product design potentially yielding
to undesired consequences in other impact categories or areas of protection. Life Cycle Assessment is
extensively discussed as a powerful tool to reveal these undesired environmental side-effects of design
decisions. However, no practical solutions are offered on how to solve the uncertainties induced by the
choice of impact assessment methods. Neither on how to assess undesired social consequences.
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3) The design must be adopted and self-sustaining in the market. Classical market activities occur
at the intersection of industry, which supplies products and services, and consumer demand. Despite
those market forces, regulatory and governmental frameworks also influence the market [78]. According
to Skerlos, unmet environmental or societal challenges represent externalities to the classical market.
Sustainable product design should enable the integration of sustainability solutions to the existing market.
In other words, a product must not only be sustainable, but also viable from an economic perspective.
Therefore, it must overcome given barriers of diffusion and be based on an appropriate, sustainable
business model. As a potential method to a-priori estimate the market respond of design decisions the
paper suggests the consequential life cycle assessment with market-driven design (cLCA-MDD, discussed
in section 3.1) [78].
This criterion is straightforward and for certain reasonable. However, the explanatory power of the
suggested assessment methods for this specific criterion is questionable. The cLCA-MDD is primarily
suited to model environmental impacts of design decisions resulting from industrial and policy actions.
Consequently, it provides only very limited information on the actual diffusion and performance of a
product in its respective market. Though, Skerlos’ paper provides three suggestions for a sustainable
design to "spontaneously self-assemle" in the marketplace. Or rather, for a sustainable product to create
more business value than unsustainable alternatives [78].
• Adding positive market value (for the producing company), through an inspiring innovation, increasing consumer willingness to pay or market share or development of new markets for environmentally
conscious product.
• Removing negative market value (for the producing company), by reducing production costs,
reducing regulatory losses (and avoiding litigation) or by minimizing damage to the company’s
public image.
• Increase negative market value for the competitors, by strategic utilization of legislation or product
attributes for competitive advantage.
4) The design must not yield to rebound effects resulting in planetary or social systems that are worse
off because of the economic success of the sustainable design. Skerlos defines the rebound effect as
a so called "market trap". Traps are products that are said to be sustainable, but fail in at least one
of the four criteria. In contrast, triumphs are product designs, which are environmentally, socially and
economically successful. Yet, if the economic success outweighs its societal or environmental benefits,
causing a rebound effect, the product is considered a "market trap". A design might also be a trade-off
by performing well in one significant sustainability dimensions (e.g. reduction of GHG emission), but
perform poorly on others (e.g. not be successful in the market place).
The last criterion puts forward the important issue of rebound effects in the context of product sustainability. The a-priori labeling of products as triumphs, traps or trade-offs is neither significant, nor feasible
in product design. Despite the fact that here again, the assessment is highly subjective and value-driven.
One might for instance argue that the innovation of a sustainable technology itself (e.g. energy efficiency
LED lamps) should be considered a triumph, disregarding its potentially negative rebound effects (e.g.
the net increased energy consumption due to increased lightning consumption) and the consequential
environmental impacts. In addition, this debate might be better off in a sociopolitical context, since the
avoidance of rebound effects might be beyond the sphere of action of product designers and engineers.
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3.2.2.1 Discussion of the four criteria for sustainable product design
The previous section already critiqued the four respective criteria of the framework suggested by Skerlos.
Doubtlessly, all four criteria point out crucial issues regarding the challenge of meliorating product
sustainability. If a product design violates any of these criteria it doomed unsustainable. However, the
framework neither specifies the underlying sustainability concept, nor does it discuss the consequence
of a product design classified as unsustainable. Especially the high standards towards the significance
of addressed sustainability challenges do not seem to be compatible with technological and economic
realities.
The framework follows the noble objective to present comprehensive criteria for sustainable products.
While being comprehensive on one hand, the framework remains very unspecific, leaves more detailed
aspects of product sustainability blank and lacks guidance for its operational application. Therefore, the
framework’s practical suitability to promote the effectiveness in sustainable design is questionable.
Having said this, the framework is a meaningful inspirational source, if regarded as a concept, detached
from the context of practical product design. As the comparison of tools, methods and concepts for product
sustainability assessment revealed (see section 3.1.1), the majority of tools are highly product-focused.
Skerlos’ publication, in contrast, strongly draws the attention to the product’s system environment. The
four criteria raise awareness for the importance to internalize the social and ecological context of a
product, to account for market dynamics and evaluate the sustainability of business models, as well the
consideration of governmental and regulatory influences. The publication also draws attention to the
constantly shifting landscape due to transient regulations, technology potential, and knowledge about
anthropogenic impacts on Earth.
This system perspective on product sustainability is the main benefit of the suggested framework. Despite
focusing the reciprocal effect of the products and its system environment (or rather landscape), the
framework also emphasizes the influence of temporal dynamics and local particularities on product
sustainability.

3.2.3 There is no such thing as a green product
Following the initial question of this thesis of how to classify a product as sustainable additional impulses
were given by the publication of Trevor Zink and Roland Geyer "There is no such thing as a green
product" [96]. Zink and Geyer attack the idea of "green" products and unmask common misconceptions
about product sustainability, marketing strategies of "green" products, as well as misleading choice of
benchmarks. Since practically all products or services require natural resources and cause waste and
emissions, any product inevitably has a negative impact on the Earth’s ecosystem. Consequently, a "green"
product neither fixes the environment, nor has a zero impact, but simply a less negative environmental
impact than its benchmark product [96].
The proposition that there is no such thing as a green product manifests an understanding of sustainability
as absolute sustainability. This is enforced by the discussion of elusive benchmark products, which might
allow inherently unsustainable products (e.g. an SUV) seem rather sustainable, when compared to an
even more detrimental product (e.g a Hummer). In many cases, such as illustrated on the example of
packaging, "no product" might even be the most appropriate and reasonable benchmark to evaluate a
product’s sustainability impact [96].
Another central issue of the publication is the demonstration of how market dynamics severely influence
a product’s sustainability performance. Depending on the surrounding market conditions an allegedly
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sustainable efforts might backfire by increasing the overall market volume and consequently the environmental impacts. In this context, the common misconception of recycling as an inherently "green"
end-of-life option is discussed [96]. High recycling rates might increase the overall demand for the respective material, if the recycled content does not displace primary resources and the market is constrained
by supply, rather than by demand. Consequently, more attention should be paid to actual displacement
rates. Also the eco-efficiency of product’s labeled as "green" should be evaluated cautiously with respect
to market dynamics, which might increase consumption, lead to negative rebound effects or trigger environmentally adverse consumer decisions (such as buying an eco-efficient SUV). Similar to Skerlos’s
claim to get the dimensions and magnitudes right and to avoid market traps, Zink and Geyer summarize
that a product which decreases environmental impact per unit service should not be called green, if it
simultaneously increases its total environmental impact [96].
The consequence should be a greater pursuit for corporate environmental sustainability. Therefore, the
concept of net green is suggested, which states that a business activity is net green if and only if it reduces
overall environmental impact [96]. So the focus should not be on designing an inherently sustainable
product, but on the comprehensive assessment and management of all product-related dynamics and their
respective environmental impacts. This means that factors such as consumer decisions, user behavior,
market dynamics or infrastructure conditions should likewise be taken into account when claiming the
"net sustainability" of a product. The concept is illustrated in detail on the example of car sharing services.
Zink and Geyer summarize that the concept of net green makes corporate environmental sustainability
more complex, but will simultaneously enhance environmental communication. In addition, the concept
of net green offers a promising roadmap for companies to become a part of the solution, by abandoning
the well-intentioned but unsatisfactory search for "greener" products [96].

3.2.3.1 Discussion of the concept of net green
The outstanding benefit of the concept of net green is its awareness rising towards the fact that sustainability
cannot be an inherent product characteristic, but necessarily depends on the product’s system environment.
This system environment is characterized by aspects such as different consumer groups and user behavior,
as well as market dynamics. However, the concept remains rather vague and by no means operational.
Though, the case study offers an illustrative example of aspects to be considered when evaluating the net
sustainability of a product in its market setting, it neither provides an applicable framework, nor gives
guidance to transfer the sustainability analysis to other product categories. In addition, and contrary to its
introductory critique, the concept is based on the idea of net sustainability improvements and thus on an
understanding of relative sustainability. What the word "net" should ideally refer to is not discussed in the
publication. A further drawback is the fact that the concept attributes the burden of creating "net green"
products entirely to corporations and does not hold consumers, societies or governmental institutions
accountable for sustainable developments. While Skerlos’ criteria [78] tackles the question how to create
economic incentives for corporations to take on sustainability challenges, Zink and Geyer [96] do not
discuss how to stimulate net green business activities from an economic perspective.
To conclude, one might raise the doubt, if the discussion whether a product or business activity should
be labeled as "green" or "net green" or "not green at all" tackles any meaningful sustainability challenge.
Or if the discussion might rather distract from the urgency of joint and significant sustainability efforts.
Last but not least, because the suggested concept focuses solely on environmental sustainability and does
not address impacts on the social and economic dimension of sustainability.
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3.3 Synthesis of findings and the identified research gap
This chapter categorized, evaluated and critically discussed existing tools for product sustainability
assessment (PSA). While section 3.1.1 summarizes the core characteristics, advantages and drawbacks
of the 16 identifies PSA tools, section 3.1.2 compares the tools against each other based on 20 selected
features. Summarizing it can be said that the tools developed for decision making processes, the LCA
based tools and sustainability indices are rather similar and all predominantly operational, analytic,
quantitative and product-centered. In contrast, the tools offering a broader, more dynamic perspective
on sustainability assessment are mostly qualitative, rather heterogeneous in their approach and highly
conceptual. This is especially the case for all concepts offering "new perspectives" on the question
of product sustainability by acknowledging the spatial particularities, temporal dynamics and system
environment influencing the sustainability impact of a product.
The main shortcomings of existing tools for product sustainability assessment identified in the scope of
the literature review can be summarized as:
• Predominant focus on the product itself, without assessing the interrelation of the product with its
system environment and resulting sustainability impacts.
• Insufficient assessment of the Triple Bottom Line of sustainability. While the focus is mostly
exclusively on environmental sustainability, the social and economic dimensions are discounted or
reduced to the aspects of health and consumer. In addition, no tool accounts for reactive effects
and interrelations between the three dimensions of sustainability.
• The majority of tools provide a situation analysis, thus a static sustainability assessment. Dynamic
aspects of sustainability induced by its system environment, such as the market, user behavior,
legislative changes etc. are mentioned in conceptual methods, but poorly included in operational
tools. Dynamic interactions between nature and society, such as lags and inertia, or long-term
trends are also missing in existing tools [51]
• The influence of time and location on sustainability aspects, or in other words, the spatial and
temporal dimensions of product sustainability are not included in existing tools.
• Many tools simplify sustainability assessment, by breaking it down to a number of quantifiable
indicators, which are often subjected to subjective normalization, weighting and aggregation.
The identified shortcomings of existing product sustainability tools demonstrate the present research
gap in the field of product sustainability assessment. While a few of the evaluated tools and concepts
integrate some of the issues mentioned above, they remain highly conceptual and not yet practically
applicable. Summarizing, the identified research gap can be condensed to the need for an operational
framework to comprehensively assess product sustainability in the context of its system environment, by
accounting for dynamic interrelations between (1) the product and its local system environment, and (2)
the environmental, social and economic dimensions of sustainability.
The concrete design of such a framework will be the subject of the following chapters of this thesis, as
well as of further work in this field of research. In addition, the extensive literature review also brought up
a number of issues to be considered and questions to be answered in the context of product sustainability
assessment, which will be briefly discussed in the following paragraphs.
Given modern economic trends: should product sustainability or rather the sustainability of productservice systems be assessed? Traditionally, and for the sake for simplicity, the focus was on the assessment
of physical products. Considering trends towards leasing or sharing products, software and digital
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products, as well as the trend towards selling physical products together with a range of services extensive,
the assessment of "classical products" seems to be outdated and far away from reality. Yet, product service
systems are fairly complex and complicate the allocation of sustainability impacts to specific product and
service factors.
Which sustainability paradigm should form the starting basis in product sustainability assessment? In the
light of the imperative need for meaningful action towards more sustainability, the strong sustainability
paradigm would be the consistent answer. The strong sustainability paradigm avoids potential loopholes
created by compensatory indicators, elusive benchmarks and the inevitable subjectivity inherent to the
weak sustainability paradigm. However, the weak sustainability paradigm is better suited to reflect
socioeconomic realities in which sustainability efforts remain trade-offs and absolute sustainability is a
noble, but fairly practicable ideal.
Should sustainability be measured quantitatively or qualitatively? It goes without saying that the complexity of sustainability cannot be grasped by a few metrics or inherently subjective qualitative assessments.
Quantitative measures involve the great advantage of being easy to communicate, rather objective and
constitute a solid basis for decision making. At the same time, they bear the danger of oversimplifying
complex issues to a few numbers and to distort the image in the process of normalizing, weighting and
aggregating indicators. Qualitative measures in contrast are less straight-forward to be derived, require a
much more cautious assessment and communication of results. However, their subjective nature opens up
the possibility to explicitly discuss and define underlying values and priorities in sustainability assessment.
Should midpoint or endpoint impacts be assessed? Due to complex impact pathways, endpoint information bears to danger of being too uncertain to make significant statements and allow decision-making
with reasonable confidence. In contrast, midpoint measures are generally further away from personal
experience and harder to be communicated. Though, subjective judgments based on midpoint measures
enable the conscious incorporation of several aspects, which can hardly be modeled by impact pathways,
such as perceived risk, distribution of burdens and benefits, equity, moral and political beliefs, or even
technological opportunities to alleviate sustainability impacts.
To date, Life Cycle Assessment unequivocally offers the most comprehensive and practicable method
for the evaluation of product sustainability. Even so, the challenge is to go beyond LCA. There is a
need to further broaden the perspective on product sustainability, especially towards the interrelation of
environmental, social and economic sustainability. And to proceed away from a static state analysis,
towards a more dynamic understanding and assessment of product sustainability in the context of its
surrounding system environment. This thesis follows the need to go beyond LCA and suggests a more
operational framework for product system sustainability assessment (PSSA), which is presented in the
following chapter 4.

46

4
Framework for the assessment of product
sustainability in its system context
It is helpful to consider ecosystems and industrial systems alike as dynamic, open systems that operate far
from equilibrium, exhibiting nonlinear and sometimes chaotic behavior. [...] The complexity, dynamics,
and nonlinear nature of these interdependent systems imply that the notion of "sustainability" as a
steady-state equilibrium is not realistic.
J. Fiksel in "Sustainability and resilience: toward a systems approach", 2006 [22]
As defined in the introductory chapter 1.3, the objectives of this thesis were A) to conduct an extensive
literature review on the topic of product sustainability assessment and B) to develop an analysis tool
for the assessment of product sustainability based on the identified research gap. Consequently, the
purpose of this chapter is the development of an operational framework to comprehensively assess
product sustainability in the context of its system environment, by accounting for dynamic interrelations
between (1) the product and its local system environment and (2) the environmental, social and economic
dimensions of sustainability.
Based on the literature study three basic theses were formulated to outline the underlying notion of
product sustainability and establish a conceptual foundation for the framework to be developed:
i) Product sustainability can only be evaluated relative to benchmarks. There is no such thing as
absolute sustainability.
ii) Product sustainability is a function of the system, or rather the product’s context, and not an inherent
product characteristic.
iii) Product sustainability must be assessed from a dynamic perspective, to account both for temporal
changes and interrelations between the product and its system environment and vice versa.
In the following section 4.1 the scope and features of the framework are derived. Next, the concept of
system levers is explained in section 4.2. The specific details of the developed framework, as well as
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the methodological approach, are discussed in section 4.3. The derived sustainability items (4.3.1) and
identified system dimensions and factors (4.3.2) are finally brought together in the final framework 4.4.
Section 4.4.2 provides a step-by-step guidance through the developed PSSA framework.
As briefly mentioned in the last chapter 3, the terms tool, method, framework, etc. are in some cases
used in parallel and in other cases subject to varying definitions. The term "framework" is explicitly
used in this thesis, since it comprises a set of tools, methods and also the integration of quantitative
indicators. Thus, the developed framework for product sustainability assessment is more comprehensive
than a tool and aims to be more operational than a concept. The developed framework is referred to
as a framework for Product System Sustainability Assessment (PSSA) to emphasize that, contrary to
Product Sustainability Assessment (PSA) tools, it assess sustainability likewise from the perspective of
the product and its system environment.

4.1 Scope and features for the framework
The comparative evaluation of characteristics of existing PSA tools in section 3.1.2 and their identified
shortcomings (3.3), together with the deduced basic theses, served as basis to specify the desired features
of the framework to be developed. These features were:
i) Provide an operational approach to comprehensively evaluate product sustainability, to classify
and ideally rank significant sustainability aspects.
ii) Take on a system perspective to assess product sustainability by identifying the dimensions of the
product’s system environment, which significantly influence its sustainability.
iii) Account for the the multidimensionality of product sustainability by assessing the environmental,
social and economic aspects of sustainability, also known as the Triple Bottom Line.
iv) Provide means to include temporal and local aspects influencing product sustainability either directly, or indirectly via the product’s system environment.
v) Consciously take into account the subjectivity of sustainability assessment.
vi) Build on the strong sustainability paradigm by creating a non-compensatory assessment framework
and leaving the subjective prioritization to a subsequent interpretation.
These characteristics were discussed and justified in the preceding sections. In addition, the scope of
the framework had to be specified in order focus on the issues considered as most important to ensure
the pursued explanatory power of the framework, as well as the underlying concept of product system
sustainability. It was necessary to find a trade-off between the desired comprehensiveness of the framework
and the restricted (time) resources to assess the complexity of product sustainability assessment in the
context of its system environment. The following paragraphs explain and justify the scope of the PSSA
framework.
The purpose of the framework is the analysis of product sustainability and not the synthesis of sustainable
products. In other words, the framework is not designated to support product design or development
processes. This is justified by the fact that the identified shortcomings of existing PSA tools mainly address
the analysis of product sustainability. In addition, a comprehensive analysis of product sustainability in
the context of its system environment is the indispensable prerequisite to later on design more sustainable
products and systems. Last but not least, the development of reasonable design processes and guidelines
should be left to practitioners with design experience.
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Accordingly, the focus of the PSSA framework is the ex-post evaluation of existing products in their
respective system environment. This focus is justified by the facts that retrospective evaluation tools
are easier to be verified and by far less subjected to uncertainties in prediction and assessment, than
forecasting tools. In addition, forecasting tools have the disadvantage that they are more subjective in
nature, which often makes it more difficult for decision-makers to accept their credibility [65].
Moreover, the focus of the PSSA framework is on placed on the qualitative assessment of product system
sustainability. The reason for this was that quantitative sustainability assessment methods inevitably
require the normalization, weighting and aggregation of different metrics. The thoughtful improvement
of normalization and weighting methods for sustainability assessment is indeed an open research question.
However, the key objective of the PSSA framework is the conclusive demonstration of new perspectives on
sustainability assessment. Against this background, the development of well-founded and simultaneously
comprehensive quantitative metrics would have been beyond the scope of this project.
In addition, the scope of the PSSA framework was limited to conventional physical products. As
previously discussed in section 3.3, the inclusive assessment of product-service systems, software or
digital products would more adequately reflect current economic realities. The focus was nevertheless
placed on physical products, in order to reduce the interrelations induced by intangible service systems,
as well as to facilitate the allocation of sustainability impacts to physical assets. A further argument is
that physical products sill constitute the gross share of industrial activities, resource consumption and
emissions. So even if product-service systems or shared platforms are taking off, the economy will still
be producing laptops, refrigerators, cans of beer, etc. for a long time. Last but not least, the framework
could at any time be expanded for the assessment of product-service systems.
A central issue in the scope definition was, whether the PSSA framework should be tailored to a specific
type of product, and if yes to which. In theory, a comprehensive framework for the assessment of any
type of product (from bananas to power plants) sounds promising. In practice, such an all-encompassing
framework bears the potential of vagueness and little informative value. A further reason for specifying
a focal product category is that the system environment highly depends on the product under evaluation.
That’s why the focus of the developed framework was placed on electro-mechanical consumer products,
such as cars, household appliances, communication and entertainment systems etc. This choice was made
in parallel with the scope restriction to the use phase of the product. Contrary to passive products, for which
the resource consumption and manufacturing stage frequently generate the bulk of environmental burdens,
the sustainability impact of active products is much more dependent on its mode of use, surrounding
conditions, energy usage, etc. Consequently, active products are more suited to demonstrate the impact
of a product’s system environment on its overall sustainability performance. The restriction to consumer
products was made for the sake of simplicity, since consumer products are rather in the field of experience,
while electro-mechanical industrial goods (such as a production machine) or electro-mechanical public
goods (such as a railroad gate) require a more context specific assessment.
While LCA and almost all evaluated PSA frameworks assess the entire life cycle of a product, the
developed framework focused exclusively on the use phase of products. Since the system environment
differs highly from life cycle stage to life cycle stage (e.g. local conditions in the mining of rare earth vs.
the context in which cellphones are commonly used), the scope of the PSSA framework was limited to
only one life cycle phase. A future extension of the framework is explicitly desired, yet beyond the scope
of this project. The use phase was chosen, based on the fact that electro-mechanical products generally
exhibit the most severe environmental impact during their use stage [42], due to their energy consumption,
consumption of auxiliary materials (gas, water, detergent, etc.) or infrastructure requirements. Also, the
delimitation of the use phase is straightforward (from purchase to disposal, or resale by the primary user),
compared to other life cycle phases which might involve several agents or companies.
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Many of the tools for product sustainability assessment found in the literature study were developed for
a specific target group, such as product designers, manufacturing companies or the public sector. The
PSSA framework developed in the scope of this thesis, however, is not designed for a specific practitioner
of sustainability assessments. Instead, its primary purpose is to communicate the importance of a more
holistic and also critical perspective on product sustainability, as stated in the three basic theses. Or in the
words of Ashby [2], the answer to complex, poorly defined systems is "to have a framework for critical
thinking that recognizes the complexity and the interdependence and allows you to work with them". Of
course, the consideration of a system’s influence on product sustainability in decision-making is a central
concern of this framework. However, the further development of an application-specific framework is
left to future research.
The synthesis of findings of the literature review (3.3) included four questions to be answered in the context
of sustainability assessment. While all identified shortcoming of existing PSA tools were addressed by
the defined features and scope of the PSSA framework, one of those questions remains open. Namely,
the question, whether midpoint or endpoint impacts should be assessed. This issue was will be discussed
in detail in section 4.3.1 in the context of deriving a set of significant sustainability item.

4.2 The fundamental concept of system levers
The unique proposition of the PSSA framework is the inclusive assessment of product and system related
aspects of sustainability. This imposed two key challenges: first, the "system environment" needed to be
specified in greater detail and second, an appropriate representation of the product-system interrelations
had to be developed.
The basic dimensions of a product’s system environment in its use phase were specified based on a
top-down approach (also referred to as stepwise design). For this, a number of product-specific system
environments, thus different products in varying local contexts, were analyzed and broken down to its
main compositional dimensions. The system environment of a physical product in its use phase is selfevidently defined both by a temporal and a local dimension. However, for this top-down approach it was
assumed that a system environment is above all characterized by its locality and site specific features.
In practice, 24 different predominantly electro-mechanical products (such as E-bikes, robotic vacuum
cleaner, solar lighting systems or drones) were analyzed and virtually placed in varying local contexts
in a thought experiment. By analyzing the respective product-system combinations, a set of five basic
system dimensions influencing product sustainability was derived, each comprising a subset of aspects.
Namely:
• consumer (behavior)

• infrastructure

• market

• governance

• technology
Some of these dimensions and their subordinate aspects were also mentioned in some way or other in
the publications of Skerlos [78] and Zink and Geyer [96]. In section 4.3.2 these system dimensions are
justified and elaborated in greater detail, or in other words the subsequent steps of the top-down concept
design are discussed.
Having a general notion of electro-mechanical products and having staked out what is referred to as
the system environment, the second step was the development of an appropriate representation of the
product-system interrelations. The most accurate and realistic representation for these interrelations
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would be a system dynamics approach, as extensively discussed by Scoones et al. in "Dynamic Systems
and the challenge of Sustainability" [71]. The general purpose of system dynamics is to study a system’s
behavior (e.g. causal chains impacting sustainability) on the basis of a given system structure [56, 71].
Lee et al. [56] implement a system dynamics approach for product sustainability assessment by deriving
and building causal loop diagrams to represent the systems structure, as well as positive and negative
feedback loop. This approach, however, requires an excellent understanding of the system structure
and a quantitative formulation system specific interrelations. Despite having the potential of revealing
unintended feedback dynamics, this approach is not suited for an open and practicable representation of
varying system environments.

Figure 4.1: The fundamental concept of system levers influencing product sustainability

Thus, the fundamental concept of system levers was derived. Since the core purpose of the PSSA
framework is the assessment of product sustainability, sustainability characteristics remain attributed to
the product in focus, as in the evaluated PSA tools. The identified system dimensions are conceived as
potential levers on the product’s sustainability, as illustrated in figure 4.1. In other words, the specific
system dimensions are thought to have positive or negative leveraging effects on the products sustainability.
The concept of system levers can be illustrated on the example of domestic washing machines and the
system dimension of consumer behavior. Figure 4.2 shows a washing machine, which was rated by
the U.S. Energy Star standard [106] as one of the most energy efficient on the market, and is therefore
perceived as a rather "sustainable" product. Yet, when the product is assessed in its context of use it
becomes apparent that its actual sustainability performance is highly dependent on the user behavior. Not
washing at full load, for instance highly increases the overall energy, water and detergent consumption of
the product. The Swiss practice of sharing washing machines in contrast, might have a positive leveraging
effect on the environmental, social and economic sustainability of the product, due to its better capacity
utilization and acquisition of only one machine for several households. This example highlights the fact
that sustainability should not be considered as a inherent product characteristics, but as a function of
product-system interrelations.
The concept of system levers is represented in detail in scheme 4.3, which illustrates the interrelations
between a product and the significant system dimensions. As previously mentioned, any system environment is spanned by the dimensions of time and locality (represented by the X and Y axis in the scheme).
The plane of the scheme illustrates a snapshot of a system at a given time, thus temporal dynamics are left
aside. The ellipses represent the five system dimensions, which are specified by a set of context dependent
sub-factors (see section 4.3.2). Those sub-factors might work as system levers on product sustainability.
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Figure 4.2: Example: consumer behavior acting as system lever on the sustainability performance of an energyefficient washing machine [Google images]

Figure 4.3: Product sustainability in the context of its system environment, including interrelations between system
dimensions (interrelations represented by dotted lines are neglected)
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The use phase of a product is embedded within the (time- and location-dependent) system environment
and can be characterized based on the product’s attributes, functionality etc. Also, the environmental,
economic and social aspects of sustainability are attributed to the product in focus. However, the concept
of system levers defines product sustainability as a function of its surrounding system, as proposed in the
second basic thesis. The third basic thesis calls for the integration of dynamic interdependencies between
the product and its system environment and vice verse. These functional interrelations, delineated by
arrows in the scheme, might act either directly or indirectly as lever on the product. Possible direct
interrelations, for instance between the product and its market, might be the underlying business model,
sales figures; or infrastructure requirements for the use of a product (such as parking spaces for cars).
Self-evidently, the system dimensions also mutually influence each other, e.g. technological innovations
might define market trends, which subsequently influence the economic sustainability of a product.
The only system dimension which acts solely indirectly as a system lever on product sustainability is
governance (corporate or governmental). Governmental regulations, monetary incentives or taxes for
example, influence the market and therefore potentially impact product sustainability. Last but not least,
the first basic thesis of relative sustainability, is represented in the scheme by the benchmark cloud. It
is located between the product and its market, since a benchmark product or function realization is only
reasonable, if it represents an socioeconomically viable option.

4.3 Development of the framework for product system
sustainability assessment (PSSA)
Based on the fundamental concept of system levers the practical framework for product system sustainability assessment was developed. In order to be able to grasp the described leveraging interrelations,
both the so far elusive system dimensions and Triple Bottom Line of sustainability were specified in detail,
as described in the following sections 4.3.1 and 4.3.2. Finally, section 4.4 illustrates how the fundamental
concept, system dimensions and their interrelations with product sustainability were formalized in the
developed PSSA framework.

4.3.1 Triple Bottom Line of sustainability: derivation of a set of significant
sustainability items
According to the Triple Bottom Line product sustainability is based on the dimensions of environment,
economy and society. While these three respective perspectives on sustainability were already outlined
in chapter 2, the development of a framework for product system sustainability assessment self-evidently
demands for the specification of tangible sustainability items. The term "sustainability item" is referred
to as the most specific sustainability measure to be assessed by the framework, thus a specific sub-aspect
of the three sustainability dimensions (e.g. education is a sub-item of social sustainability).

Methodological approach
The literature on sustainability assessment offers a very broad range of aspects to be considered and
indicators to be calculated in order to grasp sustainability impacts. Thus, the starting point for the
derivation of a set of sustainability items was the comprehensive collection of sustainability keywords.
These were taken primarily from the 16 tools and concepts analyzed in the literature study. Additional
sources were the OECD List of Key Environmental Indicators [67], the NIST Sustainable Manufacturing
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Indicator Repository [113], the Sustainability Reporting Standards of the Global Reporting Initiative [30],
as well as the Sustainable Developement Goal (SDG) Index [82]. Besides, a number of sustainability
aspects to be considered were derived from the author’s best judgment and field of knowledge. This
approach resulted in an extensive list of far over 150 keywords. Next, the list was adjusted by eliminating
redundancies and insignificant items. Thereby the focus was on items of relevance to assess product
sustainability in its use phase. But obviously, several of the item are also of relevance in all other life
cycle phases of a product.
The main purpose in the derivation of a set of significant items, was on one hand to comprehensively
grasp all relevant sustainability aspects and on the other, to streamline the plethora of aspects to be
considered when assessing sustainability. For this, the collected keywords were categorized by topics
and classified according to the hierarchy, illustrated in figure 4.4. The identified keywords were either
defined as stand-alone sustainability items or allocated to appropriate items. The 42 sustainability items
were then clustered to 10 categories. This step of categorization and classifying sustainability items was
inspired by the reviews on sustainability assessment methodologies [55, 77].

Figure 4.4: Hierarchy: from sustainability dimensions (environment, economy, society) to sustainability items

The significance of sustainability items was defined subjectively by the author of this thesis, against the
background of an extensive literature study on the topic of sustainability. The issue of significance, which
is inevitably related to the question of underlying values and relative importance, was adressed by Klöpffer
et al. [53], with a two layer approach to (social) sustainability. The two layers are a set of obligatory
sustainability measures, plus a set of optional measures. The obligatory layer represent a consensusdriven, normative impact category, or in other words the minimum requirement for sustainability, while
the optional layer can be context-specific and self-determined by the practitioner of the assessment.
Although this approach seems intriguing it was not applied in the developed PSSA framework for two
reasons. First, a global consensus on "obligatory" sustainability items might in theory be given for social
sustainability aspects, when it comes to environmental and economic sustainability, however, such an an
intra-regional consensus is far off. Secondly, the introduction of a hierarchy to the sustainability items
bears the danger, of solely focusing on obligatory issues and thereby neglecting other unsought critical
items.
A further dilemma in the derivation of significant sustainability items was the much discussed topic of
midpoint versus endpoint assessment. Much speaks in favor of adopting the assessment of midpoint
measures, as suggested by Lenzen [57]. However, it turned out that an exclusive consideration of
midpoint measures was neither practicable, nor reasonable. In many cases, the clear differentiation of
midpoints (stressors) or endpoints (effects) was not feasible, due to their blurry distinction (see figure
3.3). For environmental items a variety of well-developed midpoint indicators can be found in literature,
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so that these indicators would preferred over endpoint impacts (e.g. GHG emission instead of climate
change). For the economic and social dimension of sustainability, however, this was not possible. This
is mainly due to the nature of economic and social sustainability. While in the case of environmental
sustainability it is easier to define what should be sustained (the ecosystem in its natural form), this
answer is less tangible for societies and economies. In addition, many economic and especially social
sustainability items represent effects (or endpoint impacts) caused by other sustainability item. For
instance, the environmental item "soil pollution" might be a stressor, which ultimately impacts the social
item "alimentation". This example additionally demonstrates the fact that the respective sustainability
items of each TBL dimension are highly interrelated. For this reason, the artificial restriction of the set
of sustainability items (e.g. by focusing on midpoint measures) was avoided to ensure account for the
complexity and multidimensionality of the problem.

Specification of identified sustainability items
Table 4.1 lists all 42 identified sustainability items. A more extensive table including the respective
keywords assigned to the items can be found in the appendix A.2 of this theses. The list abstains from
also listing indicators for the respective items, even though literature and existing tools offer a wide range
of such quantitative measures, especially for environmental impacts. The underlying reason was that the
choice of appropriate indicators should be left to practitioners of the framework, since these indicators
can vary significantly in their methodology, scope, accuracy and informative value.
Sustainability Dimension

Category

Sustainability Item

environmental

resource consumption

material consumption
water consumption
energy consumption
land use

contamination

water pollution
soil pollution
waste generation + hazardous waste

climate change

GHG emission
acidification potential
ozone depletion potential

environmental health

air quality
noise emission
light emission
environmental damage

economic

consumer

product affordability
financial effects
economic empowerment
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consumption
companies

market value of product
profitability
product innovations
sustainability strategy
sustainable management

economy

investments
market activity
economic relationships
economic equality
transparency

social

health

health & safety risks
alimentation
hygiene
medical care

human needs

housing
mobility
income
education
social needs

community

communication
local community
equality
culture
sustainability awareness

Table 4.1: Sustainability items to for the assessment of product system sustainability

The environmental dimension of sustainability includes four sub-categories. The category "resource
consumption" is quite self-explanatory. Its subordinate sustainability item "resource consumption" can
capture aspects such as the consumption of auxiliary materials, packaging, recycling rates of productrelated materials etc. The concrete designation of relevant aspects to be assessed depends on the specific
product and system context and is therefore not further specified. The category "contamination" aims to
capture all emissions and waste streams impacting the biosphere, while the category "climate change"
targets (primarily gaseous) emissions to the atmosphere. Finally, "environmental health" comprises a set
of sustainability items that might impact the physical and psychological health of humans or of animals;
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namely, air quality, noise and light emission or environmental damages (such as forest fires, oil spills
etc.). One might note that common keywords of environmental sustainability such as deforestation or
loss of bio-diversity are missing. Though, these were purposely excluded, since they were either thought
to be of minor relevance in the assessment of a product’s use phase, or they represent end-point measures
and were therefore avoided.
The economic dimension of sustainability was subdivided into three categories: the consumer perspective, micro-economic perspective (companies) and the macro-economic perspective (economy). The
literature study revealed that the chosen sustainability items to assess product sustainability are highly
controversial, depending on the point of view of the target practitioner. The purpose of offering a comprehensive perspective on economic sustainability motivated the determination of these three sub-categories,
addressing all levels of economic activities. For the identification of items, the guiding principles were
the economic empowerment, the creation of both economic and societal value for consumers, corporation
and society, as well as the reliance on sound and viable business models. Most of the specified items can
(and should) be tailored to the product system in focus. Also, it goes without saying that not all identified
items are of relevance for all product system constellations.
Last but not least, the social dimension of sustainability was primarily influenced by the United Nation’s
Sustainable Development Goals. From all three sustainability dimensions the social one is the hardest
to grasp and measure. This is especially due to the fact that many aspects of social sustainability are
highly interrelated with environmental and economic issues. In addition, social sustainability impacts in
many cases can not be directly attributed to a product, but are a result of complex interrelations between
a given system environment, its spatiotemporal context and the product itself. Social sustainability was
categorized in three levels: most fundamentally human "health" (assessing issues such as hygiene or
medical care), followed by "human needs" for housing, education, income, mobility or social needs and
finally the category of "community". The latter involves all issue relevant to society as a whole, such as
culture, equality, communication and also the an awareness for sustainability.
This list of significant sustainability items was created as objectively and comprehensively as possible,
but even so from the subjective perspective of the author, thus influenced by her cultural, local and
educational background. To challenge and further develop this list is explicitly desired.

4.3.2 System environment: derivation of system dimensions and potential
sustainability levers
The process of identifying significant sustainability items emphasized once more the strong interdependency of sustainability items (e.g. mobility or profitability) from its surrounding system environment.
In order to be able to fully account for these leveraging effects the five identified system dimensions
(consumer, market, infrastructure, technology, governance) were further specified. The outcome is a list
of "system factors", or rather characteristics, which are seen as potential "sustainability levers" according
to the concept of system levers presented in section 4.2. The second part of this section illustrates these
sustainability levers with a series of examples.
Methodological approach
The hierarchy of system dimensions and sub-ordinate system factors was chosen in parallel to the hierarchy
of sustainability dimensions and respective items, as figure 4.5 illustrates. The system environment can
be decomposed into five core dimensions and further into sub-categories, which comprise a number of
system factors. To derive those system factors was again a top-down approach was chosen.
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Figure 4.5: Hierachy: from system dimensions (consumer, market, technology, infrastructure, governance) to
system factors, or rather sustainability levers

The main benefits coming along with the top-down approach are the holistic recognition of system
factors and a rapid comprehension of overall contexts. In addition, the stepwise decomposition of a
complex system and targeted differentiation of sub-components allows to adjust an adequate level of
abstraction and therefore significantly reduces the effort of identifying relevant system factors. At the
same time, the lack of in-depth analysis inherent to this approach entails the risk of not recognizing
significant aspects at the system’s detail level. This problem makes the case for a bottom-up approach,
which could be realized by conducting a series of case studies on product-system combinations. This
alternative approach of extensively studying several products in different system environments to deduce
the most influential system factors influencing product sustainability might be more conclusive than a topdown approach, not least, because it provides practical evidence for the identified interrelations. However,
a bottom-up approach would have to satisfy the needs of simultaneously capturing a broad diversity of
leveraging effects (by systematically assessing a broad variety of product-system combinations) and to
justify the relevance of specific cause-effect relationships by identifying patterns across similar productsystem combinations. So to ensure the explanatory power of a bottom-up approach a large number of
time-consuming case studies would be required, which would have been beyond the scope of this project.
The identification of significant system factors occurred in a similar manner to the derivation of sustainability items, by an initial extensive collection of keywords. These keywords partly originated from
findings of the previously mentioned 24 thought experiments on product-system combinations. In addition, many keyword were indirectly deduced when evaluating sources of sustainability indicators, such
as the Sustainability Reporting Standards of the Global Reporting Initiative [30] or the Sustainable Developement Goal (SDG) Index [82] in the process of identifying significant sustainability items. The
majority of keywords however arose during a strategic decomposition and think trough of the five identified system dimensions. Subsequently, the total of 100 keywords were clustered and aggregated to a set
of 37 system factors. Those system factors could then be summarized into 10 system categories.
An indispensable challenge coming along with the assessment of system levers influencing product
sustainability is the definition of appropriate system boundaries. A clear delimitation of universally
valid system boundaries for all kind of product-system combinations could not be derived. The focus
was on the local context of a product’s use phase, however, this fact does not preclude that system
factors beyond this focus might strongly influence product sustainability. In a highly globalized world
the technological landscape of a product, for instance, is not necessarily site-specific. And site-specific
factors such as market regulations by no means apply exclusively to the use phase of a product. To
avoid the exclusion of significant system factors the system boundaries were not specifically defined,
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but arose implicitly in parallel to the identification of sustainability categories and factors. Instead of
adhering to explicitly defined system boundaries, the users of the framework should be encouraged to
adjust reasonable boundaries in dependence of the product-system combination under study.
Specification of identified system factors
Table 4.2 lists the 37 identified system factors potentially acting as levers to product sustainability. A
overview with the respective keywords and more detailed description of the system factors can be found
in the appendix A.3. The system factors were defined as comprehensive as possible and as specific as
necessary, in order to outline the comprehensiveness of the interrelations and at the same time provide a
conclusive list of aspects to be considered. For this reason, many of the system factors might serve as an
umbrella term to draw the attention to specific aspects of the system environment and the thereto related
cross-influences, either to other system dimensions or to the product itself.
System Dimension

Category

consumer

product consumer

System Factors
consumer behavior
user experience
purchasing arguments
product ownership
product induced benefits
product induced drawbacks

regional context

local culture
local consumer preferences
rural / urban context
space

technology

product technology

product technology
product quality
efficiency

technological landscape

innovation
research and development
technological trends
technological transfer

infrastructure

regional infrastructure

recycling
electricity grid
telecommunication
water supply
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mobility

transportation infrastructure
public transportation
private transportation

governance

governmental framework

trade policy
market regulations
political framework

regulatory framework

environmental regulations
safety standards

market

product market

market structure
demand structure
product in market
rebound effects

companies

producer / vendor
competitors
business partners
sustainability strategy

Table 4.2: System factors potentially acting as system levers to product sustainability

The system dimension evolving around consumers primarily aims to capture the behavior and preferences
of the product consumers, as well as their relationship with the product. The latter includes aspects
such as "user experience", or "product induced benefits and drawbacks" to the consumer. One might for
instance think of an E-Bike, which can be a pleasurable experience to elder consumers, who enjoy the
benefit of the facilitated and less streneous cycling mobility. At the same time, the comparatively high
speed and weight of the product causes significantly higher injury rates, especially for elderly E-bikers
[24]. So on one hand the positive user experience and induced benefits, which are particular to this
consumer group, positively influence aspects of social sustainability such as "health" and "mobility".
On the other hand, the product induced drawback of increased risk of injury might be a negative lever
to the social sustainability aspect. And if not so, this particular aspect should be considered, when
advertising or developing E-bikes as a sustainable mobility option. The aspect of "consumer behavior" is
of special importance, since it has the potential of substantially impacting the sustainability performance
of an electro-mechanical product, or more specifically the product-related consumption of energy and
auxiliary materials. Examples for this are the previously discussed use patterns for washing machines,
or driving patterns for "fuel efficient" cars. If the fuel-efficient car is regularly driven to cover walking
distances, while the air conditioning is on maximum power and the windows are open, the negative
impacts on its environmental sustainability become obvious.
The second important aspect of the consumer dimensions is the regional context, which can be further
specified by the system factors "local culture", "consumer preferences", "rural or urban context" and
"space". This category therefore primarily aims to capture the site-specific particularities influencing
the product’s use phase. Here again, the example of a car is well-suited to illustrate the importance of
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considering the regional context when evaluating the sustainability of a product. From the perspective of
a European, for instance, the reliance on cars as a primary mode of transportation seems to be part of the
American culture, not least, because of the much larger distances to be covered in between major cities.
So a medium-sized car, might have an entirely different sustainability performance in the U.S., than for
instance in Switzerland, where the culture of train riding is more established (which is of course also
highly dependent on the given infrastructure). Living in a city one might think of SUV or truck drivers
as "urban cowboys", whereas the such cars represent an indispensable need in rural areas or in a context
in which the transportation of heavy loads is required.
The system dimension of technology is aims to address the aspect of product technology, "product
quality" and "efficiency". An illustrative example is the comparison of an iPhone with a Fairphone,
which is the world’s first modular and in large number produced smartphone [108]. Looking at the
product’s technology, the modular design of a Fairphone enabling an easy exchange of broken modules
bears the potential of having a great positive impact on the longevity of a smartphone. So ultimately
the overall consumption of rare Earth and other minerals might be reduced, if a phone’s average use
life is prolonged to more than the average of two years [116]. At the same time, the development of
a more sustainable (and fairer) smartphone from scratch, entails a number of teething troubles of its
technical functionality. The less evolved product technology and comparatively lower product quality
might however have the exact contrary effect to its original purpose and cause users to change modules
or the entire smartphone after a shorter time period than an iPhone user. The latter, in contrast can rely
on the technological improvements through several product generations.
The category technological landscape includes the system factors as "innovation", "research and development", "technological trends" or "technological transfer". This category therefore aims to capture
the broader technological context of a product. An important aspect is the assessment of technological
trends over time and dynamical changes in the technological landscape, as some technologies become
outdated, while others are on the pulse of innovations and consumer wishes (one might think of digital
cameras being substituted by smartphone cameras). The system factor of "technological transfer" aims to
capture both the vertical transfer within a given system (e.g. the implementation of electrical powertrains
in trucks, if the technology is matured for passenger cars), as well as the horizontal transfer across the
system’s boundaries (e.g. the global diffusion of regenerative power generation technologies).
Further decisive aspects of the product’s system environment are its infrastructure conditions and the
product-related requirements. Potential sustainability levers induced by the regional infrastructure
address the topics of "recycling", "electricity grid", "telecommunication" or "water supply". The most
common example illustrating the importance of considering the electricity grid when assessing a product’s
sustainability is the one of electric cars, which will be discussed in greater detail in chapter 5. An electric
car powered by an electricity grid with a share of 96% coal in its electricity mix is fairly unsustainable
(which accounts for Beijing) [45]. In contrast, an usage environment in which 96% of the energy is
generated from renewable energy sources (as it is the case in Norway) can definitely be considered a
sustainability triumph [21]; at least, if the benchmark is a car with gasoline engine. A more specific
example could be computers intended to be used for educational purposes in remote areas of less developed
countries. If the intended locations are not connected to a stable electricity network, or have no access to
internet connectivity, the efforts towards sustainable development might fade (in that particular case).
Also the category of mobility is highly dependet on the respective local environment in which a product
is used. The importance of considering the given "transportation infrastructure", "public transportation"
and the modes of "private transportation", was already mentioned in mobility-related examples. Recently,
the development of drones has evolved to a fiercely contested technological trend. However, the evolving
technology has not yet made an appearance as a particularly sustainable product in Europe or the U.S.
The exact opposite is the case in Rwanda, where drones are used to deliver blood reserves and drugs to
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remote areas, which are hardly accessible by conventional modes of transportation [111].
The fourth system dimension is governance. The category governmental framework comprises the
system feature "trade policy", "market regulations" and "political framework". Here again E-bikes
provide an illustrative case study, how different legislative and policy frameworks impact the effective
sustainability of a product. In order to foster the transition from conventional scooters (which largely
serve as primary mode of transportation) to electric bicycles, both China and Taiwan took action to
promote the market adaption of E-bikes. While China highly regulated the market by restricting the use
or even banning motorcycles in many urban areas, Taiwan highly subsidized electric vehicles in order
to make them economically attractive [94]. The effectiveness of the policy measures, however, strongly
varied. Because of the fact that Chinese customers had no option, but to switch to electric scooters or
bikes, the adoption rate in China skyrocketed making China the largest market for E-bikes in the world.
In contrast, the Taiwanese subsidy policy did not at all entail the desired market adaption. Due to a
lack of infrastructure (such as required charging stations) and technology know-how of the resellers,
as well as due to the inferior robustness of E-bikes compares to scooters, the Taiwanese customers
refused to adapt the new technology. Consequently, no long-term stable demand could be established
and the commercialization of an elsewise comparatively sustainable product failed [94]. This example
should not be interpreted as a case for market interventions in order to support the successful market
introduction of "greener" products, but raise the awareness to the fact that the same product in different
system environments might have totally different impacts. In addition, it should be pointed out that the
governmental framework does not directly impact the product sustainability, but rather indirectly via the
product’s market, as illustrated in the conceptual scheme 4.3.
The second category of this dimension is the regulatory framework, which accounts for "environmental
regulations" and "safety standards". System factors, such as pollution taxes, emission limits, waste
disposal fees or safety certificates and labels, might significantly influence a product’s sustainability
performance. Banning diesel cars and therefore the emission of particulate matter, which is hazardous
to human health, from densely populated areas, for instance, has a positive effect on the products
"sustainability". The scheme 4.3 illustrating the fundamental concept of system levers additionally
mentions the aspect of corporate governance, which was not taken up in the list of significant system
factors. Doubtless, the internal practices and processes by which a company is directed and controlled
may impact a product’s overall sustainability. However, this aspect was excluded, since it is not associated
to the use phase of a consumer product. Nevertheless, some aspects of corporate (sustainable) governance
were allocated to the system’s market dimension, others are taken up in the assessment of the economic
dimension of sustainability.
The last system dimension is the product’s market environment. The product market can be characterized by system factors such as "market structure", "demand structure" or the already-discussed "rebound
effect". Examples for the rebound effect are given in section 2.2. Considering the market structure aspects
such as market bubbles, the existence of monopolies or cartels or a high price volatility of (auxiliary)
products, might have leveraging effects on product sustainability.
Last but not least, companies might highly influence the product’s sustainability performance. As
mentioned above, many of those aspects are not directly tied to the use phase of a product, but were
nevertheless considered worthy of evaluation. If for instance a producing company has a well established
network of business partners for the local maintenance of products, this might positively influence the
product’s sustainability in its use phase. Contrary, if a company’s competitors have clear competitive
advantages, this might prevent comparatively sustainable products from succeeding in a market.
This section presented possible interrelations of system dimensions and product sustainability in greater
detail. Most examples illustrate the direct interrelation of system factors acting as levers on product
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sustainability. However, indirect effects in between system dimensions can play an equally important
role, as illustrated in the scheme 4.3. It should further be pointed out that the choice of illustrated examples
is highly influenced by the origin of the author and her wealth of experience. Because of this inevitably
biased perspective, this section consciously abstained from assessing less familiar system environments
(e.g. other cultural contexts or developing countries). This (unconscious) bias is also weak point inherent
to all existing PSA tools evaluated in section 3.1.2.

4.4 The framework for Product System Sustainability Assessment
(PSSA)
So far, this chapter elaborated the fundamental concept of system levers and specified a set of significant
sustainability item and system dimensions, sub-categories and factors. Consequently, this section presents
the resultant PSSA framework for the comprehensive assessment of product sustainability in the context
of its system environment. As explained earlier, the term framework was chosen to express the fact that it
comprises a set of tools and methods, allows the integration of quantitative indicators and above all offers
an applicable implementation of the fundamental concept of system levers.

4.4.1 Composition of the PSSA framework
A core challenge for the composition of the framework was the question how to formalize the complexity
of sustainability and a product’s system environment into an operational framework. It lies in the nature
of complex problems that systematic research alone cannot solve them, since the complexity arises from
the variety of interdependencies of system elements. Those interrelations might be measured in different
units or are not measured at all. Some are tangible and quantifiable, while others arise out of personal
judgments or cultural values [2]. Therefore, the framework needs to provide sound guidance on how to
recognize and capture those decisive interdependencies between product sustainability and the system
environment. At the same time, it must juggle the need for a streamlined assessment framework and the
fact that the more formalized the framework, the more restricted is its inclusion of dynamic interrelations.
Different methods for the realization of the framework were considered and thought trough. Checklists (as
applied for instance in the SPSD tool [61]) were found to not be open enough to capture the characteristics
of a variety of products and system environments. The same is true of sustainability guidelines, which
are well-suited for design or development tools [38, 87], such as Eco-Design, but not for the ex-post
evaluation of product sustainability. The option of creating a framework based on quantitative indicators
has already been rejected earlier, not least, by restricting the scope of the framework to a qualitative
assessment of product system sustainability. Causal loop diagrams to capture system dynamics would
offer a promising but hardly practicable method, as discussed in section 3.1.1 and 4.2.
It turned out that a structured approach, based on subsequent assessment steps or layers, is best suited
to formalize the concept of sustainability levers and simultaneously allows the integration of existing
assessment tools or methods. This layer-based approach was inspired by Ashby’s method for assessing
sustainable development [2] and by an existing framework for the assessment of sustainability performance
of industries [55]. The term "layer" is used to describe a delimited aspect or level of the problem,in this case
the sustainability assessment. Subdividing the assessment in several layers entails two key advantages:
first, a stand alone analysis of each layer is possible, by delimiting individual cluster or questions from
the complex product-system interdependencies. Secondly, the layers can be carefully defined so that
they build on each other, in other words subsequent layer can resume aspects or information from the
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preceding ones and assess those from a new perspective.
For the developed framework for product system sustainability assessment (PSSA) the three core layers can
be easily derived: the product, its system environment and finally the overall sustainability of the product
in its system context. Each of those can be further subdivided into further sub-levels of assessment. For
reasons of practicability and to emphasize the strategic approach of the PSSA framework, those (sub-)
levels are designated as "steps". The scheme 4.6 illustrates the steps and hierarchy of the developed
framework for Product System Sustainability Assessment (PSSA). The analysis of the product level (in
blue) constitutes the basis of the assessment, based on which, the system level (in green) can be assessed.
The final sustainability assessment embraces both of those levels by assessing the interrelations between
the product sustainability and the product’s surrounding system. To further emphasize the procedural
hierarchy of the six plus one steps of the framework they are arranged as successive process flow in figure
4.7. In the following paragraphs the PSSA framework is presented; specific and operational guidance for
each of PSSA step is given in the subsequent section 4.4.2.

Figure 4.6: Scheme of the developed PSSA framework for Product System Sustainability Assessment

Figure 4.7: Process flow of the framework for Product System Sustainability Assessment (PSSA)

The very basis for the sustainability assessment is the electro-mechanical product to be evaluated. In
the first step (P.1) of the PSSA framework the product is characterized and analyzed in detail regarding
its attributes, functionality, consumer etc. Based on the first basic thesis (stated in the introductory
section of this chapter), sustainability can only be evaluated relative to a benchmark, since there is no
such thing as absolute sustainability. Therefore, the next step (P.2) evolves around the definition of an
adequate benchmark to assess the product’s sustainability in the context of its system environment. The
conclusive step (P.3) of the product layer is the evaluation of existing Life Cycle Assessments for the
product (and ideally also the benchmark) in focus, in case such LCA studies are available. If such LCA
data are not available, the conduction of a LCA study is recommended, but not strictly necessary. The
outcomes of these three product-oriented steps are a sound understanding of the product, the scope of the
sustainability assessment and potentially first indications on significant sustainability issues. This forms
the basis to go beyond Life Cycle Assessment and evaluate the impact of the system environment on
product sustainability.
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Consequently, the following steps assess the system layer of the PSSA framework. The fourth step (S.1)
aims to delimitate the product’s system environment, with a special focus on the five identified system
dimensions, and to evaluate the intersections between the product’s use phase and its surrounding context.
The objective of this step is to get a broad understanding of the system environment, based on which, in
a next step (S.2) potential system levers can be identified. Therefore, the PSSA stipulates to strategically
think through all system categories, including their respective factors (identified in section 4.3.2), in order
to identify all relevant interdependencies between the product and the system. By carefully evaluating
these interrelations those system factors acting as a lever on product sustainability are identified.
Finally, the overall sustainability of the product in its system context is evaluated, by integrating the
product-related aspects of sustainability and the system-induced sustainability levers. This is done in
step (S.3) by mapping the five system dimensions, categories and factors against the three sustainability
dimensions, categories and items, in a comprehensive matrix. This tabular confrontation allows to clearly
assign specific system factors to affected sustainability items and consequently, to assess the concrete
impact of system levers on product sustainability. Ideally, those leveraging interdependencies should be
color-coded in green, yellow or red, depending on the system’s respective impact on sustainability. The
result of this step is not an absolute statement about how sustainable or "green" a product is; but a comprehensive overview on how its system environment influences product sustainability, both positively and
negatively. Therefore, the matrix clearly indicates the most pressing sustainability issues simultaneously
with the most important "adjustment screws" of the product’s system environment. In addition, the matrix
can serve as basis for a comparative assessment of different product-system combinations.
The last "plus one" step is the final conclusion of the product system sustainability assessment. This
step intentionally refrains from giving general guidance, since the interpretation and summary of the
results should be made against the background of the practitioner’s individual purposes, values and
questions to be answered. The outcome of the conclusion might serve as a basis to re-design a product
or its functionality, or it might initiate the re-evaluation of a specific system dimension, such as the
revision of product-related legislation, the adaption of marketing strategies or the adjustment to specific
infrastructure requirements. Further, the outcomes of the assessment might serve as a basis to shift or
abandon certain undesired product-system interrelations, as well as to learn lessons from product-system
interdependencies, which have a positive impact both on the product’s and the system’s sustainability.
Last but not least, the assessment serves to indicate starting points for further evaluations, especially to
assess the product’s sustainability performance in greater detail, e.g. by applying sustainability indicators
or subject specific assessment tools.

Discussion of basic theses and pre-defined features
At this point it is worth returning to the three basic theses for product sustainability assessment and the predefined features for the PSSA framework. The two theses that product sustainability can only be assessed
relative to a benchmark and that product sustainability is inevitably a function of its surrounding system
environment were not only included in the PSSA framework, but basically served as the conceptual
basis for the developed framework. The thesis that product sustainability must be assessed from a
dynamic perspective, to account both for temporal changes and interrelations between the product and
its system environment, could is partly integrated in the PSSA framework. The dynamic product-system
interrelations are a key component of the framework and therefore comprehensively assessed. The
temporal changes both of the system’s characteristics and the sustainability impacts, however, were not
taken into account. As it was briefly mentioned when describing the scheme of the underlying context
in section 4.2 only a snapshot of the actual product in its system environment is evaluated. This is
due to the fact that the assessment of dynamically changing systems would induce a disproportionate

65

4 Framework for the assessment of product sustainability in its system context

temporal expenditure to accurately model the dynamics, collect reliable data and finally to conduct the
assessment. The inclusion of temporal changes of system characteristics would, above all, be of great
benefit if it could provide some sort of prognoses for future developments or generate possible scenarios.
This however would include some tremendous uncertainties and it must be doubted if the development
of such framework to model all kind of product-system combinations is at all feasible with justifiable
efforts.
The PSSA framework additionally meets all of the six pre-defined features. Obviously, it takes on
a system perspective on product sustainability and assesses all three dimensions of the Tripe Bottom
Line. By evaluating the interdependencies between the product and its local system environment, the
framework additionally accounts for local and temporal aspects influencing product sustainability. All
aspects of sustainability are assessed in a non-compensatory manner, since they are neither subject to
prioritizations or aggregated to composite sustainability measures. Thus, the framework is based on the
strong sustainability paradigm. The required feature to consciously take into account the subjectivity
of sustainability assessment is also realized, by giving objective guidance through the framework, but
leaving the identification of relevant system factors and sustainability items to the subjective, case specific
evaluation. Despite emphasizing the subjective nature of sustainability assessment, the PSSA framework
provides a highly operational methodology to comprehensively assess product system sustainability. The
practical applicability of the tool is proven by a case study, which is illustrated the subsequent chapter 5.

4.4.2 Step by step: operational guidance through the PSSA framework
This section presents the developed PSSA framework in greater detail and offers operational guidance.
Therefore each step of the process flow, shown in figure 4.7, is illustrated with a graphic and discussed in
detail. The overall framework (composed of the six graphics) can be found in the appendix A.4.

Product (step P.1)
The first step of the PSSA framework evolves around the product itself. The purpose is to gain comprehensive information about the physical attributes of the product, its customers and their use characteristics.
In addition, the primary and potential secondary functions of the product should be assessed together
with all product-related inputs and outputs (such as energy, auxiliary materials, waste, emission). Last
but not least, the economic aspects of the product should be evaluated to gather basic information about
the focal market. Table 4.3 lists the four characteristics of a product to be assessed in this step, together
with a range of possible subordinate features or aspects to be considered. This list is meant to provide
general guidance on aspects, which might be of relevance for the characterization of a product. It is by
no means self-contained, since the concrete specification of relevant product features to be assessed is
left to the subjective judgment of the PSSA practitioner.
The required information can be gathered from product specifications, available market data, personal
experiences, literature or other sources. Since electro-mechanical products are active products, which
consume energy and potentially auxiliary resources, an input-output analysis together with the analysis
of the product function is recommended. When analyzing the product’s functionality the focus should
not be on the product’s primary function (e.g. a smartphone is primarily a device for communication),
but also on its secondary value for the customer (e.g. it saves time or serves as a lifestyle product). This
is because products and services generally provide certain values and satisfy consumer needs. Thereby,
their functions inevitably also have a societal and an economic dimension, which are therefore worth
considering in the scope of the product system sustainability assessment. The pyramid of product values

66

4.4 The framework for Product System Sustainability Assessment (PSSA)

illustrated in the appendix A.5 of this thesis might serve as inspirational basis to broaden the perspective
on product functionality.
The evaluation of the product itself need not necessarily be restricted to the four aspects of attributes,
consumer, functionality and economic aspects, a broadening is explicitly encouraged, if useful. In any
case, this first step serves as an important basis for the subsequent assessment of the product’s system
environment. In addition, this step might already reveal first sustainability factors, for instance a poor
energy efficiency, which should be explicitly identified in order to be considered in the final sustainability
assessment (step S.3).

Figure 4.8: Step P.1. product characteristics
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Product characteristics

Features

product attributes

dimensions (e.g. size, weight)
quality and reliability
service life time or durability
reparability or upgradability
labels (e.g. eco-lables, energy efficiency labels)

product consumer

identity: who are the customers? (e.g. characteristics, product target groups)
location: where to the customers live and use the product?
use characteristics and patterns (e.g. frequency of use, manner of use)
ownership vs. service model

product functionality

function (primary)
secondary function
auxiliary products
energy consumption and efficiency
generation of waste and emissions
infrastructure requirements

economic aspects

cost of purchase
secondary costs (e.g. taxes, maintenance, energy costs)
sales (e.g. sales for specific markets or customer groups)
market-oriented product life cycle (current market phase, past
dynamics, characteristic cycles)

Table 4.3: Product features: assessment of basic product characteristics

Benchmark (step P.2)
The definition of a meaningful benchmark is necessary in order to have a conclusive point of reference
for the sustainability assessment. As previously discussed, there is no such thing as an inherently green
product, since any product inevitably consumes resources and therefore affects at least the environmental
dimension of sustainability. For this reason, high standards should be set when choosing an appropriate
benchmark product. Possible starting points could be the critical evaluation of questions such as: What
are the functional benefits of the product? Is the product a substitute or complementary product? Would
the world be better off without this product? How could the product’s function be realized by a more
sustainability design? The practitioner of the PSSA tool is encouraged to think those questions further
and scrutinize subconscious biases about the product’s sustainability performance.
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A more specific guidance than the critical evaluation of the product itself and potentially reference
products cannot be formulated without restricting the general validity of the framework. Potential
benchmark products could be a substitute of the product, the last product generation, a different function
realization or even no product at all.

Figure 4.9: Step P.2. benchmark product

LCA (step P.3)
The purpose of the PSSA framework is to go beyond Life Cycle Assessment. Nonetheless, LCA is a
powerful tool to assess the environmental sustainability of a product, which is why the evaluation of
pre-existing LCA is an integral component of the PSSA framework. First, existing LCA studies for the
product in focus (and ideally also the benchmark product) should be identified in literature. Next, those
LCA studies should be critically evaluated and explicitly challenged in order to highlight their informative
value and identify potential limitations, which might serve as starting points worth to be considered in
subsequent steps of the product system sustainability assessment. A special attention should be paid to the
scope and system boundaries of the LCA study, assumptions and simplifications, the chosen functional
unit and the chosen benchmark product.

Figure 4.10: Step P.3. evaluation of existing LCA

Finally, the results of the Life Cycle Assessment should be studied with a special focus on the product’s
use phase. Depending on the scope and limitations of LCA those results can provide a sound basis for
the assessment of the environmental dimension of sustainability in step S.3. The take outs of this step are
the identification of the main (environmental) sustainability issues from LCA perspective, as well as the
identification of potentially significant influences of the system environment on product sustainability.
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If no LCA study for the product under assessment can be found, it is left to the discretion of the PSSA
applicant, if it is worth to perform a life cycle assessment. An Input-Output LCA is well suited to quickly
perform a basic LCA and gather data on the environmental sustainability performance of a product.
However, it would require a more elaborated Process LCA in order to identify specific aspects of the
product’s life cycle phases significantly influencing its sustainability.

System environment (step S.1)
Based on the assessment of product characteristics, meaningful benchmark products and LCA studies,
the system environment should be analyzed and delimited. The main purpose of this step is to gain a
comprehensive understanding of the product’s system environment. At first, the temporal and regional
context of the product’s use phase should be defined. This is especially of importance for products
which are used over long time horizons in many different regions and system environments, since system
environments might change drastically over time and are primarily defined by the local physical context.
To that point, the clear definition of system boundaries of the product-related system is of importance.
These boundaries can be set with respect to all five dimensions of the system environment. Depending on
the chosen product and system environment to be assessed, for instance, consumers might be restricted
to a certain consumer group or a specific market can be localized.
Last but not least, relevant particularities of the defined system environment should be identified and
analyzed. Therefore it can be useful to strategically think trough all five system dimensions: consumer,
market, infrastructure, governance, technology. The question, which characteristics of the system are are
"relevant" or of particular importance for the product system sustainability assessment should be left to
the subjective evaluation of the practitioner. Here again, no universal list of criteria can be given, due to
the fact that the system environment is highly dependent to the product-system combination in focus. In
any case, the delimitation of the system environment can already reveal potential "sustainability factors",
or in other words system characteristics which might impact the product’s sustainability.

Figure 4.11: Step S.1. delimitation of the system environment
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System levers (step S.2)
Based on the characterization of the system environment, the subsequent step is the identification of
system levers. Thus system factors, which have an influence on the sustainability performance of the
product. A first step to investigate potential levers is the evaluation of the sustainability factors identified
in the previous steps of the PSSA framework. Those could for instance be particular aspects of the
consumer’s average usage patterns, findings in the critical evaluation of existing LCA studies or special
aspects of the system environment, for example the absence of environmental legislation in the system of
reference.
Table 4.2 which presents all five dimensions of the system environment, subordinate categories and system
factors should serve as a basis for the strategical analysis of the system environment and in consequence,
also for the identification of presumable system levers. As described in the presentation of the fundamental
concept of system levers (see section 4.2), a lever is a particular aspect of the product’s system environment,
which influences the overall sustainability of the product. It been proved not to be reasonable to derive
certain criteria or checklists to identify system factors having a leveraging effect on sustainability. This
is because the multi-dimensionality and complexity of product-system interdependencies cannot be
formalized in conclusive criteria without compromising for the comprehensiveness of the framework. In
addition, the PSSA framework explicitly aims to consciously account for the subjectivity in sustainability
assessment. Thus, the identification of potential system levers should occur in all conscience of the PSSA
practitioner and against the background of a careful study of the product and its system environment.
Despite the unavoidable subjectivity, the assessment of system levers should be conducted as objective,
sound and strategical as possible.
The outcome of this penultimate step is the specification of all system factors which might directly, or
indirectly, impact the overall product sustainability.

Figure 4.12: Step S.2. identification of system levers

Sustainability assessment (step S.3)
The last step of the PSSA framework is the sustainability assessment of the product in its system environment A.6. This step comprises three sub-steps: validation, allocation and sustainability assessment. The
validation step should answer whether and how the previously identified system factors work as lever on
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product sustainability. This justification could be of qualitative nature by demonstrating causal relations
between the system factor and product sustainability or of quantitatively nature (e.g. based on indicators). The relevant information can be taken from literature research on the topic, observations, existing
indicators or sustainability reports. The subsequent allocation answers the question of the actual impacts
of the identified system factors on the Triple Bottom Line of product sustainability. In other words, each
system factor is allocated to one or more specific sustainability items, on which it has a leveraging effect
(either positive or negative). The best way of mapping levers to impacts is to fill out the PSSA matrix,
which confronts all three sustainability dimensions, including their total 42 sub-items, with the five core
dimensions of the system environment and the total of 37 sub-factors. Thus, the interdependencies or
causal relations can be clearly presented and described in the respective fields of the matrix. A scheme
of the matrix is illustrated in figure 4.13, the extensive matrix can be found in the appendix A.6.

Figure 4.13: Step S.3. sustainability assessment, impact of system levers on product sustainability

When allocating the system levers to sustainability items, a color-code should be applied in order to mark
which of the identified causal relations have a positive (green), unclear (yellow) or negative (red) impact
on product sustainability. The result is a comprehensive color-coded matrix indicating all significant
interdependencies between the system and the Triple Bottom Line of sustainability. The completed
PSSA matrix therefore is a powerful tool, to analyze the product’s overall sustainability performance, its
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dependence on the system context, the most beneficial and the most detrimental system levers on product
sustainability.
The final step is the actual assessment of the affected sustainability items and the impact of system levers
on product sustainability. This assessment can be done either on a qualitative or quantitative basis. In
general, the chosen approach will highly depend on the respective sustainability item. While several
LCA data and indicators are available to quantitatively assess environmental sustainability items, social
and economic sustainability might rather be assessed in a qualitative manner. The choice on which
sustainability items to assess in greater detail and which tools or indicators to use is left to the practitioner
of the PSSA framework, since both choices depend on the underlying purpose and the defined scope of
the assessment. All in all, the PSSA matrix provides an extensive evaluation of product sustainability,
together with a conclusive and comprehensive overview of sustainability dynamics.
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5
Proof of concept: case study on battery
electric vehicles in different system
environments
There was a felt consensus that the role of electric cars to reduce the manifold environmental impacts of
mobility is substantially overrated and that one key to lower environmental impacts of individual mobility
is a substantial downsizing in terms of vehicle weight and power.
43rd discussion forum on LCA, Zurich, 2011 [26]
A case study on battery electric vehicles (BEV) was conducted to apply and evaluate the developed
framework for Product System Sustainability Assessment (PSSA). Therefore, the case study had three
core purposes:
• Provide a proof of concept of the basic framework, in other words to prove its applicability and
explanatory power.
• Refine the PSSA framework and improve the step-by-step guidance, e.g. by potentially deriving
criteria to recognize significant system factors.
• Evaluate the validity of the three basis theses on product sustainability defined in chapter 4, being:
i) Product sustainability can only be evaluated relative to benchmarks.
ii) Product sustainability is a function of the system, or rather the product’s context.
iii) Product sustainability must be assessed from a dynamic perspective.
A secondary purpose of the case study was to assess the sustainability of battery electric vehicles, in
order to gain new perspectives on the debate whether the transition from internal combustion vehicles
(ICV, or internal combustion engine ICE) to battery electric vehicles is beneficial in the endeavor towards
more "sustainable" mobility concepts. The following section 5.1 specifies the scope of the case study, as
well as the products and system environments in focus. Subsequently, the PSSA framework is applied,
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following the step-by-step guidance given in the last chapter 4.4.2. Section 5.2 summarizes the outcomes
of each step together with notable findings of proceeding through the PSSA framework. Finally, section
5.3.1 presents and discusses the outcomes of the Product System Sustainability Assessment of battery
electric vehicles. To conclude, this chapter comes back to the initially defined goals of the case study and
evaluates the three basic theses against the background of the outcomes of the case study in section 5.3.2.

5.1 Specification of the case study and its scope
Several reasons spoke in favor of conducting the case study on battery electric vehicles. The discussion
of sustainability impacts of conventional gasoline cars versus the benefits and drawbacks of electric
vehicles arose to a major topic in public debates and will remain subject of controversial discussions.
The significance of this topic is justified by the great dependence of individuals on private means of
transportation, especially in industrialized economies, together with the tremendous growth rate of car
ownership in countries such as China or India. The resulting impact on environmental sustainability
is self-explanatory. Passenger transportation is responsible for an enormous share of the overall global
greenhouse gas emissions and energy consumption. In the U.S. for instance, automobiles and light-duty
trucks accounted for 17% of the total GHG emissions, while more than 60% of the vehicles trips in the
U.S. are shorter than 50km [69]. At the same time, the increasing density of cars in urban areas in China
is having a tremendous impact on the local air quality and human health [73]. Against this background,
battery electric vehicles with zero tailpipe emissions seem to be an almost ideal alternative to gasoline
powered cars. Consequently, a lot of research has been done on the topic. The therefore widely available
studies, data and Life Cycle Assessment were an additional point in favor of conducting the case study
on battery electric vehicles.
Most of the existing case studies on battery electric vehicles focus on the aspects of greenhouse gas
emissions and the environmental impacts of the battery production [13, 19, 25, 26, 27, 40, 41, 43, 45,
58, 66, 90]. Regarding the use phase of products the available LCA studies consistently point out that
the energy mix of the electricity grid used to charge BEVs is the decisive factor of a car’s environmental
impact [40]. This finding suggests that a battery electric vehicle in a region with high share of renewables
in the electricity mix is more sustainable than a vehicle charged by an electricity grid with high share of
fossil fuels. This fact motivated the choice of three different system environments to be analyzed in the
scope of the case study, being Oslo (Norway), Detroit (United States of America) and Beijing (China).
Looking at the table 5.1 and following the suggestions of LCA studies the "sustainability ranking" of the
three system environments seems to be quite clear. A car powered by an electricity mix with a 96% share
of coal does not seem like a sustainable option at all, at first sight. The purpose of this case study was
to critically scrutinize whether this unilateral perspective on product sustainability widely suggested by
LCA studies, is valid.
Local usage environment

Share of fossil energy in electricity grid

1) Oslo (Norway)

less than 2% fossil fuels in energy mix [21]

2) Detroit (USA)

54% coal in energy mix [45]

3) Beijing (China)

96% coal in energy mix [45]

Table 5.1: Case study: local system environments ranked by share of renewables in electricity mix

Moreover, the choice of Norway, the U.S. and China as systems under evaluation induces a certain
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variation in use patterns, political frameworks, trends, market regulations and subsidization, as well as
different challenges particular to the respective system environment (e.g. poor air quality in Beijing).
This variety of system characteristics was desirable in order to ensure a certain effect diversity in the
proof of concept.

5.2 Application of the PSSA framework
The case study followed the six steps of the developed framework, as explained in 4.4. In the following
the approach taken in the respective steps and the outcomes of relevance for the case study are described.
The author consciously refrains from extensively elaborating the content-related details of the case study,
but focuses on the procedural steps and main findings. The detailed information gathered in the scope of
the case study can be found on the data carrier enclosed to this thesis, which contains the complete set of
generated Excel documents including the precise references of the gathered information.

5.2.1 The product level (steps P.1 to P.3)
To begin with, the product level was analyzed. In the practical application of the framework, it turned out
to be more reasonable to define the benchmark products beforehand and analyze them together with the
product in focus in step P.1. This consolidation of steps P.1 (evaluation of the product) and P.2 (evaluation
of the benchmark) was reasonable, since the benchmark products could easily be defined beforehand.
Nevertheless, the steps are described separately in the subsequent.

Step P.1: product
The product in focus was a Nissan Leaf, the best-selling electric vehicle, which sold over 224.000 times
worldwide since its market introduction in 2010 [118]. Since the Nissan Leaf is sold in Norway and in
the U.S., but only on a very small scale in China, the comparative Chinese model, the Geely Dorsett EV,
was evaluated for the system environment of Beijing [107]. Fist, the product attributes were analyzed and
summarized in an Excel spreadsheet for the product in focus and its benchmarks (which can be found on
the enclosed data carrier). Thereby the product information were gathered for each system environment
(Oslo, Detroit, Beijing). Despite the product specifications (such as dimensions, weight, driving range
etc.), aspects such as charging time, service lifetime and need for battery exchange, were also evaluated.
The main sources of information were the vendor’s product specifications and online reviews of battery
electric vehicles. Collecting the data in an excel spreadsheet facilitated a clear presentation of the gathered
information, together with the respective references and comments. The same approach of collecting
and summarizing data in a manageable table was taken, to evaluate the product consumers, the product
functionality, as well as economic aspects (based on table 4.3). In the following the main issues of each
of those four product characteristics are briefly summarized and commented on. Thereby the focus is on
aspects, which were identified to be potentially of relevance for the overall product sustainability in the
context of its respective system environment.
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Product attributes:
• The Nissan Leaf has a driving range of approximately 160km (with a 24kWh Li-ion battery) [117].
The Geely Dorstett has a range of up to 240km (with a 44,8kWh Li-ion battery) [125]. With a
standard mains voltage of 220V, the complete recharging of the battery takes 6h for the Nissan Leaf
and 12h for the Geely Dorstette [117, 125].
• It was found that the driving range for battery electric vehicles differs tremendously depending on the
driving pattern (acceleration, breaking, speed etc.). Studies show that the electricity consumption
for the same trip can vary up to 30% depending on the driving pattern [26]. The driving range
for a Tesla for instance, is 50% shorter if the car is driven at 130km/h average speed, compared
to driving at 65km/h [120]. Whether the car is driven predominantly in a city or on a highway
(assumed the speed is the same), however, is less important. This is due to the fact that contrary to
internal combustion engines, electric engines are for efficient in stop and go traffic [50].
• The driving range is additionally influenced by aspects such as: the use of air conditioning or
heating, the outside temperature (the warmer, the higher the driving range) or the quality of the
tires [19, 121].
• Except of claims by manufacturers (who state durabilities of 7 to 12 years), no empirical information
on the life time of the built-in Lithium ion batteries and the conditions of replacement could be
found.
Consumer:
• The evaluation of the product consumers was not very informative, since no information could be
found on the average driver of battery electric vehicles. For the sake of better comparability it was
assumed that all consumers are individuals living in urban areas, who primarily use the car for
daily commute and not as family car or for the frequent transportation of goods.
• The only meaningful information regarding the product consumers was the average yearly driving
distance of vehicle owners in the respective countries. While the average driving distance in
Norway (12.987 km/year [119]) and China (12.410 km/year [46]) are quite similar, the average
American car owner drives almost double as far within a year (23.165 km/year [100]).
• Interestingly, Norwegian divers of battery electric vehicles drive on average 5% (equivalent to
600km) more, than drivers of conventional vehicles [119]. Similar data could not be found for
China or the U.S.
Product functionality:
• The primary function of the product is obviously to provide mobility to individuals. Potential
secondary functions (such as a social pioneer status) were mentioned in literature, but hard to be
verified with meaningful data and thus omitted from the research.
• The most important functional aspect of battery electric vehicles is the fact that they generate zero
tailpipe emissions, in contrast to conventional fuel powered cars [64].
Economic aspects:
• The local purchase prices of the Nissan Leaf and Geely Dorstett were assessed, but are of little
explanatory power, if not evaluated with respect to the local average purchase power of consumers.
• A striking difference between a Nissan Leaf or Geely Dorstett sold in the U.S., Norway or China
is the high variation of governmental subsidization of vehicles. In Norway the subsidies sum up to
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50% of the original purchase price, making BEV economically more attractive than ICV [115, 122].
Whereas in Michigan electric vehicles are only subsidized with a refund of US$ 7500 [102].
• Much research is done on calculating the life cycle and operation costs of electric vehicles. In
the scope of the case study three different options of calculating the operation costs of BEV were
evaluated, yielding very similar results. However, the operation costs were not further integrated in
the assessment, since it was found that other aspects strongly overshadow those cost comparisons.
The potential costs of battery exchange were also neglected, since little reliable and comparable
information could be found on that issue
After having gathered and evaluated information on the product in the different local environments, this
step of the PSSA framework was concluded, by summarizing the main identified sustainability factors;
or in other words those aspects, which might potentially have an impact on the overall sustainability of
battery electric vehicles. Those identified sustainability factors were the following:
• The limited driving range and long charging times of battery electric vehicles significantly impact
the flexibility of the drivers.
• The driving range of battery electric vehicles varies strongly in dependence of external factors and
use patterns. However, only standardized driving pattern can be found in literature, while little data
on real-world driving patterns can be found [90].
• The frequency and costs of battery replacements has the potential to strongly affect the environmental and economic sustainability of BEVs. However, very little reliable information can be
found on the topic, since the product is not on the market for a long enough period of time to gather
significant data.
Summarizing, it must be said that the lack of availability of suitable data was found to be a problem in this
step of the PSSA framework. While hard data on the product features and costs are widely available, data
on socioeconomic aspects and the product’s consumer could not be found. However, the research on the
product revealed that those aspects could significantly influence the ultimate sustainability performance
of the product.

Step P.2: benchmark
The choice of suitable benchmark products to compare the sustainability of a Nissan Leaf (or a Geely
Dorsett) battery electric vehicles was quite straightforward. Following the introductory specification of the
case study in section 5.1 the core motivation of evaluating BEVs is to assess the sustainability impacts of
the aspired transition from internal combustion engines to electrically powered vehicles. Consequently,
the current status-quo, a comparable gasoline-powered car, was chosen as benchmark product. More
specifically, a Nissan Sentra for the U.S. market, which is labeled as Nissan Sylphy in the Chinese market
and a Volkswagen Passat for the Norwegian market. Those benchmark products are similar to the electric
vehicles in focus. To broaden the perspectives on BEVs, as well as to identify potential difference in
the adoption of midsize versus luxury BEVs, the Telsa Model S was additionally evaluated as a second
benchmark product. In addition, the Tesla Model S offers a significantly longer driving range of up to
390km [98], which might have a strong influence on the product’s overall performance. Both benchmark
products were evaluated in parallel to the product in focus in the scope of step P.1 of the PSSA framework.
The following table 5.2 gives an overview of the three evaluated systems and the three respective car
models.
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System environment

Product in focus (BEV)

BEV benchmark

ICV benchmark

Oslo (Norway)

Nissan Leaf

Tesla Model S

Volkswagen Passat

Detroit (USA)

Nissan Leaf

Tesla Model S

Nissan Sentra

Beijing (China)

Geely Dorsett

Tesla Model S

Nissan Sylphy

Table 5.2: Overview of assessed product-system combinations

At first sight, the identification of a benchmark product to evaluate the sustainability of battery electric
vehicles seems to be obvious, since BEV represent a substitution to "unsustainable" combustion engines.
Thinking further about the issue, however, the question becomes more complex. Personal mobility must
not necessarily be based on privately owned vehicles, but could alternatively be provided by public means
of transportation, as well as car- or ride-sharing concepts. So maybe, an adequate benchmark to evaluate
the actual sustainability impact of cars would be "no car at all". Against the background of still ever
increasing global care sales, this scenario however illustrates a rather idealistic utopia, rather than a
realistic assessment of today’s mobility concepts.

Step P.3: LCA
An immense variety of Life Cycle studies on battery electric vehicles, as well as hybrid vehicles (combining conventional power-train technology with battery electric systems), can be found in literature, even if
only LCA published in 2011 or later are considered [13, 19, 25, 26, 27, 40, 43, 41, 45, 58, 66, 90]. Many
of those focus on specific countries, such as Portugal [25], China [45, 89] or the U.S. [13, 45]. In addition
some studies focus on more specific aspects such as Life Cycle Costs [50] or the influence of driving
patterns on the environmental sustainability of battery electric vehicles [50]. Three life cycle studies and
three reviews were analyzed in greater detail [13, 26, 40, 41, 45, 66]. Since the PSSA framework focuses
on the use phase of products the following paragraphs focus on aspects of relevance for the use phase.
Environmental impacts of the (pre-) manufacturing phase of BEVs and Lithium ion battery packs are
however extensively discussed in literature.
What all life cycle assessments have in common is the exclusive focus on the environmental impact of
ICVs and BEVs, which is inherent to the methodology. Consequently, they primarily assess the climate
change impact of vehicles by evaluating their overall CO2 equivalent in grams per driven km. Table 5.3
gives an overview of six LCA for electric vehicles and their respective outcomes. As the last line of
the table shows, the overall grams of CO2 equivalent per km varies significantly between 95 and 240
g(CO2 eq)/km [26]. The climate change impact measures in GHG emissions per km obviously strongly
depends on the underlying assumptions of the life cycle study. By normalizing the GHG emissions to the
driven kilometers, the assumed lifetime performance of a car has a tremendous impact on the outcome. In
a similar manner, the presumed electricity mix to charge the car and the vehicles electricity consumption
significantly influence the resulting measure of overall life cycle emissions. Taking a closer look at the
table it, however, becomes obvious that these issues cannot conclusively explain the differences of the
results. This is because, a further shortcoming inherent to LCA studies comes into play, which has
already been mentioned in section 3.2.1.3: the impact assessment methods of all those LCA studies vary
markedly.
It can be said that the LCA studies provide valuable reference value to estimate the environmental
impacts of producing, driving and charging battery electric vehicles. However, the evaluation of existing
LCA studies revealed that they tend to get tangled up in the details of quantified results and measures,
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Table 5.3: Comparison of LCA studies: characteristics of electric cars and climate change impacts [26]

while paying very limited attention on how their assumptions might propagate preexisting biases or be
influenced by the researcher’s subjective values. This leads to a situation in which results are represented
as objective, while other important findings are overshadowed.
Nevertheless, almost all LCA on battery electric vehicles agree in one aspect. Namely, that the aspired
environmental benefits form the large scale adoption of battery electric vehicles can only be obtained, if
they are charged with "green energy". This means that in parallel to the adoption of BEV a transition
in the electricity generation form fossil fuel towards renewable energy sources must occur [13, 41, 66].
This, absolutely justified, emphasis on the electricity mix powering the fleet of electric vehicles leads to
the situation that the sustainability of BEVs is predominantly judged based on the electrical grid of the
respective local system [13, 45]. This approach makes electric vehicles appear "green" in Norway and as
total polluters in Beijing, as table 5.1 shows.
Summarizing, the following sustainability factors could be identified during the analysis of existing
LCA studies.
• The environmental sustainability of a battery electric vehicle is highly influenced by its broader
context, by aspects including but not limited to: driving patterns, vehicle lifetime, rural or urban
environment and regional electricity mix [40].
• The emission of GHG gases and toxic pollutants is shifted from milions of mobile tailpipes to
highly centralized power plants [69].
In addition, none of the evaluated LCA studies account for potential impacts of future technology trends,
such as autonomous vehicles, or alternative mobility concepts. In other words, the chosen benchmark
products are always conventional or hybrid vehicles. However, some publications point out that a change
of consumer behavior in order to reduce the global demand for car mobility should be fostered [26].
Others emphasize the need to encourage a stronger, critical life cycle thinking of all involved stakeholders
in order to shape the transition from internal combustion vehicles to battery electric vehicles [41].

5.2.2 The system level (steps S.1 and S.2)
After having extensively analyzed the product in focus and its benchmarks, the system level was assessed,
as suggested by the PSSA framework. Several issues regarding the product’s local use environments
already came up when in the assessment of product characteristics and life cycle studies. Self-evidently a
clear separation of product- and system-related features is neither feasible, nor desirable. The conscious
assessment of both levels, however, is of major importance, as this section demonstrates.
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Step S.1: system environment
Step S.3 evolves around the delimitation and characterization of the target systems. This was done by
thinking through the five system dimensions and collecting and evaluating information for each respective
system environment. In some cases, particularities of the three systems could easily be identified based
on common knowledge, in others, it was necessary to strategically gather information on specific system
dimensions. Sources for data were research literature, journalistic articles, as well as online resources.
The most relevant information on the system characteristics were clearly arranged in a spreadsheet by
mapping the five system dimensions against the three system environments in focus. In addition, the
local and temporal context of the product’s use phase was delimited. In the following the most important
particularities of each of the systems are briefly summarized. The extensive spreadsheet can again be
found in the Excel spreadsheets documenting this case study.
A challenge in this step of the PSSA framework was to decide at which aspects of the system analysis it
was essential to go further and gather more specific information. Whereas for other aspects the further
research did not reveal any significant insights on system particularities.
Oslo, Norway is the system environment with the highest GDP per capita, in which the consumers
primarily use their private vehicles for short driving distances in urban areas [122]. In Oslo 37% of
the daily commuters use their private cars as primary mode of transportation [129]. Regarding the
infrastructure, the Norwegian electricity grid is primarily powered by hydro power and therefore has an
average GHG emission per kilowatt-hour of only 13 g(CO2 eq)/kWh [127]. The most striking aspects
regarding BEVs in Norway are the very intensive and long-term policy efforts to foster the transition
form combustion engines towards battery electric vehicles. Therefore, governmental incentives were
put into place already in the mid 1990s. Today those incentives comprise high subsidies for buyers of
BEVs such as the exemption from 25% VAT (value added tax) on the sales price of the car, as well the
exemption from road taxes and ferry fees, free parking and charging at public charging stations, plus the
permission to use the bus lane in congested city areas [21]. In contrast, owners of cars with an internal
combustion engine have to pay import taxes, the full 25% VAT road and high fuel taxes. Luxury vehicles
with higher emissions are additionally taxed [21]. The strong subsidization and financial inactivation of
BEV is partly possible because of the high state incomes from Norwegian petrol resources. Whether this
should be judged as a hypocrisy is left to the reader. In addition, the Norwegian proposed the National
Transportation Plan in 2016, according to which all new cars, buses and small vehicles should be zero
emission vehicles by 2025 [130]. The Norwegian car market does not produce any BEVs, so that all cars
are imported. Nevertheless, and for big parts due to the high financial incentives set by the government,
Norwary has the worldwide highest share of BEV per capita of 21,5 per 1000 people. In 20515 22,4%
of all new cars were BEV, the total volume of 84.000 BEV on Norwegian roads, however, is comparably
small [126].
Regarding the Midwest of the U.S., or more specifically in Detroit, U.S., the picture of the product’s
system environment varies significantly. Cars are widely used as primary mode of transportation.
Consequently, the majority of daily commuters rely on the car as primary mode of transportation, namely
61% in Chicago and 92% in Indianapolis [129]. No data could be found for Detroit, however, the number
is probably closer to 92%, since neither Indianapolis, nor Detroit have an urban metro system [128].
Looking at the infrastructure dimension, the Midwestern states of the U.S. are powered by an electricity
mix of 3% renewables, 30% nuclear energy and 67% coal and gas. Consequently the GHG equivalent per
kWh of electricity is tremendously high, being 857 g(CO2 eq)/kWh [45]. At the same time, the extensive
coverage with charging stations is rather poor in that area and mainly established by private companies
(such as Tesla) or private housholds [45]. The future of such governmental incentives to foster a transition
towards more sustainable industrial activities and means of transportation looks bleak given the priorities
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of the current administration and the withdrawal form the Paris Climate Agreement. Currently, the
only governmental incentives for plug-in electric vehicles in the U.S. are a refund of US$ 7500 and an
exemption from obligatory inspections in Michigan [131]. At the same time, taxes on gasoline and fuel
prices in the U.S. are comparably low, giving little incentives to the consumers to change from ICVs to
BEVs. Regarding the local market, some producers of battery electric vehicles are located in the U.S.,
such as the BEV pioneer Tesla in California and Ford in Detroit. Overall 410.000 BEV are registered
in the U.S., which corresponds to 1,51 BEV per 1000 inhabitants. The share of BEV amongst all newly
sold cars in the U.S. is 0,66% [126].
Beijing, China is a densly populated mega-city with over 22 million inhabitants and severe problems
with smog and poor air quality. A big share of the smog arises from the emission of toxic particulate
matter. Motorized vehicles are responsible for roughly 50% of the emitted particulate matter in Beijing’s
air. In addition, Beijing experienced a doubling of the population in the last 25 years and a high-pace
industrial development [45, 85]. 21% of the commuters in Beijing rely on cars as their primary mode
of transportation [129]. As previously mentioned, the energy mix in China is mainly based on coal
(96%), the other 4% come from nuclear or renewable energy sources. The GHG equivalent per kWh
is approximately 950 g(CO2 eq)/kWh [45]. A reason why this the difference compared to the GHG
equivalent for Detroit is so low might be the fact that coal fired power plants in China are more modern
and therefore comply with stricter emission standards. The Chinese government aims to drastically reduce
the GHG emissions in the next year and declared it as a national priority to achieve good air quality on
80% of the days in Chinese cities by 2021. In addition, the government decided on emission targets
for new vehicles and is repeatedly discussing the complete ban of combustion vehicles within the next
one or two decades [74, 85, 105]. Other governmental measure applied in the city of Beijing in order
to tackle the smog problem is the road space partitioning, which prohibits the use of cars with certain
number plate numbers at specific days of the week [85], as well as the highly limited license plate lottery
for ICV in Beijing. The latter forces consumers to buy BEV, which are excluded from the license plate
lottery, since the chances of winning are around only 3% [104, 110]. China is not only the largest car
market in the world, nowadays, but also the market with the most producers of battery electric vehicles.
Consequently, a large variety of BEVs are offered on the Chinese market, most of them from Chinese
manufacturers (Geely, BYD, Chery, JAC motors etc.), some from joint-ventures between foreign and
national car manufacturers [101, 109]. Telsa in contrast does not meet the requirements of the Chinese
government to enter into a joint-venture and must therefore accept high import taxes [99]. Today, 0.84%
of the newly registered cars in overall China are BEVs (the number in Beijing should be far higher for the
reasons stated above) and the total volume of BEVs on Chinese roads is of 258.000 [126].
One system dimensions, which is very similar to all three systems is the dimension of product technology.
This is intriguing since automotive technologies disseminate globally in today’s highly globalized and
interconnected world; for other technologies, this must not necessarily be the case, which justifies the
allocation of the technology dimension to the asssessment of the system environment, instead of allocating
it to the product in focus. The technology of battery electric vehicles has made a high-pace evolution
in the last decades, whereby the battery technology is seen as the key factor for the success of electric
vehicles. This is for two reasons: first, the battery defines the range of electric vehicles, which is crucial
for a widespread adoption by consumers. Secondly, the cost for batteries is seen as a crucial market
driver, since the costs for the lithium-ion batteries account for about 40% of cost of hybrid or electric
vehicles [122]. The current market leader regarding product technology, maximum driving range and
power is Tesla Motors [59].
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Step S.2: system levers
Having characterized the three system environments, the next step (S.2) was the identification of potential
system levers. This step was performed based on the previous characterization of the system environment,
which was basically expanded by specifically assessing each system dimension, the subordinate categories
and finally looking at each of the derived system factors. The background knowledge of the previous
steps of the assessment enabled a quick identification of those system factors, which play a significant
role in the respective system environment and might ultimately impact product sustainability. For this,
table 4.2 which comprises the complete set of identified system factors was evaluated nine times in total
- for each of the three products in each of the three systems. This means that at this step the specific
products (Nissan Leaf, Tesla Model S and Nissan Sentra) were again integrated in the assessment. This
was necessary, since a system lever might be of relevance for an electric Nissan Leaf, but not for its
benchmark of an conventional Nissan Sentra.
When strategically evaluating if and how a system factor (e.g. consumer behavior, product quality,
environmental regulations or rebound effects) might have an impact on the sustainability performance
of a product, it turned out that a two step approach was helpful. First, all system factors were thought
trough and subsequently the ones considered the most important or most probable of impacting product
sustainability were highlighted. At this step S.2 of the assessment no additional information was gathered,
but previously collected information on the product and the system environments was evaluated and
assigned to concrete system factors.
The author abstains from going into detail of the system factors potentially influencing the sustainability
of a product. Instead, general aspects of product-system interrelations, which might potentially affect
product sustainability are explained in the following.
An interesting finding was that the system factor identified to be of relevance in the dimensions of
consumer and technology were highly similar for all three systems. This is reasonable, since the
previous step S.1 already pointed out that automotive technologies are mostly adapted globally and it
is also plausible that consumers in Oslo, Detroit and Beijing have rather similar demands and habits
regarding cars for daily commute. It was found that the range anxiety is worldwide one of the key
inhibitors for the adaption of BEVs, further potential barriers are indicated in table 5.4 [73]. The main
purchasing arguments for buyers of electric vehicles, however, differed strongly. While in Beijing the low
likelihood of winning the license plate lottery with an ICV was identified as the main driver, in Norway
the lower purchase price compared to conventional cars was decisive. For the U.S. no primary purchase
argument could be identified.
Literature additionally suggests that the benefits from plug-in electric vehicles vary dramatically from
driver to driver depending on the driving patterns (including the type of roads driven roads, traffic, driving
style, use of air conditioning etc.) [50]. Despite this being an important issue for the assessment, it was not
possible to find reliable data on this topic which would have been suitable for this assessment. In general,
the availability of socioeconomic data was very limited, which impeded a more detailed assessment of
the consumer dimension.
In contrast, the dimensions of infrastructure, governance and market and the respective sub-factors of
relevance varied markedly, depending on the local context. Those dimensions are not only highly system
specific, but are also highly interrelated. The governmental will in China or Norway, for instance, to
foster a transition from combustion engines to electric vehicles highly impacts both the infrastructure
development, as well as the local market. Although the governmental control and inactivation occurs in
very different manners. The most significant factors for the successful adoption of electric vehicles was
found to be financial incentives (influenced by the system dimenstion of gernance) and the density of
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Table 5.4: Explanations of barriers for the adoption of battery electric vehicles [73]

charing stations (thus, the locally available infrastructure). Literature proves that charging stations (both
public and private) are worldwide by far the most influential aspect for consumers to switch to battery
electric vehicles [76]. Here again, we see how the system dimensions are highly interrelated, in this case
the consumer’s purchasing argument and the provided public infrastructure.
In this step S.2 of the assessment, it became evident that many those system factors considered as potential
levers were factors, which might positively influence the widespread adaption of battery electric vehicles.
Or in other words system factors, which foster positive scale effects of a "more sustainable" technology
than the benchmark product. This finding put the dynamic interdependencies between the product and
its system environment into the focus of the assessment.
Additional notable aspects coming up in the assessment of potential system levers (step S.2) were the
following:
• It was not straightforward to define a clear threshold for system factors considered to be relevant or
rather irrelevant for product sustainability. Thus, the evaluation was based on objective information,
but nevertheless subjected to a certain subjective judgment of the practitioner. Also, it was found
that the literature study and the frequency of mentions of certain aspects might induce a bias to the
assessment.
• Often, system characteristics could have been assigned to more than one system factor. This
was especially the case, when system characteristics arose from the interplay of different system
dimensions. Subsidies for instance are in general granted by governments, but take an effect in the
product market. The decision to which system dimension a characteristic was assigned was made
case/specific; it was not possible to derive clear criteria for a clear allocation.

5.2.3 Sustainability Assessment (step S.3)
The final step S.3 of the case study was the sustainability assessment of the Nissan Leaf in the three
system environments. In this step the chosen benchmark product was the conventional car with an
internal combustion engine, thus a Nissan Sentra, Nissan Sylphy or Volkswagen Passat. An additional
sustainability assessment in comparison to the Tesla Model S would also be interesting in order to identify
potential differences between compact and luxury BEV. Due to fact that this step of the assessment is
very time-intensive this second assessment was not performed in the scope of this thesis.
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As described in section 4.4.2 this step of the assessment comprises two sub-steps. The validation of the
leveraging effect of a specific system factor on product sustainability; and the subsequent allocation of
the system factor (or identified lever) to the affected sustainability item. In the practical application these
two sub-steps go hand in hand and occur kind of simultaneously, when completing the PSSA matrix.
However, the clear distinction of validation and allocation was found to be of importance in order to
first specify the causal relation between a system factor and the product sustainability; and subsequently
carefully declare which aspects of sustainability are being influenced.
In this step the system factors identified and justified based on collected information on the productsystem combinations were evaluated with respect to their sustainability impact. Thereby it again became
evident that many system factor do have a leveraging effect on product sustainability. However, they often
do not act as a lever on the sustainability of one single vehicle, but on the overall adaption of battery
electric vehicles. This is why the additional aspect of consumption was assessed in parallel to the three
sustainability dimensions. The aspect of consumption was split into two topics: the transition from ICV
to BEV and the reduction of private car mobility (or rather the overall kilometer driven). This issue
clearly shows the importance of additionally assessing how the system affects the dynamic performance
(or adaption) of a product over time. In other words, a "case-specific sustainability item" was created to
complement the sustainability assessment.
The outcome of this step were three completed PSSA matrices, one for each system environment (Norway,
the U.S. and China). As explained previously, this matrix confronts the five system dimensions (and
their sub-factors) with the three sustainability dimensions (and the respective sustainability items). By
mapping the leveraging effects of the system on specific sustainability items, a comprehensive overview
of all significant product-system interrelation is gained. Table 5.5 shows the complete matrix evaluating
the sustainability of a Nissan Leaf in Detroit, USA. The completed PSSA matrices for the Nissan Leaf in
Oslo and the Geely Dorsett in Beijing can be found in the appendix A.7 of this thesis.
The specific causal relations between the system factor and the respective sustainability items are captured
by comments in the Excel spreadsheet, which can be found in the data carrier enclosed to this thesis. In
addition, the completed matrix only contains those sustainability items and system factors which were of
importance for the assessment of the Nissan Leaf in on of the three local systems.
The fields of the matrix marked in red indicate negative leveraging effects of a system factor on items of
product sustainability. It can be seen that the system dimension "infrastructure" has the most detrimental
impact on (environmental), more specifically on climate change. This is primarily because of the high
share of coal (54%) in the local energy mix and the thereto related emission of greenhouse gases and
pollutants. In addition, the poor coverage with fast charging stations and the very restricted availability
of public transportation as an alternative to private car mobility have an negative impact on social
sustainability, more specifically on the sustainability item capturing "mobility". The sustainability aspect
of private mobility is also negatively influenced by the system factor "rural or urban context". This is
because, the residential areas in and around Detroit are not very densely populated (in comparison to
Beijing or Oslo) so that the private mobility is impeded by larger distances and the dependence on cars.
The system dimension that impacts the product’s sustainability performance most positively is "technology". This can be easily recognized by the fields labeled in green. The technology of battery electric
vehicles does not only has a positive impact on environmental sustainability, or more specifically on
resource consumption, climate change and environmental health; also the economic dimension of sustainability is positively affected. The technology of battery electric vehicles foremost has a positive
impact on the sustainability dimension of "product innovations" and thereto related also on economic
profitability both for existing car manufacturers and new companies. In the system dimension of technology in addition, many intersections are marked with an "a". This indicates that the color-coded leveraging
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effect is identical for all three evaluated systems. To further differentiate which of the system factors
have an identical sustainability impact in all system environments, those system factors are additionally
marked in light blue in the upper part of the matrix. In contrast, those system factors which vary from
system to system in their significance, causal relation and leveraging impact are marked in green. This
approach enabled a fast assessment and additionally facilitates to draw conclusions from the completed
PSSA matrix.
As previously mentioned an important outcome of the case study was the conclusion that for the product
to have a positive sustainability impact a large scale adoption of battery electric vehicles by the consumers
is crucial. For this reason, the economic sustainability item of "consumption" was evaluated separately in
order to highlight the importance of the thereto related dynamics. As the completed PSSA matrix for the
Nissan Leaf in the U.S. shows, most system factors have a indirect leveraging effect on sustainability, by
impacting the adoption of the battery electric vehicles, which ultimately improves the overall sustainability
of private cars. A measure to asses the "consumption" of battery electric vehicles is the share of BEVs
among all newly registered vehicles, which is of only 0,66% in the U.S. [126].
This matrix serves to gain a consolidated overview of all interrelations between the product’s system
environment and the product sustainability. Since the main objectives of the case study were to provide a
proof of concept and to identify starting points of improvement for the PSSA framework, the respective
sustainability items were not assessed in greater detail. As described in section 4.4.2 the last step (S.3)
of the PSSA framework stipulates the qualitative or quantitative assessment of those sustainability items
that seem to be worth assessing from the opinion of the practitioner of the study. However, the framework
abstains form giving guidance on which tools to apply, since this is highly case-specific and dependent
on the purpose of the study.

5.3 Outcomes of the case study
The previous section already discussed some of the outcomes of the case study. This section evaluates the
three completed PSSA matrices for the Nissan Leaf in the Detroit, Oslo and Beijing in a broader context.
This is done by comparing the three system environments and their respective sustainability assessments,
as well as by evaluating the results against the underlying purposes of the developed PSSA matrix.

5.3.1 System levers influencing the sustainability of battery electric vehicles
The system levers influencing the sustainability performance of battery electric vehicles can be easily
identified by looking at the completed PSSA matrices, such as for the Nissan Leaf in the U.S. in table 5.5.
All three systems have in common that the product technology and its sub-factors have a positive impact
on the environmental and economic sustainability of the product. The same accounts for the system factor
of "market structure" to which the falling prices for lithium-ion batteries was assigned. Those have an
positive leveraging effect on economic dimension of sustainability. A further system factor which has
an consistently positive impact in all three systems is the pioneer status, which is still attributed to BEV
drivers. This might serve as an purchasing argument and positively impact both the adaption rate of BEVs
(though, the consumption) and the social recognition of the consumer (thus, satisfy a social need). The
factor of consumer behavior showed to have an negative leveraging effect on the consumption of battery
electric vehicles in all three system environments. This is mainly due to the fact that the comparatively
short range of electric vehicles requires a more careful planning of trips, which opposes the current
behavior of drivers. Last but not least it was shown that governmental incentives, such as subsidies, tax
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exemptions or efforts to increase the density of public charging stations, are of high significance in all
three systems; although the dynamics and usefulness strongly vary.
The system-specific discussion and detailed assessment of system levers on product sustainability goes
beyond the scope of this project; especially, since the primary purpose of the case study was the proof of
concept of the developed framework.
In the introductory section 5.1 of this case study table 5.1 sketched a "sustainability ranking" of the
three system environments under analysis. The ranking was justified by the commonly stated outcomes
of LCA studies on battery electric vehicles. According to those the most significant aspect for the
environmental sustainability of BEVs in their use phase, is the share of fossil fuels in the electricity mix
which charges the vehicles. This statements of LCA studies are based on a static "snapshot" assessment
of all product-related processes.
The outcomes of the case study on BEVs based on the developed framework for product system sustainability assessment, however, shows a different image than life cycle studies. As table 5.6 indicates
outcomes of the case study suggest that battery electric vehicles are more sustainable in Beijing, China,
than in the Detroit, Michigan. In the previous "sustainability ranking" based on electricity grids, the
opposite was the case. How can that be? The assessment of all three dimensions of sustainability, together
with integration of dynamic interrelations between the product and its respective system environment,
address the topic in a far more comprehensive manner. Consequently, the PSSA study revealed, which
system dimensions have a significant impact on the sustainability of electric vehicles, as summarized in
table 5.6.
Local usage environment

Significant system dimensions influencing
product sustainability

Market share of
BEV

1) Oslo (Norway)

consumers: BEV are financially attractive
infrastructure: long-term vision for development
of charging infrastructure

22,4% (Norway)

2) Beijing (China)

government: pressure to improve air quality
market: growing local producer market

0,85% (China)

3) Detroit (USA)

consumer: BEV are financially not attractive
infrastructure: poor charging infrastructure

0,66% (USA)

Table 5.6: Case study: local system environments ranked by outcomes of the PSSA framework

As a matter of fact, the price of electric vehicles in comparison to their benchmark products is the main
purchasing argument for battery electric vehicles. Therefore the system factor "purchasing argument" is
the principal lever for the market adaption in Norway and the U.S. While electric vehicles are significantly
cheaper than conventional cars in Norway (due to the previously discussed financial incentives of the
government), BEVs still remain more expensive than comparable gasoline cars in the U.S. A similar
pattern was recognized for the system dimension evolving around the local infrastructure. Norway
developed a long-term vision for the development of a dense network for charging stations. In the U.S.
in contrast, the charging infrastructure is almost exclusively established by the private sector. The case
study based on the PSSA framework showed that this lack of governmental support of environmental
friendly mobility concepts highly impedes the extensive adoption of battery electric vehicles in the U.S.
This is why China is ranked higher in the comparison of the sustainability performance of the respective
product-system combinations (table 5.6). In China the government is reacting to the pressure to improve
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air quality and reduce the air pollution in urban areas. Therefore, BEV are excluded from the license
plate lottery and are financially subsidized by the government, which ultimately persuades the consumers
to buy battery electric vehicles. A further favorable system aspect in China is very active local producer
market. In the specific case of China, this fact increases the availability electric car models to a lower
price than cars manufactured by foreign companies or joint-ventures.
The completed PSSA matrices by no means provide ultimate information on product sustainability.
Neither should it mislead the practitioner to count all green and all red fields to come to a conclusion. On
the contrary, the PSSA matrices should serve as a comprehensive overview on how the usage environments
affect the sustainability performance of battery electric vehicles. Thus, the framework raises awareness
on system levers and points out crucial interdependencies to be considered.

5.3.2 Proof of concept
The last section proved that the dynamic assessment of battery electric vehicles based on the PSSA
framework provides a much more comprehensive evaluation of the product-system sustainability than
static Life Cycle Assessments. This is for two reasons: first, contrary to LCA studies, the PSSA
framework assesses all three dimensions of sustainability and therefore offers a more holistic perspective
on the topic. Secondly, the PSSA framework strategically assesses five dimensions of the product’s
system environment. While LCA studies focus exclusively on product-related processes, the case study
demonstrated the importance to go beyond and account for the complexity of interrelations between the
product and its broader system environment. All together, the outcomes of the case study prove the
absolute necessity to go beyond LCA in product sustainability assessment.
In addition, the case study proved the validity of the concept of system levers, presented in section 4.2.
Thinking of system factors acting as levers on product sustainability (in combination with the derived lists
of sustainability items and system factors) enabled the well-founded assessment of dynamic interrelations.
Moreover, the level approach of the PSSA framework was proven to be a reasonable approach to assess
the product and the system level independently of each other. In the case study the extensive evaluation of
the product, meaningful benchmark products and LCA studies served as good foundation to consequently
assess the system environment. However, the case study revealed that an entirely independent assessment
of the product and the system level is neither feasible, nor desirable. In many cases product characteristics
provided information about the system dimensions and vice versa.
A further strength of the PSSA framework highlighted in the case study is its flexibility to integrate
peculiarities of the product-system combination in focus. In the specific case of battery electric vehicles
it turned out that the aspect of market adoption (or rather "consumption") of electric vehicles and private
mobility is a crucial point in the sustainability assessment. This dynamic could easily be taken account
and assessed by the framework.
Last but not least, the issue of benchmarks should be addressed. As expected, the case study underlined
the importance of assessing the sustainability of electric vehicles relative to alternative mobility concepts
(in this particular case, conventional gasoline cars). During step S.3 of the assessment, in which the
system factors are allocated to the respective sustainability items and color-coded according to their
sustainability impacts, it became evident that in addition some kind of "benchmark system" must be
defined. This can be illustrated on the example of charging stations, which are allocated to the electricity
grid within the infrastructure dimension. A high availability of charging stations, as for instance in
Norway, has a positive impact on the social sustainability item capturing the human need for mobility.
However, in this case the benchmark of a ICV is not suitable, since it does not require charging stations
and in any case provides a better range, than electric cars. Instead, it would be more reasonable to assess
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how suitable or sustainable the charging infrastructure is in comparison to another system or to an ideal
system. Of course, one can argue that the limited range capacity of electric vehicles has a negative impact
on mobility. This interrelation, however, is already captured by the system factor of "product technology".
The discussion, whether such "system benchmarks" should be considered or not is left to further research
on the topic.
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6
Critical evaluation of the developed PSSA
framework
A decision should be made on the basis of stakeholders’ subjective judgments [...]. This is because in
addition to quantitative data, there is a wealth of reasons that affect decisions, which are based on beliefs,
principles, rights and feelings.
M. Lenzen in "Uncertainty in Impact and Externality Assessments", 2006 [57]

6.1 Findings of the case study
The case study on battery electric vehicles served as a sound proof of the concept of Product System
Sustainability Assessment, as discussed in section 5.3.2. This chapter goes a step further and critically
analyses the explanatory power of the PSSA framwork (section 6.1.1), as well as its shortcomings (section
6.1.2). Finally, section 6.2 provides a research outlook on the topic of product sustainability assessment.

6.1.1 Explanatory power of the framework
The validity and suitability of the concept of system levers was already proven in section 5.3.2. It was
shown that the conceptual basis of simultaneously assessing the product and its system environment
constitutes the explanatory power of the developed PSSA framework. This is because the strategic
assessment of significant system factors allows to embrace both the complexity of a product’s system
environment and its dynamic impacts on product sustainability. In addition to accounting for those
dynamics, the framework comprehensively assesses all three dimensions of sustainability. These two
aspects of integrating both the product’s system environment and the Triple Bottom Line of sustainability
are unique to the PSSA framework. Therefore, the developed framework closes the research gap in the
field of product sustainability assessment, which was identified in section 3.3. Last but not least, due
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to the fact that the framework translates the conceptual idea of system levers into an operational and
well-applicable framework.
For the reasons discussed above, the developed PSSA framework presents an significant contribution
to the field of research. The second meaningful contribution to research is the extensive and critical
literature review on the state-of-the-art in product sustainability assessment, which was conducted in
the scope of this thesis (see chapter 3). The literature review together with the study of sustainability
concepts, additionally created the basis for the definition of three basic theses on product sustainability.
The purpose of those theses was to specify the notion of product sustainability and consequently also
found a solid basis for the PSSA framework. The case study proved that all three theses were of great
importance in order to grasp the complex and multi-dimensional nature of product sustainability, as
discussed in the following.
i) Product sustainability can only be evaluated relative to benchmarks. There is no such thing as
absolute sustainability. The case study proved the importance of defining a benchmark product and the
explanatory power arising from the comparison of the product in focus to a meaningful benchmark. In
the specific case plug-in electric vehicles were compared to conventional gasoline cars in order to draw
significant conclusions on the sustainability impacts of a transition of automotive drive technologies. It
was further proven that the underlying purpose of the assessment (to evaluate the sustainability impacts
connected technological innovations) has a major impact on the chosen benchmark and consequently on
the evaluated product sustainability. If the purpose of the case study would have been the comparison
of mobility concepts an entirely different benchmark would have to be chosen. And the sustainability
of electric vehicles might ultimately perform rather poorly, when compared to a public transportation
system, as briefly discussed in section 5.2.1 under step P.2. Consequently, the idea of such thing as
"absolute sustainability" was proven to be invalid.
ii) Product sustainability is a function of the system, or rather the product’s context, and not an inherent
product characteristic. The outcomes of the case study, summarized in table 5.6 prove the fact that
the assessment of the product’s broader system environment is indispensable in order to make a sound
statement on the product’s sustainability. A battery electric vehicle itself cannot be inherently sustainable,
since it must be bought and driven by the customers, be economically viable on the market and it
furthermore requires an infrastructure of roads and charging stations, which itself is influences by the
government. Also the product’s technology is not sustainable, if not realized in a successful product.
The case study clearly illustrates how the product’s sustainability is a function of its broader system
environment and consequently proves the validity of the second thesis.
iii) Product sustainability must be assessed from a dynamic perspective, to account both for temporal
changes and interrelations between the product and its system environment and vice versa. The assessment
of battery electric vehicles made the importance of assessing product sustainability from a dynamic
perspective evident. As the completed PSSA matrices indicate, a product’s sustainability is highly
influenced by its interrelations with system factors, which are not at all static, but of highly dynamic nature.
Looking for instance at the governmental incentives in Beijing, it becomes clear that it is of importance
to assess both the past development of the urban area (together with arising smog problem) and the
governmental plans to further restrict the use of gasoline powered vehicles. A product-focused snapshot
assessment of the situation would not have been as conclusive. Moreover, the case study illustrates the
importance to assess the adoption rates and overall consumption of electric versus conventional vehicles.
A stable market adoption and scale effects were proved to be crucial to make BEVs "sustainable". This
point underlines the indispensable need to understand product sustainability as a dynamic issue.
All in all, the case study both proved the explanatory power of the PSSA framework, as well as the validity
of the three underlying theses on product sustainability. The framework provides a powerful method to
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understand how different system factors impact product sustainability. Last but not least, it encourages
the practitioner to reconsider common conceptions on product sustainability.

6.1.2 Identified weaknesses
Despite demonstrating the explanatory power of the framework, the case study also revealed a number of
weaknesses and starting points for further improvements.
Even though the framework aims to be very operational and provides a step-by-step guidance for the
product system sustainability assessment, its practical applicability is partly cumbersome. This is for three
reasons. First, the assessment takes a considerable amount of time; to conduct the entire case study for
instance took more than three weeks. Considering the fact that the outcome of the PSSA framework is first
of all a comprehensive and consolidated overview of all product-system interdependencies of relevance
for the sustainability performance of a product, this is a lot of time. The collection of meaningful data and
information on the product and its system environment took the most time during the assessment. This
fact also substantiates the second weakness of the framework: a quick and straightforward differentiation,
between the information of relevance (thus, worth searching for) and information of secondary importance
was rather difficult. This is mainly due to the reason that the practitioner cannot know beforehand, which
aspects of the product or system might be influential on the overall sustainability. Consequently the
collection of data and information has at first occur in a very explorative manner, before issues of
significance stand out. Guidelines or criteria to facilitate the decision of what to search for or which
topics to analyze in further detail would be very helpful. However, such guidelines could not be derived
from the findings of the case study.
A further point at which such a list of criteria or guiding questions would be very useful is in the
identification of system factors, which might potentially work as lever on product sustainability (in step
S.2). The assessment of those system levers turned out to be less straightforward than expected. This was
mainly due to the fact that no guidance is given on the question how long the causal impact chain between
a system factor and product sustainability should be. Looking for instance at the infrastructure dimension,
the question arose whether the availability of a good public transportation network is a potential lever for
the sustainability of battery electric vehicles. On the one hand public transportation represents a substitute
service and could therefore be excluded from the assessment. On the other hand, the availability of a
reliable public transportation network might encourage consumers, who are anxious about the limited
range, to buy battery electric vehicles by additionally providing alternative modes of transportation. This
example also demonstrates the third identified shortcoming of the framework: its highly subjective nature.
In the example of the public transportation, the decision whether this system factor has a leveraging effect
on product sustainability or not is left to the subjective judgment of the practitioner. Despite the fact that
the PSSA framework explicitly encourages the user to be conscious about potential biases and own values
influencing the assessment, in several cases the decision is led by a gut instinct, rather than by objective
arguments. This subjectivity is constituted by the deliberately qualitative nature of the framework. It
entails the great advantage of allowing a flexible and comprehensive evaluation of a broad variety of
product-system combinations, without necessarily having to break down the complexity into a list of
criteria and guidelines. At the same time it demands a much more cautious evaluation by the practitioner
and bears the danger of propagating unconscious biases in the assessment of a product’s sustainability.
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6.2 Research outlook
Based on the findings made in the literature review and during the development of the PSSA framework,
this section provides an outlook for further research on the topic of product sustainability. A first useful
step would be to further streamline and iteratively improve the developed PSSA framework, in order
to facilitate the application of the PSSA framework. Starting points for improvement were already
discussed in the previous section 6.1.2. Thereby a key challenge will be to guarantee the openness
and comprehensiveness of the framework, and simultaneously provide more specific guidance on how to
efficiently gather information and identify significant sustainability levers. This step of further formalizing
the framework could be supported by a series of case studies, which might substantiate the identification
of criteria or patterns.
Case studies could also provide a useful basis for the second starting point for further development of the
framework: it would be desirable to refine the set of system factors by a complementary bottom-up
approach. The system environment of a product was specified in section 4.3.2 by defining five core
system dimensions and deriving a set of subordinate system factors based on a top-down approach. In
the process of identifying and classifying system factors influencing sustainability, it became evident that
many dynamics and interrelations are only recognized at second sight and mostly after investing in a more
detailed literature review. Therefore a complementary bottom-up approach could on one hand provide
valuable information to further refine both the list of sustainability items and system factors, and on the
other also serve as a basis to justify the actual significance on the basis of meaningful case studies.
An additional issue in the process of deriving a set of system factors and sustainability items was the
fact that it was inevitably influenced by the author’s cultural and educational background. Indeed, the
list of potential sustainability levers was elaborated with the goal to be as comprehensive and objective
as possible. Nevertheless, it would be desirable to further develop, question and refine the given
assessment of a product’s system environment; ideally by people with a more diverse regional, cultural
and educational background and varying expertise in the field. Moreover, it would be highly beneficial
if further research would be done in order to adapt the presented concept of sustainability levers to
more diverse system environments, such as developing countries. Product sustainability assessment
is of particular importance for technologies introduced in those regions where the growth is going to
be strongest and the scale effects of environmentally friendly products are extremely large [38]. The
availability of adequate scientific tools is particularly urgent for developing countries as they are most
vulnerable to the multiple stressors arising from rapid, simultaneous changes in all system dimensions
[51].
The inherent subjectivity in product sustainability assessment was repeatedly mentioned, both in the
development of the PSSA framework and in its critical evaluation in the previous sections of this chapter.
This subjectivity comes hand in hand with the qualitative nature of the framework. In the scope of this
thesis arguments were put forward to justify the qualitative assessment, instead of oversimplifying the
complexity inherent to sustainability questions by applying quantitative and allegedly objective measures.
A further benefit of consciously subjective judgments is the possibility to include a wealth of reasons, such
as underling values, principles, rights or needs, which can hardly be formalized elsewise [57]. However,
the question remains how this approach substantially affects the explanatory power of the a sustainability
assessment based on the PSSA framework. It is likely that the outcomes of the assessment might vary
significantly depending on the background of the practitioner. Thus, further research could be address
the question how to improve the integration of qualitative assessment methods in the framework.
Moreover, it would be of great value to further integrate both qualitative and quantitative tools,
indicators and and methods. A overview of suitable tools and measures could greatly facilitate the the
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assessment of those sustainability items in greater detail, which are identified as relevant in the last step
of the framework. The PSA tools studied in the literature review contain a series of meaningful indicators
and measures specific aspects sustainability. These could serve as a sound basis to identify and assign
assessment methods to specific sustainability items.
Last but not least, an overall purpose it to further expand the scope of the framework for product system
sustainability assessment; especially with regard to other product types and other life cycle phases. Since
the system environment differs highly from life cycle stage to life cycle stage (e.g. local conditions in
the mining of rare earth minerals versus the context in which cellphones are commonly used), the scope
of the PSSA framework was limited to only one life cycle phase. A future extension of the framework
is explicitly desired, yet beyond the scope of this project. It would also be of interest to generalize the
framework in a way that it enables the assessment of any kind of products or even product service systems.
The question for whom this framework was developed repeatedly arose. The practitioner of the framework
could be anyone: consumer, industry, researcher or policy makers; and a future customization of the
framework for specific user groups is by no means precluded. However, the reason why the framework
was not tailored to a specific field of application is justified by the objectives of this thesis. The core
purpose of the literature study on sustainability and product sustainability assessment tools, as well as
the developed framework is to drastically broaden the perspective in the topic. Therefore, this thesis
aims to encourage researcher and practitioner alike to think critically about existing methods for product
sustainability assessment and provides an alternative concept to expand the idea of product sustainability
by including its broader system environment.
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Summary and conclusion
Product sustainability is not an inherent product characteristic, but a function of the product’s system
environment.
As the title of the thesis states, the purpose was to go beyond Life Cycle Assessment and to develop
a more comprehensive tool for product sustainability assessment, which also takes into account the
broader system environment of a product. This led to the definition of the main objectives, which were
accomplished in the scope of this thesis:
A) Conduct an extensive literature review on the topic of product sustainability assessment, in order to
identify the research gap in the field of research.
B) Develop an analysis tool for the assessment of product sustainability, which...
i) ... comprehensively accounts for the Triple Bottom Line of sustainability,
ii) ... assesses product sustainability within the context of its dynamic system environment,
iii) ... takes into consideration both spatial characteristics and temporal dynamics.
In order to create a solid theoretical basis both for the literature review and the framework to be developed,
a variety of concepts and paradigms on the topic of sustainability were presented and discussed in chapter
2. Thereby a special focus was on the understanding of the three dimensions of sustainability (or rather
the Triple Bottom Line), as well as on evaluating the concept of product sustainability along its physical
life cycle.
In the subsequent literature review in chapter 3 a total of 16 tools and concepts for product sustainability
assessment (PSA), published both by academia and industry, were critically evaluated. Thereby a two-fold
approach was taken in which first, the methodology, advantages and shortcoming of each individual tool
were analyzed (section 3.1.1). Second, the 16 PSA tools were directly compared with respect to 20 predefined features and characteristics (section 3.1.2). The result of this approach was a deep understanding
of the field of product sustainability assessment, together with the identification of the main shortcomings
of existing PSA tools. A special focus was on the methodology for Life Cycle Assessment, which despite
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its great informative value, entails the drawbacks of focusing exclusively on the environmental aspect
of sustainability and moreover does not account for the product’s broader system environment (section
3.2.1). Eventually, the research gap in the field of product sustainability assessment was specified on the
basis of the findings from the literature review.
Against the background of the identified research gap and the study of sustainability concepts three basic
theses on product sustainability were formulated in chapter 4. These theses outlined the underlying notion
of product sustainability and served as a conceptual foundation for the framework to be developed. In
addition, the scope of the framework was limited to the analysis of electro-mechanical consumer products
in their use phase. The fist step for the development of a framework for product system sustainability
assessment (PSSA) was to formalize the interrelation of the product and its system environment with an
appropriate representation. For this, the fundamental concept of system levers was derived in section 4.2.
It illustrates the idea that the product is embedded in a broader system environment, in which specific
aspects of this system might have a positive of negative leveraging effects on the sustainability of the
product. Consequently, both the Triple Bottom Line of sustainability and the system environment were
specified in greater detail. For both, a parallel top-down approach was chosen in order to derive a set of
sustainability items (section 4.3.1) and a set of system factors, which might potentially act as levers on
the sustainability items of attributed to a product (section 4.3.2). The system environment was classified
into five main dimensions, being consumer, technology, infrastructure and governance. The final PSSA
framwork was (explained in section 4.4) follows a two layer approach. First, the product in focus, a
meaningful benchmark and existing LCA studies are assessed. The second layer subsequently analyses
the five dimensions of product’s system environment and identifies those system factors, which might
potentially act as system levers on sustainability. The last step is the overall sustainability assessment,
in which the causal relations between product system and sustainability are mapped against each other
in a conclusive PSSA matrix. The outcome of an assessment based on the PSSA framework is a
comprehensive overview of all interrelations between the product and its context of use, which have an
impact on product sustainability.
A case study on battery electric vehicles was conducted to prove both the underlying concept and the
explanatory power of the developed PSSA framework. In chapter 5 the sustainability of an electric car is
evaluated for three different system environments. While LCA studies on battery electric vehicles suggest
that the energy mix charging the electric cars is the most dominant aspect influencing the sustainability
of the product in its use phase, the results of the case study provided a more differentiated perspective.
The discussion of the case study in section 5.3 shows that in particular the system dimensions of
governance, (charging) infrastructure and the local market have a strong influence on the sustainability of
battery electric vehicles. It becomes evident that for battery electric vehicles to be sustainable large-scale
adaption is crucial. The success of this transition from combustion to electric vehicles is highly dependent
on the dynamically changing local context in which cars are used. The PSSA framework proved to be a
suitable tool to strategically assess the respective system environment and involved dynamics.
Chapter 6 critically evaluates the findings of the case study, as well as the explanatory power of the
framework. The case study served as a conclusive proof of concept of the developed framework and
also proved the validity of the three basic theses on product sustainability, as discussed in section 6.1.1.
In addition, the research outlook in section 6.2 revealed a number of starting points for improvement of
the PSSA framework. Further research on the topic should primarily focus on further streamlining the
framework to facilitate its application, as well as on finding solutions to reduce the subjectivity inherent
to the framework.
So what are the conclusions of this thesis?
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Promote effectiveness in the design of sustainable system environments
Skerlos’ paper suggesting criteria to promote the effectiveness in sustainable design [78] served as a
starting point for this thesis and was critically discussed in section 3.2.2. The concept presented by
Skerlos focuses on the design of sustainable products, given certain social, environmental and economic
conditions and needs. This research project, however, demonstrated the importance of simultaneously
considering the product and its system environment when evaluating the sustainability of products. As
stated in the basic theses, product sustainability is not an inherent product characteristic, but a function
of its broader system environment.
Instead of focusing on the deceptive idea of "sustainable products" industry, policy makers and societies
alike should rather think in terms of sustainable product-system combinations. Or to put it more pointedly, the focus should be expanded to the design of sustainable system environments. This by no means
dispenses the need of designing resource- and energy-efficient products, but it calls for a more holistic
approach to the topic of sustainability. It requires joint and highly interdisciplinary efforts to simultaneously develop products, which are justifiable from an environmental and socioeconomic perspective, and
sustainable system environments for the those products. To embrace this complexity of product-system
combinations is a key challenge in the endeavor to limit the human impact on our ecosystem and increase
social equity.
The PSSA framework provides a powerful tool to identify and assess those interdependencies and
leveraging effects between products and their respective system environment. Thus, the framework
developed in the scope of this thesis provides an important contribution to research.

Is there such thing as a green product?
Zink and Geyers [96] suggested that there is no such thing as a green product, as discussed in section
3.2.3. What is the answer to that statement, against the background of an extensive study of sustainability
concepts and existing tools for product sustainability assessment? Is there such thing as a green product?
The term "green product" implicitly makes two claims. First, the adjective green originates from the
idea that sustainable products should minimize the impact on the Earth’s biosphere. Consequently,
the understanding of green products strongly focuses on the environmental dimension of sustainability.
The social and economic dimensions of sustainability therefore tend to be overseen when speaking of
green products. The critical analysis of the Life Cycle Assessment methodology and further tools for
product sustainability assessment also revealed that this predominant focus on the environmental aspects
of sustainability is a main deficiency. So all in all, it is fair to label products as green, if they are
environmentally friendly. To deduce from this that they are sustainable, however, is a fallacy since
sustainable products must necessarily satisfy all three dimensions of sustainability.
The second issue of term "green product" is the its implication that there is such thing as universal concept
of sustainability, based on which a product can be labeled green or not. This however is deceptive, since
there is no such thing as an absolute sustainability. Any product, no matter how sustainable it is, will
necessarily consume resources and energy and therefore have an impact on the ecosystem’s natural state.
Some sustainability concepts aim to define absolute measures or threshold for sustainability assessment,
for instance by using pre-industrial conditions, planetary boundaries or the Earth’s carrying capacity as
references [16]. But in fact, those are also nothing but points of reference to assess sustainability. For
these reasons, this project built on the thesis that product sustainability can only be assessed relative to
a benchmark product. Consequently, a product cannot be green, but only somewhat "greener" or less
green, than its reference.
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7 Summary and conclusion

The author of this thesis opposes the idea of labeling products as green. It bears the danger of overshadowing and oversimplifying the complexity and multi-dimensionality inherent to the assessment of
product sustainability. The literature review and the developed PSSA framework, in contrast, provide a
comprehensive basis to take into consideration both the complexity and multi-dimensionality of the topic.
Last but not least, this thesis encourages a critical thinking on the common understanding of (product)
sustainability.
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A
Appendix A: literature review and PSSA
framework
A.1 Further notable publications on the topic of product
sustainability assessment (PSA)
See table A.1.

A.2 Sustainability items for the assessment of product system
sustainability, including respective key words
See table A.2 or data carrier enclosed to this thesis.

A.3 Sustainability levers: system factors influencing product
sustainability, including respective key words
See table A.3 or data carrier enclosed to this thesis.
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Sustainable Manufacturing & EMB

Strategic Evolution of Eco-Products

Life Cycle Development

Social Life Cycle Analysis (SLCA)

Life Cycle Costing (LCC)

Hauschild (2005)

Haapala (2013)

Kobayashi (2005)

Umeda (2012)
Hauschild (2005)

Dreyer (2006)

Ness (2007)

[33]

[39]

[37]

[54]

[83, 39]

[18]

[65]

integration of SPD in companies / product design
3 levels: strategy, tactics, operation

product-portfolio analysis for companies,

specific sub-concepts of Design for Environment

development / assessment of
sustainable manufacturing processes

for product development / concept generation
= life cycle planning + eco-design

3 stages: strategic LC planning
+ product and process design + implementation
(environmental perspective only)

LC analysis of social impacts
two layers of obligatory and optional social criteria

costs related to product / investment calculation
(possibility to also to include costs of externalities)

Short description

limited scope, but interesting approach developed
by a corporation (total of 49 metrics)

integration of several sustainability tools
(focus on environmental aspects)

includes given methodologies and indices
(LCA, SLCA, LCC)

design for (dis-) assembly, (re-) manufacturing,
recycling,… --> incorporates Ecodesign concepts

umbrella term for various sub tools & methods
(e.g. OECD sustainable manufacturing toolkit, 2012)

includes LCA, Ecodesign, Quality Function Deployment
(QFD), LC simulation

also referred to as LC engineering / planning in similar
methods, includes DfE methodologies,
as well as and LC simulation

industrial activity is in focus (not the product)

economic sustainability is reduced to costs

Short comments

Further notable tools, concepts and publications on the topic of product sustainability assessment

Design for X (DfX)

Grießhammer (2007)

[49]

metrics for sustainable manufacturing within GM
(environment, energy, health, safety, waste, costs)

Literature review on tools and concepts for
Product Sustainability Assessment (PSA)

Product Sustainability Assessment (PROSA)

Kara (2005)

[17]

Reference

Integrated Framework for implementing
sustainable product development (SPD)

Dreher (2009)

Tool / concept

General Motors Metrics for sustainable
manufacturing

Category
Life Cycle based approach
Development
Corporate

method to provide practical sustainability targets
for products and business

based on earth carrying capacity and economic data (only
environmental impacts, includes Ecoindicator)

Overview and discussion of tools and indicators
for innovation, product development, industries, economies, markets, product, policies etc.
--> extensive, but not comprehensive and no development of new tool or aggregated framework
[76, 65]

[16]

Singh (2012)
Ness (2007)
Dickinson (2002)
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Sustainability Assessment Methodologies

Sustainability Target Method

Table A.1: Further notable publications on the topic of product sustainability assessment (PSA)
Others

social

economic

environmental

(eco-) toxics
(eco-) toxics
collected

water pollution
soil pollution
waste generation + hazardous waste

price structure
sales / price
opportunities
life-cycle thinking
stakeholder involvement
private
private consumers
local / national
wages / income equality
sustainability impacts
safety issues & accidents
food supply
access to clean water
access to medication
living conditions
accessibility
employment
accessibility
social participation
means of communication
partnerships
equal opportunities
freedom / space
communication

market value of product
profitability
product innovations
sustainability strategy
sustainable management

investments
market activity
economic relationships
economic equality
transparency

health & safety risks
alimentation
hygiene
medical care

housing
mobility
income
education
social needs

communication
local community
equality
culture
sustainability awareness

companies

economy

community

human needs

health

purchase costs
secondary costs
dept burden
bound capital
participation / incentives
basis for business
products (focal product, complementary or others)

product affordability
financial effects
economic empowerment
consumption

consumer

image / reputation
costs
investments
long-term strategies
business model

financing options
savings (time, costs)
employment
services

magnitude of impact

nitrous oxide

leakages
leakages
dumped / landfill

bio-degradable
water diversion
nuclear
depletion

access to information
codetermination
access to infrastructure
appreciation
social pressure

basic needs (water, heat)
infrastructure
security
professional education
social security

diseases (cancer etc.)
balanced nutrition
sanitation
medical services

transparency
culture
access to education
cultural values
information

lighting
reliability
(in-) dependency
institutions
financial security

harmful posture
water supply
hygiene products
psychological services

public
new opportunities
complementary products / services
global / international
along supply-chain
wealth distribution
purchasing power
price structure
life cycle

quality
scale effects
risks
impact awareness
finance / investments

probability

smog

risk of a damaging event

particulates

air quality
noise emission
light emission
environmental damage

environmental health

methane

plastics
waste
recycled

recyclables
water recycling
fossils (coal, oil)
erosion

GHG emissions
acidification potential
ozone depletion potential

CO2

recycled material
volume
renewable
land sealing

sustainability items (42)

material consumption
water consumption
energy consumption
land use

climate change

contamination

resource consumption

category (10)

Sustainability items

dimension (3)

toxics (toxicity potential)

communication

corporations
dependencies

supply-chain sustainability
diversity

shareholder interests

subsidization

CFCs

deforestation

(eco-) toxics

freedom
policy
gender equality
protection
transparency

social security system
quality
safety / perception of risk

institutions
inclusion of disabled
globalization
institutions

generational differences

context / culture dependent necessities

excessive use / exposure
self-sustention
hygiene awareness
affordability

growth
companies & consumer
fairness (no discrimination)
reliability

recall & warranty
reinvestment of profit
intellectual property
transparency
employment

public financial aid
income
ownership
energy

ozone

leakages

water treatment

critical
water reservoirs
energy efficiency
monoculture

key words

hierarchies
elimination of racism
arts
choice

privacy

shelter

security

social / non-profit

credit conditions

HFCs

A.3 Sustainability levers: system factors influencing product sustainability, including respective key words

Table A.2: Sustainability items to for the assessment of product system sustainability, including respective key words
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local culture
local consumer preferences
rural / urban context
space

consumer behavior
user experience
purchasing arguments
product ownership
product induced benefits
product induced drawbacks

new technologies
resources
innovation driven
institutions

product generations
reliability
productivity

values / tradition
pattern of wants / needs
social structures
availability

change / adaptation
quality / functionality
financial
private
(improved) functionality
dedication of time / effort

realization
stability / reliability
capacity / quality (speed)
wastewater system

incremental / disruptive
know-how
demand driven
collaborations

product life-cycles
functional capability
time

religion
marketing / trend driven
infrastructure
space for product

intention of use
learning
need / benefit
shared / leased
saving of time / workload
ownership obligations

quality / maintenance
accessibility / affordability
mobility decisions

business case
ownership / responsibility
ownership
water quality (control)

competitive pressure
institutions
socially driven
values / culture

state-of-the-art technology
functional extension
costs

habits
cultural drivers
needs
use of space

sustainable. considerations
product-user interaction
quality / functionality
public
ownership
health / safety

emission limit values

national standards
state-owned companies
political culture

investments
mode of transportation
flexibility

collection
price / conditions
common availability
danger of contamination

intellectual property

innovative capacity
infrastructure

trends / pressure
durability
resource consumption

ethnicity
quality perception
connections / access

social status
financial consequences

use pattern
perceived advantages
life-style / trend

product-life-cycles
saturation
branding / marketing
saturation

prohibitions

governmental intervention
financial regulations

capacity
mobility impact
secondary infrastructure

capacity
maintenance
server (incl. security)

barriers / facilitators

facilitators
incentives / obstacles

intellectual property
safety
energy

social trends
generations / age
particular issues

source of income
misuse

misappropriate use
emotional value (life-style)
habit / loyalty

capacity

freight transport
maintenance
costs (e.g. tolls)

closed material cycles
renewables

technology diffusion

related technologies

health / ergonomy

frequency of use
satisfaction / complaint
multi-purpose / reuse

key words

product technology
product quality
efficiency

infrastructure
accessibility
mobile network
clean water availability

airports & seaports
ownership / availability
accessibility

import duties
government monopolies
elections

price volatility
price discrimination
(new) business model
market dynamcis

lead-time to market

motivation / drivers

factors / sustainability levers (37)

innovation
research and development
technological trends
technological transfer

roads & railroads
network
infrastructure availability

trade agreements
taxes
justice / legal security

waste disposal costs
consumer protection

business model
strategy

eco certifications

product consumer

recycling
electricity grid
telecommunication
water supply

trade regulations
subsidies
transparency / corruption

penalty fees
certification / labels

elasticity of supply
elasticity of demand
self-sustainability
unsought markets

social engagement

product technology

mobility

trade policy
governmental framework market regulations
political framework

regulative framework

product market

companies

substitutional effects

new markets

labels

values (e.g. fairtrade)

climate / weather

generations / age

technological landscape

transportation infrastructure
public transportation
private transportation

pollution / carbon tax
standards

market form
market trends
market introd. / diffusion
indirect rebound

liability
price policy
price competitions
long-term visions

regional context

regional infrastructure

environmental regulations
safety standards

size of market / bubbles
consumer category
volume
direct rebound

competititve advantage
competititve advantage
joint ventures
CSR strategy

category (10)

System: sustainability levers
dimensions (5)

consumer

technology

infrastructure

market structure
demand structure
sustainability strategy
rebound effects

stakeholder involvement
product portfolio
supply chain cooperations
ecological efforts
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governance

market
producer / vendor
competitors
business partners
sustainability strategy

Table A.3: Sustainability levers: system factors influencing product sustainability, including respective key words

A.4 PSSA framework

012134A.4
56 PSSA framework

789 1

 !"89 8"8"87#"$"#99$"!
;'.<*5& """"E98
IJKLMMNOP

IJKLMNOQ

IJKLMNOR

H8,&+0 H8,&+0" H*,&6(/6)(7(&8
98 98 %,,+,,0+/&
IJKLMSOP IJKLMSOQ IJKLMMSOR

:C67*6&(./A.DBBB

;'.<*5&
87#"%&&'()*&+,
87#"-./,*0+'
87#"4*/5&(./67(&8
989>"8$>
"9" 7>
8>111

FG!

#"5
#"3
#"=

"99>" "87#>"
9>"9>"89"9 >"
89>"89#9"99#>"111

:5./.0(5"9
YKZK[K\]KMJ^_K̀aML[bcd]JMZK^Jd[KI

?6@+A.*&BBBA
9 "87#
89"

7 
1#9$
9
1111
2 "98""#83
28"98"$3
#"9898
1111

;'.<*5&
898$"#

89"9 #
#8"97" 9"

##"5
##"3
##"=

87#" "97
#9"98"
87#>"9>"
9>"9"
 7>111

 798$"
#
8
9
87#""$
1111

""""E98
U+D(/(&(./A"9"9#"98"87#
##"87#
F9"87#"89
V8"#"89W9
X "87#"9"9
111

9 "89"9 #
 9"98"
T77"#99$"98
 ""88"8"9
"87#"#99$"

107

A Appendix A: literature review and PSSA framework

01213456

789 1

H;,(6,+)-./-9GGG
"#$
=79'>)2+).:/?@A887  
@7)+)5,(/';,(6,+)-./1111
B 97! 798
$979
C 9
D98
111
A.,(32)2/-9/?@A/7'26(+2E 9

F,8'/-6+GGG/
987 99!
8"#$8%
79 9!
9!

=7799!98

I32+'*/
%8
&'()*)+,+)-./!%8

7897
!%8

8 9 887 
 89 887 
7! 79887 897!09989 1
798%9!98 98
1111

232+'*//
4)*'.2)-.2
!9898
887 9

5-.26*'7 *,78'+ ).97,2+765+67' :-;'7.,.5'

+'5<.-(-:3

=7799!98
I32+'*/
%8
J4'.+)9)5,+)-.!98 9!99%8KD"87 99!
799
&)*'.2)-./L
985
%80981KD"
87 99!
I32+'*

&)*'.2)-./M

983

GGGG

11111

NOPOQORSOTUVWXOYTZ[ZUO\TPVSU]QZ

108

=7799!98

A.4 PSSA framework

01213456

789 1

X3 !5 $"%&)%+444
W 81)%5$444)
V5/$"& 6"!"$0
<//1//21&$
 !"# $"%&'()!!%* $"%&)%+)77','-8''8-'.99,'
P9''77',
-8''8-''
87.'.99,
,'98

 !"# $"%&Y'
Z '7 ''/0/$12)+*$%7' 8'
9'-8''87.'.99,['

<!!%* $"%&Y'
a9'98''9.9'9'''bcd
7 ''87.'.99,['
7'')/5/$"& 6"!"$0)"$12/
97','8-','98

/0/$12)#"21&/"%&/)3/4)) *%&/52172 781$"&+7/$75*$5719%317& &*1 $1*:&%!%90
/5/$"& 6"!"$0)#"21&/"%&/
f`@SgN>HQBFCNCHBFCAEDhBCRBEG@S?]
-89'.99,
gC?EGEi@BESg>FG
   '.99,
ED?EhDEREF>DGBESg>FG
D@h>GEi@BESg>FG
 9'.99,

\@R@H@DF@]B^__LBS>GHÈ
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A.5 Value pyramid for products and services

Figure A.2: Value pyramid for products and services meeting four kind of needs: functional, emotional, life changing
and social impact [112] (edited)

A.6 PSSA matrix: tabular confrontation of sustainability
dimensions and system dimensions
See table A.4 or data carrier enclosed to this thesis.

A.7 Case study: completed PSSA matrix for Norway and China
See tables A.5 and A.5. The completed matrices can also be found on the data carrier enclosed to this
thesis, together will all other relevant spreadsheets of the case study.
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social

economic

environmental

sustainability
dimensions

product affordability
financial effects
economic empowerment
consumption

market value of product
profitability
product innovations
sustainability strategy
sustainable management

investments
market activity
economic relationships
economic equality
transparency

consumer

companies

economy

community

human needs

communication
local community
equality
culture
sustainability awareness

housing
mobility
income
education
social needs

health & safety risks
alimentation
hygiene
medical care

air quality
noise emission
light emission
environmental damage

environmental health

health

GHG emissions
acidification potential
ozone depletion potential

climate change

water pollution
soil pollution
waste generation + hazardous waste

material consumption
water consumption
energy consumption
land use

resource consumption

contamination

sustainability items
see far right for detailed list of key words

sustainability
categories

system factors / sustainability levers

public transportation

telecommunication
water supply

electricity grid

recycling

research and development
technological trends

product quality
efficiency

product technology*

rural / urban context
space

local consumer preferences

local culture

product induced benefits

purchasing arguments
product ownership

user expirience

transporation infrastructure

innovation

product induced drawbacks

regulative
framework

governance
governmental
framework

trade policy

mobility

market regulations

infrastructure

political framework

regional infrastructure

safety standards

technological
landscape
product market

market

rebound effects

technology

environmental regulations

product
technology

demand structure

regional context

producer / vendor*

consumer

product in market

product consumer
companies

competitors

system category

business partners

system dimensions

A.7 Case study: completed PSSA matrix for Norway and China

Table A.4: PSSA matrix: tabular confrontation of sustainability dimensions and system dimensions
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sustainability strategy

market structure*

private transportation

technological transfer*

consumer behaviour
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technology

infrastructure

mobility

private transportation

regional
infrastructure

transporation infrastructure

consumer

a

a

public transportation

system dimensions

a

a

a

electricity grid

technological
landscape

a

a

a

a

technological trends

a

research and development

a

innovation

Nissan Leaf

a

efficiency

product technology

a

a

product quality

regional
context

a

a

a

a

product technology

product consumer

rural / urban context

Product

product affordability
financial effects
consumption --> see below

a

local consumer preferences

system categories

sustainability items

consumer

a

a

purchasing arguments

Oslo, Norway

sustainability
categories
energy consumption

system factors acting as sustainability levers

resources
climate change

GHG emissions
acidification potential
ozone depletion potential

companies

market value of product
profitability
product innovations
sustainability strategy

environmental health air quality

economy

mobility
social needs

health & safety risks

investments
market activity
economic relationships
economic equality
transparency
health
human needs

a
a

user expirience

System
environment

sustainability
dimensions

environmental

economic

social

culture
sustainability awareness
transition from ICV to BEV
reduction of overall km driven by car
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community
consumption yielding to scale effect

consumer behaviour

investments
market activity
economic relationships
economic equality
transparency

companies

economy

community

human needs

transition from ICV to BEV
reduction of overall km driven by car

culture
sustainability awareness

mobility
social needs

health & safety risks

market value of product
profitability
product innovations
sustainability strategy

health

product affordability
financial effects
consumption --> see below

consumer

environmental health air quality

GHG emissions
acidification potential
ozone depletion potential

energy consumption

resources

climate change

sustainability items

sustainability
categories

consumption yielding to scale effect

social

economic

environmental

sustainability
dimensions

system factors acting as sustainability levers

governmental
framework

market regulations

trade policy

system categories

political framework

Oslo, Norway

regulative
framework

market structure
a

product market

demand structure

System
environment
environmental regulations

market

a

a

product in market

governance

rebound effects

system dimensions
companies

producer / vendor

Nissan Leaf

competitors

Product

A.7 Case study: completed PSSA matrix for Norway and China

Table A.5: Case study: completed PSSA matrix: Nissan Leaf in Oslo (Norway)
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technology

infrastructure

mobility

private transportation

regional
infrastructure

transporation infrastructure

consumer

a

a

public transportation

system dimensions

a

a

a

electricity grid

technological
landscape

a

a

a

a

technological trends

a

research and development

a

innovation

Geely Dorsett

a

efficiency

product technology

a

a

product quality

regional
context

a

a

a

a

product technology

product consumer

rural / urban context

Product

product affordability
financial effects
consumption --> see below

a

local consumer preferences

system categories

consumer

a

a

purchasing arguments

Beijing, China

sustainability items

system factors acting as sustainability levers

sustainability
categories
energy consumption
GHG emissions
acidification potential
ozone depletion potential

resources
climate change

companies

market value of product
profitability
product innovations
sustainability strategy

environmental health air quality

economy

mobility
social needs

health & safety risks

investments
market activity
economic relationships
economic equality
transparency
health
human needs

a
a

user expirience

System
environment

sustainability
dimensions

environmental

economic

social

culture
sustainability awareness
transition from ICV to BEV
reduction of overall km driven by car
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community
consumption yielding to scale effect

consumer behaviour

investments
market activity
economic relationships
economic equality
transparency

economy

community

human needs

transition from ICV to BEV
reduction of overall km driven by car

culture
sustainability awareness

mobility
social needs

health & safety risks

market value of product
profitability
product innovations
sustainability strategy

companies

health

product affordability
financial effects
consumption --> see below

consumer

environmental health air quality

GHG emissions
acidification potential
ozone depletion potential

energy consumption

resources

climate change

sustainability items

sustainability
categories

consumption yielding to scale effect

social

economic

environmental

sustainability
dimensions

system factors acting as sustainability levers

governmental
framework

market regulations

trade policy

system categories

political framework

Beijing, China

regulative
framework

market structure
a

product market

demand structure

System
environment
environmental regulations

market

a

a

product in market

governance

rebound effects

system dimensions
companies

producer / vendor

Geely Dorsett

competitors

Product

A.7 Case study: completed PSSA matrix for Norway and China

Table A.6: Case study: completed PSSA matrix: Geely Dorstett in Beĳing (China)

115

Bibliography
[1] M. F. Ashby. Materials and the Environment: eco-informed material choice. ButterworthHeinemann, 2009.
[2] M. F. Ashby. Materials and Sustainable Development. Butterworth-Heinemann, 2015.
[3] M. Baitz, C. Makishi, T. Kupfer, J. F. In, O. Schuller, M. Kokborg, A. Köhler, D. Thylmann,
A. Stoffregen, S. Schöll, J. Görke, M. Rudolf, and A. Liedke. GaBi Database & Modelling
Principles. PE International, (November):1–178, 2014.
[4] M. Bartolomeo, D. Dal Maso, P. De Jong, P. Eder, P. Groenewegen, P. Hopkinson, P. James,
L. Nijhuis, M. Örninge, G. Scholl, A. Slob, and O. Zaring. Eco-efficient producer services - What
are they, how do they benefit customers and the environment and how likely are they to develop
and be extensively utilised? Journal of Cleaner Production, 11(8 SPEC.):829–837, 2003.
[5] M. Binswanger. Technological progress and sustainable development: what about the rebound
effect? Ecological Economics, 36(1):119–132, 2001.
[6] A. Bjørn and M. Z. Hauschild. Absolute versus Relative Environmental Sustainability: What can
the Cradle-to-Cradle and Eco-efficiency Concepts Learn from Each Other? Journal of Industrial
Ecology, 17(2):321–332, 2013.
[7] L. Bretschger. Advanced Sustainability Economics: lecture notes from course attended at ETH
Zurich (364-0576-00L), 2016.
[8] J. L. Caradonna. Sustainability: A history. Oxford University Press, 2014.
[9] D. Chang, C. Lee, and C.-H. Chen. Review of Life Cycle Assessment towards Sustainable Product
Development. Journal of Cleaner Production, 83:48–60, 2014.
[10] M. Charter and U. Tischner. Sustainable solutions: developing products and services for the
future. Greenleaf publishing, 2001.

Bibliography

[11] M. R. Chertow. The IPAT Equation and Its Variants. Journal of Industrial Ecology, 4(4):13–29,
2000.
[12] M.-C. Chiu and C.-H. Chu. Review of sustainable product design from life cycle perspectives.
International Journal of Precision Engineering and Manufacturing, 13(7):1259–1272, 2012.
[13] N. Cihat, M. Kucukvar, and O. Tatari. Conventional, hybrid, plug-in hybrid or electric vehicles?
State-based comparative carbon and energy footprint analysis in the United States. Applied Energy,
150:36–49, 2015.
[14] R. Costanza and B. C. Patten. Defining and predicting sustainability. Ecological Economics,
15(3):193–196, 1995.
[15] P. Dasgupta. Nature’s role in sustaining economic development. Philosophical transactions of the
Royal Society of London. Series B, Biological sciences, 365(1537):5–11, 2010.
[16] D. A. Dickinson, J. A. Mosovsky, R. J. Caudill, D. J. Watts, and J. M. Morabito. Application of
the Sustainability Target Method: Supply Line Case Studies. Electronics and the Environment,
pages 139–143, 2002.
[17] J. Dreher, M. Lawler, J. Stewart, G. Strasorier, and M. Thorne. General Motors: Metrics for
Sustainable Manufacturing. MIT Sloan School of Management, 2009.
[18] L. C. Dreyer, M. Z. Hauschild, and J. Schierbeck. Societal Assessment: A Framework for Social
Life Cycle Impact Assessment. International Journal, 11(2):88–97, 2006.
[19] P. Egede, T. Dettmer, C. Herrmann, and S. Kara. Life Cycle Assessment of Electric Vehicles â A
Framework to Consider Influencing Factors. Procedia CIRP, 29:233–238, 2015.
[20] J. Elkington. Partnerships from Cannibals with Forks : The Triple Bottom line of 21st Century
Business. Environmental Quality Management, Autumn 199:37–51, 1997.
[21] E. Figenbaum, T. Assum, and M. Kolbenstvedt. Electromobility in Norway: Experiences and
Opportunities. Research in Transportation Economics, 50:29–38, 2015.
[22] J. Fiksel. Sutainability and Resilience: Toward a Systems Approach. Sustainability: Science,
Practice, & Policy, 2(2):2006, 2006.
[23] J. Fiksel, J. McDaniel, and D. Spitzleyn. Measuring Product Sustainability. The Journal of
Sustainable Product Design, (July 1998):7–18, 1998.
[24] E. Fishman and C. Cherry. E-bikes in the Mainstream: Reviewing a Decade of Research. Transport
Reviews, 1647(July 2015):1–20, 2015.
[25] F. Freire and P. Marques. Electric vehicles in Portugal: An integrated energy, greenhouse gas and
cost life-cycle analysis. Sustainable Systems and Technology (ISSST), pages 1–6, 2012.
[26] R. Frischknecht and K. Flury. Life cycle assessment of electric mobility: Answers and challengesZurich, April 6, 2011. International Journal of Life Cycle Assessment, 16(7):691–695, 2011.
[27] L. Gao and Z. C. Winfield. Life cycle assessment of environmental and economic impacts of
advanced vehicles. Energies, 5(3):605–620, 2012.
[28] R. Geyer, B. Kuczenski, T. Zink, and A. Henderson. Common Misconceptions about Recycling.
Journal of Industrial Ecology, 20(5):1010–1017, 2016.

118

Bibliography

[29] P. Glavic and R. Lukman. Review of sustainability terms and their definitions. Journal of Cleaner
Production, 15(18):1875–1885, 2007.
[30] Global Reporting Initiative. Sustainability Reporting Guidelines: Reporting Principles and Standards. 2015.
[31] M. Goedkoop, R. Müller-Wenk, T. Mettier, K. Hungerbühler, A. Braunschweig, and T. Klaus. Ecoindicator 99 - eine schadensorientierte Bewertungsmethode. Technical report, Diskussionsforum
Ökobilanzen, ETH Zürich, 2000.
[32] M. Goedkopp, M. Demmers, and M. Collignon. The Eco-indicator 95. Amersfoort: PRé Consultants, 1996.
[33] R. Goodland. The Concept of Environmental Sustainability. Annual Review of Ecology and
Systematics, 26(1):1–24, 1995.
[34] R. Griesshammer, M. Buchert, and C. Hochfeld. PROSA â Product Sustainability Assessment.
49(0), 2007.
[35] T. G. Gutowski. Energy Materials and Manufacturig: lecture notes from course attended at MIT
(2.813/2.83), 2017.
[36] T. G. Gutowski, D. P. Sekulic, and B. R. Bakshi. Technology and Sustainability: lecture notes
from short summer course at MIT (2.50S), 2017.
[37] K. R. Haapala, F. Zhao, J. Camelio, J. W. Sutherland, S. J. Skerlos, D. a. Dornfeld, I. S. Jawahir,
A. F. Clarens, and J. L. Rickli. A Review of Engineering Research in Sustainable Manufacturing.
Journal of Manufacturing Science and Engineering, 135(4):041013–1–041013–16, 2013.
[38] M. Hauschild, J. Jeswiet, and L. Alting. From Life Cycle Assessment to Sustainable Production:
Status and Perspectives. CIRP Annals - Manufacturing Technology, 54(2):1–21, 2005.
[39] M. Z. Hauschild and M. A. Huijbregts. Life Cycle Impact Assessment. Springer Netherlands, 2005.
[40] T. R. Hawkins, O. M. Gausen, and A. H. Stromman. Environmental impacts of hybrid and electric
vehicles-a review. International Journal of Life Cycle Assessment, 17(8):997–1014, 2012.
[41] T. R. Hawkins, B. Singh, G. Majeau-Bettez, and A. H. Stromman. Comparative Environmental
Life Cycle Assessment of Conventional and Electric Vehicles. Journal of Industrial Ecology,
17(1):53–64, 2013.
[42] C. Herrmann, M. Hauschild, T. Gutowski, and R. Lifset. Life cycle engineering and sustainable
manufacturing. Journal of Industrial Ecology, 18(4):471–477, 2014.
[43] J. Hofer, C. B. Integrated, C. Link, and M. Miotti. Integrated environmental and economic
assessment of current and future fuel cell vehicles. The International Journal of Life Cycle
Assessment, 2017.
[44] R. Hueting and L. Reijnders. Sustainability is an objective concept. Ecological Economics,
27(2):139–147, 1998.
[45] H. Huo, H. Cai, Q. Zhang, F. Liu, and K. He. Life-cycle assessment of greenhouse gas and
air emissions of electric vehicles : A comparison between China and the U.S. Atmospheric
Environment, 108:107–116, 2015.

119

Bibliography

[46] H. Huo, Q. Zhang, K. He, Z. Yao, and M. Wang. Vehicle-use intensity in China: Current status
and future trend. Energy Policy, 43:6–16, 2012.
[47] L. Janeiro and M. K. Patel. Choosing sustainable technologies. Implications of the underlying
sustainability paradigm in the decision-making process. Journal of Cleaner Production, 105:438–
446, 2015.
[48] I. S. Jawahir, O. W. Dillon, K. E. Rouch, K. J. Joshi, and I. H. Jaafar. Total Life Cycle Considerations
in Product Design for Sustainability: A Framework for Comprehensive Evaluation. 10th International Research/Expert Conference:Trends in the Development of Machinery and Associated
Technology, pages 11–15, 2006.
[49] S. Kara, I. Honke, and H. Kaebernick. An Integrated Framework for Implementing Sustainable
Product Development. 2005 4th International Symposium on Environmentally Conscious Design
and Inverse Manufacturing, pages 684–691, 2005.
[50] O. Karabasoglu and J. Michalek. Influence of driving patterns on life cycle cost and emissions of
hybrid and plug-in electric vehicle powertrains. Energy Policy, 60:445–461, 2013.
[51] R. W. Kates, W. C. Clark, R. Corell, J. M. Hall, C. C. Jaeger, I. Lowe, J. J. Mccarthy, H. J.
Schellnhuber, B. Bolin, B. Huntley, J. Jager, N. S. Jodha, R. E. Kasperson, A. Mabogunje, T. O.
Riordan, U. Svedin, P. Matson, H. Mooney, and B. M. Iii. Sustainability Science. 292(iv):0–3,
2001.
[52] F. I. Khan, R. Sadiq, and B. Veitch. Life cycle iNdeX (LInX): A new indexing procedure for
process and product design and decision-making. Journal of Cleaner Production, 12(1):59–76,
2004.
[53] W. Kloepffer. State-of-the-Art in Life Cycle Sustainability Assessment (LCSA) Life Cycle Sustainability Assessment of Products. Int J LCA, 13(2):89–95, 2008.
[54] H. Kobayashi. Strategic evolution of eco-products: A product life cycle planning methodology.
Research in Engineering Design, 16(1-2):1–16, 2005.
[55] C. Labuschagne, A. C. Brent, and R. P. G. Van Erck. Assessing the sustainability performances of
industries. Journal of Cleaner Production, 13(4):373–385, 2005.
[56] S. Lee, Y. Geum, H. Lee, and Y. Park. Dynamic and multidimensional measurement of productservice system (PSS) sustainability: A triple bottom line (TBL)-based system dynamics approach.
Journal of Cleaner Production, 32:173–182, 2012.
[57] M. Lenzen. Uncertainty in Impact and Externality Assessments: Implications for DecisionMaking. 11(3):189–199, 2006.
[58] H. L. Maclean and L. B. Lave. Life Cycle Assessment of Automobile / Fuel Options. Environmental
Science & Technology, 37(23):5445–5452, 2003.
[59] M. E. Mangram. The globalization of Tesla Motors: a strategic marketing plan analysis. Journal
of Strategic Marketing, 20(4):289–312, 2012.
[60] D. Maxwell, W. Sheate, and R. van der Vorst. Functional and systems aspects of the sustainable product and service development approach for industry. Journal of Cleaner Production,
14(17):1466–1479, 2006.

120

Bibliography

[61] D. Maxwell and R. Van der Vorst. Developing sustainable products and services. Journal of
Cleaner Production, 11(8 SPEC.):883–895, 2003.
[62] S. Mc Kenzie. Social sustainability: towards some definitions. Hawke Research Institute Working
Paper Series, (27), 2004.
[63] W. McDonough and M. Braungart. Cradle to cradle : Remaking the way we make things. North
point press, 2010.
[64] M. Messagie, F. S. Boureima, T. Coosemans, C. Macharis, and J. V. Mierlo. A range-based vehicle
life cycle assessment incorporating variability in the environmental assessment of different vehicle
technologies and fuels. Energies, 7(3):1467–1482, 2014.
[65] B. Ness, E. Urbel-Piirsalu, S. Anderberg, and L. Olsson. Categorising tools for sustainability
assessment. Ecological Economics, 60(3):498–508, 2007.
[66] A. Nordelöf and M. Messagie. Environmental impacts of hybrid, plug-in hybrid, and battery
electric vehicles - what can we learn from life cycle assessment? The International Journal of Life
Cycle Assessment, pages 1866–1890, 2014.
[67] Organisation for economic co-operation and development (OECD). OECD Key Environmental
Indicators. 2012.
[68] J. Rockström W. Steffen, K. Noone, Å. Persson, F. S. Chapin, III, E. Lambin, T. M. Lenton, M.
Scheffer, C. Folke, H. Schellnhuber, B. Nykvist, C. A. De Wit, T. Hughes, S. van der Leeuw, H.
Rodhe, S. Sörlin, P. K. Snyder, R. Costanza, U. Svedin, M. Falkenmar. Planetary Boundaries:
Exploring the Safe Operating Space for Humanity. Ecology and Society, 14(2):32, 2009.
[69] C. Samaras and K. Meisterling. Life Cycle Assessment of Greenhouse Gas Emissions from Plug-in
Hybrid Vehicles : Implications for Policy Life Cycle Assessment of Greenhouse Gas Emissions
from Plug-in Hybrid Vehicles : Implications for Policy. 42(9):3170–3176, 2008.
[70] W.-P. Schmidt and A. Taylor. Ford of Europe’s Product Sustainability Index. 13th CIRP International Conference on Life Cycle Engineering, pages 5–10, 2006.
[71] I. Scoones, M. Leach, A. Smith, S. Stagl, A. Stirling, and J. Thompson. Dynamic Systems and the
challenge of Sustainability. STEPS Working Paper 1, page 68, 2007.
[72] L. Serna-Mansoux, A. Popoff, and D. Millet. A simplified model to include dynamic product-user
interaction in the eco-design process: The paper towel dispenser case study. Journal of Industrial
Ecology, 18(4):529–544, 2014.
[73] Z. Y. She, Q. Sun, J.-j. J. Ma, B.-c. C. Xie, Qing Sun, J.-j. J. Ma, and B.-c. C. Xie. What are
the barriers to widespread adoption of battery electric vehicles? A survey of public perception in
Tianjin, China. Transport Policy, 56(February):29–40, 2017.
[74] W. Shen, W. Han, and T. J. Wallington. Current and Future Greenhouse Gas Emissions Associated
with Electricity Generation in China: Implications for Electric Vehicles. Environmental Science
& Technology, 48(12):7069–7075, 2014.
[75] M. Shuaib, D. Seevers, X. Zhang, F. Badurdeen, K. E. Rouch, and I. S. Jawahir. Product sustainability index (ProdSI): A metrics-based framework to evaluate the total life cycle sustainability of
manufactured products. Journal of Industrial Ecology, 18(4):491–507, 2014.

121

Bibliography

[76] W. Sierzchula, S. Bakker, K. Maat, B. V. Wee, and B. Van Wee. The influence of financial incentives
and other socio-economic factors on electric vehicle adoption. Energy Policy, 68:183–194, 2014.
[77] R. K. Singh, H. R. Murty, S. K. Gupta, and A. K. Dikshit. An overview of sustainability assessment
methodologies. Ecological Indicators, 15(1):281–299, 2012.
[78] S. J. Skerlos. Promoting effectiveness in sustainable design. In Procedia CIRP, volume 29, pages
13–18, 2015.
[79] R. M. Solow. Sustainability: An Economist’s Perspective. 1991.
[80] S. Spillemaeckers, G. Vanhoutte, and G. Spillemaeckers, S., Vanhoutte. A product sustainability
assessment. Management Models for Corporate Social Responsibility, pages 257–264, 2006.
[81] W. Steffen, K. Richardson, J. Rockström, S. Cornell, I. Fetzer, E. Bennett, R. Biggs, and S. Carpenter. Planetary boundaries: Guiding human development on a changing planet. Science (New
York, N.Y.), 348(6240):1217, 2015.
[82] Sustainable Development Solutions Network (SDSN). SDG Index & Dashboard - Global Rebort.
(July), 2016.
[83] Y. Umeda, S. Takata, F. Kimura, T. Tomiyama, J. W. Sutherland, S. Kara, C. Herrmann, and J. R.
Duflou. Toward integrated product and process life cycle planning â An environmental perspective.
CIRP Annals - Manufacturing Technology, 61(2):681–702, 2012.
[84] United Nations Framework Convention on Climate. Paris Agreement. Technical report.
[85] V. B. Viard and S. Fu. The effect of Beijing’s driving restrictions on pollution and economic
activity. Journal of Public Economics, 125:98–115, 2015.
[86] J. G. Vogtländer, H. C. Brezet, and C. F. Hendriks. The Virtual Eco-Costs ’ 99: A Single LCABased Indicator for Sustainability and the Eco-Costs - Value Ratio (EVR) Model for Economic
Allocation. 6(3):157–166, 2001.
[87] S. A. Waage. Re-considering product design: a practical "road-map" for integration of sustainability
issues. Journal of Cleaner Production, 15(7):638–649, 2007.
[88] M. Wackernagel, N. B. Schulz, D. Deumling, A. C. Linares, M. Jenkins, V. Kapos, C. Monfreda,
J. Loh, N. Myers, R. Norgaard, and J. Randers. Tracking the ecological overshoot of the human
economy. Proceedings of the National Academy of Sciences of the United States of America,
99(14):9266–71, 2002.
[89] D. Wang, N. Zamel, K. Jiao, Y. Zhou, S. Yu, Q. Du, and Y. Yin. Life cycle analysis of internal
combustion engine, electric and fuel cell vehicles for China. Energy, 59(2013):402–412, 2013.
[90] H. Wang, X. Zhang, and M. Ouyang. Energy consumption of electric vehicles based on real-world
driving patterns : A case study of Beijing. Applied Energy, 157:710–719, 2015.
[91] W. WCED. Report of the World Commission on Environment and Development : Our Common
Future Acronyms and Note on Terminology Chairman ’ s Foreword. 1987.
[92] H. Wenzel, M. Z. Hauschild, and L. Alting. Environmental Assessment of Products: Volume 1:
Methodology, tools and case studies in product development. Springer Science & Business, 2000.

122

Bibliography

[93] K. S. Whitefoot, H. G. Grimes-Casey, C. E. Girata, W. R. Morrow, J. J. Winebrake, G. A. Keoleian,
and S. J. Skerlos. Consequential life cycle assessment with market-driven design: Development
and demonstration. Journal of Industrial Ecology, 15(5):726–742, 2011.
[94] C. J. Yang. Launching strategy for electric vehicles: Lessons from China and Taiwan. Technological
Forecasting and Social Change, 77(5):831–834, 2010.
[95] R. York, E. A. Rosa, and T. Dietz. STIRPAT, IPAT and ImPACT: Analytic tools for unpacking the
driving forces of environmental impacts. Ecological Economics, 46(3):351–365, 2003.
[96] T. Zink and R. Geyer. There Is No Such Thing As a Green Product. Stanford Social Innovation
Review, 2016.
[97] T. Zink, F. Maker, R. Geyer, R. Amirtharajah, and V. Akella. Comparative life cycle assessment of
smartphone reuse: Repurposing vs. refurbishment. International Journal of Life Cycle Assessment,
19(5):1099–1109, 2014.
[98] Auto Data: technical data of Tesla Model S 60. https://www.auto-data.net/de/?f=
showCar&car_id=18610. (accessed: 2017-07-15).
[99] Barron’s next: Why Teslaâs Cars Cost 50 http://www.barrons.com/articles/
why-teslas-cars-cost-50-more-in-china-1492193073. (accessed: 2017-0719).
[100] Car Insurance: average miles diven by US state. http://www.carinsurance.com/
Articles/average-miles-driven-per-year-by-state.aspx. (accessed: 201707-15).
[101] Car News China: Geely Emgrand EV hits the Chinese car market. https://carnewschina.
com/2015/11/19/geely-emgrand-ev-hits-the-chinese-car-market/. (accessed: 2017-07-19).
[102] Carbon Counter, developped by Marco Miotti. http://carboncounter.com/. (accessed:
2017-07-15).
[103] Carnegie Mellon University: Environmental Input Output LCA (EIOLCA). http://www.
eiolca.net/cgi. (accessed: 2017-08-23).
[104] Climate Home:
Beijing limits on car registration boost electric vehicles.
http://www.climatechangenews.com/2016/11/28/
beijing-limits-on-car-registration-boost-electric-vehicles/.
(accessed: 2017-07-19).
[105] Climate Home:
Chinaâs Five Year Plan to radically tighten air pollution
targets.
http://www.climatechangenews.com/2016/03/11/
chinas-five-year-plan-to-radically-tighten-air-pollution-targets/.
(accessed: 2017-07-19).
[106] Energy Star:
Cloth Washers.
https://www.energystar.gov/products/
appliances/clothes_washers. (accessed: 2017-03-20).
[107] EV Obsession:
China electric car sales 2016.
https://evobsession.com/
china-electric-car-sales-byd-wins-2016-geely-emgrand-ev-wins-december/.
(accessed: 2017-08-09).

123

Bibliography

[108] Fairphone. https://www.fairphone.com/en/. (accessed: 2017-08-30).
[109] Forbes:
5 Stunning Facts About The Chinese Car Market You Need To
Know.
https://www.forbes.com/sites/tychodefeijter/2016/05/16/
five-things-you-need-to-know-about-the-chinese-car-market/2/
#6544cf542aa2. (accessed: 2017-07-19).
[110] Ford Motor Company: Challenges facing autoindustry in China. http://www.umtri.
umich.edu/sites/default/files/Weijian.Han_.Ford_.Inside.China_
.2014_0.pdf. (accessed: 2017-07-15).
[111] Frankfurter Allgemeine Zeitung:
Ruana nutzt Drohnen fÃ¼r Medikamententransport.
http://www.faz.net/aktuell/gesellschaft/gesundheit/
ruanda-nutzt-drohnen-fuer-medikamententransport-14452397.html.
(accessed: 2017-08-10).
[112] Harvard Business Review: The elements of value, developed by Bain & Company. https:
//hbr.org/2016/09/the-elements-of-value. (accessed: 2017-05-23).
[113] National Institute of Standards and Technology (NIST): Sustainable Manufacturing Indicator
Repository. http://www.mel.nist.gov/msid/SMIR/index.html. (accessed: 201704-04).
[114] National Renewable Energy Laboratory (NREL): U.S. Life Cycle Inventory Database. www.
nrel.gov/lci/. (accessed: 2017-08-23).
[115] new York Times:
Norway Is a Model for Encouraging Electric Car Sales.
https://www.nytimes.com/2015/10/17/business/international/
norway-is-global-model-for-encouraging-sales-of-electric-cars.
html?_r=0. (accessed: 2017-07-15).
[116] New York Times:
The radical concept of longevity in a smartphone.
https://www.nytimes.com/2014/03/13/technology/personaltech/
the-radical-concept-of-longevity-in-a-smartphone.html?mcubz=1.
(accessed: 2017-08-10).
[117] Nissan: Nissan Leaf features and specifications. https://www.nissanusa.com/ev/
media/pdf/specs/FeaturesAndSpecs.pdf. (accessed: 2017-07-15).
[118] Nissan:
Nissan Leaf sales in Norway.
http://www.nissan.com.vn/news/
nissan-leaf-is-one-of-the-top-three-2016-passenger-cars-in-norway/.
(accessed: 2017-07-15).
[119] Statistics Norway:
road traffic volumes.
https://www.ssb.no/en/
transport-og-reiseliv/statistikker/klreg/aar/2016-04-22. (accessed:
2017-07-15).
[120] Tesla: Driving range for model S family. https://www.tesla.com/de_DE/blog/
driving-range-model-s-family?redirect=no. (accessed: 2017-07-15).
[121] Tesla: Specifications and driving range calculator. https://www.tesla.com/de_DE/
models?redirect=no. (accessed: 2017-07-15).

124

Bibliography

[122] The Guardian:
Power to the EV: Norway spearheads Europe’s electric vehicle
surge.
https://www.theguardian.com/environment/2017/feb/07/
power-to-the-ev-norway-spearheads-europes-electric-vehicle-surge.
(accessed: 2017-07-15).
[123] United
Nations:
World
Population
Prospects
(2017).
https://www.un.org/development/desa/publications/
world-population-prospects-the-2017-revision.html. (accessed: 2017-0712).
[124] U.S. Department of Energy: GREET model. https://greet.es.anl.gov/. (accessed:
2017-05-23).
[125] Watev2buy:
Geely Dorsett / Geely Emgrand specificaitons.
http://
wattev2buy.com/electric-vehicles/geely-electric-vehicles/
geely-emgrand-ec-7-ev/. (accessed: 2017-07-15).
[126] Wikipedia: Electric car use by country. https://en.wikipedia.org/wiki/Electric_
car_use_by_country. (accessed: 2017-07-17).
[127] Wikipedia: Electricity sector in Norway.
https://en.wikipedia.org/wiki/
Electricity_sector_in_Norway. (accessed: 2017-07-17).
[128] Wikipedia: List of metro systems. https://en.wikipedia.org/wiki/List_of_
metro_systems#List. (accessed: 2017-09-10).
[129] Wikipedia: Modal split. https://de.wikipedia.org/wiki/Modal_Split. (accessed:
2017-07-19).
[130] Wikipedia: Plug-in electric vehicles in Norwary. https://en.wikipedia.org/wiki/
Plug-in_electric_vehicles_in_Norway. (accessed: 2017-07-17).
[131] Wikipedia: Plug-in vehicles in the U.S. https://en.wikipedia.org/wiki/Plug-in_
electric_vehicles_in_the_United_States. (accessed: 2017-07-19).

125

