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As shown in the previous book part, innovations in manufacturing tech-nologies
have the potential for significant reduction of resource consumption as well as for
decreasing health related workplace-risks at the same time. Nevertheless, once a
product is manufactured its sustainability performance along the whole lifecycle is
already determined to a large degree. In this context the product design stage can be
seen as a major lever which defines for example necessary manufacturing steps,
longetivity of product usage and potentials for material recovery once the product is
disposed.

A sustainable design starts by limiting potential harmful effects of the product
along its whole lifecycle for various stakeholders. Classical exam-ples in this
context are gaseous emissions contributing to anthropogenic climate change, toxic
liquid and solid waste or unnecessary cost for the company, customers or the
society. Despite the prevention of negative effects sustainable products also provide
opportunities to fulfil human needs and provide value in all areas of human living
(in particular mobil-ity, production and energy). Solutions in this context comprise
for exam-ple sophisticated highly quality products making everyday life easier,
frugal innovations to address basic needs in developing countries or mechanisms
for fostering societal cohesion by including people with disabilities or the elderly.

Sustainable Product Development characterizes the science and art of foreseeing
the whole product lifecycle by handling multiple decision criteria at the same time
to find a compromise between all involved stakeholders including the company,
society, environment and future generations. Hence, research on sustainable pro-
duct development focuses on a diverse set of research questions of which some are
listed below in an exemplary manner:

I.What constitutes a sustainable product?
II.How can sustainability be integrated into the design/design management

process?
III.Which forms of decision support are necessary to enable stake-holders for

sustainable product development?
Research on these questions under the label of sustainability is conducted since

approximately 10 years making it a relatively new area of research. However, since
sustainable product development is grounded in the field of Ecodesign there are



almost 30 years of experience comprising a massive amount of publications,
industrial application cases and a large variety of tools and methods which have
been developed in that context.

The first contribution to this book part will take a closer look at how the research
field evolved with the years from pure Ecodesign to an inte-grated view of sus-
tainable product and business model design enabling the transition to a circular
economy. Furthermore, an outlook is given how the journey will continue in the
future and what will be the main challenges to solve before sustainable value
creation can be achieved from a product development perspective.

An example how the three above-mentioned questions can be addressed in a
corporate context can be found in the second contribution of this book part. Here it
is discussed how the rather fuzzy concept of sustainability can be integrated into
conventional product development processes in producing companies. In this
context the target-driven approach for Sustainable Product Development searches
for ways to increase transparency of decision making. After naming the challenges
for definition and validation of sustainability targets options for decision support are
presented. The approach utilizes software support which is embedded into existing
engineering IT tools.

The third contribution focuses on the end of life phase of the product lifecycle
which recently gained increased attention through research on enabling a circular
economy. The main challenge in this context is to guarantee that added-value,
embedded in a manufactured product can be conserved after its first utilization
period. Additional usage phases can be achieved through direct reuse, remanu-
facturing or repurposing. Since these end of life options need to be considered in
product design already possible options for implementation are discussed and
practical guidelines are presented.
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From Ecodesign to Sustainable
Product/Service-Systems: A Journey
Through Research Contributions
over Recent Decades

Tim C. McAloone and Daniela C.A. Pigosso

Abstract Corporate approaches towards sustainability integration into product
development have significantly evolved since the early 1990s. Ecodesign, defined
as the integration of environmental issues into product development, arose in the
1990s as a key concept for the enhancement of products’ environmental perfor-
mance. An intense development of ecodesign methods and tools could be observed
in the 1990–2010 period, leading to successful pilot cases in industry, in which
environmental gains were demonstrated. In the 2010s, the need for a systems
perspective to solve the environmental crisis has been highlighted, and the concept
of product/service-systems started to gain momentum due to the high potential for
enhanced environmental performance and improved competitiveness, by means of
new business models and dematerialization. Recently, a transition towards Circular
Economy and the integration of social innovation into sustainability initiatives can
be observed, which leads to strategic and holistic sustainability considerations in the
design of complex systems. In this chapter, the evolution of sustainability concepts
and their integration into product development is presented and exemplified in three
periods: 1990–2010; 2010–2020 and 2020–2030. While the first two periods pre-
sent the actual development of the field, the last period represents the evaluation and
projection of the trends developed by the authors. By analysing the three periods,
the authors aim to discuss the journey from ecodesign to sustainable
product/service-systems over the last decades, experienced by academia and
practitioners, and to highlight their views on how the field is going to develop over
the next 10 years.
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1 Introduction

Since the early 1990s academics and practitioners have been placing increasing
focus on sustainability awareness in the product development process, by means of
tools, methods and targeted projects towards sustainability enhancement. In the
early years, the focus was on designing better for environmental concerns, from
which period we see the beginnings of what today is a huge catalogue of
approaches towards life cycle assessment and ecodesign, to name just two of the
very popular environmental improvement approaches. The important questions are:
how does it look today? In which dimensions have we developed our knowledge?
How has the world changed since we began to work with ecodesign? And are we
effectively developing our competencies, in order to be more effective in our
approach to continued sustainability enhancement?

In an attempt to answer the above questions, the authors have carried out a
review and reflection of the previous and current decades, before projecting our
thoughts onto what we see may be the foreseeable future for sustainability
enhancement through business- and product development. To help to make this
reflection, three time periods and nine dimensions have been identified, so as to
characterize the general sustainability focus, over time. The time periods in focus
are 1990–2010 (characterised as the rise and establishment of ecodesign); 2010–
2020 (a systems perspective on ecodesign); and 2020–2030 (perspectives for a
sustainable and Circular Economy). The nine dimensions identified for the review
and reflection exercise were the following:

• Main goals/objectives: This dimension was included to highlight what was the
main sustainability design object of the company, in the given time period,
ranging from very concrete artefact-focused objectives to more cognitive
objectives seen in more recent times.

• Expected results: This denotes the main focus of industry/society in each given
time period, also indicating the level of proactivity towards sustainability within
the given period.

• Main aim: This dimension marks whether the main aim of the sustainability
effort is towards building, implementing, or fully integrating tools into the
organisation.

• Basic approach: This dimension helped the authors to differentiate, whether the
general approach to sustainability improvement could be characterised as being
singular problem-focused, system-oriented, or holistic.

• Envisaged cost-benefit: The general attitude of industry, towards sustainabil-
ity’s value contribution was charted in this dimension, to provide a candid image
of the general level of expectation towards sustainability.

• Sustainability ambition: This dimension denotes which combination of the
three so-called pillars of sustainability (environmental-social-business) were
most in focus in the given time period.
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• Business mindset: This dimension was included in order to differentiate
between incumbent take-make-waste (or ‘linear’) business mindsets, or whether
a more circular mindset was evident in a given time period.

• What are we changing: This dimension was added to place focus on what the
main objective of sustainability efforts typically was in a given time period,
whether it be to make direct product improvements, more systemic process
improvements, or a generally holistic focus on the competencies of the pro-
fessionals in the product development organisation.

• Decision-making level: This final dimension was used to mark which dominant
part of the organisation was most instrumentally being engaged, in a given time
period.

The following sections review and reflect on the activities, campaigns, research,
industry examples, and key results gained from each of the three respective time
periods. The above sustainability dimensions are used as way of structuring this
reflection. A progression and a development can be observed, in the three time
periods considered.

2 1990–2010: The Rise and Establishment of Ecodesign

Over the 1990–2010 period, companies have significantly evolved their approaches
towards the integration of sustainability into their business activities, developing
from a passive and reactive stance, towards the adoption of more preventive and
proactive approaches.

The business concern related to sustainability issues in this period was directly
related to the intensification of environmental awareness in the 1970s and 1980s.
The increased awareness was a consequence of the pollution caused by a generally
passive attitude until then adopted by industry, where almost no mechanisms for
pollution control were in place.

Within the passive approach, industrial waste generated in the production pro-
cesses by manufacturing companies was disposed directly in the environment
without any kind of treatment, leading to a severe pollution of the environmental
compartments (soil, air and water) and causing serious damage to both human
health and quality of life.

In recognition of the pollution effects on human health and the environment,
governments worldwide started to intensify their environmental legislation pro-
grammes in the 1980s, which aimed at regulating companies’ activities concerning
pollution control. From this development and strengthening of environmental
legislation, companies started to shift from a passive stance towards the adoption of
what we today would call reactive approaches, which focused on the so-called
‘end-of-pipe’ solutions.
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The ‘end-of-pipe’ solutions aimed at reducing the pollution potential of indus-
trial waste, so as to comply with the enacted legislation, by investing in tech-
nologies, which were chiefly intended for the treatment of industrial wastewater,
solid waste and gases generated in the production processes. Due to the relatively
high investments for the implementation of ‘end-of-pipe’ solutions, there was a
strong tendency to understand environmental and sustainability issues as a cost to
the organization, rather than as an opportunity.

In the early 1990s, a preventive approach emerged in a context in which com-
panies started to improve their manufacturing processes, in order to minimize the
increasing costs related to ‘end-of-pipe’ solutions, to comply with the
ever-constraining legislation and to increase resource efficiency. Concepts such as
Pollution Prevention and Cleaner Production were key in the period, when the
preventive approach was at its highest. The aim was to reduce the waste generation
directly at its source, i.e. in the production processes, thereby reducing treatment
and final disposal costs (UNEP 2004; Ahmed 2012).

Besides being driven by legal aspects, this change in attitude was also due to the
recognition of the real costs associated to the traditional ‘end-of-pipe’ approaches.
In addition to the costs usually attributed to treatment and disposal, there are other
costs that are usually not taken into account, such as, for example, costs related to
the loss of resources (raw materials, water, energy, etc.), legal and regulatory
non-compliance, corporate image, to name a few. Typically, for every dollar
accounted for waste treatment or disposal, a further two to three dollars are ‘hidden’
or simply ignored, even in well managed and large companies (UNEP 2004).

Despite the innumerous benefits of reactive and preventive approaches to sus-
tainability enhancement, they alone are not enough to deal with the sustainability
challenges that our society was—and still is—facing, due to the ever-increasing
production and consumption of products.

In the late 1990s, the recognition that products were at the origin of most of the
pollution and resource depletion caused by our society became evident and a
transition to a more proactive approach could be observed. At that time, companies
started to realize that all products caused some sort of impact, not only during the
manufacturing processes, but also throughout their entire life cycles, from raw
material extraction through manufacturing, use and final disposal (Fava 1998).

In this context, ecodesign emerged as a promising approach for the integration of
environmental considerations in product development processes, where the
opportunities for enhancement of the environmental performance across the product
life cycle was estimated to be around 80 % (through the definition of materials,
suppliers, product performance, etc.) (Mcaloone and Bey 2009). The introduction
of the life cycle thinking was associated with efforts to increase efficiency
throughout the product life cycle (Brezet et al. 1999; Sherwin and Bhamra 1999;
Stevels et al. 1999).

To enable ecodesign implementation in companies, several methods and tools
were developed by industry and academia in this period. Several approaches for the
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evaluation of the environmental performance of products (e.g. through Life Cycle
Assessment (LCA) and similar approaches) were developed and ecodesign guide-
lines for enhanced environmental performance of products were consolidated for
different product types and industrial sectors (Caspersen and Sørensen 1998; Brezet
et al. 1999).

The basic approach at this moment was focused on specific product issues (e.g.
minimization of weight, elimination of hazardous substances, enhancement of
energy efficiency, etc.). At this time, and due to the previous experience with
end-of-pipe approaches, which were costly and mainly there for legislative com-
pliance, sustainability was chiefly viewed as a necessary cost, with only very few
companies being able to demonstrate the business benefits linked with ecodesign
implementation.

The take-make-waste paradigm of the linear economy was the main paradigm in
most of the companies at this time, although initial discussions regarding the
impacts and importance of the end-of-life of products started to enhance towards the
end of the 2010s (Rose et al. 2002). Most of the actions taken for ecodesign
implementation were at an operational level, looking mainly at the product level
and from a strict design perspective, linked to material and energy efficiency.

By the end of the 2010s, more than 100 different methods and tools were
developed, but the broad uptake by industry was not as expected (Baumann et al.
2002) and new challenges started to be observed by society (Pigosso et al. 2015). At
that time, there was a need to evolve the ecodesign concepts and allow for a broader
implementation and uptake by industry. Figure 1 provides a summary of the main
characteristics of corporate sustainability in the 1990–2010 period.

Fig. 1 The rise and establishment of ecodesign (1990–2010)
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3 2010–2020: A Systems Perspective on Ecodesign

In the period 2010–2020 (which encapsulates the current time of writing), a shift
can be observed in society, away from the more reactive, tool-building and singular
problem-focus of the first era. In this period, a new wave of globalization is in full
flow, enabled by technology and near-instant availability of products and services,
all around the world. As the world gets smaller, so to speak, singular products often
become commoditized, with their perceived value reducing to a minimum. For
instance, the increased rate of commoditization can seem like a vastly negative
trend, environmentally, due to ever-shortening product lifetimes and large bouts of
waste, within a linear economy. However, two counter-developments have
emerged, namely the embedding of high value in high quality products; and the
emergence of product/service-systems onto the market. High-value, high-quality
products (e.g. premium-priced smartphones and high-end portable computers)
indeed provide some of the answer to the previous era’s problem with commodi-
tization and product waste. Product/service-systems, PSS (which effectively are
purposely co-developed product and service bundles) are also increasingly normal
in both B2B and B2C markets. PSS come with new business models, which often
focus on providing more value-add from one installed base of a product, by means
of some form of product life extension (often through sharing), and therefore
dematerialization of the physical artefacts, which are component parts of the PSS
under offer (Bey and Mcaloone 2006).

It is in this time period that many companies are starting to formulate sustain-
ability goals, together with ways in which these will be measured, be they envi-
ronmental, social and/or business-oriented. The very intensive period of tool
building has slowed in this decade, with more emphasis being placed on how to
actually successfully select from the large lists of tools and methods and implement
the most suitable tools within the company (Pigosso et al. 2011; Bovea and
Perez-Belis 2012). This is a positive development, as we can identify over 800
ecodesign best practices already (Pigosso et al. 2014)—the focus must now be on
how to ensure successful implementation of these tools and methods into the
business- and product development processes of the enterprise.

Together with the shift from products to PSS as a standard sustainability design
object, the basic approach has shifted, so as to incorporate more sustainable deci-
sion points at a given time, thereby encompassing a systems approach towards
sustainability enhancement. Nevertheless, many companies are not yet realizing the
full benefit of their efforts towards sustainability improvement, often rendering
sustainability as an activity that may not any longer be seen as a net cost to the
company, but is still not a sufficient value-creator in itself.

In this decade, social sustainability is a clear focus point for the organization and
a number of projects (often in collaborations between academia and enterprises)
have been completed, where social sustainability methods and metrics have been
developed, tried and tested (Ny et al. 2006; Boström 2012).
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Western society is beginning to pay increasing attention in this decade to closing
loops, rather than operating in a linear economy. Focus is increasingly being placed
on takeback schemes, Design for Recycling activities, new business models to
revalorize waste, and new forms of artefact sharing systems (e.g. bike-sharing,
car-sharing, tool-sharing, to name but a few) (McDonough and Braungart 2010).
We are by no means circular in our approach, but closed loop activities are
beginning to be favoured over linear economy activities.

Looking inside companies and universities, we can see increasing focus being
placed on how to create better processes towards sustainable product development,
rather than simply creating yet another tool or a method. With this elevation of
activities to the level of PSS, systems thinking and closed loop operations, com-
panies are increasingly engaging the middle-management (tactical) levels of their
business- and product development activities, in order to understand how to
leverage greater parts of the companies’ value-adding activities, through more
tactical deployment of sustainability thinking (Tukker 2004). Figure 2 shows a
summary of the main characteristics of corporate sustainability in the 2010–2020
period.

4 2020–2030: Perspectives for a Sustainable and Circular
Economy

An even more significant transition to corporate sustainability is expected in the
upcoming decade. Although predicting the future is impossible, we have attempted
to develop a scenario of how current initiatives might possibly deploy over the next
decade, based on an analysis of current trends and past developments.

Fig. 2 A systems perspective on ecodesign (2010–2020)

From Ecodesign to Sustainable Product/Service-Systems … 105



Increasing recognition of the need to mitigate the effects of population growth,
wealth increase and human consumption is currently leading several international
organizations to consensually highlight the need for a significant change in our
economic system, in order to respect planetary boundaries (Steffen and Stafford
Smith 2013; Häyhä et al. 2016). Some examples of sustainability-related initiatives
include: the roadmap for developing energy efficient and low-carbon societies by
2050, developed by the European Union; the ‘green growth’ framework to foster
economic growth while ensuring the availability of natural resources, by the
Organisation for Economic Co-operation and Development (OECD); and the
Sustainable Development Goals (SDGs), launched by the United Nations in 2016.
In order to reach global and European development goals, the private and gov-
ernmental sectors in Europe need to undergo a large and systemic transition.

Due to the recognition of the systemic sustainability challenge faced by our
society, a change towards extended collaboration within and across value chains is
expected. Collaboration must be focused on developing new solutions and eco-
nomic systems, bringing together different stakeholders in society, that help
addressing the planetary boundaries (Steffen and Stafford Smith 2013).

An increasing amount of businesses will be maturing their approaches towards
sustainability and increasingly integrating sustainability into not just the high-level
strategic goals of the company, but also the everyday business and product
development processes. This will allow each and every decision in the organization
to be taken based on solid and conscious sustainability considerations. It will also
give rise to a holistic approach, in which the connections and interfaces among
complex systems are considered and their dynamic natures understood.

Competences will be significantly enhanced to be able to cope with the under-
standing of complex problems and the collaborative development of efficient
solutions. Sustainability will be defined and committed at a strategic level in
organizations and the deployment into the tactical and operational levels will be
enabled by the enhanced maturity of companies on sustainability enhancement.

At this point, companies will have the contents and the context to be able to
understand that sustainability equals business, and that there is no other alternative
way of being successful in a business context. In fact, such signs are already evident
in the very leading-edge corporations, which have put a direct relationship between
sustainability and business-enhancing innovation (Ellen MacArthur Foundation
2015a). First on achieving a critical mass of this type of company, recognizing the
opportunities of business-driven sustainability action, will we see that the sus-
tainability concept defined as the balance between the environmental, social and
economic dimensions will finally be fully met.

In the next decade, problems and risks related to resource scarcity and product
disposal will be minimized by an enhanced uptake of the concept of Circular
Economy (Ellen Macarthur Foundation et al. 2015), which is currently being
boosted in many parts of the world.

Circular Economy is increasingly seen as a key approach to operationalizing
goals and supporting the transition by enhancing competitiveness, economic growth
and sustainability in many parts of modern society. Circular Economy is defined by
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the Ellen MacArthur Foundation as “an economy that provides multiple value
creation mechanisms, which are decoupled from the consumption of finite
resources” (Ellen MacArthur Foundation 2015a). Unlike the traditional linear
‘take-make-waste’ approach, the goal of Circular Economy is to seek to respect
planetary boundaries through increasing the share of renewable or recyclable
resources, whilst reducing the consumption of raw materials and energy and thus
bringing down emissions and material losses (EEA 2016). Creating a Circular
Economy requires fundamental changes throughout the value chain, from innova-
tion, product design and production processes all the way to end of life, new
business models and consumption patterns (EEA 2016).

Large and established, as well as small and start-up players in the industry are
increasingly recognizing the need to commercialize secondary raw materials, to
ensure spare-parts availability and to actively begin to devise alternative and
innovative business models, disruptive to their current ways of working (2016).
Among the strategies being addressed are: expansion of high value-added services;
focus on Total Cost of Ownership (TCO) over the product lifetime; outsourcing
agreements and rental offerings; technical leadership; and optimized product
quality. Manufacturers are increasingly positioning their offerings, such as equip-
ment financing; training for the best use of machines; fleet management; and
equipment relocation services, as ways in which to enhance their value propositions
to their customers. The positive news is that these new value propositions by the
industry are potential components of a circular business model approach.

A successful transition to Circular Economy requires a systemic change in the
way companies understand and do business, with sustainability as a strong foun-
dation. Circular Economy will be enabled by the combined application of three
component elements: (i) Business Model Innovation; (ii) Sustainable Design and
Ecodesign; and (iii) Internet of Things coupled with Digital Transformation.

One of the most powerful enablers of a circular economy is sustainable business
model innovation (Chun and Lee 2013; Pigosso and McAloone 2015; Reim et al.
2015). Business models that successfully incorporate Circular Economy principles
have a direct and lasting effect on the social, economic and environmental systems
(EEA 2016). Taking a sustainable business model view on Circular Economy
promotes the integration of suitable approaches such as ecodesign, reuse, sharing,
leasing, repair, refurbishment and recycling. By integrating the most suitable of
these approaches to one’s business- and product development will play a significant
role in maintaining the utility of products, components and in realizing circular
business models (EEA 2016).

Circular Economy business models can only be realized by the development of
products, services and Product/Service-Systems that can be easily disassembled,
remanufactured, recycled and reused (Bakker et al. 2014; Tukker 2015). Common
approaches for the design of circular products includes the application of Design for
Recycling, Design for Remanufacturing and Design for Disassembly methods, tools
and guidelines (Sundin and Bras 2005; Pigosso et al. 2010; Achillas et al. 2013).
Nevertheless, in order to ensure a superior sustainability performance of products,
the entire life cycle of products need to be considered.
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Circular Economy can benefit greatly by equipping products with intelligence,
so that they can adapt and respond to change and remain fit-for-purpose over longer
time periods (Ellen MacArthur Foundation 2015b). A whole new range of virtual
services and sharing economy platforms support the prolonged technical lifetime
(and sometimes also up-cycling) of products by monitoring the condition of indi-
vidual components or whole product systems.

In this context, Circular Economy will lead to the development of innovative
business models, products, value chains, partnerships, and technologies that will
enable a much more and efficient closed loop of materials and energy—and ulti-
mately a more robust economy.

Due to the significant undermining of planetary boundaries caused through the
industrial activities of the past century, it is increasingly recognized that the sus-
tainability concept will need to embrace restoratory concepts, so as to reestablish
the planetary boundaries at safe levels and not undermine life on Earth (Fig. 3).

5 Summary and Final Remarks

This chapter has provided our reflection of the development and evolution of
sustainability initiatives and approaches observed since the 1970s in a corporate
context. The reflection has structured in three distinct periods, which are charac-
terized by their own specificities, challenges and focus areas (Fig. 4).

Despite the common perception that we are still struggling with the same issues
since the early stages of corporate sustainability initiatives, a clear change in pat-
terns and a significant evolution of the discussion is observed. Governmental
bodies, universities, non-governmental organizations, companies and the civil
society have significantly raised and enriched the debate around sustainability.

Fig. 3 Perspectives for a sustainable and circular economy (2020–2030)
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Furthermore, industry interest and uptake at the strategic, tactical and operational
levels is following a steady increase—although many challenges are still faced for
full sustainability integration.

In order to be able to cope with the sustainability challenges faced by our society
and respecting the planetary boundaries, the speed of change and actual uptake by
industry and a varied set of stakeholders must enhance significantly over the next
decade. At the same time that ambitious targets must be set, it is important that
industry companies take a systematic and step-by-step approach towards enhancing
their organizational maturity to be able to develop and perpetuate successful and
sustainable businesses.
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Design for High Added-Value End-of-Life
Strategies

Tom Bauer, Daniel Brissaud and Peggy Zwolinski

Abstract Sustainable manufacturing is a rising issue. Ensuring both consumer
satisfaction and minimal environmental impact is very challenging. In that whole
process, it is customary to say that the design stage determines 80 % of the future
environmental impact. One way to contain this impact at an acceptable level is to
manage the products’ end-of-life from the design activities. This chapter points out
product reuse strategies—i.e. direct reuse and remanufacturing—aiming at con-
serving the added-value of used products as much as possible into new products.
The first contribution attempts to provide a state-of-the-art of design for these high
added-value end-of-life strategies. Direct reuse and remanufacturing are thus
analysed and the principal design guidelines are furthermore given, classified
according to three dimensions: product, process and business model. This chapter
then contributes to enlarging the spectrum of reuse strategies, presenting an inno-
vative end-of-life strategy: repurposing. It consists of reusing products in other
applications after transformations. The main challenges of such a strategy will be
discussed.

Keywords Design for X � End-of-life strategy

1 Introduction

There is a need to improve the environmental orientation of products and the
management of their end-of-life (EoL) represents one way of achieving this. Many
studies argue that it could be initiated from different actors: customers, pushing for
greener products; companies, willing to reduce the environmental footprint of their
products as much as increasing their revenues; or regulation, favouring
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low-impact-products and obligating producers to handle their end of life processes,
beginning with the design phase (Global Reporting Initiative 2013; Goodall et al.
2014).

An end-of-life strategy refers to the manner in which one manages the product
right after its user has discarded it. The focus today is on end-of-life strategies that
maximise the value of the products, so-called reuse strategies. These strategies have
key characteristics that must guide designers to facilitate their initial setup. This
chapter tries first of all to make these strategies clear as well as outline what the
drivers are for the most adapted designs. An exploration follows, of how the main
end-of-life strategies maximise the value of products, along with how to support
product designers in their willingness to pursue these maximizing-value strategies.

These end-of-life strategies and their consequences on the design of products are
now well-known and shared among companies: the product characteristics, its
performances and the recovering process are described in literature. Nevertheless,
the discussion is open to proposing new strategies that retain more and more added
value of used products for the purpose of ultimately manufacturing innovative
products. Repurposing, meaning that end-of-life products can be revamped into
different applications than the former ones to prolong their lifetime, needs now to be
understood, modelled and analysed in pursuit of guaranteeing its implementation
and its potential value.

Following this introduction, the chapter describes the product end-of-life
strategies in Sect. 2, before focusing on high added-value strategies, and reuse
strategies, in Sect. 3. They will be described in terms of product, process and
business model characteristics and an overview of the main guidelines for assisting
the product design work will be summarized. Section 4 paves the way for the
repurposing strategy to be presented and discussed.

2 High Added-Value End-of-Life Strategies

The need to define a product end-of-life strategy takes place when the product is
considered as a ‘waste’ (European Commission 2008). The European Commission
(2008) defines waste as: “any substance or object which the holder discards or
intends or is required to discard.” Depending on its type, characteristics and
working conditions, the discarded product may follow one or another strategy. ISO
proposes a classification of end-of-life strategies though the standard 14062 (ISO
2002), which has been ranked depending on potential environmental gains:
(a) prevention, (b) reuse, (c) recycling, (d) energy recovery and (e) disposal;
(European Commission 2008). In this chapter, the focus is set on strategies which
aim at maintaining as much added-value in products as possible.

First of all, energy recovery and landfilling do not represent sustainable strate-
gies since they do not recover any element of the products: both added value and
material are destroyed. These strategies will be grouped under the “waste” label in
the chapter (see 1 in Fig. 1). Recycling (see 2 on Fig. 1) consists of recovering
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materials from the discarded products in order to avoid new raw material extraction
and, in so doing, limit the environmental impact and supply issues. The recycling
strategy destroys the added-value of the product and instead only recovers mate-
rials. The strategies that recover material and retain the product’s added-value are
called reuse strategies. It can be split in two distinct sub-strategies: direct reuse and
remanufacturing. Direct reuse (see 3 on Fig. 1) is a process where the quality of the
product and the market conditions allow for continued use of the same product by
another customer. The remanufacturing strategy (see 4 on Fig. 1) concerns products
that have to go through a new manufacturing process before being put back on the
market. Indeed, direct reuse and remanufacturing both aimed at providing as-new
products with at least the same guaranties and performances as a new product and
for the same application. Finally, prevention mainly consists of avoiding the impact
before the end of the product life, by minimizing wastes.

The paper focuses on end-of-life strategies that conserve added-value of prod-
ucts, meaning the materials after manufacturing transformation. These strategies are
called “reuse strategies.” The “quantity” of added-value retained, and the corollary
“quantity” of transformation needed to recover the added-value missing, charac-
terize the process of remanufacturing of the product from “high added-value
retained—light remanufacturing process” (direct reuse strategy) to “less but real
added-value kept—standard remanufacturing process” (remanufacturing strategy).

Material 
manufacturing

Mining
Manufacture 
of product

Transportation

Installation

Use

End-of-life

1-Waste

2-Recycling

3-Direct 
reuse

4-Remanufacturing

Fig. 1 Product lifecycle and the 4 main end-of-life strategies (adapted from Zhang 2014)
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3 Design for Direct Reuse and Remanufacturing

The focus of this section is on reuse strategies happening right after the End-of-Use
(EoU) of products. A distinction is made between Design for direct Reuse (DfdR)
and Design for Remanufacturing (DfRem). Definitions, explanation and design
guidelines are pointed out.

3.1 Definitions and Main Characteristics

The direct reuse strategy may be defined as: “any operation by which products or
components that are not waste are used again for the same purpose for which they
were conceived” (European Commission 2008). Gelbmann and Hammerl (2015)
state that the performances of the directly reused product must be as good as a new
one to achieve the same function while Arnette et al. (2014) assert that products
have to be “good enough” to fulfil the following use. In any case, products need to
be in sufficient working condition to be reused directly. Products which are reused
directly are often however considered second-hand products and their components
used to repair other products (Go et al. 2015) instead of becoming a product in and
of themselves. This implies new products manufacturing instead of potential reuse
of products. In terms of the manufacturing process, the direct reuse strategy
involves already-used products’ collection from the waste stream, cleaning, sorting
and testing of products (Gelbmann and Hammerl 2015; Go et al. 2015). These steps
make it possible to solve potential problems and ensure their well-functionality so
that they can be reused directly in similar applications (Pigosso et al. 2010; Arnette
et al. 2014; Gelbmann and Hammerl 2015). The remaining unsettling factor about
the definition of direct reused products concerns its legal status after the first use.
Some authors (Gelbmann and Hammerl 2015) insist on considering them as wastes
since the European Commission (2008) no longer does this. In the latter case, the
product shall ceased to be defined as such upon following different steps to be
reintroduced onto the market (European Commission 2008).

The remanufacturing strategy has largely been studied over the past decades.
Lund (1984) gave the first definition of remanufacturing and stated it to be: “an
industrial process in which worn-out products are restored to like-new condition.”
This definition has been adapted by the European Commission (2015), which
describes remanufacturing as “a series of manufacturing steps acting on an
end-of-life part or product in order to return it to like-new or better performance,
with corresponding warranty.” The most important matter to appreciate here is that
manufacturing processes will be needed in order to bring products back to their
original state or to a better state. In other words, the remanufacturing process
attempts to recover as much added-value from the original manufacture as possible
(Zwolinski et al. 2006; Gray and Charter 2008). The remanufacturing process may
be slightly more complex than direct reuse. The starting point for remanufacturers is
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to obtain from the user, the collected-used products and return them to their fac-
tories. Sundin and Bras (2005) detail seven generic process steps for the remanu-
facturing business: inspection, storage, cleaning, disassembly, reassembly, repair
and testing. These steps—in part or in full—are found in any remanufacturing
activity whatever its sector of activity.

In both direct reuse and remanufacturing strategies, the objective is the same:
deliver to the market a product that is similar to the initial one and built from the
initial materials. They both ensure reuse objectives, while the main difference stems
from the quantity of operations needed to make the product reusable again. If the
process needed to rebuild the product is mainly a cleaning process, it is considered
as direct reuse. Otherwise, if the process calls for machining and more complex
operations, it constitutes a remanufacturing strategy. Both strategies aim at lowering
our environmental pressure. Among the different end-of-life strategies, direct reuse
is said to have the best environmental and economic advantages (European
Commission 2008; Arnette et al. 2014; Go et al. 2015; Gelbmann and Hammerl
2015), while remanufacturing is second (Sundin and Bras 2005; Hatcher et al.
2011; Go et al. 2015). Gray and Charter (2008) quote that the remanufacturing
strategy would require 85 % less energy than manufacturing. Direct reuse should
not require new high energy consuming transformations. Furthermore, they would
both preserve resources, as they could be seen as “a new product avoided.” Hatcher
et al. (2011) furthermore add that it could be “a combination of new and reused
parts.” The main drawback of both strategies lies in the efficiency-in-use of the
product when reused. Indeed, direct reused and remanufactured products—even if
they are as-good-as-new—may be less efficient than brand-new ones due to tech-
nological evolution.

3.2 Design for Reuse

In order to evaluate the different reuse strategies, i.e. direct reuse and remanufac-
turing—it is important to define a common framework of analysis in line with the
customary design processes.

3.2.1 Different Reuse Strategies Under a Single Framework

When designing for sustainability purposes or for the environment, it is crucial to
include all the different lifecycle steps, from cradle to grave—i.e. from raw material
extraction to end-of-life stages, including manufacturing and use phases (Crul and
Diehl 2009). From that point, a classic description of such strategies would dis-
tinguish products characteristics from manufacturing processes, or else design from
production. This may come from bygone days when design office and production
planning department were two separate entities. Nowadays, with integrated design,
external parameters have to be considered all along the lifecycle of the product
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(Brissaud and Tichkiewitch 2000). This leads to a better organisation of the overall
offer, whether it be in terms of stakeholders’ relationships, value creation, value
chain of the offer, or any surrounding elements. All these elements are then gath-
ered under the business model label. A parallel has already been made in the
remanufacturing literature, where Gray and Charter (2008) pinpointed these three
dimensions (called spheres) and distinguished Product characteristics from manu-
facturing Processes and Business Model features (P.P.BM. spheres). Indeed, Sundin
and Bras (2005) and Zwolinski et al. (2006) detailed product characteristics and
process activities considering external factors.

The P.P.BM. spheres are considered in this paper for the purpose of structuring
the design guidelines. These guidelines help designers to define product and
process parameters in line with the strategy of the company. The product area
covers the product itself and its components. Their main characteristics are
defined in order to distinguish products from different EoL strategies. The process
concerns the different steps put in place in order to deliver the products and
assign their respective characteristics. The Business Model defines the global
strategy for delivering the product and its organisation. Each of these three
spheres entails specific characteristics defined from literature in Bauer et al.
(2016) and recalled in Tables 1, 2 and 3.

3.2.2 How to Design These Kinds of Products?

Design processes have largely been studied in the literature (Tomiyama et al. 2009).
Design tools and methods have been well-known for years and many improvements
have already been made, especially with integrated design (Brissaud and
Tichkiewitch 2000). Indeed, designing a product implies the interaction from
multiple areas of expertise in a single company. In that process, gathering the
different actors from the early stages would facilitate the integration of the different
constraints, whether they were linked to the product, the process, or the business
model. From that point, the design process follows different steps to progress from
the product idea to the product retirement (see Fig. 2).

Although they follow a reuse strategy at their end of use, to-be-reused products
need to be considered like any other manufactured ones in the first place, so that the
design phases between the two would not change much (Gray and Charter 2008).
Despite that, the key issue for to-be-reused products lies in integrating the required
parameters that are designed to ensure the end-of-life strategy. To be set up effi-
ciently, they have to be integrated from the early design stages (Gray and Charter
2008). Hence, reuse can be seen as a classic integrated design, with specific
attention to end-of-life parameters.
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3.3 Main Guidelines for Design for Direct Reuse
and Remanufacturing

The reuse literature is already overflowing with design guidelines for facilitating the
adoption of direct reuse and remanufacturing strategies (Ijomah 2009; Arnette et al.
2014; Go et al. 2015). In the same manner, three spheres have been proposed
(Bauer et al. 2016) to characterise end-of-life strategies. The categorisation of

Table 1 Guidelines: process sphere (classified by characteristics)

Characteristics Guidelines for reuse strategies Guidelines for Remanufacturing 
strategy only

Stable process
Standardise and use common tools
Reduce the diversity of components
Reduce the variation in cores

Inspection & 
Sorting

Minimise inspection time
Mark inspection points clearly
Minimise the number of different materials
Use standard components

Cleaning

Avoid components that can be 
damaged during cleaning process
Minimise geometric features harming 
cleaning process
Identify components requiring similar 
cleaning processes

Facilitate access to the cleaning  
process
Ensure marking on product can 
survive cleaning process

Dis-/Re-assembly

Avoid permanent fasteners that 
require destructive removal
Increase corrosion resistance of 
fasteners
Reduce the total number of fasteners
Reduce the number of press-fits
Standardise and use common 
fasteners (type and size)

Minimise disassembly and 
reassemblyt ime 
Arrange parts and components to 
facilitate assembly, especially the 
ones that are easily prone to damage 
Use assembly techniques that allow 
easy access to inspection points
Use assembly techniques that allow
upgrade
Use assembly techniques that will 
withstand overall remanufacturing 
processes but that will not allow for
damage to components that have the  
potential to be reused/ 
remanufactured
Use robust materials to ensure 
assembly operations

Storage Ensure no damage during storage

Remanufacturing Standardise and use common 
processes

Testing

Minimise the number of tests
Reduce test complexity
Standardise tests
Reduce the number of tests at the 
level required
Facilitate tests of components
Provide testing documentation
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Table 2 Guidelines: product sphere (classified by characteristics)

Characteristics Guidelines for reuse strategies
Guidelines for Remanufacturing 

strategy only

Reliable product
Select reliable materials
Select reliable components

Durable product

Select durable materials
Select durable and robust 
components
Prevent core damage
Prevent part and surfaces against 
external environment
Avoid components that can be 
damaged during cleaning process

Avoid components that can be 
damaged during inspection process
Avoid components that can be 
damaged during disassembly process
Avoid components that can be 
damaged during refurbishment 
process

Functional prob.
High initial cost

Modularity / 
Upgradability

Standardise and use common 
materials, components and fasteners
Use modular parts and components 
thus reducing complexity of 
disassembly because types of assembly 
techniques are reduced
Structure the product and parts to 
facilitate ease of upgrade

Physical 
elements

Avoid permanent fasteners that 
require destructive removal
Increase corrosion resistance of fasteners
Standardise and use common 
fasteners (type and size)
Reduce the total number of parts, 
components, fasteners, press-fits and 
joints
Specify materials and forms 
appropriate for repetitive 
manufacturing

Stable 
technology

Standardise and use common  
materials, components and fasteners
Standardise and use common 
interfaces
Design reusable parts and 
components
Facilitate access to components
Facilitate switch of damaged 
components

Documentation

Provide readable labels, text, and 
barcodes that do not wear off during 
the product's service life
Provide good documentation of 
specifications, clear installation 
manuals and testing documentation
Provide clear information about 
product, parts, components and 
materials
Set up sacrificial parts to give an
indication of the components’ state of 
life

Efficient product
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design guidelines according to one of the P.P.BM. sphere and then to the closest
characteristic it would be linked to, is what is proposed here. Designers are therein
provided with the guidance necessary for identifying which rule would lead to
which characteristic. Some characteristics are created or renamed when the initial
ones are not relevant enough for a design activity.

The two specific reuse strategies—direct reuse and remanufacturing, their
characteristics and design guidelines are classified in Tables 1, 2 and 3. Guidelines
dedicated to both direct reuse and remanufacturing were grouped together in one
column labelled ‘Guidelines for reuse strategies’, while the ones specific to
remanufacturing were separated in the right-hand side column. Table 1 thus clusters
characteristics and guidelines addressing the process Table 2 then gathers the dif-
ferent characteristics and guidelines connected to the product. The principal ele-
ments are related with direct product characteristics, such as durability and
reliability, and physical elements facilitating the strategy—e.g. fasteners, parts….
The main process steps are recalled and specific guidance is provided. Finally,
Table 3 covers the business model characteristics and guidelines. It is mainly a
matter of organisation and reverse logistics.

Two points immediately stand out for careful discussion. First, it appears that
some characteristics do not have any concomitant guideline. The reasons are that
none of them has been identified in literature or due to the fact that the guideline
was closer to another characteristic. The knowledge corpus will be increased with
literature progress. The second point concerns the repartition of the guidelines.
It appeared that all the guidelines related to direct reuse strategy were included in

Table 3 Guidelines: business model sphere (classified by characteristics)

Characteristics Guidelines for reuse strategies
Guidelines for Remanufacturing 

strategy only

Ease of reuse
Determine the internal skills needed

Reduce the rejection of 
remanufactured products

Ease of supply

Embed mechanisms into the product to 
ensure the return of cores
Facilitate collection of core parts 
Facilitate Reverse logistics

Economic motivation
User profile

Partnership
Legislation

Environmental gains
Avoid toxic materials
Determine the cleaner production anduse

Remanufacturing 
reason

Verify the market acceptance of the offer

Need 
analysis

Specifica-
tions

Architectural 
design

Detailed 
design Tests

Fig. 2 Common design stages in product development
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the remanufacturing strategy (grouped together in the column labelled ‘Guidelines
for reuse strategies’). Nevertheless, some have only been identified in DfRem
literature. This seems logical, however, as, the major difference between both is that
remanufacturing implies more remanufacturing before the product could go back to
the market. This is noticeable in the Tables 1, 2 and 3: all specific remanufacturing
guidelines are directly or indirectly related to the remanufacturing process steps.

3.4 Discussion

The characteristics have been highlighted and organised according to the P.P.BM.
spheres. Design guidelines from literature were then linked to the most relevant
reuse characteristic. If everybody agrees on the end goal of maintaining a high level
circular economy, the applications are not as numerous as expected (Gelbmann and
Hammerl 2015). Reused products may not yet be well-accepted on the market
(Arnette et al. 2014), nor are design guidelines practical enough for each particular
product.

The primary difficulties in implementing the reuse strategies remain. One key
parameter concerns the reverse logistic chain, hitherto not well addressed as it
mainly depends on company decision-making (Hatcher et al. 2011; Go et al. 2015).
Indeed, the crucial step is to retrieve already-used products in pursuit of ensuring
direct reuse or remanufacturing. This issue has to be defined from the design stages
(Go et al. 2015). That is, the company needs to know where the retired products
will be, how to get them back, and how to set up the logistics for bringing them
back to the company or to another defined point (Gelbmann and Hammerl 2015; Go
et al. 2015). These steps may rely on partnerships (Gelbmann and Hammerl 2015).
The second point is related to the difficulty in putting the strategies in place a
posteriori, after the products have been designed and lived (Hatcher et al. 2011).
The use of the precedent design guidelines may allow for partial avoidance of such
problems, or at minimum, for identification of the weak points ahead.

The limits of the design guidelines for reuse strategies need also to be high-
lighted. First of all, characteristic to all guidelines is that they tend to be rather
generic, which means they should be applicable to most of the products. Designers
need to adapt them to the case at hand, yet the resulting specifications may conflict
with the guidelines traditionally used in the domain. Secondly, some of the char-
acteristics that have been highlighted in each sphere do not contain any guidelines
either for direct reuse or remanufacturing. Two main reasons can be outlined here.
Number 1: the characteristic is mainly related to the company strategy and its
motivation for this kind of business—e.g. economic motivation, favouring legis-
lation. All the same, no generic guideline is applicable as it is related to the
company itself. Number 2: the characteristic is inherent to the product itself and is
more related to product specifications than guidelines—e.g. high initial cost, effi-
cient product. Guidelines, company specifications and product specifications are
complementary and thus, it does not matter in what manner they find their way to
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the designer. In practice, when using DfdR and DfRem guidelines, a risk arises that
designers follow the guidelines without integrating the initial product and process
specifications and therein miss out on some crucial points. Guidelines are set up to
facilitate the designer’s job according to previous studies. Yet, every product is
distinct from the others, so that requiring specific parameters may make one
guideline irrelevant and may thus not apply.

4 The Repurposing Strategy

A rising EoL strategy in literature concerns “repurposing”. Repurposing is a third
reuse end-of-life strategy that complements the two previous ones. Much like other
reuse strategies, repurposing allows for retention of added-value in used products.

4.1 Limits of Direct Reuse and Remanufacturing Strategies

Current reuse strategies—i.e. direct reuse and remanufacturing—aim at and succeed
in preserving a part of the added-value of used products in the manufacturing of
new products. The reuse process can be seen in three main issues (Fig. 3). The
limits of each of them are analysed for the purpose of extracting the orientations for
a complementary strategy that would increase the quantity of reused products.

The reuse strategy is a manufacturing strategy driven by market conditions. The
assumption in direct reuse and remanufacturing is that the new product must at least
offer the same levels of performances and of customers’ satisfaction than the old
product. The market can be limited by the number of like-new products that can be
absorbed by the customers. The market must furthermore be open for new products.
Opening the market involves upgrading or repurposing. Upgraded products are
products of the initial family where performances and functions are different.
Repurposed products are products that are sold for a different purpose and belong to
a different product family. For example, electric vehicles’ batteries can be recom-
posed to be reused in stationary applications.

The existence of the transformation process depends on the technical feasibility
(can the process push the product to the initial performance?), the environmental
performance (is the reused process greener than the initial one?) and the economic
concern (can the value chain be profitable?). Because products are very often
designed without any objective of reusing them, they cannot be disassembled

Core collection Transformation process Products on market

Fig. 3 The reuse end-of-life main process
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without damage and, consequently, cannot be reused. It is thus clear that design is a
very important phase to improve upon. Yet there are also remanufacturing pro-
cesses that cannot give back the initial performances to the product. It is clearly the
case today for batteries of electric vehicles that cannot be remanufactured for the
simple reason that the technology is unable to recover the initial performance at a
reasonable cost (Beverungen et al. 2016). The question of what to do with the stock
of such batteries is an open issue.

The collection of already-used products depends on their quality (does the core
retain the quality for the expected performance?) and quantity (are there enough
collected used products to make the business profitable?). Quality issues could
sometimes be overlooked if the question was raised of finding new applications
where technical performances are not the key issue. Quantity depends on the effi-
ciency of the collection process and the capacity of the market to absorb more
products. Alongside the economic issue, the environmental issue of waste man-
agement can likewise figure in as a significant driver of the business.

Let us explain the concept with the example of electric vehicle batteries, cur-
rently under discussion in the literature. It starts with two claims: in a few years’
time, the issue of waste management will be crucial because the performance of a
battery cannot be recovered by technology, while the market of stationary appli-
cations calling for batteries is however exploding. The idea is to couple both claims
and see whether electric vehicle batteries, no longer efficient enough for mobile
applications, can be reused after transformation in stationary applications like
lighting and housing. Idjis (2015) studied a recovery network for end-of-life electric
vehicle batteries from “a technical-economic, organizational and prospective per-
spective.” He identified the business model elements (the economic viability; legal
requirements) that enable the repurposing of a company to manage reverse logistics
for core supply, to rely on partnerships, and assessed the effective quantity of
batteries for repurposing into stationary applications as well as the properties at the
end-of-use. Beverungen et al. (2016) identified and validated with experts the
functional and non-functional requirements for repurposed batteries from EV to
stationary applications. Based on a battery expert interview and literature (Ahmadi
et al. 2014; Bauer et al. 2016; Beverungen et al. 2016), the repurposing process
seems to include the same steps as reuse strategies: inspection and sorting, cleaning,
dis-/re-assembly, storage, repurposing operations and testing. The repurposing step
would mainly rely on reconfiguring the different components and sub-assemblies of
the products and include a few product developments in order to then fulfil new
requirements or connect the components in the new fashion.

4.2 Repurposing: Definition and Advantages

Repurposing is a reuse end-of-life strategy that aims at preserving added-value of
used products by reusing them in different applications and fields and in so doing, get
around the remanufacturing and direct reuse strategies by targeting new markets.
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Repurposing aims at maintaining high added-value products on the market as
long as possible, to ultimately delay recycling or disposal. This strategy does not
replace direct reuse or remanufacturing, but nevertheless fills a gap when these two
last options are not applicable. No market cannibalisation may take place, as, the
applications are distinct. This strategy should complete the list of reuse strategies
and contributes to extended producer responsibility in the whole environmental
consciousness equation (European Commission 2008). Company responsibility at
the end of the first end-of-usage is transferred to the second life of the products. It
could be done in as many cycles as possible until being transferred to the material
recycling process. When the repurposing is properly implemented, the strategy is
determined to be more environmentally friendly and less cost effective than man-
ufacturing products from raw materials. The research only still has to prove in
which conditions this performance may be present.

The repurposing process is close to a remanufacturing one (Fig. 4). The same
types of operations are necessary, even when the combinations of parts are larger.
The main difference is that the diagnostic phase on the quality of the used products
collected (the product health) must be much more detailed and very intelligent in
pursuit of orienting the core to the most adapted transformation process. Another
difference of course lies in the technology for transforming the used product into a
totally different product that must be developed, which then turns out to be easier in
terms of repurposing. This strategy holds great potential for personalising new
products. The principle that the performance criteria may evolve from one use to
another points to real opportunity in that realm.
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Fig. 4 Product lifecycle for repurposing, the end-of-life strategy
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4.3 Short Discussion on Design for Repurposing

Design for repurposing represents a completely new issue. If it seems adapted to
benefit from the guidelines for reuse strategies presented above, then the perspec-
tive of the design becomes totally different, meaning that the design drivers should
be re-conceptualised.

The main discussion is on determining whether the best design strategy is to
design the new products from a classical design process where the constraints of
input elements are new (the collected parts and materials) but known, or to design
products from scratch that would have several lives in different applications. The
former calls for research in defining the specifications of a repurposed product
along with the design rules for transforming a product with a repurposing approach.
The latter seems to be much more optimal, but the uncertainty attached to the future
of the product is so high that anticipating the actual usages and the time of the first
use, yields only clues about short life products. Furthermore, additional difficulty
stems from the number of different applications necessary for consideration before
the original design phase. The new design approach, in the both cases, should
include an objective of monitoring successive lives of the product in order to help
decide on the parameters of the next life once the time comes.

The literature has commenced, with Beverungen et al. (2016) and Bauer et al.
(2016) already proposing some characteristics of repurposed products and repur-
posing production systems. The repurposed system has to be durable and reliable,
which means that few instances of breaking should happen during its lifetime, while
its performance should be possible to predict. Safety issues must also be addressed
differently, i.e. extra life products need to consider safety as a key element for the
consumer. They highlight that modularity and standardization would help to that
effect. In the end, however, the principles are the same: physical characteristics of
products should facilitate the repurposing process. All these points have not yet
been addressed in full in the design literature and further investigations are therefore
needed.

5 Conclusion

Design for direct reuse and remanufacturing, the end of use strategies with the most
added-value retained from used products, have already become a reality in com-
panies and are in demand by society with sustainability ambitions. While direct
reuse is mainly a logistics and control issue, remanufacturing aims at getting back to
the initial performances of products. These two strategies have been fully examined
in studies of the last years and their main characteristics were presented according
to three spheres: product dimension, manufacturing processes and business model
features (P.P.BM.). The design guidelines were collected and classified for an easy
use by designers.
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To open minds, a valuable strategy for reusing products in different applications
than the initial ones were designed for is proposed: repurposing. The concept is
clarified and the main issues for the design process have been highlighted. These
pursuits are promising but need investigation to find the conditions for successful
deployment.
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Target-Driven Sustainable Product
Development

Tom Buchert, Anne Pförtner and Rainer Stark

Abstract Figuring in sustainability in product development requires a profound
understanding of the cause and effect of engineering decisions along the full
spectrum of the product lifecycle and the triple bottomline of sustainability.
Sustainability design targets can contribute to mitigating the complexity involved,
by means of a formalised problem description. This article discusses how sus-
tainability design targets can be defined and presents methods for systematically
implementing these targets into the design process. To that end, different means of
decision support mechanisms are presented. They comprise (a) use cases of target
breakdowns in subsystems, (b) systematic reduction of solution space and (c) as-
sistance in design activities to ensure achievement of sustainability design targets.
This paper explains how interfaces to engineering tools such as Computer Aided
Design/Engineering (CAD/CAE) or Product Data/Lifecycle Management
(PDM/PLM) can be put in place to make the process of retrieving information and
providing decision support more seamless.

Keywords Decision support � Sustainable design � Product development �
Sustainability targets

1 Challenges in Sustainable Product Development

The topic of Sustainable Product Development (SPD) has been discussed in aca-
demic research since the early nineties with a strong focus on the environmental
perspective (e.g. by Allenby 1991). In this context, numerous approaches have been
developed, while some success-stories, e.g. the diffusion of LCA into industrial
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practice (Kara et al. 2014), have been achieved. However, nearly thirty years after
the sustainability debate emerged, industrial production remains far from being
sustainable [e.g. in the sense of exceeding planetary boundaries (Steffen et al.
2015)]. This insight leads to the question of what specific challenges need to be
overcome in product design to improve the overall situation.

From a practical perspective, a range of factors influence the successful imple-
mentation process of SPD, such as:

• personal motivation of actors (e.g. incentives for fostering sustainability inte-
gration into product design),

• available resources (e.g. time budget for SPD method application) or
• lock-in effects (e.g. existing contracts with suppliers of unsustainable materials).

While these practical barriers can be solved by appropriate managerial oversight
in the respective companies, great potential remains untapped in the research on
SPD. A major challenge in this context is to find solutions for decreasing the
complexity attached to SPD decision-making. Yet a sustainable design can only be
achieved if design engineers develop subsystems in accordance with their influence
on the triple bottomline (economic, environmental and social sustainability) at each
and every step along the way of the entire product lifecycle (see Fig. 1). One
approach for coping with this complexity is to break the problem down to smaller
sub-problems which are easier to handle (problem modules). Figure 1 gives an
example of which modules can be considered in the context of SPD (e.g. envi-
ronmental impacts of electronic recycling).

Nevertheless, this reductionist approach may not prove to be sufficient due to the
diverse interrelations between problem modules (e.g. better recyclable electronics
may lead to economic problems in production). A key task of SPD research

Sustainability 
dimensions

Product 
subsystems

Product life 
cycle phases

Production

Use

End of life
Mechanics

Electronics

Software

Social

Environmental

Economic

Fig. 1 Modules of sustainable product development problems
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therefore lies in enabling engineers to anticipate these dependencies by means of
methodological guidance as well as by enhanced knowledge and information
supply. Thus, rather than searching for solutions to specific problem modules, this
article will focus on providing novels mechanisms for increasing the transparency
of decision-making.

2 Methods for Supporting Decision-Making in SPD

A wide variety of approaches for supporting decision-making in SPD have been
developed in the last years. Baumann et al. (2002) classify existing approaches for
environmental sustainability into six categories which still apply today in the field
of SPD:

Analytical tools try to quantify the impact on the three dimensions of sustain-
ability with varying precision. Life Cycle Sustainability Assessment as a combi-
nation of Life Cycle Assessment, Life Cycle Costing and Social Life Cycle
assessment (Neugebauer et al. 2015) is utilised for more accurate estimations in later
design phases, at which point plenty of information about the product is available.
More simplified approaches (e.g. by Collado-Ruiz and Ostad-Ahmad-Ghorabi 2013)
can be utilised in earlier phases as a form of heuristic prediction of impacts.

Checklists and guidelines provide best practices for guiding engineers along in
the design process. They can be utilised in the early phases but are less helpful for
decision-making for specific design problems. In the environmental realm,
exhaustive collections of design guidelines have long since existed (Telenko et al.
2016). Guidelines for sustainable design are scarce. The most mature approach is
based on a modular set of guiding questions which are also referred to as “tem-
plates” (Ny et al. 2008).

Rating and ranking tools provide possibilities for the simple but structured
comparison of different solution options, based mostly on qualitative or semi-
quantitative evaluation (see for example Shuaib et al. 2014).

Organizing tools furthermore help structure the design process by involving
multiple stakeholders in the form of workshops or structured interviews.

Software and expert systems assist in applying methods by automating certain
steps of the method application or by simplifying the process of researching for
information through databases (e.g. LCA software such as GaBi.1 Furthermore,
IT-support of this kind has the potential to enable one’s own methodological
approaches like the Eco-Pas software tool by Duflou and Dewulf (2005). The latest
approach for IT-based decision support is the integration of SPD methods in
engineering tools like CAD (e.g. Solidworks Sustainability Pro2 and in PDM
systems (Ciroth et al. 2013). Nevertheless, these approaches are limited to the

1https://www.thinkstep.com/software/gabi-lca/.
2http://www.solidworks.de/sustainability/.
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assessment of the current design progress and the relative comparison to a reference
design without actual guidance. Furthermore, the underlying impact model and the
dependencies between engineering decisions as well as the sustainability impact
have all yet to be made transparent to the engineer. In particular, trade-offs between
the sustainability dimensions are not being intensively researched since most of
available methods focus on the environmental sustainability perspective. The fol-
lowing three characteristics summarise insights on methods for sustainable product
development (see Buchert et al. 2014 and Sect. 4.3):

• Existing methods focus on assessment. There is a lack of engineering approa-
ches that assist engineers in the form of offering support for design synthesis.
Guidelines can be utilised for synthesis but are often not sufficient for addressing
a specific design problem.

• Availability of information in conceptual design is usually scarce. Analytic
approaches require a lot of information and are therefore only utilised once
major decisions have already been made.

• Insufficient transparency on system relations between product design decisions,
sustainability impacts and product life cycle stages prohibits a systematic exam-
ination of the specific trade-offs and side-effects attached to engineering decisions.

3 Integration of Sustainability Targets into the Design
Process

The complexity of cause and effect chains presents a major challenge for judgment
calls in sustainable product development. One favourable way of reducing the
complexity factor in the whole process lies in defining targets which specify the
most relevant influencing factors for the problem and which provide a basis from
which to develop further decision-making models (Bretzke 1980). Hence, it needs
to be clarified how “sustainability design targets” can be formulated in a compli-
mentary fashion to basic technical or functional requirements. A starting point for
addressing this problem is to pinpoint the causal relations between engineering
decisions and sustainability impact. This is achieved by classifying different types
of information to different categories in a fixed order illustrated in Fig. 2. The
categories and their respective relationships will be introduced in the following
paragraphs. A more detailed description can be found in (Buchert et al. 2016).

The scheme developed is based on the separation of product characteristics
(I) and properties (II) as defined by Weber et al. (2003) in the scope of their
“Property Driven Product Development (PDD)” approach. Category (III) refers to
the sustainability impact of a product on various stakeholders such as the envi-
ronment, health aspects of employees and customers as well as the financial sta-
bility of the company (III). In order to connect the design engineering perspective (I
and II) with the sustainability impact view (III), the category product properties
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was subdivided into three subclasses, each of which takes the perspective of the
product life cycle (IIa–IIc) into consideration. Category IIa consists of technical
properties that are defined directly as a result of engineering decisions for product
characteristics. The definition of the characteristic’s material and geometry defines,
for example, the technical property weight. When technical properties are combined
and enriched with influences from outside the system, boundary lifecycle-phase
oriented properties are determined (IIb). The prediction of durability in the usage
phase of a pedelec frame is, for example, based on technical properties such as
tensile strength or stiffness, but also relies on user behaviour. This type of property
defines how a product interacts with its surrounding systems within specific life-
cycle phases (e.g. durability, remanufacturability). If all effects of these interactions
are aggregated along the product lifecycle, (e.g. in terms of cost or emissions)
lifecycle-oriented properties are then derived (IIc). Lifecycle oriented properties can
be understood analogous to the term Lifecycle Inventory which is used in the
context of Life Cycle Assessment to evaluate environmental sustainability.

By analysing the complete scheme, it becomes evident that the influence of
engineering decisions decreases with every level, since other actors in product
creation (e.g. sourcing) likewise have a significant influence on overall product
sustainability impact. Furthermore, external influences (e.g. user behaviour) may
deviate from assumptions stemming from the design process and therefore increase
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uncertainty of predictions for the whole lifecycle of a product. One conclusion from
this analysis is that targets on impact level are less appropriate for design engineers
since they are not trained to relate their actions properly to impact indicators.
Hence, sustainability experts need to be involved in the design process, which
serves to make the most critical lifecycle-oriented properties and the most signifi-
cant lifecycle phases for engineering target definition identifiable. In addition to
sustainability experts, other company roles may also define relevant targets in a
sustainability context, in particular from an economic perspective (e.g. product or
quality managers).

Figure 3 provides a reference framework for integrating sustainability targets
into the design process by differentiating between different stakeholders involved
and by identifying challenges for successful target integration. Potential for decision
support in the other direction is identified with this framework. Respective chal-
lenges are introduced in the following paragraphs.

Once sustainability targets are defined by the respective experts, they then have
to be broken down into technical subsystems or assemblies by system engineers
(see Fig. 3). This step poses a special challenge, since it is not clear how narrowly a
target should be formulated in order to be effective in the sense of sustainability
improvement. It can be argued which level of the scheme shown in Fig. 2 is most
appropriate for which respective purpose. The more specifically the target is defined
(e.g. on the level of technical properties such as weight), the less opportunities
remain for domain engineers to find a creative solution to foster sustainability
performance. Furthermore, unintended side effects can occur since the domain
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targets

Product manager
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Quality manager
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System engineerDomain engineer
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Fig. 3 Framework for decision support based on sustainability design targets
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engineers may not be informed about the intended effect of the target in terms of
sustainability improvement (e.g. changing to a lighter material to save fuel con-
sumption of a car may shift the environmental burden to material production). In
this context, how exactly targets should be allocated to subsystems for establishing
the basis for a sustainable solution configuration also needs to be evaluated.

Another challenge which needs to be overcome to properly address sustain-
ability targets in the design process, lies in the identification of sustainable and
technically feasible configurations of system elements and inherent product char-
acteristics. This task is troublesome since multiple configurations are possible, and
it also needs to be determined which components can be reused and where new
developments are necessary. This reduction of the solution space decreases the
effort for further design activities and therefore increases efficiency and effective-
ness of the design process.

Domain engineers then finally develop suitable solutions according to the given
requirements. In that pursuit, it is necessary to evaluate whether the current design
process and estimated product performance in different PCP stages are compliant
with given sustainability design targets. Furthermore, providing specific advisory
tips towards achieving these targets can be beneficial. Hence, a range of activities
might be necessary, such as, ideation for new and more sustainable products,
comparison of solution concepts, and/or final solution assessment. A broad set of
methods has been developed for assisting in these tasks. The challenge therein lies
in selecting the right method for each and every task along the way in the product
development process.

The challenges described are also summarised in Fig. 3 and are viewed by the
authors a handy framework of reference for implementing sustainability targets in
the design process. Decision support tools can play a viable role in overcoming
these challenges by fostering transparency on sustainability cause and effects and
by increasing the availability of information for the engineer. New approaches for
decision support to that effect are therefore presented in the following chapters
addressing these aspects.

4 Decision Support for Integrating Sustainability Design
Targets

This section introduces three concepts for addressing the challenges for integrating
sustainability targets into the design process. The respective approaches are
explained based on the example of a pedelec (i.e. an electric bicycle) redesign
project. Exemplary questions raised within the scope of this project are illustrated in
Fig. 4 and will provide use cases for decision support mechanisms which have been
developed.
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4.1 Breakdown of Sustainability Targets for Product
Architecture Decisions

Proper breakdown of sustainability targets from desired impacts to technical
influencing-factors introduces an array of hurdles for design teams. Yet defining
targets at the system level and for respective subsystems can be seen as one of the
most crucial tasks in the design process, since the basis for implementing engi-
neering strategies is defined in this step. In many companies, heuristics are followed
to define their strategies. Automotive companies choose, for example, “lightweight
design” to reduce fuel consumption of their vehicles. The problem with heuristics is
that they are often formulated for one specific target without considering
side-effects and concomitant relations with other company targets. Thus, it can be
helpful to give an overview of which options are available to achieve targets or, on
the flip-side, to see which indicators can be affected by design changes. A good
example of a missing link in cause and effect chains can be found when considering
decision-making on product architecture. The majority of companies modularise
their products to limit internal complexity, to decrease their time to market, and to
increase external variance for customers at the same time (Gleisberg et al. 2012).
Nevertheless, other relevant targets have to be considered, such as flexibility of the
product to allow multiple product use-cases and disassembly to provide reuse
opportunities or simplification of maintainability.

In order to increase the transparency of relations between modularisation deci-
sions and sustainability targets, a qualitative concept map was developed. An
extract of the map is displayed in Fig. 5. The full map contains 77 modularisation
drivers (i.e. targets and sub-targets) and 44 modularisation metrics. The map is

How should the pedelec 
be modularized?

Which drive concept 
should be chosen?

Which materials are suitable for 
the bicycle frame?

Fig. 4 Exemplary engineering decisions with an influence on pedelec sustainability
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structured from top to bottom regarding the information categories identified in
Fig. 2 and the type of decisions addressed (from strategic to tactic and from tactic to
operational level). The grey boxes visualised in Fig. 5 mark one possible way
through the map starting with sustainability targets on impact level at the top. This
particular way is explained for the example of setting targets for a pedelec archi-
tecture definition. At impact level (III), different sustainability indicators may be
relevant for a pedelec. In this example, climate change and customer value were
chosen as important impact categories. In practice, the selection of indicators relies
on legal requirements as well as on company strategy, which may also include
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(IIb) Lifecycle-phase-oriented properties

(IIa) Technical properties

(I) Product characteristics

(IIc) Lifecycle-oriented properties

Fig. 5 Concept map for illustrating targets for product architecture definition
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voluntary agreements. Customer value relies on the total cost of ownership (life-
cycle cost) of the pedelec. Yet, there are also other factors to consider, such as
functionality, which can be enhanced by upgradeability of the pedelec (e.g. with a
stronger motor or an additional roof). The environmental impact category Climate
Change is determined by total greenhouse gas emissions (GHG) along the pedelec
lifecycle.

To reduce total emissions, the production phase of the pedelec should be con-
sidered since it contributes almost half of the total GHG emissions of a pedelec
(Neugebauer et al. 2013). The most important contribution of modularisation at
decreasing GHG emissions in production is to increase the time the product can be
used (service time), since a longer utilisation period ultimately decreases the
amount of products which have to be manufactured. If less products need manu-
facturing, absolute production cost likewise decreases. Furthermore, remanufac-
turing or reusing are possible measures for increasing the service time of the
product. Both End of Life (EOL) options can be fostered by increasing the ease of
disassembly or by grouping components in such a way that the sorting of com-
ponents can be improved upon (e.g. by clustering components with same materials).

In contrast to other product characteristics, like material or geometry decisions,
sustainability targets cannot be broken down to the individual component level (e.g.
a targeted efficiency of a motor). Targets for modularisation can only be formulated
on a system level since modularisation considers how different components are
organised.

By going through the map, it should be noted that the strategic paths chosen may
also lead to side effects. Increasing service time may, for example, impact the
business model by decreasing sales revenue due to the fact that less products are
sold. Furthermore, production could turn out to be less efficient, leading to the
necessity of downsizing the production system. Smaller production may lead to
personnel shifts, layoffs etc. Due to this multitude of effects, it can be difficult to
find a suitable system boundary for strategic modularisation decision-making.
Furthermore, missing quantification of relations between targets and modularisation
metrics poses a barrier toward the quantitative assessment of modularisation effects.
For enhanced decision-making in support roles, new quantified models for modu-
larisation impact will thus have to figure into play (see Sect. 5).

4.2 Model Based Reduction of the Solution Space

Targets which are broken down and formulated as constraints can be used to reduce
the solution space and eliminate the design solutions that do not comply with the
defined constraints. Calculating the fulfilment of constraints for possible solutions
manually is however time-consuming. Each option for all variable characteristics
(e.g. each material and geometric parameters) would have to be assessed in order to
determine all the viable solutions. If relations between a choice of characteristic and
constraints associated with a target are formalised on a quantitative basis, viable
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solutions can be calculated automatically. Consequently, a formalised model
expands the option pool for considering a high amount of configurations and
multiple targets. Configuration options from predecessor products can be used as a
basis for identifying solution options (Buchert et al. 2016). This model-based
approach shall now be demonstrated with the simple example of a pedelec frame.

Based on a previous LCA study, emissions for wrought material production
were identified as an important lifecycle phase oriented property (Neugebauer et al.
2013). Hence, the indicator “CO2 emissions in material production” was selected as
a sustainability target for improving the pedelec frame. Furthermore, the durability
of the pedelec frame in the use phase was chosen as a second target. The
frame-durability determines a part of the value provided to the customer and may
contribute to an overall reduction of CO2 emissions if the lifetime of the pedelec is
extended. Another reason for choosing durability as a target is to verify that a
decision on material matters does not negatively affect the use-phase of the bicycle
frame. Durability is a lifecycle-oriented property implying that influences (load and
forces) from the respective lifecycle phase (use phase) are either assumed based on
experience or on user studies or empirical studies of similar processes. The accurate
determination of the frame durability would require a combination of different
models for simulating the material strength under both static and dynamic load as
well as for usage behaviour. In that pursuit, durability was examined by means of
simplified analysis of axial frame deformation and v. Mises strength in comparison
to tensile strength of the material. Figure 6 displays the causal relations between
durability and CO2 emission in material extraction with the product characteristics
material and geometry.

Durability is dependent on the stiffness of the frame and on forces applied during
use. The relations between material parameters such as young’s modulus and
stiffness follow principles of physics. The causal relations can thus be captured in

Lifecycle-oriented properties

Technical properties

Product characteristics

Forces Durability (v. Mises 
strength, deformation)

CO2 emissions in 
material extraction

Stiffness Mass

Yield strength

Material

Geometry

Young‘s modulus Radius, length, angle, ...

Process

Fig. 6 Relations to calculate lifecycle oriented properties
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mathematical equations. The v. Mises strength and the deformation can be calcu-
lated by an automatic FEM analysis. An existing frame CAD and FEM model from
a predecessor product were utilised as a basis for the respective calculations. Since
the new design may deviate from the original frame, the results calculated can only
be understood as heuristic. Nevertheless, the process yields valuable insights about
which materials are suitable for given requirements already in conceptual design,
with the assumption that the frame design does not change significantly.

Figure 7 gives an example of how the data model for a decision support tool can
be structured. The classes are instantiated for the selection of a material for the
pedelec frame. The following dependencies between different classes of informa-
tion were formalised:

• Constraints (broken down targets) are associated with product properties.
• Product properties can be calculated based on further properties, constants or

characteristics.
• The CO2 emission for wrought material, for example, can be calculated by the

property mass times the constant CO2 emissions per kg wrought material.
• The constant CO2 emissions per kg can be derived from an environmental

database, e.g. the ELCD database, thus through an IT-interface.
• IT-interfaces require certain data, in this case the ELCD material name, in order

to yield the desired information CO2 emissions per kg material.
• Mass is calculated by volume and density for the material.
• The volume can be easily calculated by a CAD system.
• Possible values for the characteristic (e.g. specific materials) are automatically

derived from a repository which is linked to the model. In the case of the
pedelec, all materials from the Siemens NX database were taken into
consideration.

Target

Constraint

Characteristic

IT-_Interface

Data

Constant Density

Volume

Product_Property

CO2_Emission_

Wrought_Material

Mass
CO2_Emission_

Per_Kg

ELCD_Database

is calculated of

is retrieved from

is instantiated by

is related to

provides

Fig. 7 Meta model for target calculation with exemplary instantiation
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The software tool interprets all the interconnected steps independently, starting
from a target and proceeding up until the point when it reaches an IT-database. The
tool then derives the required information and successively inserts the information
derived or calculated until a value for the product property concerning a selected
constraint can then be calculated. The benefit of this approach is that all (discrete)
values for a characteristic can be automatically iteratively assessed even if the
required information is dispersed among different IT-tools. The IT-tools are
accessed by respective interfaces e.g. a Service Oriented Architecture (SOA) in-
terface. If all relevant relations are modelled according to the meta-model, the
software tool can automatically calculate viable values for a characteristic and thus
exclude unfitting solution options and reduce the solution space.

In the case of the pedelec frame, the tool proposed 5 different steel versions
which fulfill the CO2 emission and the deformation and strength constraints as a
proof of concept. However, not all materials were listed in the ELCD database and
were therefore excluded. Otherwise more suitable options could have been derived.
The mapping of different material databases moreover remains imprecise and
requires further research in order to boost accuracy. A more detailed description of
this first model prototype can be found in the publication of Stark and Pförtner
(2015).

A discussion of how the use case can be extended to assemblies and entire
product systems can be found in Sect. 5.

4.3 Guidance for Achieving and Proving Compliance
with Sustainability Targets

When sustainability design targets are formulated, engineers have to take action to
prove that compliance with these targets in all stages of the PCP. Furthermore,
guidance is necessary for assisting engineers in achieving the respective targets.
These activities can be steered and supported by design methods. Since many
methods for Sustainable Product Development (at least concerning environmental
sustainability) are available, Ernzer and Birkhofer stated already in (2002) that: “the
difficulty […] is not the development of design methods anymore, but rather the
ability to select the relevant methods.” Hence, a scheme for selecting and com-
bining methods was developed, which allocates a suitable approach to designing
activities necessary for achieving or proving adherence with a sustainability target.
The approach consists of a taxonomy of SPD methods and a method repository
including 29 design methods. Figure 8 shows the three major steps for method
selection and application. Step 1 characterises the definition of milestones.
Milestones constitute a point of time in a design project where the achievement of a
sustainability design target has to be proven.

A relevant sustainability target for a pedelec redesign process could be, for
example, to decrease cost and CO2 emissions in the usage phase with reference to
what specific elements could be broken down into various alternatives for a drive
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concept. Hence, a comparison of variants for the drive concepts regarding CO2

emission and cost is necessary for the process of reporting results at a milestone
towards the end of the conceptual design phase.

The second step (see Fig. 8) aims at selecting a suitable method for achieving
targets defined in step 1. To that end, a taxonomy of design methods was put
together (see Table 1).

The taxonomy outlines the design activity which the method supports (e.g.
assessment), as well as information about the effort and information inputs required.
Furthermore, it considers the type of targets which can be addressed by the method
(e.g. addressed sustainability aspects or quantification of the target).

Complimentary to the taxonomy development, 29 SPD methods were success-
fully identified which were found to be compliant with predefined criteria (e.g.
coverage of the whole product lifecycle, accessibility or a focus on technical
products). Figure 9 shows an example for proving achievement of sustainability
targets by selecting appropriate methods for the pedelec drive concept.

In addition to improved method selection, a concept for fostering application of
methods was also implemented for three different methods (Pförtner et al. 2016). The
main idea behind this approach was the development of an information platform
which stores sustainability relevant information for a product and makes it available
for the application of various methods. Only by following this approach does a
combination of different SPD methods become attractive, since effort for informa-
tion search can therein be reduced. Both the selection scheme and the information
platform were implemented in the PDM system Siemens Teamcenter. Hence, nec-
essary product-information (e.g. product structure, weight) can be imported. Further
drawbacks and advantages of the approach are presented in Sect. 5.

Step I Definition of design process and milestone targets

Step III Method application

Product 
planning

Conceptual design

Detailed design

Embodiment design

Embodiment Design

Target: Comparison of drive concepts...

...

Covered sustainability aspects (Rating)
Emissions
Hazadous Substances
Resource Demand
Quality/Competiteveness

0.71 Product Sustainability Index
0.67 Sustainability Radar (STAR*)
0.58 DfE Matrix
0.58 Method for Sustainable Product Development

Step II Method selection

Method application view
(Product Sustainability Index)

Cost

Customer 
value Safety

Energy consumption 
in use

Consumption of 
critical resources

Electric Coupling

Two Rear Motors

Mechanical Coupling

Fig. 8 Method selection and application feature for guiding engineers and to validate design
performance against sustainability design targets
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Table 1 Taxonomy criteria for method selection

Criterion Options

Method purpose Identification of improvement measures, comparison, assessment,
direct selection of product characteristics based on targets

Quantification Qualitative, quantitative, semi-quantitative

Covered sustainability
targets

Emissions, hazardous substances, resource demand,
quality/competitiveness, safety, material origin, cost

User of the method Product manager, product designer, sustainability expert

Effort for application 1 = low, 2 = middle, 3 = high

Necessary information
for application

Requirements/functions, solution concepts, product architecture,
CAD files/EBOM, production process/MBOM, auxiliary
information

Redesign focus Yes/no

Conceptual design

M1: Validation of 
emission and costs 
targets

T1: Identify improve-
ment potential for 
reduction of emission 
and cost

Design engineer

Eco Value Analysis

M2: Validation of 
legal compliance

T2: Assessment of 
RoHs compliance

T3: Assessment of 
conflict minerals 
compliance

Design engineer; 
Sustainability Expert

RoHs & Conflict 
minerals checklist

M3: Validate 
emission and cost 
targets

T4: Validate emission 
and cost targets

Design engineer; 
Sustainability Expert

LCA & LCC

Design process

Milestone for 
validating 
sustainability 
targets

Design 
activities for 
achieving 
sustainability 
targets

Responsible

Selected 
design 
method

Embodiment design Detailed design

Fig. 9 Exemplary method selection results for a pedelec redesign process
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5 Conclusion and Outlook

The last chapters presented different approaches on how the challenges for inte-
grating sustainability targets into the design process (summarised in Fig. 3) can be
addressed. For the specific case of modularisation, it was shown how the breaking
down of sustainability design targets can be supported by qualitative causal dia-
grams (see Sect. 4.1). Nevertheless, qualitative visualisation of decision pathways
can only be a first step towards decision support based on facts and data. What
remains a challenge however, lies, in defining scenarios on how multiple sustain-
ability design targets can be achieved by varying sub-targets for assemblies or
subsystems. A lifecycle CO2 reduction target could be, for example, achieved by
material substitution of a pedelec frame or the more costly development of an
efficient motor. To properly take stock of these side effects and trade-offs, a para-
metric model becomes necessary, which serves to establish connections between
the decision criteria of the three sustainability dimensions. These “dependency
models” can be utilised for setting targets but also for minimizing the solution
spectrum of possible design solutions.

In Sect. 4.2, a first prototype of a dependency model was presented with the
simple example of a pedelec frame material selection regarding technical targets
and a CO2 emission limits. The dependency model was represented in an onto-
logical map and interpreted by a self-developed software tool. The model-prototype
developed showed satisfying results, yet remains limited to a single component. In
order to allow consideration of assemblies and complete products, more compre-
hensive models are necessary which comprise libraries of components from pre-
vious design projects that contain sustainability relevant information (e.g. material
composition, GHG emissions, cost etc. (see Buchert et al. 2016). By following this
approach, solution configurations can be identified which are compliant with a set
of sustainability targets. In this context, model design must be simplified due to the
fact that the effort for coupling different models in dispersed IT systems stands
quite high.

In that pursuit of deeper understanding of the product’s interrelation with sus-
tainability impact, Sect. 4.3 presented a more process-oriented perspective on
achieving sustainability design targets. By providing a selection scheme for SPD
methods, the best suitable approach can be assigned to the tasks which are nec-
essary for proving that sustainability design targets were achieved. In addition to the
main findings of a corresponding literature analysis (see end of Sect. 2), a lack of
methods considering all three sustainability dimensions was observed. While sev-
eral methods focusing on environmental sustainability exist, approaches concerning
social sustainability remain scarce. An integrated view of all three dimensions is
indeed nearly non-existent. Furthermore, descriptions of several existing methods
have only scratched the surface, while use cases for successful implementation are
hard to come by. Nevertheless, the developed selection scheme and information
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platform presents the opportunity for combining heterogeneous approaches (such as
qualitative guidelines and quantitative assessment methods) which allow for an
overall more holistic perspective on the product.
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