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ABSTRACT

Quality Management is a management approach that has been suggested to project a number of
synergies with sustainable development in general, and environmental sustainability in particular. For
example, the principles of customer focus and continuous improvement are applicable in practices
supporting environmental sustainability, especially in product development. Such synergies could be
used to the advantages of organizations who are faced with the challenges of current era, to develop and
manufacture products with considerations, not only toward quality, cost and time but also, to the
environment. However, the application of Quality Management practices and tools to support
environmental sustainability in product development is neither straightforward nor simple. The purpose
of this thesis is, therefore, to explore and identify the adaptations of Quality Management practices and
tools to better support environmental sustainability. Specific focus is given to the integration of
environmental requirements in product development, and to the adaptations of Robust Design
Methodology, as one Quality Management methodology.

This thesis consists of five studies; one literature review, one conceptual study, and three case studies,
addressing four research questions. The purpose of the literature review was to elaborate on the support
of Quality Management for business approaches toward sustainable development. The findings show
that there is a lack of adaptations of Quality Management practices and tools to exploit its potential
contributions toward sustainable development. Further, the customer focus view requires expansion
from focus on the user to include all stakeholders. The literature review precedes two case studies that
explored the joint consideration of quality and environmental requirements in a product development
setting. The first case was of a large manufacturing organization in Sweden. The second was a
comparative study between the same Swedish organization, and a large manufacturer in The
Netherlands. Results show that Quality Management can support the two sustainable product
development approaches, namely the integration of environmental requirements in existing
methodologies, and the implementation of dedicated environmental concepts and tools such as Design
for Environment and Life Cycle Assessment. However, adaptations of current practices and tools were
found necessary. This was conceptually exemplified in the next study that explores how Robust Design
Methodology-based efforts may better contribute to sustainability and, more specifically, to sustainable
product development. Based on a review of selected published cases on the Robust Design
Methodology-based efforts to minimize environmental impacts, an adaptation area suggested was to
expand the view of the noise factors in order to realize the potential to contribute to various life cycle
stages of a product. This was exemplified in the final case study of a medium-sized Swedish
manufacturer, where the adoption of a life cycle approach to noise factor identification was proposed as
a new practice of Robust Design Methodology.

Quality Management contributes to sustainable product development where its practices and tools are
shared in a co-organized product development setting. Additionally, Robust Design Methodology
contributes to sustainable product development through the expansion of the customer focus view and
the adoption of a life cycle approach. Further, the challenges in sustainable product development, such
as the lack of integration of environmental requirements, differ according to the two approaches that
could be adopted by managers in terms of the type of products manufactured in varying industries. This
thesis points to more empirical investigations of Quality Management practices and tools to support
sustainable product development, and of the usefulness of Quality Management to economic and social
sustainability, for future research.

Keywords: Quality Management, adaptation, integration, environment, sustainability, sustainable
product development, Robust Design Methodology.
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1 INTRODUCTION

In the early 1980s, W. Edwards Deming stated that quality is everyone’s responsibility. Deming was an
early proponent of Quality Management (QM), and created 14 points in order to improve it (Anderson
et al., 1994). Some examples are consistent improvement of products and services, top management
assuming leadership roles, eliminating mass inspection, and ensuring quality is everyone’s
responsibility. Despite numerous challenges over the years, QM has emerged as a management approach
that has become a common language in everyday operations that can be characterized by its principles,
practices, and tools (Dean Jr and Bowen, 1994). The main principles identified by Dean Jr and Bowen
(1994) are customer focus, continuous improvement, and teamwork through employee involvement.
The customer focus principle, for example, is supported through the practice of collecting information
about customer needs, where customer surveys and focus groups can be used as tools (Dean Jr and
Bowen, 1994).

Corbett and Klassen (2006) stated that, the QM revolution has pushed the operations management
community to adopt a broader perspective, including processes upstream and downstream, as well as
the organizational context surrounding those processes ... the principles of OM have become widely
accepted in theory and practice (p. 9). The definition of quality by Bergman and Klefsjé (2010), that is,
the quality of a product is its ability to satisfy, or preferably exceed, the needs and expectations of the
customers (p. 23), suits the context of this thesis, where QM is discussed in terms of development of
products. Further, the definition of QM as, an integrated approach to achieving and sustaining high
quality output, focusing on the maintenance and continuous improvement of processes and defect
prevention at all levels and in all functions of the organization, in order to meet or exceed customer
expectations (p. 342) (Flynn et al., 1994) aligns with the characterization of Dean Jr & Bowen (1994).

The discussion concerning QM’s usefulness vis-a-vis sustainable development in general (Garvare and
Isaksson, 2001, McAdam and Leonard, 2003, Isaksson, 2006, Klefsjo et al., 2008), and environmental
sustainability in specific (Theyel, 2000, Rusinko, 2005) has lasted for more than a decade. This
discussion is in line with a current global challenge of sustainable development, defined by the
Brundtland Commission in 1987 as, development that meets the needs of the present without
compromising the ability of future generations to meet their own needs (p. 43) (Brundtland, 1987).
Sustainable development is often seen as built upon three pillars, namely environment, social, and
economic. The objective of sustainable development has been described as maximizing the
interconnected environmental, social and economic goals through careful considerations of trade-offs
that may exist between them (Barbier, 1987). However, in the specific discussion of QM and its
contribution to sustainable development, environmental goals often take center stage (Sarkis, 2001).
Environmental sustainability here refers to minimizing or eliminating harmful impacts, such as
reduction of wastes in terms of materials, resources, and energy (Daly, 1990, Goodland, 1995), in the
development and manufacturing of products. Without minimizing the importance of the economic and
social sustainability in the development of products identified by, for example, the cost of poor quality
(Isaksson, 2005), and the growing research area of social life cycle impact assessment (Dreyer et al.,
2006), the contribution of QM within the scope of this thesis is narrowed down to the environmental
pillar of sustainable development.

In current times, the serious threats faced globally are the dwindling natural resources and increasing
population. In such times, it has become relevant to paraphrase Deming’s quote on quality, and argue
that sustainable development has emerged rapidly as everyone’s responsibility. As awareness Of
sustainable development grows worldwide, striving for sustainable solutions does not end with



governments and policy makers. The responsibility has spread to all levels of society, with a heavy
emphasis on organizations (Sarkis, 2001, Nidumolu et al., 2009), which, in this thesis, refers to
manufacturing industries of any size. The growing challenge for organizations lies in addressing the
demands for sustainable products and processes from stakeholders such as customers who are
environment-conscious (Hetterich et al., 2012), policy makers and regulators who are environment-
driven (Griggs et al., 2013), a supply chain that is environment-focused (Sarkis et al., 2010), and the
demands of market and industries (Delmas and Toffel, 2004). In order to address such demands, product
design and development must include environmental requirements, in addition to quality, cost and time-
to-market requirements, bringing into focus the area of sustainable product development (SPD). A
number of definitions and elaboration on the meaning of SPD have been addressed previously
(Shrivastava, 1995, Van Weenen, 1995, Kaebernick et al., 2003, Gmelin and Seuring, 2014, Gmelin and
Seuring, 2014). Referring to SPD, Gmelin and Seuring (2014) and Gmelin and Seuring (2014) touched
upon the often-neglected social pillar of sustainability in the various interpretations of SPD. Referring
to the purpose of this thesis where the focus is on the environmental pillar of sustainability, SPD is
defined as the efforts made at the design and development stages of products aimed at fulfilling the
needs of customers with the purpose of reducing the environmental impacts throughout the entire
product’s life cycle.

In the 1990s, the mainstream organizational efforts towards environmental sustainability were mainly
reactive, where wastes were generated and then managed or controlled, for example, via recycling or
pollution control (Gupta, 1995, Porter and Van Der Linde, 1995, Shrivastava, 1995, Hart and Ahuja,
1996). The move away from the end-of-pipe technologies and establishing proactive measures could be
argued as the initial step toward SPD (Van Weenen, 1995). Van Weenen (1995) argued that, what is
required is a broader product oriented approach, that considers ‘prevention’ as a starting point, and
moves on to integrated product development that achieves reduced impacts across the whole product
life cycle (p. 95). Since then, research and application of new knowledge have developed over the years
suggesting organizations to take a more proactive role in the contribution toward environmental
sustainability (Sarkis, 2001, Buysse and Verbeke, 2003), resulting in the introduction of concepts such
as Design for Environment (DfE) (Fiksel, 2009) and tools such as Life Cycle Assessment (LCA)
(Klopffer, 1997). The application of these environmental design tools is identified as one approach to
SPD. DfE and LCA, for examples, are applied in the design and development phases of products in
order to reduce the impact on the environment throughout the product life cycle. Although these have
their merits, they are not without challenges; for example, most of the DfE tools are conceptual, and
only useful in specific product life cycle phases (Kota and Chakrabarti, 2007). Other challenges include
the absence of proper guidelines for the application of LCA, and obtaining quality data (Sutherland et
al., 2008, Jayal et al., 2010).

Another approach to SPD investigates the integration of environmental requirements into existing
management approaches and methodologies (Paramanathan et al., 2004, Robinson, 2004, Lubin and
Esty, 2010). One amenable approach is QM (Klassen and McLaughlin, 1993, Angell and Klassen, 1999,
Ahmed, 2001). For example, the principles of customer focus and continuous improvement are
applicable to support environmental sustainability, especially in product development (Hart, 1995,
Sarkis, 2001, Wilkinson et al., 2001, Johansson, 2002, Calia et al., 2009). Such synergies could be
exploited by organizations that are faced with designing and developing products with environmental
requirements on par with quality, cost and time. Similarly, a number of QM tools, such as Qualify
Function Deployment (QFD) (Masui et al., 2003) and Failure Mode and Effects Analysis (FMEA)
(Bovea and Pérez-Belis, 2012) have been adapted to include environmental requirements in the product
development stages. However, the application of QM practices and tools to support environmental



sustainability in product development is neither straightforward nor simple, mainly owing to such
challenges as lack of integration and product development organization (Ritzén and Beskow, 2001,
Johansson et al., 2007, Dangelico and Pujari, 2010, Short et al., 2012, Lopes Silva et al., 2013, Pigosso
et al., 2013). In the context of this thesis, the term “integration” is defined as, continuous
interdisciplinary sharing of data, knowledge and goals among project participants (p. 31) (Fischer et
al., 1998). There is a need to further explore the challenges in SPD by including the integration domain
(Griffin and Hauser, 1996, Becker and Zirpoli, 2003).

Within the two approaches to SPD, a specific challenge faced by organizations consistently lays in the
lack of integration of environmental requirements and tools in the product design and development
(Sroufe et al., 2000, Kuo et al., 2001, Nielsen and Wenzel, 2002, Hauschild et al., 2004, Lindahl, 2006,
Choi et al., 2008, Knight and Jenkins, 2009, Vinodh and Rathod, 2010, Bovea and Pérez-Belis, 2012,
Brones et al., 2014, Hatcher et al., 2014, Hartmann and Germain, 2015). There are ample research
pointing toward both approaches to SPD, namely the integration of environmental requirements in
established methodologies, and the implementation of concepts and tools, such as DfE and LCA. Both
SPD approaches suggest the application of QM practices and tools to address environmental
requirements in product development (Vinodh and Rathod, 2010, Bovea and Pérez-Belis, 2012).
However, research concerning their application is mainly conceptual (Kaebernick et al., 2003, Berchicci
and Bodewes, 2005, Rusinko, 2005, Sakao, 2009, Bovea and Pérez-Belis, 2012). Therefore, the
challenge continues to persist in organizations on how to operationalize the integration of environmental
requirements in product development (Johansson et al., 2007, Short et al., 2012, Pigosso et al., 2013).
In order to integrate environmental requirements in product development, it is necessary to critically
examine current applications of QM practices and tools, and suggest ways to tackle, for example,
organizational barriers.

1.1 Purpose

The purpose of this thesis is to explore and identify the adaptations of QM practices and tools to better
support environmental sustainability. Specific focus is given to the integration of environmental
requirements in product development, and to the adaptations of Robust Design Methodology (RDM),
as one QM methodology.

1.2 Research Questions

Four research questions were formulated for this thesis. The first (RQ1) concerns the contribution of
QM toward environmental sustainability in general. This question was formulated in order to identify
and analyze the various arguments in literature supporting the use of QM as an existing management
approach to contribute to environmental sustainability. A literature review was conducted to address
RQL.

RQ1: How can QM contribute to environmental sustainability? (Paper I)

The next step in addressing the purpose of the thesis was to focus on the product development setting in
organizations. Therefore, the second research question (RQ2) was focused on the organization of the
product development in order to support the integration of environmental requirements with the use of
QM practices and tools, which was addressed by one case study.

RQ2: How can product development be organized in order to exploit QM to integrate environmental
requirements? (Paper 1)



The applications of QM practices and tools were found applicable in both SPD approaches identified in
the literature. Therefore, the third research question (RQ3) was focused on the two SPD approaches,
using a comparative study constituted of the same case from RQ2 and a new case.

RQ3: What are the differences in the challenges when adopting the two different SPD approaches?
(Paper 11)

The final step was to address the second focus area: the adaptations of RDM practices and tools in order
to support SPD. Hence, the fourth research question (RQ4) was focused on the contribution of RDM to
SPD. RQ4 was addressed in two studies, one conceptual study and a case study.

RQ4: How can RDM contribute to SPD? (Papers IV and V)

1.3 Relevance

The studies conducted in this thesis are found relevant to research and practice in a number of ways, and
they are elaborated on in the following two sections.

1.3.1 Relevance to research

Various research has pointed toward QM’s general applicability vis-a-vis environmental sustainability.
The added contribution of this thesis on an academic level is the specific adaptations of QM that are
suggested. Although the QM approach has been linked to environmental sustainability for many years,
research is still in its infancy level in terms of exploiting and adapting the applicability of its practices
and tools, for example. In this thesis, the mainly conceptual synergies identified between QM and
environmental sustainability are further explored and exemplified empirically. The empirical
investigations have, then, pointed to future research areas where the suggested adaptations of QM
practices and tools can be investigated in various organizations, processes, and operations.

The application of QM practices and tools to facilitate the integration of environmental requirements in
product development contribute to research by identifying concrete ways to apply QM at an operational
level. This contributes to current research by taking a step further in the exploration of QM as an
approach suitable for the integration of environmental requirements. In order to investigate the
adaptations of QM practices and tools to better support environmental sustainability, it is necessary to
understand the SPD approaches adopted in organizations, and the challenges in SPD based on these
approaches. The contribution to research in the area of SPD, therefore, lays in further narrow
categorization of the challenges in SPD according to specific approaches in terms of the types of
products manufactured, for example. The relevance to the research areas of product development and
SPD are also exemplified through adaptations of RDM practices and tools in facilitating SPD, in addition
to the introduction of a new RDM practice.

1.3.2 Relevance to practice

This thesis contributes to practice by shedding some light to practitioners and managers who are faced
by the challenges in SPD. The integration of environmental concepts, tools, and requirements in daily
operations and product development has been a constant challenge faced by organizations. Practitioners
are provided with some specificities in understanding the application of existing approaches such as QM



to support integration efforts in product development. The discussion of a number of integration
strategies also allows practitioners to analyze and adopt suitable strategies according to individual
organization of product development. Further, the elaboration of the challenges in SPD based on
industrial contexts provides practitioners the opportunity to view the challenges through a different lens.

Organizations applying RDM have faced many challenges in the past in relation to its complexity, and
a lack of necessary expertise in subjects such as statistics. In this thesis, the application of the RDM
practice of noise factor identification has been exemplified with the adoption of a life cycle approach in
order to facilitate SPD, with minimal use of statistics. Practitioners are also shown that RDM is not only
made up of statistical tools, but rather could be made useful by addressing the principles and practices
as well.

Through jointly addressing the quality and environmental requirements in product development, product
designers are provided with an opportunity to realize the potential synergies between QM and
environmental sustainability. The best quality products don’t necessarily contribute positively to the
environment, and vice versa. Therefore, practitioners need to be made aware that trade-offs have to be
made when balancing quality and environment; one way to do so is by jointly addressing these
requirements at the early stages of product development.

1.4 Thesis Structure

The structure of the rest of the thesis is as follows:

Chapter 2 contains a detailed description of the theoretical background surrounding the main areas of
this thesis, namely QM, and SPD.

In chapter 3, the methods employed in all the studies are described and elaborated on.

Chapter 4 presents summaries of the five appended papers, and ends with a description of their common
themes.

In chapter 5, the discussion of the thesis is presented by addressing the four research questions
formulated.

Chapter 6, then, presents the conclusion of this thesis.
Finally, in chapter 7, the areas of future research directions are pointed out and discussed.

These chapters are followed by a Reference List and Appended Papers | to V.






2 THEORETICAL BACKGROUND

The two main theoretical areas in this thesis are QM and SPD. Further, the application of RDM in a
product development setting is elaborated in order to exemplify the adaptation of QM practices and tools
to support SPD.

2.1 Quality Management

QM has evolved from quality inspection at the end of a production line to a philosophy (Anderson and
Rungtusanatham, 1994, Powell, 1995, Lengnick-Hall, 1996, Miller, 1996, Martinez-Lorente et al., 1998,
Sousa and Voss, 2002), and is characterized by a set of mutually reinforcing principles, each of which
is supported by a set of practices and tools (Dean and Bowen, 1994), where the main principles are
customer focus, continuous improvement, and teamwork through employee involvement. QM stands
firm on the basis of meeting and exceeding customer requirements; one specific practice is identifying
and translating the voice of customer (VOC) into product characteristics with the use of QFD, for
example (Griffin and Hauser, 1993). In a similar manner, Hart (1995) stated that the “voice of the
environment” should be integrated into product development in his argument for product stewardship.
Within the area of environmental sustainability in organizations, the product stewardship orientation is
generally meant to consider the environmental impacts of products throughout their life cycle, from
design and development, through manufacture, distribution, use, and disposal (De Bakker et al., 2002,
Pujari et al., 2003, Fowler and Hope, 2007).

Various studies have addressed applying the practices and tools of QM, specifically QFD, to facilitate
SPD, which could be seen in the works of Masui et al. (2003) for example, and others (Zhang et al.,
1998, Kaebernick et al., 2003, Zhou and Schoenung, 2003, Vinodh and Rathod, 2010, Bovea and Pérez-
Belis, 2012). Hart (1995) also stated that pollution prevention can be achieved in organizations through
extensive employee involvement in the activities with the mindset of continuously improving current
processes and products, where employee involvement and continuous improvement are two main
principles of QM (Dean Jr and Bowen, 1994). Hart further argued that, pollution prevention thus appears
analogous, in many respects, to quality management (p. 992).

QM, in the adoption of the ISO management system, has been a foundation for the industrial application
of the environmental management system (EMS) (Miles and Russell, 1997, Bice et al., 1999). Linking
environmental management to QM, Corbett and Klassen (2006) argued that, to include environmental
issues, the frame of reference offered by QM must be stretched in several directions (p. 9). Examples
are stretching the concept of “zero defects” in QM to “zero waste”, applying statistical process control
(SPC) to monitor emissions and identify control measures, and using process capability indices to
measure environmental quality. Further, these authors argued that the notion of “customer” must
encompass the environmental perspective by, for example, widening its meaning from a single user
since a product’s environmental impact concerns various stakeholders, including society in general,
governmental and non-governmental organizations, legislators and environmental bodies. Corbett and
Klassen (2006) also argued for the practices and tools of QM to apply equally to environmental issues
since they are a natural extension of quality. Within the area of EMS, various studies have supported the
contribution of QM principles, practices and tools (Corbett and Cutler, 2000, Curkovic et al., 2000,
Giancarlo, 2005, Wiengarten and Pagell, 2012). However, the scope of this thesis is mainly on QM
practices and tools, therefore the contribution of the management systems such as Quality Management
System (QMS) and EMS toward environmental sustainability are not the focus of the thesis, although



the subject is touched upon as it emerges in literature, specifically in the discussion of synergies between
QM and environmental sustainability.

The potential synergies between QM and environmental sustainability have been explored in the past
decade. However, a lack of empirical research in the area of product stewardship, which points to the
integration of environmental requirements into product development has been raised (Hart and Dowell,
2011). The question of how to integrate environmental requirements into product development is a
pressing challenge in organizations. The need for further research in examining new environmental tools
and supportive existing tools in an organizational setting to ensure environmental sustainability in
product development has been called for (Paramanathan et al., 2004). Within the area of QM, a number
of researches have highlighted robust design tools such as the Taguchi method, and Design of
Experiment (DoE) in the attempt to integrate environmental requirements into product development
(Ben-Gal et al., 2008, Carrell et al., 2011, Cetin et al., 2011, Fratila and Caizar, 2011, Besseris, 2012,
Hanafi et al., 2012, Camposeco-Negrete, 2013). A critical review of these studies (Gremyr et al., 2014)
resulted in a research agenda toward required adaptations of RDM in order to better support SPD.

2.1.1 Robust Design Methodology

Genichi Taguchi, the proponent of RDM, defined quality loss as, the loss a product causes to society
after being shipped, other than any losses caused by its intrinsic function (p. 1) (Taguchi, 1986), that is,
by variability of function, and by harmful side effects. Robust design is optimized for performance,
quality, and cost and is further characterized by Phadke (1989) as a method to make product performance
insensitive to variations in raw material, manufacturing, and operating environment. It was further stated
that robust design explicitly addresses how to economically reduce product functional variation. The
definition of robust design, according to Genichi Taguchi, is, the state where the technology, product,
or process performance is minimally sensitive to factors causing variability (either in the manufacturing
or user’s environment) and aging at the lowest unit manufacturing cost (p. 4) (Taguchi et al., 2000).

RDM is commonly described as an approach to reduce performance variation in products and processes
(Shoemaker et al., 1991, Andersson, 1996, Goh, 2002). Performance variations are caused by the
presence of various factors within the design and manufacturing environment, and beyond. Robustness
of products is achieved by managing the factors causing variability, also known as noise factors (Kackar,
1989, Taguchi, 1986, Phadke, 1989). Noise factors during the manufacturing stage are, to a large extent,
easily discerned; for example, variations in a production line, clean room manufacturing, or in an
automated assembly line. The same does not apply to noise factors that may exist in user environments,
where products are exposed to a variety of external conditions, such as differing temperatures and
humidity, and the handling of products by various users (Johansson et al., 2006).

Similar to QM, RDM can also be characterized by its principles, practices, and tools. Arvidsson and
Gremyr (2008) defined RDM as, systematic efforts to achieve insensitivity to noise factors, founded on
an awareness of variation and can be applied in all stages of product design (p. 31). This definition was
based upon three underlying principles of RDM; an awareness of variation, creating an insensitivity to
noise factors, and the continuous applicability of RDM throughout all stages of product design. Further,
a set of practices and supporting tools has been identified in connection to these principles (Hasenkamp
et al., 2009).

The application of tools, such as the Taguchi method (Wu and Wu, 2000) and DoE (Roy, 1990), has
been the common RDM research focus (Gu et al., 2004, Wu and Chang, 2004, Kovach and Cho, 2006,



Lee and Park, 2006, Beyer and Sendhoff, 2007, llzarbe et al., 2008, Besseris, 2010, Yadav et al., 2010).
Referring to research concerning RDM tools, the elaboration of RDM practices are often limited to the
specific application of the tools, such as DoE (Montgomery, 1999). DoE has its merits in analyzing
influences of control factors and possible noise factors in the system suitable for front-end application
(Phadke, 1989, Roy, 1990). The application of DoE as a design tool has been quite popular among
researchers (llzarbe et al., 2008), especially in the quality improvement and problem-solving
methodology of Six Sigma (Goh, 2002, Kovach and Cho, 2006). Lifting the focus from tools to efforts
centered on the underlying principles of RDM is argued to lead to additional opportunities to extend and
adapt its application, specifically in contributing to new practices (Hasenkamp, 2009, Cabello et al.,
2012).

Recent evidence has shown DoE as an effective tool to minimize or control environmental impacts
(Carrell et al., 2011, Cetin et al., 2011, Fratila and Caizar, 2011, Besseris, 2012, Hanafi et al., 2012,
Camposeco-Negrete, 2013). Hanafi et al. (2012) concluded that adopting a multi-criteria approach by
using the Taguchi method is an effective way to handle the conflict between quality, cost, and
environmental impact. Besseris (2012) stated that [DoE] is concrete and reliable for environmental
design just as it is for quality design (p. 49). It was further implied that applying standard DoE
experimental settings and using environmental requirements as response variables in the experiment,
the environmental requirements are included in the design process, contributing to environmental quality
improvement.

2.2 Sustainable product development

Aligned with sustainable development initiatives, environmental requirements have been interspersed
in the development and manufacturing of products (Senge et al., 2001, Wilkinson et al., 2001, Anastas
and Zimmerman, 2003, Nidumolu et al., 2009). Wilkinson et al. (2001) discussed the internal and
external pressures faced by organizations in initiating practices supporting environmental sustainability,
stating that governments alone are unable to solve the world’s natural environment problems if the
economic environment is unsupportive. By economic environment, the authors were referring to
organizations and its contribution to environmental sustainability. Touching upon the motivation for
organizations to contribute to environmental sustainability, Nidumolu et al. (2009) argued that,
sustainability is a mother lode of organizational and technological innovations that yield both bottom-
line and top-line returns (p. 57). They further stated that companies are able to reduce costs by reducing
the inputs they use if they become environment-friendly.

Early sustainability initiatives focused on product end-of-life (EoL) strategies such as creating proper
product disposal methods, increasing recycling options, controlling the hazardous waste of after-
production and emissions from the disposal of products (Sarkis, 1995, Boks and Tempelman, 1998,
Linton, 1999, Chiodo and Boks, 2002). From these early efforts, environmental requirements have
moved upstream to the design stages of products (Sarkis, 1998, Johansson, 2002, Sun et al., 2003,
Bhamra, 2004, Griese et al., 2005, Kleindorfer et al., 2005, Azapagic et al., 2006, Gehin et al., 2008).
Sarkis (1998) argued that the DfE concept supports integrating environmental requirements into the
early design of products, and Sun et al. (2003) discussed the concept of DfE where EoL strategies were
described as an important decision-making enabler. EoL strategies consist of planning and integrating
product take-back and disposal activities early in the design stage.

The cradle-to-grave perspective of SPD changed the focus from product EoL environmental impacts to
reduced impacts across the life cycle of a product (Rydberg, 1995, Hanssen, 1999, Ljungberg, 2007,
Gehin et al., 2008). A product life cycle refers to the product stages followed from its ‘cradle’ where
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raw materials are extracted from natural resources through production and use to its ‘grave’ (Baumann
and Tillman, 2004) (p. 19). A systems approach is argued as necessary since reducing environmental
impacts in only one life cycle stage while ignoring the remaining stages may result in negative
contributions to environmental sustainability (Klopffer, 2003). An example of reducing the
environmental impact in the “raw material” stage, and ignoring the “end-of-life” stage could be
explained thusly: An engine component of a car may be selected due to the weight and durability of its
raw material, contributing to sustainability in terms of low fuel consumption. On the other hand, the
disposal of the particular material may be hazardous to the environment at the end-of-life stage, which
indicates that considerations made at one stage of a product life cycle may result in negative
contributions at another stage. Klopffer further added that, a systems approach has to be taken. Only in
this way, trade-offs can be recognized and avoided. Life cycle thinking is the prerequisite of any sound
sustainability assessment (p. 134).

Kaebernick et al., (2003) argued that the introduction of environmental requirements into the product
development process at all stages of a product’s life leads to a new paradigm of sustainability, which is
reflected in a new way of thinking, new application of tools and methodologies in every single step of
product development (p. 468). This argument indicates that integration of environmental requirements
into product development must encompass all stages of products. The life cycle stages of a product are
identified as raw materials, manufacturing, distribution, product use, and end of life (Choi et al., 2008).

Under one discourse of SPD, various research has suggested that environmental requirements should be
integrated into existing management approach and methodologies (Klassen and McLaughlin, 1993,
Kaebernick et al., 2003, Masui et al., 2003, Berchicci and Bodewes, 2005, Kleindorfer et al., 2005,
Sakao, 2009). Referring to QM as an existing management approach, Klassen and McLaughlin (1993)
stated that, total quality management serves as a ready bridge to environmental excellence (p. 21) by
identifying the potential links between QM and the management of environmental requirements in the
design of new products. Kaebernick et al. (2003) and Masui et al. (2003), for example, suggested
Environmentally Conscious Quality Function Deployment (ECQFD) and Quality Function Deployment
for Environment (QFDE), respectively, supporting integration into existing QM tools such as QFD.
Berchicci and Bodewes (2005) presented a literature review in order to identify the challenges faced by
product development teams in their effort to integrate environmental requirements into product
development (further elaborated in section 2.2.2).

Overall, a vast amount of research and literature has been published concerning both approaches to SPD,
namely the integration of environmental requirements into existing methodologies, and the
implementation of environmental concepts and tools such as DfE and LCA. Both streams are further
elaborated in the following sections.

2.2.1 Integration of environmental requirements into existing methodologies

The integration of environmental requirements into existing approaches such as QM is a rather common
approach to SPD (Klassen and Mclaughlin, 1993, Angell and Klassen, 1999, Ahmed, 2001). Klassen
and McLaughlin (1993) present a comparison between QM and environmental excellence. Relating to
product development, robust design of products is argued as an integrated planning for all phases of
product life cycle in terms of environmental excellence. It is stated that, environmental excellence also
begins during initial product design (p. 19). Angell and Klassen (1999) suggested that quality practices
such as the problem solving approach of Plan-Do-Check-Act (PDCA) and tools such as Pareto diagrams
and control charts can be used to address environmental problems, as well as quality problems. These
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authors further identified that due to little general awareness of potential synergies between QM and
environmental sustainability, the integration of environmental requirements remains a challenge.
However, the emphasis in Klassen and McLaughlin (1993) and Angell and Klassen (1999) was on the
environmental management system in general, and did not touch upon integration of specific product-
related environmental requirements. Ahmed (2001) presented a framework called total quality
environmental management (TQEM) based on the basic premise of TQM to attain customer satisfaction
through continuous improvement, and stated that a significant opportunity may be represented by
customer satisfaction vis-a-vis organizations address environmental requirements of products.

There are various studies supporting the integration of environmental requirements in existing QM
practices and tools (Theyel, 2000, Kaebernick et al., 2003, Masui et al., 2003, Berchicci and Bodewes,
2005, Rusinko, 2005, Sakao, 2009, Vinodh and Rathod, 2010, Bovea and Pérez-Belis, 2012). Theyel
(2000) identified, based on a survey of chemical plants, that QM is applicable in pollution prevention
by involving production workers in the improvement of product quality through continuous
improvement activities. Environmental performance of the chemical plants is also improved through
employee training in pollution prevention, which is also a component of QM. Kaebernick et al. (2003)
introduced the ECQFD in the attempt to capture the environmental requirements of products and
translate them into design parameters. The authors argued that, environmental requirements must be
considered as equal partners to the traditional requirements of cost and quality (p. 468), and showed
the conceptual integration of environmental requirements via QFD. Similarly, Masui et al. (2003)
applied QFD to translate the environmental VOC and environmental engineering metrics (EM) into
product parameters as one way to handle the environmental and traditional quality requirements
together. Rusinko (2005) argued that the QM principles of continuous improvement and employee
participation are also acknowledged as an important element of environmental sustainability. She further
argued that organizations need to adopt an integrated multifunctional approach, such as an expanded
application of the PDCA (or Deming) cycle, in order to integrate environmental requirements into QM
practices and tools to implement and manage environmental practices in organizations. Sakao (2009),
on the other hand, demonstrated the application of the Kano model in order to adopt the QM approach
to eco-design. The Kano model was used to reveal the environmental characteristics of products as
indifferent, attractive, one-dimensional, must-be or reverse.

Vinodh and Rathod (2010) further presented an Environmentally Conscious QFD, integrated with LCA
to enable SPD. They argued that the ECQFD is, useful for evaluating different product concepts, and
deploys environmental requirements throughout the development process (p. 834). Environmental
VOC, such as reduced material use, and environmental EM, such as reduced weight and volume, were
used in the design of electronic switches in the exemplification of the ECQFD. In a different study, a
number of tools, such as Environmental QFD, green QFD, QFDE, ECQFD and Environmental Failure
Mode and Effects Analysis (EFMEA) were reviewed and classified (Bovea and Pérez-Belis, 2012). The
description of EFMEA is, the traditional FMEA is restructured to address environmental issues instead
of potential failure of components with the aim of identifying and evaluating potential environmental
impacts of all stages of the life cycle of a product during its development process. The objective is to
minimize the product’s environmental burden during its life cycle by taking corrective and preventive
measures (p. 67). However, Bovea and Pérez-Belis (2012) concluded that despite the availability of a
wide variety of tools for the integration of environmental requirements into existing methodologies,
organizations still face the challenge of applying them systematically.
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2.2.2 Introduction and implementation of Design for Environment tools

The areas of DfE (Bras, 1997, Sarkis, 1998, Sun et al., 2003, Hauschild et al., 2004, Kurk and Eagan,
2008), eco-design (Bhamra, 2004, Griese et al., 2005, Luttropp and Lagerstedt, 2006), and
Environmental New Product Development (ENPD) (Pujari et al., 2003, Pujari et al., 2004, Pujari, 2006)
mainly employ LCA to assess products’ environmental impacts throughout the life cycle. LCA is
defined as a technique for assessing the environmental aspects and potential impacts associated with a
product by compiling an inventory of relevant inputs and outputs of a product system, evaluating the
potential environmental impacts, and interpreting the results (p. 22) (Baumann and Tillman, 2004).

The terms DfE and eco-design are commonly used interchangeably. The concept of DfE originated in
the early 1990s, and is defined as, the systematic consideration of design performance with respect to
environmental, health, safety, and sustainability objectives over the full product and process life cycle
(p. 6) (Fiksel, 2011). A general description of eco-design, on the other hand, is given as, actions taken
in product development aimed at minimizing a product’s environmental impact during its whole life
cycle, without compromising other essential product criteria such as performance and cost (p. 98)
(Johansson, 2002). Pujari et al. (2003) define ENPD as, product development into which environmental
issues are explicitly integrated in order to create one of the least environmentally harmful products a
firm has recently produced (p. 658).

In addition to LCA as a DfE tool, a number of other tools have been suggested. For example, Bras (1997)
included design guidelines and checklists as a basic tool applied in introducing environmental
requirements in product design. Bras (1997), along with Bhamra (2004), discussed the Lifecycle Design
Strategies (LiDS) Wheel, where organizations are able to assess their current state with respect to eight
life cycle strategies. Further details of the LiDS Wheel could be found in van Hemel and Cramer (2002).
In a list of DfE tools, Sarkis (1998) included TQEM, Green Supply Chain Management (GSCM), and
ISO 14000 EMS, for example. Additionally, Design for Disassembly (DfD), which focuses on the
improvement of a product design to enable disassembly with minimal cost and environmental impact,
was discussed by Sun et al. (2003) and Hauschild et al. (2004).

As an example of the wide range of new tools that have been suggested as supportive of DfE (Azapagic
et al., 2006, Byggeth and Hochschorner, 2006, Luttropp and Lagerstedt, 2006, Gehin et al., 2008, Knight
and Jenkins, 2009, Birch et al., 2012), Azapagic et al. (2006) proposed a general methodology called
process design for sustainability (PDfS) as one way to integrate environmental requirements into process
design in the usual stages such as project initiation, preliminary, detailed, and final designs. Luttropp
and Lagerstedt (2006) introduced the Ten Golden Rules in an attempt to merge environmental
requirements into product development. Some of the Ten Golden Rules are non-use of toxic substances;
minimize energy and resource consumption; minimize weight through material selection; promote long
life, upgrading, and repair; and minimize use of joining elements of product design.

Byggeth and Hochschorner (2006) presented 15 DfE tools in order to identify and handle trade-offs in
product development decision-making, whereas Birch et al. (2012) presented 22 eco-design tools and
discussed the type of guidance provided by these tools. The tools listed are, namely, LiDS Wheel, the
Ten Golden Rules, the Environmentally Responsible Product Assessment Matrix (ERPA), Material
Energy Toxicity (MET), and Eco-Design Checklist. Gehin et al. (2008) introduced another new
methodology called REPRO? (REmanufacturing PROduct PROfiles) where product profiles are
evaluated based on the possibility for remanufacture. Further details could be found in Gehin at al.
(2008). Knight and Jenkins (2009) discussed a variety of eco-design tools based on the practitioners’
perspective, including checklists, Environmental Effect Analysis (EEA), MET, Environmental Impact
Assessment (EIA), EQFD, LiDS Wheel, and Life Cycle Cost Analysis.
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2.2.3 Management and organization of sustainable product development

Regardless of the terminology used, DfE or eco-design entail a number of organizational barriers
(Baumann et al., 2002, Johansson, 2002, van Hemel and Cramer, 2002, Boks, 2006, Karlsson and
Luttropp, 2006, Lindahl, 2006, Lofthouse, 2006). Baumann et al. (2002) argued that, existence of tools
is not sufficient, perhaps not even necessary. Management and organization seem to be more important
than the tools (p. 419), relating to the main challenge faced by organizations, which is the lack of
integration of environmental requirements in product development. The reference of management and
organization here point to product development, where successful integration of environmental
requirements is dependent on how product development is organized, rather than the extensiveness of
the tools applied. The lack of integration challenge was later raised by Boks (2006), Karlson and
Luttropp (2006), Johansson (2007), and Lopes Silva et al. (2013).

Concerning the success factors for the integration of eco-design into product development, Johansson
(2002) identified the integration of environmental requirements into the conventional product
development process, introduction of environmental checkpoints, reviews and milestones, and
performing eco-design in a cross-functional team, while Boks (2006) identified customization of eco-
design tools to fit the company’s needs, and the use of environmental checkpoints, reviews and
milestones. On the other hand, in Van Hemel and Cramer (2002), the top barrier that was identified in
their study of SME’s was ‘conflict with functional requirements’, where a constant struggle is faced in
product development decision making in terms of trade-offs. A number of obstacles identified by Boks
(2006) point toward the lack of integration of the eco-design practices and tools in the product
development. They are, large gap between eco-design proponents and those that implement it, the lack
of appropriate organizational infrastructure, and the lack of cooperation between departments.

Berchicci and Bodewes (2005) identified “coordination and alignment within multifunctional product
development teams” as relevant to the integration of environmental requirements into product
development. This factor could, for example, be translated into coordination and alignment between
quality and environmental specialists in the product development through shared practices and tools.
Karlsson and Luttropp (2006) argued that, the foundation (in design and engineering work) is that the
synthesizing ability in design and product development processes is dependent on dialogue and
cooperation that combine visionary, creative and analytic and experience based capabilities. Eco-
design should support and promote proactive development of such synthesizing abilities (p. 1292). This
argument suits the description of a cross-functional product development team concerning the
capabilities or competences of environmental and other specialists in terms of knowledge and experience
to enable the integration of environmental requirements into product development. Lindahl (2006)
identified the organizational obstacles to DfE tools, such as lack of training and education in the
application of the tools. Further, the complexity of certain DfE tools was also identified as an obstacle.
Lindahl identified one way of addressing these obstacles, by using methods and tools and modifying
them to fit into the company’s context, knowledge and experience are integrated into the product
development organization as a know-how backup (p. 492).
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3 RESEARCH METHODOLOGY

This chapter describes the research process of the studies conducted within the scope of the thesis.
Appended paper | is based on a literature review, whereas papers 11, I11, and V are based on three cases,
and paper 1V is a conceptual study. The description and discussion of the empirical settings of the cases
are included. This is followed by detailed description of the data collection and analysis methods of each
of the five appended papers in separate sections. A discussion on the methodological choices and the
justifications are also clarified. The chapter concludes with a discussion of the research quality and the
limitations of the studies.

3.1 Research Process

The research process of the studies began in 2011 in the Division of Quality Sciences, Chalmers
University of Technology. This division consists of researchers specializing in QM and its related
subjects. One specific area of research within this division was RDM. In conjunction with the
Sustainable Production Initiative (SPI) within Chalmers University of Technology, a focus of the
Production Area of Advance (AoA) was to explore ways to achieve industrial competitiveness, and
resource-efficient product and production development processes. Inspired by the Production AoA, the
team at Quality Sciences was presented with a research proposal based on the notion that QM could be
supportive of sustainable development, specifically in the area of SPD. Initially, the research had a
narrow focus, namely RDM, as one of the methodologies under the umbrella of QM. The initial aim
was to investigate how RDM could be supportive of SPD.

The first study that was conducted is now identified as Paper V. The organization studied was a medium-
sized Swedish manufacturer, hereafter named “Component”, with which the Division of Quality
Sciences initiated a research collaboration. The collaboration initially was between the division and the
contact person at Component, hereafter named BS, who had a long-term professional relationship with
one of the professors within the division. BS possessed expertise on concept selection in product
development and in the area of RDM. In accordance with the Production AoA focus and funding,
Component suited the terms of a research collaboration with a medium-sized organization where the
management was willing to discuss and move forward to improve the robustness of their products.
During the initial discussions with BS, the organization’s current issues were discussed. At Component,
there was a vast amount of customer claims data available, and the concern was that there was a lack of
initiatives to systematically analyze the claims data in order to support improvements in the product
development activities. Therefore, the study described in Paper V focused on extracting and analyzing
the claims data, along with semi-structured interviews with relevant personnel. After a number of
brainstorming sessions with BS, and with the third author of Paper V, and a few iterations of the paper
itself, the idea of analyzing the claims data based on a product life cycle approach was broached.

One of the challenges in conducting the studies was the limited number of organizations with fully
formalized RDM initiatives. Another challenge was the limited number of organizations that are
frontrunners in terms of environmental sustainability initiatives or SPD. Based on the limitations of the
study that was conducted at Component, such as the lack of knowledge of RDM and SPD among
employees, the next step was to make a conceptual standing of the initial assumptions. The second study
is now identified as Paper 1V, which was based on a literature review of studies concerning the
application of RDM tools as DfE tools. Relevant scientific papers were found based on a literature
search, conducted by the first three authors of Paper IV. A number of discussions were held with the
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fourth author of this paper, who is based at the National University of Singapore, a collaborating research
partner with the Division of Quality Sciences.

The results described in papers 1V and V led to the conclusion that RDM can be supportive of SPD;
however, certain adaptations were needed. Hence, the discussion was lifted up a level to QM, raising
the question whether adaptations are required for it to contribute to SPD. In 2013, an existing
collaboration with a large Swedish manufacturer, named “Auto” was sought after due to their efforts
based on organizational core values that included quality and environmental care. The product
development team at Auto was co-organized consisting of various competences, namely quality and
environment. In order to understand how QM practices and tools can be applied along with
environmental requirements in a product development setting, a case study was initiated. This third
study is now identified as Paper II.

There are potential synergies in play between QM and sustainable development; indeed, the research
stream investigating SPD by the means of the integration of environmental requirements in management
philosophies is posited on this idea. In order to further investigate the synergies and build a base for this
thesis, it was decided that a literature review of research concerning the support of QM for sustainable
development was in order. The justification to select the field of QM, and not being limited to product
development specifically, was based on two reasons: first was that the application of RDM in specific
to support SPD was already addressed in Paper IV. In order to expand the knowledge and findings of
paper 1V, it was found necessary to widen the research focus to the larger field of QM. The second
reason was based on the understanding that only certain QM tools are applicable in the product
development. Therefore, in order to capture as many QM tools as possible that may be applicable for
the integration of environmental requirements, it was pertinent to investigate the entire field to discover
other tools, or perhaps principles and practices that might be applicable. A team of researchers from
Luled University that conducts research within the fields of QM and environmental management was
consulted and requested to collaborate in this study. This fourth study is now identified as Paper I.

At the end of year 2014, a two-month long study visit was arranged to the University of Groningen
(RUG) in The Netherlands, where research collaboration was initiated. The contacts were established
during a conference in 2013 with a research partner at RUG, who later became the co-author of the next
paper. Paper Il is based on the comparative case study. The researchers at RUG in the Faculty of
Business and Economics are conducting studies in the area of SPD, namely the implementation of DfE
tools in product development, where a total of six organizations were studied. During the study visit,
the opportunity to visit and conduct interviews at one of the organizations, hereafter named “Electric”
arose. Upon the many discussions with the co-author at RUG during the study visit, the idea to conduct
a comparative study of the two organizations, Auto and Electric, materialized.

3.2 Empirical Setting

Three of the appended papers have employed the case study method. In order to address the questions
regarding the organization of a product development in its natural setting and the applications of QM
and RDM, a case research is found appropriate due to its exploratory approach (Benbasat et al., 1987,
Voss et al., 2002). The studies within the context of this thesis could also be defined as extension or
refinement of existing theory, where case research is also found suitable (Stuart et al., 2002) in the
attempt to understand a current phenomenon where existing knowledge on QM and RDM could be
extended in their applications to support SPD.
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The three cases were based on the empirical settings of Component (Paper V), Auto (Paper 1), and
Electric (Paper I11). In the following, the details of the organizations are to be found.

3.2.1 Component

Component is a part of an engineering group with wholly owned companies in Europe, the US, India
and China, where Component is one division out of three comprising the entire group of companies.
Through its own brands, Component aims to be a world-leading supplier of coupling equipment for
trucks and heavy trailers. Component is the parent company in the engineering group with
manufacturing and sales companies in Sweden, Germany, Belgium, and the Czech Republic and sales
companies in Norway, Denmark, England, France, and the US. The manufacturing facility is located
outside Gothenburg, where it employs a total of 256 employees.

Component was selected as a case for the empirical investigation of this thesis for a number of reasons.
First was the intention and willingness to collaborate on a research project with the division of Quality
Sciences brought forward by the main contact person at Component, BS. Second, Component aimed to
address the environmental impacts of its products at all product life cycle stages, as per policy.
Therefore, SPD was one of the focuses of Component moving forward. Finally, Component designed
and manufactured couplings and components related to heavy trucks and trailers, where the product
reliability and robustness are critical requirements in ensuring the safe application of the products.
Accordingly, the intention to implement RDM practices and tools in the product development was also
a main focus of Component.

3.2.2 Auto

Auto develops and manufactures one product brand as part of a large Swedish organization that is the
world’s leading manufacturer of automotive vehicles. The aim of Auto within R&D is to become the
world leader in sustainable transport solutions. Therefore, Auto is constantly involved in research in
collaboration with public stakeholders, the industry, the academic community, and its customers. Their
core values, namely quality, environmental care, and safety, have a long tradition and form the
organization’s common base and corporate culture. The organizational aim is to maintain a leading
position in these areas of core values. The specific product brand produced at Auto is supported by over
650 dealerships and 1,450 workshops in more than 140 countries, and a total of more than 2,700
employees work for this sector.

The organization of the product development was the main reason for the selection of Auto as one of
the case organizations. The SPD approach that was adopted by Auto, which is the integration of
environmental requirements in existing methodologies, was another. Since organizational challenges
were the prime obstacle to SPD, such as the lack of integration of environmental requirements in product
development, the organization of product development played an important role in the attempt to
understand how these challenges can be addressed in an actual setting. Auto presented a suitable setting
with its organization of specialists of competences from areas such as quality and environmental care,
for example.
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3.2.3 Electric

The group to which Electric belongs is a diversified power management company providing energy-
efficient electrical, hydraulic, and mechanical solutions. Electric’s electrical business is a global leader
in power distribution, power quality, control and automation, and monitoring products and services. The
organization was founded in Britain, but Electric is located in the Netherlands, with a total of 900
employees. Electric provides Smart Grid solutions that enable intelligent distribution and consumption
of electrical power. Its comprehensive, innovative range of products and services can be used to reliably,
efficiently and safely manage power across utility, commercial, industrial and residential markets. From
power generation through to power consumption, Electric’s solutions create smarter homes, buildings,
factories, transportation, distribution and energy across the grid.

The initial motivation to select Electric as a suitable case for the studies related to SPD originated from
the team of researchers at RUG, where Electric was one of the six Dutch manufacturers to become a
part of a research project concerning SPD. The selection was based on organizations which were aiming
to improve their SPD efforts in various stages, for example, frontrunners and beginners. Out of the six
organizations, Electric was selected for the study in this thesis due to its position as a beginner in the
efforts toward SPD, in order to match the efforts at Auto where the co-organization of the product
development is also at a beginner’s stage, namely, two years into implementation. Further, Electric also
fitted the criteria of adopting the implementation of DfE approach in its SPD efforts.

3.3 Data Collection and Analysis

In this section, data collection methods and analyses of the five appended papers are described and
discussed. The summary of research design, data collection and analysis are presented in Table 1.

Table 1: Summary of research design, data collection, and analysis

Paper | Research question Research design Main data collection | Data analysis

method

| RQL1 - How can QM contribute to Literature review | Literature search in Review data analysis,
environmental sustainability? databases and thematic analysis

1 RQ2 - How can product development | Single case study | Interviews, document | Qualitative data
be organized in order to exploit QM analysis analysis using NVivo
to integrate environmental software
requirements?

11 RQ3 - What are the differences inthe | Multiple case Interviews, document | Qualitative data
challenges when adopting the two study analysis analysis using NVivo
different SPD approaches? software

v Conceptual Literature search in Qualitative analysis of

databases published case studies
RQ4 - How can RDM contribute to
\ SPD? Single case study | Interviews, document | Exploratory Data
analysis, observations | Analysis in the IMP
software
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Paper | — Literature review

The research question (RQ1) addressed in Paper | was as follows: “How can QM contribute to
environmental sustainability?” A research design is often based on the question whether data should be
generated to address a research question, or whether it can be addressed more effectively using existing
literature or data (Vogt et al., 2012). In order to effectively answer RQL1, a review of existing literature
was the first step. Further, this extensive literature review was identified as a research synthesis wherein
results may be contradictory (Vogt et al., 2012). Treating this entire thesis as a single study, the literature
review was treated as legwork to, first, make use of existing literature in the areas concerned, and second,
as a foundation to build the rest of the thesis upon (Flick, 2009), although paper | was designed later.

The results that were found in existing literature, naturally, were not collected with RQ1 in mind.
Therefore, in order to ensure the findings are valuable, substantial time was spent on the discussion and
search of the correct databases to look into, appropriate journals to include, and relevant literature to
review (Vogt et al., 2012). A number of meetings were held between the authors, one face-to-face
meeting in Luled in January 2014, and a number of Skype meetings for subsequent discussions
throughout the duration of the review.

There were three main methodological steps for the review process, namely paper selection, coding of
the data, and generation of themes from the results. Scopus and Web of Science were selected as the
search databases due to their coverage of engineering-based publications. The search path used in Web
of Science was [(sustainable development) OR (sustainability)] AND [(quality management) AND NOT
(water quality management)]. Similarly, the search path used in Scopus was [(sustainable development)
OR (sustainability) OR (environmental management)] AND [(quality management) AND NOT (water
guality management)]. One slight difference between the search paths is the additional search word of
“environmental management” in Scopus due to its wider coverage of multidisciplinary topics.

However, Scopus generated many articles within these search paths that did not relate to sustainable
development. Therefore, an analysis of the search results, which is a feature available in Scopus, was
performed, where results were analyzed based on “sources” indicating the journals in which the articles
were published. The search was then narrowed down to the three journals with the most number of
articles published within the search path. They were TQM Magazine (and its successor, the TQM
Journal), Quality Progress, and the Journal of Environmental Management. The searches in the
databases and subsequent reading of the abstracts of all the hits found were carried out by the first author.
Based on the relevance to the review according to the abstracts, 58 and 38 articles were selected from
Web of Science and Scopus respectively.

The 96 total articles were shared equally among all six authors for reviews, where 40 of them were
relevant. Further, based on the snowball technique that allowed coverage of other journals not included
in the initial selection, 52 other articles were identified as relevant. These articles were also distributed
equally among the authors for reviews, where 29 were found relevant. As the review was summarized,
two duplicates were found, resulting in 67 total reviewed articles.

A coding matrix was created in an Excel sheet for recording of the relevant findings from the contents
of the articles, which was inspired by Barratt et al. (2011). The selected coding were “publication year”,
“type of article™, “data collection method”, “methodology”, and “research strategy”, to name a few. A
calibration review was done initially to fine-tune the codes, where five random articles were chosen,
which was outside the review list. A meeting was held after the calibration to ensure that the authors’
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classifications were understood by all. Some clarifications regarding the codes were warranted during
the meeting, which resulted in adding or editing the codes, and a final coding matrix was created.

One specific coding criterion titled “conclusion/synopsis/contribution” was created to summarize each
article. The summaries were then used to generate specific themes to categorize the review articles based
on their individual contribution. An example is theme 1 titled “supporting sustainability through
integration of management systems”, which was generated from 31 of the review articles discussing the
integration of quality and environmental management systems as one way to support sustainability.

Two types of analyses were conducted for the review: data analysis, and thematic analysis. The review
data analysis contained a graphical display of the publication timeline of the review articles, and
categorization of their outcomes, such as descriptive insight, model, and framework. Further, graphical
distribution of the methodologies applied in the articles was shown, and pie charts of the number of
articles based on elements of QM and SD were also shown. The thematic analysis contained analysis of
the four themes generated from the review results according to coding criteria such as outcome, type of
paper, methodology, and focus on QM and the triple bottom line, and the main points of departure of
the articles.

Paper Il — Single case study (Auto)

A case analysis was found suitable for Paper Il due to the nature of the research question to be addressed
(RQ2), read as follows: ‘How can product development be organized in order to exploit QM to integrate
environmental requirements?’ This Paper II case analysis involved the practices in a product
development setting at Auto where a team of people with various competences addressed quality and
environmental requirements. The study of the dynamics present within a single case setting such as this
was found suitable due to the nature of the research question (RQ2) (Eisenhardt, 1989). In order to
address RQ2, the organization of the product development (department) and the functions of the
specialists (people) were found appropriate as units of analysis. Auto’s product development team was
specifically chosen for this study due to the specific way it was organized, where a number of specialists
from various competences have been organized as one team. The specific organization of the product
development was of a large importance to address RQ2.

This study was based on interviews of all six members of the product development team at Auto. They
were the product development team manager, and one specialist from each of these areas; Quality,
Environment, Safety, Reliability, and Production. The interviews usually lasted between 45 minutes to
an hour, and were done face-to-face, individually. All interviews were conducted in English, and
recorded. The recordings were later sent to an external body for transcription. The interview questions
were formulated in a semi-structured manner in order to stimulate open discussions and follow-up
questions (Flick, 2009). The interview questions were, for example, “Can you describe the journey since
you started working in a co-organized setting of the product development team?”, “Can you name the
challenges that you faced in your role in the co-organized setting?”, and “What are the benefits in
working in a co-organized setting?”

At Auto, the corporate culture of working with the core values of quality, environmental care, and safety
was one motivation for the co-organization of the product development team. Therefore, it was found
necessary to include a number of additional interviewees from different levels of hierarchy and product
groups within the group of companies. Four additional interviews were conducted, in the same manner
as before. The interviewees were the Manager of Quality and Environmental Management from the
organization’s Operations group, the Director of Quality of Auto, an Environmental Manager of another
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product group, and the Vice President of Quality who sat at the group headquarters based in Gothenburg.
The justification for the additional interviews was to gather relevant information on the dissemination
of the core values as organizational strategy from the top management to the product development level
in order to understand the extent of QM in the support toward SPD. Data collection extended to
document analyses of a specific QM tool applied in product development and the organization’s
sustainability report of 2014.

NVivo 10 software, designed to support analysis of qualitative data (Richards, 1999) was used for data
analysis. A number of codes were created in NVivo qualitative data software after reading the interview
transcripts. The codes created were aligned with the purpose of the study where the joint consideration
of quality and environmental requirements in product development was explored. The codes were also
closely related to the semi-structured questions used in the interviews, such as “quality”, “environment”,
“benefits”, “challenges”, and “improvement”. The codes “benefits”, “challenges” and “improvement”
were tied to the organization of the product development in order to address quality and environmental
requirements in a joint manner. Further, the findings were compared to a set of maturity levels containing
five levels, where level 1 indicates a low level of maturity and level 5 indicating high (Bessant and
Caffyn, 1997, Bessant and Francis, 1999, Chapman and Hyland, 2000).

Paper 111 — Multiple case study (Auto and Electric)

Paper 111 was designed to address RQ3: “What are the differences in the challenges when adopting the
two different SPD approaches?” In order to analyze and compare the two SPD approaches adopted in
these two cases, a cross-case comparative study was designed. The suitability of Auto and Electric for
the comparative study is based on the SPD approaches that have been adopted by the two organizations.
Auto’s product development team is made up of a team of specialists from competences in the areas of
quality and environmental care, for example. The SPD approach adopted by Auto mirrored the
integration of environmental requirements in existing methodologies approach, where tools such as
FMEA was used to integrate and address environmental requirements of the product development. By
contrast, Electric has implemented the DfE approach in the product development.

Two cases, Auto and Electric, were studied in paper I11. The data collection method and analysis of Auto
was the same as described for paper Il. As for the data collection at Electric, semi-structured interviews
were conducted in similar manner. Two interviews were conducted in one day during a visit to the
facility in the Netherlands in October 2014. Both interviews were done face-to-face and in English; each
lasted an hour, where both the authors were present. The interviewees were the Portfolio Manager, and
the Material Specialist, both working with the product development at Electric. The interviews were
recorded and later transcribed. Two additional interviews were conducted via telephone by the first
author, from Gothenburg in March and April of 2015. The interviewees were the Quality & Laboratory
Manager and the Environment, Health and Safety Manager, also working with the product development.
Similar interview questions were used as described for the case of Auto, but concerning the DfE
implementation.

The data analysis for the comparative study was the same as described in the case of Auto in paper II.
Further, the interview data from Electric was included in the analysis of the data from Auto in NVivo.
The two authors have iterated on the cross-case analysis in a number of occasions through tele-
conversations. The challenges in SPD were gathered from the existing literature, read and reviewed by
both authors. The second author acted as an external investigator of the data analysis in NVivo
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performed by the first author. This strengthened the analysis and findings of the comparative study
(Eisenhardt, 1989).

Paper IV — Conceptual study

This conceptual study was designed to address RQ4: “How can RDM contribute to SPD?”, and was
based on a method of integrating a number of different works on the same topic (Meredith, 1993), such
as the application of RDM practices and tools in order to contribute to SPD. The method further
summarizes the common elements found in the different works, and identifies the differences in order
to extend the work (Meredith, 1993). There are four general conceptual goals: envisioning, explicating,
relating, and debating (Macinnis, 2011).

The integration of RDM and SPD was based on each concept’s underlying ideas, with the support of
secondary data published as case studies. The reason for choosing to focus on secondary data from case
studies was based on the attempt to understand how practical applications of RDM support SPD. A
number of selected published case studies provided greater understanding of various approaches of
RDM applications when compared to an analysis of a single case study that could be designed for the
similar purpose within the capacity of this thesis. The case studies were searched for in several databases
such as Scopus, Science Direct, Web of Science and Google Scholar. Two groups of search words were
used in all databases. One group contained search words “robust design”, “case study”,
“manufacturing”, and “eco-design”, where a total of 77 published cases were found. The second group
of search words contained “robust design”, “case study”, “manufacturing”, and “sustainability”, which
resulted in 84 published case studies. The words “eco-design” and “sustainability” were used in order
to identify and extend the search to include as many related case studies concerning SPD.

The secondary data of case studies were further narrowed based on a number of criteria, namely, that
the case studies must deal with RDM, the results of the cases establish the potential connections to
sustainability benefits, and the cases were applied in, or concerned, a manufacturing setting. The
abstracts of all 161 cases were reviewed based on these criteria, where five cases were selected for the
analysis. Additionally, a directed search was conducted in the SPD-focused Journal of Cleaner
Production, where two additional cases were found. The number of studies selected were, therefore,
seven. The overview of the cases were used as the analysis of this study, and later discussed in the paper.
The details of the analysis are shown in Table 2.
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Table 2: Overview of the case analyses

Source Problem Robust Control Noise Response Reported Life cycle
description design tools | factors factors ? variables outcomes as stage
applied Y described in where
case studies RDM
tools were
applied
Ben-Gal et Minimizing the Non-linear Stack design Weather Design of factory | Design
al. (2008) emission of air transfer parameters, conditions, Emission of stacks that emits stage
pollutants of a function i.e. heightand | i.e., ambient air pollutant regulated level of
factory stack to diameter temperature air pollutant
guarantee an and wind
environmentally speed
sound use of a
system
Cetin et al. Reduction of Taguchi’s Turning - Surface Optimal
(2011) surface roughness, | mixed level parameters - roughness, conditions of Design of
and cutting and parameter spindle speed, cutting force, cutting the turning
feed forces during | design (L1s) depth of cut, feed force parameters were process
turning process of | orthogonal feed rate, identified to
stainless steel array as viscosity reduce cutting
experimental force and improve
design the surface finish
Carrell et Simplifying Taguchi Method of Variable Shortest time Minimal time for
al. (2011) disassembly by methods heating (oil dimensions of | for disassembly was Design of
engineering a incorporated bath or air the snap-fits disassembly achieved based on | end-of-life
snap-fit for in a set of bath), (length, optimal process process
automatic release designed temperatures overhang, conditions
upon exposure to experiments for thickness,
heat field to limit disassembly release angle)
manual labor or
machine operation
for disassembly
Fratila & Optimizing Taguchi Milling - Finish surface | Optimum cutting
Caizar cutting parameters | method using | parameters — roughness conditions to Design of
(2011) for good surface orthogonal axial cutting and cutting successfully milling
finish (roughness) | arrays depth, feed power apply near-dry process
and minimum rate, cutting techniques for
power speed and cutting processes
consumption lubricant flow were established
rate
Hanafi et Optimize cutting Taguchi Machining - Surface Optimal
al. (2012) parameters to method parameters — roughness conditions of Design of
achieve minimum | coupled to cutting speed, and cutting cutting cutting
power grey feed rate and power parameters were process
consumption and relational depth of cut identified
the best surface analysis
quality
Besseris Minimize Taguchi Acidity, - Values of Minimum values
(2012) environmental method, 8-run | dissolved COD and for the quality Design of
quality indicators saturated oxygen, BOD indicators were wastewater
such as chemical orthogonal quantity of identified treatment
oxygen demand array incoming process
(COoD) and wastes,
biochemical sludge
oxygen demand volume index
(BOD) in milk and mixed
wastewater liquor
treatment suspended
solids
Camposeco | Optimize cutting Taguchi Depth of cut, - Cutting Most significant
-Negrete parameters for method, feed rate and power factor for Design of
(2013) minimum energy orthogonal cutting speed consumed, minimized energy | cutting
consumption array cutting consumption and process
energy improved surface
consumed roughness (feed
and surface rate) was
roughness identified

1) The methods and tools applied in these case studies are those specific to RDM. For detailed description of these tools, readers are referred
to the book Taguchi Methods (Bendell, 1989).
2) Blank cells in the “Noise factors” column indicate that the experiments were designed to determine the main effects of the control factors
to establish the optimal conditions.
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Paper V — Single case study (Component)

Paper V was also designed to address the question “How can RDM contribute to SPD?” This study was
based on customer claims data at Component, and the attempt to systematically improve the design stage
of product development. Component intended to find ways to initiate robust design in product
development, and contribute toward SPD. Therefore, the study used Exploratory Data Analysis (EDA)
to identify most relevant root causes of the claims that could be connected to noise factors in the use
stage of the products. Component specifically does business with component dealers, such as auto shops
and mechanics, who distribute and service the end product for end-users. When components are replaced
due to faulty parts, quality defects, or maintenance plans, the dealers are requested to return the old
components to the organization for analysis and improvements. The availability of years of historical
data on product claims made Component suitable for the study of noise factors which may cause defects
in the use stage of the life cycle. The opportunity to analyze the defective products and the related noise
factors presented by Component was fitting for the purpose of proposing a new RDM practice which
could be supportive of SPD.

There were two parts of data collection and analysis, which included interviews and claims data. The
interview questions were semi-structured, and involved personnel working with the customer claims
database, and BS, as the main contact person, and the Quality Manager at Component. The two
personnel interviewed were directly involved in handling the claims database, which included tasks such
as data entry from claim forms into the database, processing of the claims, and ensuring the claim reports
are closed upon actions taken by problem owners. All interviews were conducted in English, face-to-
face, and the interview notes were transcribed. The interviews took between three to four hours each.
The interview with the Quality Manager lasted for two hours, involving learning steps of how the results
of the claims data could be applied in the improvement phases of product development. The meetings
and interviews with BS extended over the span of several days, where lengthy discussions were held to
learn the mechanisms of the products and to develop the understanding of faults identified in the claims
report. The first author further spent a number of hours assisting BS in conducting hands-on inspection
of defective products which were returned to Component by customers.

The claims data from years 2006 until 2010 were extracted from the database and imported into the
statistical software JMP. The EDA (Tukey, 1962) was applied for the quantitative analysis of the claims
data. The EDA contained three steps; display of data, identification of salient features, and interpretation
of the salient features (De Mast and Trip, 2007). The claims data were displayed in the graphical forms
of histograms to capture patterns and identify the salient features. Finally, product failures were
inductively related to possible noise factors based on the information found in the remarks columns of
the claims report describing the situation where the failures occurred. The failures and the related noise
factors were then classified according to the life cycle stages of the products, namely raw material,
manufacturing, distribution, product use, and end-of-life.

3.4 Research Quality

The research quality is discussed based on the trustworthiness of the data collection and analysis
methods. Maxwell (1992) stated that, validity, in a broad sense, pertains to the relationship between an
account and something outside of that account, whether this something is construed as objective reality,
the constructions of actors, or a variety of other possible interpretations (p. 283). The descriptive
validity (Burke, 1997) is addressed in this chapter pertaining to the studies in this thesis in order to
strengthen the findings and qualitative analyses.
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Burke (1997) stated that, descriptive validity refers to the factual accuracy of the account as reported
by the researchers (p. 284). In the course of the studies within this thesis, during all interviews and
meetings at the case organizations, notes were taken in addition to the recording of the sessions. All
recordings were then transcribed, and where concerned stored in the NVivo database for analysis. In the
case of Component, data triangulation (Flick, 2009) was adopted to further confirm accuracy. In addition
to interviews, document analyses were conducted in accessing the customer claims database. The
investigator triangulation (Flick, 2009) was also adopted in the case of Component, where the third
author was present and involved during meetings with BS, and during analysis of the claims database
which also involved export of the claims data into the JMP software.

In the case of Auto, the results of applying of FMEA in the product development were triangulated by
studying documents such as templates and training materials. Further, the 2014 Sustainability Report as
published by Auto was studied to further understand the reach of the core values as a corporate culture
throughout the organization. The investigator triangulation was also applicable in the case of Electric,
where the co-author has been involved for two years in several projects conducted prior to the cross-
case analysis. The co-author was also present during both face-to-face interviews conducted at Electric.

Participant feedback (Burke, 1997) was another strategy to strengthen the descriptive validity at both
Component and Auto. At Component, BS was consulted with regards to the claims database and
reporting system, the claims data analysis, and findings. Concerning the Auto case, the product
development manager was consulted with regards to the interview data. Further, the results and findings
of the interview data analysis in NVivo were presented to all the team members and the manager in a
separate session for their feedback.

Generalizability is commonly a concern in the design of a single case study, where it is claimed that,
single cases offer a poor basis for generalizing (p. 43) (Yin, 2009). A longitudinal and in-depth study
may provide support for generalizability of a single case study (Leonard-Barton, 1990). The case of
Component was longitudinal, where the collaboration with the organization stretched between 2011 and
2013, yielding rich and vast data. The collaboration with Auto began in early 2014 and is ongoing,
especially vis-a-vis the cross-case analysis with Electric. The outcome of these studies was
communicated to the subjects involved, and has the potential of creating values for the organization in
general, which is indicative of quality research (Karlsson, 2008). Further, the goal of certain qualitative
research is argued to show the uniqueness of a certain group of specialists, such as the product
development team in these cases, rather than generating results which are applied broadly (Burke, 1997).
A certain degree of generalization can be aimed for when dealing with specific contexts or groups in the
studies (Maxwell, 2005, Flick, 2009), for example, product development in organizations, and the
specialists as product development team members, as explored in the cases of Auto and Electric.

3.5 Limitations

There are a number of limitations that come with the studies within this thesis. Generally, sustainable
development is built upon three pillars, namely environment, social and economy. The contributions to
the area of sustainable development, whether in the relevance to research or practice, encompasses all
three pillars due to their interconnectedness. For example, the attempt to select a low environmental
impact raw material in a product development stage may increase the cost of the product development
effort due to the high priced raw material. Hence, it could be argued that the environmentally conscious
decision is connected to the economic aspect of the development process. On another facet,
organizations that outsource their operations to low-cost third world countries may contribute negatively
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to the social sustainability in terms of child labour and the lack of human rights law. However, because
the focus of this thesis is on the adaptations of QM practices and tools within the context of product
development, where the product requirements are limited to one pillar of sustainable development, the
environment. The environmental requirements of products are added to the traditional quality, cost and
time to market requirements of products. As the cost requirement is already addressed, and the economic
pillar is therefore excluded. The social pillar is also excluded because the social sustainability indicators
are outside the scope of the QM practices and tools.

Second, the studies are limited to the manufacturing industry, where QM practices and tools are widely
applied. Although QM practices and tools are also famously applied within the service industries, the
area of SPD is better suited to manufacturing. In the case of Auto, the study is limited to the specificity
of one large automotive manufacturer. In comparison to other large automotive manufacturers around
the globe, Auto may not fare as the most environmentally conscious in terms of emissions control, for
example. However, Auto is famously known for its Corporate Social Responsibility (CSR) policies and
activities, where it contributes to a high degree to the social and economic aspects of sustainability
throughout its global network. The CSR efforts are, then, related to the first limitation addressed earlier.
In terms of the SPD efforts within Auto, the environmental sustainability is the main concern, whereas
the social and economic sustainability are addressed through the CSR efforts within the organization.
However, the CSR efforts of Auto is outside the scope of this thesis.

Third, within the context of manufacturing, this thesis is focused on the product development efforts,
and thus excludes the manufacturing processes and other upstream activities such as logistics,
warehousing and distribution, and sales. Further, the upstream activities such as purchasing, marketing,
and supply chains are also excluded. Although the discussion regarding SPD and RDM within the
studies includes the entire life cycle of a product, the application and adaptations of QM practices and
tools concern only the product development efforts. Within the area of QM, the focus is mainly on
principles, practices and tools, and thus excludes other areas such as QMS ISO 9000 standards and
audits, supplier quality selection, and incoming, in-process, and outgoing product quality inspections.

Finally, since the studies and discussions revolve around the integration strategies, the challenges in the
integration efforts, the organization of the product development that supports the integration effort, and
the applicability of QM practices and tools, the remaining aspects of SPD are excluded from this thesis,
for example, project selection and prioritization, team selection and prototype testing.
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4 SUMMARY OF APPENDED PAPERS

This thesis is based on five papers, as shown in Table 3. In this chapter, summaries of the five papers
are presented. This is followed by the discussion of common themes.

Table 3: Overview of appended papers

Paper I: Literature 11: Quality & I11: Challenges in 1V: RDM - V: Life cycle -
review Environment SPD SPD Noise factor
Type Review Single case Multiple case Conceptual Single case
Purpose Review and Exp_lo_re and analyze E_xplore the two Explore how Prop(_)se anew
elaborate on the the joint different SPD efforts based on | practice of RDM
support of QM for | consideration of approaches and the RDM may by adopting a life
business quality and compare the better contribute | cycle approach to
approaches toward | environmental challenges of the to sustainability | noise factor
sustainable requirements in a integration of and, more identification
development product environmental specifically, to
development requirements in SPD
setting product development

4.1 Paper | — The support of Quality Management to Sustainable Development: A
literature review

Research has previously indicated that QM is suitable for the integration of environmental requirements
into existing management approaches, based on its principle of meeting or exceeding customer
requirements, where environmental requirements are viewed as customer requirements involving
various stakeholders. The purpose of this paper was to review and elaborate on the support of QM for
business approaches toward sustainable development. Business approaches, within the scope of this
paper, refers to organizational efforts such as development and manufacturing of sustainable products,
implementation of QMS, and EMS.

A literature review in Scopus and Web of Science databases resulted in a total of 67 review articles.
Coding criteria were developed where themes were generated to classify all 67 articles. Four
classification themes were generated: supporting sustainability through integration of management
systems; QM as support to EMS implementation and to managing sustainability; supporting integration
of sustainability considerations in daily work; and supporting stakeholder management and customer
focus. The themes and their description are shown in Table 4.
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Table 4: Description of the themes

Theme

Description

1. Supporting sustainability through
integration of management systems
(31 articles)

An integrated management system (IMS) is argued to be a means to reduce
redundancies and manage resources efficiently. Further, an IMS is seen as one
way to identify aspects of a QM system that could be supportive of sustainability
in general.

2. QM as support to EMS
implementation and to managing
sustainability (22 articles)

The research reviewed argues that QM principles, practices and tools could be
used for supporting the management of environmental considerations. Some
articles translate the logic of principles, practices and tools to environmental
management and sustainability. Most articles included in this theme deal with
how the QM practices can be used to support the introduction of environmental
management.

3. Supporting integration of
sustainability considerations in daily
work (6 articles)

This theme argues for integration of sustainability considerations into existing
QM npractices and tools. Some examples are combinations of QM practices and
tools and LCA, and application of QM tools such as the House of Quality matrix
and Design of Experiments “as is” and shown how they can support
sustainability.

4. Supporting stakeholder
management and customer focus (8
articles)

The articles reviewed emphasize the inherent focus on customers within QM and
how that can assist in supporting necessary stakeholder management in
sustainable development. This is argued to be achieved by broadening the

sometimes narrow definition of a customer as a buyer, to a definition
encompassing more stakeholders.

Three main findings of this paper pertain to the thesis. First, generally, there is a lack of research pointing
towards adaptations of existing QM principles, practices, and tools vis-a-vis sustainability (Maxwell and
Van Der Vorst, 2003, Luttropp and Lagerstedt, 2006). This is further supported by the second finding,
which points to stakeholder management as a research area that may illuminate the synergies between
QM and sustainability (Jargensen et al., 2006). Since this is based on the understanding that stakeholders
include customers among suppliers, policymakers, and society, for example, the QM principle of
customer focus can no longer be limited to a single customer, but must include various stakeholders in
the attempt to explore the potentials of QM in supporting sustainability. Third, QMS is only a part of
QM that standardizes procedures and practices. Therefore, the support of QM toward sustainability
should not be limited to management systems (Von Ahsen and Funck, 2001). Practices beyond
management systems and standardization are needed in order to address the growing challenges of
sustainability in organizations.

The QM adaptations are further explored and analyzed in Paper |1, and Paper 1ll. The expansion of the
view of customer focus is explored in Paper IV, with a specific focus on RDM. A new practice, focused
on RDM, is proposed in Paper V.

4.2 Paper Il — A case of joint consideration of quality and environmental requirements in
product development

Organizations have begun to shoulder the responsibility of ensuring development of sustainable
products. This includes consideration of non-hazardous raw materials, and proactive end-of-life
solutions in the early design phase, for example. Environmental requirements of products need to be
considered equally with traditional requirements, such as quality, cost, and time. The challenge,
however, lays in operationalizing the environmental requirements. A number of studies have suggested
the use of existing management approaches as one way to integrate environmental requirements in daily
operations, one being QM. The purpose of this paper was to explore and analyze the joint consideration
of quality and environmental requirements in a product development setting.

28



In this paper, the integration strategies and mechanisms adapted from Becker and Zirpoli (2003), and
Griffin and Hauser (1996) were applied to explore and analyze the joint consideration of quality and
environmental requirements at a large Swedish organization, named “Auto”. The study involved
interviews with a product development team and its manager. Later, the study was expanded to involve
other levels of hierarchy and product groups within the organization.

The findings show that the application of QM tools, such as Failure Mode and Effects Analysis (FMEA),
could enable the integration of environmental requirements in product development. The
exemplification of the case according to the integration strategies, such as “organizational structures”
and “co-location”, systematizes reviewing current product development practices, and increases
understanding on environmental requirement operationalization. This case is also an example of the
dissemination of organizational strategies from the top to bottom, where the core values of quality and
environmental care are a common language throughout the organization. The paper concluded by
suggesting that the co-organization effort is one way to support the adaptation of existing practices and
tools from QM to facilitate environmental requirements in product development. The co-organization
effort also addresses the challenges of lack of integration and systematic implementation for
sustainability initiatives in product development.

This paper explores the adaptations of existing QM practices and tools in a product development setting
in order to better align with the environmental requirements faced by organizations. The exemplification
of a case contributes to the need for more empirical investigations for the benefits of practitioners in
understanding how adaptations of QM practices and tools can be made to support the contribution to
environmental sustainability.

4.3 Paper 111 — Challenges in sustainable product development — a comparative study

There are two main SPD approaches that have been identified over the years: integration of
environmental requirements in existing methodologies, and implementation of environmental concepts
and tools such as DfE and LCA. The challenges in SPD are oftentimes identified as general
organizational and managerial issues related to the lack of integration of environmental requirements,
concepts, and tools in product development. Examples include the lack of communication and
cooperation between team members and departments, insufficient training and education related to the
environmental knowledge, and lack of inappropriate measurement and control systems for
environmental goals. However, the challenges can also be attributed to contextual factors, such as the
complexity of the supply chain and the absence of business models for green products (Baumann et al.,
2002). Therefore, the purpose of this paper was to explore the two different SPD approaches and
compare the challenges of the integration of environmental requirements in product development. In
doing so, the existing prevalent challenges in SPD could be further categorized according to the SPD
approaches adopted by organizations.

The SPD efforts at Auto and Electric were studied due to their two different approaches. Auto has
adopted the approach of integrating environmental requirements in existing methodologies by sharing
QM practices and tools in the joint consideration of quality and environmental requirements. Electric,
on the other hand, has implemented DfE and LCA to facilitate SPD. The organization of the product
development to facilitate these two approaches was described. Further, the challenges in SPD as found
in the existing literature were listed and used to identify and explore the challenges found at Auto and
Electric. The summarized comparison of the SPD challenges is shown in Table 5.
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Table 5: Summarized comparison of the challenges in SPD as observed at Auto and Electric

Challenge (Lack of) Auto Electric

Environmental goals and vision Not observed Observed challenge
(not defined at Electric)

Strategy from top management/Top | Not observed Observed challenge

management support (short-term strategy conflicts with
sustainable developments)

Business case for environmental Not observed Observed challenge

products (lack of demand for green products with
premium price)

Customer awareness of Observed challenge Observed challenge

environmental products (product features such as performance | (awareness exists, but there are disputes

and speed dominate environmental on what is sustainable)
awareness)

Clear product-related Not observed Observed challenge

environmental requirements (environmental requirements are unclear
because of VOC; reactive approach)

Cooperation between designers and | Not observed Observed challenge

environmental specialists (can be improved)

Cross-functional collaboration Observed challenge Observed challenge

(between departments and external (knowledge sharing can be improved | (can be improved)

parties) in the example of LCA application)

Employee involvement/awareness Not observed Observed challenge
(culture is to design new products, not to
make existing products more sustainable)

The questions that were explored in this study were: “Do the SPD challenges, as identified in current
literature, differ according to the SPD approaches adopted?” “If so, how do they differ?”

The findings show that Electric faced more challenges in its implementation of DfE and LCA than did
Auto in the integration of environmental requirements in existing methodologies. This was attributed to
the historical orientation of the organizations, where Auto has a long history of adhering to the core
values of quality and environmental care. The differences can be further explained by the type of
products manufactured. The automotive industry has stringent environmental requirements, and energy-
efficient products are demanded by customers. Hence, the environmental requirements are linked to the
development of the products per se, and has been instilled in everyday operations. Therefore, the
challenges at Auto are more closely related to the implementation of SPD methodologies and DfE tools.
Electric, on the other hand, with the SPD initiative being recent, is less mature and lacks the experience
to better handle the challenges. The utility industry also adhere to stringent environmental requirements;
however, they are product-dependent. In the case of the switchgears manufactured at Electric, there is a
lack of requirements and demand for green products. Therefore, the challenges at Electric require
addressing several strategic, managerial and organizational issues in its SPD approach.

4.4 Paper 1V — Adapting the Robust Design Methodology to support sustainable product
development

In recent years, RDM has been applied in cases where the Taguchi method was used for the eco-design
of a factory smokestack (Ben-Gal et al., 2008), and reduced power consumption in machining processes
(Fratila and Caizar, 2011, Hanafi et al., 2012), for example. However, the research on how RDM could
contribute to environmental sustainability is not extensive. Hence, the potentials in the adaptation of the
RDM to be applied in SPD remains unexplored. The purpose of this paper was to explore how efforts
based on the RDM may better contribute to sustainability and, more specifically, to SPD.
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Within the RDM literature, the understanding of variation is crucial, where uncontrollable noise factors
may cause a product characteristic to deviate from its specified target, and therefore create variation
among units of the same product (Phadke, 1989). The categorization of noise factors has developed over
the years to reflect that outer disturbances are not limited to a single user of a product (Taguchi and Wu,
1979). Therefore, it was consistent in defining quality loss as losses to society. However, the consequent
categorization of the same have become narrower in scope (Clausing, 1994, Davis, 2006). Further,
although the need to apply the RDM early in the product design stage, proactively, has been raised in
the past (Kackar, 1989, Taguchi and Clausing, 1990), evidence from cases show that this is lacking in
organizations (Thornton et al., 2000). This shortfall may be found in previous research on RDM that
focused on tools such as DoE, while neglecting the practices and the question of when to apply the tools
(Arvidsson and Gremyr, 2008, Hasenkamp et al., 2009).

On the subject of SPD, much focus has been aimed at the inclusion of environmental requirements into
existing tools, such as QFD (Masui et al., 2003). It has been argued that there are three key factors for
adopting environmentally conscious designs; early integration of environmental aspects, adopting a life
cycle approach, and a multi-criteria approach (Bovea and Pérez-Belis, 2012). Eco-design (Knight and
Jenkins, 2009) and DfE (Fiksel, 2011) are two common approaches applied in product design stages to
facilitate SPD; the life cycle perspective is considered pertinent to their adoption (Klopffer, 1997, Knight
and Jenkins, 2009). Five DfE strategies have been identified in research for each life cycle stage; raw
material use optimization, clean manufacturing, efficient distribution, clean product use/operation, and
end-of-life optimization (Choi et al., 2008).

This paper is based on a literature study of previous cases of RDM in a manufacturing setting. A total
of seven cases were used for the review. The summarized overview of the cases are presented in table
6.

Table 6: Summarized overview of the case studies

Life cycle
o _ Reported c_)utcomes as_ stage where
Source Problem description Response variables | described in case studies
RDM tools
were applied
Ben-Gal et Minimize the emission of air pollutants Emission of air Stacks that emit regulated Design stage
al. (2008) of a factory stack pollutant level of air pollutant
Cetin et al. Reduce surface roughness, and cutting Surface roughness, Optimal conditions of cutting | Process design
(2011) and feed forces in turning process cutting and feed forces | parameters
Carrell et al. Simplify disassembly by engineering a Shortest time for Minimal time for Process design
(2011) snap-fit disassembly disassembly
Fratila & Optimize cutting parameters for good Surface roughness and | Optimum cutting conditions Process design
Caizar (2011) | surface roughness and minimum power cutting power
consumption
Hanafi et al. Optimize cutting parameters for Surface roughness and | Optimal conditions of cutting | Process design
(2012) minimum power consumption and good cutting power parameters
surface quality
Besseris Minimize environmental quality Values of indicators Minimum values for the Process design
(2012) indicators in milk wastewater treatment quality indicators
Camposeco- Optimize cutting parameters for Power and energy Significant factor for Process design
Negrete minimum energy consumption consumption minimized consumption
(2013)

Practices and tools for upstream efforts are needed both in RDM and SPD. By including a sustainability
indicator as a response, environmental impacts of a design can be highlighted. The adaptation of
standard tools such as DoE to focus on the application of multiple responses, one being an eco-indicator,
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was suggested. Two adaptation areas of the RDM were suggested for further research. First, as RDM
has the potential to contribute to all life cycle stages, it is important to have a broader view of the noise
factors and more focus is needed on the early development stages, where the application of conceptual
and qualitative tools is required. Second, there is a need to adapt existing RDM tools to include
environmental requirements explicitly. The adapted RDM will fulfill the key criteria for the eco-design
tools, namely an early integration of environmental aspects in the development processes, adopting a
life cycle approach, and a multi-criteria approach.

This paper contributes, conceptually, to a deeper understanding of how RDM can be adapted to
minimizing or eliminating environmental impacts in the design of products and processes. In order to
fully exploit the potentials of QM, in general, and RDM, in specific, in supporting sustainability,
adaptations such as broadening the view of customer focus and adopting life cycle approach are
necessary.

4.5 Paper V — A life cycle approach to Robust Design Methodology

The concept of quality loss used as the loss a product imparts to the society, is indicative of product
failures during the use stage and end-of-life strategies concerning product disposal. In order to design
robust products, it is important to explore and identify failures that occur during product use. One way
to accomplish this is by using the back-end data of product development, namely production data as
well as claims data from customers that contains information regarding failures of products. The
conditions related to or causing failures are, at times, referred to as noise factors. Analysis of claims data
presents an opportunity to understand types of failure and the conditions in which the failures occurred.
Hence, the opportunities to improve the design stage of the product development.

Concerning efforts on SPD, a life cycle approach is often adopted. The life cycle stages of a product are
commonly categorized as extraction of raw material, manufacturing, distribution, use, and end-of-life.
Customer claims data analysis can potentially identify failure modes that can be related to one or more
stages of product life cycle. Hence, the noise factors related to the causes of failure could also be linked
to one or more life cycle stages. The purpose of this paper is to propose a new practice of RDM by
adopting a life cycle approach to noise factor identification.

This study is based on the analysis of claims data at Component. Interviews were conducted, and claims
data were analyzed using Exploratory Data Analysis (EDA). The proposed practice is visualized in
Figure 1.

3. Identify noise

1. Do EDA for the factors that may
back-end data cause those failures
2. Classify the 4. Feedback to
failures into which product
stage of life cycle development on
they occur noise factors to

consider

Figure 1: Proposed RDM practice for noise factor identification
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In this paper, RDM has been applied to various product life cycle stages through the analysis of the
claims data. The back-end data is a critical, yet untapped, source of information regarding the way
products are used, and the conditions in which products fail; hence, a source of various noise factors
across product life cycle stages. The paper proposed a new practice of RDM by adopting a life cycle
approach to noise factor identification. The life cycle approach has two implications: it expands the
focus of RDM to include all stages of a product instead of being limited to the product development
process, and creates opportunities to identify contributions to stakeholders beyond a single customer.
Focusing on the whole life cycle could capture long-term effects, for example, on the environment.
Therefore, adopting the life cycle approach points to how RDM can be supportive of SPD. This paper
specifically highlights the adaptations of RDM in the proposal of a new practice, which is an example
of how QM can be supportive of SPD.

4.6 Common themes

Based on a general analysis of the appended papers, a set of common themes that emerged are described
in this section. The common themes are categorized into two areas. One is the adaptations of QM
practices and tools in order to support environmental sustainability in organizations, specifically in
product development. The second is the adaptations of RDM practices and tools to facilitate SPD. Table
7 contains the summaries of the findings of the appended papers.

Table 7: Summaries of findings of appended papers

Paper Summary of findings

I: Literature In order to enhance the support of QM toward sustainable development, three findings are relevant.

review 1) Adaptations of current QM principles, practices and tools, 2) Expanding the view of customer
focus to include various stakeholders, and 3) The need for new practices beyond the implementation
of IMS.

I1: Quality & Co-organization of competences in the areas of quality and environmental care allows sharing and

Environment adapting of QM practices and tools to contribute towards SPD.

I11: Challenges The SPD challenges differ according to the approaches adopted with regards to the type of products

in SPD manufactured in two varying industries.

IV: RDM - SPD | Adaptations of RDM is required in order to fulfill the key criteria for the eco-design tools, namely an
early integration of environmental aspects in the development processes, adopting a life cycle
approach and a multi-criteria approach.

V: Life cycle - A new practice of RDM is proposed, which is adopting of life-cycle approach to noise factor

Noise factor identification, which expands the focus of RDM to include all stages of a product’s life, and creates
opportunities to identify contributions to stakeholders beyond a single customer.

4.6.1 Adaptations of Quality Management practices and tools

Previous studies in the area of QM supporting sustainability are focused on management systems such
as QMS and EMS. Various studies discuss the benefits of an IMS for reasons such as reducing
redundancies in procedures and workflows, and decreased implementation times (Karapetrovic, 2002,
Karapetrovic and Casadesus, 2009). However, the environmental sustainability potential of QM is not
limited to IMS. The management standards that make up the 1ISO 9000 management system are one
aspect of QM, whereas its principles, practices, and tools make up another aspect left to be explored.
The QM principles, such as customer focus and continuous improvement, have been previously linked
to environmental sustainability (Borri and Boccaletti, 1995, Curkovic et al., 2000). However, the
linkages were related to the implementation of an EMS (Borri and Boccaletti, 1995), environmentally
responsible manufacturing (ERM) (Curkovic et al., 2000), and general concepts such as sustainability
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management (Kuei and Lu, 2013) and environmental performance (King and Lenox, 2001, Bergenwall
et al., 2012). Concerning QM tools, a number of studies have discussed QFD as a suitable tool for the
integration of environmental requirements in the product development (Zhou and Schoenung, 2003,
Sakao, 2004). However, the discussion focused on the applications of QM practices and tools as they
are, whereas research on the adaptations of current practices and tools are scarce.

Theme 1: Customer focus principle of QM: Expanding the view of customer focus to include various
stakeholders

The original view of customer focus as a QM principle points to understanding customer requirements
and needs, explicit and implicit, in the early stages of product development in order to market
satisfactory products (Bergman and Klefsjo, 2010). In current times, manufacturers are responsible for
their products not only in the eyes of the end-users, but also to various other stakeholders, such as
dealers, suppliers, policymakers, non-governmental organizations, and the society in which the
organizations exist (Delmas and Toffel, 2004). Hence, the view of customer focus needs to be expanded,
which includes the environmental requirements. One example is in the case of Auto, where the product
development team included the approved raw material list during the selection of suppliers in the design
stage. By doing so, they expanded the view of customer focus to include suppliers, and therefore ensure
that only selected and approved raw materials are purchased.

Theme 2: Adaptations of QM practices: Co-organization of competences in product development to
share QM practices

Environmental requirements of a product need to be considered at par with the quality, cost, and time
requirements in the product development (Baumann et al., 2002, Bhamra, 2004). The integration of
environmental requirements in product development becomes problematic when they are viewed upon
as an add-on (Azapagic et al., 2006). One way to address this is to integrate requirements through sharing
of existing practices. Boks (2006) identified practices such as adopting strong customer focus, and
educating and training of product development team members on the environmental requirements of
products as necessary for the successful integration. The action of the manager at Auto to co-organize
the various competences as one product development team thus created the platform for sharing of
existing practices, as exemplified in paper Il. For example, practices such as creating a focus group in
order to understand customer needs and wants could very well be applied for the environmental
requirements of products. Conducting regular surveys with product dealers regarding the product quality
and services, and with suppliers regarding the cost and delivery time, could also be useful. Quality and
environmental specialists in the product development team, through sharing of practices, can find a
common ground where knowledge could be exchanged, and communication could be enhanced between
team members (Griffin and Hauser, 1996).

Theme 3: Adaptations of QM tools: FMEA for the integration of environmental requirements

There are a number of QM tools that have been applied to address the environmental requirements of
products, such as QFD (Masui et al., 2003, Sakao, 2004), the Taguchi method (Ben-Gal et al., 2008),
and FMEA (Bovea and Pérez-Belis, 2012). FMEA adaptations was one way of utilizing the QM tool to
integrate environmental requirements in the product development, in addition to providing a platform
for the co-organized team members to share a common tool, as found in paper Il. Similar to sharing of
practices, the sharing of the QM tool also allows for exchange of knowledge and increased
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communication. Therefore, the barriers of integration (Griffin and Hauser, 1996) among team members
are addressed.

4.6.2 Adaptations of Robust Design Methodology practices and tools

Papers IV and V show that an existing methodology, such as RDM, contributes to SPD, but with
necessary adaptations. In previous studies, the application of DoE and the Taguchi method have helped
reduce environmental impacts of products (Ben-Gal et al., 2008, Carrell et al., 2011, Cetin et al., 2011,
Fratila and Caizar, 2011, Besseris, 2012, Hanafi et al., 2012, Camposeco-Negrete, 2013). This was
shown by adding environmental indicators as response variables in experiments where the impacts to
the environment could be controlled or minimized. However, these studies lack an explicit connection
between the fundamentals of RDM and its contribution toward environmental sustainability; hence, the
lack of discussion regarding the adaptations of current applications. Going back to the fundamentals of
RDM that point to awareness of variation (Arvidsson and Gremyr, 2008), and the concept of quality
loss (Taguchi, 1986), the potential for contributing to sustainability is yet to be explored.

Theme 4: Adaptations of the fundamentals of RDM: Expanding the concept of quality loss to include
environmental impacts

There are unexplored potentials to be realized if necessary adaptations are applied to existing RDM
practices and tools. The example of the quality loss concept is an evident argument, where the impact
of a product is not limited to a single user, but includes societal aspects such as impacts on the
environment (Taguchi, 1986). In the case of the noise factors that cause unwanted manufacturing or use
variation, the experience is not limited to the next process or a customer. Because the disturbances
caused by noise factors may pose a harmful effect on the environment, the application of RDM practices
and tools in daily operations should accommodate them. Awareness of variation is a fundamental
principle of RDM (Arvidsson and Gremyr, 2008), where engineers and designers are able to estimate
the design parameters based on assumptions made on known and unknown noise factors (Johansson et
al., 2006).

These assumptions should be made based on the awareness of variation which may cause environmental
damages in addition to quality related inconveniences to the users. The expansion of the quality loss to
include environmental impacts to more than a single customer also allows the adoption of a life cycle
approach, owing to the examination of end-of-life options, for example. Paper IV indicates that further
adaptations of RDM tools such as Taguchi method and DoE is required in order to realize its potential
as an eco-design tool. RDM, through adaptations, can be utilized to fulfill the key factors of an eco-
design tool, namely early integration of environmental requirements, adopting a multi-criteria and a life
cycle approach (Bovea and Pérez-Belis, 2012).

Theme 5: Adaptations of RDM practices: Adoption of lifecycle approach in noise factor identification

The identification of various noise factors remains a challenge in the application of RDM (Johansson et
al., 2006, Johannesson et al., 2013). In paper V, a new practice was proposed for their identification by
adopting a life cycle approach, which involves analysis of customer claims data. In doing so, the
application of RDM is expanded beyond early stages of product design to include all life cycle stages,
namely raw material, manufacturing, distribution, use, and end-of-life (Choi et al., 2008). Noise factors
are not limited to design and manufacturing stages, but exist in all stages of product life cycle. Through
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the adoption of a life cycle approach, the identification of noise factors in all stages of product life cycle
becomes possible. The analysis of claims data was intentionally used for the identification of possible
failure causes and the life cycle stages it may have occurred. The connection of the life cycle stages to
the probable noise factors creates an extended application of RDM, while possibly contributing to SPD.
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5 DISCUSSION

This chapter elaborates on the discussion of the studies conducted in this thesis based on the purpose to
explore and identify the adaptations of QM practices and tools to better support environmental
sustainability. A specific focus of this thesis is given to the integration of environmental requirements
in product development, and to the adaptations of RDM, as one QM methodology. The discussion is
further sectionalized according to the four research gquestions.

There are two approaches to SPD which were found relevant to the studies in this thesis. One approach
to SPD is the implementation of concepts such as DfE (Bras, 1997, Sarkis, 1998, Sun et al., 2003,
Hauschild et al., 2004, Kurk and Eagan, 2008), eco-design (Bhamra, 2004, Griese et al., 2005, Luttropp
and Lagerstedt, 2006), and tools such as LCA (Baumann and Tillman, 2004, Pujari, 2006). The other is
the integration of environmental requirements in existing management approaches and methodologies
(Angell and Klassen, 1999, Kaebernick et al., 2003, Masui et al., 2003, Berchicci and Bodewes, 2005,
Kleindorfer et al., 2005, Sakao, 2009). However, in both these SPD approaches, the challenge remains
to integrate environmental requirements in product development. Many studies have pointed to the
challenging effort of integrating environmental requirements in product development (Kuo et al., 2001,
Lindahl, 2006, Vinodh and Rathod, 2010, Bovea and Pérez-Belis, 2012). Some of the main challenges
are attributed to the absence of integration strategies in organizations, and the obstacles found in existing
integration strategies (Sroufe et al., 2000, Choi et al., 2008, Knight and Jenkins, 2009, Dangelico and
Pujari, 2010, Pigosso et al., 2013). The obstacles are often related to organizational issues such as the
lack of cooperation between product development team members and departments, lack of
communication, and lack of knowledge sharing within the team (Ritzén and Beskow, 2001, Johansson
et al., 2007, Short et al., 2012, Lopes Silva et al., 2013, Brones et al., 2014, Hatcher et al., 2014,
Hartmann and Germain, 2015).

The potentials of QM could be materialized by taking advantage of the synergies that exist between QM
and sustainable development. These synergies have been discussed based on four main themes in paper
I, including the integration of management systems such as QMS and EMS. An IMS is argued as means
to achieve internal organizational efficiency (Klefsjo et al., 2008) through reduced redundancy in the
workflows and procedures of audits, for example. The second theme discusses the basic principles of
QM such as customer focus, continuous improvement, and employee involvement, and its contribution
to environmental sustainability in terms of product development (Sarkis, 2001, Johansson, 2002) and
pollution prevention (Hart, 1995, Wilkinson et al., 2001, Calia et al., 2009). Additionally, the existing
QM initiatives in organizations, such as Total Quality Management (TQM) practices, were viewed upon
as the foundation for the implementation of EMS (Garvare and Isaksson, 2001, Mcadam and Leonard,
2003).

The third theme discussed was specific to environmental sustainability in terms of product development
(Theyel, 2000, Rusinko, 2005). QM practices and tools are suitable for the integration of environmental
requirements through understanding customers and stakeholders’ requirements in the development and
manufacturing of products, which is aligned with the findings in the case study at Auto (Klassen and
Mclaughlin, 1993, Angell and Klassen, 1999, Ahmed, 2001). Further, QM practices and tools such as
(D)FMEA and CTQ, could be adapted in order to address environmental requirements as shown in the
cross-case analysis of Auto and Electric (Bovea and Pérez-Belis, 2012). The third theme is also found
applicable in the exemplification of the other approach to SPD, namely the implementation of DfE tools
(Kaebernick et al., 2003, Berchicci and Bodewes, 2005). The exemplification is found in the case of
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Electric, where QM practices and tools, such as CTQ’s and DFMEA, are adequately used to integrate
environmental requirements in product development.

Theme four discusses the stakeholder perspective in terms of broadening the narrow view of customer
focus of QM (Garvare and Isaksson, 2001, Klefsjo et al., 2008). Klefsjo et al. (2008) stated that, by
enlarging focus from customers to the wider concepts of stakeholders and interested parties, much of
the QM theory should still be applicable, although modifications might be necessary (p. 125). The
broadening of the customer focus view is addressed in the conceptual study where adaptations to RDM,
as one methodology in the QM area, have been suggested to better support SPD. The untapped potentials
of RDM inits contribution to SPD could be materialized by returning to the original definition of quality
loss (Taguchi, 1986), where losses include harmful side effects caused by products to the environment
or the society. In order to do so, it is germane to adopt a life cycle approach when applying the practices
and tools of RDM to realize the contribution to SPD (Van Weenen, 1995, Klopffer, 2003, Baumann and
Tillman, 2004). The adoption of life cycle approach in the noise factor identification has been proposed
as one adaptation of RDM practices to support SPD, as exemplified in the case of Component. Further
adaptations include tools such as Taguchi method and DoE, where it is viable to include environmental
requirements as indicators to control or reduce the impacts to the environment, as shown in the cases
reviewed in paper 1V (Ben-Gal et al., 2008, Carrell et al., 2011, Cetin et al., 2011, Fratila and Caizar,
2011, Besseris, 2012, Hanafi et al., 2012, Camposeco-Negrete, 2013). The adaptations of RDM tools
were suggested based on a critical review of these cases, where the environmental impacts were
controlled using Taguchi method or DoE specific to a single process or product. The same tools could
be adapted to include a number of environmental indicators, for example CO, emissions, in order to
apply them as DfE or eco-design tools.

In the case of Auto, the integration of environmental requirements in product development was
identified by addressing them jointly with quality. The case of Auto exemplifies the integration strategy
identified as “organization structures” (Becker and Zirpoli, 2003), and “co-location” (Griffin and
Hauser, 1996). Becker and Zirpoli (2003) referred to the example of multifunctional teams in product
development for the “organization structures” integration strategy. Griffin and Hauser (1996), on the
other hand, referred to the example of relocation of personnel in product development for the “co-
location” integration mechanism. The co-organization of the environmental and quality specialists as
product development team members reporting to one manager, as practiced at Auto, fits with the
description of “organization structures” strategy and “co-location” mechanism. In doing so, some of the
challenges of the integration of environmental requirements in product development are addressed
(Sroufe et al., 2000). Further, the challenges related to organizational issues such as the control of
information flow and management of resources within the product development team (Dangelico and
Pujari, 2010) are also addressed. The co-organization of the specialists is found to increase
communication and cooperation between team members (Johansson et al., 2007, Lopes Silva et al.,
2013, Pigosso et al., 2013). The co-organization effort in the product development also allows for the
sharing of QM practices and tools among the specialists, such as FMEA, in supporting SPD through
integration of environmental tools and requirements in product development (Kuo et al., 2001, Lindahl,
2006, Vinodh and Rathod, 2010, Bovea and Pérez-Belis, 2012).

The challenges in SPD as described in the comparative case study were further categorized based on the
SPD approaches adopted by the organizations. QM practices and tools were found useful in the two
approaches to SPD as exemplified by Auto and Electric. It was found that QM practices and tools were
applied for the integration of environmental requirements in both cases. However, the challenges faced
by the organizations are no longer generic organizational issues as identified in the current literature
(Ritzén and Beskow, 2001, Johansson et al., 2007, Lopes Silva et al., 2013). The comparative study
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showed how challenges differ according to the SPD approaches adopted based on further
contextualization such as the type of products manufactured. Deeper understanding regarding the
contribution of QM to environmental sustainability could be gained when research is focused on specific
SPD adoption at organizations, where QM practices and tools could be adapted according to the
approach. In terms of the product context, the required adaptations of QM practices and tools to support
environmental sustainability may differ according to the regulations imposed on the products and the
awareness of customers, even in industries which are considered mature with regards to environmental
sustainability.

5.1 RQ1: How can Quality Management contribute to environmental sustainability?

Over the years, various studies have been conducted in order to establish the potential synergies between
QM and sustainable development (Hart, 1995, Garvare and Isaksson, 2001, McAdam and Leonard,
2003, Corbett and Klassen, 2006). The synergies are especially established in the manufacturing
industries in the implementation of management systems and in the design and development of products.
The use of QM as an approach suitable for the integration of environmental requirements in product
development has been argued by many (Klassen and McLaughlin, 1993, Angell and Klassen, 1999,
Sarkis, 2001, Johansson, 2002, Calia et al., 2009, Lopes Silva et al., 2013). The literature review of
paper | resulted in the identification of four themes where QM is found supportive of sustainable
development. One of the themes was described as QM supportive of the integration of sustainability
considerations in daily work. This theme was generated based on the reviews of previous research on
studies pointing toward the use of QM practices and tools which are supportive of SPD (Sakao, 2004,
Besseris, 2012), focused on addressing the environmental requirements of products in the product
development. Research on the topic of SPD mainly concerns environmental requirements of products.
Therefore, the phrase “sustainability considerations” as used in the description of the theme could be
replaced with “environmental requirements”.

The literature review also identifies two themes concerning the support of QM for EMS. One theme
discusses the integration of management systems such as QMS and EMS, where an IMS is argued as
more efficient in terms of execution through reduction of redundant work concerning the maintenance
of one management system instead of two (Karapetrovic, 2002, Karapetrovic and Casadesus, 2009). The
other theme discusses the support of QM in the implementation of EMS in organizations, where QM
principles, practices and tools are argued to be the foundations for the introduction of environmental
management programs (Klassen and McLaughlin, 1993, Giancarlo, 2005, Wiengarten and Pagell, 2012).
These two themes are made up of a majority of the literature reviewed, which indicates that a large
number of previous studies have been focused on the synergies between QM and the EMS. However,
the scope of this thesis is limited to product development, and therefore the investigation of the EMS is
not relevant in addressing the purpose.

The final theme generated from the literature review is the support of QM in stakeholder management
based on the customer focus principle of QM (Garvare and Isaksson, 2001, Klefsjo et al., 2008). In
previous research under this theme, it was argued that by expanding the narrow view of customer focus
from a single customer to encompass other stakeholders, QM can be supportive of sustainable
development. Expanding the view of customer focus is also identified in the conceptual study of paper
IV, where the definition of quality loss (Taguchi, 1986) was discussed. Within QM, focusing on
customers has invariably been a strong foothold for continuous improvement, where organizations strive
to understand existing and future customer needs and wants in order to improve the product offering
and its quality to increase customer satisfaction and loyalty. According to Taguchi (1986), in his
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argument for robust design to manage variations in product performance, products cause losses to
society after being shipped from the manufacturers. This prevalent definition of quality loss is found
aligned with the expansion of the customer focus view to include other stakeholders such as
policymakers, environmental bodies, and the society. When engineers and product designers begin
considering these stakeholders, the requirements of a product also expands to include environmental
requirements, for example, in addition to quality and other traditional product requirements, such as cost
and time to market.

The broadening of the customer focus view will not be effective if the supporting practices and tools are
not adapted to include environmental bodies and the society. The voice of customers is made explicit
through practices such as focus groups or administering customer satisfaction surveys; this voice should
then be accommodated. Similarly, the supportive tools such as QFD are also in need of adaptations to
be translated into product specifications and characteristics.

5.2 RQ2: How can product development be organized in order to exploit Quality
Management to integrate environmental requirements?

In paper I, the product development team at Auto was studied in the attempt to explore and analyze the
joint consideration of quality and environmental requirements in a product development setting.
Integration strategies and mechanisms were adapted from Becker and Zirpoli (2003) and Griffin and
Hauser (1996) in order to analyze the joint consideration of quality and environmental requirements at
Auto. The findings of the paper show that co-organization of the specialists from the areas of quality
and environment is one way to address the challenges of integration. Two strategies were found fitting
in the case of Auto. The co-organization of the product development team was identified as the
“organization structures” strategy as per Becker and Zirpoli (2003), and as the “co-location” mechanism
as identified by Griffin and Hauser (1996).

Based on the analysis of the interview data, it was found that co-organization of the specialists allows
for the application of shared practices and tools of QM. The product development team members operate
on a project basis and acquiesce to the requirements of the products and customers accordingly.
Therefore, the principle of customer focus comes into play, where adhering to customer requirements
in addition to other stakeholders such as the environmental regulators concerning the strict requirements
of the automotive industry, allows the team members to jointly address the requirements in relation to
quality and the environment. Auto is also driven by the organizational core values, namely quality,
environmental care and safety, where strategies concerning the core values are disseminated from top-
down by core value managers in each area. The FMEA is applied widely in the product development
activities at Auto. The environmental requirements are used as inputs in the FMEA in order to inculcate
them in the development of products.

In addressing RQ2, the findings of paper Il provide a few answers. The co-organization of specialists
within the product development team, namely in the areas of quality and environment is one way to
apply existing QM practices and tools to support the integration of environmental requirements in
product development. The findings in paper Il also direct practitioners in addressing a number of the
organizational challenges in relation to integration strategies such as lack of cooperation and
communication among team members.
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5.3 RQ3: What are the differences in the challenges when adopting the two different
sustainable product development approaches?

In paper 11, two cases of Auto and Electric were studied exemplifying the integration of environmental
requirements in existing methodologies and the implementation of DfE and LCA. The SPD challenges
as identified in current literature (Ritzén and Beskow, 2001, Johansson et al., 2007, Dangelico and
Pujari, 2010, Lopes Silva et al., 2013, Pigosso et al., 2013) were used to address this research question.
The current, and prevalent, SPD challenges are found to be generic strategic, managerial, and
organizational issues. There is a need to further categorize the SPD challenges according to contexts,
namely the type of products.

The SPD challenges were found to differ according to the SPD approaches adopted by Auto and Electric.
The SPD approach of integrating environmental requirements in existing methodologies, as in the case
of Auto, presented challenges which are specific to SPD methodologies and DfE tools, whereas, the
approach of implementing DfE and LCA, as in the case of Electric, presented challenges related to
strategic, organizational, and managerial issues. These differences were attributed to the type of
products, although both organizations belonged to industries which are considered mature in terms of
environmental sustainability.

5.4 RQ4: How can Robust Design Methodology contribute to sustainable product
development?

In the area of RDM, to understand the losses caused by a product to the society, there is a need to adapt
or create new practices that extends beyond the traditional design stage of products. RDM is found to
be applicable in all stages of a product life cycle, as exemplified in paper V. In the case of Component,
the customer claims dataset was utilized to create a new practice to identify noise factors in various life
cycle stages of the product. This practice is an example of how the elements of RDM, such as noise
factor identification, and the elements of SPD, such as adopting a life cycle approach, could be combined
to explore the potentials of QM to support environmental sustainability. The outcome is twofold. The
application of RDM is adapted and extended to enable its contribution to SPD, and the product life cycle
perspective is usefully applied for the required adaptations of the practice of noise factor identification.

The analysis of published case studies where the Taguchi method and DoE have been applied to improve
the environmental impacts of products and processes indicate that RDM practices and tools contribute
to SPD. Further, the needed adaptations of RDM practices and tools have been identified in order to
strengthen the usefulness of RDM in facilitating SPD. A new practice of RDM has been proposed in
paper V where a life cycle perspective was adopted in the noise factor identification.
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6 CONCLUSION

The purpose of this thesis is to explore and identify the adaptations of QM practices and tools to better
support environmental sustainability. A specific focus was given to the integration of environmental
requirements in product development, and to the adaptations of RDM, as one QM methodology. The
findings of this thesis are based on five studies consisting of a literature review, a conceptual study, and
three case studies. These studies have provided the answers to the four research questions formulated
pertaining to the purpose of this thesis.

Previous research was categorized under four themes where QM is found contributing to environmental
sustainability. However, adaptations to existing QM practices and tools were found necessary in order
to utilize the full potential of QM in the support toward environmental sustainability. The adaptations
included joint consideration of quality and environmental requirements in a product development
setting, where the competence specialists were co-organized as a team and QM practices and tools were
shared to achieve the integration of environmental requirements in product development. In doing so, a
number of current SPD challenges were also addressed, such as the lack of communication and co-
operation among team members, and the lack of knowledge sharing. The adaptations of QM practices
and tools were shown to apply in both the SPD approaches identified in literature, namely the integration
of environmental requirements into existing methodologies, and the implementation of DfE and LCA.
However, it was found that the SPD challenges may differ based on the approaches adopted with regards
to the type of product due to the extent of the environmental regulations imposed and the level of
environmental awareness of customers. The adaptations of RDM in order to further support SPD was
identified in the broadening of the customer focus view from a single user to the society in general.
Therefore, there is a need to adopt a life cycle approach in the application of RDM such as noise factor
identification. Further, tools such as DoE and Taguchi method could be further adapted by focusing on
multiple responses, one being the environmental requirements.

The conclusion of this thesis hereby points to two main areas. The first is that the adaptations of QM
practices and tools, for example sharing of tools such as FMEA in a co-organized product development
competences of quality and environmental care, are useful in addressing a number of the organizational
barriers contributing to the lack of integration of environmental requirements in product development.
The second area points to the needed adaptations of RDM practices and tools in order to facilitate SPD.
The contribution, in doing so, included expansion of the current applications of RDM by adopting a life
cycle approach to noise factor identification, and an addition to the list of DfE tools supporting SPD.
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7 FUTURE DIRECTIONS

The contribution of QM to environmental sustainability has been highlighted in the past decade.
However, various contributions were highlighted conceptually, with most studies pointing toward a
single application of the standard tool, as is, on a specific product. Further, the connection between such
an application and the way the product development is organized, for example, is not explored. Another
example is the application of multiple QM tools such as QFD, FMEA, RDM, and SPC for the integration
of environmental requirements within a single setting of an organization and a variety of products and
processes. Generally, there is a lack of empirical investigations into the application of QM principles,
practices and tools and its contribution to environmental sustainability. There is also a need to further
explore the stakeholder perspective on the adaptations of customer focus view to include more than a
single user through empirical studies. Regarding the implementations of EMS and IMS, future research
should be more focused on establishing links to business processes and the impact on business
performance. At the current state, studies on EMS are mainly conceptual. In order to further understand
the impact of an integrated system, more studies are required focusing on the links and impacts of such
systems on process and product levels.

The integration of environmental requirements in product development is needed at all levels of
organizations. Previous research focused on establishing environmental sustainability strategies in
relation to organizational performances and financial outcome. However, in order to address the
operational challenges downstream, there is a need to further study the dissemination of environmental
strategies. For example, empirical investigations on the translation of environmental strategies to
product requirements at product development, and process requirements at manufacturing are required.
Further, the focus of this thesis has been partly on RDM and at the product development level, whereas
environmental requirements play an important role at downstream processes as well. In addition, it will
also be useful to further explore other strategies that could be applied in the integration of environmental
requirements in product development and manufacturing. This will address various challenges that
accompany integration efforts at the operational levels.

In the application of RDM, the contribution to SPD could be further enhanced by exploring the multi-
criteria approach where environmental requirements are used along with traditional requirements, such
as product functional and engineering parameters. Previous research in this area is not extensive, and
only focuses on reducing the environmental impacts of selected products or processes. The multi-criteria
approach is also useful in understanding the necessary trade-offs that could be made between
environmental and traditional requirements. For example, for an optimal outcome of a product or
process, various parameters are controlled based on a high or low levels. These experiments could be
useful in understanding the effects one parameter has on the other, where opportunities to identify trade-
offs are available in addition to further exploration on controlling the impacts on the environment. The
life cycle perspective is a critical area that needs further exploration, not only in research within SPD,
but also in the area of research on the contribution of QM practices and tools. Traditionally, QM
practices and tools are applied specifically to single processes or stages of products, for example design
or manufacturing. In order to further exploit the effect of a process downstream, it is important to adopt
the life cycle perspective on the application of these practices and tools.
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