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Product development companies’ attention to sus-
tainability is growing fast. However, contributing to 
sustainable development requires capabilities for 
navigating the complex needs and dependencies 
within the socioecological system. A correct inter-
pretation of needs is essential in product develop-
ment, as the requirements that those are trans-
formed into represent the shared understanding of 
the design problem that is to be solved. Ideally, the 
design problem is defined from a sustainability per-
spective with requirements that ensure that the 
solution does contribute to sustainable develop-
ment. Nonetheless, in practice companies find it 
challenging to integrate sustainability into require-
ments. Socioecological criteria therefore tend to 
be down-prioritized in trade-offs with traditionally 
identified requirements for engineering design.

This thesis asks the following question: “In which 
ways can decision-making practices for requirements 
development and management support sustainable 
product development?” and aims to provide deeper 
knowledge to academia and support product de-
velopment companies that wish to advance their 
contribution to sustainable development. A mainly 
qualitative research design using exploratory, de-
scriptive, and prescriptive studies clarifies the re-
search gap, as well as proposes and evaluates novel 
approaches to improve the state of knowledge and 
practice. These research studies are represented 
by the seven publications within this thesis. The 
first was a systematic literature review on current 
methods and tools for sustainability integration 
into requirements. Thereafter followed a multi-
ple-case study with semi-structured interviews 
with seven Swedish product development compa-
nies. A model of five key elements of sustainability 
integration in requirements corresponding to dif-
ferent sustainability maturity levels was proposed, 
which in a third, focus group case study with four 

companies, was developed into, and tested as, a 
self-assessment tool. The results were discussed 
in relation to theory on requirements engineer-
ing and sustainability design criteria, which em-
phasized that companies lack capabilities to con-
textualize requirements development using wider 
sustainability- and systems perspectives. Deci-
sion-makers responsible for requirements weight-
ing need to anchor sustainability as a value driver 
which requires transparency and traceability in 
decision-support. A fourth study therefore ex-
plored sustainability integration in value modelling 
for concept selection, and a fifth study proposed 
an approach to guide development of sustainabil-
ity criteria following requirement characteristics. 
The sixth study proposed an approach to inform 
requirement analysis through improved systems 
contextualization, transparency, and shared un-
derstanding of sustainability in relation to other 
design objectives. Finally, the seventh study pro-
vided an outlook and initial discussion to guide the 
identification of value drivers on a macro-level in 
society which could leverage an increased uptake 
of sustainability-oriented requirements in product 
development

Altogether this thesis provides insights and sup-
port, including methods, tools, and good exam-
ples, on how to build practices for making progress 
towards sustainable product development through 
the lens of requirements. The findings can be used 
in practice, for education of future engineers and 
decision-makers, and for continued research.
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ABSTRACT 
Product development companies’ attention to sustainability is growing 
fast. However, contributing to sustainable development requires 
capabilities for navigating the complex needs and dependencies within 
the socioecological system. A correct interpretation of needs is essential 
in product development, as the requirements that those are transformed 
into represent the shared understanding of the design problem that is to 
be solved. Ideally, the design problem is defined from a sustainability 
perspective with requirements that ensure that the solution does 
contribute to sustainable development. Nonetheless, in practice 
companies find it challenging to integrate sustainability into 
requirements. Socioecological criteria therefore tend to be down-
prioritized in trade-offs with traditionally identified requirements for 
engineering design. 

This thesis asks the following question: “In which ways can decision-
making practices for requirements development and management support 
sustainable product development?” and aims to provide deeper 
knowledge to academia and support product development companies 
that wish to advance their contribution to sustainable development. A 
mainly qualitative research design using exploratory, descriptive, and 
prescriptive studies clarifies the research gap, as well as proposes and 
evaluates novel approaches to improve the state of knowledge and 
practice. These research studies are represented by the seven 
publications within this thesis. The first was a systematic literature review 
on current methods and tools for sustainability integration into 
requirements. Thereafter followed a multiple-case study with semi-
structured interviews with seven Swedish product development 
companies. A model of five key elements of sustainability integration in 
requirements corresponding to different sustainability maturity levels 
was proposed, which in a third, focus group case study with four 
companies, was developed into, and tested as, a self-assessment tool. 
The results were discussed in relation to theory on requirements 
engineering and sustainability design criteria, which emphasized that 
companies lack capabilities to contextualize requirements development 
using wider sustainability- and systems perspectives. Decision-makers 
responsible for requirements weighting need to anchor sustainability as a 
value driver which requires transparency and traceability in decision-
support. A fourth study therefore explored sustainability integration in 



iv 
 

value modelling for concept selection, and a fifth study proposed an 
approach to guide development of sustainability criteria following 
requirement characteristics. The sixth study proposed an approach to 
inform requirement analysis through improved systems 
contextualization, transparency, and shared understanding of 
sustainability in relation to other design objectives. Finally, the seventh 
study provided an outlook and initial discussion to guide the identification 
of value drivers on a macro-level in society which could leverage an 
increased uptake of sustainability-oriented requirements in product 
development 

Altogether this thesis provides insights and support, including methods, 
tools, and good examples, on how to build practices for making progress 
towards sustainable product development through the lens of 
requirements. The findings can be used in practice, for education of 
future engineers and decision-makers, and for continued research. 

Key words: Strategic sustainable development, sustainable product 
development, sustainability requirements, product design, requirements 
management, group model building, causal loop diagrams 
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1 INTRODUCTION: 

SUSTAINABILITY – THE REQUIREMENTS 

SPECIFICATION OF THE FUTURE 
One of the typical characteristics of humankind is our ability to modify 
the physical and social conditions to make them serve us different 
purposes (Steffen et al., 2015). To invent, design, and manufacture 
physical artefacts has allowed us to advance our living conditions and our 
culture. Some inventions may have come out of fortuity or coincidence 
while the many are results of efforts to improve a situation through a well 
thought-out design intervention (Hornborg, 2017). On an abstract level, 
design can be described as utilization and combination of the desirable 
characteristics of resources to address specific human needs, in the shape 
of a solution that could not have come to existence without the work of 
the human mind and hands (Latour, 2006). The product of a design 
intervention, i.e., a design solution, is partly or entirely based on physical 
resources that have been purposefully combined, designed and 
manufactured into artefacts (Pries-Heje et al., 2008). As such, a design 
solution can be composed of different components, materials and 
services (Gaziulusoy & Erdogan, 2019). For instance, when a car leasing 
customer buys the intangible service of ‘use of a car’, it cannot be 
provided without at least one physical artefact, i.e., a car. Engineering 
design deals with the interfaces between all these design solution 
constituents, see e.g., (McMahon et al., 2021).  

For product developers who design and develop artefacts and services in 
industry, the beneficial consequence of design and manufacture of 
artefacts is that they generally provide higher value than the resources 
they are built from. The industrial revolution, through design and 
manufacturing of new artefacts, has therefore allowed an exponential 
growth of economic value. A consequence of this is that economies 
across the globe have been able to invest in societal development raising 
human living standards and empowering people with education and 
better opportunities to choose their own lives (Steffen et al., 2011). 
However, the economic growth is not evenly distributed, why more rapid 
societal development in some economies has been possible due to 
exploitation of other societies, and the environment (Stahel, 2016). A 
high business value of designing and manufacturing to in markets strong 
economies where people and environment are protected by strict laws 
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and regulations has been, and is currently, possible by taking advantage 
of societal conditions where people and environment are valued less 
(Barbiroli, 2011; Rockström et al., 2009). Socio-ecological sustainability 
efforts has by product development companies historically been 
associated with cost, rather than seen as the necessary condition for 
generating business value (de Jesus & Mendonça, 2018). Despite global 
initiatives such as Agenda 2030 (United Nations, 2015) , ‘Science Based 
Targets’ (Science Based Targets Network, 2020), policies and design 
methods available today fail to support companies in transitioning into 
sustainable development (Wilts & O’Brien, 2019). 

Product innovation, and in that product development, is the process 
which facilitates the design of new artefacts (Roozenburg & Eekels., 
1995) while generating business value. These new artefacts, from now on 
called products, can in turn be part of an intangible solution, a product 
service system, e.g., (Baines, 2013). To generate business value, design in 
product development must ensure that their stakeholder needs are 
captured and satisfied. Decisions about the design of a new product 
regard therefore in many ways understanding and balancing what 
different stakeholders, e.g., customers, users, company shareholders, 
suppliers, societies, to mention a few, want (Eckert, 2013). The art of 
capturing and analyzing needs from the system of stakeholders, and 
transforming these into verifiable requirements which ensure the highest 
value, is known as requirements development, e.g., (Hull et al., 2005). The 
requirements provide the lens of value-driving characteristics, e.g., 
functions, forms, features, through which a new design solution can be 
embodied through engineering and manufacturing (McMahon et al., 
2021).  

Historically, however, product developing organizations have not been 
required to understand and prioritize needs of the environment and 
society (Ceschin & Gaziulusoy, 2016). Company-external stakeholders 
that can represent such needs, such as authorities, political initiatives, 
and non-governmental organizations (NGOs), have gradually increased 
the pressure to reduce the negative consequences of product 
development and manufacturing. This pressure has triggered increased 
awareness and incremental sustainability performance improvements, 
but not in a high enough pace to accomplish a systemic change towards 
sustainable production and consumption. Business as usual is still the 
most profitable and convenient way of operating in product development 
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and manufacturing industry today (Ceschin & Gaziulusoy, 2016). 
Agreeing on a definition of what sustainability is, and perhaps more 
importantly, how product development can contribute, remains a 
challenge (Brones et al., 2020). Specifying the requirements for products 
to support sustainable development is therefore not an easy task 
(Lindahl, 2005; Nilsson et al., 2018). 

 AIMS, SCOPE AND RESEARCH QUESTIONS 
With a goal of contributing to sustainable development, the purpose of 
this thesis is to provide guidance on how to build practices for sustainable 
product development through the lens of requirements. The target 
groups are academia, product development companies, and higher 
education. The first aim is to give examples of current practices of 
sustainability integration in product requirements. The second aim is to 
provide support for realizing sustainable product development through 
practices, i.e., decision-making, analyses, routines, tools, for developing 
and managing product requirements.  

While acknowledging that product development and manufacturing take 
place across the globe in different industries, by companies of different 
sizes, and with different regulatory and marketing conditions, Sweden 
was chosen as the main scope for this research. Hence, most of the 
research objects, i.e., companies and students, are based in Sweden. 
However, all case companies have complex value chains that stretch 
across the globe and include various types of suppliers, partners, 
customers, and other stakeholders, and the students are trained for 
working in this context. To address the two aims within this scope, a main 
research question was formulated and further specified in two sub-
questions. 

RQ: In which ways can decision-making practices for requirements 
development- and management support sustainable product 
development? 

1. What are current practices of requirements development for 
sustainable product development? 

2. In which ways can requirements development practices for 
sustainable product development be guided from a systems and 
value perspective? 

In the thesis, these two sub-questions provided guidance in the design of 
the research approach, which is further described in chapter 3.   
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2 SUSTAINABLE DESIGN AND PRODUCT 

DEVELOPMENT: A BACKGROUND TO THE FIELDS 
Accepting sustainability as a science represents a major ontological shift 
in society. Subscribing to this worldview entails that we, the human 
society, accept that humanity is subject to the conditions provided by the 
Earth systems. We, as humans, also constitute a new geological force, an 
‘agent’ (Hornborg, 2017), that can manipulate the Earth systems into new 
states and behaviors (Steffen et al., 2004). Natural sciences let us know 
that human development since the industrial revolutions has put ‘us’ on a 
trajectory towards thresholds, i.e., ‘tipping points’, beyond which we no 
longer can predict what characteristics the Earth systems will have 
(Rockström et al., 2009). Hence, we are moving towards a state of 
uncertainty when we cannot take for granted that the Earth systems will 
continue to provide us with the ecological conditions which nurture 
human societies today.  

The social dimension of the Earth systems is inevitably interconnected 
with, and dependent on, the ecological dimension, see Figure 1. In the 
future there will be an environment, but it is not sure that we, the humans, 
can flourish in it. From a social perspective it is therefore valuable to 
ensure the functioning of the ecological dimension, as we cannot survive 
without it. Imbalanced societies not only cause threats to peoples’ right 
to their needs but also to ecological systems resilience (Korhonen & 
Seager, 2008). Such threats occur, for instance, in conflicts about access 
to natural resources, (Bennet et al., 2015), or from value creation and 
management of economic resources that is decoupled from the 
environment (Cernev & Fenner, 2020). Sustainability as a science is 
therefore about developing an understanding of the ecological and social 
domain of the Earth systems for the purpose of long-term societal value.  
Research on sustainability therefore spreads across all disciplines and is 
hence both multi- and transdisciplinary (Jerneck et al., 2010).  

Some sustainability researchers focus on developing a better 
understanding of the resilience capacity of the ecological systems 
(Jerneck et al., 2011). Estimations of the limits to which the systems can 
be pressured can provide us with indications of what type of impacts we 
must relieve the socio-ecological systems from, and to which extent. This 
research has generated a common understanding of global sustainability 
challenges, reflected in for instance Rockström et al.’s Planetary 
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Boundaries, in which information about the health of the ecological 
system connected to human activity is continuously updated and 
extrapolated into issues in the social systems that threaten our possibility 
for a ‘safe operating space for humanity’ (Rockström et al., 2009). 
Through the consequences of human engineering and manufacturing, 
even if well-intended, the balance of the Earth’s systems has been 
challenged (Steffen et al., 2011).  

 

Figure 1. Schematic illustration of the interconnections and dependencies within the Earth 
systems. ‘Environment’ represents the ecological system domain, including the biosphere 
and the hydrosphere. Arrows illustrate energy- and resource flows. Adapted from, e.g., 
(Graedel et al., 1994; Rockström et al., 2009). 

Several frameworks provide definitions of what sustainability is, and how 
paths towards such a state, i.e., sustainable development, could be. The 
most well-known and well-used definition of sustainable development is 
probably the one suggested in the Brundtland commission ‘Our Common 
Future’, i.e., “Sustainability is a development that meets the need of the 
current generation without compromising the opportunity of future 
generations to meet their needs” (Brundtland, 1987). Such definitions of 
sustainability and sustainable development provide a powerful vision, 
which is important from a design perspective, but limited in terms of 
decision support (Robèrt et al., 2002). The urgency of the global 
sustainability challenge requires radical changes in how human society 
operates, but the complex interdependencies of the socioecological 
system requires careful trade-off navigation to avoid unintended 
negative consequences (Hjorth & Bagheri, 2006). Rockström et al. (2009) 
describe this as ”Although the planetary boundaries are described in 
terms of individual quantities and separate processes, the boundaries are 
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tightly coupled. We do not have the luxury of concentrating our efforts on 
any one of them in isolation from the others. If one boundary is 
transgressed, then other boundaries are also under serious risk”. 
Therefore, continued development of solutions to solve problems in our 
societies need to adopt a systems perspective (Leach et al., 2012). This is 
needed so that product designers, engineers, architects, infrastructure 
planners and policy makers can be guided to make decisions that lead 
towards a sustainability transition with reduced risk for sub-optimizations 
(Cernev & Fenner, 2020; Fiksel, 2006). A conceptualization of 
sustainability and sustainable development can be found in Figure 3. 

 FRAMEWORK FOR STRATEGIC SUSTAINABLE 

DEVELOPMENT 
As implied by Rockström et. al, definitions and frameworks for 
sustainability and sustainable development might ambitiously describe 
goal scenarios of societal development capable of meeting the needs of 
both current and future generations, but which underlying conditions 
that can facilitate this development is however less well understood. The 
UN’s Global Sustainability Goals (SDGs), (United Nations, 2015), aim to 
provide operational support to decision-makers in policy and industry 
across the globe, by providing measurable targets and indicators that 
together shape a notion of what a sustainable scenario might be. The 
SDGs have been well-received and have generated many positive effects, 
but although it was not intended, there is a tendency to focus 0n separate 
SDGs in isolation, leading to a risk for sub-optimization (Cernev & Fenner, 
2020). SDGs targeted to business and industry have also been criticized 
for their focus on improved efficiency rather than a minimized use of 
resources and exploitation of human rights, see e.g., (Bengtsson et al., 
2018; Cernev & Fenner, 2020).  

The planetary boundaries constitute another important framework of 
indicators for the functioning of the ecological system on Earth which 
provides indication on the symptoms of ecological unsustainability that 
are most crucial to solve to maintain balance in the natural systems 
(Rockstrom et al., 2009). Among efforts to illustrate how human systems 
and ecological systems relate to, and depend on, each other are the 
Doughnut Economics (Raworth, 2017), and the ‘Wedding cake 
framework’ (Stockholm Resilience Center, 2016), see Figure 2.  Industry 
might hence benefit from an approach which guides the selection of 
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which SDGs, or other sustainability criteria, to work with, to ensure that 
their efforts contribute to a sustainable development (Norström et al., 
2014).  

 

Figure 2. The SDGs wedding cake (Stockholm Resilience Center, 2016). 

Even though the SDGs provide an idea of suitable actions to improve 
aspects of sustainable development, there is no one who knows or can 
decide the details of what sustainability could look like. Agreeing on 
detailed characteristics of a future sustainability scenario can be difficult 
for large groups with different values and preferences. A less exact 
scenario that can be defined with the conditions in which sustainability 
could take place is more suitable to guide sustainable development 
(Kemp & Never, 2017). Such conditions, or principles, can thus be 
understood as system boundaries, the design space, inside which we can 
explore solutions that ensure sustainable development (Ny et al., 2006). 
A principle-based, in contrast to scenario-based, sustainability definition 
defines sustainability as a system property which thus could appear in the 
shape of different scenarios (Holmberg & Robèrt, 2000).  

The Framework for Strategic Sustainable Development (FSSD) provides 
such a definition through eight basic sustainability principles (SPs), 
namely (Broman & Robèrt, 2017): 

In a sustainable society, nature is not subject to systematically increasing… 
SP1. … concentrations of substances extracted from the Earth's crust. 
E.g., extraction and emissions of fossil carbon and metals. 
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SP2. … concentrations of substances produced by society. E.g., creation 
and emissions of molecular compounds such as NOx and CFCs. 
SP3. … degradation by physical means. E.g., mismanagement, 
displacement, or other physical manipulations such as over-harvesting of 
forests and over-fishing. 

And in that society, people are not subject to structural obstacles to … 
SP4. … health. E.g., by dangerous working conditions. 
SP5. … influence. E.g., by suppression of free speech. 
SP6. … competence. E.g., by limited access to education or insufficient 
possibilities for personal development. 
SP7. … impartiality. E.g., by discrimination or unfair selection to job 
positions. 
SP8. … meaning making. E.g., by suppression of cultural expression. 

Structural obstacles are social constructions, e.g., political, economic, and 
cultural, which are firmly established and upheld by powerful people or 
institutions in society which are difficult to overcome or avoid for those who 
are exposed to them. 

However, currently, global society systematically operates in 
misalignment to these principles, which challenges the resilience of the 
Earth’s ecological systems. The FSSD describes this sustainability 
challenge with a funnel metaphor where global society currently is on a 
trajectory towards the funnel walls. The FSSD was developed to support 
organizations in taking leadership and strategic planning towards a 
sustainable future society inside the funnel walls, as defined by the eight 
SPs. The SPs are therefore useful for backcasting, which compared to 
traditional forecasting is more useful to guide radical systems innovation 
(Gaziulusoy & Erdogan, 2019) 

Using the funnel metaphor and the 8SPs, see Figure 3 and 4, the FSSD 
provides a 4-step operational procedure for strategic planning towards 
sustainability, the ABCD-process. The 8SPs guide the first and second 
step, where users define a vision of success (A) and review the current to 
find misalignments that must be addressed (B). The third step is about 
identifying creative solutions which could lead towards the vision (C), and 
the final step is about prioritizing and sorting between ideas, e.g., identify 
low-hanging fruits and more long-term goals, to define a strategic plan 
(D). A five-level model structures these components within the FSSD, and 
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guides organizations in identifying other tools and guidance to 
operationalize the strategic plan.  

 

Figure 3. Conceptual visualization of sustainable development and sustainability as a safe 
operating space, adapted from (Broman & Robért, 2017; Rockström et al., 2009). 

Within the five-level model, the 8SPs constitute the system level 
describing the operational conditions of a resilient society in balance with 
the Earths’ ecological constraints. The success level encourages 
organizations to articulate a vision that promotes and guides activities 
towards sustainability. The strategic guidelines level provides 
organizations with guidelines for approaching the vision with regards to, 
e.g., organizational type and economic viability. The actions level is 
constituted by actionable activities to realize the strategy, such as 
investments in training of employees, banning of certain substances or 
new supplier requirements. The tools level provides examples of tools and 
methods that might be needed for decision-making that secures the 
implementation of the intended actions.  

The backcasting approach shaped by the ABCD process, see Figure 4, has 
been used in various applications, such as municipal planning, sustainable 
product development, and for transport scenario analysis, see e.g., 
(Broman et al., 2017) From a strategic sustainable development 
perspective, using its five-level model as a lens, processes, and routines 
to specify product requirements can therefore be understood as tools 
which help operationalize an organization’s strategies and actions 
towards sustainability (Broman & Robért, 2017).  
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Figure 4. The ABCD process for strategic planning towards sustainability, inspired by 
(Broman & Robèrt, 2017) 

The history of industrial product design, development, and 
manufacturing, as well as current practice, shows that socio-ecological 
sustainability considerations fall short in favor of other design objectives 
that are assigned higher priority (Boks & Mcaloone, 2009). Whether the 
negative social and ecological consequences of product development will 
continue is thus determined by design decisions made by people 
(Bengtsson et al., 2018). 

 DESIGN FOR SUSTAINABILITY 
Over the years, we have seen several initiatives (both policy-driven and 
market-driven) to encourage company decision-making towards 
environmentally and socially conscious product development and 
manufacturing. Industrial ecology (Graedel, 1994), Cleaner Production 
(Jackson, 1993), Ecodesign (Brezet & Hemel, 1997) and Biomimicry 
(Benyus, 1997) represent initiatives and design strategies that since the 
1990’s has provided methods, tools and technologies to improve 
industrial and societal material and energy efficiency as well as having 
reduced the use of hazardous chemical substances that are dangerous to 
humans and the environment. Ecodesign emphasizes lifecycle thinking 
and offers product designers, developers and manufacturers with 
approaches and guidance for reduced environmental impact and 
improved energy efficiency of products through several environmental 
impact assessment methods, environmentally friendly design strategies 
and design tools. The perhaps most well-known ecodesign tool is lifecycle 
assessment (LCA), to which standards have been developed on both 
European and international levels (ISO) (Finnveden et al., 2009). To 
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address a wider scope of sustainability, Ecodesign has since then evolved 
into Design for Sustainability, or Sustainable Design, building on 
strategies such as design for the environment; design for circularity; etc., 
and sustainable design, to think beyond the reduction of current impact 
and instead design solutions that fit into a society that is in balance with 
ecological and social constraints, see e.g., (Gaziulusoy & Erdogan, 2019).  

Socio-ecological impacts occur in every lifecycle phase of a product, i.e., 
from raw material extraction, through manufacturing and distribution, 
retail, use and maintenance, and at the end-of life. This entails that the 
‘sustainability performance’ of a product is determined by the degree to 
which the processes and activities which will take place during its lifecycle 
contributes to environmental and social damage. As a constituent of the 
economic system, which is embedded in society that is situated in the 
Earth’s ecological system, a product can therefore not claim to be 
sustainable before the systems it is relying upon are sustainable. 
Designing products that contribute to sustainable development must 
hence acknowledge the complexity of socio-ecological systems and apply 
lifecycle thinking to derive the sufficient design criteria. Design and 
product development can thus contribute to sustainable development in 
various degrees, which Ceschin and Gaziulusoy (2016) illustrated in a 
framework for sustainable design transitions. The framework is 
illustrated in Figure 5 and describes how different design interventions 
can leverage different types of sustainability impacts in society. 

 

Figure 5. Different types of design interventions can achieve larger or smaller sustainability 
impact improvements, adapted from (Ceschin & Gaziulusoy, 2016). 
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Together with Circular Economy, which aims to support sustainability 
through the closing and slowing down of resource flows (Ellen MacArthur 
Foundation, 2013), Design for Sustainability is a field that is growing and 
moving fast since Ecodesign and Cleaner Production were launched in the 
end of the 1990’s. For instance, European Union (EU) policy-making 
through the European Ecodesign Directive requires all ‘energy-intensive’ 
products available on the EU market to declare their energy 
consumption. New incentives in the EU include, e.g., the Sustainable 
Product Initiative (European Commission, 2020), that aims to encourage 
European companies to implement sustainability and circularity 
strategies in their business- and product development, the EU Taxonomy 
(EU TEG, 2020) which aims to steer investments towards sustainability, 
and the Product Environmental Footprint, which aims to encourage 
comparability of sustainability performance in different product 
categories (Recommendation on the Use of the Environmental Footprint 
Methods, 2021). These initiatives and regulatory frameworks have in 
common that they offer guidance for identifying and selecting 
sustainability indicators, impact assessment methods, design strategies, 
and for reporting. Selecting the right sustainability focus areas is 
important, as the main share of a products’ lifecycle sustainability 
impacts are determined in the earliest phases of product innovation, see 
Figure 8, and is crucial to avoid unintended consequences from well-
intended design interventions, e.g., (Laurenti et al., 2016). 

Research has therefore started to discuss the design of sustainable 
systems of production and consumption e.g., (Bengtsson et al., 2018). 
Design for sustainability transitions (Ceschin & Gaziulusoy, 2016; 
Gaziulusoy et al., 2013; Loorbach et al., 2017) means that actors within 
the economic system, such as product manufacturing companies, must 
comply to socio-ecological constraints, if they wish to continue creating 
long-term business value. However, it remains a complex task to ensure 
that policy-mixes are free from sustainability sub-optimizations and re-
bound effects (Calisto Friant et al., 2021; Wilts & O’Brien, 2019). 
Therefore, strategic approaches to sustainable development are 
necessary for product development companies, e.g., to avoid business 
risks from short-term economic thinking (Cucuzzella, 2016; Schulte, 
2019).  
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 SUSTAINABLE PRODUCT DEVELOPMENT 
A product’s lifecycle is inherently dependent on and intertwined with the 
social- and ecological systems that today are not sustainable. A product, 
hence, cannot on its own be sustainable. Optimization towards some 
environmental or social criteria provided by, e.g., an industry standard, 
the Corporate Social Sustainability program, an UN-framework, or a 
lifecycle assessment impact assessment method, etc., does therefore not 
automatically contribute to systemic sustainability (Laurenti, 2016; 
Bengtsson et al., 2018, Cernev and Fenner, 2020). However, compliance 
to overarching socio-ecological sustainability principles can be used as 
the goal from which needs, requirements and design strategies can be 
derived for products to support a transition towards sustainability 
(Gaziulusoy et al., 2013). 

 

Figure 6. Conceptual illustration of sustainable design sub-optimizations. Black dots 
represent sustainability criteria selection without a full system perspective or strategic 
thinking. Red dots represent potential negative impacts in other sustainability domains or 
product lifecycle stages that were not discovered, or became unintended consequences, 
when using such an approach. 

Following this backcasting approach and combined with forecasting, 
Sustainable Product Development (SPD)  can be described as when a 
“strategic sustainability perspective is integrated and implemented into 
the early phases of the product innovation process, including life-cycle 
thinking” (Hallstedt, 2017). SPD aims to encourage radical design 
decisions leading to development of products that contribute to, and 
eventually fit into, a sustainable future scenario. Going beyond aspects 
that are directly linked to the product as such, e.g., material selection, 
energy efficiency, or recyclability, SPD requires an understanding of the 
role of the product in relation to effects on the larger social and ecological 
system that it is part of, see Figure 6. In this way, SPD differs from 
ecodesign, which generally applies forecasting, i.e., retrieves 
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sustainability improvement criteria from assessments of current product 
offerings to inform incremental improvements (Mendoza et al., 2017).  

Implementing SPD in a product development company thus requires 
capabilities for applying strategic sustainability perspectives in all levels 
of decision-making throughout the product innovation organization.  For 
instance, the company vision, long-term goals, and strategic plans need 
to be framed from a vision of compliance to sustainability principles. 
Organizational processes, routines, and management systems for 
product development at the tactical level need to be supported by 
methods, tools and competencies that enable business planning that is 
aligned with the sustainability vision. Likewise, an operational product 
development process needs to be equipped with guidance, methods, and 
tools which enable the application of sustainable design strategies and 
assessments that ensure that the developed design solutions matches 
the sustainability-aligned business plan (Brones et al., 2020; Poulikidou et 
al., 2014). By developing capabilities to implement a strategic 
sustainability perspective across the organization, throughout the 
product innovation process, companies should be able to identify the 
relevant sets of sustainability criteria and indicators to be included in, and 
managed as, operational design requirements (Nilsson et al., 2019).  

How the criteria from which product requirements targeting 
sustainability are developed from is something that is critical from a 
strategic sustainability perspective (Hallstedt et al., 2010; Schöggl et al., 
2017; Waage, 2007). Although most sustainability criteria and indicators, 
of course, are important, they are not always effective for all specific 
products and companies (Gaziulusoy & Erdogan, 2019; Hjorth & Bagheri, 
2006). Lack of systems- and strategic thinking when identifying 
sustainability criteria that are to be integrated in requirements is what 
might cause above-mentioned unintended (negative) consequences, i.e., 
sustainability sub-optimizations (Byggeth & Hochschorner, 2006).  

Such sub-optimizations may take place both in the environmental and 
social dimension and other lifecycle phases than the one addressed, see 
e.g., (Laurenti et al., 2016). For instance, only using occupational health 
and safety at a car manufacturing site in Scandinavia might not give the 
full picture of social sustainability across the car lifecycle (Mesquita & 
Missimer, 2021). Negative unintended consequences can take place also 
in the business dimension, e.g., in the shape of misdirected investments, 
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threats to company reputation or even missed opportunities 
(Baumgartner & Rauter, 2017). A strategic approach to sustainability in 
the development and management of requirements can hence be 
motivated also from a risk management perspective (Schulte, 2019). 

 

Figure 7. Generalized approach for sustainable product development applying a strategic 
sustainability perspective and lifecycle thinking, adopted from (Schulte & Hallstedt, 2018). 
Black dots represent identified sustainability criteria using this approach. 

Examples of previously presented SPD tools and methods include, e.g., i) 
workshop tools and approaches for ideation of sustainable design 
strategies using a backcasting approach that can be used on all 
management levels (Schulte & Hallstedt, 2018), ii) strategic and tactical 
tools to guide activities towards sustainable product development 
implementation, e.g., (Schulte & Hallstedt, 2018), iii) guidance for 
developing practices for integrating the social dimension in sustainable 
product development (Lagun Mesquita, 2021), iv) tools for sustainable 
product portfolio- and risk management (Schulte & Knuts, 2022; Villamil 
et al., 2021), and v) operational tools and methods to guide designers 
during concept development and selection, e.g., (Gould et al., 2019; 
Schöggl et al., 2017). Through these tools, decisions are made which lead 
closer and closer to a final requirements specification which determines 
the functions, characteristics, and attributes of the product to be 
manufactured. A generalized approach for SPD is provided in Figure 7, 
and a schematic overview of product innovation, product development, 
and requirements development can be found in Figure 8. 

 REQUIREMENTS DEVELOPMENT AND MANAGEMENT FOR 

SUSTAINABLE PRODUCT DEVELOPMENT 
Depending on where you look, you can find various definitions of 
requirements. A requirement is according to the International Standards 
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Organization (ISO) “A statement that translates or expresses a need and 
its associated constraints and conditions” (ISO/IEC/IEEE 15288, 2015, 
p.8). The International Council on Systems Engineering (INCOSE) goes 
further in detail, defining a requirement as “A statement that identifies a 
system, product, or process characteristic or constraint, which is 
unambiguous, clear, unique, stand-alone (not grouped), and verifiable, 
and is deemed necessary for stakeholder acceptability”(Walden et al., 
2015). Although requirements development and management, i.e., 
requirements engineering, is mainly situated within systems- and 
software engineering, it is increasingly acknowledged within product 
development as it is what provides the bridge from less formalized 
stakeholder needs, sourced from, e.g., intelligence studies, business 
plans, strategic goals and policies, customer requests, market standards 
and regulations, into operational design guidance in concept 
development and selection, e.g., (Nilsson, 2017).  

 

Figure 8. Generalized schematic overview of the product innovation process, including the 
product development process, requirements development and the product lifecycle, based on 
(Hallstedt et al., 2013; Walden et al., 2015). 

The main activities within requirements development and management 
are generally described as requirements- elicitation, analysis, 
documentation and validation, see, e.g., (Kotonya & Sommerville, 1996). 
Requirements elicitation is the activity which involves the sourcing of 
stakeholder needs, while requirements analysis is about interpretation, 
i.e., definition and specification, prioritization, and weighting of 
requirements. Documentation of requirements provides transparency 
and traceability of design decisions. Validation involves testing of both 
requirements and in the end of the developed concept to ensure that the 
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needs and how they were interpreted ensures that the needs are satisfied 
(Becker et al., 2016). Figure 8 shows an overview of the main steps in 
requirements development and management in relation to product 
development and a product lifecycle. 

Requirements elicitation activities are therefore a powerful trigger for 
innovation, but also a necessary means for design project management 
as they provide the design objectives, i.e., which functional, and non-
functional characteristics the solution is expected to provide, and within 
which constraints (Kotonya & Sommerville, 1996). Useful requirements 
are generally (Walden et al., 2015): 

• Implementation independent. Specifying what the offering should 
do, not how it should be done. 

• Necessary. Redundant requirements, or requirement 
combinations signalize that a requirement is not needed to 
specify what a design should do or provide.  

• Feasible. Possible to realize, e.g., from a risk-, budget-, time-, and 
technology perspective. 

• Singular. Including only one function or constraint.  

• Unambiguous. Formulated so that domain properties, 
requirements, and assumptions can only be interpreted in one 
way. 

• Verifiable, using a single method such as an inspection, an 
analysis, a demonstration, or a test.  

These characteristics, combined with the documentation of different 
attributes, including type, priority, source, risk, rationale, history, 
relationship to other requirements and other information about, e.g., 
whether it is accepted, rejected or under review, enable the requirement 
traceability which is key to make a requirement elicitable (Hull et al., 
2005). However, ensuring that the requirements development and 
management delivers requirements that have all these properties is not 
an easy task, and especially not for socio-ecological lifecycle aspects. For 
instance, Becker et al., (2016) suggest that the challenges for 
sustainability integration into requirements are that sustainable design 
criteria must address interdisciplinarity, multiple system levels and time 
scales, and show how they provide both long-term and short-term value 
(Becker et al., 2016). Schmidt and Butt (2006), and Dreyer et al. (2010), 
suggest that sustainability criteria should i) be applicable to different 
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concepts, ii) include a design objective that can be measured, iii) draw on 
information that is possible to obtain, and iv) represent aspects of (all) 
sustainability dimensions (Dreyer et al., 2010; Schmidt & Butt, 2006).  

Similarly, research on strategic sustainable development has also found 
that sustainability criteria must sufficiently cover all sustainability 
dimensions, but at the same time be non-overlapping and concrete 
enough to facilitate comprehension, monitoring, guiding of actions, and 
problem-solving. Furthermore, to be useful as effective guidance in 
organizational decision-making towards sustainability, sustainability 
criteria should be sourced from general principles that are scientifically 
grounded and, hence, necessary for achieving sustainability (Ny, 2009). 
Sustainability criteria, thus, are not easily characterized with specific 
requirement attributes, since sustainability, in itself, is a system property 
that builds on complex dependencies between social and ecological 
systems, and events across multiple time scales, e.g., (Kravchenko et al., 
2019).  

Researchers in requirements engineering therefore argue that solving the 
above challenge with sustainability criteria integration into requirements 
is ”the key to sustainability” (Becker et al., 2016). Products and 
technologies that are developed today, and that will be developed in the 
future, are rapidly becoming more and more software intensive and 
complex, as they are embedded in different system dimensions, i.e., the 
individual, social, economic, technical, and environmental dimensions. 
Sustainable product development can therefore leverage on learnings 
from research on sustainability integration into requirements 
development, which stress that impacts of a software system often is 
determined not only by the choice of requirements, but also by how the 
requirements are understood by the engineers (Becker et al., 2015). 
Unfortunately, requirements development processes in product 
innovation are rarely committed to sustainability, but if they were, all the 
included activities would ideally be influenced by a wider set of 
stakeholders than what is normal today, and participatory techniques. 
System visibility, i.e., the transparency of how different objectives are 
connected and affecting each other at different abstraction levels, is 
therefore a key enabler for sustainability-informed decision-making in 
requirements development (Becker et al., 2016).  
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While few examples of recent, adjacent research address this specific 
topic, a plethora of approaches are available which propose sustainability 
adaptions of common engineering design tools for requirements analysis 
and elicitation. For instance, Quality Function Deployment (QFD), 
Analytical Hierarchy Process (AHP), or, Theory of Inventive Solving 
(TRIZ), in combination with LCA, e.g., (Bovea & Pérez-Belis, 2012). 
However, Peace et al. (2018) highlight the importance of sufficient scope 
and relevance of  the sustainability criteria that are included in the 
‘materiality setup’ of the product innovation process, this in order to 
efficiently influence the definition of the design objectives which guide 
the subsequent steps of the product development (Peace et al., 2018). 
Similarly, Diaz et al. (2021) emphasize the importance of the ‘task 
clarification phase’ as a means to generate sustainable design strategies 
for a circular solution, as sustainability goals here can be translated into 
requirements for product functionalities and physical properties. When 
the requirements are in place, these can be evaluated using traditional 
engineering methods and tools in combination with ecodesign tools (Diaz 
et al., 2021).  

But, ensuring that the processes where requirements are developed do 
support sustainable product development remains a challenge for 
product development companies, e.g., (Liu et al., 2020), and the focus on 
‘soft aspects’ in research on practices for ecodesign- and sustainable 
product development implementation seems to grow (Gould, 2018; 
Macdonald & She, 2015). For instance, Brambila-Macias and Sakao (2021) 
stress the importance of ensuring that lifecycle analysis expertise is 
engaged in the requirements development (Brambila-Macias & Sakao, 
2021), of which Siva et al. (2018) discuss benefits and drawbacks from a 
quality management perspective (Siva et al., 2018). In line with these 
challenges, Nilsson (2017) investigated how requirements development 
could support the design of effective and resource-efficient offerings, 
concluding that future research need to evaluate current, and possibly 
develop, new methods and support to address the ‘how’ of requirements 
development and management (Nilsson, 2017).  
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3  RESEARCH METHODOLOGY 
In this chapter I give a background to my research philosophical stance 
and describe my research approach and the methods used in the thesis. 

 REFLECTION ON RESEARCH PHILOSOPHY 
The desire to change the role of humankind in the functioning of the 
Earth’s socio-ecological systems makes sustainability science design-
oriented (Miller et al., 2011). Manufactured artefacts themselves do not 
deliberately cause negative effects in society and the environment 
(Latour, 2006). We, the humans, are the agents that can change what we 
design and how we manufacture, to stop causing negative impacts and 
achieve sustainable development (Hornborg, 2017). Research in 
sustainable design is concerned with (at least) two of the core questions 
for sustainability science, namely, ‘mapping and deliberating sustainability 
values’ and ‘exploring and fostering socio-technical change’ (Miller et al., 
2014). Research developing approaches such as conceptual frameworks 
and tools for, e.g., planning and decision-making, and product 
development towards sustainability is hence positivist-constructivist, and 
by that, design-oriented (Cohen-Rosenthal, 2016). The constructivist 
perspective can be sensed in the focus on finding answers to ‘how’, rather 
than ‘if’, systems, processes and methods can be developed to solve our 
sustainability challenges (Karlsson, 2009).  

As SPD aims to enable the design of product solutions which contribute 
to sustainable development it was natural for me to select a design-
oriented approach. However, I acknowledge that we, the humankind, are 
dependent on, and at the same time able to impact the functioning of, 
the Earth’s socio-ecological systems (Cohen-Rosenthal, 2000). Like many 
other sustainability researchers, I would therefore like to add a lens of 
critical realism to this constructivist perspective, as it calls for 
transdisciplinarity (Sakao & Brambila-Macias, 2018). The enabling of 
sustainable development will require agile planning, leadership, and 
design towards a shared goal of sustainability, e.g., (Leach et al., 2017). 
To address my research questions, I followed the framework of the 
Design Research Methodology (DRM) (Blessing & Chakrabarti, 2009) 
while maintaining a critical stance in the synthesis of the research results.  
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 A MIXED, BUT MAINLY QUALITATIVE, DESIGN RESEARCH 

APPROACH FOR SUSTAINABLE PRODUCT DEVELOPMENT 
Design research strives to build theories about current and ideal design 
processes, and to create generalizable knowledge about, and practical 
support for, how design and designing can be improved. Design research 
can be conducted using both quantitative and qualitative methods, but 
needs to be selected and applied in such a way that new knowledge is 
generated from which new ideas can emerge (Cash, 2018). I have used the 
interactive model for qualitative research as described in Maxwell (2012) 
as an umbrella for my research design, which allowed my research design 
to be agile, flexible, and interactive. Five essential components constitute 
the interactive model, keeping the research questions at the core, while 
the other four components, i.e., goals, conceptual framework, methods, 
and validity are interconnected but must not be conducted in a certain 
order. The methods applied in this thesis are described in the subsections. 
An overview of the research design development can be found in Figure 
9. 

 
Figure 9. A qualitative design research approach adopted from the interactive model for 
qualitative research (Maxwell, 2012) and the Design Research Methodology framework 
(Blessing & Chakrabarti, 2009).  

However, a natural first step of any research project, including my PhD, is 
to establish a basic framework that explains the current state of art and 
practice. By doing so, it is possible to point out what the research gaps 
are, which is useful for the refinement of research questions and the 
planning of continued studies. For this purpose, i.e., the structuring of my 
research design, I found support in the DRM, which is process-flow 
oriented, much like design projects (Blessing & Chakrabarti, 2009). DRM 
is supposed to provide understanding and guidance to improve design 
research, that in turn can provide knowledge and support to improve 
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design practice and design education (Blessing & Chakrabarti, 2009). To 
identify the knowledge gap, by the DRM known as a ‘research 
clarification’ (RC), I conducted a systematic review. Having secured a 
thorough overview of the current state of knowledge in academia, the 
research questions could be refined, and frame the succeeding studies.  

The second study correspond to what DRM describes as a ‘descriptive 
study 1’ and provided a deeper understanding of theory and the state of 
practice in industry through an in-depth literature review and a multiple-
case study. As in any design project, or research project driven by a 
purpose to transform a current situation to a better one, it was essential 
to identify the desirable characteristics of requirements development and 
management practices from a strategic sustainability viewpoint. As such, 
these two first studies together remind us of need-finding processes of 
design projects, from which the rationale and requirements for the 
solution to be developed are derived.  

Thereafter followed a creative phase, a ‘prescriptive study’ (PS1). Four 
approaches were developed to address some of the identified needs in 
studies of different size and scope. In this phase, creative methods such 
as evolutionary prototyping (Baskerville et al., 2009) were used. The 
evaluation of the proposed approaches constitutes a ‘second descriptive 
study’ (DS2), and for this both qualitative and mixed-methods, i.e., 
research designs that utilize both qualitative and quantitative methods 
(Johnson & Onwuegbuzie, 2004), were used. In all phases, different types 
of data collection and analysis approaches were used and will be 
described below.  

Details of the proposed approaches and frameworks are described in 
respective paper, and an overview of the methods as well as their 
contribution to each research question are presented in Table 1. This 
table includes the detailed questions which were used in each paper. 

3.2.1 Literature reviews 
Several types of literature reviews were conducted for this thesis. The 
project started with a conceptual literature review (Thomas & Hodges, 
2010), based on a snowball sampling approach (Wohlin, 2014), from 
which I gained an overview of the field of research on sustainable product 
development and sustainable design.  
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Table 1. Overview of the research design, including research questions, phase, methods, main 
outcomes, and papers. 
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RQs Phase  
Methods 
Main outcome 

Papers 

RQ1. What are current practices of requirements development for sustainable 
product development? 
1.1. What methods are 
currently used to facilitate 
sustainability integration into 
product requirements?  

Exploratory, Descriptive 
Systematic literature review 
Clarified research gap 

A 

1.2. What are sustainability 
requirements and how are they 
identified and managed in 
design projects? 

Descriptive, Prescriptive 
Literature review, Multiple-case study, Semi-
structured interviews, Document analysis, 
Thematic analysis 
Refined reference model, Model for assessment 
and improvement of sustainability integration 
into requirements management 

B, C 

1.3. What are key elements of 
sustainability integration in 
product requirements 

Descriptive 
Focus group, Case study 
Revised model, Refined research gap 

 C 

RQ2. In which ways can requirements development practices for sustainable 
product development be guided from a systems and value perspective? 
2.1. How can value-driven 
concept selection be guided 
from a sustainability 
perspective? 

Exploratory, Prescriptive  
Literature review, Illustrative case study 
Method for sustainability value assessment of 
customized medicines 

D 

2.2. What are some benefits 
and drawbacks with different 
approaches for defining 
leading sustainability criteria to 
guide definition of product 
requirements? 

Descriptive, Prescriptive 
Case study, Prototyping 
A workshop approach to identify Leading 
Sustainability Criteria  

E 

2.3. What are effects of 
participatory systems 
modelling on early 
sustainability design decisions? 

Descriptive study 
Mixed methods, Quasi-experiment, Statistical 
analysis 
Approach for participatory sustainability 
systems analysis for design decision-making 

F  

2.4. What are the systemic 
forces that serve as drivers and 
barriers to sustainable design? 
And among those, what are 
the key leverage points that 
can make product design 
better contribute to 
sustainability? 

Exploratory study 
Literature review, Prototyping 
Prototype framework of systemic factors, 
dimensions and stakeholders that influence 
sustainable design transitions 

G 

Thereafter followed a review of purposefully sampled publications 
(Palinkas et al., 2015), and the result of these two steps was a record of 
key words, terms, constructs as well as key publications and their 
publication years. I also visualized the connections between key 
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publications and conducted a frequency analysis of the key words, as an 
initial conceptual framework (Maxwell, 2012) or reference model 
(Blessing & Chakrabarti, 2009). The reference model helped me scope the 
search inquiry for my systematic literature review as well as the selection, 
classification- and categorization criteria for the review, according to the 
guidelines for structured literature reviews in Croom (2009). The 
systematic literature review consisted of the following elements: i) 
selection of databases and criteria for selection, classification, and 
categorization; ii) search inquiry formulation; iii) search for publications; 
iv) title and abstract screening; v) full paper read; vi) classification and 
categorization of selected papers. Details of the systematic literature 
review process, and the results, can be found in Paper A and a simplified 
overview can be found in Figure 10. The conclusions from the literature 
reviews in paper A were used as an input to in-depth literature reviews 
combined with case studies and prototyping in the remaining papers. 

 

Figure 10. Simplified process for the systematic literature review in Paper A. 

Aiming to further strengthen the understanding of terms and constructs 
from key literature, the in-depth literature reviews included additional 
publications in the field of product design, systems engineering, and 
sustainable design, as well as recent publications that were not yet 
published during the systematic literature review. A more robust 
foundation enabled a stronger conceptualization of the findings of the 
case studies. For this purpose I used snowball sampling, that allowed 
discovery and inclusion of literature from a wider time scale (Wohlin, 
2014). In this way, I aimed to clarify the research context of my descriptive 
and prescriptive studies.  

The triangulation of findings in literature and from practice thus builds a 
bridge between design research, project management and sustainability 
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research, which in Paper B supported a categorization of the themes 
found in the multiple-case study. Snowball sampling of key publications 
was also used in Paper C and Paper D, which are two examples of 
exploratory studies for the purpose of a prescriptive method 
development. Like in Paper B, the aim was to bring insights from different 
research fields, but to generate ideas for future research directions rather 
than establishing a frame of reference. The literature analysis in Paper D 
is the only study in which non-academic publications were used in this 
thesis. This is motivated by the novelty of the proposed research 
approach and the lack of available data in peer-reviewed publications 
(Croom, 2009). 

3.2.2 Case studies 
Although case studies generally are used for theory testing, they can in 
qualitative research also be successfully used for theory building 
(Eisenhardt, 1989). Industrial case studies are, for instance, useful when 
the purpose of the research is to gain better understanding of the ‘real 
world’, i.e., ‘new’ knowledge that requires collection of empirical data 
(Voss et al., 2002). I decided to use a multiple-case study first as a means 
to refine the reference model, which was the result of the literature 
reviews, and for testing it to exemplify how the model could be used in 
practice, adopting a positivist mindset. However, a case study is not a 
method on its own, but a methodology which requires both data 
collection, analysis, and synthesis. Hence, a combination of data 
collection methods and analysis methods was selected based on its 
potential of providing qualitative answers to the research questions, as 
well as the selection of case study participants, see Table 2.  

The case selection was based on a combination of purposeful and 
opportunistic sampling and was therefore adopted to select case 
companies, desktop material and interviewees (Palinkas et al., 2015). The 
sampling approach was adopted due to the aim of achieving both 
external and internal validity of the results, which in case study research 
requires a balance between the amount of company cases as well as 
interviewees together with the level of detail in the questions included in 
the inquiry (Maxwell, 2012). In total, seven companies and fifteen 
interviewees participated. Semi-structured interviews and document 
analyses were used to collect empirical data. Two iterations of thematic 
coding, open- and structured-, i.e., of each interview and of each case 
report, then constituted the analysis of the collected material. This 
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combination was adopted as the aim of the study was to establish a 
conceptual framework of generalizable themes, patterns, and 
differences. Such a framework meets criteria for both internal and 
external validity and should hence be based on information from 
companies of different sizes and industries (Forza, 2002). 

The resulting cross-case analysis report outlined answers to the interview 
questions and gave insights to challenges and opportunities in 
requirement management processes related to sustainability integration 
in product development processes. These insights were together with the 
findings in the literature reviews conceptualized into five key elements of 
early requirements management for supporting organizational 
sustainability maturity. These constitute the basis for a profile model for 
management of sustainability integration in engineering design 
requirements which is proposed in Paper B, in which a more 
comprehensive description of each phase in the multiple-case study can 
be found. Table 3 shows an overview of selected methods for data 
collection and analysis and how they were applied. 

Additional case studies were conducted in combination with the creative 
approaches, which will be described in section 3.2.3. An illustrative case 
study was used in paper D, for which a value modelling method was 
prototyped, and allowed comparison of potential value chain scenarios in 
absence of industrial cases. A comparative case study can be found in 
paper E, which evaluates strengths and weaknesses of two approaches to 
identify leading sustainability criteria using research quality criteria. In 
paper F, three student groups and a company constitute different cases 
that were evaluated using a mixed-methods approach. An overview of 
the different cases can be found in Table 2. 
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Table 2. Overview of case companies and participant roles. 

Case 
Number of:  
markets 
employees 

Industry 
Description of product 
development types 

Participant roles Papers 

C1 
140 
13 500 

Heavy Equipment 
Platform-based concept 
development, product has 
multiple subsystems developed in 
parallel 

- Program Leader, Service Solutions 
- Technical Project Manager 
- Chief Architect 
 

B 

C2 
15 
2 000  

Aerospace 
Product has multiple subsystems 
developed in parallel, and product 
safety is critical 

- Lifecycle Management Engineer 
- Chief Verification Engineer 
- Chief Engineer 

B, 
C, 
E, F 

C3 
30 
2 300 

Furniture 
Distinct process phases 

- Sustainability Manager 
- Test- And Verification Manager 

B 

C4 
80 
2500 

Chemicals (Process & Paint) 
Concurrent planning of 
manufacturing/production 
process and product development 

- Research & Development Unit Manager B 

C5 
100 
4 000 

Power grids 
Concurrent planning of 
manufacturing/production 
process and product development 

- Chief Corporate Scientist 
- Material & Technology Development 
Manager 

B 

C6 
80 
700 

Sealing solutions 
Platform-based concept 
development 

- Managers: Global Product, Product, 
Technical Product 
- Sustainability Coordinator 
- Head of Sustainability Implementation in 
Product Development 

B, 
C, E 

C7 
180 
35 000 

Compaction equipment for 
construction industry 
Multiple iterations of detailed 
design and testing within 
time/budget limits 

- Managers: Product Compliance, D&D 
Support, Product Marketing Manager, 
Product Portfolio, Quality Assurance, 
Project, Analysis 
- Structure Design Engineer 

B, C 

C8 
160 
25 000 

Food packaging 
Concurrent planning of 
manufacturing/production 
process and product development 

- Specialists: Technology, Environmental, 
Sustainability – Sourcing, Systems 
Engineering and Quality 
- Innovation Study Leader  
- Virtual Modeling Manager 
- Development Engineer 

C 

Students - 
Master-level students in Product Service 
System Design and Systems Engineering 

E, F 
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Table 3. Sampling and data analysis approaches used in the case studies presented in Papers 
B, C, E, and F. 

Sampling  B C E F 

Opportunistic 
sampling 

Companies 2-
7 

Companies 2, 
3, 5, 8 

Companies 1, 
5, students 

Company 2 

Stratified 
purposeful 
sampling 

Interviewees  
Focus group 
participants 

Company and 
student 
workshop 
participants  

Company and 
student 
workshop 
participants  

Data 

Interview 
recordings, 
transcripts, 
company 
documentatio
n, memos 

Workshop 
recordings, 
feedback 
forms 

Workshop 
recordings, 
company 
documentatio
n, memos 

Workshop 
recording, 
feedback 
forms, memos 

Data analysis 
approach 

Thematic 
coding, 
Inductive and 
deductive 
 

Thematic 
coding, 
Inductive and 
deductive 

Qualitative 
content 
analysis,  
Inductive 

Thematic 
coding, 
Inductive and 
deductive, 
Quantitative 
analysis 

In-case/ 
Cross-case 

In case + 
cross-case 

In case + 
cross-case 

Cross-case 
In case + 
cross-case 

3.2.3 Prototyping 
Having refined the research gap, I moved on to a prescriptive phase in 
which several creative methods and approaches were used. This 
corresponds well to the divergence that should follow a pre-study with 
need-finding in a design project, in which solution concepts are ideated 
and explored according to identified stakeholder needs (Ulrich and 
Eppinger, 2012).  

One of the prescriptive studies, presented in Paper C, suggests an 
approach to support organizations to assess and improve their 
organizational capabilities for management of sustainability integration 
into product requirements. This approach corresponds to the objectives 
of a prescriptive study as described in Blessing and Chakrabarti (2009), 
namely, to i) identify the most useful actions to improve the current 
situation, ii) to describe the expected outcome of doing these actions, iii) 
to select and describe how to measure whether the action was useful for 
its intended purpose, iv) to develop support for the design process so that 
the actions can be systematically implemented in the design process, and 
v) to evaluate whether the support is useful for its intended purpose. This 
study used focus group methodology in an online workshop format, 
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which means that purposeful sampling was applied in the participant 
selection (Morgan, 1996). During the workshops, data was collected by 
the means of video recording, observations, memos and from the 
workshop templates. The results were consolidated into case-reports, 
which were verified by the case companies and then used in a cross-case 
analysis where inductive coding was applied.  

Another study, presented in Paper D, applied mixed-methods research 
and proposes an approach to estimate the value of a design solution using 
a sustainability perspective. Here, a qualitative approach to conduct 
comparative sustainability lifecycle assessment was combined with 
quantitative value modelling. More specifically, the paper suggests that 
concept development and selection of a customized medicine is 
supported by a sequenced application of design methods, namely, 
platform-based product design using CC-modelling (Claesson, 2006), a 
strategic sustainability analysis using Sustainability Lifecycle 
Assessment2.0 (Villamil et al., 2018) as input to a value-chain impact 
analysis where Value Modelling according to the concept screening 
matrix approach (Ulrich & Eppinger, 2012) was applied.  

 

Figure 11. Conceptualization of the prototyping process described in Paper G. 

Evolutionary prototyping (Baskerville et al., 2009) was employed in the 
studies represented by Paper E, F, and G. In paper E a group model 
building approach was proposed with causal loop diagrams for awareness 
building, transparency, and traceability of sustainability-oriented 
decisions in the earliest design phases where requirements development 
starts. Multiple iterations of testing with different test groups allowed 
continuous analysis of collected data and refinement of the workshop 
prototype, including workflow and support materials. Two series of 
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workshops were organized with a wide range of different participant over 
a time of 3 years, which made it possible to apply new concepts and 
elements of design practice to improve the approach in relation to 
research quality criteria. In paper F, a workshop is proposed which 
provides support for identifying ‘leading sustainability criteria’, that 
comply to key elements of sustainability integration into requirements 
that were identified in paper B and C. The workshop was developed in 
collaboration with the industry and evaluated using a quasi-experiment, 
see section 3.3.1, and a comparative case study where cases and 
participants were selected using purposeful sampling. In Paper G, a 
model representing systemic relationships to visualize drivers and 
barriers to sustainable design transitions was developed by the means of 
causal loop diagramming technique and cross-checking with literature, 
see Figure 11.  

 EVALUATION 
Research can be useful without having followed academic praxis and 
standards, but such standards are necessary for discussing the 
contribution of the research to scientific knowledge. Each academic field 
has through traditions, culture, and values, developed its own 
interpretation of the scientific method which is reflected in the types of 
methods being used and how scientific research quality is discussed 
(Gibbons et al., 2010). The criteria used for evaluating research quality can 
therefore vary between methodological approaches, why this chapter 
will discuss research quality in both qualitative and quantitative research 
for sustainability. Detailed descriptions of how the quality criteria were 
used can be found in each paper. 

3.3.1 Quality in qualitative research  
For qualitative research, Corbin and Strauss (2008) propose ten criteria, 
namely, “fit, applicability, concepts, contextualization, logic, depth, 
variation, creativity, sensitivity, and evidence of memos” (Corbin & 
Strauss, 2008). Cresswell (2014) stresses that the central quality element 
for qualitative research is validity, i.e., the context in which the results can 
be considered ‘true’, and reliable, that is, the trustworthiness of the 
methods and the application of these in relation to the research goal and 
questions (Creswell, 2014). Maxwell (2012) describes validity in terms of 
‘correctness’ and ‘credibility’, which may refer to what can be recognized 
as internal-, respectively external validity. Internal validity concerns the 
truthfulness of the results within the context from which they were 
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generated, while external validity may concern the generalizability of the 
results outside that scope. The trustworthiness of a qualitative research 
study is generally discussed in terms of replicability (Creswell, 2014). 
Replicability, then, concerns the internal validity and refers back to what 
Corbin and Strauss call ‘evidence of memos’, i.e., how possible it is for 
someone else to repeat the same study with similar results based on the 
documentation of the study. In addition to the two above-mentioned 
dimensions of validity, Croom (2002) describes another four, namely, 
construct-, descriptive-, interpretive-, and theoretical validity. These 
dimensions of validity can be described in terms of how clear and 
understandable the developed constructs are both for the intended 
audience and the sources upon which the constructs are based. Such 
factors are, e.g., the replicability of the study, how well-accepted the 
results analysis is by the participants, respectively how reasonable the 
results are in relation to the nature of collected data.  

Creswell (2014) suggests the following eight strategies to ensure that a 
study answers to all these aspects of qualitative validity, 

- Triangulation, i.e., coherency of themes that emerge from a 
variety of sources motivates the trustworthiness of findings. 

- Member-checking, i.e., participants can be asked to comment on 
the accuracy of findings. 

- Rich description of findings, i.e., inviting the readers to thoroughly 
understand the research context can make the results more 
realistic. 

- Clarify bias, i.e., sharing reflections around the researchers’ 
background and interests’ potential weaknesses can be discussed 
openly. 

- Present negative results or discrepant information, as sharing also 
contradictory evidence allows results to become realistic. 

- Prolonged research field time, i.e., more experience with study 
participants and context enhances accuracy of findings as it 
increases the chance for saturation. 

- Peer debriefing, i.e., involving another person that can ask critical 
questions about the findings provides a quality filter. 

- External audit, which is similar to the previous strategy but 
ensuring even less risk for bias.  
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In short, these strategies suggest that findings should be reasonable from 
both an academic and practical perspective, while providing some new 
insights that are substantial and explanatory. The findings should also 
make sense, have the potential to make a change, consider different 
perspectives, be novel, un-biased and well-documented. Essentially, the 
quality of research boils down to that ‘so much depends upon who is doing 
the research, its purpose, and the method that is used’ as stated by Corbin 
and Strauss (2008). Threats to validity, hence, concern the researchers’ 
ability to identify their own biases, as well as their reactivity or influence 
on the results, i.e., how aware the researchers are of how the research 
design itself affects the outcome. I used the above-mentioned eight 
strategies during the design of the research approach aiming to avoid 
these threats.  

Other research quality criteria are proposed in design research and 
sustainability research. The DRM proposes that a new design support, 
e.g., method, tool, guidance, should be evaluated in terms of how well it 
can be expected to serve its intended purpose, to which degree its design 
suits the intended user and use context, and whether it can achieve the 
intended effect (Blessing & Chakrabarti, 2009). Now, the 
transdisciplinary nature of sustainability research calls for science and 
technology development that can manage knowledge and action which 
facilitate communication, translation, and mediation across disciplinary 
boundaries. To ensure that design-oriented sustainability research 
contributes to realizing a sustainability transition, Cash et al. (2003) also 
propose the use of ‘salience’, ‘credibility’, and ‘legitimacy’ as quality 
criteria. Credibility refers to the accuracy and validity of the decision 
support itself, i.e., how ‘trustworthy’ it is that the results can support a 
change towards sustainability. Salience alludes to the relevancy of the 
support that is provided to help making the decision, i.e., how specific 
information it provides. The legitimacy refers to the range of perspectives 
that is taken into consideration in the decision support. In the later stages 
of my research design, I also used these criteria to discuss the quality of 
my findings, see chapter 5. 

3.3.2 Quality in quantitative research 
A quasi-experiment was designed to evaluate one of the developed 
approaches, see Paper F. Compared to traditional experiments, quasi-
experiments allow for less control of the surrounding environment and 
conditions. Hence, quasi-experiments could be useful when there is an 
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interest to investigate, e.g., whether effects occur under the influence of 
a variable, but not for deeper and detailed investigation of the potential 
cause and effect relationship (Adelman, 1991). In design research, and in 
particular sustainable design research, the validation of developed 
support often settles with a qualitative assessment of an application in a 
few cases. Fewer research studies apply statistical methods to investigate 
the usefulness and applicability of the developed support, possibly due to 
the fact that design research often does not have access to sufficiently 
sized test groups. For the final study, we did have access to a larger test 
group when the workshop was applied in student project courses. In this 
way, it was possible to collect quantitative data which statistical analysis, 
i.e., variance and the mean square error, could be applied. To evaluate the 
usefulness and applicability of the proposed approach, a Wilcoxon-sign-
ranked test was applied to the collected data. In this way, it was possible 
to verify the existence of a statistically relevant difference between the 
data collected before and after the application of the proposed decision-
support tools, see Paper F. 
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4 FINDINGS FROM APPENDED PAPERS 
In this chapter follows a description of each of the seven papers which 
together address the research questions of this thesis. In papers A, B, C, 
E, F, and G, I am the main author, meaning that I was responsible for the 
major share of all work. The contribution of each paper to the research 
questions are shown in Table 4. The following subsections of this chapter, 
4.1-4.7, provide summaries and more details of the paper contributions. 

Table 4. Overview of papers and research questions. 'X' refers to main contribution, '(x)' refers 
to small contribution. 

Paper RQ1 1.1 1.2 1.3 RQ2 2.1 2.2 2.3 2.4 

A X X   (x)  (x)   

B X  X  (x)    (x) 

C X  X X      

D (x) (x)   X X    

E (x)  (x)  X  X   

F (x)   (x) X   X  

G (x)   (x) X    X 
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RQ1. What are current 
practices of requirements 
development for sustainable 
product development? 
1.1 What methods are 
currently used to facilitate 
sustainability integration into 
product requirements? 
1.2 What are sustainability 
requirements and how are 
they identified and managed 
in design projects? 
1.3 What are key elements of 
sustainability integration in 
product requirements? 

RQ2. In which ways can requirements 
development practices for sustainable product 
development be guided from a systems and value 
perspective? 
2.1 How can value-driven concept selection be 
guided from a sustainability perspective?  
2.2 What are some benefits and drawbacks with 
different approaches for defining leading 
sustainability criteria to guide the definition of 
product requirements?  
2.3 What are effects of participatory systems 
modelling on early sustainability design 
decisions? 
2.4 What are the systemic forces that serve as 
drivers and barriers to sustainable design? And 
among these, what are the key leverage points 
that can make product design better contribute to 
sustainability? 
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 PAPER A 
Integrating Sustainability in Product Requirements 

Published as  

Watz, M., & Hallstedt, S. I. (2018). Integrating Sustainability in Product 
Requirements. In DS92: Proceedings of the DESIGN 2018 15th 
International Design Conference (pp. 1405-1416), Dubrovnik, Croatia, 
May 2018.  

Summary 

This paper presents a systematic literature review and proposes a 
systematic approach to integrate sustainability considerations in product 
requirements. The approach consists of two main components, where 
the first is a systematic approach to identify which sustainability criteria 
to consider in a design project, as well as corresponding indicators to 
enable performance evaluations against these criteria. This systematic 
process was developed by the co-author in an action research study 
where company-contextual sustainability focus criteria, called ‘leading 
sustainability criteria, are identified using a strategic sustainable 
development perspective. In practice this means that a systemic, 
principle-based definition of sustainability is coupled with backcasting to 
derive which sustainability criteria to emphasize in a long-, respectively 
short-term perspective. In this way, no sustainability dimensions or 
lifecycle phases are excluded from the company’s design for a 
sustainability strategy.  

The second component, and my main novel contribution to the paper, 
was the results of a systematic literature review. This literature review 
aimed to gather an overview of the academic contributions to integrating 
sustainability in requirements, based on the experienced lack of 
implementation of design for sustainability tools and methods. The 
notion experienced by both industry and academia was that sustainability 
considerations will not be prioritized unless these are integrated in the 
requirement specification.  The systematic literature review classified 
proposed frameworks, methodologies and tools published by academia 
between 2000 and 2017 based on their sustainability perspective and 
main methodological base. The results indicated that there was a lack of 
connection between the strategic, tactical, and operational decision 
levels in the identification of the sustainability aspects that were to be 
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integrated. The findings also showed that quality function deployment 
could be used to integrate different stakeholder perspectives when 
requirement weights are balanced for integration in a product 
specification.  Coupled with the results of the action research study, this 
knowledge gap suggests an approach to the systematic inclusion of 
sustainability criteria that are derived from a contextual and strategic 
sustainability perspective. 

Contributions 

The systematic literature review study that shaped the reasoning behind 
the design approach contributed strongly to the research clarification 
stage of the thesis. First, it strengthened previous sustainable product 
development research findings, by providing an overview of the plethora 
of tools and methods available for the operational engineering 
environment to support concept generation and selection. It showed how 
results from sustainability assessment tools and design strategy methods 
can be approached both qualitatively and quantitatively to be integrated 
in traditional design support tools. Life Cycle Assessment was the 
dominating method for identifying the (environmental-) sustainability 
criteria that should be integrated. Quality Function Deployment was the 
most common approach for weighting sustainability requirements, 
where Voice of the Customer is an approach to integrate sustainability as 
a stakeholder. The Theory of Inventive Solving is an example of a tool 
which can be used for concept generation within the identified 
sustainability criteria or constraints.  

However, one of the key findings in this study was that few, or none, of 
the suggested methods and tools addressed the importance of the 
sustainability scope, i.e., the sustainability criteria categories that are 
being assessed to identify the sustainability consideration that is to be 
integrated. This perceived knowledge gap, addressing sub-research 
question 1.1, formed the basis for the design of the second study. In this 
way, paper A contributed to RQ1. 

In addition to the planning and executing the systematic literature 
review, I lead the creative process from which the novel design approach 
emerged, as well as the writing. With input, discussions, and feedback 
from the co-author, I also planned, structured, and edited the paper. 
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 PAPER B 
Profile model for management of sustainability integration in 
engineering design requirements 

Published as 

Watz, M., & Hallstedt, S. I. (2020). Profile model for management of 
sustainability integration in engineering design requirements. Journal of 
Cleaner Production, 247, 119155.  

Summary 

The second study dove into literature on requirements engineering, 
sustainability maturity, and industrial practices of these topics. The 
purpose was to gain a deeper understanding about what sustainability 
requirements are, and how sustainability considerations in engineering 
product design can be addressed through requirement management 
processes.  

An in-depth literature review on requirements engineering and 
sustainability maturity was conducted to refine the reference model 
created from the study in Paper A, which formed the conceptual 
framework, to which insights from industry could be compared. Empirical 
data was then collected and analyzed in a multiple-case study with 15 
interviewees selected with stratified purposeful sampling from seven 
companies, C1-C7 (see chapter 3). The semi-structured interviews 
covered general questions about companies’ requirement management 
processes, to more specific questions related to sustainability 
integration, including key activities, routines, tools, competencies, and 
challenges and opportunities.  The interviewee roles’ responsibility areas 
included, but were not limited to, project management, product 
planning, quality and certification, sustainability management, system 
architecture, ecodesign implementation, and research and development.  

Two iterations of open and structured thematic coding were used to 
analyze the collected case material, i.e., interview transcripts and 
company documentation. A coding scheme was created from inductively 
captured themes in the validated interview transcripts, with support from 
memos collected during the interviews. The same codes scheme could 
then be re-applied on all interview transcripts to distinguish patterns or 
differences in answers to each interview question and consolidated into 
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seven case company reports. A code analysis was thereafter conducted, 
generating a revised code scheme which was applied on the case reports, 
see Figure 12. Critical activities and roles, examples of methods and tools 
utilization and implementation, together with common challenges and 
opportunities were identified in this way.  The case companies thus 
provided examples of how different sustainability scopes, attitudes, 
need-finding strategies can influence the degree in which sustainability is 
integrated and addressed in design projects.  

 

Figure 12. Overview of the multiple-case study. The abbreviations are: CX = Case X, IX = 
Interviewee X, CRX = Case report X. An asterisk (*) indicates that document analysis material 
was collected. 

From a results triangulation, the findings in literature and the results of 
the multiple-case study, it was concluded that “Sustainability 
requirements are requirements that may be sourced from environmental 
or social domains but expressed in form of various needs, i.e., market 
compliance, customer requests, or internal sustainability policies. The 
source, in turn, affects how the requirements are identified and 
prioritized in a product development process”. Five key categories, i.e., i) 
power of the sustainability policy, ii) scope of the sustainability policy, iii) 
type of sustainability implementation in the product development 
process, iv) contextual selection of sustainability criteria, and v) 
sustainability capability of decision board, were identified to guide the 
integration of a strategic sustainability perspective in requirements 
development. Product developing companies can use the proposed 
Profile model of management of sustainability in requirements 
management (PROSEQ) to identify necessary improvement actions.  

Contributions 

The findings in this paper constitutes a refined conceptual reference 
model which provides a definition of sustainability requirements and a 
proposed set of key aspects to enhance organizational sustainability 
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maturity using a requirements-, and strategic sustainability perspective. 
Areas for future research were also identified, i.e., 

- the importance of strategic systems thinking competencies in the 
gate board, as prioritizing, weighting and selection of 
requirements is highly based on qualitative discussions. 

- requirements sourced from regulatory- or market needs can be 
highly sustainability-related but are not managed differently 
than any other requirements. To give priority to sustainability 
criteria integration in requirements in trade-offs, it is therefore 
essential that these can be clearly linked to stakeholder needs. 

Based on these insights, I decided to focus the continued thesis work on 
methods to improve sustainability awareness and understanding in this 
specific decision context, i.e., the gate board, where requirements are 
formulated and weighted.  In this way, the paper addressed sub-research 
question 1.2, and by that RQ1.  

In this paper, I was responsible for the design, execution, and analysis of 
the studies, as well as for leading the paper writing process. My co-author 
supported with feedback in all these steps. 

 PAPER C 
Towards sustainable product development – insights from testing and 
evaluating a profile model for management of sustainability integration 
into design requirements  

Published as 

Watz, M., & Hallstedt, S. I. (2022). Towards sustainable product 
development – Insights from testing and evaluating a profile model for 
management of sustainability integration into design requirements. 
Journal of Cleaner Production, 346, 131000.  

Summary 

In paper B, a profile model was proposed which categories represent key 
elements of sustainability integration into requirements in product 
development. This study aims to further the understanding of the 
knowledge gap concerning the management of needs identification and 
propagation of design requirements and does so through i) an evaluation 
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of a self-assessment approach based on the proposed profile model, and 
ii) an in-depth literature review on practices of requirements 
development and sustainability criteria identification and integration in 
product development. To evaluate the approach, four Swedish product 
development and manufacturing companies participated in a focus-
group case study with hand-picked participants, where they discussed 
the proposed guiding questions. The results from each case were 
consolidated into reports which outlined strengths and weaknesses and 
improvement actions to consider, to leverage sustainable product 
development implementation from a requirements perspective.  
Thereafter, the companies provided input to their case reports, which was 
followed by a cross-case analysis where the results were evaluated 
regarding usefulness, usability, and effect potential.  

The findings from the cross-case analysis were then discussed together 
with the literature findings on key characteristics for requirements and 
sustainability criteria. For instance, it was identified that sustainability 
criteria in general should be necessary, sufficient, general, non-
overlapping, and concrete. In product development, sustainability criteria 
should be applicable to different concepts, include a measurable design 
objective, draw on accessible information, and represent aspects of (all) 
sustainability dimensions. In addition to these characteristics, literature 
on requirement engineering emphasize on traceability, as a means to 
verify that the selected criteria actually are linked to (stakeholder-) needs. 
As such, the findings highlight the need to ensure that socio-ecological 
considerations both influence the initial set of requirements and are 
maintained as decision parameters throughout the product development 
process. 

Contributions 

The study presented in this paper contributes to the thesis in more than 
one way. Firstly, it confirms previously identified challenges in 
requirements development and management in relation to sustainability, 
and, in particular, in relation to sustainable product development 
implementation, through additional examples of industry practice. 
Secondly, it provides an in-depth discussion about the characteristics of 
best practice considering the development of sustainability criteria and 
requirements for product development. Thirdly, it provides a self-
assessment tool which can be used by companies that seek guidance to 
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improve their practices for integration of sustainability into product 
requirements development and management. Thus, the paper addresses 
sub-research questions 1.2 and 1.3 and thereby RQ1. 

I designed and performed the literature analysis, prototyped the guided 
self-assessment template tool and the online focus group case study, and 
led the writing process of this paper. My co-author supported me in the 
data collection, results analysis, as well as in the writing of the paper.  

 PAPER D 
Decision Support for Re-designed Medicinal Products – Assessing 
consequences of customizable product design on the value chain from a 
sustainability perspective 

Published as 

Siiskonen, M., Watz, M., Malmqvist, J., & Folestad, S. (2019, July). 
Decision Support for Re-designed Medicinal Products-Assessing 
consequences of a customizable product design on the value chain from 
a sustainability perspective. In Proceedings of the Design Society: 
International Conference on Engineering Design (Vol. 1, No. 1, pp. 867-
876). Cambridge University Press.  

Summary 

An exploratory and prescriptive study is presented in this paper. 
Together, my co-author and I designed a methodological approach for 
concept evaluation and decision support based on platform modelling 
and a value-driven design whilst integrating a strategic sustainability 
perspective. The methodology was tested in a context of re-design of 
pharmaceutical products into scenarios of various levels of 
customization, allowing assessment and evaluation of value chain 
impacts. The methodological approach emerged through collaboration, 
inspired by shared course work in modelling, simulation and optimization 
in engineering product development and a literature gap concerning the 
value modelling of changes in the pharmaceutical value chain from 
personalized medicines. Previously, a value modelling of pharmaceutical 
products has been limited to economic perspectives, despite the implied 
benefit of customization from a societal health perspective. Previous 
environmental assessments of pharmaceutical products also allude to 
increased resource efficiency, which theoretically could be improved with 
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a shift towards a pull- rather than push-to-market business model. 
Furthermore, this study provided a value assessment that covered the full 
pharmaceutical value chain for customizable medicines. Due to being 
purely theoretical, the validity of this study could, however, be improved 
through practical tests and verification of the results. 

Customized design concepts were generated using platform modelling to 
which a strategic sustainability assessment method, SLCA2.0 (Villamil et 
al., 2018) was applied to derive theoretically comparative value scenarios, 
i.e., how customization might impact the sustainability performance 
throughout the complete pharmaceutical value chain in the ecological-, 
social- and economic (manufacturer) dimension. In this way, value drivers 
for each dimension could be identified and used to simulate six resulting 
value scenarios. These were generated using the concept of a screening 
matrix, utilizing a qualitative comparison and utility function, as 
described in Ulrich & Eppinger (2012). This last step was also executed by 
my co-author. The two last authors contributed with feedback and 
expertise in platform-and value modelling, respectively pharmaceutical 
product design, as well as in the writing process. 

Contributions 

The results from this prescriptive study indicate that a strategic 
sustainability perspective can be coupled with value models to generate 
support models for design decision-making in the concept development 
phase. This was demonstrated through the theoretical application of a 
qualitative sustainable product development assessment method, 
SLCA2.0, from which sustainability drivers and constraints were 
identified in three sustainability dimensions. These could then be used to 

- Identify value drivers for different product characteristics 
- Compare levels of customization to degree of sustainability 

performance 
- Show that customized medicinal product design can be 

preferable from a socio-ecological value perspective, compared 
to the traditional design. 

Furthermore, the study emphasized the need of sustainability 
competence in the teams conducting the sustainability assessment, and 
the comparative value assessment of the value chain impacts. As such, 
this study addressed sub-research question 2.1, thereby contributing to 
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RQ2, providing a strengthened rationale for future research suggested in 
Paper B and C.  

The first author of this paper was responsible for the generation of 
customized design concepts using platform modelling. I contributed with 
the application of a strategic sustainability assessment method, SLCA2.0. 
The first author and I also shared responsibility for the writing process. 
The third and fourth authors provided expert advice to the research 
design, results analysis, and paper writing. 

 PAPER E 
Depth and detail or Quick and Easy? Benefits and drawbacks of two 
approaches to define leading sustainability criteria 

Published as 

Watz, M., & Hallstedt, S.I. (2021) Depth and detail or Quick and Easy? 
Benefits and drawbacks of two approaches to define leading 
sustainability criteria. In proceedings of 12th International Symposium on 
Environmentally Conscious Design and Inverse Manufacturing 
(EcoDesign2021), Virtual Tokyo, 1-3 December 2021. Accepted for 
publication in “EcoDesign for Sustainable Products, Services and Social 
Systems”, 2022, Springer (E-book).  

Summary 

Based on main findings from Paper A, B, and C, an approach was 
prototyped to identify and define sustainability criteria to be used in 
product development or product-service system design. This approach 
thus combines elements from strategic sustainable development and 
requirements engineering. Under a process of evolutionary prototyping, 
in collaboration with industrial cases and with input from engineering 
master-level students, a workshop approach and templates emerged 
which draw upon previously validated SPD tools. The resulting approach, 
‘Leading Sustainability Criteria Workshop’ (LEASA), encourages 
participants to first envision characteristics of a solution, i.e., a product or 
product service system, in a future sustainable society. The second task is 
to assess current solutions to identify current ecological, social, and 
economic issues, across all lifecycle phases. The third task is to identify 
design strategies which could ‘bridge the gap’ between the current 
scenario and the envisioned ideal future solution. The final task is to apply 
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a proposed checklist for leading sustainability criteria to the collection of 
identified design strategies. The checklist for leading sustainability 
criteria is intended to provide support for defining sustainability criteria 
that align with preferable requirement characteristics, without a risk for 
sustainability sub-optimizations. To test and evaluate LEASA, it has been 
applied in a company case and several student cases and compared with 
results from previous applications of the Sustainability Design Space. To 
guide the evaluation, the research quality criteria of ‘usefulness’, 
‘usability’, and ‘effectivity’ are used to discuss the two approaches to 
identify leading sustainability criteria. As the two approaches represent 
different time and resource requirements, as well as the level of details, 
the evaluation provides a general discussion about how to accomplish an 
effective implementation of sustainable product development in 
practice. 

Contributions 

Firstly, the proposed workshop, LEASA constitutes a hands-on tool which 
could be applied during the initiation of a requirements development 
process. If applied by the intended users, i.e., a group of participants with 
sufficient knowledge and awareness about the company’s sustainability 
strategy, prevailing market requirements, product knowledge and skills 
in requirements, results indicate an enhanced possibility to integrate 
sustainability criteria into requirements. Secondly, the discussion about 
strengths and weaknesses with different approaches to sustainable 
product development support provides an input to discussion in 
academia about potential future research directions; for instance, that no 
single tool can fit any product development organization, but that more 
support is needed to develop organizational capabilities which can take 
utility of sustainable product development tools. Hence, this paper 
addresses sub-research question 2.1 which contributes to RQ2.  

In this paper, me and my co-author collaborated around the design of 
both the workshop approach and the research study, and the analysis of 
collected data was also a shared effort. I was responsible for the 
coordination, planning and execution of the test applications, led and 
managed the writing process, and presented the paper at the conference. 
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 PAPER F 
Investigating effects of group model building on sustainable design 
decision-making 

Published as 

Watz, M., Askling, C.J., Bertoni., A., & Hallstedt, S.I. (2022). Investigating 
effects of group model building on sustainable design decision-making. 
Submitted to Journal.  

Summary 

Paper B and C identified the challenge of an incoherent understanding of 
sustainability and its implications during requirements development, and 
lack of systems thinking, transparency and traceability of design 
decisions related to sustainability. Therefore, this paper presents a study 
which proposes and evaluates a group model approach to inform the 
selection and prioritization of initial product requirements.  

Group model building is an established method that has shown great 
potential in building trust into decision support, as well as for fostering 
systems thinking and an improved ability to address complex problems, 
including sustainability which was coupled with the concept of 
knowledge maturity. Knowledge maturity assessment serves as a means 
for increasing the transparency of design decision-making and 
requirements traceability. The resulting approach, the Collaborative 
sustainability system analysis for product design using group model 
building with causal loop diagrams (CAUSAL), thus combines elements of 
both group model building and knowledge maturity. Using a visualization 
scheme, participants model relationships between ‘traditional’ high-level 
requirements and sustainable design criteria.  

Four assumptions were formulated to investigate the proposed 
approach, for which a quasi-experiment was designed. A 3-step workshop 
constituted the experiment design where 43 master-level students in 
product development (13 teams) and 13 practitioners (two teams) from 
an aerospace company iterated between individual work and teamwork 
in workshop templates. In step 1, the participants assessed weights of 
sustainability criteria and ‘main design objectives’, and estimated the 
knowledge maturity of these weights, first individually and then team-
wise. In step 2, the participants used CAUSAL to map relationships and 
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visualize weights and knowledge maturity and answer guiding questions. 
In step 3, the participants repeated the assessments in step 1, and 
answered a feedback survey. The templates were collected and analyzed 
on both an individual and a team level, enabling the investigation of each 
assumption, see Table 5. 

Table 5. Assumptions used to guide the research design in Paper F. 

Assumptions: The proposed GMB approach will help a design team to 

a1) foster an improved contextual understanding of what sustainability means for 
their specific design project  

a2) align their view of the relative importance of sustainability 

a3) identify suitable actions to enable sustainability performance improvements in 
line with other design objectives 

and, a4) that this will increase the knowledge maturity of their design decisions 

Assumption 1 and 3 were investigated through inductive coding of 
feedback and recorded workshop observations. Assumption 2 was 
investigated by measuring the team variance in weight and knowledge 
maturity values before and after step 2, the CAUSAL approach. The root 
mean square error was also measured to evaluate whether the need for 
adjustment to align with the team on an average dropped or increased. 
Assumption 4 was also investigated by the means of quantitative 
assessment, i.e., the difference in average knowledge maturity values 
before and after CAUSAL. A Wilcoxon signed-rank test indicates a 
significant effect on team variance, but not on the average values. There 
were also several examples in the collected material indicating that 
CAUSAL helped the participants to identify unanticipated trade-offs, 
e.g., user integrity and usability, new design ideas, e.g., change to 
biodegradable material, and needs for further sustainability assessments. 
The company cases identified the need to further analyze, e.g., the 
identified relationship between remanufacturing, recycling, and supply 
chain reliability, to be analyzed in an in-depth continuation study. These 
results hence support assumption 1-3 but not assumption 4, which are 
discussed in relation to several limitations, as well as potential continued 
studies and areas for application of the proposed approach.  

Contributions 

This study contributes to RQ2 through addressing sub-research question 
2.3. The investigation of the effects of CAUSAL on the design decision-
making indicates that such approaches could be useful to foster systems-
contextualization and shared understanding of sustainability in early 
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decision-making about product requirements. Engaging cross-functional 
teams in group modelling to visualize sustainable design criteria in 
relation to other design objectives, as well as the level of reliability and 
robustness of this decision support, was found useful to trigger 
constructive discussions that increased sustainability awareness and 
alignment. In this way, the practices around initial product requirements 
development could be strengthened from a strategic sustainability 
perspective. The mixed-methods approach included statistical analysis as 
a complement to qualitative research evaluation criteria. As such, the 
study also constitutes an in-depth validation of the intended utility of the 
proposed CAUSUAL approach. 

I led the design and execution of this study, as well as the writing process. 
My co-authors contributed with ideas for the workshop design, data 
collection and analysis, and to the execution and conceptualization of the 
research in their specific expertise area. The co-authors contributed with 
their expert knowledge on knowledge maturity, statistical analysis, and 
to the positioning of the research. All co-authors contributed to the 
organization and facilitation of the workshops. 

 PAPER G 
Exploring systemic forces that influence sustainable design transitions 

Published as 

Watz, M., Hoffenson, S., & Hallstedt, S. (2021). Exploring systemic forces 
that influence sustainable design transitions. Proceedings of the Design 
Society, 1, 1501-1510.  

Summary 

This paper presents an exploratory study that draws upon expert 
knowledge and a conceptual literature review of key publications to 
identify systemic forces, i.e., drivers and barriers, for sustainable design 
transitions. This was motivated by findings in paper B and C, which found 
that product development companies today lack competency about the 
systemic relationships between sustainability impacts and design drivers. 

System analysis by the means of causal loop diagrams (CLD) allowed for 
an iterative process of structured discussion about key variables related 
to sustainability and sustainable design implementation, and for how 
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these might influence one another. A framework for key sectors and 
stakeholders within sustainability transitions guided the process. The 
result is a proposed system model that is constituted by the identified key 
variables and their relationships within the CLD, and some potential 
leverage points that can help make product design better contribute to 
sustainability. Such leverage points can be found in, e.g., the balancing 
and reinforcing feedback loops of the CLD as well as the mapping to 
societal dimensions of sustainability transitions and stakeholder groups. 
All elements of the proposed model are described together with potential 
directions for continued research.  

Contributions 

Through a conceptual review and analysis of variables influencing the 
societal transition towards sustainable product development, we found 
that the proposed systemic model highlights the need of: 

- Developing effective policy mixes to drive sustainable design 
implementation, 

- Considering the value-add of sustainable product development 
support, e.g., methods and tools, as a factor for successful 
implementation in industry, 

- Improved awareness of how new product lifecycles affect socio-
ecological system performance, across the system of 
stakeholders in society, 

- Support for industry to guide identification and prioritization of 
needs and requirements in the value chain to respond to 
sustainability drivers and manage goal conflicts. 

Through addressing sub research question 2.4, the findings of this 
exploratory study provide a macro-level perspective to the discussion in 
relation to RQ2 of this thesis, and a direction to my future research. 

I led the design of this research study and coordinated the data collection, 
analysis, and paper writing, to which all authors contributed. 
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5 MAIN RESULTS AND DISCUSSION 
In the following chapter I provide answers to the final set of research 
questions that were presented in chapter 1, I resonate about research 
quality and contributions, and discuss areas for continued studies.  

 ATTEMPTING TO ANSWER THE RESEARCH QUESTIONS 
Under the umbrella of the overarching main question “In which ways can 
decision-making practices for requirements development and 
management support sustainable product development?”, two research 
questions (RQ1 and RQ2) structured the descriptive and prescriptive 
studies in this thesis. The main findings in relation to these two research 
questions, and finally the main question, are described in this section. 

5.1.1 RQ1. What are current practices of requirements development 
for sustainable product development? 

Motivated by previous research indicating upon a capability gap in 
industry concerning sustainability integration into requirements in 
product development, this research question guided the exploratory and 
descriptive studies in Paper A-C.  

The exploratory and descriptive study in Paper A investigated which 
methods that can be used to facilitate sustainability integration into 
product requirements through a systematic literature review. The 
literature review results revealed that a wide range of approaches that 
combine ecodesign tools, such as the LCA, and common engineering 
design tools in fact have been proposed by academia. These approaches 
were targeting either concept generation or concept selection. For 
example, the Theory of Inventive Solving (TRIZ) or the Algorithm of 
Inventive Solving (ARIZ) can support concept generation with complex 
design constraints (Kobayashi, 2006; Rathod et al., 2011) such as 
environmental criteria identified in an LCA. Multicriteria Decision Making 
tools, such as the Quality Function Deployment (QFD), can be used to 
support ranking between design concepts or requirements (Vinodh et al., 
2014; Romli et al., 2016; Salari et al., 2016), where environmental or social 
criteria can be included. The largest amount of approaches combined 
LCA and QFD, encouraging decision-makers to estimate the implications 
of sustainability on other design objectives, and vice versa.  

Paper A hence showed that there are many potentially useful methods 
and tools which can support sustainability integration into engineering 
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decision environments corresponding to later stages of requirements 
development, i.e., requirement analysis, documentation, and validation. 
However, when scrutinizing how impact categories were selected for the 
LCA studies from which the sustainability criteria to integrate were 
defined, it was found that i) social sustainability dimension was often 
missing among selected sustainability criteria, and ii) a motivation for 
selecting a specific LCA scope was missing, which delimits the potential 
sustainability criteria that can be selected for integration. In practice, this 
means that the sustainability criteria for integration could be selected ad 
hoc. This indicated a knowledge gap concerning support for decisions 
about which sustainability criteria to integrate in the first step in 
requirements development, i.e., requirements elicitation, parallel to 
‘need-finding’ in product development. Such a gap induces a risk for 
sustainability sub-optimizations and trade-offs (Kravchenko et al., 2020; 
Peace et al., 2018; Wright & Boorse, 2013). 

The research findings from Paper B provided insights to current industry 
practices regarding sustainability integration in requirements. According 
to the interview results, today decision-makers with responsibility for 
initial selection and weighting of requirements find it challenging to 
estimate the influence of sustainability criteria on other design 
objectives. It was also found that sustainability requirements were 
broadly understood as “requirements that may be sourced from 
environmental or social domains but expressed in form of various needs, i.e., 
market compliance, customer requests, or internal sustainability policies. 
The source, in turn, affects how the requirements are identified and 
prioritized in a product development process”. Comparing this description 
to the identified definitions of sustainability design criteria and of 
requirements, as discussed in Paper C, indicates a need to improve 
capabilities to capture and transparently discuss sustainability early 
enough in the requirements elicitation to enable the strategic selection of 
sustainability criteria as guidance in product development projects. One 
company specifically mentioned that the main issue is to capture 
sustainability criteria from the beginning, which then will be managed as 
any other requirement.  The results from Paper B and C also indicated that 
few companies used tools for the purpose of integrating sustainability 
into requirements confirming a low implementation rate of specific 
sustainable product development-tools, as presented in previous 
research (Held et al., 2018).  
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Figure 13. Conceptual illustration of relatedness of main findings from paper A, B and C, 
including key elements for successful implementation of sustainability in requirement 
development and management. 

However, some companies do have a systematic approach to 
sustainability integration, where they might have defined a set of 
company-tailored sustainability criteria in line with their sustainability 
strategy.  These criteria are then used to indicate and assess the 
sustainability performance of all new products during the concept 
development, using a specified method, e.g., LCA. These companies 
have in common that they require all new products to have lower 
sustainability impacts than the previous version, triggering at least 
incremental environmental improvements. Two companies, C3 and C8, 
see Table 2 in section 3, also describe interesting in-house developed 
approaches to support identification of sustainability-oriented 
requirements at the beginning of new product development projects. 
They store previously used environmental requirements from, e.g., 
standards, legislations, and certifications, in ‘sustainability requirements 
libraries’. Interestingly, these companies, just like companies with a lower 
sustainability maturity-level, perceived a lack of competency and support 
for creating a shared understanding the lifecycle system implications of 
different requirements and sustainability criteria. Hence, the findings 
from Paper B and C further emphasized previous research findings about 
sustainable product development implementation, i.e., that naturalized 
integration of sustainability commitment throughout the decision-
making in the product development process is necessary, e.g., (Alänge et 
al., 2016; Brones et al., 2020), but not enough. Product development 
companies need to develop capabilities for integrating a full sustainability 
scope at the earliest stages of product development and make strategic 
decisions about which sustainability criteria to integrate in the 
requirements, e.g., (Dyllick & Muff, 2015; Gagnon et al., 2012). A 
conceptual illustration of the main findings from Paper A, B and C is 
shown in Figure 13.  
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5.1.2 RQ2. In which ways can requirements development practices 
for sustainable product development be guided from a 
systems and value perspective? 

A Profile model for management of sustainability integration into 
requirements for engineering design (PROSEQ) consolidates the findings 
from this study, see Table 6. The first two out of its five key categories 
stress the importance of internal policies to propagate the company’s 
sustainability objectives on a strategic level into key performance 
indicators in business plans, that can be used to inform the selection of 
sustainability criteria categories to use in portfolio management and 
need-finding in product development, see e.g., (Brones et al., 2020). The 
remaining three categories indicated that companies need to ensure that 
the type of support that is implemented ensures transparency and 
traceability of sustainability criteria and a back-casting thinking, and that 
there are sufficient capabilities for contextualized selection of 
sustainability criteria using a systems perspective, see, e.g., (Diaz et al., 
2021; Mendoza et al., 2017). The profile model categories were then 
revised in Paper C and transformed into a self-assessment tool using 
guiding questions. From this assessment, companies or product 
development organizations inside a company can identify their level of 
sustainability maturity, i.e., ‘compliance’, ‘systematic’, ‘ambitious’, or 
‘strategic’, from a requirement perspective, as well as improvement 
actions, see Table 6.  

More specifically, the guiding questions in PROSEQ trigger improvement 
actions regarding: i) strategic sustainability objectives and business plan, 
ii) routines for break-down of sustainability objectives into targets, 
criteria, and performance indicators, iii) the identifying of opportunities 
to implement sustainable design tools to support designers and decision-
makers with sustainability integration in requirements at different stages 
of product development, iv) the ensuring of the use of systems thinking 
during the initial requirement selection and weighting, and v) how to 
ensure that decision-makers have sufficient training in sustainability. 
Hence, PROSEQ highlights important aspects of requirement 
development perspective needed in sustainable product development, 
see, e.g., (Becker et al., 2016; Peace et al., 2018) and could therefore be 
used in 
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Table 6. PROSEQ key categories and profile levels with example characteristics. 
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combination with other tools for sustainability maturity assessment for 
product development companies, e.g., (Schulte & Hallstedt, 2018). 

While considering the need for improved applicability and usability for an 
improved uptake of sustainable design tools in industry (Faludi et al., 
2020), the research presented in Paper D, E, F and G thereafter explored 
different approaches to address refined research gaps as indicated by the 
key categories discussed in paper B and C.  

From a comparison of different approaches to identify leading 
sustainability criteria, i.e., sustainability criteria that are critical to identify 
as early as possible in the product development process, Paper E provided 
a discussion and proposed guidelines for identifying sustainability 
improvement strategies for a new product using backcasting and a 
lifecycle systems perspective. A checklist and guidelines for 
characterizing leading sustainability criteria from identified sustainability 
improvement strategies thereafter support the integration of 
sustainability into requirement following principles for both sustainability 
design criteria and requirements development, see Figure 14. The 
checklist provides support to propose and prioritize which of the 
identified sustainable design strategies that should be integrated into 
requirements and encourages these being translated into measurable 
requirements. Thus, leading sustainability criteria can be used to inform 
the selection of impact categories in detailed sustainability lifecycle 
assessments throughout the product development process, such as the 
ones used in tools identified in Paper A. As such, LEASA hence adds to 
previous SPD approaches for early product development, which apply 
backcasting and qualitative lifecycle assessment with guiding questions, 
see e.g., (Hallstedt, 2017; Schulte & Hallstedt, 2018).  

The case study in Paper D explored how a sustainability lifecycle system 
and value perspective could guide concept development and selection. 
Three different product concepts, i.e., medicines, represented various 
degrees of customization and thus different types of value chains. Value 
drivers, i.e., different product characteristics, were identified in literature 
and from expert knowledge and compared from a sustainability 
perspective. The results were used as an input to a value model from 
which the lifecycle value was derived for the three different concepts, see 
Figure 15. Using this type of approach can help design decision-makers 
estimate which level of customization that is most advantageous from a 
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sustainability perspective, depending on how different value drivers are 
weighted. In contrast to the identified combinations of sustainability 
assessment tools and engineering design support methods, as concluded 
in Paper A, this prototype approach specifically describes i) how a 
lifecycle systems perspective can inform the selection of which 
sustainability criteria to integrate into requirement development and ii) 
what the implications of these sustainability criteria are using value 
modelling as the analysis method. As shown in previous studies, e.g., 
(Bertoni et al., 2020), quantifying qualitative sustainability assessment 
results through value modelling offers opportunities to operational 
engineering decision-making from a requirement analysis perspective 
(Lee & Paredis, 2014). 

 

Figure 14. Process for developing leading sustainability criteria using the checklist in step 4 of 
the LEASA workshop, proposed in Paper E. 

Now, the research findings in Paper A-C also indicated a need to improve 
capabilities for systems thinking and for aligning individual perspectives 
on sustainability. Among support for sustainable product development 
there is a lack of approaches which address this need to build a shared 
understanding of sustainability implications within the team of designers 
or decision-makers, prior to the weighting of requirements (Diaz et al., 
2021; Kravchenko et al., 2020).  Paper F outlined the next study which 
proposed and evaluated an approach to foster such capabilities, i.e., 
‘Collaborative sustainability system analysis for product design using 
group model building with causal loop diagrams’ (CAUSAL). The 
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evolutionary prototyping behind the design of this approach draws upon 
adjacent research highlighting opportunities with group model building 
as decision support in strategic sustainable development, e.g., (Robèrt et 
al., 2017),  SPD, e.g., (Byggeth et al., 2007; Watz & Hallstedt, 2020), and 
as a method for sustainability learning, e.g.,  (McCardle-Keurentjes et al., 
2018; Watz, 2020). As a proxy for decision-support quality, the concept of 
knowledge maturity was included which encouraged the critical 
discussion about not only which weights the sustainability criteria should 
have, but also the grounds on which the weighting can be considered as 
valid, e.g. ( Cash et al., 2003; Johansson et al., 2011).  

 

Figure 15. Schematic overview of the illustrative case study presented in Paper D. 

A shared view of what sustainability means within a specific product 
development context, including an understanding of the underlying 
rationale for selecting some criteria, is a foundation for building credible 
decision-support (Cash et al., 2003). The CAUSAL approach utilizes a 
visualization scheme applied to a traditional causal loop diagram script, 
see Figure 16, which could serve as a means for product development 
companies to both enhance and align the understanding of systems 
implications from product-specific sustainability criteria. Both student 
participants and the case company in paper F were able to unravel both 
trade-offs and synergies between sustainability criteria and other design 
objectives that they were not aware of before. The participant feedback 
in Paper F also indicated that the CAUSAL approach encouraged 
transparency and critical thinking in the decision-making around 
sustainability integration into product requirements, which also are 
necessary components of sustainability integration into requirements 
(Becker et al., 2016).  
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Figure 16. Example of Causal Loop Diagram elements. Color indicates the Knowledge 
Maturity level of variables (Main Design Objectives or Leading Sustainability Criteria) and 
arrows (identified relationship),and  the bubble size indicates weight. 

The research in Paper A-F provide examples for improved practices 
around sustainability integration into requirements inside their current 
operation space in society. Paper G, however, presents a study which 
explores systemic barriers and drivers within key societal dimensions for 
sustainability transitions that may influence the implementation of 
sustainable product development ahead. The findings, see an excerpt in 
Figure 17, can be used by product development companies, in, e.g., 
strategic portfolios and risk management, e.g., (Villamil et al., 2021), and 
inform explorations of new partnerships in the product value chain. For 
instance, an interviewee comment in paper B, C, and E suggests that the 
treating of sustainability criteria with as much confidence as other design 
objectives in requirements development will require that the general level 
of sustainability knowledge within a company is increased, see, e.g., 
(Brambila-Macias & Sakao, 2021).  

Apart from product development companies, the design community, 
policy-makers and education can possibly use the findings from Paper F 
as a source to stimulate increased awareness of the complex 
dependencies within the society and the environment. Such 
dependencies are necessary to understand, adapt to, and address, to 
make product development contribute to sustainable development 
(Bengtsson et al., 2018; Gaziulusoy & Brezet, 2015). In addition, both 
types of approaches presented in Paper F and G can be useful in education 
for fostering key sustainability competencies  in line with (Barth & 
Michelsen, 2013; Wiek et al., 2011). The overview of the systemic 
dependencies within some key variables, and stakeholders, might 
support the identification of leverage points across different societal 
domains to companies and institutions that wants to advance their 
contribution to sustainable development through improved  
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‘innovativeness’  (Petersen, 2021).  The findings in Paper G hence provide 
an outlook for future studies related to the design of requirements 
practices towards sustainable product development. However, the 
proposed system is only a prototype which needs to be revised by experts 
from the different societal domains. 

 

Figure 17. Excerpt from a causal loop diagram outlining the systemic drivers and barriers to 
sustainable design transitions identified in Paper G. Key societal dimensions and stakeholder 
groups are indicated according to the legend at the bottom of the Figure. 

 METHODOLOGICAL REFLECTIONS AND RESEARCH QUALITY 
As stated in the beginning of this thesis, products and product 
development alone cannot be sustainable. However, since product 
development is at the core of the economic system and is interconnected 
with other relevant elements in sustainability transitions, including 
legislation, policy, human behavior, culture, and nature, it has an 
important role. Aiming to contribute to the body of sustainable design 
science motivated the use of a transdisciplinary design research approach 
with a foundation in qualitative research and elements of quantitative 
analysis, see chapter 3. To this end, all research designs have different 
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potentials and limitations which will be discussed in the following 
subsections. 

The concept of internal validity, i.e., accuracy of results inside the scope 
of the study, and external validity, i.e., generalizability of the findings, are 
essential components in qualitative research. To ensure both internal and 
external validity of my findings, I used Cresswell (2014)’s eight strategies 
for qualitative research quality, see chapter 3. Table 7 provides an 
overview of how these strategies were used in the studies in the seven 
papers. 

In the exploratory and descriptive first studies, the goal was to 
understand current state of academic knowledge, and practices for 
sustainability integration into product requirements in product 
development companies. These findings were used to build the theory 
which could frame the hypotheses framing the development of new 
design support. Consequently, the common issue of scoping, i.e., the 
balancing between internal and external validity in theory building based 
on literature analysis, and case studies came in to play. In the research 
process for the systematic literature review I decided to apply snowball 
sampling of key literature to inform the formulation of search strings and 
inclusion criteria.  

Although strategies such as cross-checking and prolonged research time 
was applied, i.e., complementary searches, it does not rule out the risk for 
missing out on relevant literature. That is why I found it necessary to 
continuously throughout the PhD project conduct smaller, conceptual 
literature reviews to update my understanding of the state of knowledge, 
in line with the iterative nature of qualitative research. By bringing in 
relevant perspectives from fields that are adjacent to sustainable design, 
ecodesign and sustainable product development, these literature reviews 
have contributed to an increase of the level of transdisciplinarity of the 
research and can hopefully strengthen the credibility of the main findings. 
Among these perspectives are, e.g., requirements engineering, see Paper 
B, C, and E, value-driven design, see paper D, and learning and decision-
making in complex systems, see Paper F and G.  

The case studies strived to achieve both internal and external validity, i.e.,  
sufficient depth and accuracy, as well as generalizability, that is, be useful 
in a wider context than only in e.g., a specific company (Flick, 2012),. 
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Several strategies such as peer debriefing, member checking, rich 
description of findings, clarification of bias, and prolonged research field 
time have been used to ensure that the findings are internally valid in each 
case. Peer debriefing was used in all case studies, e.g., after pilot testing 
of interview questions (Paper B) and workshop designs (Paper C, E, F), or 
after data collection and data analysis activities (all papers).  

Table 7. Quality strategies for qualitative research (Cresswell, 2014) applied in the appended 
papers of this thesis. 

Quality strategies Papers 

Triangulation All 

Member-checking B, C, E, F 

Rich description of findings B, C, F 

Clarification of bias B, C, E, F, G 

Presentation of negative results or discrepant 
information 

B, E, F 

Prolonged research field time A, C, F 

Peer debriefing All 

External audit B, D, F 

Member checking and clarification of researcher bias was also used in all 
case studies. For instance, all interviewees in Paper B have been asked to 
verify the interview transcripts, and the companies in Paper C and F were 
provided case reports to give feedback on. All participating companies 
have been given opportunity to comment on each publication in which 
their participation in a case study have been included. Some of the 
participating companies are however large organizations, which induces 
a risk for reduced internal validity. Individual employees might have 
separate views on a topic and use different terminology than other 
companies or researchers (Arnott, 2006) which, in itself, was a motivation 
for the development of the CAUSAL approach presented in Paper F.  

The study presented in Paper F is an example of when prolonged research 
time was used, i.e., as it was decided to increase the number of cases to 
collect a larger sample of data from participants with similar profiles. A 
presentation of discrepant information can be found in the transparent 
reporting of improvement potentials of the proposed methods and tools, 
see Paper B, C, E and F, and even of unverified assumptions, see Paper F.  
This study also applied quantitative statistical analysis in this paper, to 
which a Wilcoxon Signed-rank test was applied to test the results 
relevance. Although this type of test is suitable to verify a measurable 
effect, in this case on team alignment, the quasi-experiment approach 
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makes it difficult to rule out other factors such as group dynamics, see 
Paper F. 

Furthermore, the resonation of generalizability necessitates a discussion 
about the context and scope external to the case companies where 
findings of this thesis can be applicable. For this purpose, a results 
triangulation was used in all case studies, as well as for the thesis as a 
whole. External audit was also used in all studies, as all papers in the thesis 
have been subject to an internal review process with researchers from the 
same larger research project but from other research fields and that were 
not involved in the studies. The companies which have contributed to the 
studies in the thesis are all based or located in Sweden, but active on an 
international, and in most cases global, market. The span of products 
developed by the companies represent several product categories that 
are both ‘complete’ products, such as milk cartons, construction 
equipment, and office furniture, and parts of a larger product, such as 
aerospace engines and electricity grid infrastructure components. Hence, 
these products represent different levels of complexity and roles in 
society and in a product lifecycle, meaning that the results of the thesis 
could be considered as valid in this scope.  

However, as indicators for validity some of the prescriptive studies in the 
papers in the thesis also evaluated the applicability, usefulness, and effect 
potential of the proposed sustainable product development support. 
These quality evaluation criteria from the DRM (Blessing & Chakrabarti, 
2009), remind us about credibility, salience, and legitimacy, which are 
proxies for quality in knowledge development and decision support for 
sustainability (Cash et al., 2003). Credibility deals with the 
trustworthiness of findings (Flick, 2012), which this thesis approached 
through the previously described applications of Cresswell (2014)’s 
quality strategies. Legitimacy, on the other hand, deals with the degree 
of transdisciplinarity of data and participants from a wider societal 
context. With regards to legitimacy, this thesis has combined various 
sources of data and engaged different types of participants with respect 
to roles and expert areas. However, there are no participants outside the 
scope of product development. Future research could therefore, as 
suggested in Paper F, involve a more diverse group of stakeholders.    

As salience deals with how relevant the proposed support is for decision-
makers, participant feedback was collected and triangulated with 
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observations and follow-ups in case studies with industry and students. 
For instance, it has been possible to follow to which extent students and 
industrial participants have used outcomes of different tools and 
methods in continued work, and to which extent the outcomes were 
accurate in relation to expected results. The leading sustainability criteria 
developed during the study in Paper C are now used in continued research 
and development projects. From the testing of CAUSAL in Paper F, the 
case company identified sustainability criteria to investigate in detail in 
an in-depth requirement analysis in a pre-study of new technology 
development. Some student teams identified new value drivers and 
concerns among the analyzed sustainability criteria, which encouraged 
them to, e.g., use low impact materials or to care for user data integrity 
in their design solutions. The quantitative statistical analysis, also 
presented in Paper F, provides a less commonly used approach for 
assessing validity and ensuring credibility in sustainable design research, 
which can be interesting to do more of in continued research. This could 
be done, for example, in future longitudinal studies to compare the 
effects on the sustainability performance of a product developed with 
support from approaches for requirements development proposed in this 
thesis, to another product developed in a traditional product 
development process. However, it is difficult to rule out other factors that 
might affect outcomes of design support  (Cash, 2018) which is a general, 
but most pertinent, limitation of design research that applies to the 
findings also in this thesis. 

 LIMITATIONS AND FUTURE WORK 
An important limitation of this research is the decision not to investigate 
in detail the various types of requirements which are used to specify 
products in design projects. Sustainability criteria, and leading 
sustainability criteria, can take various shapes which fit into different 
requirement categories, such as functional requirements, constraints, 
design solutions, technical requirements, performance requirements, 
see, e.g., (Nilsson, 2017; Schmidt & Butt, 2006). For instance, a leading 
sustainability criterion defined using LEASA could, in theory, be binary, 
e.g., ‘does include substance X’, functional, e.g., ‘possible to refurbish’, 
technical, e.g., ‘zero waste from manufacturing’, or performance 
oriented, e.g., ‘zero emissions during use’, see e.g., (Hallstedt, 2017). 
Future studies could further investigate similarities between types of 
requirements- and sustainability criteria characteristics to ease the 



5. Main results and discussion 

65 
 

management of sustainability integration, e.g., to support need-finding 
and requirement elicitation.  

Furthermore, among the motivations behind the research in this thesis is 
a lack of implementation of the numerous research findings, e.g., support 
tools for sustainable design and ecodesign, that previously have been 
published by academia (Faludi et al., 2020). One could question why not 
more research efforts are directed to, e.g., increasing the applicability of 
already available tools and methods, or investigating more critically why 
this situation has occurred. This research has touched upon the important 
role of organizational culture and change management in sustainability 
transitions in product development (Brones et al., 2020; R. Gould, 2018). 
For instance, Paper F proposes CAUSAL which is an example of a tool that 
addresses group dynamics in relation to sustainable design decisions. 
However, more research is needed to better understand ‘soft’ aspects of 
sustainable product development implementation, such as 
organizational culture, sustainability competency development, and 
involvement of sustainability experts, e.g., (Brambila-Macias & Sakao, 
2021; Germani et al., 2016; Marconi & Favi, 2020; Siva et al., 2018). An 
improved understanding of these factors could inform, e.g., project 
management and operational management system design, e.g., (Brones 
et al., 2014; Buchert et al., 2017; Diaz et al., 2021; Gonçalves Da Costa et 
al., 2021; Mendoza et al., 2017; Peace et al., 2018). 

Another adjacent area that was not included in this research is risk 
management, which is of particular interest in the implications of 
requirements fulfilment. Future research could therefore explore how to 
facilitate the effective interplay between risk- and requirements 
management in favor for sustainable product development, see, e.g., 
(Schulte & Knuts, 2022). This interplay is necessary as both societal 
market conditions and ecological conditions are changing and such 
capabilities will hence affect sustainable design implementation, see 
Paper G. For instance, product development organizations might need to 
develop capabilities to collect the market need from which requirements 
are identified, using a strategic sustainability and risk perspective 
(Schulte & Knuts, 2022).  Doing so will require an enhanced 
understanding of the socio-ecological system which provides the market 
conditions that product development operates within.  
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Currently, sustainable product development policies and market 
initiatives fail to sufficiently incentivize the inclusion of sustainability into 
the business-, and design rationale in product development. Companies 
are facing a complex landscape of requirements from policy mixes that 
are either inconsistent or contradictory. Future research can therefore 
also build on the findings in Paper F to encourage the design of effective 
policies, legislation and product standards, as well as partnerships 
between different value chain actors, see, e.g., (Calisto Friant et al., 2021; 
Cernev & Fenner, 2020; Gaziulusoy & Erdogan, 2019). By the refinement, 
validation and quantification of systemic drivers and barriers to 
sustainable design, the causal loop diagram, can provide support to 
companies in understanding the needs to be addressed by products to 
leverage sustainable development. Quantification of such models, e.g., 
into System Dynamics models can provide further guidance for strategic 
decision-making in complex systems, see, e.g., (McCardle-Keurentjes et 
al., 2018; Ny, 2009).   
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6 CONTRIBUTIONS, CONCLUSIONS, AND OUTLOOK 
Altogether, this thesis sheds light on the importance of understanding 
decision-making practices for requirements development and 
management to realize implementation of sustainable product 
development. The final chapter of the thesis is divided into two parts, i.e, 
main contributions, and suggested conclusions to the overarching 
research question with a summary of limitations and future work.  

 MAIN CONTRIBUTIONS 
Specific contributions of the thesis can be divided into academia, 
practice, and education. These are described in the following. 

- Contributions to academia 

The research presented in Paper A-C provides a theoretical foundation 
based on literature and describes current examples and challenges with 
integration of sustainability into requirements in product development in 
eight Swedish product development companies. From these studies, a 
broad definition of sustainability requirements is proposed, see paper B, 
and preferable requirement characteristics are discussed in relation to 
characteristics of sustainability criteria, see paper C. Based on these 
findings, a model that lists five key categories to consider when 
improving practices for sustainable product development 
implementation from a requirement development- and strategic 
sustainability perspective was developed, see paper B-C. The thesis also 
provides examples of how support for improving such practices have 
been developed and tested, including a critical discussion about 
limitations and future work.  

- Contributions to practice 

The thesis provides guidance and useful examples of how product 
development companies can improve their practices around 
requirements development and management to ease implementation of 
sustainable product development. The case studies alone provide 
examples of current states of practice in 8 different Swedish product 
development companies, see Table 2, which could be of interest to 
companies that search inspiration or that wish to benchmark their own 
practices for sustainability integration into requirements. The tools 
presented in Paper B-F could be used by product development companies 
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as is, or with adaptations, or used as inspiration for an in-house 
development of sustainable product development support. PROSEQ, see 
Paper B and C, offers a self-assessment approach to guide improvement 
actions in five key categories in relation to integrating a strategic 
sustainability perspective in requirements development. Such an 
approach can complement other strategic and tactical tools for capability 
and management system governance, for example, in combination with 
sustainability maturity and risk assessments. A method for integrating a 
strategic sustainability lifecycle perspective in value-function modelling 
of different types of product value chains suggests how to integrate 
sustainability criteria in requirement analysis, see paper D. A checklist 
and procedure for characterizing leading sustainability criteria supports 
the identification of the sustainability criteria that are most urgent to 
define, as early as possible, to avoid lock-in effects, and how to formulate 
these as verifiable requirements, see paper E. As support for addressing 
the challenge of applying a lifecycle system perspective and achieving a 
common sustainability understanding in early requirement analysis, 
Paper F offers an approach to co-create a model that visualizes 
dependencies between sustainability criteria and other design objectives. 
The approach, CAUSAL, thus encourages a critical discussion and 
transparency of how sustainability is weighted in requirements 
development and guides further analyses. The systems analysis of drivers 
and barriers to sustainable design, see Paper G, provides a source for 
inspiration to companies that are exploring solutions for sustainable 
product development supply chains, business planning, and sourcing 
practices which inform the earliest phases of requirement development.  

- Contributions to education 

The thesis has brought together theories from several academic fields 
and provided examples from industry which can be used in the education 
of future product designers, business planners, organizational designers, 
requirement engineers, sustainability experts, decision-makers, and 
policymakers. Students also participated in the studies in Paper E and F 
where tools for identification of leading sustainability criteria and 
systems analysis of dependencies between sustainability criteria and 
traditional design objectives are presented. The LEASA workshop, see 
Paper F, encourages participants to apply a strategic sustainability 
perspective including lifecycle thinking in combination with 
characteristics of sustainability criteria and requirements engineering. 
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CAUSAL presented in paper F encourages the use of systems- and critical 
thinking.  

 CONCLUSIONS AND OUTLOOK 
The thesis gives answers to in which ways decision-making practices for 
requirements development and management can support sustainable 
product development. 

The research findings demonstrate how strategic sustainability thinking 
can inform requirements development- and management to support 
sustainable product development implementation in product 
development companies. Strategic sustainability thinking is included in 
proposed approaches for identifying capability gaps in different steps of 
requirements development, and in proposed support for addressing 
these gaps. For instance, a checklist and procedure for characterization 
of leading sustainability criteria provides guidance for defining what the 
social, ecological and economic sustainability criteria that should be 
integrated in requirements to create the highest value from a lifecycle 
sustainability perspective, i.e., ‘the vision of success’. A broad definition 
of sustainability requirements is proposed, and key characteristics of 
effective requirements and sustainability criteria are discussed. Further 
on, to support the application and use of sustainability systems thinking 
in early requirements analysis, a group model building approach is 
proposed which inform a value assessment and weighting of different 
requirements, by enhancing and aligning sustainability understanding. 
For later stages of requirements development, a method to compare the 
value of different concepts is proposed, e.g., in relation to leading 
sustainability criteria. A systems model provides an opportunity to reflect 
about drivers and barriers to sustainable design which can inform need-
finding and value chain management in product development and policy-
making and be used in sustainable design education. 

Finally, to guide product development companies towards a sustainable 
product development through the lens of requirements, a support tool 
with five key categories is proposed. The support tool provides a frame 
and guiding principles to create a vision and identifies actions to consider 
when integrating a strategic sustainability perspective in development 
and management of requirements in product development. 
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Limitations related to the scope of the case studies and literature, as well 
as research quality, have been discussed with suggestions for future 
research. Among the identified areas for future research are, e.g., in-
depth analysis how different types of sustainability criteria relate to 
different types of requirements, and effective interplays between risk- 
and requirement management for sustainable product development. 
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Integrating Sustainability in Product Requirements 

 

Matilda Watz, Sophie I. Hallstedt 

 

 

Abstract 

Trade-offs between sustainability criteria and engineering design 
variables can lead to sub-optimizations and costly short-term priorities. 
This study explores how sustainability requirements can be identified and 
integrated in product requirements to guide strategic and tactical 
decisions in product development including sustainability perspectives. 
Literature review and action research resulted in a proposed systematic 
approach that: define sustainability criteria and indicators; use 
correlation analysis with QFD; and adds identified specific sustainability 
requirements to requirement list.  

Keywords:. sustainability, requirements management, early design 
phase, product development 
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1 INTRODUCTION 
The sustainability performance of a product is highly dependent on 
decisions made early in the concept phase of product development 
(Hallstedt, 2017). In this phase, the basic components of a new design are 
conceptualized through identification of business opportunities, 
generation and selection of ideas, and, finally, product and technology 
development (Koen et al., 2001). Sustainability-related design variables 
are therefore important to identify and use in the early phases to guide a 
development towards more sustainable solutions (Byggeth et al., 2007). 
This research aims to explore and learn from previous research how 
sustainability requirements have been identified and integrated in the 
product requirements to guide product development.  

Previous research has shown that there is a desire among product 
development practitioners to integrate sustainability criteria into 
decision support systems (Knight and Jenkins, 2009; Zetterlund et al., 
2016).  Sustainability aspects might otherwise be given less priority 
(Gaziulusoy et al., 2013). However, researchers have also concluded that 
decision support tools designed for sustainable product (and service) 
development lacks i) a strategic sustainability perspective (Zetterlund et 
al., 2016) and ii) support for trade-offs between sustainability criteria and 
traditional design variables (Byggeth and Hochschorner, 2006). These 
deficiencies can result in sub-optimizations and short-term priorities in 
trade-off situations, which can be costly for the company in the long run.  
Furthermore, there is often a lack of a sustainability perspective that 
includes both an ecological and social sustainability perspective. These 
perspectives are sometimes separated, as social sustainability has been 
harder to define and quantify compared to ecological impacts. However, 
recent work with guidance on social responsibility by the International 
Standard Organization (SS-ISO 26000:2010) and UNEP’s suggested 
guidelines for social life-cycle assessment of products (Benoît and Mazijn, 
2009) as well as research, e.g., Missimer et. al. (2015), have taken this a 
step further. 

 PURPOSE AND AIM 
In the light of the perceived gap described above, and as sustainability 
criteria tend to be traded off in favor for traditional design variables 
(Bertoni, 2017), this study aims to explore i) how research up until now has 
approached integration of sustainability criteria in product requirements, 



Paper A 

85 
 

and ii) how certain sustainability criteria were selected. The research 
questions are the following; What methods are being applied to facilitate 
integration of sustainability aspects into product requirements? How are 
sustainability criteria and indicators identified? In addition, a process that 
uses sustainability criteria to guide product requirements is suggested. 
The continuing of this paper is structured as follows; section two outlines 
a background and description of strategic sustainable product 
development, section three presents the methodological approach for 
this research study, section four outlines the results of the literature 
review, and in section five an introductory approach to strategically 
define sustainability aspects to consider in product development. Finally, 
a concluding discussion is held in section six, in which a novel process to 
guide integration of sustainability in requirements is presented. 

2 A STRATEGIC SUSTAINABILITY PERSPECTIVE IN THE 

PRODUCT DEVELOPMENT PROCESS 
A strategic sustainability perspective means here that solutions are 
developed to fit into, or act as stepping stones to other solutions that will 
fit into, a future sustainable society defined from overarching 
sustainability principles (SPs) using a backcasting perspective (Dreborg, 
1996). This means that in a sustainable society, nature is not subject to 
systematically increasing … (SP1) …concentrations of substances from 
the Earth's crust, (SP2) …concentrations of substances produced by 
society, (SP3) …degradations by physical means, and, in that society 
people are not subject to structural obstacles to … (SP4) health, (SP5) 
influence, (SP6) competence, (SP7) impartiality, and, (SP8) meaning-
making. (Broman and Robért, 2017; Missimer et al., 2015). This definition 
does not directly nor easily integrate into the product innovation process; 
i.e., the principles from a backcasting perspective do not constitute a tool 
that can simply be embedded into existing decision systems. In short, 
backcasting means imagining success in the future and then looking back 
to today to assess the present situation through the lens of this success 
definition, and to explore ways to reach that success (Dreborg, 1996; 
Vergragt and Quist, J., 2011). The challenge is to operationalize the 
sustainability principles and develop commercialized decision support 
tools. Therefore, previous research suggests informing other tools or 
integrate other tools that product developers use with SPs, e.g., Robért 
et al. (2002); Ny et al. (2006); Byggeth et al. (2007); Waage et al. (2007); 
Thompson et al. (2012). More recent efforts involve both conceptual 
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frameworks for strategic integration of sustainability into company 
decision making and the product development process, such as the 
Method for Integrated Product Development oriented to Sustainability 
(Fernandes et al., 2017). Examples of recent tactical support methods and 
tools are Checklist for Sustainable Product Development (Schöggl et al., 
2017) and the Sustainability Design Space (Hallstedt, 2017), aiming to 
provide designers and decision makers with strategic qualitatively 
obtained actions and indicators to be implemented in the early phases of 
product development. Although these approaches provide strategic 
guidance to select relevant sustainability criteria and indicators on 
strategic and tactical levels, they do not address how the criteria and 
indicators should be identified and integrated into product requirements 
on the operational level. In Bertoni (2017), operational decision level 
support is defined as tools to be used in the design environment for 
decision making, concept generation and down-selection between 
concepts, requirements and technologies. Tactical decision level support 
involves e.g., guidelines, indicators or support processes that are framed 
from the strategic decision level i.e., the top management business 
targets and strategies. Meta level refers to decision support that expands 
over more than one organizational decision level. These are the 
definitions that are applied in this study.  

 THE IMPORTANCE OF PRODUCT REQUIREMENTS FOR THE 

PRODUCT DEVELOPMENT PROCESS 
The design process is a process under which a product concept is being 
realized to a product description, a step prior to manufacturing in the 
product development process. This process is largely driven by product 
requirements which define the objectives  that a design should fulfil, both 
in terms of structural- and performance aspects (Zeng and Gu, 1999). A 
requirement is a "statement that identifies a product or process 
operational, functional, or design characteristic or constraint, which is 
unambiguous, testable or measurable, and necessary for product or 
process acceptability (by consumers or internal quality assurance 
guidelines)" (The Institute of Electrical and Electronics Engineers, 2007). 
The requirement list is a key foundation for success in all projects, as it 
offers guidance and can be used for monitoring the decisions so that they 
lead towards the overall target, which is to satisfy stakeholder needs (Hull 
et al., 2005). Adequate requirements are necessary for guiding designers 
in developing solutions that perform well throughout the whole lifecycle, 
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in regards to economic, ecological and social aspects (The Institute of 
Electrical and Electronics Engineers, 2007). 

3 RESEARCH APPROACH 
The research approach of this paper consists of a combination of a 
systematic literature review and a prescriptive research study conducted 
at a case company.  

Systematic literature review 
A systematic review of previous publications, i.e., following a 
"transparent, rational and replicable" process (Tranfield et al., 2003), was 
applied to explore the state of the art of the research field, see Figure 1. 
The search architecture was obtained from two snowball sampling 
analyses (SBAs), i.e., a study of "references to references" (Wohlin, 2014), 
of previous academic publications discussing integration of sustainability 
into product development and requirements. The first SBA started in 
Jaghbeer et al. (2017), leading towards authors such as (Byggeth and 
Hochschorner, 2006; Bovea and Pérez-Belis, 2012; Inoue et al., 2012; 
Gaziulusoy, Boyle and McDowall, 2013; Hallstedt, Thompson and Lindahl, 
2013; Hallstedt, 2017; Schöggl, Baumgartner and Hofer, 2016; Zetterlund, 
Hallstedt and Broman, 2016). A research map that visualized the 
referencing between these articles led towards (Hallstedt et al., 2013), 
which was chosen as a reference point for a second SBA. The second SBA 
led to authors such as (Byggeth and Hochschorner, 2006; Kaebernick et 
al., 2003; Lindahl, 2005; Maxwell and Van der Vorst, 2003; Pujari et al., 
2004; Waage, 2007), and others.  

From summarizing and analyzing frequency of keywords used in papers 
found in the SBAs, it was possible to build a concept map which was used 
as inspiration for the literature search. Frequently used key words, e.g., 
"sustainability", "criteria", "integration", "product requirement", etc., 
including similar words, terms or phrases, were used as as operators in 
the search query. The same query was used to search in title, abstracts 
and key words in Scopus database and within ‘topic’ in the Web of Science 
(WoS) database. The searches were limited to journal papers, book 
chapters and conference proceedings written in English and published 
after 1999. A brief title and abstract screening was made for filtering the 
search results, using ‘relevancy for integration of sustainability in product 
requirements’ and ‘relevancy for sustainability trade-offs’ as criteria for 
inclusion (papers were considered ‘relevant’ even though only 
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environmental aspects were considered). To complement the search 
results, a second, streamlined literature search was conducted in the 
same databases, although now only searching for titles in the Scopus 
database, but otherwise with the same limitations. The same filtering 
criteria were applied to the results in the second search. The first search 
queries combined keywords with relevant Boolean operators, for 
example, ("sustainab*" AND ("sustainab* product development" OR 
(similar term)) AND ("decision?making" OR "design requirement*" 
"product requirement*" OR (similar term)), while the streamlined search 
combined words and  terms such as ((product*development* OR 
sustainable*product*development* OR (similar term)) AND (integrat* 
OR (similar term)). Remaining contributions were added through a third 
SBA. A first categorisation of papers was made based on the decision 
level architecture, namely meta, strategic, tactical and operational, as 
described above. The papers were thereafter sorted in regard to means 
to manage sustainability- and integration.  

 

 

Figure 1. Schematic overview of the literature review process 

Action research 
A Sustainability Design Space, i.e. strategically tailored leading 
sustainability criteria, indicators for those, as well as the method itself 
together with a sustainability compliance index-scale, was developed for 
a case company in an action research-based study approach (Hallstedt, 
2017). Action research (Avison et al., 1999) here meant an involvement of 
the researcher at the case company, working closely  with the design 
team during several years to understand and reflect on the challenges 
relevant for developing a Sustainability Design Space. This included 
several steps: i) gathering data and information about existing 
sustainability requirements and guidelines, which were crosschecked by 
using multiple sources to search for regularities and certainty in the data 
collection, ii) and iii) were descriptive studies in which key sustainability 
aspects were identified and a sustainability compliance index was 
formulated, as support for companies to estimate their sustainability 
maturity level (Hallstedt, 2017). Altogether about 20 company 
documents and reports, feedback from five workshops, assessment data 
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and semi-structured interviews with product developers and engineers 
have been used to support the development of the prescriptive results. 
The findings were validated with pilot tests iv) and iteratively discussed 
with a design team, which consisted of an expert group of four engineers, 
active in the early phases of the technology- and product development 
process at the company leading sustainability criteria and indicators have 
been identified for the case company and are presented in the results. The 
case company is an engine component manufacturer in the aerospace 
industry in which the research and development department were 
interested in increasing the capability to integrate a sustainability 
perspective in their decision-making system. Since an inability to clarify 
and understand the sustainability implications compared to performance 
features of concepts had been identified. Sustainability includes a rich set 
of features important for a successful introduction of new products and 
product-service solutions to the market. Therefore, a better 
understanding of relations between requirements and sustainability 
aspects and of how these can be included in the product requirement list 
was of interest to the case company. 

4 LITERATURE REVIEW RESULTS 
This chapter will outline the results of the literature review in regards to: 
decision level in section 4.1 and, integrated approaches with a 
sustainability perspective in section 4.2.  

 SUSTAINABILITY INTEGRATION EFFORTS PER DECISION 

LEVEL 
The literature review showed that efforts to integrate sustainability into 
product requirements can be found on all decision levels, with different 
sustainability perspectives and with support from different tools and 
methods. In total, 75 papers qualified in the initial filtering of the 
systematic search results. These papers were distributed into four 
categories; taxonomies and conceptual frameworks, strategic- and meta 
level efforts, tactical methods and tools and operational efforts, as have 
been described above. Sixteen of these papers were placed in the 
category of taxonomies and conceptual frameworks and were found 
useful for the interpretation of the other search results. They are however 
not described in more detail in this paper. 

Strategic decision level and meta-level  



Matilda Watz 
Towards sustainable product development through the lens of requirements 

90 
 

Three of the papers described frameworks or methods for inclusion of 
sustainability in the product development process. Contributions taking 
place on this level included: the BECE framework (Mendoza et al., 2017) 
in which backcasting and eco-design are utilised to achieve alignment 
with circular economy principles; The Value Ideation process 
(Geissdoerfer et al., 2016) where design thinking is employed in the early 
innovation process to define alternative value drivers; and the Systemic 
double flow scenario method (Gaziulusoy et al., 2013) where product 
requirements are influenced from linking product development projects 
to societal structures. Four papers proposed meta-level perspectives, i.e., 
management of sustainability integration in the product development 
process (Brones and Monteiro De Carvalho, 2015), including both concept 
generation (Maxwell and Van der Vorst, 2003; Waage, 2007; Waage et al., 
2005) and redesign of a concept (Fargnoli et al., 2014).  

Table 1. Overview of strategic-, meta- and tactical approaches  

Level Results References 

Meta  

/Strategic 

Frameworks for 
implementation or 
promotion of sustainability 
into the product 
development process 

Mendoza et al., (2017); Geissdorfer, 
Bocken & Hultink (2016); Gaziulusoy et 
al., (2013) 

Modifications/ organization 
of product development 
management 

Fargnoli et al., (2014); Waage (2007); 
Waage et al., (2005); Maxwell & van der 
Vorst (2003) 

Tactical 

Select sustainability 
oriented Key Performance 
Indicators 

Keivanpour & Ait Kadi (2017); Fernandes 
et al., (2017); Hallstedt (2017); Hallstedt 
& Isaksson (2017); Pigosso et al., (2016), 
Byggeth et al., (2007); Khan, Sadiq & 
Veitch (2004) 

Select sustainability-
oriented focus/strategy 

Schöggl et al. (2017) 

Tactical decision level 
Sixteen papers presented methods to obtain sustainability indicators, or 
to select design strategies to be used for decision making. Contributions 
that suggest approaches to defining sustainability-oriented key 
performance indicators (KPI) and that suggest when in the product 
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development process they should be applied, include Method for 
integrated product development oriented to sustainability (Fernandes et 
al., 2017), Checklist for Sustainable Product Development (Schöggl et al., 
2017), Strategic eco-design map of the complex products (Keivanpour 
and Ait Kadi, 2017) and several others, see Table 1. The characteristic 
property of these contributions is that they offer support for defining 
sustainability focus areas and indicators for these, but without 
articulating how these supportive indicators and focus areas should be 
integrated in the product development process. 

Operational decision level 
The largest category consisted of 34 papers describing operational efforts 
which integrated, and translated, sustainability indicators into product 
requirements. In contrast to the tactical approaches, operational efforts 
propose operational support for sustainability integration. Although 
most contributions combine several methods to facilitate integration, 
transformation and prioritization of sustainability-oriented aspects, it 
was possible to distinguish a main focus, see Table 2. Matrix-based tools, 
e.g., Quality Function Deployment (QFD), Functional Analysis (FA), 
Modular Design and Axiomatic Design (AD) tools were proposed in 23 of 
the 34 papers in this category, and thereby constituted the most 
frequently used approach. Less frequent approaches involved Preference 
Set-Based Design and Case-based reasoning, e.g. in Inoue et al. (2012), 
(Life cycle-) costing (Chan et al., 2014; Grote et al., 2007; Lu et al., 2011), 
and separate sustainability compliance requirements (Broeren et al., 
2016; Heintz et al., 2014; Ma and Okudan Kremer, 2014; Peças et al., 
2013). These efforts will not be assessed in more detail due to their low 
representation within the search results. 

Matrix tools are commonly used tools for translating different 
stakeholder requirements into product requirements to be targeted by 
designers. They use expertise to correlate the stakeholder requirements 
with traditional design parameters such as cost, weight, 
manufacturability and so forth. Modular Design and FA can also be 
combined with QFD, as found among the 15 QFD-focused papers, e.g., in 
Alemam and Li (2016) and Devanathan et al. (2010). The common 
characteristic for these approaches is that they semantically correlate 
sustainability (or rather environmental) aspects into functional 
requirements. In QFD, for instance, an eco-design strategy such as 
‘reduce material use’ can be translated into the functional requirement of 
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‘low product weight' (Alemam and Li, 2016; Romli et al., 2015; Salari and 
Bhuiyan, 2016). Similarly, AD and FA allow designers to construct design 
parameters from functional requirements, which can be oriented towards 
sustainability and evaluated in matrices (Beng and Omar, 2014; Lacasa et 
al., 2015, 2016; Morrison et al., 2013).  

Table 2. Overview of operational approaches  

 

Sustainability-oriented adaptions of the QFD process 
QFD came out as the most frequently used tool for integration of 
sustainability aspects in the process of generating product requirements 
and therefore this section will explore the method and its sustainability 
adaptions in more detail. QFD is a matrix tool that transforms customer 
requirements into technical- or product- requirements to be fulfilled by 
all steps in the product development process (ranging from strategies and 
planning, to manufacturing and sales) (Sullivan, 1986). The House of 
Quality (HoQ) is an essential part of the QFD, where different customer 
requirements, ‘Voices of the Customer’ (VoC), are mapped, classified, 
weighted and related to relevant engineering metrics (Akao, 1990). QFD 
is an important design tool as it encourages thorough understanding of 
customer preferences and priorities and because it “provides a tangible 
method to manage new product development” (Akao and Mazur, 2003). 
Several efforts have been made to integrate sustainability-oriented 
aspects into QFD with the aim to support the development of more 
sustainable products (Popoff and Millet, 2017). Examples will be 
described in the section below.  
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Sustainability perspective 
The efforts found in this literature review mainly focus on cost, quality 
and environmental performance, few include social aspects. As described 
in Hallstedt (2017), a criterion can be defined as a target of a prioritized 
aspect or the level of the aspect that we strive for, e.g., “no raw material 
used” and “no hazardous chemicals used”. An indicator can be defined as 
a measurement or fact, qualitative or quantitative, that can indicate the 
state or level of the criterion e.g., “material used in total and per unit of 
product” and “kilograms of persistent bio-accumulative and toxic 
chemicals used”. The selection of environmental criteria or sustainability 
indicators can be managed either with support from assessment tools 
e.g., LCA or eco-design principles, or through an "ad hoc" approach. Ad 
hoc here refers to how sustainability requirements and indicators are 
chosen without support from an assessment that defines sustainability 
criteria with high relevance for the actual product or solution (Mitchell, 
1996). An ad hoc approach can thus involve designer preferences or apply 
the same criteria as in previous research, without a strategic perspective 
(Ny et al., 2006). Zhang et al. (1999) made improvements to the Green 
QFD (GFD) (Cristofari et al., 1996) by incorporating life-cycle costing in 
the GQFDII. Kaebernick et al. (2003) propose the ECQFD, in which 
environmental performance is introduced as a new VoC in the QFD, 
where the results are evaluated with a LCA. Kobayashi (2005) proposes 
using a simplified LCA endpoint analysis combined with a “willingness to 
pay analysis”, i.e., considering human health, public assets, biodiversity 
and primary production capacity, to obtain an environmental impact 
driver.  

Table 3. Approaches to obtain sustainability criteria and indicators 

 

Another way to include environmental aspects is to use environmental 
aspects as VoC’s. For instance, Masui et al. (2003) utilize ad hoc eco-
design principles concerning, e.g., material and energy consumption, 
lifetime, end of life, emissions, maintenance, etc., to comply with 
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environmental requirements from governments, recyclers and traditional 
customers while noting that LCA can be used to define critical design 
objectives. A similar approach is used in Vinodh, Kamala and Jayakrishna 
(2014), and in Salari and Bhuiyan (2016) where the Life Cycle Design 
Strategies are used to formulate customer requirements in a Green QFD. 
Romli et al. (2015) and Alemam and Li (2016) use eco-design strategies to 
formulate environmental criteria, to which ad hoc social considerations, 
such as human health and working conditions, are added. Recently, 
Popoff and Millet (2017) proposed the EcoCSP-QFD in which 
environmental performance, i.e., climate change, human health, 
ecosystem quality and resources, and costs are used to conduct the QFD. 
In contrast to these ad hoc efforts, Sakao (2007) suggests using LCA to 
define environmental hotspots to be translated into requirements. Table 
3 summarizes the sustainability approaches used by several authors.  

5 AN INTRODUCTORY APPROACH TO IDENTIFY AND 

SELECT SUSTAINABILITY INDICATORS TO GUIDE 

PRODUCT REQUIREMENTS 
Based on results from the action research the needs of the case company 
were: i) to better understand which product requirements that relate to 
sustainability; ii) to know what additional sustainability-related 
requirements need to be included; and iii) to understand how to include 
these to the product requirement list. An introductory approach to define 
and select sustainability indicators to guide product requirement is 
therefore suggested. From the development of the Design Space, leading 
sustainability criteria and indicators were identified for the case 
company. Leading sustainability criteria for each life-cycle phase from 
the Sustainability Design Space were developed and selected to 
represent the most important sustainability aspects that can be 
accomplished within the time-constrained early development situation 
(Hallstedt and Isaksson, 2017). Indicators to the leading criteria were 
thereafter identified (Jaghbeer et al., 2017). These steps resulted in 23 
criteria, 7 leading criteria and 11 indicators, see Figure 2. 

This suggested approach does not give answers to how qualitative, and 
on which level of accuracy, sustainability data can be transferred into 
quantitative sustainability data in early design stages. For this, further 
studies are needed. In addition, a better understanding of the relationship 
and the influence between sustainability indicators and design 
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requirements is needed to support the identifying of which sustainability 
requirements to add to the product requirement list in the early design 
phase. The main contribution of this work is to offer clear reasoning and 
a systematic support for how to select sustainability indicators to guide 
product requirements.  

 

Figure 2. The case company sustainability criteria, the selected leading criteria (marked) and 
the sustainability indicators derived from the leading sustainability criteria 

6 CONCLUDING DISCUSSION 
The aim and purpose of this paper was to present the current state of 
research regarding how to perform integration of sustainability criteria 
into product requirements. An explorative systematic literature review 
and a prescriptive research case study were conducted to answer the 
research questions.  

How can sustainability criteria be integrated into product requirements, 
and what methods can be used? 

In line with previous research, the importance of sustainability and how it 
should be integrated in the organization is decided at a strategic decision 
level. Practical guidelines and systems to link the strategic objectives are 
formalized on a tactical decision level, as a means for communication. 
Product requirements can be interpreted as the operational means for 
guidance towards the business objectives (Hull et al., 2005). Whether 
sustainability is included in the product requirements can however be 
linked to the sustainability commitment on strategic and tactical levels 
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(Schulte and Hallstedt, 2017). There are furthermore two main 
approaches to manage integration of sustainability criteria into the 
product requirements; i) as separate requirements such as complying 
with certain legislations and regulations, or ii) by relating sustainability 
criteria to traditional design requirements, e.g., relating "reduce material 
usage" to "low product weight" in a QFD (Masui et al., 2003; Popoff and 
Millet, 2017; Romli et al., 2015). The latter was most common within the 
literature review results, and QFD came out as the most frequently used 
tool. The sustainability perspective analysis was therefore limited to 
these results.  

How are sustainability criteria and indicators identified? 

In general, most of the articles focused on the environmental aspects of 
sustainability and the process for identifying sustainability criteria can be 
divided into two main perspectives: i) an environmental life-cycle 
assessment focus from which important sustainability aspects or eco-
design strategies could be derived and integrated, or used to formulate 
separate sustainability requirements; and ii) an ad-hoc approach where 
no systematic strategy supported the selection of sustainability criteria. 
Both perspectives lack a full, strategic sustainability perspective, which 
indicates a gap between tactical efforts to sustainable product 
development and a gap of operational tools that support translation of 
sustainability criteria to product requirements. 

Proposed process to strategically integrate sustainability in product 
requirements  

In line with previous research, e.g., Bertoni (2017), the literature review 
concludes that tools on the operational level have most room for 
improvements. For example, tools for requirements generation lack a full 
sustainability perspective and have a tendency to lack a strategic process 
for defining suitable sustainability criteria and indicators to be integrated 
in the requirement list. The results from the prescriptive research case 
study showed that it is possible to obtain strategic sustainability criteria 
and indicators based on a full sustainability perspective. Since it is 
impossible to predict all future effects of unsustainable development, 
further research will focus on identifying and verifying sustainability 
indicators that can help companies to contribute to a sustainable 
development, and how these indicators can be implemented in the 
organizational environment.  
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Several operational matrix approaches, of which QFD was the most 
frequent tool, show that it can be possible to integrate sustainability 
criteria through correlation with traditional design requirements. From 
the results obtained in this study it is therefore proposed that 
sustainability is integrated in product requirements through a strategic 
approach that: i) defines sustainability criteria and indicators for those 
criteria; ii) correlates the sustainability criteria with design variables in a 
QFD; and, iii) adds to the requirement list the sustainability requirements 
that cannot be related to traditional design requirements.  

Next steps  

To improve and increase the use of this approach, future research will 
further investigate how sustainability criteria influence traditional design 
requirements and what the impact is from a selected design solution and 
from a sustainability perspective, e.g., via system dynamics modelling 
(Jaghbeer et al., 2017), or other techniques. A deeper understanding of 
these relations, and of the possibility to visualize and communicate these, 
could further be assessed considering their influence on the sustainability 
awareness and commitment throughout an organization. This awareness 
could have an impact on, e.g., the weighting of requirements and or 
criteria in decision making tools. This is an element that was delimited 
from this study, and that could add to previous research on how 
sustainability aspects can be quantified, modelled and integrated into 
traditional value models for decision making, e.g., Hallstedt et al. (2015), 
Bertoni (2017) and Jaghbeer et al. (2017). The literature review results also 
contained a range of different efforts that apply Theory of Inventive 
Solving (TRIZ) or Algorithm of Inventive Solving (ARIZ) to support 
concept generation in the complex decision situation (Kobayashi, 2006; 
Rathod et al., 2011), Fuzzy logic to handle the uncertainty of variables 
(Bereketli and Erol Genevois, 2013) and Multicriteria Decision Making to 
support ranking between design concepts or requirements (Vinodh, 
Kamala and Jayakrishna, 2014; Romli et al., 2016; Salari et al., 2016). 
Future research should also investigate further how these tools can 
support integration of a full sustainability perspective into the product 
development process. 
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Abstract 

This research provides insights into how sustainability considerations in 
engineering product design can be addressed through early stages of 
requirement management processes. Five key elements for successful 
implementation of sustainable product development from a requirement 
management perspective are presented, demonstrating how 
organizational sustainability maturity can be linked to the design and 
structure of a company’s operational management system. Through a 
thematic analysis of fifteen interviews with representatives from seven 
Swedish product developing-and manufacturing companies, critical 
activities and roles, examples of methods and tools utilization and 
implementation, together with challenges and opportunities were 
identified. This empirical data was used to develop, test and refine a 
model in which key characteristics of sustainable product design and 
engineering design were coupled, resulting in a profile model for 
management of sustainability in requirements. Product developing 
companies can use the profile model as guidance towards necessary 
actions that enhance organizational sustainability maturity. Motivated by 
a low uptake rate of sustainability design tools in industry, this study 
brings attention to organizational capabilities for successful 
implementation of sustainable product development. As a lack of 
traceability is a potential cause, strategic socio-ecological 
contextualization of needs is suggested to improve the chain of decision 
making in engineering design projects. The guiding research question was 
‘What are sustainability requirements and how are they identified and 
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managed in design projects?’. The main contribution is a proposed 
conceptualized model that aims to support design teams to identify and 
manage sustainability in requirements for engineering design projects. 
Future studies will test and validate the model. 

Key words: sustainable product development; sustainable design; 
requirement management; traceability, sustainability maturity 

Highlights: 

- Profile model for sustainability integration in engineering design 
requirements is proposed. 

- Sustainability maturity of product innovation processes linked to 
requirements traceability.  

- Five key elements of early requirements management and 
sustainability maturity are presented.  

- Challenges and opportunities to sustainability integration in 
requirements shared. 

- Model and case-study guides industry- and research actions 
towards sustainability maturity. 
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1 INTRODUCTION 
Implementation of methods and tools, in combination with skills and 
competencies for sustainable product design and development, are 
necessary to achieve a systematic generation of solutions needed for a 
transition to sustainability (Brones and de Carvalho, 2017). The state of an 
organization that have achieved such a situation is here referred to as 
sustainability maturity (Ceschin & Gaziliusoy, 2016). In this context, 
sustainable product design and development (SPD), is when ‘a strategic 
sustainability perspective is integrated and implemented into the early 
phases of the product innovation process. Including a life cycle thinking’ 
(Hallstedt et al., 2013).  From being significantly open in the early phase 
known as concept development, design freedom is continuously reduced 
as requirements are refined to align with a projects’ target objectives. This 
is why design changes are difficult to make later in a design project rather 
than earlier (Ullman, 2001), and the background to why most of a 
products’ lifecycle sustainability impact is determined in this early phase 
(Poudelet et al., 2012).  

Unfortunately, industry fails to implement support for SPD into concept 
development (Held et al., 2018). The plethora of academic contributions 
offer a multitude of frameworks, methods, tools, guides, and design 
strategies to support practitioners in the design process (Bovea et al., 
2012), as sustainability considerations tend not to be prioritized in trade-
off against ‘traditional’ design requirements, such as cost, functionality 
and robustness (Zetterlund et al., 2016). Some research argues that SPD 
tools therefore must be improved in terms of applicability, i.e., they need 
to be easy to use and efficient regarding time and effort (Ahmad and 
Wong, 2018). Other research alludes to organizational capabilities for 
SPD as leverage points for companies that seek to improve the 
sustainability performance of their design solutions (Pigosso et al., 2013). 
Achieving this situation in a company requires that a commitment to 
sustainability is anchored at the strategic management level, and that it 
permeates the subsequent organizational management levels (Hallstedt 
et al., 2013). Otherwise, it is difficult to justify their inclusion in the design 
rationale (Poorkiany, 2017).  

Requirements can only attain high priority if they are solidly sourced from 
contextual needs (Kotonya and Sommerville, 1996), i.e., specifying why a 
solution is needed, how to meet the need, and lastly what the solution 
should be (Hull et al., 2010). The International Council on Systems 
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Engineering, INCOSE (2015), defines requirements as, ‘A statement that 
identifies a system, product, or process characteristic or constraint, which is 
unambiguous, clear, unique, stand-alone (not grouped), and verifiable, and 
is deemed necessary for stakeholder acceptability’. This means that for 
sustainability to be systematically and strategically considered in the 
product innovation process, it is essential that it propagates and 
permeates decisions on all management levels, from strategic through 
tactical, to operational. Hence, early requirements management might 
be a potential key to successful implementation of SPD that truly 
enhances sustainability maturity. However, few of the currently available 
tools for SPD, i.e., ‘combined’ or adapted design tools that include 
sustainability criteria, that are designed for application in the concept 
development phase (Bertoni et al., 2018), acknowledge the importance of 
requirements traceability. Instead, they demonstrate how ad hoc 
sustainability criteria can be merged into commonly used design methods 
and tools, such as Quality Function Deployment (QFD), Theory of 
Inventive Solving (TRIZ) and functional matrices, see Watz and Hallstedt 
(2018a). For sustainability considerations to be included in the design 
rationale, it seems they must be ‘traceable’ back to a need like any other 
design requirement (Kirkmann, 1998). 

Adjacent and recent research also implies a need for traceability. Zhang 
and Zwolinsky (2017) suggest systematization, e.g., combining LCA with 
strategic environmental objectives to create contextual sustainability 
considerations and from these select operationalization activities, thus 
connect strategic company level to the operational. Brones et al. (2017) 
found that to foster the soft side of ecodesign, necessary activities are, 
e.g., educational initiatives and enhanced systematization of ecodesign 
practices. With a similar reasoning Mendoza et al. (2017) proposed an 
approach that combines backcasting from circular economy principles 
with an ecodesign process to guide selection of SPD strategies and 
selection of ecodesign tools. Furthermore, two recent survey studies with 
design project managers conclude that i) environmental considerations 
rarely are formulated as functional requirements (Sihvonen and Partanen, 
2016), and ii) despite having declared sustainability commitment in the 
business strategy, it is rarely prioritized in decision-making (Silvius et al. 
2017). Siva et al. (2018) stressed that ad-hoc sustainability criteria induce 
a risk for sub-optimizations, while an opposite situation with complete 
absence of pre-defined sustainability criteria or specialist roles relies on 
culture and sustainability competencies. Nilsson and Sundin (2018) found 
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that main challenges for setting requirements to improve resource-
efficiency in integrated product offerings, or product-service systems 
(PSS), like inclusion of sustainability aspects in traditional manufacturing 
product development (Paulson and Sundin, 2019), were stakeholder 
selection, the prioritization of requirements, and understanding their 
relationships and origins.  

The lack of traceability in sustainability requirements can thus be 
problematic from a sustainability maturity point of view. Several models 
for sustainability maturity have been presented during the last five years 
and have in common that they can categorize a company based on their 
contribution to a sustainability transition. For instance, Ceschin and 
Gaziliusoy (2016) argue that the product innovation process itself can 
generate incremental sustainability improvements, while radical PSS 
innovations or even socio-technical system innovation may originate 
from strategic level business models. Dyllick and Rost (2017) call this 
higher level of maturity ‘True Product Sustainability’ in their three-level 
model that reaches from incremental ecodesign-improvements of 
ecological aspects to societal value. Similar reasoning can be found in 
multiple recent contributions. Gouvinhas et al. (2016) suggest a self-
evaluation framework where mature sustainability organizations have a 
sustainability strategy emerging from top management level, that 
permeates tactical level decisions through governance models and the 
operational management system. Hence, routines for requirement 
selection criteria and preferred design support in the product innovation 
process are influenced. At the highest level of sustainability maturity, 
social and environmental issues constitute as core business objectives. 
Another example is a model consisting of six steps that is proposed by 
Ormazabal et al. (2017), where environmental strategies reach from 
reactive, i.e., compliance-oriented, preventive, i.e., a systematized 
process is implemented, and proactive, i.e., going beyond regulatory 
compliance. At the highest level, a ‘leading green company’ inspires other 
companies when ecodesign is turned into a business model. Prendeville 
et al. (2017) outline a four-phase ecodesign maturity model, emphasizing 
the ecological sustainability dimension. A strategic sustainability 
perspective is presented in Schulte and Hallstedt (2018) that suggests a 
template method for self-assessment of sustainability compliance 
maturity where at the highest-level product requirements align with a 
fully integrated sustainability perspective in the company vision. Without 
an organization mature enough to identify needs from a strategic 
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sustainability context, i.e., a socio-ecological lifecycle systems 
perspective coupled with back-casting from principle-based definition of 
sustainability (Broman and Robért, 2017), it is unlikely that these needs 
will be considered in the requirements definition.  

Understanding requirements from a socio-ecological perspective and 
develop the necessary capabilities to manage such requirements in the 
daily operations, i.e., linking systems challenges to operational level 
design decisions, are thus necessary for any business that want to remain 
on the market as sustainability challenges shifts its conditions, i.e., the 
design context (Gaziulusoy and Brezet, 2015). Therefore, this paper seeks 
to describe how early management of requirements can be organized to 
address sustainability in the product innovation process. The aim and 
scope are as follows. 

 AIM, RESEARCH QUESTIONS AND OBJECTIVES 
Aiming to contribute to both research and industry, this paper seeks to 
investigate how requirements management can be utilized as a means for 
improving SPD capabilities and, by that, enhance organizational 
sustainability maturity. Using the hypothesis that organizational 
sustainability maturity is linked to requirement management activities, 
the objective is to i) identify key elements of requirements management 
in early product development for sustainability integration, ii) develop a 
research design and model of requirements management and 
organizational sustainability maturity in product innovation processes, to 
be iii) refined from the results of a multiple-case study of industrial 
examples. The research question guiding the study is ‘What are 
sustainability requirements and how are they identified and managed in 
design projects?’. The results were triangulated and proposed as a model. 

The remaining of this paper is organized as follows: Section 2 describes 
the research design, section 3 presents the results from a multiple-case 
study, section 4 outlines a discussion and proposes a refined model, and 
conclusions and ideas for future research are found in section 5. 

2 RESEARCH DESIGN 
A research approach based on a sequenced combination of qualitative 
methods and triangulation was used, as the purpose of the study is to 
contribute to a better understanding of the field using insights from 
practice (Lewis and Grimes, 1999). Following the general steps of the 
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Design Research Methodology (DRM) (Blessing and Chakrabarti, 2009), a 
literature review first provided a conceptual frame of reference which 
informed the design of a multiple-case study. The details of each phase in 
the research design are described below. Table 1 illustrates the research 
process by showing in which order the studies were conducted and how 
the findings were combined to construct the results and conclusions. 

Table 1. Phases, methodological approach and main outputs for the selected research design  

Observation and analysis of current practice, e.g., case studies, can be 
useful for theory building (Eisenhardt, K. M., 1989). However, in design 
research the analysis should be based on a theoretical reference model, a 
conceptual framework (Blessing and Chakrabarti, 2009) providing valid 
keys and constructs, including terminology and concepts used in the 
fields of investigation (Cash, 2018). In this study, the reference model was 
developed by merging key terms and constructs from general design 
literature and systems engineering and sustainable design. The 
purposeful sampling (Palinkas et al., 2015) of this literature was based on 
a snowball approach (Wohlin, 2014). The resulting framework provided a 
baseline for the classification and categorization of themes identified in 
the multiple-case study. The model development, case selection, data 
collection and analysis are described in the following subsections. 

 MODEL DEVELOPMENT 
Based on reasoning from the literature on SPD and engineering design, a 
model that illustrates a relationship between early requirement 
management characteristics and sustainability maturity is developed. A 
multiple-case study was undertaken to explore and refine this 
relationship with practical examples from industry (Eisenhardt, 1989). 
Aiming for both external and internal validity of the developed model is 
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something that requires a balance between the amount of company cases 
as well as interviewees together with the level of detail in the questions 
included in the inquiry (Maxwell, 2012). By triangulating the findings in 
literature and industry, key elements are refined, tested, and finally 
proposed and presented as a model.  

The concept development funnel by Ulrich and Eppinger (2012) was used 
to conceptually illustrate how key activities lay ground for the initial 
requirement specification, see Figure 1. It shows how a list of 
requirements with relative weights (priority), starts and ends the concept 
development phase in product innovation processes. A concept is finally 
selected, and a final requirement specification can be elicited at the end 
of this phase. By coupling this model with sustainability maturity models 
that describe different levels of organizational- and product capabilities 
for SPD, a reference model that illustrate a relationship between key 
elements of early sustainability requirements management is proposed. 
The model is refined through insights from the multiple-case study.  

 

Figure 1. The concept of development funnel (Ulrich and Eppinger, 2012) and key activities of 
early requirements management for concept development and evaluation. The three grey 
dots represent the prioritized requirements which are fed into the funnel, iterated, refined, 
and finally used as criteria for concept selection 

 IDENTIFICATION AND SELECTION OF INDUSTRIAL CASES 
Generalizable themes, patterns and differences derived from case studies 
need to be identified from, and between, companies of different sizes and 
industries (Voss, 2009). A combination of opportunistic- and stratified 
purposeful sampling was therefore adopted to select case companies, 
desktop material and interviewees (Palinkas et al., 2015). As the validity 
of external results, a condition for generalizability, is linked to the 
comparability of the sampled cases, scoped opportunistic sampling was 
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used to identify and select case companies (Maxwell, 2012). Hence, the 
companies, or company units, that were contacted and invited to 
participate in this study share the following characteristics: are based in 
Sweden, active in global business-to-business environments and they 
develop and manufacture products. The case companies are, 
furthermore, different in terms of size, industry and type of product 
offerings, and they are parts of a supply chain. Figure 2 shows the main 
phases of the multiple-case study, starting with case identification and 
selection of companies and case representatives (C1-7), interviewees (I1-
15), document analysis material sampling (*), the deliverables of the 
thematic analysis, in-case reports (CR1-7), and a final cross-case analysis 
report.  

 

Figure 2. Overview of the multiple case study. The abbreviations are: CX = Case X, IX = 
Interviewee X, CRX = Case report X. An asterisk (*) indicates that document analysis material 
was collected. 

A sustainability expert with insight into research and development 
processes selected, based on estimated suitability, interviewees for the 
researcher after being introduced to the study’s aim, purpose and 
interview questions. Consequently, the interviewees represent a variety 
of managing roles, for e.g., product lines, design projects, verification 
processes, research and development, ecodesign, or corporate 
sustainability. Desktop review material was retrieved using the same 
sampling approach, as interviewees provided material after the 
interviews. Table 2 gives a brief overview of the variety of cases, 
characterized by industry, process (product) type, according to 
definitions of generic product innovation processes described in Ulrich 
and Eppinger (2012). Global outreach and size are described in an 
approximate number of markets and employees, a larger number in 
brackets refers to the total number of employees of the corporation 
globally. The cases are described as C1 for case 1, C2 for case 2, etc., which 
are the abbreviations used in the remainder of this paper. 
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 DATA COLLECTION METHODS  
The main method to collect information from the case companies was in-
depth interviews, following the routines for standardized-open ended 
(semi-structured) interviews, as the purpose was to access ideas, 
opinions, and reflections from experts within current practice (Maxwell, 
2012). The interview protocol was structured according to the guidance 
for questionnaires and interviews provided by the DRM (Blessing and 
Chakrabarti, 2009). Hence, an inquiry of pre-defined interview questions 
was formulated, providing a preferred but not fixed order that allowed for 
a free flow of conversation. The interview therefore started with generic 
questions and gradually approached the specific focus area, aiming for 
contextual understanding, i.e., information about the companies’ 
requirements management at large as well as detailed descriptions of 
how sustainability considerations are treated in this process. Slightly 
overlapping questions were used to ensure that all topics were covered. 
All interviewees were asked to describe their roles, background, 
experience, and to estimate their confidence in their answers. Both 
physical and telephone interviews were held, from which audio 
recordings and annotations were made. All were included in the 
transcription phase.  

Table 3 shows the interview questions within their respective categories, 
i.e., requirements management, challenges and opportunities, 
modelling, and sustainability, which together targeted different parts of 
the research question. Category 1, requirements engineering, and 
category 3, modelling, aimed to capture an overview of the management 
of requirement propagation in each company. The questions therefore 
focused on distinguishing key activities, roles, support tools and methods, 
together with generic challenges and opportunities. This provided an 
overview of how requirements are identified, verified and validated in 
design projects. Category 2, challenges and opportunities, and category 
4, sustainability, aimed to capture an indication of the sustainability 
maturity level and to scrutinize how this is reflected in the requirement 
management. In addition, the interviewees were asked to reflect on 
challenges and opportunities, both with generic requirement 
management., and with sustainability considerations per se.  
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Table 2. Description of case company characteristics. 

Case Industry Product 
type 

Description Outreach 
(markets) 
Size 
(employees) 

Interviewee roles 

C1 Heavy 
Equipment 

Platform; 
Complex 
systems 

Platform-based concept 
development, product has 
multiple subsystems 
developed in parallel 

140 
13 500 

- Technical project 
manager 
- Program leader, Service 
solutions 
- Technical project 
manager 
- Chief architect 

C2 Aerospace Complex 
systems; 
High-risk 

Product has multiple 
subsystems developed in 
parallel, and product 
safety is critical. 

15 
2 000  
(17 000 
globally)  

- Lifecycle management 
engineer 
- Chief verification 
engineer 
- Chief engineer 

C3 Furniture Generic  Distinct process phases 30 
2 300 

- Sustainability manager 
- Test- and verification 
manager 

C4 Chemicals 
(Process & 
Paint) 

Process-
Intensive 

Concurrent planning of 
manufacturing/production 
process and product 
development 

80 
2 500  
(50 000 
globally) 

- Research & 
development unit 
manager 

C5 Industrial 
Automation/ 
Power grids 

Process-
Intensive 

Concurrent planning of 
manufacturing/production 
process and product 
development 

100 
4 000 
(150 000 
globally) 

- Chief Corporate scientist 
- Material & technology 
development manager 

C6 Sealing 
solutions 

Platform  Platform-based concept 
development 

80 
700 

- Global Product manager 

C7 Industrial 
productivity 
solutions 

Quick-
Build 

Multiple iterations of 
detailed design and 
testing within 
time/budget limits 

180 
35 000 

- Product compliance 
manager 

To provide additional contextualization of interview results a document 
analysis was conducted (Blessing and Chakrabarti, 2009) which supported 
the succeeding thematic analysis of the interview transcripts. Documents 
were reviewed at two companies: at C1, by observations of the 
operational management system and review of additional 
documentation, e.g., process descriptions, design guides, and product 
specifications; and at C2, by operational management system 
observations from which annotations were taken. 
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Table 3. Interview questions. 

Topic Interview questions 
R

e
q

u
ir

e
m

e
n

ts
  

1 
How are stakeholder interests broken down into requirements? What are 
the key processes and roles? 

1.1 
What is the input to each level of requirements development? Why? (Can 
you provide a process map?) 

1.2 How do you validate the choice of requirements? 

1.2.1 How do you handle conflicting interests?  

1.3 
Can you give examples of typical functional requirements? (i.e. provide a 
systems specification) 

C
h

a
ll

e
n

g
e

s 
 &

 

O
p

p
o

rt
u

n
it

ie
s 2 What challenges occur when defining requirements? 

2.1 Are there typical challenges for sustainability aspects? 

2.2 
What are the opportunities with your current methods to integrate 
sustainability? 

M
o

d
e

ll
in

g
 

3 How do you model and optimize requirement lists? 

3.1 
How do you priorities requirements, i.e. perform weighting and 
optimization?  

3.1.1 
How are relationships (and trade-offs) between design variables 
(functional requirements) identified? 

3.1.2 
Do you use any specified approach, such as specific tools, methods or 
experience? How? 

3.2 
How do you use the awareness of these relationships? E.g. in 
requirements elicitation, weighting or optimization 

3.3 
Do you conduct causal relationship analysis/simulation between 
requirements? If yes, how? 

S
u

st
a

in
a

b
il

it
y

 

4 How do you identify and manage sustainability aspects in requirements? 

4.1 
What is your understanding of sustainability in the context of sustainable 
product development? 

4.2 
How do you currently work with sustainability in requirements? E.g. 
regulations, business objectives, values, etc.? 

4.2.1 How are other sustainability criteria transformed into requirements? 

4.3 
Are you identifying sustainability criteria and indicators within your 
company, and if so how?  

 THEMATIC ANALYSIS 
In order to test, refine and improve the reference model that was derived 
from literature, the collected data was analyzed using thematic analysis. 
In practice, this was a phase that consisted of seven main steps using a 
combination of open and structured coding. The analysis phase was 
initiated already during the data collection phase as interview transcripts 
were created immediately after the interviews, thus continuously 
confirmed by the interviewees. The first two steps of the iterative coding 
process resulted in seven company case reports, based on the coding of 
interview transcripts and case documentation, all following the interview 
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inquiry structure. Memos were documented and generated inductive 
themes and patterns which were graphically illustrated in flowcharts. The 
case reports were distributed back to the case companies for verification 
from each case representatives. A combination of structured and open, 
thematic coding was thereafter conducted on the case reports. The most 
frequently used codes in the first phase inspired a set of refined thematic 
codes which were used as a baseline for the open coding. Open coding 
was selected since it is useful for analysis of data where the aim is to 
identify themes and patterns without the risk of missing out on relevant 
content, a risk associated with purely structured coding (Maxwell, 2012). 
Emerging themes were mapped against the interview questions to ensure 
that enough data had been collected. Hence, both organizational- and 
substantial categories were used for indexing, charting and finally 
interpretative mapping (Maxwell, 2012). This approach allowed for an 
analysis in multiple iterations and emerging results to be discussed 
continuously within the research team. A computer-assisted qualitative 
analysis software, Atlas.Ti, supported this analysis phase, generating 
quotation reports and code frequency statistics. 

 
Figure 3. The thematic analysis process was structured according to seven steps. 

The lens provided by the interview questions was used also for the 
document analysis of desktop material provided by C1 and C2. The 
resulting multiple-case analysis report underwent deductive framework 
analysis using the theoretical reference model derived from literature 
(Blessing and Chakrabarti, 2009). In this way a categorizing approach was 
applied, allowing for conceptualization based on triangulation of 
literature and multiple-case study results (Eisenhardt, 1989). Figure 3 
outlines the thematic analysis process. 

3 RESULTS FROM MULTIPLE CASE-STUDY 
As shown in Figure 2, a total of 15 interviews were held with interviewees 
from the seven case companies using the inquiry presented in Table 3. The 
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following sections present the themes that were found. Figure 4 shows an 
example of the flowcharts created for each case report, providing an 
overview of propagation of sustainability criteria in the early phases of 
requirements management. The figure outlines a thematic illustration of 
the process for identifying, selecting and weighting of sustainability 
criteria in the process of establishing a requirement specification and was 
created inductively during the coding process. 

 

Figure 4. Example of a schematic illustration of flows and management of sustainability 
considerations in a requirements management process, which was created for each case 
report. 

 CHARACTERISTICS OF EARLY REQUIREMENT MANAGEMENT 
In line with literature, all companies consider the establishment of initial 
requirement specifications as essential, why it often constitutes an early 
gate criterion in stage-gate models for engineering product design. A 
material and technology development manager at C5 emphasized the 
strategy to, at an early stage, have a ‘rather loose requirement list, which 
throughout the project is concretized. “A third” into the project the goal is to 
freeze the requirements’. As the gate model defines what assessment 
methods to apply and when to verify, and ultimately validate 
requirements, it is key for tools implementation in all design projects. 
Another critical activity is to gather a multidisciplinary team which 
interprets needs and transform these into the target objectives, outlined 
as requirements in an initial product specification. This team, called a gate 
board, a decision forum, configuration board, etc., is generally 
summoned by a product owner, system architect, or similar. These 
decision-makers constitute the team through which requirements are 
iterated to be refined and ultimately verified. The product compliance 
manager at C7 gave an illustrative example for the approach found in all 
cases, ‘Each new project is assigned a management team and a decision 
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board, called a gate board in the stage gate process. The requirements 
specification is established internally within the management team, which 
may constitute of product managers for various product segments. It is 
refined until the point where you find that the scope is appropriate for the 
product, after which the gate board forum is used to decide if the project will 
be continued or not’.  

It is mainly the expertise within this team that determine the relative 
weights, i.e., priority of requirements, even though there might be policy 
documents available that state the preferred selection criteria. These 
preferred selection criteria can be quality, delivery, cost and functionality 
(C1), or technical requirement fulfilment (C6). C7 adds that time-to-
market is an important selection criterion. This is reflected in a statement 
from a chief engineer at C2: ‘Typically this has to do with performance, 
weight, cost, manufacturing robustness, and requirements compliance’. A 
more open approach seems to be adopted at C3, where the test and 
verification engineer explains that market preference is the general 
selection criteria ‘to at all sell the products on their markets, and secondly 
what they need to be best in class on their market’, but that a lot of 
interpretation must be made by the company. At C5, health, safety and 
integrity have been the factors which cannot be compromised. 
‘Conflicting requirements in this category are very difficult to manage and 
can lead to that the project is closed down’ states the material and 
technology manager at C5. In this way, the decision board distinguishes 
between requirements that are critical, and those that can be 
compromised. Or, as test- and verification engineer at C3 articulated it, 
‘Need to have’ and ‘Nice to have’.’ 

The interviews and documents reveal that tools are mainly used for 
concept generation and final selection and not to support the creation of 
the initial product specification. For instance, optimization tools or 
analysis tools can be utilized to investigate which concept that performs 
best against the selection criteria, i.e., the prioritized requirements. Some 
companies, however, mention that support tools are utilized to 
investigate early concepts’ requirement profiles and their impact on 
target objectives. Tools for trade-off detection, weighting and 
optimization, e.g., N2 diagrams and A3-reporting, were mentioned by the 
complex- and advanced systems manufacturers. These companies were 
also characterized by having a highly controlled gate model, which is well 
illustrated by statements such as ’there is a governance model for this, 
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making sure that all company divisions are represented and take part during 
updates or changes of the gate-process’ says the chief corporate scientist, 
C5. Interestingly, only one company mentions early trade-off detection as 
a key activity, although the interviews showed that this activity relies 
mainly on the competency in the gate board. This means that trade-offs 
between prioritized requirements are solved by a group of people and not 
tools or individuals, which is exemplified by the chief corporate scientist 
at C5; ‘I do not solve it on my own but together with the whole committee’. 

 SUSTAINABILITY IN REQUIREMENTS 
The interviews revealed that various means, methods and tools are used 
to identify and integrate sustainability in requirement. Some case 
companies, i.e., C3, C4, C5 and C7, have operationalized their 
sustainability commitment by implementing determining 
environmental- or sustainability policies. This means that the chain of 
decision-making requires absolute sustainability performance 
improvement, compared to previous designs in all projects. The general 
means for implementation are gate model criteria which induce a need to 
define sustainability requirements in each design project, to enable 
verification of policy compliance. Consequently, a systematized process 
for identification of sustainability requirements is developed, preceded by 
one that establish which sustainability impact-, or criteria-, categories 
that a new concept should be assessed against. The gate model 
furthermore determines which method to use for the assessment. In this 
way a systematic approach and operationalization of a company’s scope 
of-, and commitment to, sustainability can be operationalized. C4, for 
instance, has a policy against introducing new materials with worse 
environmental impact than what is currently used, and they use internal 
environmental criteria categories such as ‘Being easier to produce, that 
they require less energy, more efficient, generating less emissions, having a 
reduced carbon footprint, contributing to a reduced total eco-footprint’ as 
stated by the research and development unit manager, C4. C3 represents 
another approach, where the criteria are derived from the strictest 
environmental label at the prevailing markets, and hence identifies 
environmental criteria in each project. The test and verification manager 
at C3 expresses this in the following way: ‘We put together everything that 
concerns a certain material in one survey and everything concerning another 
in another survey. Then we find the toughest requirement. Among methods 
used to identify what sustainability criteria to include in the requirements, 
mainly Environmental Impact Assessment (EIA) and Lifecycle 
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Assessment (LCA) are mentioned. Generally, a previous product is used 
as a benchmark. A product compliance manager at C7 exemplifies: ‘Very 
early in the project, when basically only the type of product has been decided 
and a business case has been established /…/ We compare the current to the 
intended new product, where we might find out that the energy 
consumption during standby needs to be improved, or that certain materials 
need to be exchanged’. 

C1 and C2 lacked an implemented, systematized process to actively work 
with sustainability. Here, sustainability criteria originated solely from 
basic market compliance to environmental-, health-, and safety 
standards, regulations and legislations. Additional sustainability 
requirements may occur as specific customer requests. In this situation 
the prevailing sustainability criteria are managed as any traditional 
requirements, i.e., they can be prioritized in trade-offs depending on the 
relative priority indicated by the customer. ‘The core business values form 
the basis but can easily be traded off against a more profitable alternative’ 
states a program leader for service solutions at C1, referring to the 
environmental policy. A technical project manager at the same company 
explains that previous attempts with environmental assessments, when 
requested by customers, ’have not resulted in any standardized process’, 
and, similarly, a chief engineer at C2 states that ‘There are some specific 
customer requirements that include sustainability aspects’. However, not 
having a strict sustainability policy does not prevent an active monitoring 
of sustainability maturity. For instance, C2 use guiding questions at each 
gate in the product innovation process for this purpose, although without 
requiring relative sustainability performance improvement. Providing 
designers with sustainable design guidelines is another example of a less 
strict approach to encourage sustainability considerations and is 
mentioned by all companies. In this way, SPD efforts can be implemented 
to a small degree but without an assurance of continuous sustainability 
performance improvement. 

 CHALLENGES AND OPPORTUNITIES 
Reflections on generic- and sustainability-specific challenges and 
opportunities with their requirement management process were 
collected from all companies. A common denominator was the 
‘understanding customer needs’ for generic RM. The complex system 
developers, C1 and C2, which apply systems engineering thinking to the 
largest extent of the sample, describe how difficult it is to ensure that all 
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needs are correctly interpreted into system requirements and then 
broken down into functional specifications and then again physical design 
parameters. The chief verification engineer at C2 elaborately describes 
this: ‘we have to be more aware of how the requirements affect the 
performance – and we need to do the breakdown of requirements more and 
more by ourselves, meaning that we need to understand what the customers 
need and are asking us for’. C5 and C7 mention that capturing the actual 
requirements early enough is challenging, as projects sometimes start 
before the customer requirements have been discussed in detail. The 
material and technology development manager at C5 exemplifies this: 
‘the customer can even have formulated the request wrong. But this cannot 
be addressed before the procurement already has been won’ –. Other 
challenges that were mentioned were organizational maturity, i.e., not 
being confident in their RM process, to predict changes in the market or 
general requirement balancing. 

Balancing was however the strongest theme among challenges for 
sustainability considerations in RM. which is clearly stated by C7’s product 
compliance manager: ‘it is hard to integrate ad hoc sustainability 
requirements. To succeed we believe it must be included in the general 
requirements specification, it cannot be separate requirements for 
environmental aspects. More indirect examples are provided by the chief 
corporate scientist at C5 who stated that ‘product performance must 
exceed the traditional option or there must be a business case where the 
customer is prepared to pay more for the product’, and C4’s research and 
development unit manager who describes the challenge as ‘To change the 
recipes without changing the product properties’. An overview of all 
challenges and opportunities can be found in Table 4, showing the themes 
that emerged from the multiple iterations of coding.  

Table 4. Challenges and opportunities in requirements management, generic and 
sustainability specific. The cases have been highlighted for the strongest themes. 
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Almost all case companies mentioned limited organizational maturity, 
i.e., that sustainability performance improvement possibilities might not 
even be investigated, due to the scope of the sustainability policy and 
selected sustainability criteria. This is reflected in a statement by the 
product compliance manager at C7: ‘measuring is good, but what is most 
important is to act upon the indicators’, referring to the need to have 
contextual and not ad hoc sustainability criteria. The chief corporate 
scientist at C5 shares this view, and states that ‘the questions become quite 
general to be applicable to all products’. Related to maturity, almost all 
cases mentioned verification of sustainability requirements, i.e., knowing 
how the customer values it. A fourth theme was the complexity, 
uncertainty and qualitative nature of sustainability requirements, i.e., not 
knowing which data to use and how reliable it is, which is mentioned by 
all companies but C2 and C6. Only C1, C2 and C6 explicitly mentioned lack 
of competence and ownership in sustainable design. An illustrative 
statement came from a technical project manager at C1: ‘To consider other 
sustainability aspects than those that already pass down through 
regulations and traditional requirements management would require 
company-internal competence, i.e. possibility to demonstrate how 
requirements that generate a ‘more sustainable solution’ benefit the 
business’. 

Visibility and systematization were common themes among the 
mentioned opportunities. A chief architect at C1 states that ‘That is what 
it comes down to, to visualize, and enable decision-making’, and C3’s 
sustainability manager emphasizes that ‘we need to be clearer in our 
directives, it might be necessary to define actual requirements instead of 
guidelines only’, both referring to the need to operationalize their 
sustainability commitment through requirements propagation. All 
companies but C2 and C6 perceive growing demand as an opportunity 
and are investigating how sustainability drives value as an opportunity. 
For instance, the test and verification engineer at C3 describes how their 
‘customers actually set requirements’, while other industries might 
experience more resistance where the customers settle with just 
regulatory compliance. Related to this, three companies mentioned that 
sustainability considerations already exist but are embedded in the 
requirements, which can be visualized better. Only C2 and C6 mentioned 
a changing culture, i.e., how the organization views sustainability, as a 
specific opportunity. These comments indicate that organizational 
processes, structures and roles related to sustainability implementation 
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might be a necessary first step towards sustainability maturity but 
reaching further requires that also soft aspects and skills are developed. A 
statement from the product compliance manager at C7 summarizes this 
theme in the following way: ‘To succeed we believe it must be included in 
the general requirements specification’. 

4 DISCUSSION: TOWARDS A MODEL OF STRATEGIC 

SUSTAINABILITY INTEGRATION IN ENGINEERING 

DESIGN FROM A REQUIREMENT MANAGEMENT 

PERSPECTIVE  
The emphasis on traceability and systems contextualization as elements 
for good requirements, together with models for sustainability maturity, 
influenced the reasoning behind the model development. Reaching from 
low to high, a lower level would correspond to a regulatory compliance 
strategy to identify requirements while the highest level of sustainability 
integration in early requirements management would correspond to high 
organizational sustainability maturity. Hence, using the concept of 
development funnel analogy (Ulrich and Eppinger, 2012), sustainability 
requirements would go from not being identified at all to being included 
systematically as criteria for both concept generation and the final 
concept selection. The sustainability scope applied would also increase 
from incremental ecological improvement towards more radical socio-
technical system innovations, e.g., (Dyllick and Rost, 2017). From the 
open thematic coding of the 15 interviews at the seven companies and the 
document analysis at two of them, additional insights about early 
requirements management and sustainability emerged and were also 
used to refine the model. These are summarized and illustrated in Figure 
5. As a result, five key elements of early requirements management are 
proposed to support organizational sustainability maturity. These key 
elements are described in the following paragraphs and thereafter a 
profile model is proposed in section 4.1, which is used to classify case 
companies. 
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Figure 5. Schematic illustration of main findings in triangulated results. Shows key elements 
for successful implementation of sustainability in requirement management. 

The first element is suggested to be the power of sustainability policy. 
Almost all companies mention that they have environmental policies, 
sustainability policies, code of conducts, or environment, health, and 
safety policies, and some even offer ecodesign trainings and provide 
design guidelines. However, not all have committed to these policies in a 
systematic manner. Consequently, designers are not always incentivized 
to challenge a concept from any sustainability perspective beyond 
regulatory compliance, meaning that the viewpoint of sustainability is not 
considered. Including sustainability aspects in the requirement 
specification, hence, becomes unlikely. Not all companies have 
established systematic processes to identify sustainability aspects nor 
routines for how they should be prioritized. As previously proposed tools 
for ecodesign and sustainability integration in often assume such a state 
as a precondition, see e.g. He et al. (2018), Salari and Bhuiyan (2018), 
Sousa-Zomer and Miguel (2017), or Romli et al. (2015), this could be a 
potential reason to why ecodesign tools fail to reach implementation. 
Most companies, i.e., C3, C4, C5, and C7, however, have such policies and 
have achieved implementation of environmental or sustainability criteria 
in their gate models. The policies induce strict requirements for all new 
products to have improved sustainability performance compared to a 
previous design. This trigger obligatory sustainability assessments in all 
design projects and corresponds to higher levels of sustainability maturity 
than when sustainability considerations are limited to regulatory 
compliance and occasional, ad hoc, customer requests.  

The second key element, however, involves the scope of the sustainability 
policy. The sustainability perspective adopted in company policies 
indicates which sustainability maturity level the organization aims for, as 
it declares whether all sustainability dimensions are considered, i.e. the 
whole socio-ecological system, or if it is limited to, e.g., the ecological 
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dimension. This reasoning is found in several sustainability maturity 
models. In, for example, Dyllick and Rost (2017) a product at level two, out 
of a possible three, considers not only incremental improvement of 
ecological performance aspects but adopts a lifecycle socio-ecological 
system approach. In this way companies may reduce the risk for 
sustainability sub-optimizations, i.e., unintended negative impacts in 
another lifecycle phase or sustainability dimension than the one in focus 
for an ad-hoc sustainability improvement (Zetterlund and Hallstedt, 
2016). Only one of the companies, Case 5, showed signs of such an 
approach. Here, safety and integrity are internally defined concept 
selection criteria that cannot be compromised in trade-offs.  

This leads on to a third key element, namely the type of sustainability 
implementation in the product development process that is, how the 
sustainability scope is reflected in the implementation of a determining 
policy. Here, companies with a higher sustainability maturity 
distinguished themselves through internally defined sustainability criteria 
categories, i.e., criteria against which all new design concepts are 
evaluated. This allows for the implementation of SPD tools such as LCA, 
EIA or guiding questions, as the results of these become a prerequisite for 
the continuation of the design project. This, combined with the second 
element discussed above, was furthermore an opportunity for enhanced 
sustainability considerations, mentioned in the multiple-case study, as it 
would trigger visualization of sustainability in the operational 
management system. The criteria categories that a company decides to 
use thus reflect which sustainability scope is adopted and thus the 
capability for SPD.  

The fourth element, contextual selection of sustainability criteria to be 
included in design projects, refers to how a requirement is selected from 
the assessment in the internal sustainability criteria categories. As 
traceability and contextual relevance are crucial characteristics of good 
requirements (Kotonya and Sommerville, 1996), it is proposed that in 
order to achieve a higher degree of sustainability maturity, the 
identification of sustainability requirements also needs to adopt a 
contextual approach. Then, companies could identify and prioritize 
requirements for products that aim for either incremental improvements, 
or radical system innovations (Ceschin & Gaziulusoy, 2016) that 
contribute to sustainability transitions. A strategic sustainability 
perspective in the identification of internal sustainability criteria 
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categories could possibly support this contextualization, as it utilizes a 
socio-ecological lifecycle system perspective and a combination of long-
term and short-term, i.e., strategic, thinking (Hallstedt, 2017).  

The fifth and final key element considers the sustainability capability of the 
decision board in which the discussion leading to the initial requirement 
specification takes place. All companies mention the importance of this 
activity for the requirements management process. Having the right 
competencies, skills and support for the team which discuss and decide 
the relative priority of requirements is crucial, as it is the key factor for 
ensuring that customer needs are interpreted and addressed correctly. 
Hence, this team can be a leverage point for achieving a shared 
understanding of sustainability criteria and its relations to the other 
requirements, which could trigger adequate selection and application of 
SPD tools (Buchert et al., 2014). The need for this competency is reflected 
among the challenges mentioned by C1, C2, and C6, all suggesting that 
there should be a specific stakeholder that ‘owns’ and drives sustainability 
in the requirement discussions. Another way to approach this could be to 
provide SPD training to this team as suggested in, e.g., Mendoza et al. 
(2017).  

 CLASSIFICATION OF CASE COMPANIES USING A PROFILE 

MODEL FOR MANAGEMENT OF SUSTAINABILITY IN 

REQUIREMENTS  
The concept development funnel analogy can be used to illustrate 
implications of a profile model for management of sustainability in 
requirements on the concept development phase in engineering design. 
At the ‘Compliance level’, sustainability criteria beyond regulatory 
compliance are not systematically identified and thus not included in the 
initial requirement specification. At ‘Compliance+’, additional 
sustainability criteria beyond regulatory compliance are occasionally 
identified, but a process for is not yet systematically implemented. Ad hoc 
sustainability criteria can therefore be a part of the initial requirement 
specification but not necessarily in the final selection criteria. At the 
‘Systematic’ and ‘Ambitious’ levels, sustainability criteria are always 
included in both initial requirement specification and the final selection 
criteria. At the ‘Strategic’ level, a contextual approach in which 
sustainability criteria influence the other design characteristics is fully 
implemented and thus used both in the initial requirement specification, 
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refinement, and the final concept selection. The profiles are described 
and illustrated as funnels in Table 5. The type of dots symbolizes whether 
sustainability requirements are systematically identified and included in 
the requirement specification. At the ‘Strategic’ level, all in- and out-
going requirements are influenced by a strategic, socio-ecological 
lifecycle system perspective.  

Table 5. Profile model for Sustainability in Requirement Management. The model indicates i) 
the likelihood for a sustainability aspect to be identified, prioritised during weighting and to 
be included in the final concept selection criteria, and ii) the sustainability perspective from 
which sustainability criteria are identified. 

P
ro

fi
le

s 

 
Compliance 

 
Compliance+ 

 
Systematic 

 
Ambitious 

 
Strategic 

K
e

y
 e

le
m

e
n

ts
 

1 Low Low Medium Forcing Forcing 

2 
Regulatory 
compliance 

Mainly 
ecological 

Ecological 

Mainly 
ecological, 

attempting to 
include social 

Socio-
ecological 

3 
Checklists 

Guiding 
questions, 
checklists 

LCA, EIA, Ecodesign strategies, SPD-tools, 
guiding questions, checklists 

4 N/A N/A No Maybe Yes 

5 Low Low Medium Medium High 

C
a

se
 

co
m

p
a

n
y

 

C6 C1, C2 C3, C4, C7 C5 N/A 

Key elements 
1) Power of Sustainability Policy; 2) Scope of Sustainability Policy; 3) Type of 
implementation in product innovation process; 4) Contextual selection of 
sustainability criteria to include in design projects; 5) Decision board’s sustainability 
capability (knowledge, skills and mandate) to address sustainability from a socio-
ecological system perspective 

The key elements of the proposed model can be found in Table 5, where 
the case companies have been distributed over the profiles. A Compliance 
profile was assigned to C6, since the interviews revealed a low 
sustainability maturity and no decision power in the sustainability policy. 
C1 and C2 showed some indication of ambition to enhance the 
organizational sustainability maturity, by, for instance, implementing 
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SPD tools. However, the sustainability policies in these organizations do 
not induce any demand to continuously, nor systematically, improve the 
sustainability performance of new design solutions. Sustainability 
requirements are in the first two profiles not sourced, i.e., traceable, 
unless stated specifically in customer requests (Kirkmann, 1998). They 
were therefore classified with a Compliance+ profile. Three of the case 
companies, C3, C4 and C7, did have a determining Sustainability Policy 
which requires each new design to be better than a previous version. 
These three companies have also implemented the use of SPD tools, 
besides guidelines and checklists, such as LCA or EIA to benchmark 
previous designs to identify in which of the internally defined 
sustainability criteria categories’ the new product should be improved. 
The scope of the sustainability policy was, however, limited to the 
ecological dimension. One case company, C5, was classified with the 
profile Ambitious, as the internal sustainability criteria categories 
included some aspect of social considerations alongside the ecological.  

None of the companies demonstrated a contextual selection of 
sustainability criteria. In practice, this means that the company may settle  

 

with an incremental performance improvement in some of the 
sustainability criteria categories, since the policy then is fulfilled. A risk to 
miss out on further possibilities or to cause sub-optimizations therefore 
still prevails. Consequently, none of the case companies were classified 
with a Strategic profile. The authors suggest that companies that want to 
achieve this profile could integrate a strategic sustainability perspective, 
i.e., when a socio-ecological lifecycle system view is adopted and 
combined with backcasting (Schulte and Hallstedt, 2018), permeate the 
organizational decision structure. In practice, this would require that such 

Figure 6. Proposed relationship between organizational sustainability maturity and profile model 
for management of sustainability in requirements.  
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a perspective is integrated in the sustainability policy, the design of the 
operational management system, selection of sustainability criteria 
indicators and assessment tools, and influence the decision board 
discussions. Then, traceable and contextual requirements (Kotonya and 
Sommerville, 1996) retrieved from a lifecycle system perspective on 
sustainability could be integrated in the earliest phases of the 
requirement management process. The conceptual relationship between 
the proposed profiles and sustainability maturity is illustrated in Figure 6. 

5 CONCLUSIONS 
By alluding to characteristics of good requirements, i.e., traceability and 
socio-ecological systems contextualization, this research has contributed 
to sustainable design research and industry. Design is about satisfying 
context-dependent needs, and socio-ecological sustainability is a 
systems’ property which businesses and their stakeholder inherently are 
dependent on. To understand requirements from a socio-ecological 
perspective and develop necessary capabilities to manage such 
requirements in the daily operations is necessary for businesses that want 
to remain on the market as sustainability challenges shift the design 
context. Using the hypothesis that the approach to integrate 
sustainability criteria in the requirements reflects the organizational 
sustainability maturity level this research aimed to provide insights into 
how requirement management can be utilized to address sustainability 
considerations in engineering design projects. Informed by a 
triangulation of literature from engineering design and SPD, a multiple-
case study was designed guided by the research question ‘What are 
sustainability requirements and how are they identified and managed in 
design projects?’’, which explored key activities and roles, how methods 
and tools can be organized and used, and which challenges and 
opportunities companies currently may experience in their current work 
with sustainability in engineering design. Based on the findings, five key 
elements were found and proposed as a profile model, consisting of five 
levels representing characteristics of early requirement management and 
their relation to organizational sustainability maturity for product 
innovation. The model can be used to identify which activities to consider 
for enhancing organizational sustainability maturity of the product 
innovation process and sustainable product development. The study 
emphasizes that the source for, and process to identify, sustainability 
criteria affects its priority as a requirement in a product innovation 
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process. The two objectives of the study were achieved through 
integrating perspectives on requirements and traceability from 
engineering design literature together with models for and sustainability 
maturity. Together with empirical data from the multiple-case study a 
model was developed, tested and refined. The model proposes five key 
elements of sustainability integration in early requirement management 
and relates to organizational sustainability maturity  

The five key elements that constitute the refined profile model for 
management of sustainability in requirements are ‘power of sustainability 
policy’, ‘scope of sustainability’, ‘type of implementation in product 
innovation process’, ‘contextual selection of sustainability criteria’, and 
‘decision board’s sustainability capability’. The profile model proposes the 
five levels of ‘compliance’, ‘compliance+’, ‘systematic’, ‘ambitious’, and 
‘strategic’, corresponding to different levels of sustainability maturity. 
Based on the key elements, the seven companies in the multiple-case 
study were assigned a profile. This showed that having implemented a 
systematized approach to identify sustainability aspects to integrate in 
the requirements, together with a strict sustainability policy, can ensure 
that some, at the minimum incremental, sustainability improvement can 
be achieved in all design projects. The sustainability competence and the 
understanding of sustainability’s value in comparison to other design 
criteria were also pointed out as important, and challenging, factors for 
sustainability to be prioritized in trade-offs. None of the case companies 
was assigned the highest profile level, as this would require that a lifecycle 
socio-ecological systems perspective is fully integrated and implemented 
throughout the organizational management system and reflected in the 
selection of requirements for new design solutions, the design rationale. 

 MAIN CONTRIBUTIONS 
This paper contributes to research and practice by highlighting early 
requirement management as means to increase organizational 
capabilities for SPD, and thus enhance organizational sustainability 
maturity of the product innovation process. The main contribution to 
academia is the introduction of key terms and constructs from 
engineering design which emphasize system context and traceability as a 
necessary characteristic of a good requirement. To anchor and integrate 
a socio-ecological lifecycle system perspective of sustainability 
throughout the organizational management levels through 
contextualization can be the missing key for successful implementation 
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of SPD and, hence, to improve organizational sustainability maturity. This 
study sheds light on this knowledge gap and suggest an approach to 
bridge it through the coupling with sustainability maturity models. This 
research also contributes a profile model that shows the following: Firstly, 
examples of how commitment to sustainability policies can be achieved 
through the design of the  early requirement management processes; 
Secondly, how this triggers implementation and selection of SPD tools 
and methods in, e.g., gate-models for product innovation processes; 
Thirdly, how certain actions, through the lens of requirements, support 
enhanced sustainability maturity of the product innovation process. 
Furthermore, both academia and the industry can take part of the 
challenges and opportunities from a range of practitioners as inspiration 
for continued research. For instance, the alignment between literature 
and practice strongly emphasizes a need for improved sustainability 
competencies in the decision board discussion. The proposed model can 
aid implementation of sustainable product design and by doing so reduce 
industrial impacts on the socio-ecological system, in line with principles 
of a cleaner production. Requirement management, and enhanced 
sustainability capabilities within it, is key to connect system level 
sustainability challenges to operational design decisions and should 
therefore be further explored.  

 RESEARCH LIMITATIONS AND OUTLOOK 
The conceptual frame of reference, which articulated the research gap 
and formed the basis for the design and analysis of the multiple-case 
study, was well-anchored in key terms and constructs from literature on 
engineering design as well as literature on sustainable design. 
Triangulated with results derived from the analysis of the multiple-case 
study data, the literature findings gave rise to the refined and proposed 
profile model. Since the case companies together represented a variety 
of industries offering solutions of different complexity levels, place in the 
supply chain, and business models, it is assumed that criteria for external 
validity have been met and that those results can be generalizable within 
the prevailing context. The context is medium- to large-sized companies 
within the business-to-business product manufacturing industry, 
operating under European environmental, and social-, regulations and 
legislations. The model should be tested further, for instance, 
sustainability requirements practice of smaller companies could be an 
area for future studies. This could contribute to the understanding of how 
organizational size and structure can influence the capabilities for 
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sustainable design decision-making, and to determine which 
competencies are necessary within the decision board. Aligned with this, 
the study supports previously suggested future research directions, such 
as investigating how enhanced sustainability systems thinking 
capabilities (Watz and Hallstedt, 2018b), and better understanding of 
sustainability value drivers (Bertoni, 2017) could be used in SPD as means 
for increased sustainability maturity in product developing companies. 
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from testing and evaluating a profile model for 

management of sustainability integration into design 
requirements 

Matilda Watz, Sophie. I. Hallstedt 

 

 

Abstract 

Product development and manufacturing continues to be a profound 
contributor to the socio-ecological problems and challenges we are 
facing in our world today. For products to contribute to sustainability 
requires not only that socio-ecological lifecycle impacts are considered in 
the initial stages of the product innovation process, but that they are 
maintained as integral product requirements. Although research offers a 
plethora of approaches, methods, and tools for sustainable product 
development, the implementation in industry remains low. The focus of 
this research is a less explored area of sustainable product development 
implementation, the management of needs identification and 
propagation of design requirements. The purpose is to: i) add to state of 
knowledge about current practices of sustainability integration into 
requirements, and ii) the academic discussion on implementation of 
sustainable design and product development. A self-assessment 
approach for sustainability integration into requirements is tested. The 
purpose of the approach is to support improvement of the requirements 
management process design, including activities and competencies, for 
engineering design. Four Swedish product development and 
manufacturing companies tested the approach, from which the results 
are used to evaluate usefulness, usability, and effect potential. The 
findings are discussed together with key characteristics for requirements 
and sustainability criteria, providing insights to ensure that socio-
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ecological considerations are both influencing the initial requirement 
specification, and maintained as decision parameters throughout the 
product development process. 

Key words: Sustainable product development; Requirements; 
Traceability; Trade-offs; Sustainability criteria; Sustainable design; 
Implementation 

Highlights: 
- Key areas of management of sustainability integration into 

product requirements are proposed. 
- Evaluates a self-assessment approach for sustainability 

integration into requirements. 
- Discusses implementation of sustainable product development 

approaches. 
- Examples from sustainability integration at four Swedish product 

development companies. 
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1 INTRODUCTION AND AIM OF THIS RESEARCH 
Among the many methods, tools, and approaches that have been 
designed to support industry's transition to sustainable design and 
product development, only a few have been implemented (Faludi et al., 
2020). At the same time, sustainability considerations continue to be 
traded off in favor of more traditional product requirements regarding, 
e.g., cost, performance, and manufacturability. However, mere 
implementation of sustainable design methods and tools in the product 
development process do not guarantee increased product sustainability 
performance, if this is considered to conflict with the ability to meet other 
priority requirements (Bengtsson et al., 2018). 

Lessons from practice at the same time indicate that the experience of 
the decision makers, rather than the decision support tools, is what 
guides the discussions and ultimate decisions, regardless of whether 
sustainable design tools are implemented into the product development 
process, see, e.g., (Petala et al., 2010; Siva et al., 2018). Therefore, some 
research suggest that an (ecodesign) expert should be part of these 
discussions, in which needs are compared, weighted, and refined into 
initial requirements (Brambila-Macias and Sakao, 2021,; Siva et al., 2018). 
Now, neither of these actions ensure that sustainability will be part of the 
need-finding process from which requirements are sourced. Watz and 
Hallstedt (2020) therefore investigated how seven different product-
developing and manufacturing companies in Sweden organize 
integration of sustainability into their processes for capturing needs and 
maturing these into requirements. A quote from an expert at a jet-engine 
manufacturer illustrates a common phenomenon among the case 
companies: 

“Once the [sustainability-] requirement is there, it will be managed -then 
it isn't a problem.” 

So, how do [sustainability] requirements ‘get there’? Previous research 
has provided guidelines for sustainable design and product development 
implementation on a general level, but how these ensure that 
sustainability strategies are cascaded to their ultimate leverage point, 
that is, requirements, needs to be scrutinized further. For sustainable 
design methods, tools and approaches to support this task will require 
high applicability, and in that also validity, credibility, and reliability 
(Gericke et al., 2020). This study aims to identify applicability 
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improvements of an approach that was developed to support 
organizations in this endeavor. In addition, this research also aims to 
share examples about current practice in management of sustainability 
integration into design requirements. 

2 REQUIREMENTS AND SUSTAINABLE PRODUCT 

DEVELOPMENT 
After a period of strong focus on the environmental dimension of 
sustainability, through the perspectives of, e.g., Cleaner Production, 
lifecycle thinking and ecodesign strategies, sustainable design is 
increasingly taking on a socioecological perspective (Schäfer and Löwer, 
2020). With an initial purpose of supporting implementation of 
environmental improvement strategies, e.g., resource-and energy 
efficiency, in products (Pigosso et al., 2013), the scope has evolved 
towards increasing circular resource flows and in helping companies 
design products without causing unintended negative environmental and 
social impacts throughout the product life cycle (Gazilulusoy et al., 2019). 
When integrated in the early phases of the product innovation process, 
this application of a strategic sustainability perspective can also be 
referred to as ‘Sustainable Product Development’ (Hallstedt, 2017). To 
implement sustainable product development, companies need to 
improve their abilities to include the whole spectrum of sustainability, 
i.e., integrate both ecological and social considerations into their product 
development processes (Kravchenko et al., 2019). Therefore, it is 
increasingly acknowledged that sustainability efforts cannot be 
organized as separate activities but need to be part of the business 
strategy, which can be understood as there being a “fit between strategy 
content and societal needs to deliver societal value” (Baumgartner and 
Rauter, 2017). Then, business benefits can be secured from sustainable 
operations, including product design and development (Hojnik, 2018; 
Parida and Wincent., 2019). 

When the sustainability commitment of a company thoroughly 
influences decision-making throughout the whole organization, product 
designers and developers can be given mandate to go beyond 
incremental sustainability improvement in their design concepts 
(Bengtsson et al., 2018). The systematic integration of sustainability into 
decision-making in the early design process, see, e.g., Pigosso et al. 
(2013), and Poulikidou et al. (2014), is therefore also a prerequisite to 
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manage integration of sustainability criteria into the early concept 
development (Byggeth et al., 2007, Mendoza et al., 2017), which is key to 
maximize the influence on a product's lifecycle sustainability 
performance (Poudelet et al., 2012). Operating under these conditions 
can be referred to as achieving ‘sustainability maturity’ (Schulte and 
Hallstedt, 2018; Dyllick and Rost, 2017; Ceschin & Gaziulusoy, 2016). Such 
research implies that companies should implement sustainability-
adapted design tools to facilitate an integration of sustainability criteria 
into traditional decision-support, and a lot of research focused specifically 
on such versions of tools for requirements identification, weighting, and 
selection (Bovea and Pérez-Belis, 2012). 

A wide range of sustainability-adapted versions of traditional 
requirement management support tools have been proposed to support 
the development of requirements which both consider sustainability, and 
that comply with desirable requirement characteristics (Bovea and Pérez-
Belis, 2012; Schäfer and Löwer, 2020). Requirements engineering is, 
therefore, according to software engineering research for sustainability, 
proposed as a key enabler to realize the shift towards sustainability, see 
e.g., Becker et al. (2015). In fact, the importance of early integration of 
needs and requirements does not apply only to sustainable product 
development processes (Nilsson et al., 2018; Chebaeva et al., 2020). On 
the contrary, any product development project can be understood as a 
process of identifying and refining needs into requirements (IEEE 
Computer Society, 2005, Roozenburg and Eekels, 1995). 

Although requirements are gradually matured in a series of phases 
throughout a product development process, it is crucial to have the right 
requirements in place as early as possible, e.g., (Koen et al., 2001), as the 
design freedom radically decreases after the earliest phases of product 
development processes, despite the fact that the knowledge about the 
design problem continues to grow (Ullman, 1992). Requirements that are 
clearly traceable from apparent stakeholder needs, possible to test and 
that do not contradict with other needs, e.g., regulatory compliance, are 
therefore more likely to be prioritized in trade-offs than those that are 
more ambiguous (Hull et al., 2005), as their ‘value’ has been made 
transparent to the decision-making process (Lee and Paredis, 2014). 
Similarly, strategic sustainability research has also found that 
sustainability criteria that efficiently guide organizational decision-
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making towards sustainability should be, e.g., necessary, sufficient, 
general, non-overlapping, and concrete (Ny, 2009). 

Once sustainability criteria are defined, the task of integrating these into 
design requirements starts. As requirements should be testable, so 
should operational sustainability criteria. Therefore, Schmidt and Butt 
(2006), and Dreyer (2010) suggest that sustainability criteria should be 
applicable to different concepts, should include a design objective that 
can be measured, should draw on information that is possible to obtain, 
and should represent aspects of (all) sustainability dimensions. A 
systematic literature review showed that tools such as Functional 
Analysis, Axiomatic Design, and especially Quality-Function 
Deployment, can be used and combined with e.g., Fuzzy Logic, Theory of 
Inventive Solving, and Multidisciplinary Design Optimization to visually 
correlate, weigh and optimize sustainability criteria together with 
traditional design characteristics (Watz and Hallstedt, 2018). An example 
from the ‘Eco-QFD’ is when the ecodesign strategy ‘reduce use of 
material’ is correlated with the functional requirement of ‘low product 
weight’, and where requirement weights are calculated based on the 
priorities decided by the decision-makers (Romli et al., 2015). 

Unfortunately, few companies manage to create a traceable link between 
high-level sustainability objectives and operational product 
requirements. Several frameworks suggest conceptual approaches, such 
as the ‘Systemic double flow scenario method’ (Gaziulusoy et al., 2013) 
which suggests that product requirements should be derived from 
societal structures, the ‘BECE framework’ (Mendoza et al., 2017) where a 
combination of backcasting and eco-design strategies is proposed to 
support product development in compliance with circular economy 
principles. Approaches to implement such frameworks gives guidance on 
sustainability integration into business strategies and portfolio 
management (Vandaele and Decouttere, 2013). Examples here include 
‘Design Management for Sustainability’ (Fargnoli et al., 2014) and 
‘Sustainability-oriented adaptions of the product development process’ 
(Waage et al., 2007), which propose what sustainability-related decisions 
should take place in certain steps of the product development process, 
and which assessments and sustainability criteria should inform these 
decisions. Tactical approaches for selecting between sustainable design 
strategies, sustainability criteria, and for defining associated 
performance indicators to be used in the product development process 
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can be found in, e.g., the ‘Strategic eco-design map of the complex 
products’ (Keivanour and Ait Kadi., 2017), the ‘Method for integrated 
product development oriented to sustainability’ (Fernandes et al., 2017), 
and in the ‘Checklist for Sustainable Product Development’ (Schöggl et 
al., 2017). 

An effective application of sustainability-adapted versions of design tools 
hence requires that the decision-makers using the tool also need to have 
some knowledge and understanding about sustainability or consult an 
expert (Brambila-Macias and Sakao, 2021; Siva et al., 2018). This entails 
that decision-makers might have limited ability to impact the relative 
priority, i.e., weighting, of sustainability aspects before they are 
transformed into requirements, even if they have access to sustainability-
adapted versions of requirement management support tools 
(Kravchenko et al., 2020). These decisions, hence, depend both on the 
organization of processes that precede a product development process, 
in which the needs are sourced, and on the competency and ability of the 
decision-makers to apply a sustainability perspective in the discussion 
when the initial requirements are formulated (Watz and Hallstedt, 2020; 
Nilsson et al., 2018). 

3 A PROFILE MODEL FOR MANAGEMENT OF 

SUSTAINABILITY INTEGRATION INTO 

REQUIREMENTS FOR ENGINEERING DESIGN 
The previous section described that the realization of a sustainable 
product development requires specific attention to the design and 
organization of transparent processes for identifying, selecting, and 
refining lifecycle socioecological criteria into requirements. In light of this 
background, Watz and Hallstedt (2020) conducted an in-depth interview 
study which provided a lens of requirements management to the 
discussion on sustainability maturity. Literature findings and the 
interview results study were triangulated and suggested a profile model 
for management of sustainability integration into requirements for 
engineering design (PROSEQ). Through this developed self-assessment 
approach, companies should find guidance to ensure that sustainability 
becomes an integral part of the preceding processes, analyses and 
discussions that converge into the initial requirement specification. The 
approach builds on two steps where the first involves assessment of 
strengths, weaknesses, and the second identification of improvement 
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actions, related to management of integration of sustainability into 
requirements, e.g., in terms of documentation, processes and routines, 
methods, tools and competencies and sustainability perspectives. 

Table 1. PROSEQ categories and profiles with example characteristics, reproduced from 
(Watz and Hallstedt, 2020). 

Category Sustainability 
policy 

Sustainability 
scope 

Implementation in 
product innovation 

process 

Sustainability 
criteria selection 

approach 

Decision board’s 
sustainability capability 

Profile 

C
o

m
p

li
a

n
ce

 

There is neither a 
sustainability-, 

environmental or HSE- 
policy which consider 

product design. 
The policy requires 

regulatory compliance on 
intended market. 

Regulatory 
compliance 

Checklists for 
regulatory compliance 

in operational 
management system, 

e.g., gate model. 

Not applicable / 
Do not know 

No specific competence 
or skills required. 

S
y

st
e

m
a

ti
c 

There is an enforcing 
policy which demands all 

new products to be 
better than previous ones 

from a sustainability 
perspective. 

Environmental 
improvement, 

mainly. 

Guiding questions for 
designers 

Lifecycle assessments, 
environmental 

assessments 
- To evaluate. 

Sustainability 
criteria categories 

exist but no 
strategy for which 

to select. 

Aim is to include a 
sustainability expert in 

the decision board. 
- must discuss 
sustainability 

performance to proceed 
in the product innovation 

process 

A
m

b
it

io
u

s 

The policy requires 
market department to 

ask customers for 
sustainability –related 

requirements. 
The policy which 

encourages designers to 
consider sustainability 

aspects. 

Environmental 
improvement 

and some 
social 

considerations 

Guiding questions for 
designers 

Lifecycle assessments, 
environmental 

assessments 
- To guide and 

evaluate. 

Sustainability 
criteria categories 

are sometimes 
applied, e.g., 

- Specific, 
occasional projects 

- Customers ask. 

Must discuss and 
document decisions on 

sustainability 
performance based on 

results from 
sustainability 
assessments. 

S
tr

a
te

g
ic

 

The policy requires all 
new products to be 

better than previous ones 
from a holistic 
sustainability 
perspective. 

Ecological and 
social 

considerations
. 

Sustainability 
considerations 

integrated in ’all steps 
of the gate process’, 
with an emphasis on 

the initial requirements 
definition. 

The sustainability 
criteria to address 
are always derived 

from a 
socioecological 

and business 
perspective, 

combined with 
back-casting. 

Must demonstrate that 
- a socioecological 

systems perspective, 
and, 

- contextual selection of 
sustainability criteria 

have been applied. 

 

As PROSEQ focuses specifically on interfaces between strategic, tactical, 
and operational levels and propose five key elements to facilitate 
sustainability integration into requirements management. Five profiles 
correspond to different levels of sustainability maturity. The five 
elements are constituted by the categories ‘sustainability policy’, 
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‘sustainability scope’, ‘implementation in product innovation process’, 
‘sustainability criteria selection approach’, and ‘decision board's 
sustainability capability’. The four profiles are ‘compliance’, ‘systematic’, 
‘ambitious’, and ‘strategic’. The self-assessment approach is based on 
guiding questions and examples of profile characteristics within each 
category. The guiding questions allow profile assessment and 
identification of actions for improvement within each category. Each 
profile corresponds to a numerical value (1, 2, 3, 4) so that a mean value 
can be calculated to generate a total profile based on the sum of the 
category scores. 

Table 1 gives an overview of the PROSEQ model categories and profiles, 
and detailed descriptions can be found in Watz and Hallstedt (2020). The 
guiding questions are presented in Fig. 1. 

Figure 1. Guiding questions for self-assessment of the PROSEQ approach. 

4 RESEARCH DESIGN AND METHODS 
This research aims to explore and provide insights into how companies 
may organize and improve their management of sustainability 
integration into requirements. A focus group workshop study was 
therefore designed to evaluate the PROSEQ approach in relation to this 
aim. The following subsections describe participant selection, choice of 
evaluation criteria, and the development of the focus group workshop 
design. 
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 PARTICIPANT SELECTION 
To this study, four companies were selected based on a combination of 
opportunistic and purposeful sampling. The companies were all familiar 
with, and accessible to, the research team through participation in a 
research project within product development research. Company 
contacts were asked to invite participants based on role descriptions 
provided by the researcher. The aim to capture aspects of both internal 
and external validity led to the decision of including a) companies who 
were part of the preceding study (Company 1–3), and b) companies who 
were completely new to the PROSEQ model (Company 4). This sampling 
approach resulted in the participant constellation which is outlined in 
Table 2. 

Table 2.Participant constellation of the PROSEQ evaluation. 

Company Product type Number of participants and roles 

1 Industrial sealing 
solutions  

4 i) Sustainability Coordinator, ii) Head of 
Sustainability Implementation in Product 
Development, iii) Technical Product Manager, 
iv) Product Manager 

2 Aerospace 
components 

3 i) Method Developer Product Cost and 
Sustainability, ii) Design for Robustness 
Specialist, iii) Knowledge-Based Engineering 
Specialist 

3 Compaction 
equipment for 
construction 
industry 

4 i) D&D Support Manager, ii) Product Marketing 
Manager, iii) Product Portfolio Manager, iv) 
Quality Assurance Manager, v) Project 
Manager, vi) Structure Design and Analysis 
Manager 

4 Food packaging 
solutions 

6 i) Technology Specialist, ii) Environmental 
Specialist, iii) Innovation Study Leader, iv) 
Senior Sustainability Specialist – Sourcing, v) 
Systems Engineering and Quality, Virtual 
Modeling Manager, vi) Development Engineer   

 RESEARCH QUALITY ASSESSMENT 
The purpose of PROSEQ is to help product developing organizations 
improve their sustainability maturity through a focus on requirement 
management processes (Watz and Hallstedt, 2020), through a qualitative 
self-assessment. As research for sustainability in general, this research is 
design-oriented (Miller et al., 2014), but based on a qualitative approach. 
Qualitative research emphasizes aspects such as credibility, validity, and 
transferability to discuss a research designs’ reliability, replicability, 
results accuracy in the given context, and, expected ability to generate 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/constellation
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similar results when applied to new samples (Seale, 1999). Design 
research can be evaluated using quality criteria such as internal validity, 
applicability, usability, and usefulness to discuss whether that which is 
proposed can meet its purpose, how well it is designed for the intended 
user and use context, and whether it can achieve the intended effect 
(Blessing and Chakrabarti, 2009). These aspects fit well to qualitative 
research criteria that go beyond the research design itself, such as 
adequacy of the proposed approach or method that is to be evaluated, 
the consistency of the data collection and the diversity of study 
participants (Flick, 2007; Bryman, 2016). And suitably, decision support 
for sustainability, research should be credible, salient, and legit, i.e., 
provide relevant and valid information while informed by a socio-
ecological system perspective (Cash et al., 2003). 

With an intention of providing support to improve the requirement 
management processes of not just one product-developing organization, 
but to several, the aspect of transferability becomes relevant in this study. 
Validity, i.e., how useful PROSEQ is for finding improvement areas and 
actions for the organizations also becomes relevant. A crucial factor for 
uptake and implementation of sustainable product development in the 
industry is applicability, or usability (Faludi et al., 2020), and hence it is 
another relevant quality criterion for PROSEQ. We therefore used the 
quality criteria of usefulness, usability, and effect potential to guide the 
evaluation of the PROSEQ approach. 

The participants of the focus group workshop sessions were requested to 
discuss these evaluation criteria, and their feedback was included in the 
results. The researchers’ notes, meeting recordings and online survey 
responses were added to the narrative of case results which underwent 
qualitative content analysis guided by the research quality criteria 
(Schreier, 2012). Each company report was distributed back to the 
participants with a request for feedback. 

 FOCUS GROUP WORKSHOP DESIGN 
The focus group sessions were organized in a facilitated online workshop 
format, in which the researchers used a power point presentation to 
present the PROSEQ approach and where assessment results were 
recorded in real time. An Excel spreadsheet was used to calculate the 
total profiles, and to capture notes during the discussions throughout the 
sessions. All sessions followed approximately the same agenda. The 
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actual focus group workshop took a total of two to two and a half hours, 
distributed over 5 steps. However, Company 4, which was not part of the 
preceding study and therefore less familiar to the research team, was 
given an extra introduction to sustainable product development research, 
thus adding extra 30 min to the total time of the session. See the overview 
with approximate times per step in Fig. 2. 

 

Figure 2. Five steps of the PROSEQ focus group workshop 

In step 1, PROSEQ's assessment procedure and its components were 
presented to the participants, i.e., category descriptions, guiding 
questions, and example characteristics of different profiles, followed by a 
creative discussion on improvement actions based on the assessment 
results. 

In step 2, participants were given around 5 min to read the category 
description, guiding question and profile characteristics before they 
discussed how these applied to their own company. The researchers 
added an additional guiding question or clarification, if requested by the 
participants, or, if the discussion moved out of the intended scope. The 
researchers also rounded up the discussion in each category to ensure 
that the agenda was followed, and a final category profile level was 
marked out in the Power Point presentation. 

In step 3, the researchers consolidated the assessment results in the 
spreadsheet, and a table was inserted to the Power Point presentation. 
This allowed the category profile levels as well as the total profile to be 
shared immediately to the participants and to be used as a basis for the 
discussion in step 4. 

In step 4, the consolidated results were used as input for category-wise 
discussions about potential improvement actions which could enhance 
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the profile level of the company. The same questions that were used 
during the preceding profile assessment guided this step and the 
researchers’ used notes from the profile assessment to provide 
participants with input to their own discussion. 

In step 5, feedback about usefulness, usability and effect potential was 
recorded from the participants. To verify the results, participants were 
asked to comment on the accuracy of the findings during the feedback 
discussion, and afterwards on a result report which was sent back to each 
company. 

5 RESULTS FROM FOCUS GROUP SESSIONS 
The resulting profiles give an overview of current strengths, weaknesses, 
and possible improvement actions, in the management of sustainability 
integration into product requirements in relation and the profile 
categories. Company 1 characteristics corresponded to a ‘compliance’ 
profile, Company 2 to a ‘systematic/ambitious’ profile, Company 3 to a 
‘compliance/systematic’ profile, and Company 4 to a 
‘systematic/ambitious’ profile. Fig. 3 provides an overview of the 
category-wise results for all companies, and the following subsections 
present results from the category-wise assessments. Illustrative quotes 
provide examples that were used for the profile assessment and 
identification of improvement actions. 

 

Figure 3. Results from the assessment of PROSEQ for Company 1–4 (C1–C4), showing the 
levels for each category of the profile 
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 CATEGORY 1. SUSTAINABILITY POLICIES 
After an additional clarification of that this category concerns the ability 
of the company's gathered steering documents around sustainability to 
influence the formulation of requirements in the product innovation 
process, each company discussed their own policy documents and how 
these were ‘linked’ to the product development process. None of the 
companies had systematically operationalized their sustainability 
policies through the product development process. Therefore, none of 
the companies were characterized with an ‘ambitious’ or ‘strategic’ 
profile in this category. 

Company 1 and 3 were characterized with a ‘compliance’ profile, as they 
found that their sustainability policies currently were not, at least not 
visibly, connected to the product development. In Company 3 this is 
described as “there is currently no specific sustainability policy, or policies 
that concern sustainability aspects and that specifically aim at the product 
innovation-, and product development process. The current company policy 
requires no more than regulatory compliance, although it declares an 
ambition to do so in several sustainability-related areas”. 

Company 2 was characterized with a profile between ‘compliance’ and 
‘systematic’ since it was found that their environmental policy is included 
in their operational management system “but the connection between this 
policy and the product innovation process is unclear”. 

Company 4 was characterized as being in between ‘systematic’ and 
‘ambitious’ based on the fact that “there is no specific sustainability policy 
for product development. However, there is an ambitious environmental 
policy at company level, as well as other steering policy documents such 
as the company code of conduct”, that were found to have a significant 
impact on business strategy- and product planning, which thoroughly 
influences the sourcing of product requirements. 

5.1.1 Identified improvement actions to strengthen sustainability 
policies 

To strengthen the link between the overarching sustainability policy and 
the product development process, all companies mentioned the need for 
a more formal integration into the management system structure. For 
instance, Company 1 mentioned that sustainability policy and the 
product innovation process could be connected “through process 
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descriptions and documentation”, and Company 4 suggested the creation 
of “(a) routine or formalized process”. Another idea mentioned by 
Company 1, 2 and 3, was to consolidate sustainability-related policies or 
steering documents into what Company 2 called “a policy for sustainable 
product development” which should be available in the operational 
management system. 

Another aspect raised by Company 3 and Company 4, was the need for 
clear internal communication, that would be accessible in all 
organizational levels. Company 4 proposed to “simplify communication by 
shortened version or format” and Company 3 discussed breaking down the 
sustainability policy “for each company function, to goals and strategies”, 
and that this could be realized through” focus days on top management 
level, maybe in workshop format”. 

 CATEGORY 2. SUSTAINABILITY SCOPES 
Based on the discussion about the content of the companies' 
sustainability policies, only one company, Company 4, could be 
characterized as ‘ambitious’ in this category. Company 4 concluded that 
the scope “covers mainly the ecological dimension but also the social 
dimension through focus on occupational health and safety throughout the 
whole value chain of a product lifecycle by the means of our code of 
conduct” but emphasized that social aspects are not handled in product 
development projects – only by the sourcing department”. 

Company 2 and 3 were characterized by a ‘systematic’ profile in this 
category, which can be illustrated with an example coming from 
Company 3's discussion, i.e., “current company policies require regulatory 
compliance in most sustainability dimensions. There seems to be more 
weight on the ecological side, such as energy efficiency and resource 
efficiency, which are mentioned in the company policy. This indicates a lack 
of system perspective. Some specific key performance indicators have 
however been defined, such as exhaust emission control”. 

5.2.1 Identified improvement actions to increase sustainability 
scopes 

Both Company 1 and 3 therefore identified a need to articulate a 
company-internal definition of sustainability. Company 2 instead saw a 
need to widen the scope of their current environmental policy to include 
social commitments which are stated in other steering documents, e.g., 
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a code of conduct and policy for health and safety. Company 4 suggested 
to make social criteria more visible, e.g., by developing “a scale for social 
sustainability compliance, or -performance, to use as decision support in 
sourcing, to select between suppliers”, and which could mark out ‘socially’ 
preferable materials in the company's database for concept developers. 

 CATEGORY 3. TYPE OF IMPLEMENTATION IN PRODUCT 

INNOVATION PROCESS 
After having received further guidance, in addition to the guiding 
questions and profile examples, the participants began scrutinizing the 
product innovation process to identify which methods, tools and analyses 
the companies use to realize sustainability integration in product 
requirements. Company 1 and 3 identified themselves with the 
description of a ‘compliance’ profile, for instance because “there is no 
formalized implementation of sustainability into the product innovation 
process as can be found in Company 1's report. Instead, internal guidelines 
encourage reduction of social and environmental impacts, and 
environmental- or social impact assessments are conducted only when a 
customer specifically requests a certain sustainability performance. 

Companies 2 and 4 were characterized as ‘systematic/ambitious’ as both 
companies have implemented compulsory sustainability assessments 
and checkpoints in their product development processes. Sustainability-
improvement criteria are hence identified and can thereafter influence 
the definition of product requirements, e.g., as exemplified by Company 
2 “A ‘Sustainability Impact Assessment’ must be conducted in the beginning 
of a new development project, based on which sustainability performance 
targets and requirements should be formed. These must then continuously 
be evaluated throughout the product development process to enable a 
project to proceed in the gate model”. However, although company 2 also 
mentioned that they are investing in Lifecycle assessment software and 
datasets sustainability requirements beyond regulatory compliance were 
only prioritized when those are traceable to a specific customer request. 

Company 4 creates a ‘requirement library’ for each product development 
project in which company-external needs are captured by other 
departments, e.g., market, sourcing, and communication, including 
sustainability improvement criteria. Here, sustainability improvement 
criteria are identified by the sustainability department, who “applies a 
systematic way of identifying focus areas for environmental improvement, 
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connected to the environmental management system's ISO 14001-
certification, based on lifecycle assessments (LCAs) of company products 
and manufacturing technologies”. A decision forum discusses, without 
using any support tool, the needs, and potential trade-offs, before an 
initial requirement specification is formed, that includes the weights of 
requirements. 

5.3.1 Identified actions to improve the type of implementation in a 
product innovation process 

Among the many ideas that were raised, Company 1, 3 and 4 suggested 
that it should be reviewed whether currently used methods and tools 
could be organized, used, or adapted to better capture sustainability-
oriented needs and requirements. 

Regarding formal implementation, Company 1 suggested to “Investigate 
how the operational management system's gate model can support 
sustainable product development implementation”, and Company 4 
suggested to” increase documentation of decision-making related to 
sustainability to support prioritization in trade-offs between 
sustainability and other product performance criteria”. Company 4 also 
stressed that tactical management levels could create decision-support 
that “clarify the meaning of sustainability requirements to ease 
interpretation of these requirements, and their implication on other 
design parameters, for those that are going to use them in product 
development”, “guidelines for material and concept selection” and “list of 
strategic priorities” and by that avoid that cost outweighs sustainability 
performance. Company 2 suggested that a formalized process should be 
established for “identifying which sustainability criteria that are relevant 
and possible to impact at different stages of the product innovation 
process”. 

Some companies mentioned specific tools and methods that could be 
used to either improve implementation or to aid the identification and 
integration of sustainability requirements, e.g., a Sustainability Design 
Space (Hallstedt, 2017)“to identify which areas that lack tools, methods or 
competency” (Company 4). Company 2 mentioned “Lifecycle Assessment, 
Decision Arena (Wall et al., 2020),and Sustainability Criteria and product 
life-cycle Data Simulation in Concept Selection (Kwok et al., 2020)”to 
enable sustainability performance calculation and visualization. 
Company 1 identified the possibility to “utilize product lifecycle 
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management systems to collect lifecycle sustainability performance data. 
Company 3 suggested reviewing “the customer value model” and “the 
market specification template, maybe add a chapter for sustainability”, to 
enable a better understanding of customers' sustainability preferences to 
influence requirements discussions. 

In addition to this, Company 2 identified the fact that they should 
“consider using qualitative relative performance data” to increase the 
ability to include sustainability in product performance evaluations. And, 
finally, Company 1 realized that it was essential to “assign responsibility 
areas and roles”. 

 CATEGORY 4. SUSTAINABILITY CRITERIA SELECTION 

APPROACH 
Company 1 and Company 3 reached ‘compliance’ in this category. For 
example, Company 3 reported that there was currently “no process 
established for identifying and selecting sustainability criteria to address in 
the product innovation process”, delimiting the influence of a 
sustainability perspective in initial requirement discussions. 

Company 2 was characterized as ‘ambitious’, as an informal procedure 
has been established there and which means that an unofficial specialist 
in sustainable product development is consulted “when decision boards or 
designers encounter questions or issues with the SPD tools/assessments” 
and to help select sustainability performance improvements that do not 
reduce the ability to meet other product requirements. 

Company 4 was characterized as being in-between ‘systematic and 
ambitious’, and described that the “type of product development project 
determines the level of contextual selection of sustainability criteria, and 
the ambition. Sometimes sustainability is the driver in the project”. This 
means that the extent to which decision makers select, and weight 
requirements is contextualized from a sustainability perspective can vary 
greatly. 

5.4.1 Identified actions to improve a sustainability criteria selection 
approach 

Improvement actions that were identified in this category were linked 
both to the design of the product development management system 
structure, and to the visualization of decision support. 
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Company 2 stated the need to “establish a system that encourage and 
enable design teams to ask for support in sustainability issues, from other 
organizational units”. Company 4 mentioned a need to “visualize the 
selection process to enable/simplify traceability of requirements”, and by 
that make it possible to understand why a requirement was chosen over 
another, e.g., through the creation of indicators “to use in the product 
development process to enable measuring or integration in decision-
support for the engineering environment”. 

Company 3 suggested that management documents (e.g., policies and 
guidelines) should emphasize that “not only the cheapest option should be 
prioritized, but that also sustainability can be a rationale for concept 
selection” but did not provide a concrete example of action to achieve 
this. Company 1 considered their maturity level in this category as too low 
for discussing improvement actions. 

 CATEGORY 5. DECISION BOARD'S SUSTAINABILITY 

CAPABILITY 
Company 1 and Company 3 were again characterized by a ‘compliance’ 
profile. Company 3 reported that “There is currently no specific 
sustainability competence required in the team which identify, balance 
and select initial product requirements”. In Company 1 “required skills or 
competencies in sustainability or sustainable design [are] not specified 
for the decision board”, although there are plans to provide sustainability 
training to key roles, i.e., decision-makers’ in the product innovation 
process. 

In Company 2, sustainability is one of the themes for the recurring 
‘training days’ where employees are offered competence and skills 
development, and “there is an encouragement from the strategic company 
level that designers and other decision-makers in the product innovation 
process participate in sustainability trainings when those are offered” 

At Company 4, no specific sustainability competency level is required, but 
“a representative from the sustainability department should be part 
and support throughout the project”, and there is not any competency 
development program to actively increase the knowledge and skills in 
sustainability among these roles. Company 2 was characterized by an 
‘ambitious’ profile, and Company 4 by a ‘systematic/ambitious’ profile. 
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Table 3. List of consolidated improvement actions. 

Category Consolidated improvement actions Company 

1 Formally link the product development to sustainability commitments, as 
stated in the policies at strategic level, e.g., through a process description 
or routine 

all 

Create a ’separate sustainable product development policy’  1,2,3 

Make the steering documents [for sustainability issues] visible and 
accessible in the operational management system 

2,4 

2 Define a company-specific sustainability policy 1,3 

Clarify and widen the scope of current sustainability policy, and other 
steering documents, to include a more comprehensive social 
commitment 

2,4 

3 Review current tools and methods in the product development process 
and adapt to better capture sustainability needs and requirements, e.g., 
lifecycle management systems, customer value model, market 
specification template 

1, 3 

Review the operational management system to identify which 
assessments, roles and responsibilities that currently are missing from a 
sustainability perspective 

1,3 

Develop and implement guidelines for weighting of sustainability criteria 4 

Implement specific, i.e., LCA, SCADS, Decision Arena, tools to assess and 
visualize sustainability performance and establish process for 
identification and selection of sustainability criteria 

2 

4 Establish routine which encourages decision board or designers to 
engage sustainability experts in requirement discussions 

2 

Document identification and selection of sustainability requirements to 
increase visibility and traceability 

4 

Create indicators for measuring sustainability compliance 4 

5 Provide sustainability training to all employees all 

Provide sustainability training to key roles, i.e., members of a decision 
board 

1, 4 

Establish and apply sustainability skills and competency level to be 
present in requirement discussions 

3 

Establish the role of sustainability expert or –method specialist and 
require this role to be engaged in product development process 

2, 4 

5.5.1 Identified improvement actions to increase a decision board's 
sustainability capability 

There were several suggestions on how to improve sustainability skills 
and competencies of the decision board. All companies mentioned that 
all employees should be provided basic sustainability training to raise, 
and as stated in Company 3,“establish competence and a skill level around 
sustainability” throughout the whole organization. Tailored, more in-
depth, training could be provided to potential decision board members, 
which Company 1 called “key roles in the organization to enhance 
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competency and skills”. A “basic course in sustainability for decision-makers 
in toll gates” could, according to Company 4, allow discussions about 
sustainability requirements to start at a more advanced level and “enable 
more ‘fair’ weighting of sustainability aspects”. 

Establishing a specific role, e.g., “Method specialist, or expert, in 
Sustainability Impact Assessment” (Company 2), was another possibility 
which both Company 2 and 3 identified. This role should be formally 
involved in the decision-making of the product development process, 
which could be realized through the introduction of what Company 3 
called a “requirement on engaging a sustainability expert in the product 
development process” in the operational management system. Table 3 
provides a list of consolidated improvement actions. 

6 EVALUATION OF THE PROSEQ APPROACH 
Based on the results presented in section 4 and participant feedback, 
PROSEQ will now be analyzed and discussed from the perspectives of 
usefulness, usability, and effect potential. 

Usefulness regards the ability of the approach to support assessment of 
strengths and weaknesses, and to provide guidance to identify 
improvement actions related to management of sustainability 
integration into requirements. Usability regards the participants' 
feedback on the instructions, templates and guiding questions and the 
ability of these to be used without expert facilitation. The effect potential 
is derived from participant’ reflections about how the results could be 
implemented, and suggestions on how the effect could be improved. 

 PARTICIPANT FEEDBACK 
The discussion in each company session indicated that PROSEQ was 
useful as a discussion tool for identifying gaps and improvement 
opportunities in requirement management practices as means for 
sustainability integration. For instance, Company 1 mentioned that 
PROSEQ helped “identify improvement actions that can help [Company 1] 
to improve the design and support infrastructure of the product innovation 
process and the knowledge and skills in the organization”. However, 
Company 2 reacted on the amount of focus on company policies and 
decision-making at strategic and tactical, “which might steal focus from 
potential actions on the operational level”. 
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From a usability perspective, strengths with PROSEQ were found in its 
structure, e.g., that “the approach is systematic” (Company 2), and that 
the scope of the questions was wide, as it “gives the opportunity to discuss 
and capture a lot” (Company 4). However, most companies agreed that 
currently, the application of the method might require expert facilitation. 
Company 4 stressed that “it is difficult to know if our answers should reflect 
the whole group or separate company functions” as “projects are managed 
very differently depending on their type, i.e., incremental or disruptive 
innovation”, meaning that the results from a PROSEQ assessment could 
vary between departments depending on the background of the 
participants. Improved accuracy of the assessment results could 
therefore be expected from a clearer scope of application, and from more 
detailed instructions. Such improvements could include, e.g., a role 
description to guide participant selection depending on whether the 
assessment concerns a department or the whole company, and, or 
combined with, richer descriptions of the profile categories, including, 
e.g., “examples, details in text, to guide discussion” (Company 3). 

A common reflection about the effect potential of the PROSEQ approach 
was that it helped to “lift the right areas in the product innovation 
process” (survey, Company 4), and to “identify organizational 
weaknesses and strengths, both ‘soft’ and in terms of management 
system design” (Company 2). 

Company 1 found that the reliability and validity of assessment results 
and improvement actions “depends on process knowledge of participants 
but can be powerful to use as decision support”, as these provided a quick 
and easy overview, of the relevant aspects which could guide a 
“company's work with sustainability goals for product development”. 

Company 3 reasoned that the session raised awareness of possible 
improvements “and encouraged to proceed with actions”.Similarly 
Company 2, found that “a new responsibility area or expert role should be 
considered to better monitor and support design projects in sustainability 
issues” as an outcome that could leverage a positive effect. 

 EVALUATION OF USEFULNESS, USABILITY, AND EFFECT 

POTENTIAL 
With support from the facilitating researcher, all companies were able to 
assess their profile and identify improvement actions. Two companies 
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(Company 2 and 3) were characterized by a ‘compliance’ profile after the 
assessment, whilst two companies (Company 2 and 4) reached an 
‘ambitious’ profile. The assessment of each profile category provided an 
overview of strengths and weaknesses in relation to the five key aspects 
of sustainability integration into engineering requirements. The results 
reflect the companies' state of sustainability implementation, which 
Company 1 and 3 just started with, while Company 2 and 4 have worked 
with sustainability for a longer time and have implemented tools, 
methods, routines, and roles to support this process. 

The level of detail among the identified improvement actions in each 
profile category followed the same pattern. Company 2 and 4 identified 
more detailed ideas of how to intervene in the current management 
system, while those of Companies 1 and 4 were more generic. For 
example, in category 2 ‘Scope of sustainability policy’, Company 1 and 3 
realized that they needed to begin by internally defining what 
sustainability means to their organization. Company 2 and 4 instead 
discussed how the scope could be more inclusive of the social 
sustainability dimension and how this could be clarified in the steering 
documents. In category 3, ‘Type of implementation in product innovation 
process’, Company 1 and 3 suggested to review the current gate model 
and currently used tools, to identify possibilities for sustainability 
integration. Company 2 and 4 were able to suggest specific tools, 
documents, or routines to improve specific activities related to 
requirement management. This observation indicates a higher 
sustainability maturity level within the companies that reached a more 
advanced profile, strengthening the validity, and hence usefulness, of the 
assessment approach. An even clearer example can be found in category 
4, ‘Contextual selection of sustainability criteria’, in which only Company 
2 and 4 identified actual improvement actions. 

It was necessary to organize the focus workshop sessions online due to 
the COVID-19 pandemic. The sessions were therefore designed to enable 
collection of results and feedback through real-time editing a 
presentation, to give participants a notion of tangible progression 
throughout the workshop sessions. However, memos from the sessions 
indicate that the participants repeatedly requested clarifications of the 
category descriptions, and especially in categories 1 and 4. For increased 
usability, participants could be asked to prepare by reading the 
instructions and to collect documents from the operational management 
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system. Even further improved usability and effect potential could be 
expected from richer category descriptions, e.g., including more 
examples, and which roles that should be present depending on whether 
the whole company or a specific project should be assessed. The template 
could, however, easily be transferred into a non-digital format, or to a 
more easily managed online tool, such as a common digital working 
board, that could provide a more iterative workflow and better overview 
of the results. 

Participants were asked to reflect upon what potential effects that a 
PROSEQ assessment could bring to their companies. Strengths were 
found in the identification of improvement actions, which raised 
awareness and in the structured results, i.e., the PROSEQ report. A 
stronger effect could be expected from measures that trigger 
implementation and follow-up of identified improvement actions, e.g., 
by assigning the actions to ‘task owners’. A PROSEQ report could then 
provide practical guidance to the design of management systems, in 
terms of the sequence and content of processes, routines, methods, 
tools, and analyses, to support sustainability discussions within its 
decision gates. Another effect potential is the opportunity to identify 
actions to secure sufficient sustainability competency for definition of 
requirements throughout the product innovation process. 

7 DISCUSSION 
A revised PROSEQ approach, including guiding questions to enable 
profile assessments and support to identify improvement actions, was 
tested in four online focus group workshops and evaluated in relation to 
usefulness, usability, and effect potential. The companies and 
participants were selected using a combination of opportunistic and 
purposeful sampling. The results, as expected, highlight that companies 
that have worked longer with sustainability integration and sustainable 
product development implementation also have come further in their 
work with integration of sustainability integration into engineering 
requirements. 

This research therefore further emphasizes previous research findings 
that propose key characteristics for successful implementation of 
sustainable product development. To support sustainable development 
and product development, companies must ensure that a thorough 
sustainability perspective is influencing decisions across organizational 
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levels (Ceschin & Gaziluluzoy, 2016). A specific focus needs to be directed 
to the interfaces between strategic, tactical, and operational levels of a 
company, e.g., in terms of documentation, processes and routines, 
methods, tools, competencies (Poulikidou et al., 2014), and sustainability 
perspectives (Bengtsson et al., 2018; Dyllick and Rost, 2017). 

However, through a specific attention to requirements characteristics 
and management, this research suggests that companies that have come 
further in their sustainable product development implementation, have 
established i) a sustainability policy, and goals which are linked to the 
product innovation process, and that communicates ii) a company-
specific sustainability definition which covers both the social and 
ecological sustainability dimension, that is iii) systematically 
implemented through methods and tools in the operational 
management system, iv) which defines how sustainability criteria should 
be selected to avoid sub-optimizations and how trade-offs should be 
managed, as well as how v) sufficient competence is ensured among the 
roles responsible for these decisions. 

The four case applications also provide several insightful examples of how 
companies currently work in relation to these aspects, as well as ideas of 
how they might improve, distributed between the five PROSEQ 
categories. Category 2, ‘sustainability scope’ and category 3, ‘type of 
implementation in product innovation process’, supported companies in 
identifying gaps in their sustainability policies and ideas of tools and 
methods to support performance assessment and decision-making. 
However, mere implementation of tools, methods and policies into the 
product development process does not per se lead to products being 
designed with actual sustainability performance improvement, see, e.g., 
Petala et al. (2010). Therefore, category 1, ‘sustainability policy’ can be 
used as an argument for strengthening the link between company 
policies, goals, and strategies and operational requirements 
management. An improved traceability of sustainability criteria increases 
the potential of sustainability performance to be prioritized in conflicts 
with other requirements and reduces the risk for sustainability sub-
optimizations. 

Category 4, ‘sustainability criteria selection approach’, helps to stress the 
need of context and documentation during selection and weighting of 
sustainability criteria. This is to ensure that requirements not only are 
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traceable, but also fulfil other characteristics of effective sustainable 
design requirements, i.e., are verifiable, valid, non-overlapping, while 
informed by a lifecycle socioecological sustainability perspective (Ny, 
2009; Schmidt and Butt, 2006; Dreyer, 2010). Finally, category 5, 
‘decision board's sustainability capability’, encourages companies to 
identify a strategy to ensure that the decision-makers, who are 
responsible for the requirement selection and weighting, are capable of 
fair assessment of sustainability criteria in relation to other design 
objectives, e.g., in form of sufficient competency (Brambila-Macias and 
Sakao, 2021; Siva et al., 2018), and approaches that allow them to find 
synergies between these (Venters et al., 2017). PROSEQ can hence 
provide guidance for how to secure sufficient sustainability competency 
throughout the product development process. 

The case analyses hence provide additional examples of how a 
sustainability maturity level may manifest in a product development 
organization. The ‘Low-maturity’-case companies, i.e., on a ‘Compliance’ 
level, were characterized by both a low degree of sustainability 
awareness among the employees and an unstructured approach to 
ensure sufficient sustainability competence in the early requirement 
discussions. Improvement actions were also less detailed among these 
companies, e.g., general sustainability awareness building education to 
everyone in the organization, compared to specific sustainability training 
to ‘decision-board’ members and the possibility to introduce a 
sustainability expert which was mentioned by companies that are on a 
‘systematic’ or ‘ambitious’ level. However, mere implementation of 
sustainable product development methods in the product innovation 
process does not guarantee sustainability integration in product 
requirements. The companies that do have a systematic approach to 
identify sustainability requirements and consults sustainability expertise 
in the early requirement discussions, still found it difficult to influence 
selection and weighting of requirements from a socioecological systems 
perspective, which is needed to challenge assumptions about 
sustainability impacts and implications on the traditional design 
objectives (Bengtsson et al., 2018, Dyllick and Rost, 2017). 

These insights strengthen the rationale for the need of a focus on five key 
areas for operationalizing sustainability commitment as requirements. 
Company policies and management should give mandate to need-finding 
and requirements development that is contextualized from a 
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sustainability perspective, the implementation of processes, methods 
and tools must take into consideration that sustainability criteria can be 
complex to characterize as traditional requirements (Dreyer, 2010; Ny et 
al., 2009; Schmidt and Butt, 2006), and sufficient sustainability 
competency need to be secured among the decision-makers which select 
requirements and weights (Brambila-Macias and Sakao, 2021; Siva et al., 
2018). Together it is the design of the interfaces, including the 
competency of the decision-makers within this structure, that facilitates 
the sourcing of needs and propagation of these into the shape of 
requirements and a reason to why a company should not rely on separate 
aspects of sustainability integration. This synthesis is supported by recent 
findings in adjacent and promising research, such as Kravchenko et al. 
(2020), and provides insights to what it takes for sustainability criteria ‘to 
get there’, i.e., the initial requirement specification, and to ‘stay there’, 
i.e., being prioritized in trade-offs with conflicting requirements. These 
findings therefore add to the body of knowledge around sustainable 
design and product development implementation, which unfortunately 
remains slow (Alblas and Wortmann, 2014, Faludi et al., 2020). 

A second aim of this research was to discuss leverage points for a 
successful implementation of a method for sustainable design and 
product development. The evaluation of PROSEQ indicated that 
usefulness, i.e., the ability to generate intended outcomes, to some 
extent relies on sufficient usability. For instance, usefulness aspects such 
as clear scope definitions and well-structured documentation of results, 
can more easily be achieved with, e.g., templates with instructions 
(including which roles that should be present), and guiding examples. 
Examples could involve best practices of process design, e.g., ideal 
sequence of activities, actors or type of tools and methods to effectively 
propagate sustainability commitments from higher to lower 
management levels. Such measures improving generalizability of results 
(Gericke et al., 2020) and reducing the need for expert facilitation, and 
hence the risk for advocacy and optimism bias (Arnott, 2006). 

The effect potential lies in the awareness building among the participants 
and in the PROSEQ results report, which can guide the between different 
organizational capabilities to allow a socioecological sustainability 
perspective permeates processes, analyses and discussions that 
propagate needs into an initial requirement specification. PROSEQ can 
therefore be considered as a useful approach to systematically guide 
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assessment of relevant areas within the product development process 
that can facilitate sustainability integration into requirements. However, 
the evaluation indicated that a stronger effect could be expected if the 
results report designated who is responsible for the identified 
improvement actions. That the actual impact of the PROSEQ application 
could not be assessed represents a common challenge within design 
science research (Blessing and Chakrabarti., 2009). The effect will 
therefore be further assessed in a continued study which the companies 
have agreed to participate in, or, additional case studies, e.g., action 
research (Yin, 2014). 

8 CONCLUSIONS AND OUTLOOK 
In the beginning of this paper, we posed two questions to highlight a 
current gap in research and industry as regards sustainable product 
development implementation. The questions, “how do [sustainability-] 
requirements ‘get there’?” and “how can they be prioritized once 
identified?”, referred to the processes and activities that capture and 
propagate needs and into an initial requirement specification. The two 
aims were to add to i) knowledge about sustainability integration in 
design requirements, and ii) the academic discussion about industrial 
implementation of approaches, methods and tools for sustainable design 
and product development. In the light of these aims, the paper presented 
an evaluation of the Profile model for management of sustainability 
integration into engineering requirements, (PROSEQ) which was 
developed to support product developing companies in improving their 
sustainability maturity through a lens of requirements. 

Through the evaluation of strengths and weaknesses of this approach 
from a usefulness, usability, and effect perspective, current gaps in 
research and challenges within industry has been addressed, namely, i) 
how to ensure that a lifecycle socioecological sustainability perspective 
becomes an integral part of the processes, analyses and discussions that 
capture and propagate needs into the product development process as 
an initial requirement specification, and ii) leverage points for successful 
implementation of sustainable design tools, methods and approaches in 
industry. Through a specific focus on interfaces between strategic, 
tactical, and operational levels, e.g., in terms of documentation, 
processes and routines, methods, tools and competencies and 
sustainability perspectives, PROSEQ allows a structured assessment of 
current strengths and weaknesses in five key categories, which are 
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consolidated into a profile and based on the identified improvement 
actions. The resulting PROSEQ report provides not only examples of 
what measures different organizational functions could undertake to 
facilitate sustainability integration into requirements, but also a 
background to why these measures were selected. In this way, we have 
stressed that the design of the product development process must ensure 
that the identified sustainability criteria remain integrated in the 
propagation of requirements. This is to fully operationalize top 
management sustainability commitments within sustainability policies 
and create a need for implementation of effective sustainable design 
methods and tools, used by employees with sufficient sustainability 
competencies. Although work remains to operationalize these findings, 
this research has added to, and confirmed previous insights on critical 
steps that industry must take to facilitate the integration of sustainability 
into the definition and management of design requirements. 

When decision-makers have the mandate and can contextualize and 
capture needs using a socioecological lifecycle perspective, there is likely 
a higher potential for [sustainability-] requirements to ‘get there’, i.e., to 
be included and ‘stay there’, i.e., be traceable and prioritized. Future work 
will continue detailing ways in which the capturing, propagation, and 
management of requirements should be designed in such a (sustainable 
product development) process. 
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Abstract 

Despite advances in pharmacological research providing means for 
individually customized patient attribute treatments, the 'one-size-fits-
all' paradigm remains. Customization is associated with cost increases 
and the value assessment of customized medicinal products shows upon 
a narrow economic focus. Inspired by value models, emerging in 
manufacturing industry research, this study suggests a novel 
methodology encompassing a full sustainability perspective, including 
the social, economic, and ecological dimension, for design decision 
support for medicinal products. A concept screening matrix is adapted, 
using sustainability criteria as value indicators. The focus is to create value 
for the whole pharmaceutical value chain whilst keeping the core purpose 
of medicinal products, i.e., to bring societal benefits. An illustrative case 
study presents an application of the methodology on a commercial 
product for curing hypertension. The traditional product design for 
hypertension treatment is compared to a customized product design. 
Results indicate that a customized product design is preferable if value is 
to be created from a social or/and an ecological sustainability perspective. 

Keywords: Personalized medicines, Product architecture, Sustainability, 
Sustainable product design, Decision making  
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1 INTRODUCTION 
Advances in pharmacological research have provided opportunities for 
individually customized patient attribute treatments. These attributes can 
be categorized as biological, behavioural and environmental attributes 
(Crommelin et al., 2011). The current ‘one-size-fits-all’ paradigm in 
medicine production is challenged. Several attempts have had the 
ambition of redesigning the medicinal product to improve the 
customizability. For example, Siiskonen et al. (2018) developed a 
modularized product concept of oral dosage forms (ODF), more 
specifically a tablet. These modules provide different functionalities of the 
product to comply with the patients’ attributes. 

However, customization of medicinal products is commonly associated 
with various cost increases compared to traditional medicinal products 
due to e.g. new manufacturing technology investments as modularized 
tablet design requires additional assembly processes to provide an 
administrable product. Additionally, customization induces an increase in 
the number of stock-keeping units (SKU), leading to increased complexity 
in production and distribution - associated with increased cost (Lee et al., 
2015). Research regarding cost-efficient customized treatments, such as 
that of Hatz et al. (2014) and Srai et al. (2015), shows a narrow focus not 
only being limited to an economic assessment of treatments, 
overshadowing the core purpose of medicinal products, i.e. treating 
people, but also a focus on the consequences of a specific phase of the 
pharmaceutical value chain. More focus is needed on finding medicinal 
product designs complying with this core purpose and in the end providing 
value for the whole value chain, for example by conducting a proper cost-
benefit analysis. 

Research on value-based decision support has emerged in the 
manufacturing industry, e.g. the aerospace industry, where a full 
sustainability perspective, i.e. including a social, economic and ecological 
dimension, has been adopted when assessing new products (Bertoni et 
al., 2015; Hallstedt et al., 2015). These value models result in a Net Present 
Value analysis and thus, require translation of criteria into monetary 
metrics. The concept screening matrix by Ulrich and Eppinger (2012), 
based on the concept selection method by Pugh (1990), is another value 
modelling approach where conceptual designs are comparatively related 
against a reference design, i.e. a translation into costs is not necessary. 
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To our best knowledge, no studies on product designs and the 
consequences for the pharmaceutical value chains, from a full sustainability 
perspective, have been conducted. Thus, inspired by above-mentioned 
value models, the aim of this research is to address this gap by proposing 
a novel methodology to support decisions for re-designed medicinal 
products, more specifically ODF, which is the most common dosage form 
today (Nagashree, 2015). The ODF is re-designed to embrace a higher 
level of customization than traditional product designs and the 
consequences for the value chain are assessed from a full sustainability 
perspective. The focus is to create value for the pharmaceutical value 
chain whilst bringing societal benefits. The study adopts the value 
assessment approach by Ulrich and Eppinger (2012), i.e. concepts are 
related benefit-wise to a reference concept with respect to chosen 
criteria. Thus, a concept screening matrix is adapted, allowing the 
assessment of product concepts using sustainability criteria as value 
indicators. The research question is ‘How is the value chain affected from 
a sustainability perspective due to an introduction of customized product 
design?’ An illustrative case study is performed to test the methodology on 
a commercial product for hypertension treatment. The traditional 
product design is compared to a customizable product design. The 
theoretical contribution of this study is a methodology to develop and 
assess new medicinal product designs, integrating a full sustainability value 
perspective. The practical contribution is a proposal for how to design a 
medicinal product to increase product value. The remaining paper is 
organized as follows: Section 2 outlines the research approach and 
Section 3 presents the novel methodology. Section 4 describes an 
illustrative case study to present the application of the methodology. The 
results from the illustrative case study are presented in Section 5 and 
discussed in Section 6 jointly with a discussion of the developed 
methodology. Section 7 concludes the paper and describes future work. 

2 RESEARCH APPROACH 
A sequence of research activities was conducted to address the perceived 
research gap. First, theory developing studies were conducted to develop 
a methodology for decision support. These studies included the adoption 
of a previous study by Siiskonen et al. (2018) to establish a customized 
product concept (CPC). A qualitative sustainability assessment tool, 
SLCA2.0 (Villamil et al., 2018), was chosen to estimate sustainability 
performance of such an early phase design, from a full sustainability 
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perspective. The sustainability performance of the traditional product 
concept (TPC) was benchmarked in parallel with the aid of established 
literature and expert knowledge, i.e. researchers in value-driven design 
and sustainable product development, informed by literature and an expert 
with detailed knowledge about the industrial case. From literature studies, 
the value chain of a pharmaceutical product (Aitken, 2016) and the 
variables prone to be affected due to a change in product design were 
clarified. Finally, the concept screening matrix by Ulrich and Eppinger 
(2012) was adapted to enable simulations providing quantitative data on a 
value comparison of CPC to TPC. Secondly, an illustrative case study was 
performed to illustrate the application of the developed methodology. A 
commercial product for curing hypertension was chosen for the illustrative 
case study. 

3 PROPOSED METHODOLOGY 
To make a value assessment of medicinal products from a sustainability 
perspective, a methodology is presented in this section. Figure 1 outlines 
the proposed methodology composed of various parallel and 
interconnected activities and a description of the activities is provided in 
the succeeding sections. Section 3.1 describes a sustainability assessment 
of medicinal products, adaption and execution of the product platform of 
CPC and describing and qualitatively comparing the TPC and the CPC 
according to sustainability performance variables (SPVs). Information from 
the qualitative comparison is used for consequence analysis on the value 
chain of pharmaceutical products, which is described in Section 3.2. The 
value chain assessment is quantified into a value model in Section 3.3 to 
calculate the relative value of the CPC to the TPC. 

 SUSTAINABILITY LIFECYCLE ASSESSMENT OF MEDICINAL 

PRODUCTS 
A sustainability assessment is conducted using SLCA2.0 (Villamil et al., 
2018). The sustainability performance of respective product design, the 
CPC and TPC, is qualitatively assessed from a full sustainability perspective. 
SLCA2.0 applies backcasting from eight sustainability principles (SPs), 
corresponding to anthropogenic mechanisms of ecological- (SP 1-3) and 
social system destruction (SP 4- 8), which are described in detail in the 
Framework for Strategic Sustainable Development (Broman and Robért, 
2017). In this study, a comparative SLCA (Villamil et al., 2018) is 
conducted, following the general guidelines for a comparative LCA as 
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described in ISO 14001. The two final steps of SLCA2.0 are followed with 
the aim to qualitatively compare the CPC with the TPC. Templates and 
guiding questions, summarized in Figure 2, inform each step and this 
information is complemented by additional literature as well as expert 
knowledge since this is the first application of the method on a medicinal 
product.  

Figure 1. The proposed methodology to support design decisions of medicinal products. 

The SPs translate into SPVs and are used to describe the CPC and the 
TPC. The SPVs originates from the guiding questions shown in Figure 2. 
The relevant set of questions are chosen by the researchers according to 
topics found in previous literature conducting  sustainability  assessments 
of medicinal products,  such as Slater   et al. (2007) and Sheldon (2016). 
Since the literature shows upon a narrow focus on the ecological 
sustainability dimension, the researchers chose additional questions 
according to their best judgment. The guiding questions for this study are 
shown in bold in Figure 2. 

To enable a comparison of the CPC to the TPC, the SPVs need to be 
transformable into measurable units. SPVs can be of both quantitative, e.g. 
material consumption and number of SKUs, as well as of qualitative nature, 
e.g. usage and end-of-life fate. 

 
Figure 2. Adopted guiding questions per sustainability dimension (Villamil et al., 2018). 
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3.1.1 Product platform development and execution 
To describe a CPC according to SPVs, a customized product design is 
established adopting an approach developed by Siiskonen et al. (2018). 
Based on the Configurable Component (CC) framework (Claesson, 2006), 
this platform approach builds on functional modelling to structure the 
product according to its functional requirements (FR). The FRs are 
established from a translation of patient attributes to various design 
parameters. Design solutions (DSs) are provided to FRs, and these are 
encapsulated as independently functioning configurable components (CC). 
Constraints (Cs) are used for potential restrictions of functional regions. 
This model forms the product architecture, i.e. the product platform 
foundation. 

The platform modelling software CCM (Claesson, 2006) is used for 
modelling and execution of the product platform, generating sets of 
product variants grounded in the product architecture of CPC. Note that 
CPC is a concept grounded in one product architecture but due to scalable 
properties of the CC-objects, sets of product variants can be established. 
The CCM software is limited to solving a full factorial combinatorial 
problem and has no inherent function to eliminate unfeasible solutions. 
Thus, sets of configured product variants are imported into MATLAB to 
eliminate unfeasible solutions and to quantify the SPVs of the CPC. 

 VALUE CHAIN IMPACT ANALYSIS 
To assess the overall value created from introducing a CPC, the value chain 
of a pharmaceutical product is studied with the aim of identifying which 
phases, the variables of these phases, and how the value of these variables 
would be affected. The effects are studied by analysing the SLCA2.0 
results and complemented by manufacturing performance-related 
information by Srai et al. (2015) and Harrington et al. (2017). The variables 
are called value driving impact variables (VDIV) and are categorised 
according to the sustainability dimension (SD) affected. The value change 
is stated for each variable. 

Figure 3 presents an illustration of the pharmaceutical value chain by 
Aitken (2016). The value chain is assumed to remain in the current 
paradigm, but a customized product design is introduced into it. The 
pharmaceutical value chain consists of three phases, manufacturing of the 
medicinal product, delivery to dispensing point and dispensing to end 
user. The manufacturing phase includes activities from research and 
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development to regulatory approval and commercial production (Food and 
Drug Administration, 2018). Commercial production of medications is 
divided into primary production, where the raw material for the 
medication is produced, and into secondary production, the phase during 
which the final medicinal product is produced. The purpose is to connect 
product design with manufacturing performance and to succeeding 
phases i.e. delivery to dispensing point and dispensing to end user and 
studying the propagation of consequences due to a change in product 
design. Thus, initial research and regulatory considerations are outside 
scope. Additionally, the raw material produced, primary production, is 
assumed to remain static and hence be independent of product design. 

Figure 3. Traditional pharmaceutical value chain adopted from Aitken (2016). 

 VALUE MODELLING 
Value modelling is employed for systematic product design decisions. A 
value function is developed adapting the concept screening matrix by 
Ulrich and Eppinger (2012). This matrix will provide a quantitative number 
of the relative value of the CPC compared to TPC. The aim is to find the 
most value- creating product design. The resulting value function is 
presented in Equation (1): 

𝑈 =  𝑤𝑠𝑜𝑐𝑖𝑎𝑙 (
∑ 𝑣𝑑𝑖𝑣𝑠𝑜𝑐𝑖𝑎𝑙

𝑖
) + 𝑤𝑒𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 (

∑ 𝑣𝑑𝑖𝑣𝑒𝑐𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙

𝑗
) + 𝑤𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐 (

∑ 𝑣𝑑𝑖𝑣𝑒𝑐𝑜𝑛𝑜𝑚𝑖𝑐 

𝑘
)  (1) 

U is the relative value of the CPC compared to the TPC. The respective w’s 
are weights of each sustainability dimension and are varied to emphasise 
various preferences. For example, if a product concept performing well 
from a social sustainability perspective is desired, the weight of this 
dimension is given a higher quantity. The respective vdiv ’s describe the 

value change of VDIVs. The vdiv ’s for each sustainability dimension are 

summarized and normalized with respect to the number of VDIVs, i , j and 

k, that each dimension embed. 

4 ILLUSTRATIVE CASE STUDY 
A commercial medicinal product is used to test the proposed methodology 
described throughout Section 3. This product is aimed at curing 
hypertension. Unmanaged hypertension can lead to heart attack and 
stroke (MacGill, 2018). The product chosen adopts the dosage form of a 
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tablet. The TPC follows the subsequent assumptions; the product design 
embraces a fully monolithic, i.e., integral product design and embeds a 
single active pharmaceutical ingredient (API). The function of an API is to 
provide a therapeutic effect in the body. The API density is 1.4 kg/mm3. The 
treatment today is offered in three variants and is described according to 
API content, 2.5, 5 and 10 mg. These product variants have a flat-faced 
cylinder shape with a diameter of 8 mm and height of 2.5 mm; hence, the 
resulting volume of each variant becomes 126 mm3. Additionally, the tablet 
embeds excipients, lactose and hydroxypropyl methylcellulose 
(hypromellose), in the 20:80 ratio, and provide the tablet with functions to 
provide material and modifying the release of API, respectively. 

The CPC is assumed to embrace a modularized tablet design consisting of 
two different types of modules. The function of the first module type is to 
provide a therapeutic effect and embeds 0.1 mg API. The API is the same 
as for the TPC. The drug loading of the modules is 30% and the remainder 
is assumed to consist of excipients, the same as in the TPC. The second 
module has a function to provide material and modify the release of API 
and contains 10 mg excipients. The geometrical volumes of the product 
variants of CPC range from 4 mm3, the size of a preferred medication for 
children assuming a tablet height of 1 mm3 (Klingmann et al., 2013), to 126 
mm3, i.e. the volume of the TPC. 

The treatment of the patient population is assumed to follow a normal 
distribution. The dosage need covers the interval from 2.5 to 10 mg, and 
99.7% of the treatment need is assumed to fall inside 2.5 and 10 mg. The 
patient population is generated by using a normal random number 
generator in MATLAB. One thousand simulations were performed to 
provide an average population. The treatment of the population with TPC 
is assumed to be performed in a surplus manner to ensure sufficient 
dosage; patients requiring a dose i) of 2.5 mg or less are offered a product 
variant of size 2.5 mg, ii) larger than 2.5 mg but less than or equal to 5 mg 
are offered a product variant of 5 mg, iii) larger than 5 mg are offered a 
product variant of 10 mg. 

The treatment of the population with the CPC is performed by offering a 
dose between 2.5 and 10 mg, with a dose step of 0.1 mg (the size of API 
module). The number of filling modules in each product variant of the CPC 
follows the assumption; for each dose step that a product variant is 
configured, product variants exist that are equal with regard to dose but 
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different with regard to the number of filling modules. These product 
variants, equal in dose content, cover the whole range of product variants 
when the number of filling modules is varied (inside the allowed product 
volume region). These variants for respective dosages are assumed to be 
configured in equal quantities. 

Table 1. Scenarios prepared to assess the relative value of the CPC. 

Scenario 1 2 3 4 5 6 

wsocial 0.67 0.67 0 0.33 0.33 0 

wecological 0.33 0 0.67 0.67 0 0.33 

weconomic 0 0.33 0.33 0 0.67 0.67 

The relative value of the CPC compared to TPC is assessed in simulations, 
where various scenarios, see Table 1, undertake different values on 
respective in Equation (1). The respective ’s of the CPC are quantified in the 
following manner: if the value of a VDIV is increased when introducing the 
CPC the is set to +1 and if the value decreases the is set to -1, an unchanged 
value is quantified as0.  

5 RESULTS FROM THE ILLUSTRATIVE CASE STUDY 
This section presents the results from the illustrative case study described 
in Section 4. 

 SUSTAINABILITY PERFORMANCE ASSESSMENT OF A 

CUSTOMIZED PRODUCT DESIGN 
Figure 4 shows the architecture of a customized product design for 
hypertension treatment. The physical realization of the product is a 
modularized tablet design. The FR on the highest hierarchical level is 
provide treatment and realized through the DS tablet. The DS tablet is 
constrained by size, more specifically volume. The tablet is further 
expressed in sub-FRs that the tablet embeds, treat disease, provide 
suitable size and provide sustained release. Note that the FRs provide 
suitable size and provide sustained release are conceptually realized as a 
common DS, filling modules, hence the physical realization of these FRs 
are in the same modules. 
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Figure 4. The architecture of the CPC. Adapted from Siiskonen et al. (2018). 

The DS API module to the FR treat disease is scalable regarding the number 
of modules in a product variant. Thus, the platform execution generates 
a set of product variants consisting of various numbers of modules. These 
product variants cover each dosage in-between 2.5 and 10 mg, with a dose 
step of 0.1 mg. Likewise, the DS filling modules is scalable according to the 
number of modules. Varying the number of filling modules provides 
different sizes of tablets to facilitate administration, which is a known 
difficulty (Food and Drug Administration, 2015). Additionally, opportunities 
to tamper with the tablets release properties arise, which are dependent 
on the size and shape of a tablet (Goyanes et al., 2015). How the release 
rate is affected is outside the scope of this study. 

5.1.1 Sustainability performance variables 
The execution of the product platform results in measurable SPVs for the 
CPC. These SPVs are listed in Table 2. Likewise, the SPVs of the TPC have 
been listed for comparison and follows the assumptions presented in 
Section 4. As mentioned, the TPC is offered in three variants and an 
average amount of material consumption is presented. The CPC platform 
provides 76 feasible product variants by platform execution inside the 
feasible volume range 4 to 126 mm3. These product variants are described 
in the number of modules and module sizes, hence the material 
consumption of variants is calculated from this data. The average material 
consumption of the whole set is used to enable comparisons. 

Product design change is the focus of study, hence succeeding life-cycle 
phases are adopting the nature of the current paradigm. Changes to 
succeeding phases are logically concluded. For example, an additional 
assembly process is required to configure an administrable product from 
modules, the usage of a customised dosage of API is assumed thus, 
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minimizing leftovers during end-of-life and no changes occur to package 
recycling. 

Table 2. SPVs, derived from the SLCA, for the TPC and a CPC. 

SPV TPC CPC 

Design: Nature 
of design and 
dimensions 

Monolithic design with form of 
a cylinder with flat faces, h = 2,5 
mm; p= 8 mm; 
V = 126 mm3 

Modularized design with various 
forms; Various sizes; Volume 
range = [4,126] mm3 

Raw material: 
amount, 
absolute, 
average[mg/un
it] 

API: 2.5; 5; 10 - 
Excipients: 175.4; 172.9; 167.8 
Average: API: 8.2 - Excipients: 
169.6 

API: 2.5 to 10 - Excipients: 
Varying amounts, scalable 
property 
Average: API: 6.2 - Excipients: 
90.7 

Manufacturing: 
Technologies 

Traditional dry powder mixing 
and compressing in a batch 
process; 
(1 manufacturing line, 2 
change-overs) 

Traditional dry powder mixing, 
compressing in a batch process; 
(1 line + 1 change-over, flexible 
press); + assembly process 

Distribution: 3 SKU 76 SKU 

Use: 
User provided with a package 
of standard 
dosage of API 

User provided with a 
customised dosage of 
API 

End of life: 

Ideally return leftover doses 
to recycling/ 
waste treatment, Package to 
recycling/landfill 

Ideally no leftovers 
Package to recycling/landfill 

5.1.2 Qualitative sustainability performance comparison 
The qualitative comparison of results in Table 2 are as follows; in the raw 
material extraction and processing phase, the use of chemicals and 
solvents, the use of fossil energy and intensive water consumption are 
examples of issues for the TPC, and a decreased total demand of resources 
can be expected for the CPC (Slater et al., 2013). In the social dimension, it is 
likely to encounter issues with work conditions for the TPC, and no change 
can be expected for the CPC. In the economic dimension, the TPC is 
associated with challenges concerning various costs for resources and 
operations, which are likely to decrease for the CPC as a result of a decreased 
total demand of resources (Slater and Savelski, 2007; Sheldon, 2016). A CPC, 
based on the assumption that a reduction in material processing is 
expected, may lead to a reduction of emissions, wastes and water 
consumption (Unger, 2013; Sheldon, 2016). The social dimension may be 
associated with workplace challenges in the form of risks for chemical 
exposure and repetitive work for the TPC (Segawa et al., 2016; Savoia et al., 
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2017), and no change can be expected for the CPC. The economic dimension 
is associated with costs for material and operations for the TPC, and 
increased costs may be expected due to the need of investments in new 
technology and additional assembly process, and adjustment of 
information on packages. However, increased innovation capabilities due 
to the best available technology can be an opportunity. 

The distribution phase for the TPC is associated with fossil fuel use and 
emissions in ecological dimension, which are likely to increase for the CPC 
due to increased complexity as multiple variants are introduced (Srai et al., 
2015). No difference can be expected between the TPC and CPC in the social 
dimension. The increased complexity may, however, induce increased 
costs for the CPC compared to the TPC in the economic dimension. In the use 
phase, no difference is expected in ecological performance. In the social 
dimension, the CPC inducing an increased treatment quality is expected 
(Savoia et al., 2017), but consequently an increased price compared to the 
TPC. In the economic dimension, an increased price can be problematic from 
a market attractiveness perspective (Nicholson Price and Rai, 2015). 

At the end-of-life phase, the TPC is associated with linked environmental 
challenges, including emissions of chemical substances to water and soil, 
as well as waste management practices of material packaging and surplus 
dosages (Srai et al., 2015). These challenges are all likely to be decreased 
for the CPC. In the social dimension, less risk for challenges associated with 
chemical exposure and societal costs for waste management is expected. 
The economic dimension is unlikely to change. 

 VALUE CHAIN IMPACT ANALYSIS AND VALUE MODELLING 
Table 3 summarizes the results from the comparative sustainability 
assessment and the value chain impact analysis. For each value chain 
phase, respective VDIVs are listed and categorized according to SD, E- 
ecological, S-social and $-economic. The CPC is compared to the TPC for 
each VDIV in each SD. If a VDIV increases, decreases or remains the same 
(or the change is unknown) with respect to value, the CPC scores a “+”,“-” 
or “0”, respectively. 

The results in Table 3 are quantified and plotted for each scenario prepared 
in Table 1, see Figure 5. For scenarios emphasizing social and ecological 
sustainability, i.e., Scenario 1 and 4, the preferred product design is the 
CPC. In Scenario 2, where the major emphasis is placed on the social 
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dimension and the second major on the economic dimension, the CPC will 
still perform better than the TPC value-wise. 
Table 3. The VDIV for each value chain phase and the relative value change. 

Value chain phase Value driving impact variable 
TPC CPC 

 E $ S 

Secondary 
production 

Raw material consumption R + +  

Solvent consumption E 0 0  

Investments F  -  

Inventory E  +  

Delivery to 
dispensing point 

Transportation R - - + 

Packaging cost E  -  

Inventory N  +  

Dispensing to end 
user 

End-of-life waste C +   

Unit cost E  - - 

Administration effort    + 

Release properties    + 

Side effects    + 

6 DISCUSSION 
This study has proposed a methodology to conduct value assessments of 
medicinal products from a sustainability perspective. The selection of 
guiding questions by Villamil et al. (2018) for the sustainability lifecycle 
analysis brings difficulty in reproducing the study. The relevant guiding 
questions for the topic studied has been completely decided by previous 
experiences, literature, knowledge and interpretations of the researcher. 
Hence, SPVs describing the TPC and the CPC can be highly varied 
depending on the researcher performing the study. Future work should 
include comprehensive studies regarding the selection of the set of 
guiding questions for medicinal products. 

Overall, the proposed methodology is transferable to other products and 
performed by adapting the product platform to a desired product concept. 
The transferability to other ODFs, e.g. capsules or liquids, is conducted by 
adjusting the functioning bandwidths of product platform presented in 
Figure 4. The methodology can also be applied to medical devices, for 



Matilda Watz 
Towards sustainable product development through the lens of requirements 

190 
 

instance, an insulin delivery device. An insulin delivery device would 
consist of insulin and a device providing the means of administering the 
insulin. The architecture of the insulin delivery device can be established 
by adjusting the architecture of tablet, see Figure 4. The treat disease FR 
on the second hierarchical level can be solved by the API system DS 
(referring to insulin in a realizable form). On the lowest hierarchical level, 
various types of insulin can be generated by introducing bandwidths to the 
DSs. Further, the provide suitable size FR can be generally expressed as 
provide convenient drug delivery, hence expanding the functional 
bandwidth beyond a tablet. Thus, the FR can be solved by the insulin 
delivery device DS and physically realized as various types of devices. 
Platform execution generates various insulin - insulin delivery device 
variants and the compatibility to patient attributes can be increased 
through medication adherence. The number of successful treatments can 
increase and the value of VDIVs in the social and economic SD. Poor 
adherence of diabetes medication has shown to be a major cost for health 
care due to for example hospitalizations (Ho et al., 2006). 

 

Figure 5. Relative value of CPC compared to TPC for each scenario prepared in table 1.  

Revisiting the research question ‘How is the value chain affected from a 
sustainability perspective due to an introduction of customized product 
design?’ can be stated that in the value chain, value is created for 
scenarios emphasizing social and environmental sustainability. An 
introduction of a CPC leads to reduced API consumption and reduced side 
effects because of an elimination of surplus dosing. Surplus dosing with 
the TPC is an assumption and the API consumption can be overestimated. 
Excipient consumption decreases due to the scalability of the number of 
filling modules and constraining the maximum product volume of the CPC. 

A flexible size and shape are assumed to decrease administration effort 
and enhance release properties. The freedom of scaling the number of 
filling modules, covering the whole feasible product variant volume range, 
is considered a valid opportunity. The sizes of the TPC variants are the same 
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regardless of dose content and hence, it is assumed that the API to 
excipient ratio is not optimized for the TPC. A traditional production 
process is assumed to remain the same but the adjustability of a tablet 
press to the considerably smaller module size of a CPC is not verified and 
need further investigation. Further, solvent consumption needs to be 
studied when elaborate studies on production processes are performed. 

The CPC is assumed to better match the medication demand, which entails 
a shift from a high to low inventory environment, both in the secondary 
production- and delivery phase. This shift increases value from an 
economic perspective. The unit cost of the CPC will increase, hence 
becoming less affordable and value destructive from a social perspective. 
Each VDIV in the value model is judged equally important within an SD. A 
comparison regarding the better or worse performance of the CPC to the 
TPC is provided but the magnitude is not given. Thus, scales to rate the 
VDIVs according to, should be implemented. For the respective SDs, the 
VDIVs are judged equally important, e.g., the VDIV unit cost and reduction 
of side effects, in the social dimension, are both given the same absolute 
quantity. A patient might have a higher willingness to pay for a product 
eliminating side effects, which should be emphasized more. Thus, internal 
weightings should be introduced. 

7 CONCLUSIONS AND FUTURE WORK 
The proposed methodology shows that a value-driven approach can be 
used to support systematic decisions regarding medicinal product 
designs. The methodology adopts a full sustainability perspective and 
provides opportunities to study effects on the whole value chain of 
pharmaceutical products. However, conducting the sustainability 
performance assessment of product concepts is highly governed by 
researchers’ experiences, knowledge and available literature, hence 
complicating the reproducibility of the study. Future studies on 
sustainability performance criteria of medicinal products need to be 
conducted. Additionally, this method will be expanded in the future to 
enable the assessment of various new product concepts on more 
elaborate quantitative scales. Furthermore, internal weightings of VDIVs in 
respective sustainability dimension should be introduced to emphasize 
VDIVs considered to be more important. The proposed methodology can 
be transferred to products beyond the ODF, shown conceptually on a 
medical device. 
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Data show that: A CPC is preferable if value is to be created from a social 
or/and an environmental sustainability perspective. 
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Abstract 

This paper addresses two critical aspects of sustainability integration in 
product design and development. The first aspect considers the scope 
and rigor of the approach to identify criteria to guide development of 
solutions with high sustainability performance, i.e., the depth and detail. 
The second aspect is the limited implementation of existing sustainable 
product development approaches in industry, which wants new tools and 
methods to be quick and easy to use. Three use cases applying the two 
approaches to identify leading sustainability criteria are evaluated, 
providing a discussion on advantages and drawbacks, as well as guidance 
for industry and academia in what approach to select in which situation 
respectively direction for future research. 

Keywords: sustainable product development; sustainability criteria; 
sustainable design; design methods and tools; industry adoption 
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1 INTRODUCTION 
Despite an increasing awareness and interest, companies struggle to 
integrate lifecycle sustainability considerations into product 
development (Alblas et al., 2014). The complexity of sustainability is a 
challenge for the identification of lifecycle criteria that effectively guide 
towards increased socio-ecological sustainability performance of 
products and product service systems (Faludi et al., 2020). However, 
reducing the complexity by narrowing the scope of what sustainability 
means to can lead to sustainability sub-optimization (Byggeth & 
Hochschorner, 2006). For instance, well-known sustainability aspects, 
such as reduction of greenhouse gas emissions from fossil fuels may be 
selected ad hoc without a complete picture of sustainability in the specific 
design context. While reducing these emissions is critical to realize the 
slow-down of climate change, the solution could cause other negative 
sustainability impacts if the whole spectrum of sustainability is not taken 
into consideration. An example is the issue of electromobility, which 
provides a good opportunity to reduce the climate impact of the transport 
sector, but that relies on technologies that is dependent on metals that 
are sourced from limited and non-renewable supplies of metals. Mining 
industry and its contribution to natural resource scarcity, accounts for 
negative environmental impacts, e.g., in form of air- and water pollution, 
and land use change, social issues, such as hazardous work conditions and 
conflicts. On a global system level, these ecological and social aspects 
also contribute to un-sustainability, just like greenhouse gas emissions 
from fossil fuels. And on a micro-level, companies need to account for the 
economic implications of these impacts in their business strategy 
development. To realize a sustainable transport sector by the means of 
electromobility, hence require not only replacement of fossil fueled 
engines are replaced but also that aspects such as the minimization of 
toxic waste from battery production are ensured (Manzetti and Mariasiu, 
2015). To provide a complete, and for the company relevant, picture of 
sustainability requires more than applying a well-known set of 
sustainability design criteria. 

To identify the ‘right’ set of sustainability criteria can be a challenging task 
within product developing companies today (Kravchenko et al., 2020; 
Poulikidou et al., 2014). Ideally, this task takes place at a very early stage 
of the product innovation process to mitigate risks for potential 
unintended consequences that can arise from a narrow focus on specific 
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sustainability performance improvements without awareness of trade-
offs with other sustainability aspects or design objectives (Byggeth et al., 
2007). In practice this means that most of the sustainability impacts of a 
product lifecycle is determined already before the detailed design phase. 
But to identify social, ecological and economic impacts of a not yet 
existing design solution, and calculating their magnitude, is perhaps 
extraordinary cumbersome as these take place across the whole lifecycle 
(Nilsson et al., 2018). It is rare that a company has access to all data that 
can be used to define the sustainability impact of an existing design 
solution, why traditional lifecycle assessment methods, from now on 
called ‘LCA’ therefore utilize aggregated historical lifecycle data of 
materials and processes to analyze sustainability impacts in areas of the 
lifecycle where a company has limited insight and control (Neramballi et 
al., 2020). However, the questions about which data to assess, and which 
sustainability impacts to calculate remain. Therefore, companies might 
be attracted by standard sets of sustainability criteria to apply in all design 
projects, which from a sustainability and design perspective, is not ideal 
(Hallstedt, 2017). 

Against this background, the concept of leading sustainability criteria has 
evolved (Hallstedt and Isaksson, 2017 ; Kravchenko et al., 2020). Leading 
sustainability criteria (LSC) are defined using a strategic sustainability 
perspective and lifecycle thinking. Together, LSC cover all lifecycle 
phases and sustainability dimensions, address aspects that are difficult to 
change later in a design project and are defined in a way that enabled 
compliance assessment. However, current approaches for identifying 
LSC can be improved in terms of usefulness, usability and applicability, 
just like other sustainable design methods and tools (Brambila-Macias 
and Sakao, 2021; Faludi et al., 2020). The aim of this study is to propose a 
qualitative approach to identify leading sustainability criteria that is 
applicable in many company contexts, without the need for expert 
facilitation. Guided by the research question ‘What are some benefits and 
drawbacks with different approaches for defining leading sustainability 
criteria for integration in product requirements?’, this paper therefore 
compares and discusses the usefulness, usability, and applicability of two 
approaches for identifying LSC. 

2 RESEARCH DESIGN 
The research design is based on a comparative case study, e.g., (Hennink 
et al., 2020; Bazeley, 2013), where the two approaches for identifying LSC 
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are evaluated in relation to their usefulness, usability, and applicability. 
Three use cases when the approaches have been applied are evaluated. 
The results and feedback from each use case will be analyzed using the 
evaluation criteria. 

 APPROACHES TO IDENTIFY LEADING SUSTAINABILITY 

CRITERIA 
The two approaches for identifying LCS are described in this section. 

The sustainability design space approach 
The Sustainable Design Space (SDS) approach was developed for a 
product design team to identify and represent an allowable sustainability 
compliant space for candidate designs (Hallstedt, 2017). A similar 
approach as the Set-Based Concurrent Engineering, set out by Sobek et 
al. (1999), was used. In which the criteria should be used to set targets and 
guide the development of concepts and new innovations at the company. 
The main reason for the development of this approach was to avoid 
suboptimization as when sustainability-related criteria exist in product 
requirements today, they are often developed based on effects that are 
assumed to be desirable or not, along with being easy to assess. 

The SDS aims to identify the prioritized sustainability aspects for the 
company products and production. It also gives answer to what a degree 
a concept performs in relation to a sustainable solution. The user should 
be familiar with the company product and production and there are three 
steps to conduct to create the complete sustainability design space, see 
Figure 1. LSC are selected in an additional fourth step. Templates for each 
of these steps are available for the user. The four steps are: 

1. Develop strategic sustainability criteria: These are the ideal long-term 
sustainability targets and something to strive for. The long-term criteria 
are based on a rigorous definition of sustainability using overarching 
sustainability principles at the basis of a backcasting perspective (Broman 
and Robèrt, 2017; Vergragt and Quist, 2011). The user formulates these 
for one product life cycle stage at a time with the guidance question: 
What materials, production processes and activities should you aim for or 
avoid in your future solutions that will contribute to a more sustainable 
solution, which is in line with the overarching sustainability principles for 
a sustainable society. 
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2. Tactical Sustainability Design Guideline: These are the prioritized 
sustainability aspect that supports development towards the related 
long-term strategic sustainability criterion. The user formulates, 1-2 
design guideline for each criterion, and connect these to any of the 
sources such as: long term strategic goals for industry; safety documents, 
recycling manual, key performance indicators - social and environment, 
material lists, code of conduct, environmental policy, environmental. 

 
Figure 1. The three steps to create the complete sustainability design space (Hallstedt, 2017) 

3. Develop Sustainability Compliance index (SCI) for each criterion: SCI is 
a metric that states the levels of compliance for each of the strategic 
sustainability criteria to operationalize the use of the criteria strategically 
and tactically. The user defines the SCI levels guided from a generic 
developed SCI scale, inspired by and adapted from other maturity or 
readiness scales such as the Technology Readiness Level (Mankins, 1995), 
Sustainability Integration Stages (Willard, 2005) and Capability and 
Evolution Levels (Pigosso et al., 2013). 4. Select the Leading 
Sustainability Criteria (LSC): The LSC was added to the Sustainability 
Design Space approach in further research (Hallstedt and Isaksson, 2017) 
as there is a need for a set of selected criteria to represent the most 
important sustainability aspects that can be accomplished within the 
time-constrained early design situation. Later in the design development, 
more detailed analysis and down-selection need to be done. Like a spiral 
development when the same question will come back again but on a 
more detailed level with more data and detailed information to seek, but 
for fewer alternatives (Unger and Eppinger, 2009). The user selects the 
LSC based on the characterizations of the leading criterion which are: 
possible to find data and information for SCI judgement; includes all 
dimensions of sustainability, i.e., social perspective, environmental and, 
economical perspective (business perspective for the company); and, 
based on aspects that will affect the concept design directly or indirectly 
and that will be hard to change later on (or more costly). 
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The SDS has been conducted completely in one manufacturing company 
and partly in two other manufacturing companies in Sweden with 
facilitation from one or two researchers. Most of the work to complete 
and finalize the different steps of the Sustainability Design Space have 
been done by the researchers, as it was too cumbersome and time 
demanding for the users as it requires a workload of about 3-4 days. 
However, a completed SDS only needs to be updated approximately 
every other year. 

Table 1. Overview of steps in the workshop approach to identify Leading Sustainability 
Criteria from which step 1-3 is adopted from the Sustainable Product Development 
workshop method (Schulte and Hallstedt, 2018). 

Workshop 
steps 

What Type of 
support 

Example 

1. To be Describing the 
characteristics of 
the ideal, 
sustainable, 
solution. 

Guiding 
questions 

What functions are satisfied 
by a sustainable solution? 

2. As is Assessment of the 
current solution (if 
there is one), 
otherwise of current 
portfolio, in relation 
to the 
characteristics 
identified in step 1. 

Guiding 
questions 

What are current 
sustainability challenges and 
opportunities to deliver those 
functions – considering the 
life cycle phases: raw 
materials, production, usage 
& maintenance, and ,end of 
life 

3. Sustainable 
design 
strategies 

Discussion and 
identification of 
possible actions and 
strategies to bridge 
the gap between 
the ideal solution 
(step 1) and the 
current (step 2). 

Template  A blank template is provided 
for this step, in order to leave 
room for the participants' 
own experience and creativity 

4. Leading 
sustainability 
criteria 

Selection of 
strategies and 
actions from step 3 
and reshaping of 
these into leading 
sustainability 
criteria. 

Checklist The LSC: 
- cover all lifecycle phases 
and sustainability dimensions 
- are measurable 
- address aspects that cannot 
be changed later in the design 
process 
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The Leading sustainability criteria workshop approach 
In the Leading sustainability criteria workshop (LEASA), elements of the 
SDS approach and a Sustainable Product Development workshop for 
early design phases (Schulte and Hallstedt, 2018) have been combined. In 
a facilitated workshop, participants go through the three steps ‘to be’, ‘as 
is’, and ‘strategies’ to identify possible design strategies and activities to 
leverage sustainability performance in their design projects. In this way, 
backcasting from an ideal sustainable solution, defined using a wide 
sustainability and lifecycle perspective, guides the criteria identification 
process. A final, fourth step aims to help participants select, and possibly 
combine, strategies and reformulate these to fit into the characteristics 
of LSC. Templates with guiding questions and checklists are used in each 
step to support discussion and help capture the results. At the end of the 
workshop, participants have a list of LSC for their specific design project. 
Table 1 gives an overview of the workshop steps, including examples of 
guiding questions. A more detailed description of step 1-3 can be found in 
Schulte and Hallstedt, (2018). 

 COMPARATIVE QUALITY EVALUATION AND USE CASE 

SELECTION 
The comparative evaluation of the two approaches is enabled through 
the definition of quality evaluation criteria. In design research, quality can 
be described in terms of usefulness, usability, and applicability (Blessing 
and Chakrabarti, 2009). Usefulness refers to how well a method or tool 
lives up to its intended use, usability refers to how easy it is to use the 
method or tool as intended, and applicability refers to the scope of use 
contexts in which the method or tool can be used. 

Table 2. Overview of quality evaluation criteria. 

Quality criteria Evaluation aspect  Evaluation method 

Usefulness Type of outcomes, 
Accuracy of identified LSC 

Qualitative content analysis 

Usability Type of facilitation, Time, 
Participant feedback, 
Researcher memos, 
Materials, Participant 
profiles 

Qualitative content analysis 

Applicability Participant feedback/ Use 
case context 

Qualitative data 
triangulation 
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The indicators used in the quality evaluation and the selection of use 
cases are described below. Indicators for each of the quality criteria are 
defined to structure the comparative evaluation. To evaluate the 
usefulness of the two approaches, the accuracy of the identified LSC (in 
relation to the characteristics of leading sustainability criteria) in the 
different use cases is evaluated. The usability is evaluated through 
qualitative analysis of participant feedback, researcher memos, analysis 
of the materials used by the participants, as well as participant profiles. 
The applicability is evaluated by triangulating the accuracy of identified 
LSC, participant feedback and the use case context, i.e., type of industry 
and design project. An overview of the quality evaluation criteria can be 
found in table 2. 

The two approaches have been developed and tested together with 
industry and in engineering education in several cases. In this research, 
three use cases that represent different use contexts have been selected. 
The first use case describes the application of the SDS within an 
aerospace engine component development and manufacturing firm. The 
second use case describes the application of the SDS approach and the 
LEASA workshop at an industrial sealing solutions manufacturer, and the 
third use case describes the application of the LEASA workshop in a 
design engineering education context. Together, the three use cases 
summon perspectives of a wide range of user profiles and use context. 

3 EVALUATION OF USE CASES 
In this section the results from the LSC identification in the three use 
cases are presented and structured according to the quality evaluation 
criteria. Hence, the results which were evaluated include a description of 
the approach for each use case, examples of LSC, summaries of 
participant feedback and researcher memos, descriptions of the 
templates used by participants, and a description of the use case context. 
An overview can be found in table 3, and detailed results in the 
subsections. 

 USE CASE I) SUSTAINABILITY DESIGN SPACE IN 

AEROSPACE ENGINE COMPONENT DESIGN AND IN 

CONSTRUCTION EQUIPMENT DESIGN 
The SDS was the first time conducted in an Aerospace Engine component 
case company as the research and development department wanted to 
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increase the capability to integrate a sustainability perspective in their 
decision-making system. In an action research-based approach the SDS 
was developed as a novel approach in parallel to the development of the 
SDS for the company. The second time the SDS was conducted, a new 
company was selected that represented another industrial sector with a 
different product- and production process to validate its usefulness, 
usability as well as its generalizability. In both cases a sustainable product 
development researcher in sustainable product development led the 
work and consulted the company practitioners in several interactive 
activities. The work took place over a period of six months but the 
workload to conduct all four steps is estimated to about 4 days of 
concentrated work. An example of a LSC is provided in figure 2. 

 
Figure 2. Example of leading sustainability criteria for the lifecycle phase "End-of-Life", 
derived with the SDS approach. The SCI columns shows criteria for different levels of 
sustainability compliance. Adopted from Hallstedt (2017). 

3.1.1 Usefulness, usability, applicability 
The SDS approach can be considered to have high usefulness, as it 
provided the companies with a set of tools that could be implemented 
into several layers of their product development processes. This provides 
strategic management with long-term targets to guide the portfolio 
development. The tactical level is provided with sustainability criteria and 
tactical guidelines to define the scope of sustainability improvements, 
guiding towards which analyses that must be made to progress in a 
design project. And the operational level can use the SCI scale to evaluate 
the sustainability performance against a targeted level. The usability can 
however be considered as moderate, due to the time requirements as 
well as the need for expert consultation. Access to a great variety of cross-
disciplinary company documentation is needed, as well as competency in 
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strategic sustainability thinking. The combination of these two aspects 
may require the involvement of a specialist group, rather than as in this 
case, a researcher. 

With respect to the evaluation criteria for usefulness, usability, and 
applicability, the SDS score high in usefulness but low in usability and 
applicability. 

 USE CASE II) COMBINATION OF SUSTAINABILITY DESIGN 

SPACE AND LEADING SUSTAINABILITY CRITERIA 

WORKSHOP WITHIN INDUSTRIAL SEALING SOLUTIONS 

DESIGN 
In this company, a design engineer with responsibility for implementing 
sustainable product development in the product development process at 
the company and a sustainability manager were in the process of 
finalizing a SDS (with templates and limited support from a researcher in 
sustainable product development). Having defined the long-term 
sustainability targets, but not yet the tactical guidelines or the LSC, they 
participated in a LEASA workshop, aiming to identify leading 
sustainability criteria to be used in another study. In this way, the 
participants were familiar with the two approaches and thus able to give 
feedback on both the SDS and LEASA. The LEASA workshop was held 
online and facilitated by two researchers, which guided the participants 
through the workshop steps, over a total of two hours. 

Usefulness, usability, applicability  
A combination of both the SDS and LEASA provided the opportunity for 
the company to reflect on both approaches.  

The SDS approach was considered to have high usefulness, as it forced 
the practitioners to assess the whole management structure of the 
company, that could be related to product development and 
sustainability. In this way, the SDS provided an opportunity for the 
practitioners to gain deep knowledge about the extent to which 
sustainability is included in the decision-making processes that influence 
the product development process. 

For instance, what type of requirements, standards and certifications that 
support a long-term vision for sustainability. Another useful aspect of the  
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Table 3. Overview of three use cases and workshop approach applications. 

Use case/ 
Approach 

Use context / 
Participant profiles 
and (numbe)r 

Time / Researcher 
involvement 

Outcomes  
(degree of 
implementation) 

1/SDS a) Aerospace engine 
component design, 
b) Construction 
Equipment product 
design, / Specialists 
on engineering 
design and 
sustainability 
(1person per 
company) 

Several days / In a) 
researchers 
responsible for all 
steps. In b) 
researchers 
conducted step i 
and step ii and 
consulted company 
participants. 

- Long-term 
sustainable design 
targets from step 1 
- Tactical design 
guidelines from step 
2 
- Sustainability 
Compliance index 
(SCI) from step 3 
- Leading 
sustainability criteria 
from step 4 
(a: Implemented in 
product development 
process, b: Used 
result in further 
research).  

2 
- SDS   
- LEASA 
Workshop 

Industrial sealing 
solution component 
design / 
Sustainability 
manager, specialist 
on sustainable 
product 
development 
implementation (2) 

- SDS: Several 
months / Company 
representatives 
responsible for 
Sustainability 
Design space with 
support from 
researcher on 
occasion 
- LEASA: 2 hours / 
Researcher 
facilitation 

- Long-term 
sustainable design 
targets from step 1 
- Tactical design 
guidelines from step 
2 (partly) 
- Leading 
sustainability criteria 
from step 4 
(Used result in further 
research) 

3/LEASA 
Workshop 

Course projects 
(Product service 
system and 
Systems 
engineering design / 
Master-level 
students (32) 

2 hours / 
Researcher 
facilitation 

Leading 
sustainability criteria 
(Used in course 
project and in further 
research) 

SDS was the opportunity to build cross-disciplinary in-house networks of 
competencies. The two practitioners conducting the SDS had to engage 
with other company functions to find all required company documents, 
and to learn in which way they were used. To ensure this level of expertise 
in the group of participants that are selected for a LEASA workshop, can 
be difficult as it might not be possible to know beforehand which roles 
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that possess the right competencies. The LEASA approach was 
considered useful, as it provided an opportunity to from the beginning 
direct the selection and formulation of LSC so that they could work 
effectively as criteria in concept development and selection. In this way, 
the LEASA approach was considered as time efficient. However, the 
participants acknowledged that their background knowledge provided by 
the SDS probably made the application of the LEASA approach smoother 
than in a context where participants are completely new to it. A 
combination of SDS and LSC can be considered as well-performing in 
respect to all quality criteria, i.e., highly useful, usable, and applicable. 

 USE CASE III) LEADING SUSTAINABILITY CRITERIA 

WORKSHOP IN ENGINEERING DESIGN EDUCATION 

PROJECTS 
Students in two project courses in engineering design were given a 
workshop series in sustainable design as part of their project work. One 
of the courses was on product service system innovation (PSS) and given 
to 16 students in their second year of their master program, while the 
second course was on Systems Engineering (SE) and given to 25 students 
in their first year of their master. The LEASA workshop constituted as the 
first out of three two-hour workshops in the series and was held online in 
both courses. The students had been asked to refresh their memory on 
sustainability and sustainable design before joining the workshop and 
were at the beginning of the workshop sessions introduced to the 
purpose of the workshop and to the workshop templates. Thereafter, the 
students were sent to break out rooms in the online meeting, and the 
facilitating researcher moved between the rooms to support their 
discussions and to introduce each new step of the workshop. The PSS 
students were given the workshop series at the end of their course, just 
before making critical and final design decisions in their projects. The SE 
students, on the other hand, were given the workshop in the beginning of 
their projects, in a phase of need-finding and planning.  

Evaluation of Usefulness, usability, applicability  
With moderate supervision from the facilitating researcher, all 9 teams 
were able to formulate a list of LSC at the end of the workshops. The 
checklist for LSC characterization helped ensure that all lifecycle stages 
and all three sustainability dimensions were covered by the LSC, but not 
all teams managed to define LSC with respect to information availability 
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and delimitation of the design space. However, with an extra hour of 
team discussion and supervision it is likely that the students would have 
been able to apply these characterization criteria as well. Taking only two 
and a half hours, it still led to valuable results, i.e., sustainability criteria 
that the students used to guide concept development from a 
sustainability perspective in their design projects. Figure 3 shows an 
excerpt from a team template shows an example list of LSC.  

 
Figure 3. Example of leading sustainability criteria developed in use case iii. The colors 
indicate sustainability dimension (green = ecological, yellow = social, blue = economic) and 
the comments indicate the desired performance level. 

As an education tool, the LEASA approach can hence be considered to 
score high in both usability and applicability but moderate level on a 
usefulness point of view.  

4 CONCLUDING DISCUSSION 
In this section we first discuss the findings from the evaluation of the two 
approaches provided in section 3. Thereafter, we provide a concluding 
discussion with contributions to academia and industry. 

 BENEFITS AND DRAWBACKS WITH THE SUSTAINABILITY 

DESIGN SPACE AND THE LEADING SUSTAINABILITY 

CRITERIA WORKSHOP 
In section 3 we presented an evaluation of the SDS approach and the 
LEASA approach applied in three use cases. The SDS approach scored 
high in usefulness while the LEASA approach performed better in 
usability and applicability. More specifically, the SDS approach more 
successfully supported the identification of sustainability criteria that 
comply with all characteristics of LSC. To ensure that sustainability 
criteria being identified with the LSC approach also comply with all these 

LSC 1 Use 

LSC 2 End of life

LSC 3 Production

LSC 4

Use and 

production

LSC 5 Use

LSC 6 Packaging Reuse packaging material

Leading sustainability criteria (LSC)

Benefit the health of the end user

Recycling 90% of containers

Buy from local producers/suppliers

Toxic emmisions

Benefit the psycological wellbeing of 

the user

Medium

As high as possible

As high as possible

As much as possible 

As high as possible

As low as possible

Comment
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characteristics, it is necessary to involve all relevant competencies and to 
assign enough time to this, final, step of the workshop. 

The usefulness of LEASA could therefore, potentially, be enhanced by 
further improvements of its usability. For instance, through adding 
instructions that describe how much time that should be spent in each 
step, and role descriptions to guide selections of participants. These are 
measures that also could improve the usability of the SDS approach, but 
that does not change the fact that it requires time and dedication to reach 
a sufficient depth. This is the key strength of the SDS approach, which 
apart from LSC also provide the whole product development 
organization with more robust decision support, i.e., long-term 
sustainability targets, tactical design guidelines, and of course LSC that 
can be reused. The LEASA approach is useful when such rigor background 
does not yet exist, but there is a risk that important information has been 
left out.  

The applicability of LEASA scored high due to that it can be used in 
several context, even as an educational tool. An organization might 
therefore be able to use the tool both operationally and as means to 
increase the sustainability competency of the employees, which 
potentially could ease the implementation of the approach in the product 
development process, as well as pave way for more detailed approaches 
such as a SDS. 

We have presented and evaluated two approaches to identify leading 
sustainability criteria. This research contributes both to the academic and 
industrial discussion about how to enhance the implementation of 
sustainable product development tools and methods in industry (Faludi 
et al. 2020).  This study gives the result of a systematic comparison and 
assessment of the usefulness, useability, and applicability of two 
approaches, and have discussed their benefits or challenges from an 
industrial, educational, and academic point of view. In brief, the SDS 
approach gives more detailed outcomes than the LEASA approach, but 
on the other hand demand more resources and time to conduct. To 
support a selection and implementation of support tools in industry we 
propose aspects such as usefulness, usability, and applicability, as a 
standardized and objective way to present support methods and tools in 
an organized structure. This is in line with the research road map, 
presented by Faludi et al. (2020), in which to identify success factors and 
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examples of needs in industrial cases was identified as a key research area 
for enhanced implementation of support tools. 

A standardized way of comparison can be of value for industry when 
selecting approaches with similar purposes and thereby they can more 
easily navigate between different choices for different organizational 
levels (Zhang et al., 2013). Today there exist many databases of different 
tools and methods, mostly organized or developed for certain focus on 
stimulating idea generation in early design phase, or to provide generic 
information in the format of checklists or guidelines with a focus on 
ecodesign or environmental aspects of the design. There still lacks 
however a complete and specific (i.e., covering all three sustainability 
dimensions, and easy to use and actionable) guidance to meet the 
practical needs of industrial practitioners, who can benefit from support 
that considers sustainability from early stage to late stage of product 
development process (e.g., in Kwok and Hallstedt, 2018). However, a 
standardized approach in assessing them would be supportive for 
industry and regulators to select the most appropriate tool for the task at 
hand. 

 DEPTH AND DETAIL VERSUS QUICK AND EASY 
The general assumption may be that tools that are easy-to-use and 
quickly generates results, are less robust and advanced. However, there 
is no evident connection and clear answer to if a “quick and easy” tool will 
generate less “depth and detail”, i.e., limited quality of results. We argue, 
on the contrary, that the quality instead may depend on the rigidity of the 
approach that the tool applies, i.e., whether it is based on a scientific 
verified framework and has been developed for the needs of the users. 
“Less is more” might apply in some contexts but should not neglect the 
important challenge to “simplify without reduction”, regardless of 
whether the tool is quick and easy. This is particularly true for the area of 
sustainable development where it otherwise may result in 
suboptimization and investment that run the company into dead ends 
(Broman and Robèrt, 2000). One important part is to select the right tool 
for the specific task or purpose. For companies that are uncertain of which 
approach they should select, we therefore propose a guiding support tool 
with questions that the project team at the company should ask 
themselves before selecting the tool, such as “why to use a tool”; “when 
to use it”; “who and how to use it”; “what is the data input”; or “what is 
the data output”. 
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How then can sustainable design tools be developed for high usefulness, 
optimal usability, and through easy adaptability, also leverage high 
applicability in industry? In future research we will explore this question 
further and collect examples and cases when support tools have been 
successful in terms of these three evaluation aspects. Additional 
questions:  What are the success factors and how can academia and 
industry work together in order to reach success in purpose of 
sustainability implementation?; What role do regulators, governmental 
authorities, standard organizations play to allow for different types of 
support tools to enhance sustainability integration at different 
organizational levels in companies, with different needs?; and, How can 
these actors advise about support methods and tools for sustainable 
product development and steer the industry in the right direction for 
society to move faster in the sustainability transition? These are examples 
of questions that will need to be explored in future research. 
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Abstract 

This research seeks to investigate effects of a Group Model Building 
approach on the sustainability knowledge base prior to weighting of 
design requirements. Current practice shows that the knowledge about 
sustainability impacts and implications on other design objectives often 
is limited and dispersed among decision-makers. Including sustainability 
criteria in needs and requirements therefore tend to rely on limited 
knowledge and decision-support, leading to that decision-makers often 
prioritize more traditional design objectives that they have more 
experience with.  The aim is to capture and discuss effects on team 
alignment of contextual sustainability understanding from co-modelling 
impacts and implications of sustainability on other design objectives. The 
research question guiding the study is ‘what are effects of a group model 
building approach on early sustainability design decisions?’. A mixed-
methods research structured according to four assumptions was 
designed to analyze effects quantitatively and qualitatively. The 
assumptions were that the proposed approach helps design teams to a1) 
foster an improved contextual understanding of what sustainability 
means for their specific design project, a2) align their view of the relative 
importance of sustainability, a3) identify suitable actions to enable 
sustainability performance improvements in line with other design 
objectives, and a4) that this will increase the knowledge maturity of their 
design decisions. From the results triangulation, it was found that the 
participants showed signs of improved sustainability understanding of 
their design projects and that improvement actions were identified from 
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applying the approach. A statistically relevant converging effect could be 
found on the team alignment of the weighting of sustainability criteria, 
but not on the knowledge maturity. These findings are discussed to 
conclude on main contributions, limitations, and areas for future work. 

Keywords: Sustainable product development, group model building, 
causal loop diagrams, decision-making, design support, system analysis, 
sustainable design, sustainability criteria, knowledge maturity  

Abbreviations: Sustainable Product Development (SPD), Knowledge 
Maturity (KM), Leading Sustainability Criteria (LSC), Main Design 
Objective (MDO), Group Model Building (GMB), Causal Loop Diagram 
(CLD), Variance (Var), root mean square error (rmse), probability value (p-
value) 
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1 INTRODUCTION 
Numerous academic contributions to the field of sustainable design have 
provided approaches, strategies, methods, and tools with the aim to 
support sustainable product development (Faludi et al., 2020). These 
contributions have their background in the growing awareness of the fact 
that the majority of the lifecycle environmental and social impacts of 
products are determined in the earliest decisions in the product 
development process. In the very earliest phase of product development, 
people with different roles come together to discuss which needs a new 
product should meet, and their relative priority (Kravchenko et al., 2019; 
Poulikidou et al., 2014).  However, currently available support for design 
and decision-making for sustainable product development is more 
applicable only after the initial discussions have taken place (Watz & 
Hallstedt, 2020). Then, these needs are consolidated into a list of high-
level requirements which are gradually refined throughout the product 
development process to specify detailed functions, attributes, and 
performances (Becker et al., 2016). To support sustainability integration 
in needs and requirements, several approaches have been proposed 
which build on traditional engineering tools and methods, such as Pugh 
matrices, QFD, or multi-attribute decision-making based on fuzzy theory, 
allowing design decision-makers to correlate and compare sustainability 
quantitatively with other design objectives (Bovea & Pérez-Belis, 2012; 
Watz & Hallstedt, 2018b). However, to our knowledge, few approaches 
specifically focus on supporting companies to establish a process of 
selection and weighting of sustainability criteria informed by a shared 
understanding of what sustainability means in the specific design context 
(Kravchenko et al., 2020; Watz & Hallstedt, 2020). As this is a key feature 
of decision support for sustainability (Broman & Robèrt, 2017; Schöggl et 
al., 2017), it can be a challenge to provide a rationale for integrating 
sustainability performance criteria that go beyond specific customer 
requests, campaigns, or regulations in companies that have not yet 
developed such capabilities (Baumgartner & Rauter, 2017). In fact, some 
product development companies mention that this is a key barrier to 
prioritizing sustainability in trade-offs with traditional design objectives 
even if they are integrated in decision support tools (Watz & Hallstedt, 
2022). For decision-makers who lack understanding of how sustainability 
may tangibly influence other design objectives, it may seem more 
feasible to prioritize what they have experience in (Nilsson, 2017). This is 
also a challenge for decision support in product development in general 
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(Sutinen et al., 2000). Hence, product development decisions about 
needs and requirements, including sustainability criteria, therefore tend 
to rely on often limited expertise and know-how (Diaz et al., 2021).   

Research in operations management, policy-making, and decision-
making has shown that a collaborative construction of visual systemic 
models is useful for building robust decision support, as it provides 
opportunity to foster shared, and enhanced, understanding of a problem 
structure (Andersen et al., 2007). When the users themselves are part of 
the creation of the model-based decision support, they generally become 
better at recognizing and extracting its critical information (McCardle‐
Keurentjes et al., 2018). Group model building (GMB) is an established 
method to facilitate such processes, specifically designed for complex 
systems analysis (Rouwette et al., 2011).  

By allowing teams to co-create a visual model in which they can critically 
analyze and discuss the factors that are relevant to focus on to leverage 
the desired outcome, GMB leverages credibility of the developed decision 
support (de Gooyert et al., 2022). GMB is used in multiple areas of 
research and practice, including organizational design (Repenning & 
Henderson, 2010), product design and optimization (Niccoló & Cascini, 
2013; Oorschot et al., 2013), and policy for sustainable development 
(Cernev & Fenner, 2020). In research for sustainable development and 
sustainable design, GMB has been used as means to identify effective 
measures to improve, e.g., environmental and social performance of 
product lifecycles (Laurenti et al., 2016; Ny, 2009) or as means to define 
possible industrial symbioses between different actors in a value chain 
(Lyneis & Sterman, 2016; Stave, 2010). GMB is particularly useful to foster 
strategic sustainability thinking in various planning and decision-making 
contexts, i.e., when a vision of compliance to sustainability frames the 
objective to which the current scenario is compared to identify 
weaknesses, after which improvement strategies are identified and 
prioritized, see e.g., (Broman & Robért, 2017; Ny et al., 2006). For 
example, GMB has been used to inform sustainability-driven design 
optimization (Byggeth et al., 2007), but it remains unclear in which ways 
it may promote sustainability integration in product development. 

AIMS AND RESEARCH QUESTION 

To address the above-mentioned gaps this research seeks to investigate 
how a GMB approach may improve the sustainability knowledge base 
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prior to the weighting of design requirements. The aim is to investigate 
the ability of a novel GMB approach to foster shared understanding of the 
impacts and implications of sustainability on other design objectives in a 
design team. The assumptions are therefore that the proposed GMB 
approach will help the design teams to a1) foster an improved contextual 
understanding of what sustainability means for their specific design 
project, a2) align their view of the relative importance of sustainability, 
a3) identify suitable actions to enable sustainability performance 
improvements in line with other design objectives, which will a4) leverage 
an increase in design decision quality. The research question guiding the 
study is ‘what are the effects of a group model building approach on early 
sustainability design decisions?’, which is further motivated by a general 
lack of research that critically evaluates the measurable impacts of design 
decision support (Cash et al., 2022). 

2 THEORY 
The next two subsections provide an extended theoretical background to 
and framing of the research. 

 ADDRESSING CHALLENGES OF DECISION SUPPORT FOR 

SUSTAINABLE DESIGN WITH GROUP MODEL BUILDING 

Several researchers have already highlighted that sustainable design 
support can be criticized for being too time-consuming and for not being 
sufficiently user-friendly, see, e.g., (Ahmad & Wong, 2018; Faludi et al., 
2020). Peace et al. (2018) add to this critique and list for sustainability 
evaluation tools, e.g., use of too advanced, unfamiliar terminology and 
lack of transparency resulting in an inability to pinpoint key influencing 
factors (Peace et al., 2018). This critique signalizes that sustainable design 
support is not perceived as credible, salient, and legitimate, and hence 
fails to provide relevant and valid information sourced from a wide 
stakeholder base, i.e., a system perspective (Cash et al., 2003; Kennedy 
et al., 2002).  

Although sustainability ideally should be the core property to drive all 
design projects, this is rarely the case (Baumgartner & Rauter, 2017b; 
Petersen, 2021). Sustainable design support approaches have a low 
uptake in earlier stages of the design process, which involves the 
identification, selection and weighting of sustainability criteria and 
indicators to be assessed and evaluated throughout the design process 
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(Collado-Ruiz & Ostad-Ahmad-Ghorabi, 2010; Peace et al., 2018), hence 
providing the ‘success criteria’ for the design project from a sustainability 
perspective. In later stages of the design process there is a significantly 
smaller opportunity to improve the lifecycle sustainability performance 
of the design solution (Gagnon et al., 2012). Research is therefore moving 
from a focus on developing sustainability-adapted design tools, towards 
discussing implementation and realization of sustainable design (da 
Costa et al., 2020; Faludi et al., 2020; Jiang et al., 2021). To this end, some 
research discusses ‘softer’ aspects of sustainable design implementation, 
such as the importance of expert involvement in sustainability-oriented 
assessments and evaluations in a design project, e.g., (Brambila-Macias 
& Sakao, 2021; Germani et al., 2016), and a need for approaches to 
’anchor’ systemic sustainability criteria as an integral part of the design 
objectives, e.g., (Alänge et al., 2016; Bengtsson et al., 2018; Gaziulusoy & 
Erdo, 2019). 

What these research streams imply is that there is a need to foster skills 
for both sustainable design thinking (Boks & Mcaloone, 2009; Germani et 
al., 2016), and for approaches that provide transparent rationales for 
prioritizing sustainability in design decision-making. Initial stages of a 
design project can then be ensured that the most relevant sustainability 
criteria and associated indicators are selected to guide the sustainability 
performance assessments of subsequent design stages (Towards the Ex-
Ante Sustainability Screening of Circular Economy Initiatives in 
Manufacturing Companies: Consolidation of Leading Sustainability-
Related Performance Indicators, 2019). To provide transparent, i.e., 
credible, rationales, a design decision support must be useful, usable and 
applicable, i.e., provide valid and reliable information and fit well into the 
use context (Blessing & Chakrabarti, 2009; Flick, 2012). All these aspects 
have in common that they foster trust in the guidance provided by a 
decision support, by forming a traceable link between the source of a 
need and how it is interpreted, and the final design. However, there is a 
need for more research on how to trigger a discussion which raises 
awareness about the implications that sustainability performance might 
cause on more traditional design objectives, as well as unravel 
assumptions and biases that otherwise would not have surfaced (Watz & 
Hallstedt, 2020).  

For this purpose, the first steps of a general GMB process have shown 
great potential. During the first steps of GMB, a system modelling 
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technique called Causal Loop Diagrams (CLD) is generally applied. Co-
creation of CLDs encourages modelers to not only describe to each other 
which factors that impact one another, but also what their implications 
are, i.e., how the factors impact one another. This might help unveil 
assumptions and previously unknown factors, especially if there are 
disagreements among the participants (Haraldsson, 2004; Henning & 
Chen, 2012). GMB therefore provides opportunity to foster seven 
cognitive aspects that have been identified as key for sustainability 
integration in design decision-making, i.e., responsibility over actions and 
outcomes, decision-making skills in complex problem structures, ability 
to simplify judgements and decisions, that good decisions require some 
effort, trust in models and information, cognitive dissonance, and 
motivation for change behaviour, e.g., (Macdonald & She, 2015).  

After a CLD has been established, its variables and relationships can be 
more specified in more detail, both qualitatively and quantitatively, which 
enables simulation of cause and effects over time of, e.g., 
implementation of identified measures. This type of modelling is known 
as System Dynamics (SD) and is a powerful decision support tool that 
allows scenario predictions using both high-quality data as well as 
estimations (Morecroft, 2007; Reynolds & Holwell, 2010). However, it is 
important to spend sufficient time on the CLD to ensure that the variables 
and their relationships are interpreted ‘correctly’ and agreed upon. In a 
sustainable product development context, GMB is therefore useful prior 
to deployment of other systems- or relationship modelling techniques, 
such as functional modelling, design structure matrix, and quality-
function deployment, that are commonly used in product development, 
e.g., (Ayağ, 2021; Jiang et al., 2021; Watz & Hallstedt, 2018b). This is to 
inform and provide insight about, e.g., which variables such system 
models or other decision support should include, i.e., ‘what to model’ 
(Andersen et al., 2007), and what the variable relationships are. 

 KNOWLEDGE MATURITY AS QUALITY INDICATOR IN DESIGN 

DECISION-MAKING 
Ideally, there should hence be no reason to doubt the correctness of any 
design decision, why it is important to ensure that the information used 
to support any design decision is traceable, see e.g., (Kotonya & 
Sommerville, 1996; Sutinen et al., 2000). However, establishing a clear 
and traceable link between identified needs, to be translated into high-
level functional requirements, and their sources, can be a challenge in the 
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early phases of product development (Eckert, 2013; Hull et al., 2005). At 
this stage, there is limited availability to detailed information, but 
decisions about high-level requirements, the main design objectives must 
still be decided, or otherwise a project will not be able to move forward 
(Ulrich & Eppinger, 2012). In early design, designers must therefore often 
deal with uncertain or missing information and knowledge and 
communicate incomplete concepts when aspects are missing, and when 
the information is preliminary (Stacey & Eckert, 2003). Uncertainty can 
be either aleatory or epistemic, with the former denoting a statistical 
variation, whereas the latter signals a lack of information and knowledge. 
Design uncertainty is hence a consequence of limited knowledge or 
information of both the specific solution to be designed and the context 
where it should operate (Thunnissen, 2003). 

Decision support quality, already in the early stages of the product 
development process, will influence the credibility and legitimacy of the 
information that it provides to the decision-makers, i.e., and the strength 
of the ‘design rationale’ (Eric & Yu, 1997). Maturity denotes the 
compromise, or distance, between actual uncertainty and the target 
uncertainty (Grebici et al., 2007) and is often assessed using a leveled 
scale, ranging from a low initial level to the top optimizing level. 
Cabannes et al. (2014) define maturity as “uncertainty in the context of 
the design parameters and behavioral models that may evolve in the 
course of the design process, such as a dimension that has not been fixed 
and a simplified model that needs to be refined.” (Cabannes et al., 2014, 
p. 234) Maturity reflects a way of signposting a fitness for purpose to trust 
imprecise information in early stages of development. “The target and 
the expected uncertainties reflect the level of confidence and the 
commitment of the provider and the user, respectively” (Grebici et al., 
2007, p. 282). Mature information defines information with a low 
likelihood of re-iteration based on unforeseen uncertainties (Zou et al., 
2013), whereas immature information is characterized as tentative, 
untested, and possibly incorrect.  

Two prominent maturity constructs in use are the Technology Readiness 
Levels (TRLs) (Mankins, 1995) and Capability Maturity Model Integration 
(CMMI) (SEI, 2010), with the former focused on phasing technology 
development and the latter on assuring a mature development process 
(originally in software development). Both are part of the requirements 
for contractors who undertake complex system development contracts 
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for the US government (and are monitored by the US Government 
Accountability Office) to avoid cost and schedule overruns and keep 
deliveries as expected. Hence their prominent role as a near industry 
standard in many industrial sectors, e.g.,(Graettinger et al., 2002). 

Knowledge maturity (Johansson et al., 2011) and model maturity 
(Johansson et al., 2017) are two concepts that have drawn inspiration 
from both TRL and CMMI (addressing knowledge and the decision base 
from both an artifact- and development process perspective) to provide 
decision support by letting decision-makers assess how mature their 
decision base is. With that, they can estimate how reliable their design 
rationale is and address the actions that can leverage strengthened 
credibility, salience, and legitimacy. Low maturity means that the choice 
of model or decision is based solely on assumptions. Maximum maturity 
means that the support is verified through, for example, the application 
of a reliable analysis method or through long experience. The basic idea 
behind the knowledge maturity model is to represent information and 
knowledge over three dimensions: input, method (tool), and expertise 
(experience) (Johansson et al., 2011). This enables an assessment of the 
input data, the tool that refines or develops the input into an output, and 
the people contributing to the work. Knowledge maturity could hence 
potentially enhance transparency and traceability of the decision-making 
process and encourage the involvement of a wide range of perspectives 
to further the understanding of interdependencies of different design 
variables (Johansson et al., 2008).  

Apart from having one, or a set of scalars, an effect from assessing 
maturity engenders discussion and communication (Oberkampf et al., 
2007) on a meta-level that would not happen otherwise. Graettinger et al. 
(2002, p.8), when evaluating TRL, state that the most value from 
assessing maturity comes from the discussions and negotiations when 
assigning maturity values (Graettinger et al., 2002). Blanco, Grebici, and 
Rieu (2007), in their work on intermediary objects, align information 
maturity as a signpost for a level of completeness and reliability on the 
objects used as vectors of communication in the preliminary 
development phases (Blanco et al., 2007). Johansson (2009) similarly saw 
a role for knowledge maturity to be a boundary negotiating artifact for 
the discussion about the knowledge development through a project 
(deciding when to address a knowledge gap with more research and when 
to suffice with a less than optimal knowledge base).  
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Against this background, we propose a group modeling methodology 
that encourages collaborative establishment and visualization of 
dependencies between sustainability improvement criteria and 
traditional needs, and their weights, as well as the knowledge maturity of 
these two aspects. Through these three aspects, we hope to increase the 
credibility (through increased traceability), salience (through the ability 
to align the understanding of sustainability among decision-makers), and 
legitimacy (through the active inclusion of multiple views and the 
application of systems thinking) of decision support for sustainable 
design. 

3 METHODS 
To investigate effects of a GMB approach on decision-making concerning 
sustainability integration into design requirements it was decided to 
organize a set of workshops. The workshops enabled a semi-controlled 
test environment, i.e., a ‘quasi-experiment’, e.g., (Adelman, 1991; 
Podsakoff & Podsakoff, 2019), which allowed both quantitative and 
qualitative data collection. The following sections outline the workshop 
design selection of cases and participants, as well as the workshop design 
and data, as well as the result analysis. 

 COLLABORATIVE SUSTAINABILITY SYSTEM ANALYSIS FOR 

PRODUCT DESIGN USING GROUP MODEL BUILDING WITH 

CAUSAL LOOP DIAGRAMS 
Collaborative sustainability system analysis for product design using 
group model building with causal loop diagrams (CAUSAL) is a 
development of the “Group model building workshop method with causal 
loop diagrams for sustainable design” proposed in (Watz & Hallstedt, 
2020a). The proposed GMB approach ‘CAUSAL’ combines CLD with a 
visualization scheme and guiding questions to trigger an in-depth 
discussion about the impacts and implications of sustainability in the 
given design context. A visualization scheme, inspired by (Bertoni et al., 
2015; Johansson et al., 2011), complements the standard arrows and 
symbols in traditional CLD scripts (Wilkerson et al., 2020) and was used 
to encourage an in-depth and critical discussion and to generate a visual 
and documented decision support (Gallopín et al., 2014). Traditional CLD 
symbols are, e.g., dashed arrows indicating opposite (-) influence on the 
related variable, whole arrows indicate influence in the same direction.  
‘R’ can be used to indicate a reinforcing relationship, which could point 
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out synergistic variables. ‘B’ indicates a balancing relationship, such as a 
trade-off (Andersen et al., 2007). The visualization scheme applies 
different variable sizes to indicate weight values of MDOs and LSC, and 
different colors indicate the KM level of weights and identified 
relationships. 

 

Figure 1. Example of CLD elements. Color indicates KM level of variables (MDO or LSC) and 
arrows (identified relationship). Size of bubbles indicates weight. 

By visualizing not only the collective understanding of how design 
variables are prioritized and influence one another (Hoffenson et al., 
2015), but also the maturity of the knowledge upon which the co-created 
model is based, decision-makers are provided an approach that could 
increase the traceability of sustainability-related design decisions, which 
is a current challenge for sustainability integration in requirements 
(Becker et al., 2016; Nilsson, 2017). 

Table 1. Weight scale. 

Weight Description  
4. “Critical” Solution must meet this need/objective/requirement. Otherwise, 

there is a prevalent risk for, e.g., unsatisfactory market demand, 
regulatory barriers, or misalignment to business strategy. 

3. “Essential” Solution clearly benefits from meeting this 
need/objective/requirement. Strong value-add. 

2. “Nice to 
have” 

Some benefit can be expected, but other objectives may bring more 
value. 

1. “Irrelevant” Not necessary to meet but can bring some benefits. 

Table 1 and 2 show the weight and KM scales that were used, of which the 
weights represent a generic scale from 1 to 4, and the KM scale from 1 to 
5 is developed from Johansson et al (Christian Johansson et al., 2011). 

 WORKSHOP DESIGN AND DATA COLLECTION 
The workshops constituted the three main steps from which different 
types of data were collected. Steps 1 and 3 were developed to help 
document and assess the weighting and KM assessment, individual 
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teams-wise, before and after CAUSAL, which constituted step 2. All 
information was captured in individual spreadsheets which allowed the 
researchers to follow the evolution of preferences regarding weights and 
perceived knowledge maturity. Hence, Step 1 and 3 provided data for a 
quantitative assessment while step 2, together with collected feedback, 
observations, discussions, and answers to guiding questions in the 
workshop templates, provided data for a qualitative assessment. 

Table 2. Knowledge maturity scale. 

Knowledge 
maturity level 

Weighting Relationship  
Motivation of 
existence and arrow 
value (+ or -) 

Experience / 
Verification 
Of decision-maker 
/designer /expert in 
area of concern 

5. “Excellent” The weighting 
is certain and 
verified 

Verified evidence  Long, verified 
experience and 
expertise 

4. “Good”  Previous 
projects/products  

 

3. 
“Acceptable” 

The weighting 
is very likely but 
unverified 

Industrial experience  Proven experience 
and competence  

2. “Dubious”  Guessing or “common 
sense” 

 

1. “Inferior” Risk that the 
weight is 
incorrect 

- Inexperienced (first 
time) 

To prepare for the workshops, all teams had to bring a list of main design 
objectives (MDOs), i.e., the high-level needs or requirements for their 
design problem, and a list of leading sustainability criteria (LSC). LSC are 
sustainability criteria that are applicable to a specific design project and 
critical to discuss in early design stages (Hallstedt, 2017). While the 
company already had a set of LSC in a previous study, the student teams 
identified LSC in an additional preceding Leading sustainability criteria 
(LEASA) workshop (Watz & Hallstedt, 2021). Each participant was 
provided an individual copy of the workshop template spreadsheet, 
which has separate tabs for each workshop step, into which they inserted 
the LSC and the MDOs. In total, the student participants spent around 6 
hours on the workshop steps with support from the researcher, 
distributed over several days. The company participants spent a total of 
2.5 hours in a 1-day session. The researcher introduced the workshop 
series, explaining its purpose and background, and provided the 
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necessary workshop material. Below follows a general description of each 
of the main workshop steps. Two student groups went through the 
workshops entirely online, while the workshop was organized on-site for 
the third student group and the case company. An overview of the 
workshops and excerpts from the workshop template can be found in 
Appendix A. 

Step 1 – weighting and knowledge maturity assessment 

After making sure that they had inserted the same LSC and MDOs into 
their individual spreadsheets, participants were asked to spend a short 
time on an individual assessment of weights, and to indicate their 
estimated knowledge maturity level of each weight. The participants 
were thereafter sent into their teams to meet, discuss, and decide about 
the weights and KMs together. The student participants spent around 10-
15 minutes on the individual assessment and about 25 minutes on the 
team discussion, which included documentation of the team weights and 
knowledge maturities in the worksheets. Company participants spent 50 
minutes in total in this whole step. After the team discussion and 
documentation of weights and knowledge maturities the participants 
were introduced to the next workshop step. 

Step 2 – CAUSAL - Group model building with causal loop diagrams 

An introduction to the basics of causal loop diagramming and how to 
apply the visualization scheme of weights and KM introduced the 
participants to Step 2 of the workshop series. Prepared templates on an 
online system mapping platform were provided to the participants, which 
included the same instructions as were presented by the researcher. The 
teams now discussed and visualized the LSC and MDOs, i.e., their 
relationships and their weights, and the KM of these, using different sizes 
and colors. The facilitating researcher circulated between the teams to 
provide support in causal systems thinking as well as in how to navigate 
between the online platform functions. While student participants were 
allowed, and encouraged, to continue working with their CLDs after the 
researcher-led session as the next step was planned a few days later, 
company participants immediately started with the final, third workshop 
step. Figure 2 shows an example of a CLD developed during this 
workshop step. 
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Figure 2. Example excerpt of a CLD developed by one of the PSSB student teams. The bubbles 
include leading sustainability criteria and main design objectives, and their sizes correspond 
to weights. Colors of bubbles and arrows indicate knowledge maturity. 

Step 3 – Revised weighting and knowledge maturity assessment and 
collection of insights 

In the final step, the participants first worked individually with their 
spreadsheets to revise weights and knowledge maturities according to 
what they discussed using CLD. A final team discussion thereafter 
allowed the teams to decide on the weighting and knowledge maturity 
levels, as well as document ideas about improvement actions to either 
improve knowledge maturities, or to meet both design objectives 
through leveraged sustainability improvements. The student participants 
were given around one hour for this step, including a short debriefing 
discussion facilitated by the researcher to give the participants an 
opportunity to exchange experiences and provide instant feedback and 
time to answer the feedback survey. The company teams moved directly 
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into the final weighting, and thereafter a longer discussion to share 
insights, reflections, and feedback in the whole group. How much time 
each team spent in each workshop step is shown in Table 3. 

Table 3. Overview of workshop procedure in each case. 

Step   1 2 3 

Group 

Weighting and KM-
assessment, 
individually and 
team-wise. 

GMB with CAUSAL 
approach 
Map relationships 
between MDOs and 
LSC and visualize 
weights and KM. 
Answer guiding 
questions. 

Revised weighting and 
KM-assessment, 
individually and team-
wise. 
Final discussion and 
reflections. 
Feedback. 

PSSA  
&  
SE 

Guided online 
workshop.  
Team tasks in 
breakout rooms 
which the 
researchers visited 
to provide support.  
Time (ca): 40 min 

Guided online 
workshop.  
Time: 2.5 hours 
distributed over three 
sessions (1+2+0.5). 

Guided online workshop.  
Team tasks in breakout 
rooms.  
The participants were 
given time to answer the 
feedback questions in the 
templates. 
Time (ca): ca 1.5 hours 

PSSB 
Same procedure and time usage as for the PSSA and SE teams but held on 
site.  

C 

On site workshop. 
Teams divided into 
two rooms. 
Time: 60 min. 

On site workshop. 
Teams divided into two 
rooms. 
Time: 60 min. 

On site discussion.  
Researcher-led 
harvesting discussion 
with guiding questions 
with the whole group.  
Time: 35 min 
 
Submission of templates 
with second iteration of 
individual weight and 
knowledge maturity 
values, as well as 
feedback. 

 

 CASE AND PARTICIPANT SELECTION 
A purposeful sampling, e.g., (Palinkas et al., 2015), was used to select the 
four test cases, out of which three (PSSA , PSSB and SE) were groups of 
MSc-level student teams in product development project courses. PSSA 
and PSSB were taking a course in Transformative Product Service System 
Innovation, and SE a project course in Systems Engineering. Each student 
team worked on real design projects provided by companies. The SE 
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students were a mixed group of Swedish students from the same 
mechanical engineering degree program at the home university, and 
Italian Erasmus students in their first year of their master, while the PSS 
students were in their second year of their master programs in 
mechanical engineering. The fourth case constituted of a research and 
development department at a Swedish aerospace engine component 
manufacturer (C) that wanted to explore which sustainability criteria 
indicators that could be relevant to include in performance simulations 
for a future propulsion system solution. Table 4 provides an overview of 
the test cases and participants. Performing the test on students ensured 
a sufficient test sample size compared to what solely company cases 
would have allowed for. Master level students are however suitable to 
test novel design approaches on, as they when entering practice 
generally have lower resistance to new ways of working than experienced 
practitioners (Cash et al., 2022). It also provided an opportunity to reflect 
on the proposed utility of CAUSAL as a pedagogic tool to foster necessary 
sustainability skills in engineering education, e.g., (Watz, 2020). The 
student workshops thus provided data to analyze effects of CAUSAL, 
while the company case was used to collect feedback about applicability 
from intended users. 

The task for the teams during the workshops was to identify and describe 
potential relationships between sustainability criteria and the main 
design objectives (MDOs), to provide guidance in the weighting of these, 
and to name possible improvement actions based on their findings. 
Although the goal and purpose of the GMB workshop was described to 
the participants, the teams were unaware of the details of the experiment 
(i.e., they did not know that their evolution of preferences was going to 
be analyzed) to avoid potential biases (Arnott, 2006). To follow a quasi-
experiment approach, e.g., (Adelman, 1991; Podsakoff & Podsakoff, 
2019) the workshops were organized at slightly different times during the 
projects in the different student groups. 

In total, 56 participants in 15 teams participated in the workshop series. 
13 of these were student teams who worked on real design cases provided 
by different companies in their project courses.  Each team developed 
their own sets of MDOs and LSC prior to the first step in the workshop 
series. In the two company teams, the same design case, defined with the 
same set of MDOs and LSC, was used. In the student teams, the MDOs 
were developed as a team discussion task prior to the workshop series, 
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while the company MDOs were defined by the team leaders and the 
researchers in a preparatory discussion prior to the workshop series. LSC 
were defined in a LEASA workshop prior to the workshop series in the 
student teams, whereas the company already had defined LSC using the 
Sustainability Design Space method. The first two groups, i.e., PSSA and 
SE, went through the workshop series entirely online, while the PSSB and 
the company teams were facilitated on site. 

Table 4. Overview of Cases and participants. 

Case group 
Participants 
Teams 

Participant 
profiles/roles 

Case project(s) Innovation 
process phase 

PSSA 
1-16 
PSS1-4 

5th year MSc 
mechanical 
engineering students in 
Product Development 

PSS solutions: 
- App to capture voice 

of the customer 
(PSS1)  

- Construction worker 
safety (PSS2) 

- Meals for elderly 
people (PSS3) 

- Children’s health 
device (PSS4) 

Concept 
development 

SE 
17-32 
SE5-9 

4th year MSc 
mechanical 
engineering students in 
Product Development 

Complex products: 
- Electrical rail vehicle 

(SE5) 
- Compaction machine 

(SE5-9) 

Pre-study 

PSSB 
33-46 
PSS10-13 

5th year MSc 
mechanical 
engineering students in 
Product Development 

PSS solutions: 
- Tailored tools to ease 

elderlies’ every-day 
lives (PSS10) 

- Capturing user needs 
in compaction 
equipment (PSS11) 

- Health and 
environment 
information in public 
outdoor areas (PSS12) 

- Measuring 
recyclability of old 
buildings (PSS13) 

Early concept 
development 

C 
47-56 
14-15 

Design engineers, 
Specialists in Risk and 
quality, sustainability, 
materials. 

Future propulsion 
system solution 

Pre-study 
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 DATA ANALYSIS 
A mixed-methods approach building on both quantitative and qualitative 
data analysis (Johnson & Onwuegbuzie, 2004) was used to investigate the 
assumptions. A quantitative analysis was applied to investigate mainly a2 
and a4, using the templates provided by the student participants. A 
qualitative analysis of collected materials helped investigate mainly a1 
and a3 but contributed as a complementary source of data to the 
investigation of a2 and a4.  

Including both feedback and the collected material developed by the 
participants during the workshop series in the analysis enables results 
triangulation, which is a useful approach to strengthen the quality of the 
research results, e.g., (Maxwell, 2005; Seale, 1999). Results from the 
company workshop was not included in the quantitative assessment as 
the workshop design had to be adjusted to fit the company time 
availability. Qualitative findings from the company case instead provided 
a possibility to compare the findings from the student workshops with 
those retrieved in a realistic setting. The company case hence provides a 
source for external validation of the student results, e.g., (Flick, 2012), and 
thus contributes as another source for results triangulation. The analysis 
of the participant feedback allows identification of examples of what 
outcomes the participants experienced that the exercise led to in their 
design projects. And analyzing the CLDs and filled templates, which 
should be the source to such findings, provides the opportunity for cross-
checking and for discussing the quality of CAUSAL, including its 
templates and instructions, as a sustainable design support.  

Table 6. Overview of how results analyses contributed to the investigation of each 
assumption (‘X’= main contribution, ‘x’=additional contribution). 

Analysis  Quantitative Qualitative 

Assumptions Variance 
(team) 

Root mean 
square error 
(individual) 

KM 
average 
(team) 

Thematic 
coding - 
Feedback 

Cross-
checking 
Templates 

a1 (x) (x)  X X 

a2 X X  (x)  

a3    X X 

a4   X (x)  

 

3.4.1 Quantitative data analysis methods 
By calculating the average variance and root mean square error (rmse) of 
how weights and knowledge maturity were assigned before and after the 
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CLD exercise in each design team and on an individual participant level it 
is possible to investigate a1. A comparison of the average KM before and 
after the CLD exercise allowed an investigation of a4. 

To measure how different the participants assigned their weights and 
knowledge maturities compared to their team members it was therefore 
decided to 

1. Calculate the mean variance for both weights and knowledge 
maturities., when considering i) both LSC and MDOs, ii) only LSC, and iii) 
only MDOs. 
2. Calculate the mean square error for each participant based on the 
individual team members’ average deviation from the team value. 

The variance is a measurement of the average deviation from the mean 
value in a set of observations. In this case a variance calculation for each 
LSC and MDO hence provides an indication of how dispersed the values 
for weights and knowledge maturities were across the team members, in 
each LSC and each MDO. The mean variance thereafter provides a 
generalized overview of the variance, either when LSC and MDOs are 
combined or separate. A comparison of the mean variance before and 
after the CLD exercise provides an indication of whether the CLD exercise 
had a converging or diverging effect on the teams, i.e., whether they 
developed a more similar, or more different, understanding. The variance 
can be written as 

Var = 
1

𝑁
∑(𝑋 − 𝜇)2 

where X is the measured value, μ is the mean value in the set of 
observations, and N is the number of observations. The mean variance 
could thereafter be calculated in each team based on the variance for 
each LSC and MDO. 

A test to indicate the results significance was thereafter applied, and for 
this purpose a Wilcoxon signed-rank test was applied to conduct a paired 
difference test of repeated measurements on the same population (each 
group of engineers) to assess whether their population mean ranks differ 
after having applied the proposed GMB approach. 

By comparing the root mean square error (rmse) for both weights and KM 
before and after the CLD exercise, we were able to investigate whether a 
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participants’ deviation from their team values increased, decreased, or 
remained the same. The rmse is a measurement of the average deviation 
from a fixed, ‘theoretical’ value. The rmse is therefore useful for the 
determination of how far, on average, an error is from zero, compared to 
the standard deviation which is based on the mean value in a set of 
observations. In this case, the theoretical value is a team’s value, and the 
error is hence the difference between this value and the individual team 
member’s value. The rmse can hence provide an indication of the effect 
of the CLD exercise on an individual participant level, which is another 
proxy for the degree of alignment in a team. The rmse can be written as 

rmse=√1

𝑁
∑ 𝑥2[𝑛]

𝑛
  

where N is the sample size. 

3.4.2 Qualitative data analysis methods 
A combination of inductive and deductive thematic coding was used to 
analyze all feedback, i.e., 32 responses, and participant reflections, as well 
as researcher memos and collected templates. Such an approach can be 
referred to as ‘qualitative content analysis’ (Schreier, 2014). 31 of the 32 
student responses contained answers to the open-ended questions. 
Table 5 provides an overview of the feedback questions that were used to 
investigate each assumption. 

The feedback questions were formulated to address all assumptions and 
informed the guiding questions of the final discussion in the case 
company workshop series. The participants were asked whether they 
were ‘affected’ or ‘not affected’, i.e., if they felt that the CAUSAL 
workshop had an effect or not, and to provide a free-text description 
where they could elaborate on their answers. All student participants’ 
responses to the closed-ended feedback questions were first semi-
quantitatively analyzed to get a first impression about how the CLD 
exercise might have affected the participants. The comments were 
thereafter analyzed using an inductive approach (Flick, 2012; Maxwell & 
Miller, 2008) to derive themes and codes, which were discussed and 
refined in the researcher team, and there applied to all comments 
provided in the student participants’ feedback. A limited time format and 
a request to share gathered insights across the two company teams led 
to a decision to structure an extended discussion to cover the guiding 
questions to the CLD exercise and the final weighting and KM assessment 
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in the template, as well as the feedback survey questions. Feedback 
responses from some of the company participants and the record from 
this final workshop discussion could thereafter be analyzed using the 
same coding scheme. The codes and coded quotes or excerpts could 
thereafter be compared to the assumptions. 

Table 5. Feedback questions in relation to assumptions. 

Assumptions: 
The proposed GMB approach will help a design team to 

Feedback 
questions 

a1) foster an improved contextual understanding of what 
sustainability means for their specific design project, 

1, 2, 7 

a2) align their view of the relative importance of sustainability, 3, 4, 5, 7 

a3) identify suitable actions to enable sustainability performance 
improvements in line with other design objectives, 

6, 7 

which will a4) leverage an increase in knowledge maturity (quality of 
their design decisions). 

5, 7 

Closed-ended questions were with regards to response frequencies, while 
open-ended questions with free text answers were inductively analyzed 
using open thematic coding in two steps. In the first step, all collected 
surveys were analyzed and assigned codes inductively. Each open-ended 
question was analyzed in all surveys before moving on to the next 
question, and codes were added, adjusted, and grouped throughout this 
process. Thereafter, reports were created for each open-ended question 
which listed the codes that had been assigned to the responses. 
MAXQDA was used to aid both coding and the following code analysis. 
These reports were thereafter used as basis for thematic analysis of the 
survey responses. 

The inductive thematic analysis of participant feedback resulted in a 
generation of 40 codes that were divided into seven groups, distributed 
over three themes. The first theme, ‘Effect on participant: team and 
individual’ constitutes the code groups ‘Sustainability understanding’, 
‘Team alignment’, ‘Maturity’, and ‘Moderate or no change’. The second 
theme, ‘Effects on project: Identified improvement actions’ constitutes 
two code groups, ‘Improve sustainability performance’ and ‘Assessment’, 
which collect types of improvement actions and activities that were 
identified by the teams at the last step of the workshop series, after the 
CLD exercise. The third and final theme, ‘Feedback’, summons all codes 
that describe general feedback about CAUSAL. 
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4 RESULTS 
The results from the quantitative analyses of variance, rmse, and KM 
average and the qualitative analyses of feedback and collected workshop 
materials are now used to investigate the four assumptions a1-a4. 

 EFFECTS RELATED TO CONTEXTUAL SUSTAINABILITY 

UNDERSTANDING (A1) 
The thematic coding of responses to feedback-survey questions 1 and 2, 
together with cross-checking of templates and observations from the 
company case, were the main sources used to investigate assumption a1. 
Table 7 shows feedback questions Q1 and Q2. 

Table 7. Feedback questions 1 and 2 with example responses. 

Questions Select (mark) 

an option 

…and provide description 

Q1 How was your own 

understanding of the relationship 

between sustainability criteria 

and solution needs affected by 

the CLD exercise? 

Affected Not 

affected 
After the CLD exercise I got 

a better understanding of 

how to organize it in a better 

way than before. 

Q2 How was your team's 

understanding of the relationship 

between sustainability criteria 

and solution needs after the CLD 

exercise? 

Affected Not 

affected 
After the team discuss[ion] 

the member had got a 

deeper knowledge of the 

way to do it in. 

In relation to Q1, most participants answered that they felt ‘affected’. 

Combined with the frequent occurrence of codes such as ‘increased 

systems view’ (16 times) and ‘visual guidance/clarification’ (9 times) it 

seems as if the participants experienced that CAUSAL might have helped 

them to increase their ability to contextualize sustainability, by clarifying 

what potential impacts a design decision might have on other design 

objectives. However, some comments indicate that not all participants 

felt that CAUSAL affected their understanding, of which codes such as 

‘nothing new’, ‘team well-aligned’ and ‘already knowledgeable’ that were 

all used one time each are examples. Similarly, on Q2 most participants 

answered that they believe their team was affected by CAUSAL. Only 

three participants, all from the same PSS team, were of the opposite 

opinion and only one participant did not provide an answer. The frequent 

use of the codes ‘increased systems view’, ‘converging’, and ‘new finding’ 
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indicate that the CLD exercise allowed the teams to forge a better 

understanding of how their sustainability criteria and other design 

objectives influence one another, to shape a shared view of what 

sustainability means in the context of their specific design project. 

A majority of the responses to Q1 could be coded with codes 3 ‘better 
understanding of sustainability’, 2 ‘contextual sustainability 
understanding‘, and 33 ‘difficult to use/unclear instructions’. The results 
indicate that the participants experienced an improved understanding of 
sustainability in general and in the specific case context. However, the 
instructions and guidance material were not sufficiently clear to make the 
tasks easy to follow. Comments to Q2 matched with codes 33 and 5 
‘converging’ indicating that there was a converging effect on the 
individual perception of the relative importance of sustainability but that 
the impact could be improved from an updated visualization scheme in 
the CLD. For example, LSC could be distinguished from MDOs with 
different shapes or symbols. 

4.1.1 Observations from workshops and collected templates 
In the workshop template for step 2, the teams were provided optional 
guiding questions, see Appendix B, to encourage critical analysis of the 
developed CLD. The guiding questions were ‘Did you find any conflicts 
that you were not aware of before? (e.g., manifested in feedback loops)’ 
and ‘Did you find any beneficial relationships that you were not aware of 
before? Which?’ 

The collected templates provide some interesting answers to these 
questions. For instance, SE team 5 identified an unexpected trade-off 
between an MDO, ‘increased energy efficiency’, and an ecological LSC, 
‘avoid conflict material’. PSSA team 4 identified two unanticipated trade-
offs, namely between the MDO ‘Collecting data’ and the social LSC 
‘following EU laws’, as well as between the LSC ’Robust’ and the MDO 
‘Affordable’. Another team, PSSB team 12, worked with a solution to 
provide environmental- and health-promoting information in public 
outdoor areas, identified a trade-off between two ecological LSC, namely 
the two ecological LSC ‘Toxicity of wood treatment’ and ‘Robust ("hands-
off" usage)’, and a beneficial relationship between the MDO ‘Need for 
more interactivity with locations’ and the social LSC ‘Need to work for 
every age group’. The CLD developed by PSSB team 12 can be viewed in 
Figure 2 in section 3.2. 
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In the company case workshops, the final discussion gave rise to five main 
insights; First, company team 1 was not satisfied with the list of MDO’s 
because they perceived that the objectives to ‘reduce emissions’ and 
‘minimize fuel consumption’ were missing. These insights emerged from 
a discussion about how the LSC related to the MDO ‘weight’. Hence, 
there might be a need to improve the alignment of preferences regarding 
design objectives on a general level and not just for sustainability criteria. 
A second insight related to possible trade-offs; company team 2 
Identified a balancing relationship between two LSC, i.e., ‘Recycled 
material content’ and ‘Material Criticality’ that not all team members had 
thought about before. Both company teams found that there were 
probably trade-offs between the LSC recyclability, re-manufacturability, 
and recycled material content, but these might have a balancing 
influence on lifecycle cost. A third insight considered their strong focus on 
lifecycle cost since both company teams were able to identify several LSC 
connections to the MDO ‘lifecycle cost’. A fourth insight considered the 
LSC ‘Risk for exposure to hazardous substances in production and 
distribution’, which the two company teams were able to relate to the 
MDO’s ‘manufacturability’ (company team 1) respectively ‘weight’ 
(company team 2). The fifth insight related to the LSC ‘material 
criticality’, which not only influenced the MDO ‘lifecycle cost’, but also the 
MDO ‘supplier availability’. 

 EFFECTS RELATED TO ABILITY TO IDENTIFY 

SUSTAINABILITY PERFORMANCE IMPROVEMENT ACTIONS 

(A3) 
Feedback to question Q6, see Table 8, combined with workshop 
observations and collected templates, were used to investigate 
assumption a3. Most participants claimed that they identified actions to 
improve the sustainability performance of their solution concepts with 
help from the CAUSAL exercise. The most frequently used codes were 
‘sustainability performance of materials’, ‘social-use phase’, and ‘LCA’. 
These codes were used to describe actions to reduce negative 
environmental and social impacts in the material extraction and end-of-
life of their solution concepts, or opportunities to enhance social value 
during the use phase. The student comments indicate that actions were 
identified to improve the environmental sustainability performance of 
materials and manufacturing, e.g., by avoiding the use of rare earth 
minerals, using recycled material in the product, and to enable reuse, 
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recycling, and remanufacturing of the product to avoid problematic 
waste management. Some teams, such as PSSA team 4, also specifically 
mentioned CAUSAL as a source for the information used to guide the 
selection of their final design concept.  

Table 8. Feedback question 6 with example response. 

Q 
6 

Describe which action(s) 
you identified in your 
team to improve your 
solution's contribution to 
sustainable 
development. 

Action
s 
identifi
ed 

No 
actions 
identifi
ed 

After the exercise the group 
agreed upon "Avoid Landfill" as 
an important aspect to consider 
while developing the new 
solution. 

4.2.1 Observations from company workshops and collected 
templates 

From the five insights that emerged from the CLD analysis and company 
workshop discussion, it was possible to identify potential aspects for 
further analysis. For instance, the first insight, i.e., the need to add or 
justify the list of MDOs to include ‘Reduce emissions’ and ‘Minimize fuel 
consumption’, shows that there might be a need to improve the 
alignment of priority of design objectives in general, and not only for 
sustainability criteria. The second insight was that identification of 
possible trade-offs between the different LSCs ’Recyclability’, ‘Re-
manufacturability’, and ‘Recycled material content’, and ‘material 
criticality’ was highlighted with low KM and thus as an area that needed 
further and more detailed exploration in an in-depth follow-up study. The 
third insight, i.e., the realization that so many LSC influenced the MDO 
‘lifecycle cost’, but with low KM, led to the realization that the company 
needs to define the key parameters that drive lifecycle cost for a specific 
product more clearly. The fourth insight, related to the LSC ‘Risk for 
exposure to hazardous substances in production and distribution’, 
allowed the company to identify a need to improve their understanding 
of the implication this LSC has on other decision parameters. This 
knowledge gap could be identified from the low KM levels that both 
company teams assigned to the connections they drew between this LSC 
to the MDO’s (‘manufacturability’ in company team 1 and ‘weight’ in 
company team 2, respectively). Finally, the insight about a connection 
between the LSC ‘material criticality’ and ‘supplier availability’ was also 
marked with low KM and a conclusion that there is a need to investigate 
the value chain implications of choosing sustainable design solutions. 
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 EFFECTS RELATED TO TEAM ALIGNMENT OF CONTEXTUAL 

SUSTAINABILITY UNDERSTANDING (A2) 
Feedback responses to questions 3, 4, and 5, together with a quantitative 
analysis of weights and KM (variance and rmse) were used in the 
investigation of assumption a2. 

Answers to Q3 (Table 9), i.e., regarding whether the CLD had an impact 
on the individuals’ assessment of weights and knowledge maturities, 
were more divided than the answers in Q2. 18 participants considered 
their assessment as affected, and 13 not affected, by the CLD exercise. 
Among the PSS teams, 8 participants, in fact, voted ‘not affected’ while 
only 7 voted that the CLD exercise affected their assessment, and one 
participant voted blank. Among the SE teams, a majority, 11 out of 16 
participants, voted that the CLD exercise did affect their assessment. The 
code frequencies in this question confirm that there is no clear majority 
of the participants that considered their weighting to be affected in a 
specific way by the CLD exercise. More than 15 occurrences of codes in 
the category ‘moderate or no change’ can be found. Eight of these were 
the code ‘moderate or no change’, indicating that some participants did 
not change their weighting at all. Seven occurrences of codes within the 
category of ‘team alignment’ indicate that some individuals revised their 
preferences based on the GMB discussions when the team was co-
creating their CLD. 

Table 9. Feedback question 3 and 4 with example responses. 

How was your own weighting of the needs 

and leading sustainability criteria affected 

after the CLD exercise? 

Affec

ted 

Not 

affecte

d 

After the CLD exercise 

some small thing had 

been changed. 

How was your team's weighting of the 

needs and leading sustainability criteria 

affected after the CLD exercise? 

Affect

ed 

Not 

affecte

d 

No change was done 

after the CLD exercises 

was made. 

The responses to Q4 (table 9) show that more than half, i.e., 18, of the 

participants voted ‘affected’. However, the even distribution between 

‘affected’ and ‘not affected’ in the PSS group indicate that fewer PSS 

teams than SE teams experienced a converging effect of the CLD exercise 

on how the team assigned weights. The code frequency confirms the 

even distribution of responses, as 11 occurrences of the codes 

‘Converging’ and ‘Priorities’ indicate that the CLD allowed the 

participants to gain a closer understanding of their team members’ view 
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of the relative importance of their main design objectives and 

sustainability criteria. Furthermore, out of the total of 16 comments to 

Q4, seven comments from the PSS group were coded with ‘converging’, 

indicating that the CLD exercise helped some PSS teams to align their 

perspectives.  

In the company case workshops, both teams experienced a similar shift 
of focus during the CLD mapping exercise. One team had an initial focus 
on the MDO ‘safety’, because they considered this as most important, 
having both a large weight and a high KM level. However, they found 
themselves drawing more and more links to the MDO ‘product lifecycle 
cost’, despite having a lower weight and KM level – although the links 
were not assigned with high KM, signifying that the team was uncertain 
about the characteristics of these relationships. The second team also 
shifted their focus to ‘product lifecycle cost’, but from an initial focus on 
‘weight’. Three participants provided detailed answers to the feedback 
questions Q3 and Q4. Company responses to Q3 were coded with codes 
33, 15 ‘moderate change’, 1 ‘increased systems view’, and 5, and all 
respondents answered ‘affected’. Weights were revisited, although 
perhaps not a lot, due to obtaining a better understanding of the 
sustainability criteria and dependencies. One of the participants in 
company team 2 stated that “I was affected through the discussions with 
others in the team and realized that there are more interactions than I knew 
about”. Two company feedback comments to Q4 indicate that the CLD 
exercise might have had a converging effect on the teams’ view of the 
weights, thus making it more accurate. For example, “I don't think there 
was a clear understanding when we entered the group meetings. Instead, it 
developed as a part of the process”. 

4.3.1 Variance 
The variance dropped in most teams, especially if considering both LSC 
and MDO. Correlation tests indicate that there is a stronger correlation 
for the change in variance when considering only LSC than when 
considering both LSC and MDO’s, or MDO’s only. This indicates that the 
CLD helped the teams to converge their understanding of the relative 
importance (weights) of sustainability criteria with the other design 
objectives, and their understanding of how certain they were about these 
weights. Table 10 provides an overview of the change in variance after the 
CLD exercise. The values are absolute, meaning that a value of “1” 
corresponds to a whole step on the weight- or KM scales. 



Matilda Watz 
Towards sustainable product development through the lens of requirements 

244 
 

Table 10. Overview of variance analysis results. 

Type  
Team 

LSC + MDO MDO LSC 

Weights KM Weights KM Weights KM 

dVar dVar  dVar dVar  dVar dVar  

PSSA 1 0,300  0,300  -0,250  -0,250  0,667  0,667  

2 -0,283  -0,283  -0,708  -0,708  0,000  0,000  

3 -0,108  -0,108  0,267  0,267  -0,364  -0,364  

4 -0,520  -0,520  -0,091  0,400  -0,750  -0,750  

SE 5 -0,962  -0,888  -1,000  -1,000  -0,920  -0,868  

6 -0,985  -0,688  -1,000  -0,500  -0,957  -0,800  

7 - - - - - - 

8 - - - - - - 

9 0,000  -1,000  0,000  -1,000  0,000  -1,000  

PSSB 10 0,167  0,000  0,133  0,000  0,222  0,000  

11 -0,222  -0,588  -0,250  -0,143  -0,800  -0,900  

12 -0,727  0,056  -0,357  0,792  -0,357  -0,313  

13 0,500  -0,167  1,000  0,000  1,000  -0,500  

Two teams’ data from the SE course could not be included in the 
calculation due to incomplete datasets, which can be seen in the Table. 
The results show that in most teams the variance for both weight and KM 
dropped after conducting the CLD exercise. There is not a big difference 
in the outcome for MDO and LSC, separate or combined. Although only 
three teams show an overall reduction of variance across all results 
categories, even fewer, i.e., only one team, had an overall increase.  

A closer look at the column with the KM values of the LSC weights shows 
that among the three teams where the variance did not decrease, only 
one team had an increased variance. A reduced variance for these KM 
values can instead be found in the other eight teams. For the KM values 
for the MDO weights, the variance instead increased in three teams and 
decreased in only six teams. 

4.3.2 Root mean square error 
The rmse was calculated for both LSC and MDOs independently and the 
results do not indicate any significant differences between the number of 
increased, decreased, and unchanged rmse’s for the LSC values before 
and after the CLD exercise. For the MDO’s, it was however most common 
that the rmse did not change. An unchanged rmse was rather common 
for the weight values of LSC, but the rmse never increased more often 
than it was reduced, in any category. A reduction of the rmse was the 
most common result for the KM values of LSC. Table 11 shows an 
overview of the results of comparing rmse at an individual participant 
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level, before and after the CLD exercise. As can be deduced from the 
Table, there were some participants that provided incomplete data sets, 
which means that the total number of rmse calculations differs between 
the results categories. 

Table 11. overview of participants’ root mean square error (rmse) for weights (W) and 
knowledge maturities (KM), divided between leading sustainability criteria (LSC) and main 
design objectives (MDOs). 

# of participants LSC MDOs 

rmse (W) rmse (KM) rmse (W) rmse (KM) 

#reduction 12 16 10 11 
#increase 12 8 9 10 
# unchanged 13 14 20 16 
#Total 37 38 39 37 

4.3.3 Wilcoxon signed-ranked test 
The Wilcoxon signed-ranked test was applied to the data collected to 
verify the existence of a statistically relevant difference between the data 
collected before and after the application of the proposed methods. The 
analysis encompassed the weight and the knowledge maturity both at 
the individual and team level. The first analysis was run to verify the 
degree of alignment within each team after step 3 concerning both 
weight and KM. The Wilcoxon signed-ranked test showed that a statically 
relevant difference between the data collected before and after applying 
the method exists. In detail, both the analysis of the weight and of the 
knowledge maturity shows a p-value inferior to 0.05, as shown in Table 
12. 

Table 12. Results of Wilcoxon singed-rank test four knowledge maturity and weights at team 
level after step 3. 

Variable studied Confidence level selected P-value 

Weights 95% <0.00001 

Knowledge Maturity 95% 0.00012 

The statistics was further applied to verify if a statistically relevant 
increase or decrease of the knowledge maturity was induced by the 
application of the method after step 3. In this case, the test gave a p-value 
of 0.029 indicating that a significant change happened. In a further 
analysis, it was not possible to verify through the Wilcoxon signed-rank 
test if the identified changes were particularly focused on the Leading 
Sustainability Criteria or on the Main Design Objective. This was because 
the reduction of the population of data in 2 sub-groups created a data 
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sample not large enough for the distribution of the Wilcoxon W statistic 
to form a normal distribution, thus not rendering an accurate p-value. 

 EFFECTS RELATED TO KNOWLEDGE MATURITY OF DECISION 

SUPPORT (A4) 
Student responses to feedback question 5, see table 13, the company 
case discussion and the quantitative analysis of the change in average KM 
levels were used to investigate assumption a4. 

Table 13. Feedback question 5 with example response. 

How was the maturity of the 
weighting of solution needs and 
leading sustainability criteria 
influenced by the CLD exercise? 

Affec
ted 

Not 
affec
ted 

No change been done after the 
CLD exercises was made. 

In Q5, there were slightly more responses that voted ‘not affected’ than 
‘affected’ to whether the maturity of the weighting was affected or not 
by the CLD exercise, with an even distribution between the PSS group 
and the SE group. The comments, of which seven were coded with 
‘moderate or no change’, further indicate that the KM levels of the 
weights neither increased, nor decreased, on a team level. The 
quantitative analysis of the team’s KM values, see Table 14, also shows 
that if there was a change in the average KM, it was more common with 
a reduction of the KM for LSC and for LSC and MDOs combined, and an 
increase for MDOs. However, most teams’ average KM values were not 
changed. 

Observations and discussion in the company case workshop reveal that 
different approaches were used to agree upon weights and KM levels, 
both during the individual and team assessment of weights and KM, as 
well as for the links in the CLDs. One of the teams decided to lower the 
KM level if the teams’ individual KM levels were not aligned, while the 
other team decided to use the average. Both teams however applied the 
‘average’ approach to decide about weights. Furthermore, three 
company responses to Q5 indicate that the CLD exercise allowed LSC 
and MDOs to be discussed on the same terms, but it is unclear whether it 
had an immediate impact on the KM. ”Difficult to say, but I didn't notice 
any difference in how the discussions developed based on adding 
sustainability into the discussion. This is probably something that will come 
into focus if we continue this work”. The concept of KM was appreciated, 
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especially combined, and integrated with the visual demonstration of 
relationships between MDO’s and LSC.  Not only the visualization of 
relationships was mentioned but also their direction and type (i.e., 
balancing or reinforcing) as well as the sizes and colors, which 
represented the weights and KM levels. Together, these elements helped 
to highlight a current lack of established definitions, and thus shared 
understanding, for even the most common high-level requirements 
(MDOs) such as ‘safety’. 

Table 14. Overview of KM analysis results. 

Team 

Average KM (LSC + 
MDO's) 

Average KM (LSC) Average KM (MDO's) 

step 
2 

step 4 change (%) step 
2 

step 
4 

change 
(%) 

step 
2 

step 
4 

change 
(%) 

1 2,92  2,92  0,00  2,88  2,88  0,00  3,00  3,00  0,00  

2 3,10  3,10  0,00  2,83  2,83  0,00  3,50  3,50  0,00  

3 3,00  2,90  -0,03  3,00  3,00  0,00  3,00  2,75  -0,09  

4 2,94  2,75  -0,07  2,75  2,67  -0,03  3,50  3,00  -0,17  

5 4,50  4,50  0,00  4,00  4,00  0,00  5,00  5,00  0,00  

6 4,00  4,00  0,00  3,20  3,20  0,00  4,80  4,80  0,00  

7 3,54  3,54  0,00  3,33  3,33  0,00  3,54  4,00  0,12  

8 3,13  3,13  0,00  3,25  3,25  0,00  3,00  3,50  0,14  

9 4,13  4,13  0,00  4,75  4,75  0,00  3,50  3,50  0,00  

10 4,55  3,82  -0,19  4,33  2,83  -0,53  4,80  5,00  0,04  

11 3,63  3,88  0,06  3,67  4,33  0,15  3,60  3,60  0,00  

12 3,80  3,50  -0,09  3,83  3,33  -0,15  3,75  3,75  0,00  

13 4,00  3,71  -0,08  3,75  3,75  0,00  4,33  3,67  -0,18  

 GENERAL FEEDBACK AND OBSERVATIONS 
Concerning Q7, there were generally fewer comments with general 
feedback than the other questions. However, among the responses to 
this question, several could be coded with ‘increased systems view’, 
indicating that some participants left the exercise feeling that they better 
learned about the sustainability implications in their specific design 
context. When considering the code frequency from other questions, 
several comments indicate that the CLD exercise and the related tool 
were challenging to use, that the available time was too short, or that it 
would have been suited better at an earlier or later time in the design 
projects. This is implied by comments from some participants who were 
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experiencing that there was a lot of repetition as they had to go through 
the assessment steps several times and were coded with ‘difficult to 
use/unclear instructions’. Some participants suggest that more time is 
needed for all steps, especially when the users are new to the tools and 
templates, and the utility might be more significant when team members 
do not have the same background. 

Company comments to C7 indicate that the company participants were 
largely positive about the workshop idea and design. The CLD exercise 
provided a platform for shared learning through visualization, the 
exchange of perspectives, and the need for agreement around system 
dependencies. One participant commented the following: “Interesting 
approach to incorporate the sustainability into the overall requirement 
picture. Also, the tool to map dependency between sustainability with other 
"ordinary" requirements was good.”  C6 and Q6 were not answered since 
the workshop step that these questions refer to were excluded from the 
company workshop design. Instead, an analysis of the CLDs was 
conducted by the team leaders and the researchers after the workshop. 
In the workshop discussion, the participants commented that these 
aspects helped structure and stimulate the discussion, although the 
different scales for KM (1-4) and weighting (1-5) were perceived as 
somewhat confusing at the beginning of the workshop. The company 
also mentioned that the approach could be used to foster a more generic 
understanding of sustainability and its relative importance to other 
design objectives, and not for a context-specific design case. 

5 DISCUSSION 
From the results analysis of the investigations of the four assumptions, it 
is possible to discuss the research question that guided the study, i.e., 
‘what are the effects of a group model building approach on early 
sustainability design decisions?’. The assumptions were that the 
proposed GMB approach would help the design teams to a1) foster an 
improved contextual understanding of what sustainability means for 
their specific design project, a2) align their view of the relative 
importance of sustainability, a3) identify suitable actions to enable 
sustainability performance improvements in line with other design 
objectives, which will a4) leverage an increase in knowledge maturity, i.e., 
quality of their design decisions. The research design, i.e., a mixed-
methods approach using a quasi-experiment and qualitative data 
analysis, is motivated by a general lack of research that critically 
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evaluates measurable impacts of design decision support (Cash et al., 
2022).  

The results analysis of the responses to the feedback survey indicates that 
CAUSAL influenced the understanding of relationships between LSC and 
MDOs on both an individual and a team level. The participants 
experienced that they could unravel the implications of sustainability on 
their design project as they adopted a systems perspective and clarified 
the interdependencies between different design objectives – including 
the sustainability criteria. The feedback comments also indicated that the 
participants experienced a more robust alignment of weights and KM 
after going through CAUSAL but that weights and KM did not drastically 
change compared to before. In other words, the teams felt that they 
learned better about the role of sustainability but did not adjust the 
weights for neither LSC nor MDOs significantly. Similarly, the teams 
experienced that CAUSAL allowed them to become better aligned in 
their view of the KM of their weightings, but the aligned understanding 
did not on its own leverage higher, or lower, KM-levels. The investigation 
of the assumptions will now be discussed in detail. 

 EFFECTS ON CONTEXTUAL SUSTAINABILITY 

UNDERSTANDING, TEAM ALIGNMENT, IDENTIFICATION OF 

IMPROVEMENT ACTIONS, AND MATURITY OF DESIGN 

DECISIONS 
Assumption 1 was that CAUSAL would help the teams to foster an 
improved contextual understanding of what sustainability means for 
their specific design project. To investigate this assumption, we analyzed 
feedback survey responses to questions Q1 and Q2 and compared these 
with observations from workshop templates and findings in the company 
case discussions. Among the findings, there are several indications that 
CAUSAL supported an enhanced sustainability understanding on both an 
individual and a team level. Frequently used codes in the thematic 
analysis of these two feedback questions were ‘increased systems view’, 
‘better understanding of sustainability’, and ‘visual 
guidance/clarification’. Among the responses, there are also examples of 
statements indicating that CAUSAL led to the revision of weights and KM 
levels. These statements are supported by findings in the workshop 
templates, where the participants provide examples of unexpected 
relationships, dependencies, and trade-offs among LSC and MDOs. Such 
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examples could be found in CLDs in all three student groups and were 
mentioned by both teams in the company case discussion. In the 
company case, there was also a team that identified two additional MDOs 
which they considered to be key influencing factors for the optimal 
performance of their case scenario, from both a traditional and a 
sustainability point of view. As such results were found in all three student 
teams, despite the fact that they went through the workshop at different 
times in their projects, allow us to believe that it can be assumed that a 
GMB approach can be a useful means to leverage a deeper understanding 
of sustainability impacts and implications in a specific design context. 
Such comments also occurred in the company case discussion. 

Assumption 2 was that CAUSAL would help align the participants’ views 
of the relative importance of sustainability in relation to other design 
objectives, and the perceived robustness of their decision-making. For 
this purpose, we analyzed the variance and rmse in the weighting and KM 
assessment before and after CAUSAL. The comparison of the team 
variance, i.e., dispersion of weight- and KM values, shows that in most 
teams the team variance decreased after CAUSAL. A Wilcoxon signed-
rank test of these comparison results confirms that there was a significant 
difference in average team variance before and after CAUSAL. In this 
way, it seems as if CAUSAL did help the teams to align their views of how 
sustainability should be weighted in relation to other design objectives, 
and how robust the weights were.  These findings are in line with the 
assumption and thus with previous findings from GMB applications, i.e., 
that GMB supports the creation of shared mental models around multi-
disciplinary and complex problems, e.g.,(de Gooyert et al., 2022; 
McCardle-Keurentjes et al., 2018; Sterman, 2009).  

However, the rmse comparison does not indicate that the participants on 
average reduced their deviation from the team values after CAUSAL. 
Only in the case of the KM for LSC, the number of reductions in rmse was 
larger than the number of increases, at the same time as the number of 
increases was lower than the number of unchanged rmse’s. Many 
participants had an unchanged average rmse, which might indicate that 
‘strong individuals’ influence the other team members’ way of thinking 
(Callaway et al., 1985). How such group dynamics affect design decision-
making around sustainability could therefore be an interesting area for 
future research, e.g., to complement recent findings discussing the 
importance of involving a sustainability expert role in product 
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development activities (Brambila-Macias & Sakao, 2021; Diaz et al., 
2021). Observations of the team discussions during weighting and KM 
assessments furthermore revealed that different approaches were used 
to decide about weights and KM levels. For instance, the two company 
teams both decided that every time the team members were not 
agreeing on weight, they selected the average. But for the KM 
assessment, one of the teams decided that if they did not agree on the 
KM, they went for the lowest KM level, while the other team always 
discussed and did not apply a systematic method. As our results analysis 
did not consider these different approaches, they open another area for 
further investigation, for instance, a comparative case study to 
investigate the effects on the weighting of sustainability criteria. 

Assumption 3 suggested that CAUSAL would help the teams to identify 
suitable actions to enable sustainability performance improvements in 
line with other design objectives. To investigate this assumption, we 
analyzed feedback survey responses, findings in the workshop templates, 
and statements from the company case discussion. Most student teams 
identified the possibility to conduct sustainability impact assessments to 
learn more in detail about the potential lifecycle impacts of their design 
solution, thus providing a more robust information base for design 
decisions at later stages in their project. However, such generically 
applicable actions could likely have been identified without CAUSAL 
(Stave, 2010). More interesting are examples of specific actions, such as 
the need to investigate the implications of a design solution on user 
integrity (PSS1), a suggestion to introduce the target to completely avoid 
landfilling at the end-of-life (SE5) and to enable reuse and 
remanufacturing of the product component in a product-service system 
solution (PSS10).  

In the company case, it was found that in-depth analyses are needed to 
clarify whether there are any trade-offs between the sustainability 
criteria remanufacturing and recycling strategies, and how these might 
be avoided. It was also found that additional requirements should be 
considered as main design objectives and that there is a need to improve 
the understanding of the implications of sustainability criteria not only in 
the use phase and maintenance but also on the manufacturability and the 
supplier network. Despite the lack of a control group for the student team 
findings and the limited time for this step in the company workshops, the 
triangulation of these findings suggests that the CLD exercise was useful 
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to trigger ideas that might not have occurred in a more traditional 
discussion (Melander, 2017; McCardle-Keurentjes et al., 2018).  

Finally, assumption 4 suggested that CAUSAL would help the design 
teams to increase the robustness of their design decisions. To investigate 
this assumption, we compared the average KM values, for both LSC and 
MDO combined and separated, before and after CAUSAL. The results 
cannot support this assumption as no significant change, neither increase 
nor reduction could be seen among the average KM values. Another 
measurement than the average KM value might provide a more accurate 
representation of the effect on KM, since the different levels of KM 
constitute a Likert scale, in which the extreme values tend to be avoided 
by questionnaire respondents (Theofanidis & Fountouki, 2018).A follow-
up study in which the same set of MDOs and LSC is used by all teams 
could also compare the effect on KM in more detail than was possible in 
this study where each team used their unique set, as for instance in 
(Bertoni et al., 2015). However, even though CAUSAL cannot claim to 
have increased the average KM values, the participants still appreciated 
the discussion around maturity. The company teams mentioned that the 
concept of KM, especially combined with visualization and dependency-
mapping, was useful as a trigger for a structured discussion about 
requirements and sustainability at an early stage. The whole workshop, 
including the GMB with its CLD exercise, also unraveled the improvement 
potential of the current requirement management system which could 
enhance the transparency and traceability of design decisions, such as 
increased clarity of requirement definitions. 

Due to the Covid-19 pandemic, we had limited opportunity to test the 
CAUSAL approach in the industry. Testing the approach with student 
project teams however provided an opportunity for a larger sample size, 
thus providing more data to a quantitative assessment of the effects in 
relation to the research question and two of its guiding assumptions. The 
student groups were also at slightly different stages in their projects, 
which according to the student feedback might have affected how 
aligned their views of the weights and KM levels were as they entered the 
workshops. 

For instance, the SE group had just started their projects and had not yet 
been able to develop ‘individual expertise areas’ in their teams. The PSSA 
teams had come furthest in their projects and were closer to the concept 
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development phase than teams from PSSB and SE. The PSSA teams 
were, hence, presumably also quite well-aligned around the relative 
priority of their MDO’s and had had the most time to gather information 
to share among each other, which could support their reasoning around 
KM levels of these weights. Being close to the concept selection phase in 
their projects, there is also a risk that these students, like any design team 
in industry, were less motivated to bring in new perspectives (Ulrich & 
Eppinger, 2012). The PSSB team, on the other hand, had worked with 
their projects for a couple of weeks and started to establish these expert 
areas as different project tasks were divided between their members, like 
what in a company would resemble a ‘pre-study’(Ulrich & Eppinger, 
2012). What the most effective timing and setting for applying methods 
for sustainable product development and decision support for 
sustainability could hence also be an important area for future research, 
especially in combination with an improved understanding of the role of 
group dynamics. 

A final limitation in the research design is the time for each workshop 
step, and especially the CLD exercise, which several participants found 
too short. The results from the company workshop confirm the lack of 
time, as the teams did not have time to fully apply the visualization 
scheme (of weights and KM values) to their CLDs, and since step 3 needed 
to be modified. Future work should therefore assign more time to the 
CLD exercise and, e.g., analyze how well participants’ expected findings 
match with findings from a CLD, like in, e.g., (McCardle-Keurentjes et al., 
2018). This could be investigated in an in-depth study with industry 
participants to complement the quantitative findings from this study. 

 CONTRIBUTIONS 
Having proposed and tested a novel approach, CAUSAL, this research 
provides several interesting findings that can be useful for the continued 
research and implementation of sustainable product design and 
development. CAUSAL can be used to raise shared, contextual 
sustainability understanding and systems thinking in a design team in 
early-phase product development.  

CAUSAL offers practitioners and education an approach which draws upon 
scientifically verified methods to enhance the traceability and 
transparency of design decisions, i.e., knowledge maturity, and 
credibility of decision support for sustainability, i.e., group model building 
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with causal loop diagrams. As such, this research contributes to practice 
and academia with an example of how transdisciplinary approaches can 
be used to serve an integration of different knowledge domains, which is 
crucial in design for sustainability (Brambila-Macias & Sakao, 2021). 
CAUSAL encourages a critical discussion about how contextually relevant 
sustainability criteria and traditional main design objectives, e.g., high-
level needs such as functional requirements, influence one another using 
causal loop diagramming and color-coding.  

To academia, this research provides a platform for in-depth studies on, 
e.g., group dynamics and influence of timing on the outcomes of group 
model building applications in sustainable product development. The 
investigation of assumptions using a mixed-methods approach can also 
be used as an example of how to evaluate actual effects of academic 
contributions on the design process, and on design outcomes, which is 
rare in design research in general, e.g., (Cash, 2018) and in research for 
sustainable product development in particular, e.g., (da Costa et al., 2020; 
Prendeville et al., 2017). In doing so, this research adds to previous 
findings that highlight the importance of establishing practices that 
ensure high-quality sustainable product development decision support in 
these very early phases of product development (Cash et al., 2003; 
García-Mireles & Villa-Martínez, 2018). 

6 CONCLUSIONS AND FUTURE WORK 
This research has presented and evaluated a GMB approach to increase 
the credibility, salience, and legitimacy of decision support for 
sustainable product development. A CLD exercise combined with a 
visualization scheme to encourage a critical discussion about the relative 
importance of sustainability criteria, LSC, and traditional main design 
objectives, MDOs, was therefore developed and tested in three student 
groups and a company case. From the main research question, four 
assumptions guided the research design in which the approach was 
analyzed concerning its effects on contextual sustainability 
understanding, team alignment, identification of improvement actions, 
and maturity of design decisions. Having considered several limitations 
of the research design, the findings still suggest that the proposed 
approach had a converging effect on the team members’ understanding 
of sustainability in their specific design context. The approach also helped 
the teams to identify contextually relevant improvement actions, as well 
as unanticipated trade-offs and synergies between LSC and MDOs. 
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Although the approach did not leverage an increased average KM level 
for the weights assigned to the LSC, participants still found value in the 
reflection and visualization of KM as it provided structure and 
transparency to the discussion. Hence, this research has generated 
insights about how more transparent processes for inclusion and 
weighting of sustainability criteria in requirements for product 
development can be organized. The findings also provide several 
opportunities for important continued studies for the implementation 
and realization of sustainable product development. Examples are, e.g., 
in-depth studies in industry to determine when and how group modelling 
techniques are most effective to support sustainable product 
development and decision-support for sustainability, especially in 
combination with the role of group dynamics. 
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APPENDIX A. CAUSAL WORKSHOP TEMPLATE 
The figures in this appendix shows excerpts from the CAUSAL workshop 
template. 

 
Figure A1. Excerpt from CAUSAL workshop template, step 1 & 3. 
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Figure A2. Excerpts from CAUSAL workshop template, step 2. 
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APPENDIX B. FEEDBACK ANALYSIS 
Overview of thematic codes and code frequencies in student responses 
to feedback questions 1-6. The analysis was conducted in MAXQDA. 

Table B1. Code overview 
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Table B2. Code overview, continued. 
Improve 

sustainability 

performance 

1

9 
sustainability of materials 1

3 

3

0 

3

7 

     
1

3 

 

2

0 
avoid landfill 4 

 
  

   
6 

   

2

1 
transport 1 

 
  

       

2

2 
reduce energy use 1 

 
  

     
1 

 

2

3 
avoid fossil fuels 2 

 
  

     
2 

 

2

4 
reuse/remanufacturable 

components 

3 
 

  
    

1 2 
 

2

5 
social- use phase 6     

    
1 5 

 

Assessment 2

7 
LCA 4 7   

     
9 

 

2

8 
sustainability performance 

improvement/assessment 

3                   

3

2 
tool used too late/too early in 

project 

3 1

3 

1

3 

  
1 

   
1 

3

3 
difficult to use/unclear 

instructions 

3 
 

  1 1 1 
 

1 
  

3

4 
sustainability not important 

for SE 

1 
 

  
      

1 

3

5 
time 3 

 
  

      
2 

3

7 
worked in a team all the time 1 

 
  1 

      

3

8 
'all sod tools are the same' 1 

 
  1 

      

4

0 
not useful 1     1 
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Abstract 

In this research some systemic forces to sustainable design are described 
and mapped out, along with key areas, dimensions and stakeholders. 
These results are visualized in a causal loop diagram (CLD), which was the 
outcome of a group model building approach supported by a literature 
review. Within the proposed system model, represented by the system-
level variables and their relationships within the CLD, some potential 
leverage points that can help make product design better contribute to 
sustainability are identified and described. These can be found in the 
balancing and reinforcing feedback loops of the CLD as well as the 
mapping to societal dimensions of sustainability transitions and 
stakeholder groups. Among the stakeholder groups, business managers, 
scientific researchers and engineering designers can be tied to the design 
community. Future research is proposed to build on these initial results to 
deepen the knowledge about the systemic drivers and barriers and 
leverage the contribution of design practice to sustainable development. 

Keywords: Sustainability; Decision making; Complexity; Sustainable 
product development; Causal loop diagram  
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1 INTRODUCTION 
Industry, and particularly the manufacturing industry, is a profound 
contributor to our common sustainability challenges. However, in a 
sustainable future scenario, products will still be needed, either in the 
shape of pure artefacts or as part of combined, perhaps digitalized, 
product-service system solutions (Opazo-Basáez et al., 2018; Hoffman et 
al., 2019; Hojnkik, 2018). New products, technologies and services are 
required to contribute to a sustainable development to realize a transition 
to sustainability. To do so, product innovation must increase integration 
of sustainability considerations into the design rationale, see e.g., 
Ceschin (2016). This leads to a challenge in identifying key actors and 
areas in the socio-ecological system which product development should 
address to leverage sustainable development, see e.g., Gagnon et al. 
(2012); Miedzinski et al. (2019). Several initiatives such as cleaner 
production, ecodesign, and recently, circular economy, provide valuable 
ideas and examples for how industry can use social and ecological criteria 
as value drivers in their businesses. To aid product developing companies, 
several methods, strategies and tools have been developed which aim to 
help designers and decision-makers in the product innovation process in 
identifying sustainability criteria, and to integrate these into traditional 
decision support tools (Bovea & Pérez-Belis, 2012). The approaches 
include simplified lifecycle assessments, and sustainability-adaptations 
of quality-function deployment, concept-selection matrices, technology 
readiness-levels, material selection guides, and sustainability compliance 
indices, to mention a few (Watz & Hallstedt, 2018). Unfortunately, the 
shift from business as usual is often too slow, and the strategies, methods 
and tools for sustainable design are seldom implemented by companies 
(Faludi et al., 2020). In addition, to realize a sustainability transition, 
product development needs to adopt a systemic (Bengtsson et al.,2016) 
and strategic (Baumgartner, 2016) sustainability perspective instead of 
continuing in the paradigm of incremental improvement and efficiency of 
sustainability aspects (Dyllick and Rost,2017). Radical systemic shift 
requires that interdependencies between different system dimensions 
and stakeholders are increasingly considered. Deepening our awareness 
and understanding of these interactions might enable areas of 
interdependency to act as leverage points and thus to cascade local 
changes throughout the system. To do so, product development 
companies must increase their capabilities, in terms of both know-how 
and decision support, to capture and integrate social and ecological 
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criteria that go beyond regulatory compliance using a systems 
perspective (Watz and Hallstedt, 2020). In the light of this background, 
this research seeks to explore two questions: What are the systemic 
forces that serve as drivers and barriers to sustainable design?, and 
among those, What are the key systemic leverage points that can make 
product design better contribute to sustainability? The objectives are 
threefold, namely to (i) identify, describe and organize systemic variables 
and mechanisms in society that influence the adoption of sustainable 
product development approaches and thereby sustainability 
improvements, (ii) discuss and map how these are related, and (iii) 
identify key societal dimensions and stakeholders along with their 
opportunities to make change within the proposed system. Through this, 
we aim to provide product developing companies with a platform for 
increased capabilities to capture and address societal and ecological 
needs in early design phases and to create common solutions in the value 
chain to speed up the development of sustainable design solutions. 

2 RESEARCH APPROACH 
The research questions are addressed with a group model building (GMB) 
approach that is supported by a literature review, resulting in a causal 
loop diagram (CLD). GMB is a useful method for collaborative learning 
and creation of decision support in complex systems (Vennix, 1999) and 
has become well-used within sustainability research (Hjort & Bagheri, 
2006; Fiksel, 2006). GMB is traditionally organized in five steps (Andersen 
et al., 2007). CLDs can be used in the first two steps during which the 
participants together define the problem, including (1) identification of 
systemic variables, and (2) formulation of a dynamic hypothesis. This 
second step qualitatively illustrates how the variables influence one 
another and the general behaviors within the system. Reinforcing and 
balancing relationships as well as delayed feedback can be visualized with 
standard symbols, which will be described in the next section. In step (3), 
stock-and flow functions can be defined for the relationships between the 
CLD variables, creating a system dynamic (SD) simulation model. Step (4) 
involves model testing, allowing for smaller modifications, and step (5) 
involves policy design and evaluation (Andersen et al., 2007). Although 
SD models provide the opportunity to simulate policy interventions, both 
CLDs and SD models can be used to identify leverage points, i.e., where 
to intervene in the system to improve its performance. Since the goal for 
the participants, who may come from different backgrounds, is to build 
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and agree on a common model, the construction of a CLD generally 
requires several modeling iterations. In this way they may learn from 
other participants’ perspectives of the system and transparently co-
create a decision support (Coyle, 2000). 

This research applied the first two steps of the general GMB process, 
which will be continued in a second research phase. In a total of ten 
modelling iterations, the three authors co-created a CLD that captures 
the key factors that connect engineering design to sustainability 
outcomes, based on their prior knowledge and expertise in the area of 
sustainable design and product development, while guided by key 
literature through a general extended literature review (Thomas and 
Hodges, 2010). A reference framework for key societal dimensions of 
sustainability transitions (Miedzinski et al., 2019) is adopted to ensure 
that the CLD covers key areas and stakeholders. 

3 SYSTEMIC FORCES THAT INFLUENCE SUSTAINABLE 

DESIGN 
The CLD emerged, and was continuously revised and refined, during the 
iterative modelling sessions, using input from the researchers’ experience 
and the literature review. The thirteen system-level variables (V1-V13), 
represent the qualitative factors which were identified, and the arrows 
indicate how they are interrelated and influence one another. The CLD 
provided in Figure 1 outlines the variables and links as a result of the 
iterative GMB process. Thereafter follows a description of the CLD along 
with a list of variable definitions and supporting literature in Tables 1 and 
2. 

The variables, which at this stage represent high-level phenomena, are 
defined in such a way that they can increase or decrease depending on 
the influence of another variable. A positive (+) arrow indicates that the 
variables change together in the same direction, i.e., an increase in 
variable ‘X’ leads to an increase of variable ‘Y’, whereas a negative (-) 
arrow indicates that they change in opposite directions. Positive and 
negative arrows in the diagram, hence, do not correspond to 'increase' or 
'decrease', but can be understood as 'same' or 'opposite'. For example, 
the positive arrow between V11 and V12 is to be understood as 'when the 
implementation of sustainable product development in general 
engineering practice increases (or decreases), sustainability performance 
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of available product offerings and service solutions also increases (or 
decreases)'. The negative arrow between V7 and V4 describes that 'when 
the availability and affordability of sustainability-improving material 
flows and processes increases (or decreases), the number of established 
environmental and social sustainability policies oppositely decrease (or 
increase)'.  A looping ‘R-arrow’ in the diagram indicates a reinforcing 
relationship between its connected variables, while a looping ‘B-arrow’ 
indicates that the relationship is balancing. A reinforcing loop can act as 
either a driver or a barrier, depending on how the variables in that loop 
change, whereas a balancing loop can be seen as a mechanism that 
maintains the status quo. 

 
Figure 1. Causal loop diagram (CLD) resulting from iterative group model building (GMB) 
process. The variable colours, and the neon dots, refer to the stakeholders and societal 
dimensions identified in section 4. 

The CLD describes that the status of the Earth’s socio-ecological system, 
i.e., its health and ability to sustain over time, can be understood as its 
sustainability performance (V1). While the performance of the ecological 
system depends on the pressures and impact from society, see e.g., the 
planetary boundaries, the functioning of the social system depends on 
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how society itself is organized. Human systems, such as economy, 
welfare and political structures, affect access to nature as a resource, the 
conditions for individuals to live good lives, and through those, the 
conditions for companies to operate. Sustainability in the socio-
ecological system is influenced by the manufacturing, adoption and use 
of products and technologies that we use in our society, along with their 
socioecological lifecycle impacts (V12, V13). Awareness and concern 
about sustainability (V3) is a response to changing behaviour of nature 
and society, i.e., changing socio-ecological system conditions that 
challenge the ability to meet the needs of society. As a consequence, 
more investments in sustainability research are made (V5) in different 
domains of society, including public, business, non-profit, and non-
governmental institutions. These research investments lead to results 
that increase our shared knowledge about socio-ecological systems and 
sustainability (V6), which in turn may increase the societal sustainability 
concern even more (V3). An important factor, however, is the cultural 
value of sustainability in the society (V2), which might constrain or 
enforce the sustainability concern, thus regulating the desire to invest in 
research and policymaking for sustainable development. 

Table 2. CLD variable definitions and supporting literature, part 2. 
Variable Description (example references in italic) 

V1. Sustainability 
performance of the socio-
ecological system. 

Sustainability can be described as a state of balance in, and between, 
the Earth’s socio-ecological systems. This can be defined using 
overarching socio-ecological sustainability principles. Sustainable 
development can be understood as progress towards this state.  
Steffen, W., et al. (2015); Broman, G. I., & Robèrt, K. H. (2017). 

V2. Cultural value of 
sustainability. 

The cultural value of sustainability is related to the existing social 
norms and the historical connection between the people and nature.  
Tata, J., & Prasad, S. (2015) 

V3. Societal awareness 
and concern about 
sustainability. 

The general level of knowledge, concern, and desired/intended 
sustainability action by the public and key stakeholders.  
Korotkova, A. V. (2020); Nagaichuk, N., et al. (2020) 

V4. Number of 
established 
environmental & social 
'sustainability policies'. 

The presence and stringency of measures and initiatives, on local, 
regional and global scales, targeting sustainable development. 
Examples include environmental law, market regulations, trade or 
sector agreements, directives, standards, reporting initiatives and 
labels.  
Köhler, J., et al. (2019) 

V5. Investments in 
sustainability research 
and education (public, 
private, non-profit). 

Public, private, and non-profit entities invest in research projects to 
increase knowledge about socio-ecological systems and capabilities 
to facilitate sustainable development. Research funding is provided 
both to basic sciences, i.e., natural science and social sciences, and to 
applied sciences, such as sustainable technology, transdisciplinarity 
and governance as well as economics and business models. 
Sustainability is also introduced and taught in education at various 
levels and disciplines. 
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Köhler, J., et al. (2019); Lozano, R., et al. (2015)  

Table 2. CLD variable definitions and supporting literature, part 2. 
Variable Description (example references in italic) 

V6. Fundamental 
knowledge about 
socio-ecological 
systems, 
sustainability, and 
sustainable 
development. 

Knowledge about the status of natural resources and human society, 
i.e., the ability of the environment and society to provide the necessary 
conditions for a healthy planet with fair living conditions, now and long-
term. This is also knowledge and know-how about technology, 
business models and governance that can support sustainable 
development. 
Miller, T. R. (2013) 

V7. Availability and 
affordability of 
sustainability-
improving materials 
and flows and 
processes.  

Sustainable materials and manufacturing processes are critical to a 
sustainability transformation, especially their availability (existence and 
widespread access) and affordability (competitive costs).   
Köhler, J., et al. (2019) 

V8. Sustainable 
design drivers for 
companies. 

Companies are driven by their core values and external incentives. 
Sustainable design drivers include direct demand from 
customers/users, design and manufacturing capabilities, the policy 
environment, shareholders'/owners' values, and internal demand from 
employees.  
Laurenti, R., et al. (2016); Dyllick, T., & Muff, K. (2016) 

V9. Development 
and availability of 
value-added 
sustainable design 
approaches. 

The development and availability of actionable processes, methods, 
and tools that encourage sustainable design, and which are available, 
effective, and easy for industry to use and implement. Ceschin, F., & 
Gaziulusoy, I. (2016); Faludi et al. (2020) 

V10. Capabilities for 
sustainable design 
and product 
development. 

Industrial and academic knowledge, skills and competency about how 
to design for sustainability.  
Karlsson, R., & Luttropp, C. (2016); Hallstedt, S. (2008) 

V11. Sustainable 
product 
development in 
general engineering 
design practice. 

The maturity level of sustainable design implementation, in terms of 
systematic implementation in product development management 
structures, as well as organizational know-how and culture, enables 
sustainability integration into engineering requirements and business 
strategy development.  
Watz, M., & Hallstedt, S.I., (2020); Hallstedt, S. I., Thompson, A. W., & 
Lindahl, P. (2013); Pigosso, D. C., & McAloone, T. C. (2016) 

V12. Sustainability 
of available product 
offerings and 
product service 
solutions.  

The share of a company’s product offerings with comparatively positive 
social and ecological impact, as well as the actual sustainability 
performance of those offerings (including economic value). Along with 
competitors' product offerings, this product stream feeds into the 
sustainability level of product and service offerings at the market. 
Bengtsson, M., et al. (2018); Dyllick, T., & Rost, Z. (2017)  

V13. Sustainable 
product purchasing 
and use/behaviour.  

How customers interact with products, including their selection of 
more or less sustainable options to purchase and the ways that they 
later use those products (e.g., higher or lower energy consumption, or 
length of first use cycle).  
Fargnoli, M., et al. (2018)   
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The knowledge about socio-ecological systems and sustainability can 
also be used in applied research leading to development and increased 
availability of sustainable design methods and tools that add business 
value, which can be economic or allude to corporate values (V9), and to 
the organizations that decide to implement them (V11), increasing known 
triggers to sustainable design in companies (V8). For a business to be 
successful while contributing to a sustainability transition, increased 
knowledge about socio-ecological systems and sustainability is required. 
This helps identifying and improving the availability and affordability of 
sustainability-improving material flows and processes (V7), which is 
another driver for sustainable design in companies (V8). Combined with 
better understanding of the characteristics and business benefits of 
products which contribute to sustainability, these aspects together grow 
capabilities for sustainable design and product development (V10). 
Increased societal awareness (V3) also leads to the development and 
ratification of environmental and social sustainability policies, laws and 
regulations, including but not limited to initiatives such as mandates for 
minimum sustainability performance, sustainability labelling, 
certification and standards institutes, and global reporting (V4). Together 
with a growing concern about sustainability, which may increase the 
purchasing and use of sustainable product-service offerings in society, a 
direct driver for more sustainable design development in companies (V8), 
the affordability of sustainability improving material flows and processes 
can increase further (V7). 

Once drivers for sustainable design have been identified and 
acknowledged by product developing companies, the methods and tools 
for sustainable design together with new knowledge about sustainability-
improving material flows and processes can drive the development and 
manufacture of product (and service) offerings (V12), from which 
consumers can then choose to purchase and use in more or less 
sustainable ways (V13), thereby influencing the sustainability 
performance of the socio-ecological system (V1). 

4 KEY AREAS INFLUENCING THE SOCIETAL 

DIMENSIONS OF SUSTAINABILITY TRANSITIONS 
The CLD in Figure 1 illustrates the proposed systemic relationships 
among key variables, the relationships among them, sustainability 
factors and their proliferation of sustainable design practices. Now, to 
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achieve a systemic change in society requires that all societal dimensions 
are aligned towards the same objectives (Miedzinski et al., 2019). 
Therefore, these system dimensions need to be identified, and their 
challenges must be understood to motivate a change. Also, stakeholders 
need to be defined to enable a discussion about suitable measures to 
undertake in the system. While these societal dimensions and 
stakeholders were previously indicated with colour coding in Figure 1, 
they are detailed and justified in this section. 

Previous research has presented societal dimensions of sustainability 
transitions. For example, Miedzinski et al. (2019) define five societal 
dimensions: 1) cultures and values; 2) regulatory framework; 3) 
infrastructure and production systems; 4) business models; and 5) 
technologies, products, and processes. Our CLD proposes thirteen 
interlinked variables which represent key areas that together cover these 
five societal dimensions. In addition to the system variables and societal 
dimensions, seven key stakeholder groups were identified: i) the 
environment, ii) policy makers, iii) scientific researchers, iv) business 
managers, v) engineering designers, vi) consumers, and vii) general public 
(including macro-level societal structures to local communities). The CLD 
visualizes that stakeholders from each of the key areas indirectly can 
influence adoption of sustainable product development and design 
practices that contribute to sustainable development. This is through the 
nested interdependencies between the stakeholders and the activities 
within each area and in each societal dimension. These 
interdependencies may allow one change to cascade through the entire 
system, facilitating the identification of leverage points throughout the 
system that have the potential for systemic shifts.  

Figure 2 (see next page) illustrates how the 13 variables of the CLD map 
to the five societal dimensions. Although the variables likely are 
influenced by several stakeholder groups, a key stakeholder has been 
selected for each variable. This provides a starting point for future 
primary stakeholder research to better understand the mechanisms for 
change. The stakeholder groups were selected with consideration of their 
motivating factors, barriers, and decision-making capacities. 

• Technologies, product, and processes: The key stakeholders in this 
dimension are scientific researchers, who may be academic or 
industry-based, and engineering designers, who typically work for 



Matilda Watz 
Towards sustainable product development through the lens of requirements 

278 
 

product producing companies. Currently, sustainable product design 
in companies is limited by the availability of value-added sustainable 
design methods and tools, material and process options, and a lack of 
sustainability incorporation into general design practice. Many of 
these limitations can be advanced through research or proactive 
government or corporate policies. The outcomes of these decisions 
lead to products designed and offered in the marketplace, which may 
be more, or less, sustainable. Early innovation and management 
decisions have a major impact on the product life cycle, including 
production and resource flows. Sustainability criteria should 
therefore guide design decisions rather than be limited to assessing 
sustainability compliance to design decisions that already have been 
made. 

 
Figure 2. Mapping of CLD variables to the five societal dimensions of sustainability transitions 
and key stakeholder groups 

• Business models: This dimension corresponds with the right-side 
variables of the CLD in Figure 1, and it accounts for the actions and 
behaviours of business managers, designers, researchers, and 
consumers. Management sets high-level product strategies, 
researchers advance what is possible through sustainable design 
approaches, designers implement strategies using available methods 
to create products, and consumers respond to the available product 
offerings in a way that influences future product strategy. Business 
models are influenced by government policy and research progress, 
and they directly lead to the sustainability of products on the market 
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and sustainability performance. However, corporate values can also 
play a substantial role in driving or hindering sustainable design 
strategy and progress. 

• Infrastructure and production systems: This dimension is shaped by 
scientific researchers, who advance what is possible in materials, 
processes, and methods; business managers, who determine their 
product and production strategies and investments; and consumers, 
whose demand for products leads to shifts in production capacity 
needs as well as future product strategy. Available infrastructure and 
production systems often serve as an economic barrier to making 
significant shifts in product design over previous iterations. 

• Regulatory framework: Government policy plays a direct role in 
advancing sustainable products and sustainability research; this can 
be implemented through direct funding, monetary incentives, or 
mandates. Such policies can lead to research advances that result in 
more sustainable materials, processes, or methods, as well as direct 
sustainable design drivers for companies.  

• Culture and values: In democratic societies, regulatory frameworks 
are theoretically influenced by the will of the people, making the 
general public a driver for new or improved policies. Furthermore, 
consumer purchasing behavior, which is influenced by culture and 
values, can shift business priorities and thereby design strategies. 
Society’s culture and values are influenced by the state of 
sustainability in society, e.g., if there are no pressing environmental 
concerns, values may be focused on social or economic areas, as well 
as the fundamental knowledge about socio-ecological systems. 
Therefore, advancing our fundamental knowledge and creating a 
culture that values scientific understanding can play a major role in 
advancing sustainability through design. 

5 DISCUSSION AND FUTURE WORK 
Triggering systemic shifts across multiple societal dimensions is complex, 
as there may be different levels of resistance to change within different 
areas of the system. That is why the concept of leverage points, which 
may be intervened upon to act as drivers and barriers, is critical in the 
discussion about how different actors within the socio-ecological system 
can contribute to sustainable development (Hjorth and Bagheri, 2006). 
Although some actions or changes to the conditions within one area of 
the system might generate a positive effect, it might only be incremental. 
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Achieving systemic transition to sustainability requires that radical shifts 
take place within the areas that can influence several societal dimensions 
at the same time and in the same direction (Miedzinski et al., 2019). In the 
current model, systemic forces are depicted as variables, while ‘leverage 
points’ can be understood as specific variables in the context of balancing 
or reinforcing feedback loops. For example, variables 3, 5, and 6 create a 
positive reinforcing relationship of sustainability research, knowledge, 
and awareness that together may fuel the development and adoption of 
sustainable design approaches within companies. The only balancing 
loop, between variables 4 and 7, on the contrary indicates how the 
availability of sustainable materials may reduce regulatory measures, 
demonstrating a well-known barrier to increased sustainability 
improvement within product design. Although only one balancing loop 
was defined in the current CLD iteration, more sources of inertia in the 
system may later be unraveled and discovered among the other variables. 
In this way, we hope to guide a continued discussion and journey towards 
better knowledge about the sources of inertia that are embedded in the 
current system, which have identified several promising reinforcing 
leverage points that may serve as drivers for sustainable design. 

The goal of this paper is therefore that this CLD may reveal and help 
unravel some of the complexities within this system, guide a continued 
discussion about which efforts need to be made, and by whom, and 
thereby accelerate the contribution of product development to a 
sustainability transition. Product developing companies and design 
researchers can use this initial system models as a foundation for 
continued discussion on which measures product design and 
development should take to leverage systemic sustainability, including 
which stakeholder collaborations might need to be initiated or further 
developed. This will inform and enable the design community to act upon 
identified forces for accelerating a transition to sustainable design. 

In the next stages of this research, we suggest that the identified variables 
of the proposed CLD and their systemic relationships are confirmed, or 
otherwise revised, according to input from representatives of each of the 
key stakeholder groups. Starting with this initial CLD, semi-structured 
interviews with key stakeholders can provide first-hand, empirical input 
and refinements to our system understanding. This may unravel 
additional variables and leverage points, and importantly, a more 
detailed understanding of sources of inertia in the system. This could 
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generate a deeper awareness of not only the value driving forces, but also 
awareness of the balancing feedback mechanisms which currently serve 
as barriers to systemic sustainable design.  

Among the key stakeholders, the design research community contains 
members that include business managers, scientific researchers and 
engineering designers. Therefore, future research within the design 
community can focus on deepening the understanding of the variables 
and systemic relationships that can be linked to these three stakeholder 
groups. One immediate next step is for scientific researchers to interview 
and survey business managers and engineering designers to address the 
following questions: 
– How does sustainability fit into design requirements, and how can it 

fit in the future? 
– What factors are viewed as “trading off” with sustainability? 
– In what ways do capability limitations (e.g., lack of more sustainable 

material or process options, lack of ability to quantify trade-offs 
among economic, environmental, and social impacts) influence the 
sustainability profile of your products and services? 

– In what ways do historical data on consumer purchasing influence the 
design process? Does this limit or drive the sustainability level of your 
products? 

– In what ways do projections of consumer purchasing behaviour 
influence the design process?  

– How do you measure the sustainability of your products? 

To further scrutinize identified relationships that may remain unclear or 
that are determined as critical barriers to address, a design structure 
matrix could add value in better understanding the interconnected nature 
of some of these specific variables. Thereafter, a quantification of the 
modelled drivers and barriers, and their systemic relationships, can 
provide the opportunity for stakeholders to simulate the effect of 
interventions in the system. This could lead to effective interventions, 
i.e., that identified actions are directed to the leverage points which pave 
the way for sustainable design at systemic scale. 

6 CONCLUSIONS 
In this paper we have identified systemic forces in society that influence 
the adoption and evolution of sustainable product design and 
development. The results of a group model building approach, supported 
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by a literature review, are variables and mechanisms, visualized in a 
causal loop diagram (CLD) that outlines key areas, dimensions and 
stakeholders within the proposed system. In this way we have revealed 
some potential systemic forces that serve as drivers and barriers to 
sustainable design, presented as the system-level variables and their 
corresponding reinforcing and balancing relationships within the system 
model. In addition, we have mapped the variables to societal dimensions 
and stakeholder groups that together can help make product design 
better contribute to sustainability. Future research will focus on 
validating and detailing the understanding of the identified areas and 
stakeholders, which can enable simulations of system interventions that 
can be used as decision support within, and between, the stakeholder 
groups. 
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Product development companies’ attention to sus-
tainability is growing fast. However, contributing to 
sustainable development requires capabilities for 
navigating the complex needs and dependencies 
within the socioecological system. A correct inter-
pretation of needs is essential in product develop-
ment, as the requirements that those are trans-
formed into represent the shared understanding of 
the design problem that is to be solved. Ideally, the 
design problem is defined from a sustainability per-
spective with requirements that ensure that the 
solution does contribute to sustainable develop-
ment. Nonetheless, in practice companies find it 
challenging to integrate sustainability into require-
ments. Socioecological criteria therefore tend to 
be down-prioritized in trade-offs with traditionally 
identified requirements for engineering design.

This thesis asks the following question: “In which 
ways can decision-making practices for requirements 
development and management support sustainable 
product development?” and aims to provide deeper 
knowledge to academia and support product de-
velopment companies that wish to advance their 
contribution to sustainable development. A mainly 
qualitative research design using exploratory, de-
scriptive, and prescriptive studies clarifies the re-
search gap, as well as proposes and evaluates novel 
approaches to improve the state of knowledge and 
practice. These research studies are represented 
by the seven publications within this thesis. The 
first was a systematic literature review on current 
methods and tools for sustainability integration 
into requirements. Thereafter followed a multi-
ple-case study with semi-structured interviews 
with seven Swedish product development compa-
nies. A model of five key elements of sustainability 
integration in requirements corresponding to dif-
ferent sustainability maturity levels was proposed, 
which in a third, focus group case study with four 

companies, was developed into, and tested as, a 
self-assessment tool. The results were discussed 
in relation to theory on requirements engineer-
ing and sustainability design criteria, which em-
phasized that companies lack capabilities to con-
textualize requirements development using wider 
sustainability- and systems perspectives. Deci-
sion-makers responsible for requirements weight-
ing need to anchor sustainability as a value driver 
which requires transparency and traceability in 
decision-support. A fourth study therefore ex-
plored sustainability integration in value modelling 
for concept selection, and a fifth study proposed 
an approach to guide development of sustainabil-
ity criteria following requirement characteristics. 
The sixth study proposed an approach to inform 
requirement analysis through improved systems 
contextualization, transparency, and shared un-
derstanding of sustainability in relation to other 
design objectives. Finally, the seventh study pro-
vided an outlook and initial discussion to guide the 
identification of value drivers on a macro-level in 
society which could leverage an increased uptake 
of sustainability-oriented requirements in product 
development

Altogether this thesis provides insights and sup-
port, including methods, tools, and good exam-
ples, on how to build practices for making progress 
towards sustainable product development through 
the lens of requirements. The findings can be used 
in practice, for education of future engineers and 
decision-makers, and for continued research.
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