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Abstract
A radical shift in technology is necessary to enable future air transport solutions. Sustain-
ability targets for aeroengine manufacturing mean more than reducing CO2 and NOX. The
future will open up possibilities and bring new challenges when introducing hybrid- and
electrical propulsion technologies using new materials, technology solutions and new
business models. This article reports on findings from a longitudinal study and many years
of collaboration between researchers and industry experts, where a first-tier aeroengine
manufacturer transforms their product development capabilities to enable sustainable
product development. The article highlights some activities undertaken and identifies
critical challenges and opportunities remaining for a manufacturer of next-generation
aeroengine solutions. It is argued that the challenge for aeroenginemanufacturers to develop
new-generation propulsive technologies will require a systemic change in the undertaking of
design and development. The opportunities of sustainable technologies are evident yet
require: (1) means to tighter integrate business and technology development, (2) the ability
to quantify and assess sustainability impacts of different concept solutions, and (3) means to
utilise natural resources, alloys andmaterials for a circular and life-cycle optimised solution.

Keywords: Sustainable product development, Capabilities, Design method, New
technologies, Aerospace, Sustainable design

1. Introduction
Although the geological definitions are still being formalised, it is widely accepted
that we have lived since the mid-20th century in the Anthropocene era, where
humans have a decisive influence on the state, dynamics and future of the earth
system. This influence results in the long-term, or even irreversible, change of
conditions on our planet. Industrial activities and the resulting products are central
in human activities that impact our world, and following a brief introduction to
sustainable development, the focus of this article will be on how aerospace
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manufacturing industry can adapt their product development practices to develop
more sustainable solutions. Particular focus is on aeroengine component manu-
facturing within which the case company is predominately active.

1.1. Sustainable development and industrial challenges

Overall, the general awareness of sustainability challenges increases as the conse-
quences are becoming imminent as well as incentives and initiatives to adapt and
mitigate are continuously strengthened. The United Nations has been a global
actor in raising awareness and establishing global-reaching agendas. In 1972, at the
UnitedNations Conference on the Environment in Stockholm, the fundaments for
producer responsibility were accepted, and when the concept of sustainable
development was published by the World Commission on Environment and
Development in 1987 (Brundtland 1987), this became a reference for collective
action to address the unsustainable development. The Brundtland notion of
sustainable development, defined as “development that meets the needs of the
present without compromising the ability of future generations to meet their own
needs”, is still widely used. Elkington & Rowlands (1999) further clarified the
concept of “sustainability” and described the approach as the triple bottom line
(TBL), which is based on the thought of the simultaneous pursuit of economic
prosperity, environmental quality and social equity. Further development and
discussion of the dependency of these three systems are explained as nested
interdependent systems, meaning that the economic system is part of and
dependent on the social system, which in turn, is part of and dependent on the
ecological system (Gibson 2006; Pryn, Cornet & Salling 2015). Another difficulty
with sustainable development is knowing and acting on long-term consequences in
relation to short-term effects. Despite the many advancements made by humans
and society over the last decades, the overall rate of change into a sustainable
society is not sufficiently high. In the ecological dimension, global warming is one
outstanding threat. The 1.5° target, that is, not exceeding the 1.5° increase com-
pared to the pre-industrial levels to avoid worst-case scenarios, from the 2015
UnitedNations Climate Change Conference, COP 21, has wide acceptance. Yet the
window to act is short, and actions need to be substantial. In 2022, (World
Meteorological Association (WMO) 2022) another warm record year was
reported, and the world temperature has increased by over 1° already. The
ecological dimension of sustainability embraces much more than global warming,
and when the planetary boundaries were presented (Rockström et al. 2009) they
presented measurable boundaries for what our planet can withstand. In 2015,
several of these tipping points had already been reached (Steffen et al. 2015), and
will have irreversible consequences. The actions necessary to succeed in reaching a
sustainable society are urgent and require radical and disruptive changes.

At present, the implementation of UN’s 2030 sustainable development goals
(SDGs) (Nakicenovic et al. 2019) are systematically being implemented in regional
and national systems into education, legislation, taxation and development that all
have an impact on the products, systems, solutions and infrastructure that are
needed. Figure 1 illustrates how product development is affected by this change.
For product development, it is instrumental to have an understanding of all
necessary conditions and interventions that have an impact on the products and
solutions that are needed, and how these can be designed. Sustainable development

2/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://doi.org/10.1017/dsj.2023.22


brings a range of new constraints and aspects to relate to, why the practices of
product development continuously need to be adapted. The fact that the well-
known insight that 80% of a product’s sustainability impact over its life cycle is
set already in the early design phases puts product development and its early phase
decision-making in focus. The understanding of sustainability challenges and
opportunities is consequently critical to include already in the early phases of
product development.

The industrial challenges are significant. Established manufacturers need to
develop new products that are provided in new business models, integrate new
technologies from new domains, and adapt to changes in the market and customer
behaviour, in addition to changes in regulatory and financial settings.

In a company, integrating sustainability aspects into product development is a
complex task. This means: (i) developing solutions that benefit from new tech-
nologies, that is, new to the company and the market with a high sustainability
potential; (ii) developing business models and solutions that cover the product life
cycle, that is, frommaterial acquisition to end of life, and its value chain, that is, the
stakeholders and actors in the product life cycle and, (iii) managing andmitigating
the risk associated with new technologies and new business models.

1.2. Sustainability challenges for aeroengine manufacturers

The aviation industry is estimated to be responsible for approximately 3.5% of the
contribution to global greenhouse effects (Lee et al. 2021). Over a period of several
decades, the aero manufacturers have increased the efficiency that reduced emis-
sions per km by 80% from 1960 to the present. From 1960 to 2018, the growth in air
traffic grew from 109 to 8,269 billion km yr�1, and CO2 emissions increased by a
factor of 6.8 to 1,034 TgCO2 yr

�1 (Lee et al. 2021). This increase should also be seen

Figure 1. As conditions change, product development has to master new needs and utilise new technologies
for new business models.
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together with the three-fold growth in population and the role of air transport for
globalisation and economic development.

At present, the IATA, representing the member airline companies, have
committed their targets to reach a net-zero strategy for 2050 (IATA 2021). By
2050, the airline business expects that their part of the 1.5°C target will be met to
65% by the use of sustainable aviation fuels (SAFs); 13% by new technologies,
electric and hydrogen; 3% by infrastructure and operational efficiencies; and 13%
by offsets and carbon capture. For aerospace manufacturers, SAF has gained the
most attention for long-range air transport as it provides equal energy density to
currently used jet fuels. Sustainable production of SAF in large quantities remains a
challenge. For short- and medium-range air transport hydrogen and various
hybrid-electric propulsion solutions with lower energy density (than Kerosene
and SAF) are being developed. These require a significant shift in aircraft and
engine architecture as well as changes in interfaces to air transport infrastructure.
Pure electric air transport is expected to have a small market share for small- and
short-range transport due to the limitations in current, and foreseeable, energy
density of batteries. For a review of alternative pathways to reach net-zero targets in
avionics, see, for example, Vardon et al. (2022).

In Europe, the agenda for how to meet the aggressive net-zero 2050 visions
(Clean Aviation 2021, p. 12) states that “Transforming aviation towards climate
neutrality will require an integrated approach spanning technology providers and
innovators, manufacturers and operators, public sector authorities and travellers”,
and “Transforming from the current, entirely fossil-based kerosene fuel-powered
system to such a future aviation system with multiple energy carriers and archi-
tectures constitutes a massive and systemic challenge”. Besides the dominant focus
on dramatically reducing the contribution to GHGs, the business is also taking
actions to meet the expected increase in legislation when it comes to chemical
substances and materials.

The strategic research and innovation for aerospace in Europe are expected to
require disruptive technologies in many different areas such as aircraft configur-
ations, engines, infrastructure, materials, digitalisation and IT systems (Clean
Aviation 2021). In the United Kingdom, the Jet Zero Strategy has recently been
published as a similar strategy for the UK industry in order to decarbonise aviation
until 2050 through rapid technology development (Department for Transport
2022). In addition to the 2050 visions, it will require targeting the near-total use
of recycled materials and the ability to remanufacture, repair and recycle products
and materials using circular economy methodologies. Lately, following the
COVID-19 pandemic effect, it has become evident that society’s sustainability
challenges are not limited to only climate impact. The COVID-19 pandemic
affected the aerospace industry with a dramatic decrease in flight hours due to
flight delays, supply delivery issues, and loss of competences amongst aviation
businesses, which then showed clearly the industry’s sensitivity to such societal
changes. To understand better the vulnerability to social conditions that influence
market development, material prices and transport, there is a need for social
sustainability considerations. In general, this includes a better understanding of
how to avoid structural obstacles for people to meet their needs, and concretely to
the aerospace industry it means, for example, to avoid conflict minerals and how to
create a conscious and ethical supply chain.
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1.3. Purpose and aim

The purpose of this article is to argue for a transformation to sustainable product
development (SPD) and analyse compiled research results based on over 10 years
of experience of an aeroengine manufacturer. The article presents different key
example areas affected by sustainability transition, that is, technology and mater-
ials, business transition towards sustainability, and, disruptive technologies and
product realisation, undertaken at GKN Aerospace Engine System (GKN AES).

The aims are: (i) to address critical challenges and opportunities awaiting not
only the company but likely also other manufacturers in the aerospace industry,
and (ii) to contribute to practice in how to transform product development
capabilities to enable SPD and identify how disciplines are mutually dependent.
In addition, this research investigates the research question: What are the key
factors for successful implementation of sustainability research in the product
innovation process? This inquiry demonstrates the importance of long-term
collaboration between industry and academia.

The next part of the article, Section 2, clarifies the concept of capability and
includes a proposed definition of SPD capability. In Section 3, the method is
presented, and Section 4 describes three different examples of key areas affected by
sustainability transformation at the company. In Section 5, the main activities and
contributions to a sustainability transition from collaboration projects between
academia and practice are presented, and Section 6 present wider expectations of
sustainability transformation. A concluding discussion and proposed answers to
the research questions are then found in Section 7.

2. Sustainable product development capabilities
In the challenge to provide sustainable solutions, it is expected that product-
developing companies need to simultaneously address new types of needs and
integrate new types of technologies into functioning solutions. It is argued that this
will require new practices that provide what will be referred to as capabilities, or
more specifically, SPD capabilities.

The capability notion is used in several contexts. Capability maturity was
described in the software field in the 1980s through the capability maturity model
(CMM;Humphrey 1988) with the purpose to assess the ability- and quality level of
an implementation process of a software project. Maturity models, in general, aim
to identify and prioritise challenges, and can be used as a benchmark for compari-
son, and in this sense support the understanding of making improvements. With
this model, a better understanding of an organisation’s ability to produce required
outcomes, based on its behaviours, practices and processes, can be achieved
(Mettler 2011). Capabilities have further been described as “complex bundles of
skills and accumulated knowledge, exercised through organizational processes, that
enable firms to coordinate activities and make use of their assets” (Day 1994).
Further, Day (1994) means that capabilities are the mechanisms and processes by
which new competences are developed, and that makes it possible for wished
activities to be carried out.

In a more recent study about prioritising resources and capabilities along the
supply chain for circular plastic packaging by Stumpf, Schöggl & Baumgartner
(2023), several types of capabilities including different aspects of human capital
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resources and organisational capital resources, central to a circular economy
transition, are presented. Examples are operational capabilities, strategic capabil-
ities, network capabilities, business analytics capability and ecodesign capabilities.
Each specific capability has a certain definition. For example, in Galván, Casman&
Fisher (2022), “innovation capability” is defined as a function of foundation skills,
professional competencies and hypothesised innovation skills, that is, define the
opportunity, discover the ideas, develop designs and demonstrate feasibility. In
Morita & Machuca (2018), product development capability is described as three
key areas to include in product development, that is, supplier involvement,
customer involvement and manufacturing involvement, in addition to a cross-
functional front-end loading in new product development.

The importance in building product development capabilities is evident from,
for example, Saranga et al. (2018) and Wallin, Parida & Isaksson (2015), which
means that product development leads to competitive advantage and value-added
performance. Further on the authors state that in order to develop product
development capabilities in-house research and development (R&D) is necessary.
In-house education and training is also key activity to increase the capability for
SPD. SPD is here defined as when a strategic sustainability perspective is integrated
and implemented into the early phases of the product innovation process, includ-
ing life-cycle thinking (Hallstedt & Isaksson 2017). To have a strategic sustain-
ability perspective, a framework for strategic sustainable development (FSSD) can
be applied (Broman & Robèrt 2017). This FSSD builds on backcasting from
overarching socio-ecological principles for sustainability, which define the bound-
ary conditions. According to Schulte & Hallstedt (2017), the main building blocks
for SPD capabilities are support tools and methods, routines and practices and
commitment and shared understanding of sustainability and SPD. In Table 1,
definitions of capabilities are summarised. In this study, we define SPD capability
as: skills and knowledge in the field of SPD, exercised through support methods and
tools applied in routines and organisational processes, that enable firms to
coordinate activities on strategic, tactical and operational organisational levels to
accelerate towards a sustainability transformation and make use of their assets.

The SPD tools developed are one of the key elements to bridge the gaps and
challenges identified for integration of sustainability into the early phases of
technology and product development (Hallstedt, Thompson & Lindahl 2013),
and thereby a key element to build SPD capabilities. One of the main challenges
is related to the breadth and complexity of sustainability (Broman et al. 2017),
which leads to a risk of suboptimisation and long-term sustainability consequences
(Byggeth Sophie et al. 2007). The second challenge is the limitation of time and of
data availability in the early design stages to analyse sustainability in a rigorous
manner (Ullman 1992), without compromising the completeness of sustainability
or the product life cycle (Schöggl, Baumgartner &Hofer 2017). The third challenge
is that there is difficulty in assessing and communicating sustainability to designers
and engineers. This may be mainly due to the problem of showing numbers and
‘hard facts’ related to the value generated by sustainability-oriented decisions
(Hallstedt, Bertoni & Isaksson 2015). These challenges indicate the need for
methods and tools that ideally meet the following characteristics: cover a complete
sustainability life cycle perspective and value chain, support in avoiding subopti-
misation and rebound effects, can be applied in early phases, manage trade-offs,
measure sustainability and, relate to risk and value creation. In other words,
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methods and tools, already in the early design stage, should highlight how a
sustainable design choice can create value for customers and other stakeholders.
A more sustainable design choice can result in resource-efficient solutions
throughout the product life cycle, and may generate market success in both the
short term and in the long term. However, even thoughmore than 600 tools related
to SPD have been developed (Schäfer and Löwer, 2021), companies are struggling
with implementation and the uptake in the industry remains low (Peace et al.
2018). In many cases, the sustainability implementation is challenging, due to the
low usability of existing tools (Schäfer and Löwer, 2021). Also, many tools lack a
strategic perspective, that is, the requiring of system thinking, long-term and
backcasting views, to consider the time spectrum in the planning process, the
interaction of the complete system and the three dimensions of sustainability:
environmental, social and economic (Villamil and Hallstedt, 2020).

To enable design teams to bemore innovative, support tools are developed to be
used to organise and perform an application of a method or guideline (Gericke
et al. 2020). Gericke et al. (2020) further mean that academia, therefore, needs to
learn from industrial practice of methods and tools to understand what methods
that need to be refined, or what new methods are needed, to complement the
existing ecosystem of engineering design methods at the companies. Thus, the
support methods and tools developed from sustainable design research should be
adapted to users to increase accessibility and usability, but in addition to support-
ing incremental changes, also improve the capacity for radical and revolutionary
socio-ecological solutions (Bhamra & Hernandez 2021).

Table 1. A summary of capability explanations

Term Explanation References

Capability The ability to do something.
The physical or mental power or skill needed to do
something.

The ability to control people and events.

Cambridge
Dictionary
2023

Capability maturity The level of ability and quality of an implementation
process.

The level of ability to produce required outcomes.

Humphrey
1988; Mettler
2011

Capabilities Complex bundles of skills and accumulated knowledge,
exercised through organisational processes that enable
firms to coordinate activities and make use of their
assets.

Day 1994

Innovation capability A function of foundation skills, professional competencies
and innovation skills.

Galván et al.
2022

Product development
capability

Consists of: supplier involvement in product development,
customer involvement in product development,
manufacturing involvement in product development
and cross-functional front-end loading practice.

Morita &
Machuca
2018

Sustainable product
development
capability

Consists of: support tools and methods, routines and
practices and commitment and shared understanding of
sustainability and sustainable product development.

Schulte &
Hallstedt 2017
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3. Method
This article is based on a longitudinal case study (Åhlström and Karlsson, 2010)
with a focus on one company, GKN AES, and its sustainability journey that the
researchers and the R&D company team have followed and been part of for over
10 years.

The GKN Aerospace Engine System is an aeroengine component manufac-
turer that services approximately 90% of the world’s aircraft and engine manu-
facturers on 100.000 flights every day. The technologies are used in large
passenger planes, single-aisle aircraft, business jets and fighter aircrafts. The
GKN Aerospace Engine System is one of three GKN Aerospace divisions,
alongside aero structures and special products. The Engine System has approxi-
mately 4,000 employees worldwide whereof 2,000 at the headquarters in Sweden
(15.000 in GKN Aerospace).

R&D is a large part of their business. The company works on a long-term basis
with universities and research institutes and the company has around 50 PhD
students in various research projects around Sweden. The aviation industry faces
major challenges in the future, not least environmentally, where their lightweight
technologies contribute to reduced fuel consumption and thus lower emissions.
The technologies they develop are often linked to advanced manufacturing tech-
nology and can reduce the weight of engine structures by 15–30%. The company
finds itself within a conservative industry due to its regulations and long-term
development processes, and it is, furthermore, a relatively large company. This
context makes it difficult for an easy transformation of changes. However, slow but
systematic changes have been made and documented during the years.

This article shows an overview of the sustainability journey in retrospect and
some step-by-step progression of how academic results within the field of sustain-
ability in design have been implemented in practice. Several different research
projects with the company have been compiled into a table (see Table 2) and sorted
by time periods including the purpose of the project, funders and main academic
contributions. The research projects were formed towards certain focus topics,
relevant for the SPD area, andwith the aim to contribute to increased capabilities in
companies – to develop value-created sustainable life-cycle solutions and support
in the transformation towards sustainable design.

The company R&D team collected and summarised the main activities and
contributions at the company from the research projects, while the research team
collected the main academic contribution at the same period of time. This
compiled data constitutes the base for an analysis to argue for a transformation
to SPD.

Three different examples of key areas affected by sustainability transformation
at the company, that is, (i) technology and materials, (ii) business transition
towards sustainability, and (iii) disruptive technologies and product realisation
are analysed and discussed to address critical challenges and opportunities, and, to
contribute to practice in how to transform product development capabilities to
enable SPD and identify how disciplines are mutually dependent.

In addition, this work demonstrates the importance of long-term university–
industry collaboration. Even if this sustainability journey was not a planned
process, learnings from implementing research in general and sustainability
research in particular into product development were found. Key factors are
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Table 2. From a 10-year period of collaboration, new support tools for sustainable product
development have been developed

Time period
Main activities at the company/main
contribution at the company Main academic contribution

Until 2006 Product strategy to develop lightweight
products to meet global CO2 challenges,
and developing capabilities for product-
service systems development, strategic
priority to systematically collaborate
with academia.

Developing design and manufacturing
technologies for reduced product weight
(Runnemalm, Tersing & Isaksson 2009).
Systematised strategic university
collaboration (Wallin et al. 2014;
Isaksson 2016). Models for PSS
development (Isaksson, Larsson &
Rönnbäck 2009; Wallin et al. 2015).

2006–2009 Investigated the current level of
sustainability integration in the product
innovation process. / An understanding
of current challenges and possibilities
for a strategic sustainability perspective
in their product development
innovation process.

An approach to assessing sustainability
integration in strategic decision systems
(Hallstedt et al. 2010).

Key elements for implementing a strategic
sustainability perspective in the product
innovation process (Hallstedt et al.
2013).

Capability development for product-
service systems development (Wallin et
al. 2015).

2009–2011 Application of a new SPD method
including a strategic sustainability
assessment and simplified life-cycle
assessment. / Amajor change of a design
decision, based on the findings from the
SPD method, regarding a
manufacturing process.

Assessing sustainability and value of
manufacturing processes: a case in the
aerospace industry (Hallstedt et al.
2015).

2010–2013 Workshop activities with actors in the
value chain to identify future challenges
in the life cycle. Material criticality
assessment (MCA) method was
developed from participation action
research. / The MCA method was
implemented in the company’s
technology readiness assessment
method to support material selection in
early design stages.

MCA in early sustainable product
development (Hallstedt & Isaksson
2017).

2011–2013 Investigations of current measures to
integrate sustainability in the product
innovation process. Training sessions at
the company. / A sustainability design
space to give guidance on the most
important sustainability criteria
identified for the company, to be
integrated in the technology readiness
assessment method.

Sustainability criteria and sustainability
compliance index for decision support
in product development (Hallstedt
2017).
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identified and discussed if applicable also in short-term collaborations for a faster
implementation journey.

4. Key areas affected by sustainability transformation
It should be evident that areas affected by sustainability transformation cannot
readily be delimited. In addition, as a part of the complexity, they are intertwined.
In the following sections, we discuss three areas of significance, on three different
levels of granularity. In Section 4.1, the technology is placed in focus, and since
GKN Aerospace is a manufacturer of advanced structural aeroengine structures,
the focus is on advanced materials and advanced manufacturing processes. In
Section 4.2, the focus is on the business models, partially enabled by the technolo-
gies discussed in Section 4.1 but focusing also on the design of life-cycle solutions.
Finally, in Section 4.3, the view is on how to bring novel technologies into products
and production processes and the section addresses ways to deal with new
uncertainties and risks.

Table 2. Continued

Time period
Main activities at the company/main
contribution at the company Main academic contribution

2013–2019 In co-production mode developed a user-
friendly support method for sustainable
product-service system innovations. / A
first prototype of a model-based
decision support for value and
sustainability assessments was
integrated with the company’s
engineering models.

Model-based decision support for value
and sustainability assessment: applying
machine learning (Isaksson et al. 2015),
(Bertoni et al. 2020).

2015–2020 In close collaboration between academia
and practitioners, including workshops,
activities and case studies, evaluate
support tools for sustainability
integration in the early phases of the
product innovation process. / Concrete
support tools available to apply and
integrate on different levels in the
company to add value and avoid
potential business risks.

Company risk management and
sustainability (Schulte & Hallstedt
2018a).

Sustainability product portfolio (Villamil
& Hallstedt 2021).

Sustainability in product requirements
(Watz & Hallstedt 2020).

2018–2022 Close collaboration and co-production,
including workshops activities and
action research, for how to create a base
for developing a digitalised
implementation package. / A
methodology and interconnected
methods and tools to systematically
integrate and implement sustainability
in the product development process.

Digitalisation, sustainability and
servitisation – the need of future product
development capabilities (Hallstedt,
Isaksson & Öhrwall Rönnbäck 2020).

Support tool for sustainability risk
management in concept development
(Schulte & Knuts 2022).
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4.1. Example: AM technology and critical materials

Gas turbines have been developed to utilise higher temperature and pressure to
realise higher thermodynamic efficiency, something that has been possible through
materials development, cooling designs and changes to the gas turbine engine as
such. As product weight penalises fuel efficiency, seeking lightweight materials is a
parallel track to enable a lower fuel burn. In aerospace, benefitting from advance-
ment in material technologies, material selection has been a prime focus since the
beginning of flight, seeking ever lighter and more durable materials. Over the last
decades, the always-present focus on improving structural and thermal perform-
ance to a low weight has also been complemented by a growing attention to the
availability and life-cycle cost of materials (ACARE 2012; Lloyd et al. 2012a). The
combination of utilising higher temperature and lightweight materials comes with
some challenges, such as material criticality. The scarcity of material elements is
one obvious aspect of criticality, but there is also a social dimension to their
criticality. The developed nations have been increasingly dependent upon
imported materials from less stable supplying regions; some nations’ policies have
the potential to disrupt the operations of globalmarkets; there is a clear recognition
of the combined social and environmental consequences from extracting some raw
elements; and, there is a trend of concentrated production sites for some elements
creating supplymonopolies (Moss et al. 2011; European Commission 2014). There
is an increased importance for industry to understand when these materials are
defined as critical and how materials can be assessed regarding their criticality
(Glöser et al. 2015). In 2011, the aerospace industry formed the International
Aerospace Environmental Group (IAEG 2016) as a means to jointly address and
promote sustainability standards and agreements in the business. Accordingly,
several recently published articles deal with the availability and criticality of
materials (Speirs, Houari & Gross 2013; Sonnemann et al. 2015). Various terms,
definitions and assessment methods in the field of material criticality are sum-
marised in the review article by Sonnemann et al. (2015). A more recent approach
is presented in a work conducted at GKNAES together with researchers (Hallstedt
& Isaksson 2017). In this work, a material is defined as critical if a company
becomes dependent on a material with availability limitations, and/or initiates
activities that cause socio-ecological sustainability consequences in the supply
chain, that is, raw material extraction and the pre-production phase. If the desired
material composition contains any material that may become critical, there is not
only a business risk for the manufacturer but also a risk for increased socio-
ecological consequences upstreams at suppliers. Limited material availability will
increase the material price and a high environmental impact will potentially cause
stricter legislation. There are negative consequences of being dependent on such
materials and this is a business risk that will threaten profitability, described as
“environmental business risk” by Lloyd et al. (2012).

In the last few years, the growth of additive manufacturing (AM) has been
exponential in the aerospace industry. One of the reasons is that AM technologies
possibly will be part of the solution to two large challenges that the manufacturing
industry is facing, namely (1) reducing fuel consumption and (2) reducingmaterial
waste (OECD 2017). These challenges are not only about the reduction of costs but
also about sustainability improvements. High expectations are set on these new
technologies, but they also have sustainability challenges (Tang,Mak&Zhao 2016)
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There are many benefits with the AM technology, such as freedom of design,
customised design, high shape complexity (Ford &Despeisse 2016), improved and
stronger structures with fewer materials (Griffiths et al. 2016), a wide range of
materials used for low volumes (Thompson et al. 2016), adaptable design in a short
period of time (Paris et al. 2016) and reduced weight (OECD 2017). Various types
of AM technologies have been developed over the past decades, for example,
powder bed (PB), that is, powder is spread out and a welding source melts the
desired powder before another layer is spread, and direct energy deposition (DED)
also known asmetal deposition (MD), that is, powder or wire is fed into thewelding
source and melted into the desired shape. Both PB and DED/MD can use different
welding technologies and the AM technology is named thereafter. Electric beam
melting (EBM) is a PB technology using electric beam welding, and laser powder
bed fusion (LPBF) or selective laser melting (SLM) is a PB technology using laser
welding.

Depending on the requirements of the product, one AM technology might be
more suitable than another to manufacture a specific product due to, for example,
material, shape, function and so forth. Sometimes certain AM technologies might
not even be possible to use, because of technical limitations, or material require-
ments. In a study conducted at GKNAES together with researchers, a sustainability
assessment of some selected AM technologies identified some issues to solve
regarding value-chain management, concept design, optimised material usage
and social sustainability (Villamil et al. 2018).

4.2. Example: Business transition towards sustainability

Several collaboration projects in the European aerospace industry, for example, the
EU-funded collaboration project Clean Sky 1 (2008–2016) and its successor Clean
Sky 2 (2014–2020) have delivered technologies that reduce CO2, NOX and noise
(Atkinson, Pfeiffer & Doerffer 2017; Clean Sky 2 2021). This progression has
resulted in high expectations on the aerospace industry, hence the Clean Sky
3 targets call for a more disruptive, integrated and multidisciplinary approach.
Therefore, while the reduction of CO2 and greenhouse gases is still in focus, the
aerospace industry is expected to contribute also to the other SDGs.

One challenge is that aircraft and aircraft engines are costly and technologically
advanced to design, develop and produce, and so the partners collaborating in the
business need to work well together. Technologies are often introduced on com-
ponent and subsystem levels, yet have their anticipated effect on a system level, for
example, blade aerothermal efficiency that impacts fuel consumption. Also the
design of static components influences the system-level performance (Samuelsson
et al. 2015). The interest in providing functionality, performance and aircraft
availability as already impacted the aeroengine business logic, with the well-known
“total care” and “power by the hour” concepts by Rolls Royce (Harrison 2006).

Design methods that can include how to best provide safe, reliable and
environmentally efficient solutions also for component and subsystems providers,
for example, through repair and remanufacturing strategies, have raised interests
to include these aspects in the decision process (Lawand et al. 2020). In line with
strategies and plans towards a more circular economy (European Commission
2020), new manufacturing technologies are needed which at the same time can
create new business opportunities in the aerospace industry.
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With MD technologies, another AM technology, material is added onto
finished (or used) products where needed, either to repair damages or to add
functionality. This gives the opportunity for a greater life-cycle perspective where
the manufacturer not only sells a finished product but also repairs,
re-remanufactures and upgrades these products, using the same technologies. As
MD technologies can be used for both manufacturing and repair, the same
technology can be used in various stages of a product’s life cycle, giving the
manufacturing technology a greater role in the business of the product. One case
at GKNAES is a product where the life expectancy of an already produced part was
discovered to be too short. Rather than scrapping numerous components, the MD
technology made it possible to just add material on already produced parts which
successfully increased life expectancy. This is just one example of how new
manufacturing technologies pave the way for a circular economy, new business
opportunities and drastic reduction of waste material.

4.3. Example: Disruptive technologies and production realisation

For delivering new disruptive technologies, there is on the one hand a conflict with
producing new technologies with a higher degree of uncertainty, and the aerospace
business focus on flight safety which is conservative when handling risk. A recent
example is the concept of zero defect in the aerospace business (Riggs 2018). This
zero defect concept is product-related to the need for robust design and robust
manufacturing where high-performing processes and clear definitions have to be
chosen according to aerospace standards for the application and implementation
of risk analysis, for example, AS13004, AS13100 and AS9145. High-performing
standard processes, that is, processes that are under statistical control, as well as a
product definition that handle the manufacturing and service needs, have to be
regarded. In a classical sense, this is achieved by following a process and product for
a long time, where corrections and removal of failure causes are continuously
performed. A multidisciplinary design approach is used, where objectives are
evaluated by contributions from several disciplines, for example, sustainability,
finance, performance andmanufacturing.When these objectives are traded against
each other in a design risk analysismore conscious decisions can bemade, in which
also robustness is included (Schulte & Knuts 2022).

Generally, risk management is much related to the planning and handling of
uncertainty. The challenge for all organisations today is how to develop new
technologies with low uncertainties. At GKN AES, a technology maturity process
is applied for technology- and concept development projects, and at each tech-
nology readiness level (TRL1–TRL6), the projects are reviewed and assessed
against certain criteria. In the TRL assessments, checklists contain, for example,
sustainability compliance and sustainability performance criteria. As the maturity
increases the uncertainty is lowered, and at TRL 6, the technology is ready for
industrialisation.

The systemic nature of a full sustainability perspective further requires decision
support to take multiple disciplinary factors and perspectives into account simul-
taneously. Doing so in the early phases of design and development, therefore,
require multidisciplinary modelling and simulation support, often in combination
with automation technologies to generate necessary information. GKNAES has for
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decades worked on design automation, generative design and multidisciplinary
decision support (Sandberg et al. 2017; Al Handawi et al. 2021).

Finally, the ability to capture and formulate the value of sustainable solutions
has been a bottleneck. Historically, investments in sustainability measures have
been seen as a non-value-adding necessity, and consequently a cost. There is now a
clear customer value in sustainable solutions as well as a cost-saving perspective to
invest in sustainable solutions for manufacturers. The ability to develop a solution
with a clear value focus is another asset that GKN AES has worked on for the last
15 years.

5. Experiences of GKN AES’s sustainable product
development journey

The sections below present the main activities and contributions from collabor-
ation projects between academia and practice, showing an interdependency to
make progression in the field. The objective for these projects was to contribute to
increased capabilities to develop value-created sustainable life-cycle solutions and
create support in the transformation towards sustainable design.

5.1. Systematic collaboration for sustainable product
development

Companies may have various obstacles in developing sustainable product design
and production systems, such as unclear communication and priority from
management, difficulties in easily identifying the most important sustainability
aspects, weighting of sustainability aspects in relation to other design parameters to
provide optimal value and so forth The R&D team atGKNAEShas therefore over a
10-year period systematically collaborated with academic researchers in the field of
SPD with the purpose to develop relevant tools for different organisational levels,
that is, strategic, tactical and operational levels, and needs in the company.

In Table 2, the main activities and contributions at the company from different
time periods of projects are presented, together with some main academic contri-
butions and new tools.

One important factor for building approaches, methods and decision support
tools through academic and industrial collaboration is to simultaneously address
both strategic, tactical and operational levels in the organisation (Wallin et al.
2014). At the strategic level, the company goals and strategies are formulated. The
SPD tools relevant on this level are for those that take management decisions, plan
the strategic direction of the company, decide about overall company and product
goals, and do long-term strategic planning. Examples of tools developed for this
level have the purpose to identify short- and long-term sustainability criteria (e.g.,
Hallstedt 2017), and evaluate and assess the portfolio from a value and risk
perspective (e.g., Villamil, Schulte & Hallstedt 2022).

At the tactical level, the targets for the concepts are decided. The processes for
how to improve in order to integrate and implement sustainability in the innov-
ation process are decided andmanaged at this level in the company. The SPD tools
relevant on this level are for the people who have the responsibility to update the
innovation- and development process, integrate new aspects and provide design
teams with support and directions in concept development, assessment, evaluation
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and selection in the decision-making process. Examples of tools developed for this
level have the purpose: to give guidance of sustainability integration in the
requirement process (Watz & Hallstedt, 2020), and to define and manage “what
to do when”, based on sustainability risks and performance (Schulte & Hallstedt
2018a; Schulte & Knuts 2022).

On the operational level, the concept of solution development, evaluation and
assessments take place tomeet the targets and goals decided on the strategic level and
that meet the expectations of different stakeholders. The SPD tools relevant on this
level are for those who do the development, the assessment, the evaluation and the
selection of concepts, which means teams that take decisions in the day-to-day
engineering environment. Examples of tools developed for this level have thepurpose
to identify, define, model and evaluate design concepts and refinements in the
sustainability design space (e.g., Bertoni et al. 2020; Kwok, Schulte &Hallstedt 2020).

5.2. Development phases in the sustainability journey atGKNAES

At the start of the sustainability journey at GKN AES, while focusing on contrib-
uting to CO2 reduction through low-weight products, the wider sustainability work
was reactive and concentrated to a small group that worked mainly on handling
chemicals in production due to new legislation of customer requests (Hallstedt &
Nylander 2019). As the work continued it becamemore preventive focusing on the
whole product life cycle, with the aim to improve corporate image and reduce costs,
which lead to a greater awareness of short- and long-term perspectives. Later, the
work became proactive to avoid potential future problems and the awareness of the
sustainability effects from early design choices grew. In 2017, GKN AES got a
sustainability reward from one of their most important customers, Pratt & Whit-
ney, for their workwith sustainability. This was an important stepping stone, where
the company received evidence that sustainability is a customer value that needs
attention. This set the company into a new phase, the systematic phase. The
company started working continuously with sustainability development, incorp-
orating it in the corporate culture to ensure that it is not dependent on specific
individuals. The work is not only focused on avoiding future problems but to
ensure future business success.

The current phase, the visionary phase, reveals a backcasting perspective on the
sustainability work, which is much needed for the immense task of becoming net
zero. As sustainability has received more attention in society; it has also received
more attention from the company. The long-term goal of becoming a “net-zero
greenhouse-gas-emissions-business” before 2050 has led to investments in, for
example, disruptive technologies such as electric and hydrogen engines, renewable
energy sources and life-cycle assessment capabilities. The current vision of the
company is to become “the most trusted and sustainable partner in the sky”, which
is supported if SPD is implemented fully on all organisational levels.

The focus has changed from specific problem solving to general problem
solving. The driver for more SPD has changed from external drivers, such as
customer requirements and legislations, to internal business drivers to provide
increased customer value in the form of more sustainable manufacturing/technol-
ogy solutions. The awareness has changed from a specific group to a general
awareness across disciplines and from a short-term perspective to a long-term
perspective (see Table 3). The sustainability responsibilities have changed from
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Table 3. The sustainability journey at GKN Aerospace Engine System

Reactive phase Preventive phase Proactive phase Systematic phase Visionary phase

Year 2006–2009 2009–2013 2013–2017 2017–2020 From 2020

Focus Chemicals Product life cycle Critical materials Continuous
sustainable
development

Sustainability vision and
disruptive innovations

Driver Legislation
customer
request

Corporate image
reduction of cost

To avoid potential future
problems

Future business
success

Business success

Awareness at
GKN AES

Awareness of
sustainability
within a certain
group.

Awareness of
short- and long-
term
perspectives.

Awareness of the effect of our
choices in early design
phases.

General sustainability
awareness across
disciplines (culture).

Sustainability is critical for
business.

Skills Able to take
responsibility
for all chemicals
in the
production.

Able to make
simplified
sustainability
assessment of
product life
cycles.

Apply new support tools to
guide decisions that will
have large effects on the
solution’s sustainability
profile.

Develop a systematic
approach to
implement relevant
tools and methods
for SPD.

Continuously refine,
develop and advance the
implementation of SPD
with a backcasting
perspective.
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specific responsibilities to general responsibilities, independent of the individual
ones.

In retrospect, it is possible to distinguish a number of development phases that
the company has gone through during this period of time. This collaboration
period between academia and industry has led to increased awareness among a few
people at the company which in turn has permeated the entire company and
become business critical. The projects have not only contributed to increased
awareness at the company but also increased skills and capability for SPD.

6. Wider expectations on sustainability transformation
The industry-negotiated strategies in Europe (Clean Aviation 2021) and the UK
(Department for Transport 2022) outline measures necessary to meet the 2050
greenhouse-gas-emission targets. However, this is not enough for a sustainability
transformation, the aerospace manufacturing industry will also need to meet other
goals expressed in the European Union’s Green Deal (European Commission
2019). One such area is resource use, where circular economy solutions and
legislative measures are central. A fundamental challenge, however, is how to
succeed with radical and disruptive changes while maintaining the high safety
standards of today, because aviation safety has practically limited the possibility of
introducing too radical solutions in the business in the past.

Following the description of three key areas affected by sustainability trans-
formation, recommendations are proposed on directions for transforming product
development capabilities to enable SPD for the aerospace industry.

6.1. Technology and materials

The evolutionary development of increasingly advanced and high-performance
materials has brought advanced materials that are difficult to manufacture, rema-
nufacture and repair. Two major changes are seen. One is the shift in business
models (see Section 6.2) and the other one is the shift in system architecture for
aircraft propulsion (see Section 6.3) driven by decarbonisation targets. Materials
and manufacturing technologies that enable repair, remanufacture and even reuse
increase in importance since such measures address the value of materials in
circular solutions. Circular solutions need to be designable and possible to certify
for aerospace applications. As an example, AM can be used to improve structural
integrity of already produced parts (Al Handawi et al. 2021) as a repair and
remanufacturing strategy. The ability to change the design after its certification
is however limited and should be included already in the design and certification
phase. Other solutions, such as life extensions using sensors for condition moni-
toring can be difficult to certify due to high safety standards. The shift in focus from
performance to sustainability impact implies that the historic priority on more
efficient products as drivers for development is complemented with more strategic
sustainable development.

Recent research at GKN AES provides examples of designing and optimising
re-manufacturable design solutions supporting circular business models
(Al Handawi et al. 2021) that make use of AM technologies for repair and
remanufacture. To further promote materials development, circular business
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models for “end of life”, for example, disassembly, repair, remanufacturing and
reuse are becoming increasingly important.

6.2. Business transformation towards sustainability

Since the business value of providing sustainable solutions has radically increased,
it is necessary to understand the link between technologies, processes and business
models. The aerospace propulsion business has already established life-cycle-
oriented business models, for example, total care and product-service systems
development capabilities. As such, aerospace engine manufacturers have already
experience with life cycle business models. Circular solutions need to be formed in
the design phases of development (European Environmental Agency 2017). The
material content for every component in service needs to be known down to the
level of alloy content and their origin need to be traceable. This also opens up
business opportunities, since there will be an increased value of material resources
due to raw material availability limitations (Hallstedt & Isaksson 2017). Conse-
quently, several authors have identified the potential for circular economy in
aerospace (Gialos et al. 2018; Dias et al. 2022).

Product development relies on the ability to understand needs and evaluate the
impact of alternative solutions early. To design sustainable solutions, criteria for
sustainable design need to be possible to formulate, to capture and to use for
decision-making. It is, however, still a challenge to define and represent sustain-
ability criteria, sufficiently compliant with a sustainability perspective, and suffi-
ciently precise to guide engineers in design and development. Challenges that
remain in the near future for a business transformation towards sustainability are:

(i) Base business models on increased life-cycle responsibility of manufacturers
and suppliers in the value chain.

(ii) Develop criteria for sustainable design and guidance for sustainability per-
formance.

(iii) Strengthen the ability to manage and trace sustainability data in early design
phases.

(iv) Establish digital sustainability implementation platforms to enable a focused
strategic, tactical and operational support for SPD.

6.3. Disruptive technologies and product realisation

Radical technological changes are underway on both the system level (new pro-
pulsion systems) and on the component andmaterials level (see Section 6.1), which
increases the need to account for new factors in development. In order to success-
fully integrate innovative solutions at the subsystem and technology level with new
system architectures, an ability to innovate across system levels in the value chain is
needed and includes new suppliers in the design integration effort.

A number of factors are highlighted here:
(i) The necessity to integrate new technologies into new system-level architec-

tures.
This requires an increased ability to co-design systems and subsystem-level

solutions through the supply chain. Already today, the design of subsystems and
components, typically done by tier-one partners and the system-level design are
tightly coupled. Loads, constraints and interfaces are defined in whole engine
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models (WEMs) that are based on the component design and behaviour, that is,
coupled system. Such iterations are time- and resource-consuming iterations
already, and which need to explore an even greater variety of architecture and
technology.

(ii) Explore, design and evaluate new design solutions.
Novel designs, using new technology, require typically physical testing to

reduce risk. Such tests are eventually conducted in large-scale demonstration
programs of new system architecture, normally led by OEMs and integrators,
together with partners in the value chain who contribute with novel technologies.
To maximise learning, the test to failure strategy can be used to find limits and
margins for the solutions, for example, Petroski (2018) yet the latest decades of
development have been tominimise the use and cost of physical testing in favour of
virtual testing and simulations. Virtual testing relies on the fact that underlying
behaviour is well understood, which may not be the case for novel technologies.
Strategies to make increased use of combined digital and physical data, such as
Digital Twins, need to be used also during development (Panarotto, Isaksson &
Vial 2023).

(iii) Design robust and resilient multidisciplinary solutions.
By including the multidisciplinary view, including technical functionality,

manufacturing, material, maintenance and other critical criteria including sus-
tainability aspects, the chances to make changes and future upgrades are signifi-
cantly improved. Sustainable solutions need also to be better at handling
uncertainties of the future, that is, be resilient. Robust design methods need to
be extended to include uncertainties and margins related to sustainable solutions
and variability.

(iv) Ability to identify and manage risk.
Introducing new technologies in new architectures, and also solutions that

include alternative life-cycle strategies, increases risk. It becomes more important
to work closely on a system level, which requires partnership between OEM and
supplier, and the need of identifying risks and controlling risks, by mitigation and
communication of the risks in terms of criticality. The ranking scales used in the
risk analysis have to be further developed to handle the sustainability risks, for
example, reputational risk, regulatory risk, litigations risk, as well of the perspective
that should be long term instead of short term. The long-term perspective is
necessary when questioning technical concepts on the architectural level. These
aspects of sustainability risk management have been developed further by Schulte
(2021) and a sustainability risk management tool is described in Schulte & Knuts
(2022). The failure mode and effects analysis is one established method in industry
to deal with risk. To be proactive to include sustainability risks already during
design, a combination with multidisciplinary optimisation techniques is required.

(v) Ability to qualify and certify new solutions.
Proactive and close collaboration with regulation authorities, for example,

EASA and FAA, is expected already in design phases to qualify and certify new
design solutions. An example is provided by Dordlofva (2020) who suggests that
improved qualification strategies for metal AM are needed to benefit from its
potential. It can be argued that the need to develop new strategies and principles for
certification of new technologies will require close collaboration also with certifi-
cation authorities.
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6.4. Recommendations

Based on remaining challenges in the near future, recommendations are proposed
on directions for business transformation towards sustainability and transforming
product development capabilities to enable SPD for the aerospace industry:

(i) A business model development that builds on retaining the value of
materials in use, that is, circular economy, and presumes the increasing of respon-
sibility of themanufacturers and their suppliers from both legislation development
and market expectations.

(ii) Strengthen the ability to direct product development by developing criteria
for sustainability that offer both the search for new solutions and evaluation of
sustainability performance of emerging and existing products.

(iii) Develop the ability to ensure traceability of sustainability governing data
already from the design phases. This is driven by the increased value of resources
through product life, and that legislative actions are foreseen in this direction in
clarifying this value.

(iv) Establish digital sustainability platforms that allow the gathering of the
multiple aspects of sustainability in a focused way. Especially the strategic, tactical
and operational levels need a coordinated approach, which can support a
coordinated transformation in an organisation.

(v) The ability to identify and manage risk already in design needs to be
strengthened. As solutions become more complex, for example, building on life-
cycle activities such as repair and remanufacture, there are new risk factors that
need to be covered.

(vi) Develop and educate for a deeper understanding of sustainability amongst
decision makers on all levels, from engineers to senior management and company
boards.

For companies that are in a reactive phase andwant tomove on to amoremature
sustainability phase and towards sustainability transformation, the recommendation
is to assess the organisation’s current capabilities in relation to key elements for the
successful implementation of sustainability in the product innovation process, see,
for example, Schulte & Hallstedt (2018b). Based on this assessment, a systematic
improvement plan and a roadmap can be developed, with step-by-step measures
needed to make progress towards increased SPD capabilities. To transform product
development capabilities to enable SPD, it is also recommended to create a common
view of an ideal sustainable solution for the company from a life cycle perspective.
This step is described in Schulte & Hallstedt (2018c).

7. Concluding discussion
Aerospacemanufacturers need not only to deal with radical changes in architecture
and technology to meet net zero and decarbonisation of air transport, but they also
need to develop skills and strategies for the wider implications of sustainability that
address resources and social sustainability.

This article has presented how a manufacturing company, in this case, GKN
AES, has addressed the sustainability transformation challenge and how thorough
collaborative research initiatives with universities have worked to concurrently
improve design and development capabilities. Universities can provide new
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knowledge and demonstrate new abilities, whereas the company needs to system-
atically drive the necessary change, over time, internally.

The described long-term transformation journey towards SPD is a process of
change that is still ongoing at the company and which has been partly initiated by
various challenges in several areas, such as new requirements for new technologies
and materials; changing business models; and, adaptation to disruptive technolo-
gies with new risk management. However, a journey of change towards sustainable
development needs to constantly handle the upcoming sustainability challenges in
order for a company to become successful also in the future. From this longitudinal
study, one can draw the conclusions that the main benefits of a transformation to
SPD can be summarised as follows:

• increased ability to build knowledge in the area of sustainability;
• generally an increased awareness and common vision and understanding of the
area at the company;

• ability to use new types of decision support methods and tools; and, also,
• preparing product development teams to become better equipped for upcoming
challenges and take the lead in the development towards more sustainable
solutions.

These capabilities in SPD are necessary as there are more challenges to come, such
as the need to simultaneously welcome radical technology shifts without compris-
ing flight safety and business risk. Sustainability requires a more holistic and
systemic approach, where impact and consequence on a system level links to
details in design and production. The life-cycle integration into design and
development needs to be even more pronounced, and integrated into design and
evaluation support. Making use of data from experiments, tests and in service,
possibly using machine learning and data analytics to reduce risk, will be key to
better include sustainability during design. The opportunities of sustainable tech-
nologies are evident, yet require (1) the means to tighter integrate business and
technology development, (2) the ability to quantify and assess the impact of
solutions from defined sustainability criteria, and (3) develop new means to utilise
natural resources, alloys and materials for a circular and life cycle optimised
solution. For companies not yet applying SPD practices, a systematic improvement
plan, with step-by-step measures needed to make progress towards increased SPD
capabilities is recommended as a first step. Also to create a common view of an
ideal sustainable solution for the company from a life cycle perspective is recom-
mended, with the purpose to clarify the current sustainability challenges and gaps
to be addressed.

It is impossible to translate the benefits with an SPD capability into a precise
quantitative metric that reflects the business value. But there are concrete
examples, showing that GKN AES has got appreciation from both customers
and within the GKN group, due to proactive work and the sharing of competence
and concrete science-based decision support tools with other GKN sites. Manu-
facturing companies that want to follow the GKN AES’s example should be
prepared for the fact that there are different areas that are affected by a transform-
ation to SPD at a company, which can produce a number of different consequences
in product development. Table 4 summarises a number of transformation trends,
which include several disciplines that need to increase awareness but also increase
skills and capability for SPD. Companies that are prepared for these trends in a
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sustainable transformation are assumingly more likely to be the companies that
will lead the market in the future.

The challenge facing the transportation industry in general and aerospace in
particular will require a significant shift in products and technologies. Realising
such challenges requires equally a shift in thinking, acting and the way of ensuring
confidence and robustness in the new approaches. This needs to be included in the
design and development systems, routines and methods, something that is chal-
lenged by the systemic and holistic nature of sustainability. The understanding and
designing of products to meet increased needs and expectations on sustainable
products cannot be seen in isolation, but rather need to bridge design, technology,
business and quality aspects with a complete life-cycle perspective.

The transformation of a company’s SPD capability requires a shift in several
dimensions. The nature of sustainability as a design problem is highly multidis-
ciplinary, and so the engineering and decision support tools need to be continu-
ously developed and adapted, together with a change management and
competence transition strategy that needs to be in place. In companies the
philosophy, strategy and business rationale change over time, and therefore, a
consistent sustainable development methodology is needed. From studying the
SPD progression at GKNAES, it is now possible to propose a generic methodology
with integrated tools and methods for the different organisational levels which can
increase the ability to integrate and implement a strategic sustainability perspective
in the product development process. In retrospect, we have also been able to learn
and understand what challenges it entails from a user perspective to apply
academic tools. The tools developed in the projects have often involved several
other companies to ensure generalisability and scalability. However, few compan-
ies have been involved for such a long and continuous period as GKN AES. In
collaboration with academia, GKNAES has selected some of the tools and adapted
these to their own processes and toolbox. This selection, adaptation, and applica-
tion work at GKN AES provides a basis for conducting a validation study and
exploring the impact of the tools, which often requires more time than can be
accommodated within a PhD- or a post-doc study. These long-term collaboration

Table 4. Give an overview of some trends in sustainable transformation that affect product
development at a company, with a number of different consequences

Trends in a sustainable
transformation Consequence in product development

Business transformation Circular economy calls for development of optimised resource-efficient life-
cycle solutions within the value chain.

Technology
transformation

New technologies demand multiple domain contributions to integrate
during design.

Market transformation Shifting needs and preferences on markets and by customers require secure
material resources and risk management due to, for example, scarcity and
availability issues.

Climate transformation A demand for a fast and update product portfolio including sustainable
solutions that are novel and disruptive.
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periods are therefore needed and show an interdependency to make progression in
the field.

The sustainability implementation journey at GKN AES began over 10 years
ago, and demonstrates the importance of long-term university–industry collabor-
ation. Even if this sustainability journey was not a planned process, learnings from
the implementing of research in general and sustainability research in particular
into product development can be found. Key factors, described below, are identi-
fied as applicable also in short-term collaborations for a faster implementation
journey.

Common understanding and openness. The more the product design teams
participated and engaged in the activities and surveys, the more was the learning
and usefulness of the research outcome for them, which was seen already in the
preventive phase. The company also allowed an openness which meant that the
researchers could spend as much time as needed at the company doing interviews,
workshops, collecting data and so forth, and the researchers, therefore, were able to
get a good understanding of the industrial situation and challenges. Specifically for
sustainability research implementation was the importance of the continuous
interactions, exercises, and regular presentations of the research results at the
company that gave a good understanding in the product design team of what
sustainability means, of the products’ sustainability impact, of sustainability
improvement potentials and of the current research being conducted. Based on
this understanding, it became an incentive at GKNAES to include sustainability in
early decisions regarding technology and product development, which according
to, for example, Chiu & Chu (2012) can provide opportunities for enhancing
product competitiveness.

Customisation and adaptability of tools and methods. Apart from previous
research findings related to meeting the desired characteristics of support tools
(Ahmad et al. 2018), a customisation of the support tools derived from the research
to the company’s specific needs is a key factor. This customisation process which
took place in the proactive phase at the company should be led by the industrial
partner to make it fit the current processes and tools at the same time as it is
supported by the researcher to secure that the core of the support tool is not lost.
This step-by-step process for tool delivery from research to practice, so-called
scaffolding, is important for sustainability research implementation as it helps
individuals at the company to feel confident, which leads to motivation for a
change that is needed to include sustainability in a design project (Gould 2018).

Receiver in industry and in-kind contribution. To implement sustainability
research in product development, companies need to have a receiver that can
actively participate in the research project. It is important to have at least one
person disposing of time and having responsibility in the company, a person who
also has the interest, the knowledge, the ability to receive and implement the
research results, and get it into the system for complete implementation. For GKN
AES, the major influence on the transformation from preventative to systematic
phase was this person as the understanding of where and how to implement each
tool or method can be difficult for an external person.

Long-term and continuous collaboration. Sustainability might require large
organisational changes on strategic, tactic and operational levels, and thus, it is a
long-term journey. Continuous collaboration creates trust between people and it is
important that the industry is involved from the beginning in the creation of the
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research questions, throughout the research and until the collection of results. For
successful research implementation, it is important that the academic and indus-
trial partners share the expectations of the outcome of the research. This became
obvious in the research projects conducted with GKN AES, see Table 2, as the
expectations were thoroughly discussed before each project.

Parallel projects regarding sustainability create a positive atmosphere to sus-
tainability, supporting capability development, and offering a win–win situation
for the projects. For example, a method development project can support the
implementation of new sustainable technologies. A synergy effect occurs when the
technology projects can provide concrete sustainability targets, which the man-
agement understands and can thereby justify company investments in sustain-
ability initiatives (Alblas, Peters & Wortmann 2014).

Nomenclature
AM additive manufacturing
EASA European Union Aviation Safety Agency
FAA Federal Aviation Administration
GKN GKN Aerospace
GKN AES GKN Aerospace Engines System
MD metal deposition
MDO multidisciplinary design optimisation
SDGs sustainable development goals (UN 2030)
SPD sustainable product development
WEM whole engine model

Acknowledgements
Financial support has partially been provided by VINNOVA and the Knowledge
Foundation in Sweden, which is gratefully acknowledged.

References
ACARE 2012 Strategic Research & Innovation Agenda. Executive Summary. Advisory

Council for Aviation Research and Innovation in Europe. Available online: https://
open4aviation.at/resources/pdf/ACARE-Strategic-Research-Innovation-Volume-1.pdf
(accessed 23 January 2023).

Åhlström, P. & Karlsson, C. 2010 Longitudinal field studies. In Researching Operations
Management, pp. 210–249. Routledge.

Ahmad, S.,Wong, K. Y.,Tseng,M. L.&Wong,W. P. 2018 Sustainable product design and
development: A review of tools, applications and research prospects. Resources, Con-
servation and Recycling 132, 49–61.

Al Handawi, K., Andersson, P., Panarotto, M., Isaksson, O. & Kokkolaras, M. 2021
Scalable set-based design optimization and remanufacturing for meeting changing
requirements. Journal of Mechanical Design 143 (2), 021702.

Alblas, A. A., Peters, K. & Wortmann, J. C. 2014 Fuzzy sustainability incentives in new
product development: An empirical exploration of sustainability challenges in manu-
facturing companies. International Journal of Operations & Production Management
34, 513–545.

24/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://open4aviation.at/resources/pdf/ACARE-Strategic-Research-Innovation-Volume-1.pdf
https://open4aviation.at/resources/pdf/ACARE-Strategic-Research-Innovation-Volume-1.pdf
https://doi.org/10.1017/dsj.2023.22


Atkinson, C., Pfeiffer, H. & Doerffer, P. 2017 Final Evaluation of the Clean Sky Joint
Undertaking (2008–2016) Operating under FP7. Brussels, June. European Commission.

Bertoni, A., Hallstedt, S. I., Dasari, S. K. & Andersson, P. 2020 Integration of value and
sustainability assessment in design space exploration bymachine learning: An aerospace
application. . Design Science 6, e2.

Bhamra, T.&Hernandez, R. J. 2021 Thirty years of design for sustainability: An evolution
of research, policy and practice. Design Science 7, e2.

Broman, G., Robèrt, K. H., Collins, T. J., Basile, G., Baumgartner, R. J., Larsson, T. &
Huisingh, D. 2017 Science in support of systematic leadership towards sustainability.
Journal of Cleaner Production 140, 1–9.

Broman, G. I. & Robèrt, K. H. 2017 A framework for strategic sustainable development.
Journal of Cleaner Production 140, 17–31.

Brundtland, G.H. 1987Our common future—Call for action. Environmental Conservation
14 (4), 291–294.

Byggeth Sophie, H., Henrik, N., Johan, W., Göran, B. & Karl-Henrik, R. 2007 Intro-
ductory procedure for sustainability-driven design optimization. Guidelines for a
Decision Support Method Adapted to NPD Processes. Design Society.

Cambridge Dictionary 2023 Available online: https://dictionary.cambridge.org/ (accessed
5 January 2023).

Chiu, M. C. & Chu, C. H. 2012 Review of sustainable product design from life cycle
perspectives. International Journal of Precision Engineering and Manufacturing 13 (7),
1259–1272.

Clean Aviation 2021 Strategic Research and Innovation Agenda. Version December 2021,
Clean Aviation Joint Undertaking, p. 12. Available online: https://www.clean-aviation.
eu/sites/default/files/2022-01/CAJU-GB-2021-12-16-SRIA_en.pdf (accessed
22 January 2023).

Clean Sky 2 2021 First Global Assessment 2020. Technical Report, May 2021. Available
online: https://cleansky.paddlecms.net/sites/default/files/2021-10/TE-FGA-TR_en.pdf
(accessed 22 January 2023).

Day, G. S. 1994 The capabilities of market-driven organizations. Journal of Marketing 58
(4), 37–52.

Department for Transport 2022 Jet Zero Strategy – Delivering Net Zero Aviation by 2050.
UK Department of Transport, July 2022. Available online: https://assets.publishing.
service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/
jet-zero-strategy.pdf (accessed 22 January 2023).

Dias, V. M. R., Jugend, D., de Camargo Fiorini, P., do Amaral Razzino, C. & Pinheiro,
M. A. P. 2022 Possibilities for applying the circular economy in the aerospace industry:
Practices, opportunities and challenges. Journal of Air Transport Management 102,
102227.

Dordlofva, C. 2020 Qualification Aspects in Design for Additive Manufacturing: A Study in
the Space Industry (Doctoral dissertation, Luleå University of Technology).

Elkington, J. & Rowlands, I. H. 1999 Cannibals with forks: The triple bottom line of 21st
century business. Alternatives Journal 25 (4), 42.

European Commission 2014 Report on Critical Raw Material for the EU. 2014, 3–4.

European Commission 2019 Communication from the commission of the European
parliament, the council, the European economic and social committee and the com-
mittee of the regions on the European Green Deal (No. COM(2019) 640 final),
European Commission.

European Environmental Agency 2017 Circular by Design. EEA Report No 6/2017.

25/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://dictionary.cambridge.org/
https://www.clean-aviation.eu/sites/default/files/2022-01/CAJU-GB-2021-12-16-SRIA_en.pdf
https://www.clean-aviation.eu/sites/default/files/2022-01/CAJU-GB-2021-12-16-SRIA_en.pdf
https://cleansky.paddlecms.net/sites/default/files/2021-10/TE-FGA-TR_en.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/jet-zero-strategy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/jet-zero-strategy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1095952/jet-zero-strategy.pdf
https://doi.org/10.1017/dsj.2023.22


Ford, S. & Despeisse, M. 2016 Additive manufacturing and sustainability: An exploratory
study of the advantages and challenges. Journal of Cleaner Production 137, 1573–1587.

Galván, J. A., Casman, E. & Fisher, E. 2022 What skills predict an intern’s ability to
innovate new products? A quantitative study of innovation capability ofMexican college
interns. International Journal on Interactive Design andManufacturing (IJIDeM) 16 (4),
1301–1320.

Gericke, K., Eckert, C., Campean, F., Clarkson, P. J., Flening, E., Isaksson, O.,Kipouros,
T., Kokkolaras, M., Köhler, C., Panarotto, M. & Wilmsen, M. 2020 Supporting
designers: Moving from method menagerie to method ecosystem. Design Science 6,
e21.

Gialos, A. A., Zeimpekis, V.,Alexopoulos, N. D.,Kashaev, N.,Riekehr, S.&Karanika, A.
2018 Investigating the impact of sustainability in the production of aeronautical sub-
scale components. Journal of Cleaner Production 176, 785–799.

Gibson, R. B. 2006 Beyond the pillars: Sustainability assessment as a framework for effective
integration of social, economic and ecological considerations in significant decision-
making. Journal of Environmental Assessment Policy and Management 8 (03), 259–280.

Glöser, S., Espinoza, L. T.,Gandenberger, C.& Faulstich, M. 2015 Rawmaterial criticality
in the context of classical risk assessment. Resources Policy 44, 35–46.

Gould, R. 2018 The Individual Human Side of Supporting Sustainable Design Beginners
(Doctoral dissertation, Blekinge Tekniska Högskola).

Griffiths, C. A.,Howarth, J.,De Almeida-Rowbotham, G., Rees, A. & Kerton, R. 2016 A
design of experiments approach for the optimisation of energy and waste during the
production of parts manufactured by 3D printing. Journal of Cleaner Production 139,
74–85.

Hallstedt, S., Ny, H., Robèrt, K. H. & Broman, G. 2010 An approach to assessing
sustainability integration in strategic decision systems for product development. Journal
of Cleaner Production 18 (8), 703–712.

Hallstedt, S. I. & Isaksson, O. 2017 Material criticality assessment in early phases of SPD.
Journal of Cleaner Production 161, 40–52.

Hallstedt, S. I. &Nylander, J. W. 2019. Sustainability research implementation in product
development-learnings from a longitudinal study. In Proceedings of the Design Society:
International Conference on Engineering Design (Vol. 1, No. 1), pp. 3381–3390). Cam-
bridge University Press.

Hallstedt, S. I. 2017 Sustainability criteria and sustainability compliance index for decision
support in product development. Journal of Cleaner Production 140, 251–266.

Hallstedt, S. I., Bertoni, M. & Isaksson, O. 2015 Assessing sustainability and value of
manufacturing processes: A case in the aerospace industry. Journal of Cleaner Produc-
tion 108, 169–182.

Hallstedt, S. I., Isaksson, O. & Öhrwall Rönnbäck, A. 2020 The need for new product
development capabilities from digitalization, sustainability, and servitization trends.
Sustainability 12 (23), 10222.

Hallstedt, S. I., Thompson, A. W. & Lindahl, P. 2013 Key elements for implementing a
strategic sustainability perspective in the product innovation process. Journal of Cleaner
Production 51, 277–288.

Harrison, A. 2006 Design for service: Harmonising product design with a services strategy.
In Turbo Expo: Power for Land, Sea, and Air (Vol. 42371), pp. 135–143). ASME; doi:
10.1115/GT2006-90570.

Humphrey, W. S. 1988 Characterizing the software process: A maturity framework. IEEE
Software 5 (2), 73–79.

26/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://doi.org/10.1115/GT2006-90570
https://doi.org/10.1017/dsj.2023.22


IAEG 2016 Introduction to IAEG – International Aerospace Environmental Group, May
2016. Available online: https://www.iaeg.com/binaries/content/assets/iaeg-legacy/
about/introduction_to_iaeg-5-16.pdf (accessed 23 January 2023).

IATA 2021 Press Release No: 66, 4 October 2021. Available online: https://www.iata.org/en/
pressroom/pressroom-archive/2021-releases/2021-10-04-03/ (accessed 20 January
2023).

Isaksson, O. 2016 A collaborative engineering design research model—An aerospace
manufacturer’s view. In Impact of Design Research on Industrial Practice (eds Chakra-
barti, A. & Lindemann, U.), pp. 363–381. Springer.

Isaksson, O., Bertoni, M.,Hallstedt, S.& Lavesson, N. 2015Model based decision support
for value and sustainability in product development. In 20th International Conference
on Engineering Design (ICED), Milan. The Design Society.

Isaksson, O., Larsson, T. C. & Rönnbäck, A. Ö. 2009 Development of product-service
systems: Challenges and opportunities for the manufacturing firm. Journal of Engin-
eering Design 20 (4), 329–348.

Kwok, S. Y., Schulte, J. & Hallstedt, S. I. 2020 Approach for sustainability criteria and
product life-cycle data simulation in concept selection. In Proceedings of the Design
Society: DESIGN Conference (Vol. 1), pp. 1979–1988). Cambridge University Press.

Lawand, L., Panarotto, M., Andersson, P., Isaksson, O. & Kokkolaras, M. 2020 Dynamic
lifecycle cost modeling for adaptable design optimization of additively remanufactured
aeroengine components. Aerospace 7 (8), 110.

Lee, D. S., Fahey, D. W., Skowron, A., Allen, M. R., Burkhardt, U., Chen, Q., Doherty,
S. J., Freeman, S., Forster, P. M., Fuglestvedt, J. & Gettelman, A. 2021 The contri-
bution of global aviation to anthropogenic climate forcing for 2000 to 2018.Atmospheric
Environment 244, 117834.

Lloyd, S., Lee, J., Clifton, A., Elghali, L. & France, C. 2012. Ecodesign through environ-
mental risk management: A focus on critical materials. In Design for Innovative Value
towards a Sustainable Society, pp. 374–379. Springer.

Mettler, T. 2011 Maturity assessment models: A design science research approach. Inter-
national Journal of Society Systems Science (IJSSS) 3 (1/2), 81–98.

Morita, M. & Machuca, J. A. 2018 Integration of product development capability and
supply chain capability: The driver for high performance adaptation. International
Journal of Production Economics 200, 68–82.

Moss, R. L.,Tzimas, E.,Kara, H.,Willis, P.&Kooroshy, J. 2011 Critical metals in strategic
energy technologies. In Assessing Rare Metals as Supply-Chain Bottlenecks in Low-
Carbon Energy Technologies (No. EUR--24884-EN-2011). Institute for Energy and
Transport IET.

Nakicenovic, N., Messner, D., Zimm, C., Clarke, G., Rockström, J., Aguiar, A. P.,
Boza-Kiss, B., Campagnolo, L., Chabay, I., Collste, D. & Comolli, L. 2019 TWI2050-
The World in 2050 (2019). The Digital Revolution and Sustainable Development:
Opportunities and Challenges. Report prepared by TheWorld in 2050 initiative. ARCA.

OECD 2017 3D printing and its environmental implications. In The Next Production
Revolution: Implications for Governments and Business, pp. 171–213. OECDPublishing;
doi:10.1787/9789264271036-9-en.

Panarotto, M., Isaksson, O. & Vial, V. 2023 Cost-efficient digital twins for design space
exploration: A modular platform approach. Computers in Industry 145, 103813.

Paris, H., Mokhtarian, H., Coatanéa, E., Museau, M. & Ituarte, I. F. 2016 Comparative
environmental impacts of additive and subtractive manufacturing technologies. CIRP
Annals 65 (1), 29–32.

27/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://www.iaeg.com/binaries/content/assets/iaeg-legacy/about/introduction_to_iaeg-5-16.pdf
https://www.iaeg.com/binaries/content/assets/iaeg-legacy/about/introduction_to_iaeg-5-16.pdf
https://www.iata.org/en/pressroom/pressroom-archive/2021-releases/2021-10-04-03/
https://www.iata.org/en/pressroom/pressroom-archive/2021-releases/2021-10-04-03/
https://doi.org/10.1787/9789264271036-9-en
https://doi.org/10.1017/dsj.2023.22


Peace, A., Ramirez, A., Broeren, M. L., Coleman, N., Chaput, I., Rydberg, T. & Sauvion,
G.N. 2018 Everyday industry—Pragmatic approaches for integrating sustainability into
industry decision-making. Sustainable Production and Consumption 13, 93–101.

Petroski, H. 2018 Success through Failure: The Paradox of Design (Vol. 92). Princeton
University Press.

Pryn, M. R., Cornet, Y. & Salling, K. B. 2015 Applying sustainability theory to transport
infrastructure assessment using a multiplicative AHP decision support model. Trans-
port 30 (3), 330–341.

Riggs, I. 2018 A Practitioner’s Guide to Deploying AS13004 to Achieve Zero Defects. Rolls
Royce. Available online: https://suppliers.rolls-royce.com/GSPWeb/ShowProperty?
nodePath=/BEA%20Repository/Global%20Supplier%20Portal/Section%20DocLink%
20Lists/Drive%20for%20Zero%20Defects/Main/Column%201/Section%204/Docu
ments/PFMEA%20Practitioner%20Guide//file (accessed 23 January 2023).

Rockström, J., Steffen, W., Noone, K., Persson, Å., Chapin, F. S., Lambin, E., Lenton,
T. M., Scheffer, M., Folke, C., Schellnhuber, H. J. & Nykvist, B. 2009 Planetary
boundaries: Exploring the safe operating space for humanity. Ecology and Society 14 (2),
32.

Runnemalm, H., Tersing, H. & Isaksson, O. 2009 Virtual manufacturing of light weight
aero engine components. In International Symposium on Air Breathing Engines, 07–
11 September 2009. ISABE.

Samuelsson, S., Grönstedt, T., Isaksson, O. & Raja, V. 2015 Exploring influence of static
engine component design variables on system level performance. In ISABE 2015.
College of Engineering and Applied Science.

Sandberg, M., Tyapin, I., Kokkolaras, M., Lundbladh, A. & Isaksson, O. 2017 A
knowledge-based master model approach exemplified with jet engine structural design.
Computers in Industry 85, 31–38.

Saranga, H., George, R., Beine, J. & Arnold, U. 2018 Resource configurations, product
development capability, and competitive advantage: An empirical analysis of their
evolution. Journal of Business Research 85, 32–50.

Schäfer, M. & Löwer, M. 2021 Ecodesign—A review of reviews. Sustainability 13 (1), 315.

Schöggl, J. P., Baumgartner, R. J.&Hofer, D. 2017 Improving sustainability performance
in early phases of product design: A checklist for sustainable product development
tested in the automotive industry. Journal of Cleaner Production 140, 1602–1617.

Schulte, J. & Hallstedt, S. 2017 Challenges and preconditions to build capabilities for
sustainable product design. In DS 87–1 Proceedings of the 21st International Conference
on Engineering Design (ICED 17) Vol. 1: Resource Sensitive Design, Design Research
Applications and Case Studies, Vancouver, 21–25 August 2017, pp. 001–010. Design
Society

Schulte, J. &Hallstedt, S. I. 2018a Company risk management in light of the sustainability
transition. Sustainability 10 (11), 4137.

Schulte, J. & Hallstedt, S. I. 2018b Self-assessment method for sustainability implemen-
tation in product innovation. Sustainability 10 (12), 4336; doi:10.3390/su10124336.

Schulte, J. & Hallstedt, S. I. 2018c Workshop method for early sustainable product
development. In Proceedings of International Design Conference Design, Dubrovnik,
Croatia, May 21–24. Design Society; doi:10.21278/idc.2018.0209.

Schulte, J. & Knuts, S. 2022 Sustainability impact and effects analysis-a risk management
tool for sustainable product development. Sustainable Production and Consumption 30,
737–751.

Schulte, J. 2021 Strategic Sustainability Risk Management in Product Development Com-
panies (Doctoral dissertation, Blekinge Tekniska Högskola).

28/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://suppliers.rolls-royce.com/GSPWeb/ShowProperty?nodePath=/BEA%20Repository/Global%20Supplier%20Portal/Section%20DocLink%20Lists/Drive%20for%20Zero%20Defects/Main/Column%201/Section%204/Documents/PFMEA%20Practitioner%20Guide//file
https://suppliers.rolls-royce.com/GSPWeb/ShowProperty?nodePath=/BEA%20Repository/Global%20Supplier%20Portal/Section%20DocLink%20Lists/Drive%20for%20Zero%20Defects/Main/Column%201/Section%204/Documents/PFMEA%20Practitioner%20Guide//file
https://suppliers.rolls-royce.com/GSPWeb/ShowProperty?nodePath=/BEA%20Repository/Global%20Supplier%20Portal/Section%20DocLink%20Lists/Drive%20for%20Zero%20Defects/Main/Column%201/Section%204/Documents/PFMEA%20Practitioner%20Guide//file
https://suppliers.rolls-royce.com/GSPWeb/ShowProperty?nodePath=/BEA%20Repository/Global%20Supplier%20Portal/Section%20DocLink%20Lists/Drive%20for%20Zero%20Defects/Main/Column%201/Section%204/Documents/PFMEA%20Practitioner%20Guide//file
https://doi.org/10.3390/su10124336
https://doi.org/10.21278/idc.2018.0209
https://doi.org/10.1017/dsj.2023.22


Sonnemann, G.,Gemechu, E. D.,Adibi, N.,De Bruille, V.&Bulle, C. 2015 From a critical
review to a conceptual framework for integrating the criticality of resources into life
cycle sustainability assessment. Journal of Cleaner Production 94, 20–34.

Speirs, J., Houari, Y. & Gross, R. 2013 Materials Availability: Comparison of Material
Criticality Studies—Methodologies and Results. UK Energy Research Centre, 30.

Steffen, W., Broadgate, W.,Deutsch, L., Gaffney, O. & Ludwig, C. 2015 The trajectory of
the anthropocene: The great acceleration. Anthropocene Review 2 (1), 81–98.

Stumpf, L., Schöggl, J. P. & Baumgartner, R. J. 2023 Circular plastics packaging–priori-
tizing resources and capabilities along the supply chain. Technological Forecasting and
Social Change 188, 122261.

Tang, Y., Mak, K. & Zhao, Y. F. 2016 A framework to reduce product environmental
impact through design optimization for additive manufacturing. Journal of Cleaner
Production 137, 1560–1572.

Thompson, M. K., Moroni, G., Vaneker, T., Fadel, G., Campbell, R. I., Gibson, I.,
Bernard, A., Schulz, J., Graf, P., Ahuja, B. & Martina, F. 2016 Design for additive
manufacturing: Trends, opportunities, considerations, and constraints. CIRP Annals
65 (2), 737–760.

Ullman, D. G. 1992 The Mechanical Design Process (Vol. 2). McGraw-Hill.

Vardon, D. R., Sherbacow, B. J., Guan, K., Heyne, J. S. & Abdullah, Z. 2022 Realizing
“net-zero-carbon” sustainable aviation fuel. Joule 6 (1), 16–21.

Villamil, C. & Hallstedt, S. 2020 Sustainabilty integration in product portfolio for sus-
tainable development: Findings from the industry. Business Strategy and the Environ-
ment 1–16; doi:10.1002/bse.2627.

Villamil, C. & Hallstedt, S. 2021 Sustainabilty integration in product portfolio for sus-
tainable development: Findings from the industry. Business Strategy and the Environ-
ment 30 (1), 388–403.

Villamil, C., Nylander, J., Hallstedt, S. I., Schulte, J. & Watz, M. 2018 Additive manu-
facturing from a strategic sustainability perspective. In DS 92: Proceedings of the
DESIGN 2018 15th International Design Conference (pp. 1381–1392). Design Society;
doi:10.21278/idc.2018.0353.

Villamil, C., Schulte, J. &Hallstedt, S. 2022 Sustainability risk and portfolio management
—A strategic scenario method for sustainable product development. Business Strategy
and the Environment 31 (3), 1042–1057.

Wallin, J., Isaksson, O., Larsson, A. & Elfström, B. O. 2014 Bridging the gap between
university and industry: Three mechanisms for innovation efficiency. International
Journal of Innovation and Technology Management 11 (01), 1440005.

Wallin, J., Parida, V. & Isaksson, O. 2015 Understanding product-service system innov-
ation capabilities development for manufacturing companies. Journal of Manufacturing
Technology Management 26(5), 763–787.

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

World Meteorological Association (WMO) 2022 Provisional State of the Global Climate
2022. World Meteorological Association (WMO).

29/29

https://doi.org/10.1017/dsj.2023.22 Published online by Cambridge University Press

https://doi.org/10.1002/bse.2627
https://doi.org/10.21278/idc.2018.0353
https://doi.org/10.1017/dsj.2023.22

	Sustainable product development in aeroengine manufacturing: challenges, opportunities and experiences from GKN Aerospace Engine System
	1. Introduction
	1.1. Sustainable development and industrial challenges
	1.2. Sustainability challenges for aeroengine manufacturers
	1.3. Purpose and aim

	2. Sustainable product development capabilities
	3. Method
	4. Key areas affected by sustainability transformation
	4.1. Example: AM technology and critical materials
	4.2. Example: Business transition towards sustainability
	4.3. Example: Disruptive technologies and production realisation

	5. Experiences of GKN AES’s sustainable product development journey
	5.1. Systematic collaboration for sustainable product development
	5.2. Development phases in the sustainability journey at GKN AES

	6. Wider expectations on sustainability transformation
	6.1. Technology and materials
	6.2. Business transformation towards sustainability
	6.3. Disruptive technologies and product realisation
	6.4. Recommendations

	7. Concluding discussion
	Nomenclature
	Acknowledgements
	References


