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Abstract

Integrating socio-ecological criteria into early-stage product development remains
challenging due to limited data availability and uncertainty. This thesis aims to
address this issue at GKN Aerospace by developing a prioritised list of socio-ecological
criteria and an accompanying integration framework for practical application in the
early stages of product development. The purpose is to support trade-off scenarios
and embed socio-ecological aspects into the design process.

Through a semi-systematic literature review, an initial list of 263 criteria was collected
and funnelled down to 41 through aggregation and guided filtering with sustainability
experts. In parallel, interviews were conducted with practitioners at GKN Aerospace
to identify gaps and integration opportunities in the company’s current product
development processes. An additional literature review identified criteria prioritisation
methods, from which expert opinion and the DEMATEL method were adapted to
evaluate criteria importance and interdependencies.

Through the prioritisation and mapping of company processes, 16 primary and
25 case-by-case criteria were proposed for integration into product requirements
and concept selection matrices. The framework and criteria were validated through
interviews with practitioners and life-cycle-focused academic research.

The validation confirmed the importance of prioritising criteria that impact the
use phase, to which over 90% of the product-related emissions can currently be
attributed. In addition, there is an opportunity to ensure more robust compliance
with sustainability-related regulations by embedding them into product requirements.
Further research should focus on developing measurable metrics and assessment
methods for each criterion to support their practical implementation in the design
process.

Keywords: Sustainable Product Development, Socio-Ecological Criteria, Early-Stage
Product Development, Aerospace Industry, Concept Selection, Product Requirements.






Acknowledgements

We would like to thank everyone who supported us throughout this thesis work,
and to GKN Aerospace for providing the opportunity to conduct this thesis. Special
thanks are extended to all participants who contributed with their time and knowledge
throughout the interviews, focus group sessions, and discussions.

To our supervisors, Pauline Léonard and Johanna Nylander, we would like to express
our appreciation and gratitude for the valuable guidance, trust, and continuous

support. Last but not least, we would like to thank our examiner, Sophie Isaksson
Halstedt, for the constructive and insightful academic feedback.

Eyglé Anna Arnardéttir & Selin Oguz, Gothenburg, June 2026

vii






List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

COq Carbon Dioxide

DEMATEL Decision-Making Trial and Evaluation Laboratory
DNSH Do No Significant Harm

EU European Union

FSSD Framework for Strategic Sustainable Development
GHG Greenhouse Gas

GKNA GKN Aerospace

LCA Life Cycle Assessment

LCSA Life Cycle Sustainability Assessment

MCDA Multi-Criteria Decision Analysis

NO, Nitrogen Oxides

REACH Registration, Evaluation, Authorisation & Restriction of Chemicals
S-LCA Social Life Cycle Assessment

TBL Tripple Bottom Line

ix






Contents

List of Acronyms ix
List of Figures XV
List of Tables xvii
1 Introduction 1
1.1 Project Background . . . . . . .. ... oo 1
1.2 Company Background . . . . .. .. .. ... ... ... ... 2
1.3 Purpose . . . . . . 3
1.4 Objectives and Research Questions . . . . . .. ... ... ... ... 4
1.5 Scope and Limitations . . . . . .. .. ... ... .. .. ....... 4
2 Theoretical Background 5
2.1 Sustainability and Sustainable Development . . . . . . .. .. .. .. )
2.1.1 Sustainable Product Development . . . . . . . . ... ... .. 5
2.1.2  Sustainability Challenges in the Aerospace Industry . . . . . . 6

2.2 Early-Stage Product Development & Decision-
Making . . . . . . . . 7
2.2.1  The Product Planning Phase . . . . . ... ... ... .... 8
2.2.2  The Concept Development Phase . . . . . ... ... ... .. 9
2.2.3 Design Criteria, Requirements and Metrics . . . . . . . .. .. 10
2.2.4  Product Development in the Aerospace Industry . . . . . . . . 11
2.3 Socio-Ecological Criteria . . . . . . .. .. ... ... ... ... 13
2.4  Criteria Prioritisation and Weighing Approaches . . . . . . . . . . .. 14
2.5 Sustainability Integration. . . . . . .. ..o o000 15
2.5.1 Existing Sustainability Frameworks and Methods . . . . . . . 15
2.5.2  Framework Design . . . .. .. ... ... ... .. 18
2.6 Sustainability Regulations and Compliance in Aerospace . . . . . .. 19
2.6.1 Aviation Emissions and Fuel Regulations . . . . . ... .. .. 19
2.6.2 Material and Manufacturing Regulations . . . . . . .. .. .. 19
2.6.3 EU Taxonomy Regulation . . . . ... ... .. ... ..... 20
3 Methodology 21
3.1 Overall Thesis Methodology . . . . . ... ... ... ... ... ... 21
3.2 Industry Sustainability Benchmarking . . . . . . . ... ... ... .. 22
3.3 Stakeholder Needs Study . . . . . ... .. ... ... ... ... ... 23

X1



Contents

3.4

3.5

3.6

3.7

3.3.1 Stakeholder Needs Analysis - Interviews . . . . .. ... ...
3.3.2 Extracting stakeholder needs for criteria list and frame-

work ..o
3.3.3 Stakeholder Persona Development . . . . . . . ... ... ...
Developing a List of Socio-ecological Criteria . . . . . . . . .. . ...
3.4.1 Literature Review: Criteria collection . . . . . . . .. ... ..
3.4.2 Aggregating Initial Criteria List . . . . . . . ... .. ... ..
3.4.3 Expansion of Initial Criteria List . . . . . . ... .. ... ..
3.4.4 Expert Screening of Criteria . . . . . . . ... ... ... ...
3.4.5 Refine and classify criteria . . . . . . .. ...
Prioritising criteria . . . . . . . .. ..o
3.5.1 Literature Review: Prioritisation Methods . . . . . . . . . ..
3.5.2  Criteria Scoring Through Focus Groups . . . . . .. .. .. ..
3.5.3  Criteria Scoring Through the DEMATEL Method . . . . . . .
Framework Development . . . . . . . . .. . ... ... ...
3.6.1 Company Process Mapping . . . ... ... ... ... ....
3.6.2 Framework Concept Development . . . . . . ... .. .. ...
Validation Approach . . . . . . . . .. ... ... .
3.7.1 Evaluation of Framework Through Case Study Interviews . . .

3.7.2  Validation of Criteria Through Academic Literature . . . . . .
3.7.3 Validation of Framework Through Academic Literature . . . .
Results
4.1 Industry Sustainability Benchmarking . . . . . . .. .. .. ... ...

4.2

4.3

4.4

4.5

Stakeholder Needs Study . . . . . . . .. .. ... ... ... .....
4.2.1 Stakeholder Personas . . . . . . ... ... ... ... ... ..
4.2.2 Stakeholder Needs Interviews . . . . .. ... ... ... ...
4.2.3 Stakeholder Needs for Criteria List . . . . . . ... ... ...
Socio-Ecological Criteria List and Prioritisation Methods . . . . . . .
4.3.1 Prioritisation and Scoring Methods Results . . . . . . . . . ..
4.3.2  Socio-Ecological Criteria Scoring through Focus Groups . . . .
4.3.3 Socio-Ecological Criteria Prioritisation through DEMATEL . .
4.3.4 Refined List of Criteria . . . . . .. ... ... ... ... ...
4.3.5 Criteria List Evaluation . . . . ... ... ... ... .....
Framework Design . . . . . . . . ... ..o 0o
4.4.1 Current Company SPD Tools . . . . .. ... .. ... ....
4.4.2 Current Criteria Integration . . . . . .. ... ... ... ...
4.4.3 Stakeholder Needs for Implementation Framework . . . . . . .
4.4.4 Framework System Concept Development . . . . . ... ...
4.4.5 Framework Subsystem Concept Development . . . . . . . . ..
4.4.6 Selection of Mandatory Criteria . . . . . ... ... ... ...
Preliminary Validation . . . . . . ... .. ... ... ... ......
4.5.1 Framework Validation through Case Study Interviews . . . . .
4.5.2  Criteria Validation through Literature . . . . .. ... .. ..
4.5.3 Framework Validation through Literature. . . . . . . . . . ..

5 Discussion

xii

35
35
37
37
38
39
40
42
43
48
50
95
57
o7
58
61
62
65
67
68
68
70
73

7



Contents

5.1 Interpretation of Results . . . . . . . .. .. ... ... .. ... ... 7
5.2 Limitations of Methods and Results . . . . . . . ... .. ... .... 79
5.3 Systematic Improvements for Sustainability Integration . . . . . . . . 82
5.4 Future Work and Recommendations . . . . . . . . ... ... .. ... 82
6 Conclusion 85
6.1 Answers to Research Questions . . . . . . ... ... ... ...... 85
6.2 Final Concluding Statement . . . . . . . . .. ... ... ... .... 87
Reference List 89
A Criteria from Literature Review and Expansion I
B Criteria Screening \%
C Criteria Scoring IX
D DEMATEL Direct Influence Matrix XI
E DEMATEL Normalised Matrix XIII
F DEMATEL Total Relation Matrix XV

xiii



Contents

Xiv



1.1
2.1
3.1

4.1
4.2
4.3
4.4
4.5

4.6

4.7
4.8

B.1
B.2
B.3

C.1
C.2

D.1
E.1

F.1

List of Figures

The early stages of development within the GKN Aerospace process. . 3

The Generic Product Development Process. . . . . . ... ... ... 7
The overall process of the thesis. . . . . . . .. .. .. ... ... ... 21
The criteria list development process. . . . . . . . . . .. . ... ... 41
Aggregation of criteria related to recycling. . . . . . . .. ... .. .. 41
DEMATEL focus group results. . . . . . .. ... ... ... ..... 48
DEMATEL cause-effect diagram. . . . . . ... ... .. ... .... 50
Current integration and ease of implementation: highlighting potential

ecological impact. . . . . . . ... oo 60
Current integration and ease of implementation: highlighting potential

social impact. . . . . . ... 61
System-level diagram of Concept E. . . . . . . .. ... .. ... ... 64
Diagram of subsystem level Concept E2. . . . . . .. ... ... ... 66
Criteria screening matrix, part 1. . . . . . . . . . ... ... .. ... \Y
Criteria screening matrix, part 2. . . . . . . . ... ... ... ... VI
Criteria screening matrix, part 3. . . . . . . . ... ... VII
Criteria scoring matrix results . . . . . . ... ... ... IX
Ease of implementation scoring results for all stakeholder groups. . . X
Direct Influence Matrix developed from the DEMATEL exercise. . . . XII
Normalised Matrix developed from the DEMATEL exercise. . . . . . XIII
Total Relation Matrix developed from the DEMATEL exercise. . . . XV

XV



List of Figures

Xvi



2.1
2.2

3.1
3.2

4.1
4.2
4.3
4.4

4.5

4.6

4.7

4.8

4.9

4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17

Al
A2

List of Tables

Product Planning Activities . . . . . . . . . . . ... ... ... ... 8
Concept Development Activities . . . . . . . . ... ... ... .... 9
DEMATEL Exercise Scoring . . . . . . . . . .. ... ... ...... 30
Level of Integration Classification . . . . . . .. .. ... ... .... 32
Stakeholder Personas Overview . . . . .. . ... ... ... ..... 37
Stakeholder Priorities and Challenges . . . . . . . . . ... ... ... 38
Stakeholder Needs for the Criteria List . . . . . . ... ... ... .. 40
Highest and lowest scored socio-ecological criteria from the sustainability
expert focus group. . . . . ... 43
Highest and lowest scored socio-ecological criteria from the engineering
focus group. . . . ..o 44
Highest and lowest scored socio-ecological criteria from the managerial
focus group. . . . .. 45
Comparison of highest and lowest ease of implementation scored criteria
across the three stakeholder groups. . . . . . . . ... ... ... ... A7
DEMATEL Cause-Effect Summary . . . . ... ... ... ... ... 49
Refined List of Socio-Ecological Criteria . . . . . ... ... ... .. 51
Current Criteria Integration Overview . . . . . . . . . .. ... ... 59
Stakeholder Needs List for the Framework . . . . .. ... ... ... 62
System-level Framework Concepts . . . . . . . .. ... .. ... ... 63
Decision Matrix with Concept A as Reference . . . . ... ... ... 63
Decision Matrix with Concept E as Reference . . . . . . .. ... .. 64
Overview of Subsystem Framework Concepts . . . . . . . . . ... .. 65
Mandatory Criteria List . . . . . . . . . ... ... ... ... ... 67
Framework Success Criteria . . . . . . .. .. .. ... .. ... ... 73
Criteria from the Original Literature Review . . . . . . . . .. .. .. I
Added Social Criteria . . . . . . . . .. ... v

Xvil



List of Tables

xviii



1

Introduction

1.1 Project Background

The 2025 UN Emissions Gap Report highlights the improvements that have been
made in terms of renewable energy transition, expanded climate policy, and reduction
of global warming projections since the adoption of the Paris Agreement in 2016 [1].
This indicates that accelerated climate action is possible and effective with global
commitment. However, current warming projections remain well above the Paris
Agreement, and global greenhouse gas (GHG) emissions continue to increase each
year, requiring significant systematic action, particularly within fossil fuel-reliant
industries [1].

There is a growing interest in sustainable product development and a need to
assess and measure sustainability performance, as well as handle different associated
trade-offs. In the early stages of the product design process, the sustainability
profile for a product’s life cycle is set, after which only incremental changes in
the product architecture can be made. To deliver products that are sustainable, the
requirement is not only to consider the socio-ecological impacts but to maintain them
as integral product requirements [2]. Sustainability is composed of ecological, social
and economic dimensions. Socio-ecological criteria, therefore, fall under sustainability
criteria with a focus on social and ecological aspects. This is particularly relevant in
manufacturing within the aerospace industry, where a radical shift in how organisa-
tions work towards achieving sustainability is needed to meet targets for reducing
carbon dioxide (CO;) and nitrogen oxides (NO,) emissions [3].

In 2022, the aviation industry, in particular departing flights, accounted for roughly
4% of the total combined EU and EFTA GHG emissions [4]. This includes COy and
non-COy emissions (e.g. NO,, PM and SO,). In addition, the aerospace industry
contributes to social issues such as noise pollution from flights, impacting the affected
individuals’ mental and physical health [5]. To address such sustainability challenges,
GKN Aerospace (GKNA) has a long-term collaboration with academia, developing
methods and tools to increase sustainability consideration in various phases of the
product development process [3]. This project is a part of this ongoing research on
sustainable product development, focusing on the early design phases.
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It is, however, challenging to address socio-ecological criteria early in the design
process, as this often requires substantial knowledge and data that are missing in the
early development stages [6]. To bridge the knowledge gap, it is necessary to rely on
qualitative data and employ a systematic approach to ensure early socio-ecological
considerations despite the associated challenges [6].

This project builds upon ongoing collaborative research on sustainable product
development between GKNA and academia through the development and prioritisa-
tion of socio-ecological design criteria for use in early-stage product development.
For GKNA, this project provides a systematic approach for identifying and prioritising
socio-ecological criteria relevant to the aerospace industry to support early-stage
decision-making.

1.2 Company Background

GKN Aerospace is a global technology leader in the aerospace industry with their
Engine Systems division headquartered in Trollhattan, Sweden, where high-precision
products such as engine components are developed, manufactured, and maintained.
GKNA supplies commercial and military aircraft engines, with technology and
products present in more than 100,000 flights per day around the world [7].

GKNA believes that technology is the key driver of innovation in the aerospace
industry, from additive manufacturing to future propulsion systems, including product
design, manufacturing processes, and sustainability. Through collaboration with
research partners and academia, the company supports thesis and PhD students in
research projects. Several studies have been conducted on efforts to embed sustaina-
bility in the early stages of product development. The company targets several
strategic sustainability goals, such as 1) reaching net-zero GHG emissions across
the value chain by 2050, 2) reducing absolute Scope 1 and 2 GHG emissions by 50%
in 2030, and 3) upholding its commitment of "being the most trusted and sustainable
partner in the sky" [8].

The general product development process at GKNA can be seen in Figure 1.1.
The official product development begins with "Pre Study', at which stage products
are already defined to a large extent, with fixed requirements and constraints.
Products are conceptualised in the "Business Development" stage before the official
product development process, where initial negotiations with customers on product
deliverables take place. Before the start of product development, a product can also
enter several iterations of technology development, where aspects of the product
can be developed and demonstrated. In this study, early-stage product development
was therefore expanded to include stages of "Technology Development", "Business
Development", "Pre Study' and "Conceptual Design' in the GKNA development
process, as presented in Figure 1.1.
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Pre-Product Development Product Development

>

Business Conceptual Prelimina Industrialisation
Development Pre Study P \nary Detailed Design Final Design & Product

Design Design

& Sales Launch

R—>

Technology
Development

Early-stage product development

Figure 1.1: The early stages of development within the GKN Aerospace process.

1.3 Purpose

The purpose of this project is to enhance sustainability integration into early-stage
product development at GKNA. Due to a high degree of uncertainty and limited data
availability, it is often difficult to evaluate and incorporate sustainability considera-
tions into decision-making. Therefore, creating a need for practical approaches
that enable sustainability aspects to be systematically incorporated in product
development processes. The project aims to address this by identifying and implemen-
ting science-based socio-ecological design criteria into early-stage product development.

In a broader context, the purpose is to explore how socio-ecological criteria can be
systematically embedded in early-stage product development. This is particularly
challenging in a highly regulated industry such as the aerospace industry, where the
design space is largely predefined by certification and performance requirements,
even in the early product development phases [9]. A rigid design space leads to an
increase in different trade-offs that must be considered during the design process.
Inclusion of socio-ecological criteria and sustainability requirements increases the
likelihood of conflicting criteria and complex trade-offs [10]. If such trade-off scenarios
are identified in the early product development stages, associated risks can potentially
be avoided. Trade-off management is therefore a critical component of the project
and should accompany the proposed design criteria.

The broader purpose of this thesis is to contribute to ongoing research in sustainable
product development by documenting methods for integrating socio-ecological criteria
into existing product development processes. The identified methods may apply
to other aerospace companies or potentially to other industries and research in
sustainable product development.
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1.4 Objectives and Research Questions

The following research questions have been developed to guide this project:
1. What socio-ecological criteria are the most critical to consider during the early
product development stages within the aerospace industry?
2. How should the criteria be prioritised to support decision-making and navigating
trade-off situations in the product development process?
3. How can the identified criteria be systematically integrated into the design
and decision-making processes of GKN Aerospace?
The objective of the thesis is to identify, define, and prioritise the most relevant
socio-ecological sustainability criteria for early-stage product development within
the aerospace industry. In addition, prioritise the identified socio-ecological criteria
to support decision-making and trade-off management. Another objective is to
propose a developed framework to support socio-ecological integration while ensuring
alignment with company needs, goals, and practical implementation.

1.5 Scope and Limitations

The main focus of the project is on the early stages of product development, including
product planning and conceptual design phases, which in GKNA’s processes translates
to technology development, business development & sales, pre study and conceptual
design as seen in Figure 1.1.

The project is limited to the civil sector of the aerospace industry due to restricted
access to data for defence and space-related applications. Additional limitations
are related to the affiliated company. GKNA is a relatively large organisation,
which typically implies more rigid structures and slower implementation of change;
therefore, implementation or execution of the developed tools or methods was not
considered and excluded. Preliminary validation was instead conducted through
literature, interviews, and focus groups. In addition, sensitive data of specific
company products are entirely excluded from the project, which limits the extent
to which the methods or tools can be validated on example cases.

Since the affiliated branch of the company is located in Sweden, the project is subject
to geographical limitations. Although GKNA is a global company with international
suppliers and customers, some locational bias needs to be considered, as interviews
are conducted with engineers and managers located in Sweden. Additionally, only
EU laws and regulations are explored within this context, since including US and
other worldwide regulations is not reasonable within the time frame of the project.
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Theoretical Background

2.1 Sustainability and Sustainable Development

Sustainability is defined by the Brundtland Commission of the United Nations
as "meeting the needs of the present without compromising the ability of future
generations to meet their own needs" [11]. Although Brundtland’s definition of
sustainable development is widely accepted and used as guiding institutional principles
to address modern challenges, scholars have argued the need to shift in how it is
understood and implemented, as it is conceptually broad [12].

Sustainability should not solely be viewed as rigid and technical, but rather include
perspectives of economic, ecological, ethical, and political. In addition, it requires
the inclusion of multiple disciplines, as sustainability is not solely an engineering or
environmental problem, but it also involves social and political dimensions [12].

In an engineering context, sustainability comprises three dimensions: ecological,
social, and economic, all of which need to be balanced and considered in parallel
when adopting a systematic perspective in product development [13, p. 115].

2.1.1 Sustainable Product Development

Product development is defined by Ulrich et al. [14] as "the set of activities beginning
with the perception of a market opportunity and ending in the production, sale,
and delivery of a product'. Beyond this description, product development is a
cross-functional and interdisciplinary activity requiring contributions of a company’s
marketing, design and manufacturing functions [14].

Product development determines most of the technical architecture and impact of
a product’s lifecycle; therefore, sustainability must be strategically embedded early
within the product development process. Product development and manufacturing
companies play a central role in the sustainability transition as they provide the
impact of goods such as products, technology, and services, while also having a
negative effect by consumption of natural resources and energy [15]. In the early
stages, most products’ lifecycle impacts are determined [16], however, it is difficult
and challenging to assess product sustainability performance due to high uncertainty,
lack of data, and time constraints [17]. Researchers have highlighted the importance
of companies integrating quantitative sustainability metrics into early decision-making;
otherwise, there is a risk of down-prioritisation and environmental degradation [18].

5
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Sustainable product development can be defined as an organisation’s capability to
strategically make sustainable decisions in product development to systematically
integrate the early phases of the product innovation process [3]. The capabilities,
also referred to as sustainable product development capabilities, are required to
address new needs and integrate technologies into functioning solutions. Studies
argue the importance of building product development capabilities, as it leads to
competitive advantage and value-added performance [3]. According to Hallstedt [19],
the key blocks for these capabilities include tools and organisational culture such
as routines, practices, and shared understanding of sustainability and sustainable
product development.

In sustainable development, the Triple Bottom Line (TBL) framework covers the
dimensions profit, people, and planet. The framework can be used to conceptualise
the integration of social, economic, and environmental aspects for assessing the
long-term impacts of business decisions [20]. Furthermore, society depends on the
economy, and the economy depends on the global ecosystem.

In the early stages of product development, a product’s socio-ecological impacts
throughout its lifecycle are already set, making it important to introduce a socio-
ecological perspective early [19]. Thus, the early stages of product development
must be given particular attention.

According to Hallstedt [19], if sustainability aspects are included in a product’s
requirement list, it would be easier to avoid costs and reduce environmental impact,
and drive for innovation with sustainability as the core. However, it is difficult to
reach more sustainable solutions, for instance, due to the breadth and complexity of
sustainability, as well as practical limitations such as time constraints and limited
data availability in early product development innovation. In industrial conceptual
product development, limited data availability further constrains analyses in sustaina-
bility, highlighting the need for creating approaches with a socio-ecological perspective.

2.1.2 Sustainability Challenges in the Aerospace Industry

Within the aerospace industry, manufacturers have to shift the focus from a purely
performance- and technology-driven view to developing skills and strategies to have
a more holistic view to meet sustainability goals that address resources [3]. The
aerospace industry is undergoing a sustainability transformation, challenging and
requiring manufacturers to adapt their product development practices to develop
more sustainable solutions and opportunities.

However, it is complex to integrate sustainability aspects into product development,
as it requires companies to 1) develop solutions that benefit from new technologies
with high sustainability potential, 2) develop business models and solutions that
include the lifecycle of a product, from material acquisition to end-of-life and value
chain, and 3) manage and mitigate the risks associated with the shift towards new
technologies and business models [3].
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The aviation industry is estimated to be responsible for approximately 4% of observed
human-induced global warming [21], [22]. By far the largest contributor to this
impact is the use phase, as up to 94% of the total lifecycle emissions of COy and
NO, in freight and passenger aviation transport is due to tailpipe emissions from
direct fuel combustion [23], [24]. In comparison, the raw material extraction and
aircraft manufacturing are much less impactful, by many estimates contributing to
less than 1% of an aircraft’s lifecycle GHG emissions [25], [26], [27]. Despite this,
the manufacturing phase is highly important as it can influence and improve some
of the factors that affect an aircraft’s operating emissions, mainly aircraft weight
and engine efficiency.

Since 1960, aero manufacturers have contributed to an increased efficiency, leading
to the reduction of emissions per km by 80% [28]. The growth in air traffic from
1960 to 2018 has, on the other hand, increased dramatically, growing by roughly two
orders of magnitude by 2018, resulting in an increase in COq emissions [28]. Several
socioeconomic shifts have contributed to this growth, mainly global population
growth, the role of air transport for development in globalisation and economic
growth, leading to increasing total emissions [3].

2.2 Early-Stage Product Development & Decision-
Making

The generic product development process displayed in Figure 2.1, as described
in "Product Design and Development" by [14], is composed of product planning,
concept development, system-level design, detailed design, testing and refining, and
production and ramp-up.

. Concept System-Level . . Testing and Production
Planning > Development> Design > Detail Design > Refinement Ramp-Up

Figure 2.1: The Generic Product Development Process.

Other standard textbooks on product development and engineering design, such as

"The Mechanical Design Process" by [29] and "Engineering Design - A Systematic

Approach" by [30], present similar broad design stages, including planning, conceptual
design, detailed design, prototyping, testing and production. These phases are often

presented linearly, but with the clarification that the product development process

is iterative in practice, involving several loops.

Within this process, the product planning and concept development phases are often
referred to as the "early stage" or the "Fuzzy Front End', a term first popularised
by [31]. The "Fuzzy Front End" encompasses early product innovation activities,
characterised by a high degree of freedom and low cost of change, leading to the

7
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resulting product specification from which a more systematic development can com-
mence [32]. The main activities are (1) opportunity identification, (2) opportunity
analysis, (3) idea generation & enrichment, (4) idea selection, and (5) concept
definition, which mirror various activities in the product planning and concept
development phases proposed by [14] and [30].

This definition of early-stage product development is supported by a more recent
review of management practices for sustainable product development by [33], where a
systematic review of 312 studies revealed 61 key management practices for sustainable
product development. These were classified by context of application, including
stages of the product development process and support processes such as programme
management and strategic planning. The results indicate that most sustainable
product development practices are implemented during the early stages, namely the
product planning and conceptual design phases.

2.2.1 The Product Planning Phase

Table 2.1 displays the product planning steps outlined by the textbook "Product
Design and Development" by Ulrich et al. [14]. The product development perspective
by Ulrich et al. [14] outlines a broad product planning phase that begins with
opportunity identification. Following the identification of new potential projects, the
project portfolio is evaluated and prioritised. This activity describes some typical
tasks in portfolio management, which is described as a support process to product
development by Vilochani et al. [33]. The third activity involves resource and time
allocation for projects, which leans towards program management, another product
development support process according to Vilochani et al. [33]. The output of the
product planning phase is a mission statement, including business goals, primary
market, stakeholders, as well as assumptions and constraints of the project.

The product development perspective places an emphasis on business development
in the early stages, while highlighting that these processes are not linear despite
being presented as such and often require multiple iterations between activities in
practice. The planning phase of product development can vary in interpretation
and execution, but generally involves opportunity identification for product ideas,
market, technology, and company analysis, prioritisation of products and further
analysis of the selected product. The product planning phase is broad and open-ended,
with its scope varying depending on the degree of novelty of each product.

Table 2.1: Product Planning Activities

Activity | "Product Design and Development" [14, ch. 4]

Identify opportunities:

- From customers and trends
- Mine opportunities

- Screen opportunities
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Table 2.1 (continued)

Activity | "Product Design and Development" [14, ch. 4]
Evaluate and prioritise projects:

- Competitive strategy

2 - Market analysis

- Technological analysis

- Balancing the portfolio

3 Allocate resources and plan timing for projects
Complete pre-project planning:

- Outline benefit proposition, key business goals, assumptions
and constraints, budgeting and staffing

- Output is a mission statement

2.2.2 The Concept Development Phase

The phase that follows the planning phase in the product development process is
referred to as the "Concept Development" phase by Ulrich et al. [14]. The suggested
activities in this phase are presented in Table 2.2. The concept development phase,
as described by Ulrich et al. [14], begins with identifying customer needs in activity
1, from which a target specification is then established in activity 2. As the target
specifications are established before the team is fully aware of the constraints of the
product technology, these specifications need to be refined after the development
and selection of a product concept in activity 6. Activities 3, 4 and 5 outline the
generation, selection and testing of product concepts. Several iterations of these
three activities can take place before the development team is satisfied with the
degree to which the product concepts meet the target specification. Finally, in
activity 7, a development plan of the concept is specified, including a development
schedule and resource allocation.

The concept development phase involves the fundamental steps of establishing initial
requirements/specifications, generating product concepts and evaluating them. Similar
to the planning stage discussed in Section 2.2.1, the product development perspective
by Ulrich et al. [14] includes project management and engineering design activities.

Table 2.2: Concept Development Activities

Activity | "Product Design and Development" [14, ch. 7]
1 Identify customer needs
Establish target specifications:
- Translating customer needs into technical requirements

2

Generate product concepts:

- Problem understanding

- Problem decomposition into subproblems
- External search

- Internal brainstorming

- Systematic exploration

Select product concepts:

- Decision matrices
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Table 2.2 (continued)

Activity | "Product Design and Development" [14, ch. 7]
Test product concepts:

- Verify that customer needs have been met

- Assess the market potential

- Identify shortcomings

Set final specifications:

6 - Revise earlier target specifications after a concept has been
selected and tested

Project planning:

7 - Detailed development schedule, strategy to minimise
development time, identify resources, etc.

2.2.3 Design Criteria, Requirements and Metrics

As discussed in Sections 2.2.1 and 2.2.2, the identification of product requirements/spec-
ifications is a fundamental step in early-stage product development. The product
specification definition is an iterative and ongoing activity as concept development
progresses and more information about the product limitations emerges. Ulrich
et al. [14, p. 97] defines a specification as a combination of a metric and a value.
Metrics should ideally reflect the degree to which the product satisfies the customer
needs, and ideally comply with the following criteria Ulrich et al. [14, pp. 99-102]:

e Metrics should be complete: ideally, each customer need corresponds to each
metric. In practise, several metrics are often necessary to reflect a single
customer need.

e Metrics should be dependent variables: specifications need to indicate what
the products need to do/fulfil, not how the specification will be achieved. For
example, the mass of the product can be a metric but not the material.

o Metrics should be practical: the development team should be able to directly
observe or analyse the products in terms of the metrics.

A metric needs to be measurable with a value, but a value can take on several
forms, e.g. a particular number, a range, an inequality or even a binary pass/fail or
yes/no. Ulrich et al. [14, p. 99] proposes the use of the Quality Function Deployment
(QFD) method to translate customer needs into requirements/metrics. This method
is also mentioned in the sustainable product development context as a tool used for
integrating sustainability criteria into product requirements [34]. In some cases, a
customer need cannot easily be translated into a metric and needs to be left as is in
the target specifications. In these cases, a unit "subj." can be used and a qualitative
scale of e.g. 1-5 can be introduced as a value.

The engineering design book by Pahl and Beitz [30, pp. 145-157] has a slightly looser
definition of what they call a "Requirements List (Design Specification)', namely, a
consumer and market-driven collection of demands and wishes that should evolve as
the complexity of the product increases. Demands are requirements that must be
met for the solution to be acceptable/viable, while wishes can range in importance
and should be taken into consideration when possible. The requirements list should
include both explicit and implicit demands/wishes. The explicit requirements include
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the expected product properties that are defined directly by the customer, whereas
the implicit requirements are market and customer expectations/wishes that are not
explicitly stated.

The term 'criteria" is mostly mentioned by [14] and [30] in terms of "evaluation
criteria" or "selection criteria" in the concept selection within the concept development
phase. According to Ulrich et al. [14, pp. 150-165], selection criteria by which
concepts are evaluated are adapted from customer and other stakeholder needs.
Selection criteria are compiled in decision matrices, some of which require weighing
of the criteria to facilitate a more informationally complex concept scoring.

Similarly, Pahl and Beitz [30, pp. 192-194] suggests that the evaluation criteria
be derived from the requirements list as well as general technical and economic
characteristics so that the areas of function, working principles, embodiment, safety,
ergonomics, production, quality control, assembly, transport, operation, maintenance,
recycling and cost are covered. When translating the requirements list into selection
criteria, the probability that the concepts satisfy the demands should be considered
first and foremost, as should the degree to which they exceed the minimum requirements
and the extent to which they can satisfy the wishes. In this way, the initial
requirements from product planning and the selection criteria in the concept generation
stage are linked and coordinated.

In sustainable product development, the term 'criteria" is also used to refer to
integrating sustainability criteria into design requirements [2]. The general term
"criteria" can therefore be thought of both as selection criteria in the concept develop-
ment phase, as well as aspects that go into the initial requirements specification in
the product planning phase.

2.2.4 Product Development in the Aerospace Industry

The general product development process as described in Sections 2.2, 2.2.1 and
2.2.2 is largely theoretical and needs to be adapted to each industry and company
in practise. The aerospace industry has several product development challenges,
including significantly long lead times, which lead to forecasting challenges and
high levels of uncertainty regarding market assumptions, technology development,
regulations and other external factors [35]. In addition, aerospace products are
designed for extensive lifecycles, typically over 20 years for commercial aircraft
[36]. This reality makes it challenging to apply the traditional product development
method of designing products based on a fixed set of requirements [35].

Another set of challenges arises from the complex systems and systems of systems
(SoS) that aerospace products are a part of, which add layers of complexity to
requirement specification and associated trade-off situations since a broader set of
stakeholder needs must be considered [35]. With these challenges in mind, [35]
outlines a product development approach tailored for SoS. In contrast to traditional
product development processes, where emphasis is almost exclusively placed on

11



2. Theoretical Background

customer needs, [35] highlights the importance of considering geopolitics, regulations,
business case, technological threats and time frame in addition to customer needs
when exploring needs and boundary conditions of a product. [35] also places a large
emphasis on systematic design space and capability exploration through scenario
analysis, and the breakdown of SoS into constituent systems and subsystems with
their own sets of individual requirements.

The V-model is a widely used process model that breaks down and simplifies the
complex systems-of-systems within the aerospace industry [37]. It begins with the
development of the overall aircraft at the highest level, followed by the development
of the various systems within the aircraft. This can be broken down further into
subsystem-level design and eventually individual component development within
each subsystem. Within each of these development levels, the following four general
steps known as the RFPL steps are performed: (1) requirements are set, (2) the
required functions are identified to meet the specified requirements, (3) the logical
system architecture is defined which describes the structure of the system through
its interacting elements, (4) the physical system architecture is developed with the
physical implementation of the system and the distribution of its components [37].
At every step, the developed systems are also monitored through verification and
validation to ensure that they meet the requirements and stakeholder needs [37].

In order to manage the extensive lifecycles and complexity within the aerospace
industry while maintaining the quality of the systems and products involved, the
stage-gate model is used [38]. The stage-gate process breaks down long development
projects into distinct stages with assessment gates following each stage, where neces-
sary decisions are made on the continuation of the project. The role of the gates is
to evaluate the work that has been done at each stage and to determine whether the
project can "Go", move on to the next stage, having met all of the requirements. The
gate reviewers can also decide to "Kill" or exterminate the project if the progress
has not been sufficient and the continuation of the project poses too great a risk.
The project can also be placed on "Hold" or "Recycle', if certain adjustments need
to be made in order for the project to move on to the next stage [38]. Any delays
from the stage-gate process pose economic risks due to extended lead times. In the
aerospace industry, this poses an added risk as a contract is typically signed between
the participating companies before product development begins, and delays due to
gate decisions can lead to penalties as stipulated in the contracts [38].

The aerospace industry deals with unique challenges relating to elongated product
time frames and extensive complexity, which require adaptations to the traditional
product development process to tackle. The necessary adaptations include added
layers of development, including system, subsystem and component level development
with embedded performance reviews, as well as consideration of a broader set of
stakeholders and external factors in the early stages of product development.
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2.3 Socio-Ecological Criteria

As defined in Section 2.1, sustainability is composed of ecological, social and economic
dimensions. Socio-ecological criteria therefore fall under sustainability criteria, with
a focus on social and ecological aspects. The term "socio-ecological criteria' is
often used interchangeably with the term "sustainability criteria" in sustainable
product development literature [19], [2]. Sustainability criteria can be used for
decision-support tools in early product development to introduce a sustainability
perspective [19].

The Product Social Impact Life Cycle Assessment (PSILCA) database provides
a comprehensive overview of social sustainability and is available in the open-source
Life Cycle Assessment (LCA) software, OpenLCA [39]. The PSICLA database
classifies indicators by stakeholder groups, including workers, local communities,
society, value chain actors, children and consumers [39]. Under each category,
there are subcategories with outlined indicators; for example, workers include the
subcategories of child labour, forced labour, fair salary, working time, and discrimina-
tion. [39]. Indicators are widely used in sustainability research, in particular in
relation to LCAs, and can be expressed quantitatively or qualitatively, similarly
to metrics as defined in Section 2.2.3 [19]. In sustainable product development,
Hallstedt [19] has defined a criterion as a "target" or "level" of a sustainability aspect
(e.g. no hazardous chemicals used). An example of social criteria in line with the
PSICLA guidelines could be no child labour used. A single criterion can therefore
be measured through several indicators.

Other, more industry-focused literature provides a different classification of social
sustainability. In a paper aimed at managers, industry leaders, and policy leaders
within the energy sector, Afshari et al. [40] categorises social sustainability indicators
into four categories: (1) human rights and social life, (2) occupational indicators, (3)
business-related indicators, and (4) legal, political, and government-related indicators.
Another paper by Richter et al. [41] addresses the challenge for companies of assessing
and reporting on social sustainability by compiling three catalogues of criteria, each
addressing a group of stakeholders. The stakeholder groups are "workers, suppliers,
other cooperation partners, customers, competitors", and "local community" [41].

While social criteria primarily address direct impact on human well-being and
rights, ecological criteria focus on planetary impacts, such as the Earth’s ecosystems,
natural resources and climate change. The widely cited article by [42] proposed
planetary boundaries, which are fundamental for the maintenance of the safe operating
space for humanity within Earth’s biophysical subsystems. The boundaries are (1)
climate change, (2) rate of biodiversity loss, (3) biochemical flows, (4) stratospheric
ozone depletion, (5) ocean acidification, (6) global freshwater use, (7) change in land
use, (8) atmospheric aerosol loading, (9) chemical pollution, the first three of which
have already been crossed [42]. The breach of the proposed thresholds of these
boundaries could lead to irreversible and abrupt environmental change and threaten
continued human development [42].
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2.4 Criteria Prioritisation and Weighing Approaches

In the early stages of development projects, some important requirements may not
be elicited and analysed enough due to tight deadlines and budgets. Prioritisation
of requirements is not only a way to solve conflicts and balance trade-offs, but a way
for customers and stakeholders to be a part of the discussion and rating of them
[43]. As described in Section 2.2.3, requirements can be divided into demands and
wishes, which form the basis for prioritisation of requirements. When comparing
socio-ecological, economic, and technical criteria, they rarely perform equally or are
equally critical, making it necessary to prioritise.

When all possible criteria and characteristics are considered, designers have a large
number of possible design concepts which must be reduced early [44]. Although
the concept reduction must be done early, it is important to be careful not to
eliminate principles that may seem weak on their own, because their combination
with other principles can create a valuable advantage in a bigger system structure.
The evaluation of the concepts, which may include criteria such as technical, safety,
environmental and economic, is compared to determine the value of a solution. To
support decision-making when assessing the value of a solution, evaluation criteria
are typically derived from the requirement list, which ensures that no critical criteria
are missed or ignored. Since design concepts are not equally good solutions or
perform equally in each criterion, it is necessary to prioritise criteria during concept
comparison, selection, and evaluation.

Recent studies suggest that for designers to consider and integrate sustainability in
the early-stage design, where design freedom is high, there is a need for methods and
tools that support making better-informed decisions, elicit, and evaluate sustainability
trade-offs against other aspects [10]. New concepts must satisfy at least the operational
performance, manufacturability, and sustainability domains [10]. Criteria often
conflict with each other, resulting in difficult trade-off scenarios [10]. Support tools
can prevent risks as early as in the conceptual design stage. There exists a knowledge
gap and a need for understanding trading off and evaluating sustainability against
other metrics, which requires abstracting sustainability into quantitative formats [10]

Another approach used during concept selection is the Pugh concept selection matrix,
also referred to as concept screening, with the purpose of comparing concepts,
reducing concepts quickly, and improving them. The selection matrix is prepared by
listing evaluation criteria vertically (rows) and concepts horizontally (columns) [14].
While this concept selection method is effective, as it provides a practical tool to
compare concepts and includes teamwork, it does not provide support when multiple
criteria are conflicting and cannot be compared directly.

Multi-Criteria Decision Analysis (MCDA) is an approach for assessing sustainability
and encompasses a variety of specific methods [45]. These methods are flexible and
act as a bridge, ensuring transparency between multiple stakeholders. Sustainability
assessments are complex, requiring structured, transparent, and reliable decisions
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and trade-offs. These challenges can be addressed by MCDA both at micro and
macro levels; multiple criteria can be considered at the product level for supporting
decision-making in comparing alternatives [45]. This is relevant and important
at the early stages in product development where socio-ecological, economic, and
technical criteria must be considered and balanced for decision-making in design
under conditions where uncertainty is high. Different MCDA approaches can be
applicable to evaluation and assessment for examining various sustainability trade-offs.

The Decision-Making Trial and Evaluation Laboratory (DEMATEL) is an MCDA
method which is used to construct direct and indirect interrelations between identified
socio-ecological criteria and to determine their influences and importance [46]. The
method calculates an average matrix by involving expert knowledge and evaluation
to get an understanding of how criteria influence each other. It is conducted on
a predefined scale of 0 to 4, ranging from no influence to very strong influence.
An initial direct influence matrix is then calculated by normalising the average
matrix where the diagonal elements are equal to zero. The direct influence matrix
is transformed into a total matrix capturing direct and indirect effects.

2.5 Sustainability Integration

Sustainability integration frameworks can be embedded into an organisation’s business
strategy to support sustainability-related approaches and goals, including ways
to measure, manage, and report its impacts. Sustainability is usually complex,
requiring structured frameworks that can support systematic decision-making. During
early-stage product development, where uncertainty is high and the lack of data is
limited or unavailable, frameworks can help in guiding decision-making, structuring
criteria and ways of prioritising them, and handling trade-offs of conflicting aspects.

2.5.1 Existing Sustainability Frameworks and Methods

Framework for Strategic Sustainable Development (FSSD) provides a systematic
step-by-step approach to guide organisations toward sustainability. By identifying
the current situation and defining a future sustainable vision, the approach is working
backwards; create solutions and identify actions to fill the gap between the current
situation and the future vision. Sustainability Compliance Index (SCI) is a qualitative
matrix-based measurement tool used to support assessment with levels of design
guidelines for decision-making during the development and selection of new concept
ideas. The Sustainability Fingerprint is another qualitative measurement tool designed
for early stages to support designers in decision-making during concept selection to
compare solutions and identify hotspots and opportunities for improvement.

Assessing and measuring sustainability in product development can be done through
methods such as LCA, which is an environmental method that covers the full lifecycle
of a product to identify its environmental impacts. Another method is Social Life
Cycle Assessment (S-LCA), focusing on social impacts such as communities and
workers. Although it is usually harder to quantify and has limitations with data
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availability, it is still used as a complementary method for LCA. Ecodesign is a more
design-focused approach to integrating sustainability into development by making
design choices to reduce environmental impacts.

Framework for Strategic Sustainable Development (FSSD)

The transition to a sustainable society is very complex, requiring collaboration across
disciplines and sectors. A response to this problem has been the development and
result of the FSSD - a systematic approach supporting organisations in understanding
sustainability challenges, strategic planning, and decision-making toward sustainability
practices [47]. The development of this framework has been a 25-year collaboration
between scientists and practitioners, where the result is an iterative and continuous
process through development and testing. An important aspect of the framework is
that its purpose is not to replace or exclude other existing supporting methods and
frameworks for sustainable development, but instead to see how they relate and can
support strategic sustainable development.

One key advantage of the framework is that it provides a systematic step-by-step
approach to guide organisations toward sustainability. It consists of the following
four steps: (1) clarifying the current situation and sustainability challenge, (2)
analysing it in relation to a defined sustainable vision, (3) creating solutions to
fill the gap between the current situation and future vision, and (4) prioritising the
solutions into a strategic plan [47]. The FSSD framework builds on backcasting from
socio-ecological sustainability principles, which define the boundary conditions for
sustainable develop-

ment [3]. The framework provides a complete picture of sustainability by explicitly
defining socio-ecological aspects and sustainability principles, intended to guide
organisational decision-making toward sustainability [19].

Sustainability Compliance Index (SCI)

SCI is a qualitative, matrix-based, measurement tool used to support assessment
with levels of design guidelines to guide decision-making during development and
selection of new concept ideas [19]. Each criterion is divided into the SCI levels 0, 1,
3, 6, and 9 to score sustainability, where 9 is the excellent level. SCI can also be used
for concept comparison or selection in the early-stage design from a sustainability
perspective, and the identified levels can give guidance in decision-making and
moving towards future development or improvement of socio-ecological criteria [19].

Sustainability Fingerprint

Sustainability Fingerprint is another qualitative sustainability measurement tool
designed to be used in the early stages by the development team. By identifying
company-specific sustainability criteria and deriving the sustainability performance
of potential products and technologies, the tool enables and supports designers in
decision-making to compare and select alternative design solutions while identifying
hotspots and improvement opportunities [6].
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Life Cycle Assessment (LCA) and Ecodesign

LCA is a systematic and standardised assessment method used to evaluate the
total environmental impact of a product or process. An LCA covers all stages of
a product’s lifecycle from cradle-to-grave, including raw material extraction and
acquisition, manufacturing, distribution, use and maintenance of products, and
end-of-life (recovery and disposal of used products and waste) [48].

The application of LCA can support decision-making in product development at the
product level and identify environmental hotspots of a product or process within an
organisational level or across the supply chain [49]. Studies in European industry
show that LCA is used internally to identify hotspots in products and systems
[49]. For instance, in large Danish companies, the use of LCA revealed unexpected
new environmental aspects of products, which led to, in 79% of the cases, the
establishment of new priorities for environmental efforts. Often resulting in measures
such as saving or substituting materials in products and processes [49].

Several studies ([50], [51], [52]) outline the importance of using LCA results of
previous products to develop design criteria and requirements for new products, since
LCAs are widely considered the most objective and available tool for environmental
evaluation. Other sources of ecological criteria include legal frameworks and sustaina-

bility standards [53].

Ecodesign is a systematic approach widely used by organisations in their products
and services to reduce their environmental impacts throughout their lifecycle [54].
LCA is often used to assess and evaluate these impacts. Ecodesign aims to include
environmental requirements into the product development process and is similar to
other concepts such as Design for the Environment (DfE), Life Cycle Engineering
(LCE), and sustainable product design [55]. Addressing environmental aspects in
the early-stage product development is beneficial for achieving the greatest environ-
mental opportunities [55].

The ISO 14006:2020 standard provides a guideline for organisations to incorporate
ecodesign by considering environmental aspects in design and development [56].
The aim is to integrate lifecycle thinking into Environmental Management Systems
(EMS) processes to reduce negative environmental impact, addressing the organisa-
tion’s growing recognition of considering environmental aspects [56]. Organisations
should integrate ecodesign into design and development due to the increasing environ-
mental concerns, such as climate change and depletion of resources [56]. Beyond
the environmental concerns, ecodesign also allows for business opportunities related
to resource efficiency, such as strategies to enable lower carbon use, and circular
economy, such as product reuse and repair.
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Social Life Cycle Assessment (S-LCA)

S-LCA is a method to assess and evaluate the social and socio-economic impacts of
a product’s or service’s lifecycle, from raw material extraction to end-of-life [57].
It provides a systematic framework that allows for qualitative and quantitative
data to support decision-making on the impacts with the purpose of improving an
organisation’s social performance [57]. Similar to LCA, it has a lifecycle perspective,
but differs in its inclusion of more social aspects in the phases: (1) goal and scope,
(2) Social Life Cycle Inventory (S-LCI), (3) Social Life Cycle Impact Assessment
(S-LCTA) and (4) interpretation.

Application of S-LCA can be embedded in an organisational process to support
decision-making involving various stakeholders, identifying social hotspots along
the lifecycle or value chain and manage the potential risks, and provide materiality
assessment in a consistent way [57]. In the context of product development, S-LCA
can provide valuable insights into social impacts that are linked to materials, supply
chains, and production processes, supporting more sustainable product development.

2.5.2 Framework Design

To design a framework, it is crucial to understand the context behind frameworks
and what makes effective frameworks. Partelow [58] compiles various definitions of
the term "framework" with the general idea that frameworks are positioning tools
within scientific fields that compile a set of conceptual objects and the relationships
among them on the one hand, and as bridging tools that enable connections between
levels of knowledge on the other.

A concept related to frameworks is "design tool", an instrument (physical, digital
or conceptual/abstract /methodological) that supports the generation, organisation,
and manipulation of resources (material or immaterial) to perform tasks and to
support the decision-making process throughout the phases of the design process
[59]. A design tool must go through the process stages of (1) data input, (2)
information processing by the tool, (3) a tangible result/output, translated into
a specific format from which the development is in a better position to make
more accurate decisions [60]. Several barriers often hinder the implementation
of sustainability-related design tools, including a lack of alignment of the tools to
product design culture, knowledge of sustainability and tool application, time and
resources, perceived benefits of the tool, and alignment of the tool with project
requirements [60]. Vicente and Camocho [60] therefore outlines five key eligibility
criteria for the successful design of sustainability tools:
1. Facilitate the integration of principles, strategies and criteria of sustainability
in a systematic way into the design process.
2. Focus on one or more phases of the design process to improve the circularity
and sustainability performance of the solution under development.
3. Must go through 3 main steps: input, processing, output.
4. Must be aligned with the needs of designers, available resources and project
objectives.
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5. Must allow to be used autonomously by designers, without recourse to non-designer
specialists.

To design effective frameworks and tools, meta-frameworks and criteria are needed to
integrate insights from previous research into the design process and avoid common
pitfalls. The development of a framework/tool can therefore be approached similarly
to a product development project.

2.6 Sustainability Regulations and Compliance in
Aerospace

The development and design of an aircraft is complex and regulated by law since the
system is safety-critical [61]. Regulatory documentation is stringent, and organisations
must demonstrate compliance with regulatory requirements set by authorities such
as the European Aviation Safety Agency (EASA) [61]. As requirements become
embedded in engineering practices, they function as constraints shaping design
decisions.

2.6.1 Aviation Emissions and Fuel Regulations

According to [62], the aviation industry has one of the fastest-growing impacts of
GHG emissions. The European Union (EU) has acted to address these emissions
by developing measures with global reach. For instance, the EU Emissions Trading
System (ETS) requires all airlines operating in Europe, European and non-European
alike, to monitor, report, and verify all environmental emissions and account for
them financially [62].

The EU-ETS initiative to reduce emissions by adding additional costs requires
the aviation industry to take responsibility for its emission contribution by either
reducing the emissions or purchasing allowances [63]. This creates incentives for
"abatement efforts" which represent investments determined to reduce emissions,
such as the purchase of more fuel-efficient planes and operational optimisation
[63]. Although manufacturing companies may not be responsible for the emissions
generated during flight, the relevance of EU-ETS can be linked to the emissions
produced during their production of products and processes.

2.6.2 Material and Manufacturing Regulations

The European Union’s Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) Regulation (EC) No 1907/2006 is a framework governing the
production and use of chemicals and the risks posed to protect the environment and
human health [64]. REACH affects a wide range of companies across many sectors
and requires companies to comply with the regulation by identifying and managing
the risks of the substances they manufacture and market in the EU [64].
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In the aviation industry, an authorisation risk management process is in place
covering chemical Substances of Very High Concern (SVHC), including carcinogens,
mutagens, and toxic to reproduction [65]. REACH poses challenges to the aviation
industry. For instance, the industry is already a complex supply chain involving
many stakeholders, making coordination difficult. Achieving compliance is also
difficult due to the low volume of specialised aviation chemicals [65]. Aircraft are
expected to have a high operational longevity, requiring that materials, components,
and systems meet safety standards throughout their lifecycle, making it difficult to
redesign and use alternative substances frequently, as all changes require approval.

In early-stage product development, REACH can create uncertainty due to slow
compliance and authorisation processes colliding with the aviation industry’s complex
systems and strict certification requirements, creating trade-offs between airworthiness
and sustainability:.

2.6.3 EU Taxonomy Regulation

In addition to regulatory frameworks, the core of the EU action plan is the Taxonomy
Regulation (EU) 2020/852, which is a classification system and transparency tool
to identify criteria for economic activities aligned with the European Green Deal
objectives, such as the net-zero goal for 2050 [66].

For this regulation, the following shall be environmental objectives: (1) climate
change mitigation; (2) climate change adaptation; (3) the sustainable use and
protection of water and marine resources; (4) the transition to a circular economys;
(5) pollution prevention and control; (6) the protection and restoration of biodiversity
and ecosystems [66]. To contribute to sustainability, an economic activity must
contribute to at least one listed objective while not significantly harming any of the
others, following the "Do No Significant Harm" (DNSH) principle.

By covering broader environmental aspects other than climate, this initiative helps
companies establish a common dictionary or language for economic activities consider-
ed environmentally sustainable in a detailed list. This enables upscaling of sustainable
investments, creating security for investors and protecting them from greenwashing,
simultaneously helping companies become more climate-friendly [66]. The European
Commission created a detailed list with definitions of technical screening criteria
(TSC) for each environmental objective set by the European Commission to ensure
companies and investors use a unified system that complies with legal acts [66].
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Methodology

3.1 Overall Thesis Methodology

This project does not involve the development of a typical product development
product, but rather a process in the form of a set of design criteria and an accompanying
framework of implementation. Despite this, the methodology of Ulrich et al. [14]
was employed, and the generic product development process outlined in Section
2.2 was used as a guiding tool. With that in mind, the prioritised set of criteria
and the accompanying implementation framework become products which could be
developed through the product development process. Due to time constraints and
the scope of the thesis, the project is limited to the stages of product planning and
concept development. Figure 3.1 provides an overview of the development process
used in this project. The overall methodology of the project is also influenced by
the FSSD framework, outlined in Section 2.5.1. The first steps of the framework,
including empirical examination to build upon existing knowledge, followed by
iterative validation through practitioner feedback, were directly implemented in the
methods.

Initial study Criteria list Framework
development development

= Industry analysis « |dentification of * Process mapping
(benchmarking) socio-ecological and exploration

* Stakeholder needs criteria and + System and
interviews prioritisation subsystem level

» |dentification of methods through concept
stakeholder needs literature review development

* Perscna e Criteria screening + Concept selection
development e Criteria prioritisation + Concept validation

Figure 3.1: The overall process of the thesis.

Section 3.2 outlines industry benchmarking that was performed early in the thesis.
Section 3.3 outlines how the stakeholder needs study was performed. Sections 3.4
and 3.5 cover the methods used to develop and prioritise a list of socio-ecological
criteria, respectively. Lastly, Sections 3.6 and 3.7 outline the methodology for the
final part of the thesis involving the development and validation of the framework,
respectively.
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3.2 Industry Sustainability Benchmarking

Competitive benchmarking is described by Ulrich et al. [14] as a multi-purpose tool
which can be used to identify product development opportunities in the planning
phase, as a supporting tool in the concept generation phase and as a source of
benchmark metrics in concept evaluation and selection. In this project, industry
benchmarking was conducted early in the development process to identify which
socio-ecological aspects are already operationalised in the aerospace manufacturing
industry and to identify areas where integration remains limited. A further purpose
of the benchmarking was to explore broad opportunities for improvement regarding
the company’s consideration of socio-ecological aspects that could subsequently be
addressed through the proposed framework. Therefore, the competitive benchmarking
serves a dual purpose: to broaden the understanding of GKNA’s sustainability
integration in relation to its competitors and customers and to identify gaps and
opportunities that could later be translated into stakeholder needs and inform the
development of the socio-ecological criteria list and the implementation framework.

At first, a list of companies in the aerospace manufacturing industry was compiled.
The benchmarking was conducted as described in Chapter 6 of Ulrich et al. [14],
where each competitor is assessed against a common set of benchmarking criteria.
The data was collected from the most recent publicly available sustainability report
of each company. The companies assessed are GE Aerospace, SKF, MTU Aero
Engines and Safran. These companies were selected since they are all manufacturers
of aircraft components with production sites in Europe, similar to GKNA. In addition,
these companies have substantial public sustainability reporting, which could be
analysed and benchmarked with GKNA’s sustainability report. The following sustaina-
bility reports were used for this analysis:

o GKNA: Melrose Industries PLC Sustainability Report 2024 [67]

o GE Aerospace: 2025 Sustainability Report [68]

o SKF: Annual Sustainability Report 2024 [69]

o« MTU Aero Engines: ESG Factbook 2024/25 [70]

« Safran: 2024 Universal Registration Document [71]
The same method of evaluation was used for GKNA for consistency. No internal
information about GKNA was used in the competitor benchmarking to prevent
biases in the results.

The benchmarking criteria were broken down into social and ecological aspects.
Social sustainability aspects were categorised by the stakeholder groups of "own
workers" and "supply chain workers" to specifically include the supply chain workers,
which can be overlooked due to the difficulty of assessment. The ecological criteria
could be more concrete since ecological evaluation is more quantifiable and is therefore
typically more mature at companies with greater consideration. The ecological
benchmarking criteria are: (1) Does the company assess and report its alignment
with the EU Taxonomy framework? (2) Does the company assess emissions across
its value chain (Scope 1-3 GHG emissions)? and (3) Does the company address
hazardous substances and material compliance (e.g. REACH, SVHC, SIN)?
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This set of benchmarking criteria was chosen to get an idea of the maturity of each
company in terms of considering various socio-ecological aspects. The criteria do
not assess how sustainable each company is, but rather to what degree the company
is aware of different sustainability-related aspects. This assessment is broad and
exploratory due to the limited information presented in the sustainability reports,
but it can indicate the degree of the company’s awareness and transparency of its
socio-ecological impacts.

3.3 Stakeholder Needs Study

At the start of the development process, a stakeholder needs study was conducted
in order to design a solution that is compatible with its various stakeholders. First,
key stakeholder groups within the company were identified, and interviews were
conducted with several practitioners from each group to identify potential needs
and opportunities. This process is outlined in detail in Section 3.3.1. In addition, a
competitor analysis was performed through benchmarking to gain insights into how
GKNA compares with its customers and competitors in terms of socio-ecological
aspects. The benchmarking methodology is explained in Section 3.2. The result of
the stakeholder needs study is the identification of stakeholder needs for the list of
socio-ecological criteria on the one hand and the implementation framework on the
other. The method is outlined in Section 3.3.2.

3.3.1 Stakeholder Needs Analysis - Interviews

The stakeholder needs analysis was designed to capture and explore explicit needs
as well as implicit and latent needs. Implicit and latent needs may not be directly
linked to stakeholders, but are still important since they influence decision-making.
Emphasis was placed on understanding current ways of working and existing tools at
the company, understanding how sustainability-related considerations are perceived
and identifying current gaps in sustainability integration in the early-stage product
development.

13 interviews with practitioners from various departments were conducted, including
departments such as technology development, business development, and product
development. All interviews were 30 minutes and divided into a set of 12-15 questions,
including background, role-specific topics, organisational aspects, and challenges.
Wrap-up questions were asked to gather recommendations on whom to contact.

3.3.2 Extracting stakeholder needs for criteria list and frame-
work

Based on the data and general insights from the stakeholder needs study, including
the initial interviews, several stakeholder needs were identified for the criteria list as
well as the implementation framework. The needs were identified with the methods
outlined by Ulrich et al. [14] in mind. The book describes the following process for
identifying customer needs:
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1. Gather raw data from customers.

2. Interpret the raw data in terms of customer needs.

3. Organise the needs into a hierarchy of primary, secondary and if necessary,

tertiary needs.

4. Establish the relative importance of the needs.

5. Reflect on the results and the process.
Instead of "customer needs", this project required a broader range of stakeholder
input, including various stakeholder groups within the company, such as the engineers
and managers working with the criteria, as well as the team responsible for furthering
sustainability initiatives within the company. Otherwise, the same general method
outlined above was used, starting with the gathering of data through the stakeholder
needs study, followed by the interpretation of the data in terms of customer needs.
In this step, some needs were explicitly stated by the interviewees and could be easily
identified. Other, more implicit or latent needs were more difficult to identify and
required a more thorough analysis of the interviews and current company processes.
After identifying the stakeholder needs for the criteria list on the one hand and the
integration framework on the other, the needs were presented in a list with relative
importance scoring for each stakeholder need.

3.3.3 Stakeholder Persona Development

Personas were developed according to three stakeholder groups- (1) sustainability
experts, (2) engineers, and (3) managers- from the stakeholder needs analysis, based
on patterns identified during interviews. Sustainability experts were chosen due
to their level of knowledge and perspective on socio-ecological aspects; engineers
were consulted for practicality and product-level perspective, whereas managers
were chosen due to their broader organisational systemic perspective. Rather than
representing specific individuals, the purpose of the personas was to reflect generalised
profiles that group stakeholders with similar roles and responsibilities. They represent
key actors in early-stage product development and framework needs, supporting the
development of the framework and criteria prioritisation. Furthermore, the personas
were used as a support tool to better understand how different stakeholder groups
interact with and consider sustainability in early-stage product development.

3.4 Developing a List of Socio-ecological Criteria

The following section outlines the methods used to develop a list of socio-ecological
design criteria. Initially, a semi-systematic literature review was conducted to gather
a large number of potential criteria as described in Section 3.4.1. The list was
then aggregated by reducing redundancies into a more manageable size, as further
explained in Section 3.4.2. The list was then reviewed and expanded to cover both
social and ecological dimensions. This expansion step is outlined in Section 3.4.3.
The resulting criteria were then presented to sustainability experts for screening as
described in section 3.4.4. Lastly, the list was refined as described in Section 3.4.5.
The prioritisation and scoring of the resulting criteria list is explained in Section
3.5.
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3.4.1 Literature Review: Criteria collection

To collect an initial list of socio-ecological criteria, a search was conducted using
the search database Scopus on the 12th March 2026, with the following keywords in
the title or abstract: "(social OR ecological OR sustainability OR environmental)
AND (criteria OR requirement OR indicator) AND ("product development" OR
"early design" OR "conceptual design" OR 'early stage')". The search was further
filtered to only include review papers or articles in English within the subject
area of engineering and ranging between the years 2020 and 2026. This search
yielded 642 results. The titles of the resulting papers were scanned for potential
relevance. Papers concerning industries that were deemed too distinct from the
aviation industry, such as the culinary, medical and construction industries, were
excluded. Industries or broad topics such as product development, eco design,
manufacturing, the automotive industry and material science were not excluded.
This resulted in 105 papers that were selected to be examined further.

Each of the 105 papers was examined for socio-ecological design criteria. Papers
were excluded if they contained no specific criteria, or contained too specific or
too broad a set of criteria. Criteria were considered too specific if they had been
developed directly for a particular product unrelated to the aerospace industry. This
happened most frequently with broad product development research papers. As an
example, one paper explored the design of traditional kitchen cookware through
various sustainable design methods. The resulting set of criteria was deemed too
specific. Examples of criteria that were deemed too broad include "environmental
performance", "social performance’, and "sustainable materials". This resulted in
the collection of 263 criteria from 23 remaining papers. In some cases, additional
papers were cited with further expansion of the criteria. These additional criteria
were also collected.

3.4.2 Aggregating Initial Criteria List

The initial raw list of criteria from the literature review contained many repetitions
and redundancies. This list was aggregated by combining criteria that were interpreted
as having the same or very related definitions. Similar criteria were grouped together
so that redundant criteria could be identified and removed. As an example, criteria
such as "easy recyclability', "scrap recyclability" and "recyclability" were combined
into a single criterion, "ease of recycling".

3.4.3 Expansion of Initial Criteria List

After aggregation, the criteria list was examined and expanded. The Scopus literature
review yielded ecological criteria. To combat this, the social sustainability papers
([40], [41]) discussed in Section 2.3 were scanned, and missing criteria were added.
The broad criterion of GHG emissions was expanded to specify each lifecycle phase,
including raw material extraction, manufacturing, use, maintenance and end of life.
This was done to separate the use phase emissions from other lifecycle emissions,
since the use phase emissions are attributed to the majority of the lifecycle emissions.
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3.4.4 Expert Screening of Criteria

After aggregation of the initial raw list of criteria, the list was validated and screened
through a focus group with sustainability experts at GKNA. The purpose of this step
was to ensure that the list of criteria was relevant and applicable to the company
and to condense the list before moving forward to the next step of prioritisation.
The participants were chosen due to their combined knowledge and experience with
sustainable product development research as well as the processes, products and
goals of the company. In the focus group, the list of criteria was first presented and
then filtered based on discussion and eventual agreement on whether the criteria
were: (a) redundant/repetitive, (b) not relevant to GKNA, (c) not relevant to
early-stage product development, and (d) not applicable due to other reasons, which
were clarified and documented. The resulting condensed list of criteria was used as
the input into the prioritisation outlined in Section 3.5.

3.4.5 Refine and classify criteria

Before the framework design phase of the project, the list of criteria was refined
and classified. First, the criteria list was examined, and some redundancies were
aggregated. For each of the remaining criteria, a more detailed description was
added, often from a supporting framework for complex criteria that are difficult to
interpret. A possible metric/assessment method was also added to further clarify
the potential use of the criteria in the context of product requirements or concept
selection criteria.

The criteria were then classified by lifecycle phase based on the LCA framework as
discussed in Section 2.5.1. The lifecycle phase of use and maintenance was broken
down into two separate phases, since GKNA is typically directly responsible for the
maintenance of the products but not the use phase. The lifecycle phases by which
the criteria are classified are therefore the following: (1) raw material extraction,
(2) manufacturing, (3) distribution, (4) use, (5) maintenance, (6) end of life.

The criteria were assigned to the lifecycle phases where they have the highest
potential socio-ecological impact. Most of the criteria affect all lifecycle stages
to some extent, but only the main direct impact stages were highlighted. As an
example, the criterion of optimised product weight was assigned to the use phase
only, despite potentially impacting the raw material extraction phase, since lighter
products could lead to less material extracted from the earth. This lifecycle phase
classification provides context for the criteria, as well as assisting in the validation
of the final criteria based on literature, allowing comparison with LCA studies.
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3.5 Prioritising criteria

The following section covers the method used to prioritise the developed list of
socio-ecological design criteria. A combination of qualitative and quantitative methods
was applied. Relevant prioritisation methods and approaches were identified and
analysed through a structured literature review, focusing on methods suitable for
early-stage design. Stakeholder validation and insights were captured during focus
group sessions, where criteria were scored based on factors relevant to each stakeholder
group. Finally, a simplified DEMATEL method was applied to gain expert judgement
from the sustainability experts and to understand criteria relationships and interdepen-
dencies.

3.5.1 Literature Review: Prioritisation Methods

Prioritisation methods for criteria were explored through a structured literature
review using the databases ScienceDirect and Scopus. The search process was
iterative, starting with identifying key dimensions: (1) sustainability context; (2)
criteria; (3) prioritisation; (4) decision-making methods. The search was filtered
based on title, abstract, keywords and limited to publications in English within
the fields of engineering and environmental science. Keywords were continuously
refined to balance relevance. Initial searches were a combination of keywords such
as "social", "ecological", "criteria", "requirement', and "prioritisation", resulting in a
large number of publications. For instance, an example keyword combination was:
(sustainability OR environmental) AND (criteria OR requirement) AND (aviation
OR aircraft) AND (prioritization OR weighting).

To improve relevance and narrow the search, additional keywords- such as "early-stage",
"conceptual design", "product development', "criteria prioritisation and weighing'-
were introduced. An example keyword combination was: ("socio-ecological" OR
sustainability OR environmental OR social) AND (criteria OR requirements) AND
("product development' OR "engineering design” OR "concept development') AND
(prioritization OR weighting OR ranking) AND ("early stage' OR "conceptual design").
This reduced the number of results and improved the alignment with the scope of
the project. However, including keywords such as "aviation" or "aircraft" resulted in
very limited findings. This indicates and highlights a lack of prioritisation regarding
socio-ecological criteria in early-stage product development, particularly within the
aerospace industry.

Key keywords were further combined, and the identified sources were screened and
evaluated based on the following criteria: (a) prioritisation method mentioned; (b)
relevance; (c) aerospace specific; (d) early-stage specific; (e) potential usefulness for
framework development. This structured screening process enabled the identification
of relevant methods and frameworks that could potentially be used in focus groups,
future framework development, and the validation of the framework.
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3.5.2 Criteria Scoring Through Focus Groups

Criteria scoring in focus groups was conducted with the stakeholder groups sustaina-
bility experts, engineers and managers to refine the defined list of criteria and
validate it based on the identified stakeholder needs. The purpose of the focus
groups was to identify gaps, e.g. knowledge, data availability, identify important
and relevant criteria, feasibility, and potential future actions for the company to
implement the list of criteria. The agenda of the sessions was: (1) introduction of
the project and definition of socio-ecological criteria; (2) present the list of criteria;
(3) score based on different aspects; (4) discussions and insights.

The scoring of the criteria for the focus groups was conducted using the logic of the
concept selection methodology by [14]. Decision matrices were used to evaluate and
compare concepts against criteria that were derived from customer and stakeholder
needs. The purpose of using decision matrices in a group-based environment was not
only to systematically score and compare alternatives but to facilitate discussion,
transparency, alignment, and agreement among participants.

Due to time constraints, the initial plan for the focus groups was refined after the first
session with each stakeholder group. With the sustainability experts, the criteria
filtering and scoring were divided into two sessions each, totalling four sessions.
Since engineers and managers only had to score the criteria, fewer sessions were
required. Two sessions were held with the engineers, while the managers held one
session.

The stakeholder groups evaluated the criteria using a Likert scale of 1-5, where
5 was the highest score and 1 was the lowest score. This scoring approach was
selected due to the large number of criteria evaluated, requiring a simple method to
effectively differentiate between them. Each stakeholder group had a different focus:
sustainability experts prioritised social and ecological impact, engineers focused on
technical feasibility and relevance to products and early-stage product development,
and managers prioritised strategic alignment. Similarly, they all scored the criteria
based on the following perspective:

(a) Ease of implementation - How easy is it to measure and assess?

e Score 5: Very easy to implement: the necessary data to assess products based
on the criteria are readily available, all necessary assessment tools and methods
are known and practised within GKNA.

e Score 3: Moderately easy to implement: The criteria are relatively simple
to assess, but some assessment tools or data are missing/ difficult to collect.
Implementation would require some tool development, data collection, training,
etc.

o Score 1: Very difficult to implement: large systematic/process changes would
be needed within the company in order to assess products based on the criteria.
Critical assessment tools, data, training, etc., are missing.
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Focus Group 1: Sustainability Experts

The criteria were also scored based on: (b) potential ecological impact; (c¢) potential
social impact, defined by:

(b) Potential ecological impact - How much potential ecological impact can
the criteria have when implemented within product development at GKNA?

e Score 5: Very high potential impact: systematic implementation of the
criteria will result in a significant reduction of the environmental footprint
of GKNA products.

e Score 3: Moderate potential impact: systematic implementation of the criteria
will result in a moderate reduction of the environmental footprint of GKNA
products.

e Score 1: Minimal impact: systematic implementation of the criteria will not
result in any reduction of the environmental footprint of GKNA products.

(c) Potential social impact - How much potential social impact can the criteria
have when implemented within product development at GKNA?

e Score 5: Very high potential impact: systematic implementation of the
criteria will result in a significant reduction of the social footprint of GKNA
products.

e Score 3: Moderate potential impact: systematic implementation of the criteria
will result in a moderate reduction of the social footprint of GKNA products.

e Score 1: Minimal impact: systematic implementation of the criteria will not
result in any reduction of the social footprint of GKNA products.

Focus Group 2: Engineers

The criteria were also scored based on: (b) relevancy to GKNA’s products; (c)
relevancy to early-stage product development, defined by:

(b) Relevance to GKNA products - How relevant/applicable are the criteria to
GKNA products?

e Score 5: Highly relevant: the criterion directly impacts GKNA products and
can be used to evaluate them.

o Score 3: Moderately relevant: the criterion impacts GKNA products to some
degree, but it may be indirect.

e Score 1: Not relevant: the criterion does not impact GKNA products in any
meaningful way.

(c) Relevance to Early-Stage Product Development - How relevant /applicable
is the criterion to early-stage product development?

e Score 5: Highly relevant: the criterion is directly applicable in early-stage
PD decisions and strongly influences the conceptual design stage or earlier.

e Score 3: Moderately relevant: the criterion is partially applicable in early-stage
PD decisions with some but limited influence on the conceptual design stage
or earlier (may be highly relevant later).

e Score 1: Not relevant: the criterion is not applicable in early-stage PD
decisions in the conceptual design stage or earlier (may be relevant later).
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Focus Group 3: Managers

The criteria were also scored based on: (b) strategic alignment, defined by:

(b) Strategic alignment - How well aligned is the criterion with customer and
stakeholder needs, overall goals and priorities of GKNA?

e Score 5: Very high alignment: the criterion is directly aligned with customer
and stakeholder needs as well as the overall goals and strategy of GKNA
moving forward.

o Score 3: Moderate alignment: the criterion is somewhat (maybe indirectly)
aligned with customer and stakeholder needs as well as the overall goals and
strategy of GKNA moving forward.

e Score 1: Minimal/no alignment: the criterion has limited or no alignment
with customer and stakeholder needs, as well as the overall goals and strategy
of GKNA moving forward.

3.5.3 Criteria Scoring Through the DEMATEL Method

After focus group scoring with sustainability experts, several high-performing criteria
were selected to identify their relationships and interdependencies by applying a
method inspired by DEMATEL. Unlike other scoring methods, DEMATEL allows
for identifying which criteria act as drivers and those that are influenced by others.

During the session with three sustainability experts, the method involved a table
of definitions and a visual board to display the selected criteria. A traditional
DEMATEL method requires experts to score pairwise influences directly within
a matrix; however, the approach used in this session was simplified due to time
constraints and to reduce complexity. During a 15-20 minute individual session, the
experts drew coloured arrows to map relationships and influences between criteria.
Following this, all results were displayed where experts discussed their findings and
final scores were refined. The following scoring scale in Table 3.1 shows the structure
of the scoring:

Table 3.1: DEMATEL Exercise Scoring

Arrow  Meaning Influence Scoring
Green arrow  Very strong influence 4

— Blue arrow Strong influence 3
Yellow arrow Medium influence 2

— Red arrow Weak influence 1

- No arrow No influence 0

The results from the DEMATEL exercise were used by converting the influences

between each criterion by replacing the coloured arrows with scores 0-4 in a matrix.

These results were then aggregated into an average direct-relation matrix (A). A was

normalised to obtain the initial direct influence matrix (D) by using the maximum
1

row sum of the matrix which the factor was calculated as: s = ————, where
i j=1 %iJ
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a;; represents the influence of criteria ¢ on criteria j. The matrix was calculated by
using D = sA to ensure all values remain within the interval [0, 1).

Next, the total relation matrix (7"), which captures both direct and indirect relation-
ships among criteria, was calculated using 7= D(I — D)~!, where I is the identity
matrix. Finally, from this matrix, the sum of rows (D), representing the total
influence dispatched by a criterion to other criteria, and the sum of columns (R),
indicating the total influence received by a criterion from others, were calculated.

The indicators D+ R and D — R were calculated to analyse the relationships further.
D + R represents the overall importance of a criterion within the system, and D — R
identifies whether a criterion belongs to the causal group or the effect group. For
instance, if D — R > 0, the criterion is considered a causal factor, and if D — R < 0,
it is considered an effect factor. The results were used to construct a cause-effect
diagram by plotting D + R on the horizontal axis and D — R on the vertical axis.
This visualises and identifies the most influential drivers and the criteria primarily
affected by others. The results of the DEMATEL were subsequently used to support
the further selection of criteria for the framework development.

3.6 Framework Development

The development of the framework was performed based on the framework needs, the
results from the criteria scoring and a company process mapping described in Section
3.6.1. The framework concept development consisted of initial system-level concept
development and a subsequent subsystem-level concept development outlined in
Section 3.6.2.

3.6.1 Company Process Mapping

To develop concepts for the framework, it was important to understand the current
integration of the criteria into the company processes. This was done by systematically
reviewing current sustainable product development tools, the company’s product
development process, including design reviews, as well as the business and technology
development processes. In addition, higher-level processes, including the lifecycle
gates and product development planning, were analysed. These process maps were
scanned for any mention of the criteria through the descriptions, attached documents
and templates. The level of integration of each criterion was scored according to
Table 3.2. If the criterion was not found in any of the company processes or attached
documents, it was classified as "not integrated" and given a score of 1. A criterion was
classified as "voluntary"' if it appeared as an example or suggestion in a supporting
tool, but with no requirement to consider it. A voluntary criterion was assigned
a score of 2 if it was mentioned in a few (1 or 2) stages, or a score of 3 if it was
mentioned frequently across many different stages. If a criterion was mentioned as
a requirement or a concept selection criterion, it was labelled as "mandatory" and
assigned an integration score of 4 if present in a few of the stages or a score of 5 if
it was consistently mentioned throughout the company processes.
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Table 3.2: Level of Integration Classification

Level of integration | Description Score
. No mention of the criteria was not found

Not integrated . : 1

in any of the company processes viewed

Voluntary: The criteria is mentioned in some stages 9

across limited stages as an example or suggestion

Voluntary: The criteria is mentioned across many 3

across many stages stages as an example or suggestion

Mandatory: The criteria is mentioned as a requirement A

across limited stages in some stages

Mandatory: The criteria is consistently mentioned as a 5

fully embedded requirement throughout the processes

3.6.2 Framework Concept Development

The framework was developed with stakeholder needs in mind through system and
subsystem concept development. At the system level, concepts regarding the overall
nature of criteria integration were generated through brainstorming sessions. In the
system-level brainstorming, the following guiding questions were addressed:

1. How pre-defined should the scoring of the criteria be in the framework?

2. How specific should the framework be to each development stage (from technology
development to conceptual design)?

The first question determines whether the framework should provide an already
scored list of criteria or if it should instead provide tools by which the criteria
can be prioritised for each product. The second question considers the extent to
which the framework should be tailored specifically to each development stage, e.g.
whether the same or different sets of criteria should be integrated into each stage.
After generating system-level concepts, a concept selection was performed using a
Pugh decision matrix, Pugh [72], based on the outlined framework needs.

On the subsystem level, the framework was developed in further detail for each
specific development stage, from technology development to conceptual design. The
subsystem level dealt with the following questions:

1. Which specific criteria should be proposed in the framework?
2. Where in the process of each development stage should the criteria be integrated?

To tackle the first question, the refined criteria list and the results from the criteria
scoring were analysed, and different criteria combinations were brainstormed. The
second question was explored by analysing the results of the company process
mapping described in Section 3.6.1. The subsystem development depended entirely
on the results from the system-level concept, as the specific criteria depend on the
extent to which they need to be scored/prioritised. The two development stages
were therefore performed consecutively.
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3.7 Validation Approach

Validation of the criteria and framework was carried out to assess their feasibility,
alignment with sustainable product development and strategic sustainability. According
to Marwedel [73], validation is the process of checking whether or not a certain
design or partial design is appropriate for its purpose, meets all constraints and will
perform as expected. In this project, an initial validation of the framework concept
was conducted through practitioner interviews and a review of academic research
on the development of sustainable product development tools and frameworks. The
purpose of the validation interviews is to assess whether the framework is feasible
in practise and whether it meets the needs of its potential users. In addition, the
framework was validated through academic literature to examine whether it aligns
with the guidelines of established academic research. The criteria were validated
through academic literature to examine whether the selected mandatory criteria and
the criteria scoring results are consistent with lifecycle-focused academic research
and whether the criteria meet the fundamental need of potential social or ecological
impact on GKNA products.

3.7.1 Evaluation of Framework Through Case Study Interviews

The integration framework was evaluated through semi-structured interviews with
practitioners from different backgrounds at GKNA. Engineers working in product
development, managers involved in planning stages, and practitioners working in
technology development were gathered. During the interviews, questions were asked
about a recent product case the participants had worked on. The case did not have
to concern a specific product; it could be discussed in general terms. The following
questions were asked:

1. What type of product have you worked on?

2. In what stage of the product development, business development, or technology

development were you part of?

3. How much information was known at that stage?
The integration framework concept was then presented, and the participants were
asked whether the approach of including mandatory criteria and case-by-case criteria
was feasible. The interviews continued with a discussion of where the criteria could
be implemented, where they could be reviewed, and which tools could support this
process. It was also discussed whether this proposed framework could act as a
complement to or be a part of the existing processes in the future.

The mandatory criteria were presented and explained, including the reasoning for
their selection, both due to regulations and the scoring focus groups. Each criterion
was discussed in terms of whether it has already been implemented or if there
is a potential for implementation, and at which stage. The case-by-case criteria
were also presented, and similar questions were asked. The aim was to understand
each participant’s perspective and experience on the criteria, and whether any of
them should instead act as mandatory criteria rather than case-by-case, and vice
versa. This interview approach allowed participants to elaborate based on their
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industry experience and to reflect on perceived strengths and weaknesses, as well as
real industry challenges related to the implementation of the proposed framework
concept and future opportunities.

Interview notes were analysed, and similar feedback related to usability, organisational
and process fit, ownership, and integration with existing processes was identified
and grouped to identify recommendations for future work and improvement of the
framework.

3.7.2 Validation of Criteria Through Academic Literature

In addition to focus groups and validation interviews, the proposed criteria were
validated through academic literature through a lifecycle lens. The goal of the
validation was to determine whether the selected mandatory criteria and the criteria
scoring results comply with academic findings and whether there is an academic
basis to prioritise some of the criteria over others. To explore this, several lifecycle
assessments were studied, through which potential trade-off scenarios were identified
and discussed. Some of the research papers addressed specific criteria directly. In
papers where criteria were not mentioned directly, the results were extrapolated to
the criteria through a lifecycle impact lens, relying on the classification of the criteria
by the lifecycle phase of impact, discussed in Section 3.4.5.

3.7.3 Validation of Framework Through Academic Literature

In addition to the validation of the framework through case study interviews, the
framework was also validated through academic research. The validation approach
involved assessment of the framework against established criteria and design principles.
The purpose of the assessment was to identify whether the method by which the
framework was designed complies with existing literature. In addition, the outcome
of the framework was validated with success criteria by Vicente and Camocho [60]
discussed in Section 2.5.2.

34



4

Results

4.1 Industry Sustainability Benchmarking

A broad benchmarking was conducted through the assessment of public sustainability
reports of aerospace manufacturing companies to explore opportunities for improve-
ment in terms of GKNA’s consideration of socio-ecological aspects. The companies
assessed were GE Aerospace, SKF, MTU Aero Engines and Safran. The reports
were benchmarked on the aspects of EU Taxonomy reporting, value chain emission
reporting, ecological supply chain consideration, hazardous substances assessment
and social stakeholder group considerations. The key findings are summarised below.

EU Taxonomy Framework Reporting:

SKF, MTU and Safran all report their alignment with the EU Taxonomy Regulation,
further described in Section 2.6.3. Safran reports a turnover eligibility rate of 91%,
but a 0% alignment rate due to the DNSH pollution classification criterion [71].
MTU reports 16% taxonomy-aligned revenues from the EU Taxonomy alignment
criteria of activity 3.21 Manufacture of Aircraft [70]. SKF breaks down its alignment
with each of the DNSH criteria, reporting some alignment and some opportunities
for improvement, particularly within the climate change adaptation, biodiversity
and pollution criteria [69]. As of the 2024 sustainability report, GKNA has not
assessed its EU Taxonomy eligibility and alignment, but plans on conducting this
assessment for the 2025 report [67]. There is no mention of the EU Taxonomy
regulation in the GE Aerospace report [67].

Value Chain Emission Reporting:

All of the studied companies report their Scope 1, 2 and 3 emissions, but they vary
in what they include in the Scope 3 analysis. Safran, MTU Aero Engines, SKF
and GE Aerospace all include the emissions from the use of sold products in their
estimated Scope 3 emissions. Of the studied companies, GKNA is the only company
that did not report the emissions from sold products in the 2024 sustainability report.

Assessment of Hazardous Substances:

Mention of REACH regulations varies greatly between the companies. Safran men-
tions REACH substance obsolescence risk and specifies the tracking of 4,600 substan-
ces to identify [71]. The Safran report specifies that the exact quantity (mass of the
substance in a product) is not communicated to the group by the suppliers concerned
since the REACH regulation requires the identification of substances of very great
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concern present in articles above the 0.1% threshold, but not their quantity. The
MTU report mentions the use of REACH-compliant materials in its internal policy,
but does not specify any methods to ensure compliance with the REACH regulations
[70]. The SKF report specifies that the company ensures traceability of substances
of concern until products are delivered to customers through REACH and RoHS
certificates, with an additional hazardous substances policy covering traceability
in the value chain [69]. Similarly, GE Aerospace reports actively monitoring and
managing its operations to remain compliant with the Toxic Substances Control
Act and the REACH regulations [68]. The GKNA report mentions REACH in
the context of supplier service agreements, many of which contain requirements to
comply with all environmental laws and regulations, including the REACH regulations
[67]. The report does not mention substance tracking or other methods that ensure
compliance with REACH regulations.

Social Stakeholder Group Considerations:
The assessment of social considerations was broken down into the stakeholder groups
of (1) own workers and (2) supply chain workers. All of the companies studied report
extensive assessments and audits of the company’s own workers, in terms of health
and safety, human rights, and overall well-being.

The way in which the companies deal with social aspects regarding value chain
workers varies greatly. MTU Aero Engines conducts annual risk assessments of its
direct suppliers on social issues, including forced and child labour. In addition,
the report specifies that key suppliers must undergo an ESG assessment by external
parties and that MTU reserves the right to conduct on-site audits to verify compliance
with the company’s code of conduct [70]. SKF also reports a risk-based approach to
assessing its supply chain regarding human rights and labour practices, specifying
that tier one and sometimes tier two and three suppliers are audited [69]. GE
Aerospace emphasises rigorous in-person auditing to assess suppliers’ compliance
with social and environmental requirements before onboarding, particularly focusing
on safety, environment and working conditions. In addition, GE Aerospace reports
country-risk level classification every two to three years, assessing manufacturing
and human rights risks, as well as ongoing compliance monitoring of supply chain
actors using on-site or remote audits [68]. In contrast, Safran and GKNA do not
mention supplier auditing, relying on risk assessments to assess supplier compliance
with social and environmental aspects [67, 71].

This benchmarking report outlines to what degree different aerospace manufacturing
companies have already integrated or considered several broad social and ecological
aspects according to their publicly available sustainability reports. It highlights
several improvement areas for GKNA, namely, the assessment of EU Taxonomy
eligibility and alignment, estimation of product use phase emissions, monitoring
and tracking of hazardous substances and assessment of supplier compliance with
social and environmental aspects.
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4.2 Stakeholder Needs Study

This section presents the results of the stakeholder needs study conducted at GKNA,
including stakeholder needs interviews, identification of stakeholder needs, and persona

development.

The interviews include the main priorities and challenges of the

stakeholder groups, while the personas describe their role in product development
and relevance to the study.

4.2.1 Stakeholder Personas

Stakeholder interviews revealed different perspectives on integrating sustainability

into early-stage product development.

To synthesise these findings and support

framework development, personas were developed to represent key stakeholder groups.
These personas include sustainability experts, engineers, and managers, as presented
in Table 4.1, which outlines the identified stakeholder groups, their roles in product
development, and their relevance to the study.

Table 4.1: Stakeholder Personas Overview

Stakeholder Personas ‘

Stakeholder Role in Product Relevance to the Study

Group Development

Sustainability Supports sustainability Provides expertise in

Expert integration within PD socio-ecological criteria,
processes by conducting sustainability assessment
assessments, ensuring methods, and relevant
compliance, refining regulations, supporting informed
organisational processes, decision-making and
and utilising support tools. | sustainability integration.

Engineer Develops and evaluates Acts as the primary user of the
concepts and solutions framework during concept
within early-stage PD and | development and concept
technology development. selection.

Manager Guides technology Influences implementation,
development and priorities, and strategic
roadmaps, strategic organisational alignment.
decision-making, business
development, and product
planning.
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4.2.2 Stakeholder Needs Interviews

The interviews revealed several stakeholder needs regarding the integration of sustaina-
bility into early-stage product development. These include:

o Clearer sustainability requirements.

« Simplified and improved decision-making tools, methods, and processes.

o Traceability in information-sharing and ownership.

e Stronger cross-functional communication and organisational integration of sustaina-

bility considerations.

Table 4.2 summarises the main priorities and key challenges.

Table 4.2: Stakeholder Priorities and Challenges

Stakeholder Needs Study

Stakeholder Main Priorities Key Challenges

Group

Sustainability Early-stage sustainability Lack of early-stage data, support

Expert awareness across tools, and information sharing
teams/organisation, IT tools and processes. Unclear
ensuring REACH ownership and poor traceability,
compliance, increasing uncertainty in underlying
transparency and assumptions.
awareness in environmental
assessments.

Engineer Concept and solutions that | Lack of clear sustainability
meet lightweight designs, requirements, regulatory and
airworthiness, cost supplier uncertainty, limited
efficiency, performance, and | support tools, difficulty in
manufacturability. balancing sustainability with

other aspects (e.g. cost and
performance).

Manager Customer partnership and | Lack of clear and standardised
market competitiveness, sustainability measurements and
sustainability targets, assessments, sustainability
regulatory compliance and | metric uncertainty, and limited
fuel efficiency. influence over engine-system

decisions.

The lack of clear sustainability requirements was addressed by several stakeholders,
as they are often viewed as vague and difficult to interpret, inconsistently communicat-
ed, or poorly integrated into the requirement specification and concept evaluations.
Furthermore, engineers and managers highlighted that sustainability considerations
usually rely on an individual’s personal awareness or interest rather than systematic
engineering standards or requirements.
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Stakeholders expressed a need for simplified decision-making tools capable of supporting
trade-offs and guiding sustainability considerations. Some participants were unfamiliar
with existing tools such as the Environmental Sustainability Tool (EST) and Sustaina~
bility Impact Assessment (SIA) tools (outlined in Section 4.4.1), and others highlighted
limitations of the tools with respect to consistency and practical influence on decision-
making. Stakeholders emphasised the need to systematically integrate sustainability
into lifecycle and commercial gates, concept selection matrices, and trade studies.

Lifecycle and supply chain impacts were highlighted as important factors that should

be introduced earlier in the development stages. Key challenges include data availability,
the lack of traceability, and insufficient lifecycle evaluations during pre study activities.
These issues were highlighted with respect to compliance with REACH, critical
materials, and tracking and managing long-term lifecycle emissions.

The practitioners emphasised the need for stronger organisational alignment on
sustainability integration, arguing that sustainability must be driven by manage-

ment rather than relying on individual practitioners and should be embedded into
strategic priorities, lifecycle gates, planning, and requirements. Consistent and
cross-functional communication between management, engineering, procurement,
and sustainability teams should be improved for successful and consistent integration.

4.2.3 Stakeholder Needs for Criteria List

Table 4.3 summarises the stakeholder needs that were extracted from the interviews
discussed in section 3.3.1. After identification, the stakeholder needs were assigned
an importance score from 1-5 in order to highlight which needs are prioritised. The
top needs, with a score of 5, deal with the practical "must-haves" for the criteria list.

The first need outlines the main purpose of the socio-ecological criteria, which is
to improve the social or ecological impact of GKNA products. Similarly, as stated
by the second need, since this criteria list is developed specifically for GKNA, all
criteria need to be relevant to GKNA products within some context. The third "must
have" need addresses the practicalities of implementing the criteria into product
requirements or concept selection matrices. To assess product concepts, the criteria
need to be measurable. The fifth need, requiring the criteria to be quantifiable, is
extracted from the interviews with engineers at GKNA, highlighting the importance
of having a quantified range of acceptance for product requirements. This need is
ranked slightly less important than measurability, as not all criteria are suitable for
a numeric scale. Some criteria could have a binary yes/no or go/no-go metric.

The stakeholder needs number 4 and 6 were extracted from sustainability experts
interviews at GKNA. Need number four addresses the concern that sustainability-
related regulations, in particular the REACH regulations, are lacking in official
company product development-related processes. The sixth need outlines importance
of considering both social and ecological aspects in the criteria list, as the sustainability
experts expressed a lack of social consideration in the current processes and tools.
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Stakeholder needs number 7, 8 and 9, with importance scores below 4, should be
considered but should not be used to eliminate certain criteria. Need number
7, addressing the compatibility of criteria with the company’s strategic goals, is
practically important since it indicates how likely it is for the company to consider
the criteria. However, this need is only given an importance score of 3 because
the company’s strategy is continuously developing and adapting to the market,
technology and internal drivers. This stakeholder need should therefore not be used
to eliminate any particular criterion. The eighth need is also given an importance
score of 3 because whether a criterion applies to the early product development
stages is highly dependent on the product and its technology readiness level.

The ease of implementation expressed by need number 9 has a low importance
rating, as this need might limit the effectiveness of the criteria list. If criteria which
are easy to implement due to, e.g. availability of data, are prioritised, this might
contradict the first stakeholder need of potential socio-ecological impact. A criterion
that is difficult to implement due to a lack of data or a lack of assessment tools can
be viewed as an opportunity for improvement for the company rather than a reason
for excluding the criterion altogether.

Table 4.3: Stakeholder Needs for the Criteria List

Z
e

Stakeholder need

The implementation of the criteria has the potential to improve
GKNA products in terms of social or ecological impact

The criteria are applicable to GKNA products

The criteria are measurable

The list of criteria addresses regulatory compliance

The criteria are quantifiable

The criteria list considers both social and ecological aspects
The criteria are compatible with GKNA’s overall goals/strategy
The criteria apply to the early stages of product development
The criteria are easy to implement

)
£
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4.3 Socio-Ecological Criteria List and Prioritisation
Methods

Figure 4.1 presents an overview of the criteria list development, which resembles a
typical concept development process with an initial expansion, followed by iterative
reduction and expansion steps. The criteria were funnelled from the initial 263
criteria identified in the literature review down to 41 refined criteria. The results
from the initial literature review and the added social criteria in the expansion stage
can be viewed in Appendix A.
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263 105 123 43 41
criteria criteria criteria criteria criteria

-
S

Literature review Aggregation Expansion Screening Refinement
e 263 criteria were * Redundancies « Additional research e Criteria screened by e Final refinement
collected from 24 reduced by was conducted to sustainability experts
papers aggregating add social criteria e Criteria were
similar criteria ¢ GHG emission eliminated if:
criteria expanded to redundant, not
each lifecycle phase relevant or other
individually specified reason

Figure 4.1: The criteria list development process.

Figure 4.2 illustrates the aggregation results of the criteria related to recycling.
Criteria such as "easy recyclability", "scrap Recyclability", "recyclability", etc., were
combined into a single criterion, "ease of recycling". Similarly, the criteria "recycled
materials" and "share of recycled materials" were aggregated into "use of recycled
materials". The remaining criteria highlighted in blue in Figure 4.2 are more systematic,
focusing on overall practical recycling potential throughout a product’s lifecycle.
This set of criteria was therefore compiled into the term "material circularity capability”,
which captures the potential for materials to be kept in the market at the highest
possible quality for multiple product lifecycles [74].

Ease of recycling

Avoid needing special
treatments for recycling
Recyclability

The recyclability of parts
Scrap recyclability

Easy recyclability: use
recyclable parts, nontoxic
harmless materials, efficient
and reasonable recovery

Ease of recycling

Recycled materials

Use of recycled materials

Use of recycled materials as Use of recycled material
input

Share of recycled materials

.

Materials/components
returned for recycling
Recycling of components at
end of life

Share of recyclability
Non-recyclable solid waste

Material circularity capability

Figure 4.2: Aggregation of criteria related to recycling.
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The screening results of the aggregated criteria list are presented in Appendix B.
Sections 4.3.2 and 4.3.3 present the highest and lowest ranked criteria from the focus
group scoring and the DEMATEL scoring, respectively. The full results from the
criteria scoring can be viewed in Appendix C. After the criteria scoring, the list of
criteria was refined, further defined and classified by the lifecycle phases of impact.
The resultant refined list is presented in section 4.3.4.

4.3.1 Prioritisation and Scoring Methods Results

The literature review of prioritisation approaches identified several methods and
frameworks for prioritising criteria. Relevant methods were identified and grouped
into the following categories: (1) simple scoring-based methods, (2) MCDM methods,
(3) relationship-based methods, and (4) advanced hybrid methods. The methods
are presented below:

1. QESC model, P5 frameowrk, Rough-Grey analysis

2. AHP, TOPSIS, Fuzzy-TOPSIS, Best-Worst Method (BWM)

3. DEMATEL

4. Choquet Integral approaches, Fuzzy MCDM Frameworks
Each category was highlighted with its core idea, strengths, limitations, data require-
ments, uncertainty handling, early-stage and framework development fit. The review
revealed that simple scoring-based methods are easy to use and require minimal
data, making them suitable for early-stage product development. However, these
methods assume that criteria are independent and rely on expert judgement, which
may introduce bias. In contrast, relationship-based methods, such as DEMATEL,
allow for the analysis of cause-and-effect relationships and interdependencies among
criteria. Studies highlight the value of DEMATEL, as it can identify the most
influential criteria and key drivers of the system, as well as reduce the complexity
associated with large sets of criteria. Advanced hybrid methods allow for the capture
of synergies and conflicts and can provide more robust prioritisation; however, they
are mathematically complex and difficult to apply, requiring expertise.

The review highlighted a gap in the literature, where research addresses sustainability
criteria, prioritisation methods, and aerospace applications individually, but not in
an integrated manner. There is therefore a need for future research that integrates
these aspects within early-stage product development in the aerospace industry.

Given the focus on early-stage product development, where data availability is
limited, methods requiring large datasets were not selected. Therefore, expert-based
scoring and evaluation were selected as the primary prioritisation method to assess
the relevance of criteria to products, early-stage product development, socio-ecological
impact, and ease of implementation. The DEMATEL method was selected as a
complementary approach, as it analyses the influence of criteria and their interdep-
endencies, providing insights that cannot be captured by simple scoring.
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4.3.2 Socio-Ecological Criteria Scoring through Focus Groups

Scoring of socio-ecological criteria was conducted through focus groups with stakeholder
groups, sustainability experts, engineers, and managers, who collectively scored
the criteria. Each group used a scale of 1 to 5 (where 5 was the highest score
and 1 was the lowest) to evaluate criteria based on evaluation factors such as
ease of implementation and evaluation factors. The evaluation factors are based
on the stakeholder needs outlined in Table 4.3, catering to the expertise of each
stakeholder group. The comparison of the highest and lowest scored criteria for ease
of implementation for all stakeholder groups can be seen in Table 4.7.

Stakeholder 1 - Sustainability Experts

The sustainability experts consisted of three practitioners associated with the company,
with complementary expertise in sustainable product development, LCA, and sustain-
ability strategy within the aerospace industry. Table 4.4 summarises the highest
and lowest evaluated criteria based on potential ecological and social impact. These
evaluation factors correspond to the first stakeholder need outlined in Table 4.3.

Table 4.4: Highest and lowest scored socio-ecological criteria from the
sustainability expert focus group.

Criteria Ecological Social Total
Impact Impact

Highest scored criteria

Weight 5 2 7
Use of conflict materials 2 5 7
Use phase GHG emissions 5 2 7
Product quality 2 ) 7
Product safety (operational) 2 5 7
Product performance 4 3 7
Use of recycled material 4 3 7
Use of substances listed in REACH candidate list 3 4 7
Risk of being exposed to dangerous substances 3 4 7
Material utilisation 4 3 7
Raw material consumption 4 3 7
Repairability 4 3 7
Use of substances listed in SIN candidate list 3 4 7
Lowest scored criteria

Ease of recycling 3 1 4
Qualified labour forces 1 3 4
Emissions from energy consumption 2 2 4
Energy consumption 2 2 4
Material circularity capability 3 1 4
Vertical range of manufacture 1 3 4
Job creation and skills development 1 3 4
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The sustainability expert focus group prioritise criteria related to material, compliance,
and product use phase, including weight, use phase GHG emissions and use of
conflict materials. This indicates a focus on reducing environmental impact while
ensuring compliance with sustainability-related regulations. Criteria, such as material
circularity capability, job creation and skills development, and vertical range of
manufacture, received lower scores, indicating less focus on organisational and manufac-
turing-related aspects.

Stakeholder 2 - Engineers

The engineer focus group consisted of three practitioners associated with the company,
with complementary expertise in product development, engineering analysis, and
aerospace component design. Table 4.5 summarises the highest and lowest evaluated
criteria based on relevance to GKNA products and to early-stage product development.
These evaluation factors correspond to the second and eighth stakeholder need
presented in Table 4.3.

Table 4.5: Highest and lowest scored socio-ecological criteria from the engineering
focus group.

Criteria Relevance to Relevance to Total
GKNA Products Early-Stage PD

Highest scored criteria

Weight 5 5 10
Use phase GHG emissions 5 5 10
Product quality 5 D 10
Product safety (operational) 5 5 10
Product performance 5 5) 10
Improved functionality 5 5 10
Durability (life) 5 5 10
Ease of serviceability 5 5 10
Material utilisation 5) D 10
Potential for dual use 5) D 10
Lowest scored criteria

Water consumption 1 1 2
Carbon footprint - scope 1 and 1 1 2
2

Vertical range of manufacture 1 1 2
Emissions from energy 1 1 2
consumption

Noise to the surroundings 1 1 2
Risk of corruption 1 1 2
Raw material extraction GHG 1 1 2
emissions

Transportation 1 1 2
Upgradeability 1 1 2

Continued on next page
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Table 4.5 — continued from previous page

Criteria Relevance to Relevance to Total
GKNA Products Early-Stage PD

Use of substances listed in SIN 1 1 2

list

Qualified labour force 1 1 2

Situations where human rights 1 1 2

are at risk

Freedom of association and 1 1 2

collective bargaining

The engineers assigned the highest scores to criteria related to product performance
and the use phase. Some social criteria, such as qualified labour force and situations
where human rights are at risk, were scored the lowest. Overall, a relatively large
number of criteria received low scores from the engineers in terms of relevance to
GKNA products and early-stage product development. This indicates that engineers
place emphasis on criteria that directly influence product performance and other
operational outcomes, and view other criteria, including some labour-related criteria,
as not directly relevant to product development.

Stakeholder 3 - Managers

The manager focus group consisted of three senior practitioners associated with
the company, with complementary expertise in product development and strategy,
materials and manufacturing processes, and industrial engineering and production
systems within the aerospace sector. The following Table 4.6 summarises the highest
and lowest evaluated criteria based on strategic alignment. This evaluation factor
corresponds to the stakeholder need number 7 as presented in Table 4.3.

Table 4.6: Highest and lowest scored socio-ecological criteria from the managerial
focus group.

Criteria Strategic Alignment
Highest scored criteria
Weight
Energy consumption
Water consumption
Product quality
Product safety (operational)
Product performance
Durability (life)
Use of substances listed in REACH candidate list
Employee health and safety
Qualified labour force
Risk of being exposed to dangerous substances
Labour rights violation risk 5
Continued on next page
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Table 4.6 — continued from previous page

Criteria Strategic Alignment
Supplier compliance with regulations )

Risk of corruption )

Lowest scored criteria

Use of substances listed in SIN list 1

Vertical range of manufacture

Raw material consumption 2

Compared with the other stakeholder groups, the managers assigned the criteria
higher overall scores. Product-related criteria such as quality, safety, and performance
remained highly scored. Several criteria related to consumption, compliance, and
employee-related factors such as energy consumption, water consumption, employee
health and safety received the highest scores, showing strategic importance for
governance, workforce, and ethical business practices.

Comparison of Stakeholder Ease of Implementation Results

During each stakeholder focus group, the criteria were scored based on ease of
implementation, corresponding to stakeholder need number 9 as outlined in Table
4.3. Table 4.7 highlights criteria consensus and disagreement across the stakeholder
groups. The following describes the colour coding:

e Green highlight: For the highest-scored criteria, all three stakeholder groups
scored the criteria as 5 or 4, and for the lowest-scored criteria, all three
stakeholder groups scored the criteria as 1 or 2.

e Yellow highlight: Two out of three stakeholder groups scored the criteria as
5 or 4 for the highest-scored criteria, or 1 or 2 for the lowest-scored criteria.

o Not listed: The stakeholder groups scored the criteria inconsistently.

The results show an agreement across all three stakeholder groups regarding product-
related criteria, suggesting that these criteria are measurable and integrated into
company processes. An interesting finding is the criteria use phase GHG emissions,
which was scored highly by the sustainability experts and engineers, but not by the
managers.

Several criteria received low scores across all stakeholder groups, including situations
where human rights are at risk, raw material extraction GHG emissions, and freedom
of association and collective bargaining. Most of the criteria received inconsistent
scoring by the stakeholder groups, with either two stakeholder groups in agreement
or none.
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Table 4.7: Comparison of highest and lowest ease of implementation scored criteria
across the three stakeholder groups.

Sustainability Experts Engineers Managers
Highest scored criteria
Weight Weight Weight

Product quality

Product safety

Product performance
Durability

Employee health and
safety

Flexibility of supply chain
Carbon footprint - scope
1 and 2

Use phase GHG emissions
Ease of recycling
Qualified labour force

Product quality

Product safety

Product performance
Durability

Employee health and
safety

Flexibility of supply chain
Carbon footprint - scope
1 and 2

Use phase GHG emissions

Use of critical materials
Energy consumption
Water consumption

Use of substances listed in
REACH candidate list
Compliance with regula-
tions

Vertical range of manu-
facture

Product quality

Product safety

Product performance
Durability

Employee health and
safety

Flexibility of supply chain
Carbon footprint - scope
1 and 2

Ease of recycling
Qualified labour force
Use of critical materials
Energy consumption
Water consumption

Use of substances listed in
REACH candidate list
Compliance with regula-
tions

Vertical range of manu-
facture

Lowest scored criteria

Upgradeability

Raw material extraction
GHG emissions

Raw material consumption
Material utilisation
Freedom of association and
collective bargaining
Material circularity capa-
bility

Use of substances listed in
SIN list

Situations where human
rights are at risk

Job creation / negative im-
pact and skills develop-
ment

Upgradeability

Raw material extraction
GHG emissions

Raw material consumption
Material utilisation
Freedom of association and
collective bargaining
Material circularity capa-
bility

Use of recycled material
Potential for dual
use/secondary function
Use of substances listed in
SIN list

Situations where human
rights are at risk

Upgradeability

Raw material extraction
GHG emissions

Raw material consumption
Material utilisation
Freedom of association and
collective bargaining

Use of recycled material
Potential for dual
use/secondary function

Job creation / negative im-
pact and skills develop-
ment
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4.3.3 Socio-Ecological Criteria Prioritisation through DEMATEL

A DEMATEL-inspired method was conducted through a focus group with sustainability
experts to analyse the relationships and interdependencies between the prioritised
socio-ecological criteria, which was intended to identify the influence of the criteria.
Prior to the focus group, the criteria were narrowed down to 17 top-scoring criteria
by selecting criteria with the following scores:

» FEcological impact + social impact of score > 7

o Fcological impact + social impact + ease of implementation score > 10

— Result: 17 socio-ecological criteria

Each sustainability expert worked individually for 20 minutes, drawing arrows between
criteria they believed influenced one another. Afterwards, the results were presented
to the group, and similar patterns and differing opinions were discussed. These
discussions took place while new arrows were drawn between criteria. The results
of the session with drawings can be seen in Figure 4.3.

Regulations & frameworks Weight Local Critical materials
Use of ll’Jse of ueeer
> substances | s“, 5(5"‘“5 Noise to the ,.| Use of critical =
q . 5 € listed in h - . conflicting
listed in SIN surroundings materials 3
list REACH materials
candidate list
4
Workers Suppliers
Risk of being
|
::‘:.;s:r: = =1 Flexibility of
supply chain
substances ” LA
Emissions & impact ___Repair
> S
Use phase
GHG <€ |
emissions <
o 1
Reuse L = — - - —{ Durability & life
— €
<
Potential for ﬂ l Durability
dual use I

Performance Material use
Product Product safet Product Raw material |_ Raw material -
performance Yy quality utilisation | consumption

Figure 4.3: DEMATEL focus group results.

The results indicate that criteria such as product performance, repairability, and
durability influence many criteria, suggesting that these are strong drivers of the
system. In contrast, criteria such as use phase GHG emission, product safety,
and product quality are primarily influenced by other criteria. To continue with
the DEMATEL method, several matrices were developed. First, a direct influence
matrix A was created with 17 criteria in the rows and columns, creating a 17x17
matrix. The assigned colours of the arrows were translated into scores ranging from
0 to 4. The scores in each row were then summed, and the highest row sum (17),
corresponding to the criterion "product performance", was used as the normalisation
factor s. The resulting matrix can be viewed in Appendix D.
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Next, the matrix was transformed into a normalised direct-influence matrix, D,
presented in Appendix E, where each criterion’s score was calculated as: D = A/17.
The total relation matrix represents the total influence of the criteria. The total
relation matrix is presented in Appendix F. Based on the total relation matrix, a
cause-effect matrix was created to calculate the following DEMATEL indicators:
e D = sum of rows: Total influence a criterion gives to others. Higher value —
criterion influences many others.
e R = sum of columns: Total influence received from others. Higher value —
criterion is strongly affected by others.
e D+ R = Measures overall importance in the system. Higher value — greater
prominence.
« D — R = Cause/Effect
e D — R > 0 = Criterion is a cause (driver): influences the system more than
influences.
e D — R < 0 = Criteria is an effect: mostly influenced by others.
Table 4.8 presents the DEMATEL scoring of the criteria. The criteria are presented
in order of highest prominence to highlight the most influential criteria.

Table 4.8: DEMATEL Cause-Effect Summary

Criteria D R D+R D-R Group
Product performance 1.311 0.522 1.833 0.789 Cause
Flexibility of supply chain 0.601 0.576 1.178 0.025 Cause
Use of critical materials 0.188 0.963 1.151 -0.774 Effect

Use of substances listed in 0.883 0.262 1.145 0.621 Cause
REACH candidate list

Raw material utilisation 0.500 0.639 1.139 -0.138 Effect
Weight 0.655 0.417 1.072 0.238 Cause
Repairability 1.070 0.000 1.070 1.070 Cause

Risk of being exposed to 0.557 0.485 1.042 0.073 Cause
dangerous substances

Durability (life) 0.584 0.445 1.029 0.139 Cause
Use phase GHG emissions 0.000 0.947 0.947 -0.947 Effect
Use of conflict materials 0.188 0.673 0.862 -0.485 Effect
Product quality 0.235 0.571 0.806 -0.336 Effect

Use of substances listed in SIN  0.275 0.485 0.760 -0.210 Effect
candidate list
Raw material consumption 0.265 0.235 0.500 0.029 Cause

Noise to the surroundings 0.272 0.179 0.451 0.093 Cause
Product safety 0.000 0.370 0.370 -0.370 Effect
Potential for dual use 0.272 0.090 0.361 0.182 Cause

The following Figure 4.4 represents the DEMATEL cause-effect diagram. The
criteria with the strongest causal influence are repairability, product performance,
and use of substances listed in the REACH candidate list, as they have the highest
positive D-R value, therefore highlighted in bold. Criteria such as weight, risk of
being exposed to dangerous substances, and durability also influence other criteria.
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As seen in Table 4.8, product performance has the highest prominence and a strong
positive D-R value, indicating that it is both highly influential and highly interconnected.
Among the cause factors, repairability exhibits the highest D-R (1.070), indicating
the strongest causal driver, followed by the Product performance and use of substances
listed in the REACH candidate list, also indicating high prominence and strong
causal influence. In contrast, criteria such as use of critical materials, use phase
GHG emissions, product safety, and product quality are dependent criteria and do
not act as drivers.
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Figure 4.4: DEMATEL cause-effect diagram.

4.3.4 Refined List of Criteria

Before the framework design phase of the project, the list of criteria was refined
and classified. The criterion of "compliance with regulations" was removed as it
was deemed too overarching and broad. The criterion of "emissions from energy
consumption" was also removed, since it is made redundant by the criteria of "raw
material extraction GHG emissions', "carbon footprint - Scope 1 and 2", and "use
phase GHG emissions" in the lifecycle stages of raw material acquisition, manufacturing
and use, respectively. Table 4.9 presents the refined criteria list with more detailed
descriptions, possible metrics or assessment methods, lifecycle phases of impact and
their sources, either from the literature review, additional research or the focus
groups.

50



4. Results

Table 4.9: Refined List of Socio-Ecological Criteria

Socio-ecological

criteria

Description

Possible
metric/

assessment
method

Lifecycle
phase

C1: Ease of Recyclability of Qualitative End of life [6, 76-80]
recycling materials involved in the scoring

product, amount of non

recyclable waste, ease

of disassembly (product

complexity). [75]
C2: Material The potential of Qualitative End of life [34, 45,
circularity maintaining products, scoring 82-84]
capability components and

materials in closed

loops through reuse,

remanufacturing and

recycling [81].
C3: Use of How much recycled % of recycled Raw material [6, 34,
recycled material material does the product | material mass extraction 85]

contain? of overall

product mass

C4: Use of conflict | Use of high-demand Material Raw material [87]
minerals materials from regions criticality tool extraction

suffering from armed [87]

conflicts or weak

governance with

systematic violations

of international law [86].
C5: Use of critical | Use of critical materials Material Raw material [34, 83,
materials that pose high associated | criticality tool extraction 85]

supply risks [88]. [87]
C6: Weight Optimised product kg Use [34, 82,

weight 83, 89]
C7: Material How much of the total buy-to-fly ratio | Raw material [76]
utilisation material purchased is extraction, End

used in the final product? of life
C8: Raw material Amount of raw material kg Raw material [19, 45]
consumption consumed throughout the extraction

product’s lifecycle.
C9: Energy The company controlled kWh Raw material [77, 80,
consumption and material-related extraction, 90, 91]

energy consumption Manufacturing,

associated with the Distribution,

product. Maintenance
C10: Water The company controlled | Volume Raw material [84]
consumption and material-related extraction,

water consumption Manufacturing,

associated with the Maintenance

product.
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Socio-ecological
criteria

C11: Carbon
footprint scope
1 and 2

Description

Emissions from
company’s own activities
and from the production
of purchased energy
associated with the
product [92].

Possible
metric/
assessment
method
tC’Ogeq.

Lifecycle
phase

Manufacturing,
Distribution,
Maintenance

Source

6, 77]

C12: Overall toxic | The risk of toxic and Risk assessment | Entire lifecycle [79, 84]
and hazardous hazardous emissions
emissions to air, to air, water and soil
water, soil associated with the
product.
C13: Use phase The use phase greenhouse | tCOseq. Use [34, 84,
GHG emissions gas emissions associated 93]
with the product.
C14: Raw material | The emissions from raw tCOseq. Raw material [34, 84,
extraction GHG material extraction extraction 93]
emissions associated with the
product.
C15: Impact of transportation | tCOseq.. Distribution [6, 45,
Transportation related to the product 76]
C16: Human The risk of human Human toxicity | Entire lifecycle | [45]
toxicity: cancer toxicity effects associated | potential [94]
and non cancer with the product.
effects
C17: Hazardous The potential hazardous Hazardous End of life [6, 45]
waste: avoid waste generation waste
needing special associated with the generation
measures for product throughout its factor (HWGF)
disposal lifecycle. [95]
C18: Potential for | Potential for product/ Qualitative End of life [84, 96]
dual use/secondary | components/ materials to | scoring
function be reused or adapted for
a secondary function.
C19: Product The degree to which Qualitative Use [91, 98]
quality the product fulfils assessment
specified requirements
[97] with additional
aerospace specific safety,
reliability and compliance
requirements.
C20: Product The probability that Qualitative Manufacturing, [34, 79,
safety the use of the product assessment Use, 85, 90]
(operational) will result in illness, Maintenance
injury, death or negative
consequences to people,
property or equipment
[99].
C21: Product The ability of a product Multifaceted Use [45, 91,
performance to fulfil its intended assessment 101]
functions under specific depending on
conditions [100] product

52




4. Results

Socio-ecological
criteria

C22: Improved
functionality

Description

Expansion in the range
or improvement in

the quality of the
operations/functions
that a product performs
relative to its previous
generations.

Possible
metric/
assessment
method
Qualitative/
performance
assessment

Lifecycle
phase

Use

Source

C23: Vertical
range of
manufacture

The extent to which

the company occupies
successive levels in the
production hierarchy
from raw materials to the
final consumer [102].

Ratio of
in-house/
external
manufacturing

Manufacturing,
Distribution,
Maintenance

C24: Durability

The ability of the
product to remain able
to perform its required
function under specified
conditions of use and
maintenance until a
limiting state is reached
[103].

Estimated no.
of years

End of life

[45, 76,
91, 96,
101, 104]

C25: Serviceability

The degree of difficulty
or ease with which a
product can be restored
to its operable state

[105].

Maintenance
time

Maintenance

[76, 91,
101]

C26: Repairability

The probability that

a failed product will

be repaired to its
operational state within
a given active repair time

[105).

Repair
time/energy
consumption

End of life

C27:
Upgradeability

The potential and
fitness of a product

to be effectively and
efficiently modernised
during the usage and/or
remanufacturing stage
[106]

Qualitative
assessment

End of life

[76]

C28: Use of
substances listed in
REACH candidate
list

The amount (kg) of
substances listed in the
REACH candidate list
involved in the entire
lifecycle of the product
[107].

w/w percentage

Entire lifecycle

34, 83]

C29: Use of
substances listed
in SIN list

The amount (kg) of
substances listed in the
SIN list involved in the
entire lifecycle of the
product [108].

w /W percentage

Entire lifecycle

34, 83]
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Socio-ecological
criteria

C30: Employee

Description

The prevention of

Possible
metric/
assessment
method

Risk assessment

Lifecycle
phase

Manufacturing,

Source

(6, 34,

health and safety occupational risks, Distribution, 45, 83,
protection of safety and Maintenance 84, 90,
health, elimination of 91, 101]
risk and accident factors,
informing and training
of workers related to the
product [109].
C31: Qualified The availability of a Competency Manufacturing, [84]
labour force workforce with the assessment Distribution,
required skills and Maintenance
knowledge to develop
the product.
(C32: Risk of The risk of people being Risk assessment | Entire lifecycle [34, 83]
being exposed exposed to dangerous
to dangerous substances associated
substances with the product
throughout its lifecycle.
C33: Situations Situations during the Risk assessment | Entire lifecycle [101]
where human lifecycle of the product
rights are at risk where human rights are
at risk.
C34: Freedom Freedom of association Trade union Entire lifecycle [41]
of association and collective bargaining | density
and collective of internal and supply assessment [110]
bargaining chain workers related to
the product.
C35: Labour abuse | Infringement of labour Risk assessment | Entire lifecycle [41, 90]
laws, such as failure to
pay minimum wage.
C36: Flexibility of | The number of available No. of possible Raw material Focus
supply chain suppliers for the suppliers extraction, group
components/materials Manufacturing,
required for the product Maintenance
(multi-sourcing).
C37: Supplier Supplier compliance Supplier Raw material [40]
compliance with with all applicable auditing extraction
regulations multi-jurisdictional
regulations [111].
C38: Job The potential job No. of jobs Manufacturing, | [101]
creation/loss and creation or job loss created / No. Maintenance
skills development associated with the of jobs lost
product.
C39: Noise to the Noise pollution associated | Standards [112], | Manufacturing, | [34, 83]
surroundings with the product [113] Use,
affecting workers and Maintenance

affected communities.
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Socio-ecological Description Possible Lifecycle Source
criteria metric/ phase

assessment
method

C40: Due diligence | Continuous process to Qualitative Entire lifecycle [101]
help enterprises identify assessment of
risks relating to human customers and

rights, labour rights and suppliers
the environment [114].

C41: Risk of Country risk of Risk assessment | Entire lifecycle | [101]
corruption corruption.

4.3.5 Criteria List Evaluation

To evaluate the success of the socio-ecological criteria list presented in Table 4.9,
it can be assessed based on the stakeholder needs (SN) outlined in Table 4.3. The
criteria were assessed on stakeholder needs number 1, 2, 7, 8 and 9 through the focus
group scoring sessions presented in Section 4.3.2. The other stakeholder needs are
less complex and can be assessed without expert input.

SN1: Potential social or ecological impact

The results of the lowest-scoring criteria in terms of ecological and social impact
presented in Table 4.4 show that nearly all of the criteria have a score of 3 or above
in either potential social or ecological impact. This indicates that the sustainability
experts believe that the implementation of the criteria has at least a moderate
potential to reduce the environmental or social footprint of GKNA products. Only
two criteria were scored below 3 in both the social and ecological criteria: "emissions
from energy consumption" and "energy consumption'. In the focus group, these
criteria were viewed as company-controlled energy consumption, excluding the use
phase, which led to the lower scoring.

In the refined list of criteria, "emissions from energy consumption" was removed and
aggregated with "carbon footprint Scope 1 and 2" due to their overlap and low scores.
Energy consumption (C9) was kept but expanded to include the material-related
energy consumption. Now the criterion includes all upstream energy consumption
related to the product. This criterion was not, however, extended to the use phase,
since its inclusion would overshadow and preclude consideration of the upstream
lifecycle phases due to the overwhelming magnitude of fuel consumption associated
with an airborne product over its lifecycle. According to the sustainability expert
scoring, all criteria in the refined criteria list have at least a potential moderate
impact on the social or ecological footprint of GKNA products.

SN2 & SN8: Applicability to GKNA products & early-stage PD

The criteria were evaluated based on the second and eighth stakeholder needs
through a focus group scoring by engineers. As displayed in Table 4.5, several
of the criteria were given a score of 1 in terms of how applicable they are to
the GKNA product and early-stage product development. This includes criteria
that were scored highly on potential socio-ecological impact, such as noise to the
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surroundings (C39). During the focus group, it was observed that the participants
conducted the scoring based on the current product development practises at the
company. It was also observed that the participants view product development as
primarily a means to fulfil a product’s functional requirements, excluding business
development and management-related aspects. This resulted in the low scoring
of, e.g. the criteria qualified labour force (C31). Lastly, some criteria, including
use of substances listed in the SIN list (C29), were scored low, mostly due to the
participants’ lack of familiarity with the criteria. In order to keep the potential for
change and improvement in the current processes open, it was therefore decided not
to exclude any criteria based exclusively on the scoring of the engineer stakeholder

group.

SN3 & SNb5: Criteria are measurable and quantifiable

In Table 4.9, a possible metric or assessment method is proposed for each of the
criteria. These metrics/assessment methods are only preliminary examples, but
they indicate that each of the criteria can in some ways be measured, often with
existing frameworks and assessment tools. Therefore, the list of criteria meets SN3.
Not all of the criteria can, on the other hand, be quantified numerically. Some of the
criteria may need to be assessed through risk assessments with qualitative "high",
"medium" or "low" risk metrics. SN5 can therefore not be met for all of the proposed
criteria, but this alone should not exclude the criteria, as more research is required
to determine the degree to which these criteria can be practically applied in product
development at the company.

SN4: Criteria list addresses regulatory compliance

The criteria list addresses regulatory compliance through several criteria, including
use of substances listed in REACH candidate list (C28), human toxicity, cancer and
non-cancer effects (C16), situations where human rights are at risk (C33), labour
abuse (C35), risk of being exposed to dangerous substances (C32) and supplier
compliance with regulations (C37). Therefore, SN4 is, to some extent, met by the
criteria list, although further development of the criteria is required to effectively
measure and integrate them into the company processes.

SNG6: Criteria list considers both social and ecological aspects

To assess the degree to which the criteria list considers both social and ecological
aspects, the sustainability expert scoring results were examined. The sum of the
ecological impact scoring of all criteria outlined in Table 4.9 is 111, while the
sum of the social impact scoring is 125. This indicates that the list is somewhat
balanced between social and ecological impact and does not noticeably neglect, e.g.
ecologically leaning criteria over social criteria.

SN7: Compatibility with GKNA’s goals/strategy

The compatibility of the criteria with the company’s overall goals and strategy was
assessed through a focus group of practitioners in managerial or strategy-related
roles. Asshown in Table 4.6, only three criteria scored below 3 in strategic alignment:
use of substances in the SIN list (C29), raw material consumption (C8), and vertical
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range of manufacture (C23). These criteria were not, however, eliminated based on
the strategic alignment scoring, especially since the first two criteria were scored
highly by the sustainability experts, with a score of 4 in either potential social or
ecological impact. 30 of the 41 criteria on the refined criteria list received a score
of 4 or 5 in strategic alignment, indicating that the list is mostly in line with the
company’s goals.

SN9: Ease of implementation

The criteria were assessed for ease of implementation in each focus group, with the
results presented in Table 4.7. Only five criteria were consistently scored low (1 or 2)
by all three stakeholder groups. The groups showed consensus on only 8 criteria that
were considered easy to implement, with scores of 4 or 5. Due to the inconsistency
of the results, it cannot be concluded to what extent the list of criteria is easy or
difficult to implement. Instead, the scoring can indicate which criteria are broadly
considered easy to implement with the required assessment tools and data already
available at the company.

4.4 Framework Design

The integration framework was developed in two stages. First, broad system-level
concepts were generated to determine the level of detail the framework should
provide, the results of which are presented in Section 4.4.4. This was followed
by a more detailed sub-system level development in Section 4.4.5 based on the
company’s process mapping, where the specific processes and criteria were defined.
Current SPD tools at GKNA and the mapping of the current criteria integration
are outlined in Sections 4.4.1 and 4.4.2, respectively.

4.4.1 Current Company SPD Tools

GKNA has implemented two main sustainability tools: the Sustainability Impact
Assessment (SIA) tool and the Environmental Sustainability Tool (EST). The SIA is
used as guidance for sustainability assessment of products in the stages of technology
development, pre study, conceptual design and onwards. The tool guides the user
through several steps, including assessing alternative solutions by specific socio-eco-
logical criteria, estimating a product’s use phase emissions, the material criticality,
and an overall sustainability impact assessment of a product. The SIA tool is
mandatory to use in technology development and aligns its steps with the technology
readiness level (TRL) of a product. It is also mandatory for the first time in the
conceptual design stage within the product development process, as well as in the
lifecycle gates and design reviews after conceptual design. When the use of the tool
is mandatory, it is not mandatory to meet specific criteria or thresholds within it.
Rather, as specified in the tool, its purpose is to raise awareness of the sustainability
impacts of products through their design and development processes.

The EST tool is another tool aiming to raise awareness of the sustainability impact
of products. This tool appears in the processes of the business development &
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sales stage. The tool guides the user through a weighted, lifecycle-based scoring
of a product based on ecological aspects related to waste, energy, and circularity.
In addition to the sustainability tools, some socio-ecological criteria are proposed
in a new concept selection matrix template for the conceptual Design stage. This
template has not been implemented in the official processes but has been confirmed
for implementation. The evaluation matrix includes aspects concerning circularity,
safety, waste and material criticality.

4.4.2 Current Criteria Integration

In order to identify gaps and opportunities for improvement for the development
of the framework, the current integration of each criterion was assessed. Table
4.10 summarises the results of the level of integration for each criterion from the
refined criteria list in Table 4.9. The criteria are categorised by five different
levels of integration: "Not integrated', "Voluntary: limited stages', "Voluntary:
many stages', "Mandatory: limited stages', "Mandatory: fully embedded". Each
categorisation is also assigned a score from 1 to 5. The categorisation is further
explained in Section 3.6.1.

The criteria vary greatly in the level of implementation and the specific processes
where they are integrated. The majority of the criteria (29 of 41 criteria) are
directly or indirectly mentioned somewhere in the company’s early-stage product
development processes. The criteria were classified as mandatory if they were
mentioned as a typical product requirement, appeared in documents concerning
commercial and lifecycle gates, design reviews, the concept selection matrix template
or the supplier code of conduct. Some criteria were also explicitly mentioned in the
processes of certain stages, such as product development planning, pre study, or
conceptual design.

Criteria were classified as voluntary if they were not found in the aforementioned
processes but were mentioned in the sustainability tools, such as the EST and
STA. Although it is mandatory to apply these tools in certain stages, the specific
criteria within the tools do not need to be considered and were therefore classified
as voluntary. Similarly, the additional criteria in the new proposed concept selection
template were classified as voluntary, since the template is not yet officially integrated
into the concept development process.

From the criteria mapping, a few potential integration opportunities were identified
where additional criteria could potentially be implemented:

e Design reviews

» Lifecycle and commercial gates

o Requirements engineering

o Concept selection matrix

« Current sustainability tools (EST and SIA tools)
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Table 4.10: Current Criteria Integration Overview

Mandatory: fully Mandatory: Voluntary: many Voluntary:
embedded (score 5) limited stages stages (score 3) limited stages
(score 4) (score 2)
Weight: Mentioned Use phase GHG Ease of recycling: Material
throughout as a typical emissions: Fuel In new proposed circularity

product requirement/
constraint, included in the
current concept selection

consumption
analysed in pre
study, mentioned

concept selection
matrix, EST and
SIA tools

capability: In
new proposed
concept selection

Raw material
consumption

matrix, EST and SIA tool in STA tool matrix.
Product quality: In Serviceability: Use of conflict Use of critical Overall toxic
requirements, commercial Maintainability minerals: In new materials: In new | and hazardous

gates, design reviews

mentioned as a
key design driver
in design reviews

proposed concept
selection matrix and
SIA tool

proposed concept
selection matrix

emissions to air,
water, soil

Product safety
(operational): In
requirements, commercial
gates, lifecycle gates,
design reviews, conceptual
design etc.

Repairability:
Maintainability
mentioned as a
key design driver
in design reviews

Material
utilisation: In
EST and STA
tools, new concept
selection matrix
and mentioned in
Lifecycle gate 2

Water
consumption:
Mentioned in
lifecycle gate 2

Raw material
extraction GHG
emissions

Product performance: Use of Energy Carbon Human toxicity:
In requirements, substances consumption: In footprint cancer and non
commercial gates, pre listed in EST and SIA tools, scope 1 and 2: cancer effects
study, conceptual design, REACH also mentioned in Emissions during
selection criteria etc. candidate lifecycle gate 2 manufacturing

list: In product mentioned in SIA

development

planning,

commercial gate,

SIA tool
Durability: In Labour abuse: Transportation: Use of Potential for
requirements, concept In supplier code of | In new proposed substances secondary
selection matrix, SIA tool, conduct concept selection listed in SIN function
etc. matrix, EST and list: Mentioned in

SIA tools SIA tool

Employee health and Supplier Use of recycled Flexibility of Improved
safety : In requirements, compliance with | material: In EST supply chain: functionality

lifecycle gates, commercial
gates, design reviews,

STA tool, new concept
selection matrix

regulations: In
supplier code of
conduct

and STA tools

Supply risk
mentioned in
STA tool

Qualified labour force:
In lifecycle gates, product
development planning

Due diligence:
In supplier code of
conduct

Hazardous waste:
In new proposed
concept selection
matrix, and EST
tool

Noise to the
surroundings:
Mentioned

in business
development and
STA tool

Vertical range
of manufacture

Risk of
corruption: In
supplier code of
conduct

Upgradeability

Risk of being
exposed to
dangerous
substances

Situations
where human
rights are at
risk

Freedom of
association
and collective
bargaining

Job
creation/loss
and skills
development
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To further explore the nature of current socio-ecological integration, the criteria were
plotted with current implementation scoring on the x-axis and the average ease of
implementation scoring from the focus groups on the y-axis. Figure 4.5 presents
a bubble graph of ease of implementation as a function of current implementation
with varying bubble size based on the potential ecological impact as scored by the
sustainability experts. To further distinguish between the different ecological impact
scoring, each bubble size is also colour coded with red, orange, yellow, green and
blue representing very high, high, moderate, low and minimal ecological impact,
respectively. The criteria with an ecological impact scoring of 4 or 5 are annotated
in the figure. Figure 4.5 shows that the criteria with the highest ecological impact
scoring of 5 have already been implemented to some degree in the company processes.

6
Weight, 5 Durability (life), 4

iy,
Product performance, 4 (
’ \

: e .

| Use phase GHG emissions, 5

®

Ease of Implementation (1-5)
w

® Repairability, 4
2 ®
Material utilization, 4 @ 5: Very high ecological impact
[} Raw material consumption, 4 Use of lod L1 4: High ecological impact
1 se of recycled materizl, 3: Moderate ecological impact
@ 2: Low ecological impact
Upgradeability, 4 Raw material extraction GHG ® 1: Minimal ecological impact
’ emissions, 4
0
0 1 2 3 4 5 6

Current Implementation (1-5)

Figure 4.5: Current integration and ease of implementation: highlighting potential
ecological impact.

Among the criteria with ecological impact scores of 4 or 5, there is a slight correlation
between ease of implementation and current implementation, where the criteria that
have an ease of implementation score of below 3 have not been implemented in the
current processes to the same degree as the criteria scoring higher. This could
be in part due to confirmation bias, where the participants of the focus groups
view familiar criteria that have already been integrated as easier to integrate. In
addition, the criteria that have to some degree already been integrated may not
need the development of new assessment tools or the collection of additional data
for further integration. Three criteria that have a potential ecological impact scoring
of 4 were not found anywhere in the current processes, namely, upgradeability (C27),
raw material consumption (C8) and raw material extraction GHG emissions (C14).
These criteria highlight a blind spot and potential opportunity for improvement, in
particular for further integration of criteria related to raw material extraction.
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Similarly, Figure 4.6 presents ease of implementation as a function of current imple-
mentation, with the colour-coded bubble sizes representing potential social impact,
with red, orange, yellow, green and blue representing very high, high, moderate,
low and minimal potential social impact, respectively. Figure 4.6 displays less of
a correlation between ease of implementation and current implementation among
high-scoring criteria. The criteria risk of being exposed to dangerous substances
(C32) and human toxicity: cancer and non-cancer effects (C16) have not been
integrated and appear to be "low hanging fruit" with an ease of implementation score
of above 3 and a potential social impact score of 4 or 5. Similarly, the regulatory
criteria use of substances listed in REACH candidate list (C28) received high ease of
implementation scoring but was only explicitly found in two places in the company
processes, aside from being mentioned in the SIA tool: once in business development
and once in product development planning.

6

Product safety (operational), 5 Product quality, 5

5 Use of substances listed in REACH
candidate list, 4

‘ Use of conflict
minerals, 5

Employee health and
” Q safety, 4

Labor abuse, 5

Risk of being exposed...

IS

Human toxicity: cancer and non
cancer effects, 5
Situations where human

rights are at risk, 5
2 . t

Use of substances listed in @ 5: Very high social impact
SIN list, 4 4: High social impact
3: Moderate social impact
. 2: Low social impact
@ 1: Minimal social impact

Ease of Implementation (1-5)
w

Freedom of association and
collective bargaining , 4

0 1 2 3 4 5 6
Current Implementation (1-5)

Figure 4.6: Current integration and ease of implementation: highlighting potential
social impact.

The mapping of current criteria integration provides an overview of the degree to
which the proposed criteria are already integrated into the company processes. This
is presented in the context of the ease of the focus group scoring results in Figures
4.5 and 4.6.

4.4.3 Stakeholder Needs for Implementation Framework

The needs for the integration framework were derived from the initial stakeholder
needs interviews, as well as insights from the focus groups. The stakeholder needs
for the framework are presented in Table 4.11 with importance scores from 1-5.
The first primary need is that the framework must facilitate the integration of
socio-ecological criteria into the product development process. Another primary
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need for the framework is flexibility, meaning that the framework can be applied to
a wide range of products. The third primary need outlined in Table 4.11 is that
the framework must be compatible with the current product development process at
GKNA. Similarly, as stated by framework stakeholder need 4, the framework should
be applicable in the early stages of the product development process, ranging from
technology development to conceptual design. As stated by the fifth need, the
framework should provide support in trade-off scenarios. This need was expressed
consistently throughout the stakeholder needs interviews and focus groups. Lastly,
the stakeholder group of engineers expressed concern for the lack of time and
resources to address additional criteria due to the already high number of functional
requirements for each product. For this reason, a need for simplicity was added to
the needs list. A simple framework that does not require much added effort and
workload by the design teams could ease its integration and lead to a more positive
reception. This final need has a lower importance score and is viewed as a "nice to
have" rather than an integral requirement for the framework.

Table 4.11: Stakeholder Needs List for the Framework

No. | Stakeholder need Imp.

The framework facilitates the integration of socio-ecological criteria
into the PD process.

The framework is flexible.

The framework is compatible with the existing PD process.

The framework is applicable in the early stages of PD.

The framework supports trade-off scenarios.

O O x| W DN
QO | | O O Ot

The framework is simple in application.

4.4.4 Framework System Concept Development

Table 4.12 presents an overview of the system-level concepts generated. Concepts
A and B propose an already ranked list of criteria that is the same for each stage or
customised for each stage, respectively. These concepts provide trade-off support by
providing the design teams with ranked criteria lists, making it clear which criteria
should be prioritised. The drawback of these concepts is that it is very difficult to
propose a ranked criteria list that would apply to all GKNA products. This would
make the framework rigid and most likely only valid for a subset of products.

Concepts C, D and E propose unranked lists of criteria with different strategies
of implementation. Concept C proposes the same unranked criteria list for each
stage, where the design team needs to select and prioritise criteria for each product
and each development stage. In concept D, the relevant criteria are selected and
ranked in the business development stage, after which this ranked list is integrated
into pre study and conceptual design stages. These concepts offer more flexibility,
as criteria can be ranked for each product. However, this comes at the expense of
making the framework more complicated and less supportive in trade-off scenarios
in practise, as the design teams would need to conduct the prioritisation.
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Lastly, concept E proposes two sets of criteria: one with mandatory primary criteria
that need to be considered for all products, and a second case-by-case list from
which relevant criteria can be selected for each product at each development stage.
This concept provides less trade-off support in comparison to concepts A and B, but
more support than concepts C or D, since it specifies which set of criteria should be
of primary focus.

Table 4.12: System-level Framework Concepts

System-level Description
concept
Concept A The same ranked list of criteria is integrated into every stage.
Concept B Different ranked lists of criteria customised for each stage.
The same unranked list of criteria is integrated into every stage.
Concept C For each product, the relevant criteria are selected and ranked
at each stage.
An unranked list of criteria is presented at the business
Concept D development stage, where relevant criteria are selected and
ranked. This ranked list is then integrated in pre study,
conceptual design and onwards.
Two sets of unranked criteria, one of mandatory and one of
Concept E case-by-case criteria, are integrated into each stage. The
mandatory criteria need to be considered, while the case-by-case
criteria are only considered if relevant to the product.

Table 4.13 presents the concept scoring using the Pugh decision matrix [72] with
Concept A as a reference. The system-level concepts were ranked based on framework
stakeholder needs 1, 4 and 5. Concept B is very similar to concept A and therefore
received the same scoring. Concept C is more flexible but offers no trade-off support
and would be complex for the engineering teams to conduct, receiving an overall
score of -1. Concept D is simpler in practise than concept C, since the ranking by
the design team only needs to be conducted once in the business development stage;
however, this compromises the concept in terms of flexibility, since the same criteria
might not be applicable across all development stages. In comparison to concept A,
however, Concept D received the same scoring as concept C.

Table 4.13: Decision Matrix with Concept A as Reference

System-level | o opinigy  1rade-off o blicity | Total
concept support

Concept A 0 0 0 0
Concept B 0 0 0 0
Concept C + - - -1
Concept D + - - -1
Concept E + - + +1
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Lastly, concept E is more flexible than concept A but offers less trade-off support.
It might at first seem like Concept E would be more complex in practise, since
the engineering teams do not have a concrete ranking of the criteria; however, the
ranking might create contradicting scenarios as some of the criteria are tradable
and interdependent. For this reason, Concept E was scored higher than Concept
A in terms of simplicity, receiving the highest total score of +1. To test the
sensitivity of the decision matrix, the highest scoring concept, Concept E, was set
as the reference concept in Table 4.14 and the same analysis was performed. In this
second comparison analysis, Concept E was again the top-scoring concept due to its
potential flexibility and simplicity in application. Concept E was therefore selected
for further development.

Table 4.14: Decision Matrix with Concept E as Reference

System-level | o opility 1rade-off o blicity | Total
concept support

Concept A - + - -1
Concept B - + - -1
Concept C + - - -1
Concept D 0 - - -2
Concept E 0 0 0 0

Figure 4.7 displays a diagram showcasing system-level concept E, which was further
developed through subsystem concept development.

Pre Product Development Product Development

P
( 1 ( 1

Technology Business Conceptual
[ Development] [Development&SaIesl [ Fre Study l [ Design

1 L1

SOCIO-ECOLOGICAL CRITERIA

Mandatory Case-by-case
criteria: criteria:

Figure 4.7: System-level diagram of Concept E.
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4.4.5 Framework Subsystem Concept Development

Based on the mapping of the company processes described in Section 3.6.1, the
framework was developed in more detail for each development stage. In this step
of the development process, focus was placed on robust integration of the criteria,
the utilisation of existing processes, and integrating criteria into each of the early
development stages from technology development to conceptual design to fulfil frame-
work needs 1, 3 and 4 respectively (from Table 4.11). Two subsystem concepts were
generated based on the identified integration opportunities outlined in Section 3.6.1.
The subsystem concepts E1 and E2 are summarised in Table 4.15.

Table 4.15: Overview of Subsystem Framework Concepts

Subsystem

concepts: Concept E1 Concept E2

Integrate the mandatory criteria
into the stage-gate process and
Description | design reviews. Integrate the
case-by-case criteria into the
sustainability tools EST and SIA.

Integrate the mandatory and
case-by-case criteria into
requirements engineering and
concept selection matrices.

- Compatible with current
processes.
- Integrates criteria into

- Compatible with current
processes.
- Integrates criteria into

Pros early PD stages. early PD > tages. . L
Relatively simole to - Robust integration of criteria.
. D - Addresses the current
implement. . . o
inconsistency of criteria.
- Risk of neglecting i
Cons Risk of neglecting important - More complex to integrate.

criteria.

The first concept, E1, proposes the integration of the mandatory criteria directly
into the stage-gate process and design reviews and adding the case-by-case criteria
into the current company sustainability tools. The lifecycle gates and design reviews
already include some of the proposed socio-ecological criteria. Similarly, many of
the criteria are already included in the current company sustainability tools. This
framework of integration would therefore be relatively simple and compatible with
the current processes. A downside of this framework concept is that this would not
offer significant improvement to the current processes, and the segregated integration
of the criteria in the stage-gate process on the one hand and the sustainability tools
on the other could lead to neglect of the case-by-case criteria entirely.

The second concept, E2, proposes the inclusion of both mandatory and case-by-case
criteria into requirements engineering and concept selection matrices. In requirements
engineering, the list of criteria would act as an additional consideration next to
customer, regulatory and other aspects. The mandatory criteria would be integrated
as "Absolute" or "Constraint" requirements, while the case-by-case criteria could act
as "Trade-oft" or "Wish" requirements if applicable to the product. By integrating
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the criteria into the requirements, they would automatically be reviewed in the
stage-gate process and the design reviews. The current sustainability tools could

act as support and guidance material for applying the criteria.

This concept is more robust and addresses the current inconsistency of criteria
between the different stages by embedding them from the start of the development
process in requirements. The downside of Concept E2 is that it requires further
research and development, as each criterion would need distinct metrics and, in some
cases, assessment tools. Due to the higher potential for systematic improvement and
a more robust criteria integration, Concept E2 was selected for further development.
Figure 4.8 displays a diagram of further clarification of the framework Concept E2 for
each development stage, including technology development, business development,
pre study and conceptual design.

Pre Product Development

Product Development

r D

< N

Technology
Development

Implemented in:
- Technology
requirements
Reviewed in:
- Technology gates
Supported by:
+ SIAtool

Business
Development & Sales
Implemented in:

« Business opportunity
requirements

Reviewed in:
- Commercial gates
+ Lifecycle gates
Supported by:
+ EST tool

Pre Study

Implemented in:

- Requirements
Reviewed in:

- Lifecycle gates

« Pre study review
Supported by:

« SIAtool

Conceptual Design

Implemented in:
+ Preliminary requirements
+ Concept selection matrix
Reviewed in:

- Lifecycle gates
+ System concept review
+ Preliminary requirements
review
Supported by:

L SIA tool )

T ¢

T

T

Mandatory
criteria:

o

( SOCIO-ECOLOGICAL CRITERIA )

_|_

Case-by-case
criteria:

J

Figure 4.8: Diagram of subsystem level Concept E2.
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4.4.6 Selection of Mandatory Criteria

For the selected framework concept, a set of mandatory criteria required to be
considered for all products at all development stages was developed. The selection of
mandatory criteria was based on three primary inputs: (1) weighted scoring matrix,
(2) regulations and laws, and (3) DEMATEL analysis. The purpose of including
these different approaches was to ensure mandatory criteria were not selected purely
based on high socio-ecological relevance, but also from the perspective of ease of
implementation. The selection of all mandatory criteria can be seen in Table 4.16.

Table 4.16: Mandatory Criteria List

Mandatory Criteria Source
‘ . . . . Regulatory [115-117]
(C28: Use of substances listed in REACH candidate list DEMATEL

C30: Employee health and safety

Regulatory [118-120]

(C32: Risk of being exposed to dangerous substances

Regulatory [115, 119, 120]

(C33: Situations where human rights are at risk

Regulatory [121, 122]

C34: Freedom of association and collective bargaining

(C35: Labour abuse

Regulatory [125, 126]

C37: Supplier compliance with regulations

Regulatory [121, 127]

C16: Human toxicity: cancer and non-cancer effects

[

|
Regulatory [123, 124]

[

[

[

Regulatory [115, 117, 119]

C6: Weight

DEMATEL,

Concept scoring matrix

C7: Material utilisation

Concept scoring matrix

C13: Use phase GHG emissions

Concept scoring matrix

C20: Product safety (operational)

Concept scoring matrix

C19: Product quality

Concept scoring matrix

C21: Product performance

DEMATEL,

Concept scoring matrix

C26: Repairability

DEMATEL

C24: Durability

Concept scoring matrix

The weighted scoring matrix assessed each criterion based on the scoring results
from the focus groups. In the weighted scoring matrix, each factor was given the

following weight:
o Strategic alignment: 0.1 (10%)
+ Relevance to GKNA products: 0.3 (30%)
« Potential ecological impact: 0.3 (30%)
« Potential social impact: 0.3 (30%)

Based on the total weighted scores, the top criteria ranked 1 and 2 were selected.

The full scoring matrix is presented in Appendix C.

The second input was based on identified regulations and compliance related to
REACH compliance, hazardous substances, employee health and safety, which apply
to the aerospace industry. They were prioritised because failure to address them
could lead to risks to health and safety, penalties, and legal violations.
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The third input was based on the DEMATEL analysis, where criteria were selected
based on the most influential socio-ecological and the most important overall. The
results were evaluated using the following indicators:

« Influence level (D)

 Causal relationship score (D-R)

 Overall prominence (D+R)
The causal relationship criteria with positive values were selected because they
influence other criteria more than they are influenced by them. The prominence
score was selected based on the overall importance of each criterion, taking into
account both the influence it has and the influence it received. The influence level
refers to the criteria that have the greatest influence, regardless of whether they are
net drivers or receivers.

4.5 Preliminary Validation

Preliminary validation of the criteria list and the integration framework concept was
conducted to assess the feasibility of the output and its alignment with academic
literature. The framework concept was first validated through interviews with
practitioners at the company to assess its feasibility and whether it meets the needs
of its potential users/stakeholders. A summary of the interview output is presented
in Section 4.5.1. The framework concept and its development method were also
validated against academic studies on sustainable product development as presented
in Section 4.5.3. Lastly, the list of criteria was validated against lifecycle-focused
academic literature as presented in Section 4.5.2.

4.5.1 Framework Validation through Case Study Interviews

Seven semi-structured interviews were conducted with practitioners at GKNA who
are currently working with, or have previously worked with, technology development,
business development, and product development. The purpose with these interviews
was to evaluate the application of the framework, assess if it is meaningful and
feasible, and identify challenges. Discussions were also held to gather feedback on
areas for refinement. The mandatory and case-by-case criteria were also evaluated
based on their relevance at the different development stages, along with discussions
on whether they should remain consistently applied criteria or be adapted depending
on context.

The overall perception of the framework was positive, and it was considered relevant
and feasible given GKNA’s current sustainability ambitions. Similar views highlighted
that sustainability considerations should be integrated earlier in product development
processes and that the framework can support and enable such integration and
decision-making in the early stages. The presented socio-ecological criteria were
generally supported, with agreement that they should be applied across multiple
development stages, rather than treated as a separate activity, as sustainability
efforts are currently fragmented across tools and processes. Several practitioners
mentioned that in the technology development stage, reviews are performed to
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ensure technical fulfilment, and gates are for management to check that they have
been fulfilled. A suggestion was to integrate sustainability requirements and add
checkpoints in the reviews; this would result in them becoming visible before the
concept reviews, rather than introducing a parallel decision-making activity or process.

There were mixed opinions regarding the validation of the mandatory criteria.
Some criteria were considered tradeable, while others were strongly supported as
mandatory. Specifically, the criteria of weight (C6) and product performance (C21)
were brought up as tradeable for use phase GHG emissions (C13). The wording
of the criteria of weight (C6) was challenged by several practitioners, suggesting
that it should be clearly defined and should not act as a stand-alone socio-ecological
criterion, but rather as a design objective linked to environmental performance.
Similarly, the criteria of durability (C24) and repairability (C26) were highlighted as
highly relevant but often linked or even contradictory, since a more durable material
can be more difficult to repair. Material utilisation (C7) was mostly viewed as
a relevant mandatory criterion, but some participants expressed the need for an
additional circularity criterion, such as ease of recycling (C1), in addition to material
utilisation to inform about end of life considerations.

One suggestion was to include clarification of the criteria: definition, ownership
responsibility, and measurable indicators. Following this, it was proposed that
requirements should be divided into responsibility areas, assigning them to functions
such as purchasing, procurement, project management, and designers or engineering
teams. For example, the materials-related criteria were argued to be a responsibility
of purchasing because designers have limited control over material selection. Instead,
such considerations should be purchasing requirements and included in procurement
specifications. Other participants argued that splitting requirements into different
functions risks the neglect of procurement and manufacturing-related criteria due
to the dominance of design-related criteria in decision-making.

The validation of the case-by-case criteria was overall positive, with the practitioners
mostly agreeing that they should remain flexible. The criteria regarding recycling,
water consumption, and noise were considered mostly relevant for specific projects
but not overall. The criterion of supply chain flexibility (C16) was highlighted
by several as becoming mandatory since it is highly important and relevant for
the designer. One participant noted that a lack of supplier flexibility is currently
a challenge in product development, as it influences multiple aspects. Therefore,
studies on the number of potential suppliers have been conducted to explore potential
back-up suppliers to further resilience. The criterion of serviceability (C25) was also
viewed as highly relevant.

Overall, there were discussions regarding practical implementation, emphasising
that data availability, responsibility ownership, and measurability should be clear,
visible, and traceable. A recurring theme within the technology development was
that the criteria may be relevant; however, they can be difficult to assess and
measure due to the low technology maturity. Some criteria, such as weight (C6) and
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material utilisation (CT7), were considered difficult to measure at low Technology
Readiness Levels (TRLs), when the product does not yet exist, but become more
meaningful and relevant in product development when a product or concept is
available. Therefore, some criteria should have the option to be marked as "not
applicable" to ensure they are not ignored in later stages and therefore do not restrict
early-stage decision-making.

4.5.2 Criteria Validation through Literature

As discussed in Section 2.1.2, use phase emissions have been estimated to contribute
up to 94% of the total lifecycle CO5 and NO,, emissions due to direct fuel combustion
[25]. A review on strategies to mitigate carbon emissions for sustainable aviation
by Hu et al. [128] highlights that the main mitigation strategies are multifaceted,
including demand for air travel, technological improvement, the use of alternative
fuels and aircraft design factors such as aerodynamic efficiency, engine efficiency,
aircraft weight and aircraft size. Since GKNA deals with component and structure
design of engines and airframes, the company has the most impact on design factors
at the sub-system level, not the aircraft as a whole or high-level operational factors
such as transport distance or the number of passengers. Of the leading emission
mitigation strategies suggested by Hu et al. [128], the factors of engine efficiency,
aerodynamic efficiency and aircraft weight fall to some extent within the influence
of product development at GKNA. The criteria of performance (C21) can include
both aspects of engine efficiency and aerodynamic efficiency, depending on the type
of product, whether the product is an engine component or is subject to airflow and
the associated fluid dynamic forces.

Within these three factors (weight, engine efficiency, aerodynamic efficiency), there
exist several trade-off scenarios in terms of fuel combustion and associated CO,
and NO, emissions. A widely reported engine efficiency trade-off is that of CO, vs
NO, emissions. Gains in engine thermal efficiency are achieved by increasing gas
turbine pressure and temperature, which enables a higher bypass ratio, the ratio of
air passed through the fan system to that passed through the engine core, which
in turn improves the propulsive efficiency of the engine [129]. The combination
of improved thermal efficiency and the improved propulsive efficiency from higher
bypass ratios leads to lower total fuel combustion and associated C'O, emissions,
but an increase in NO, generation within the combustion process [129], [130], [131].
Some studies, however, suggest that the focus should be placed on CO; emission
reduction despite the trade-off in NO, emissions [132], [133]. Freeman et al. [133]
argues through climate model case studies that NO, pollution should mostly be
of concern on ground level for human health impact, but that an increase in fuel
consumption for decreased NO, impacts should be avoided. The results of one
climate model scenario highlight that a 20% reduction in NO, emissions leads to a
2% fuel penalty, resulting in a worse overall climate impact due to the additional
C' O, emissions. For an overall benefit, a 2% fuel penalty would need to result in
over 45% decrease in NO, emissions [133].
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In addition to increased N O, emissions, higher bypass ratios can result in an increase
in engine weight and drag. In a study on the impact of bypass ratios on NO,
emissions, Hemmer et al. [129] found that in cases of ultra high bypass ratios, this
can outweigh the specific fuel consumption benefits, leading to an overall higher
fuel consumption over a typical aircraft mission. Product weight is relevant to
all products and can be directly translated into fuel consumption. A reduction of
aircraft weight by 1 kg saves 0.02 - 0.03 over a distance of 1000 km according to
Steinegger [134]. Despite this, in certain scenarios, an increased weight can result
in overall lower use phase emissions due to improved performance. Poll [135] argues
that to reduce aircraft fuel consumption, improving the aerodynamic efficiency
through increased aspect ratios should be prioritised at the expense of weight gain
through an analysis of mathematical models and confirmation through historical
data, estimating that over a period of 50 years, about 10% of operational empty
weight has been traded for increased aspect ratio with close to 20% improvement in
the energy to revenue work ratio (ETRW).

This discussion on trade-offs between aircraft weight, engine efficiency and aerodynamic
efficiency validates the criteria of product weight (C6) and performance (C21) as the
key design criteria to address use phase emissions while highlighting the importance
of viewing these criteria as trade-off criteria where the improvement of one could
compromise the other, depending on the type of product. A potential way to address
this reality in the mandatory criteria list is by setting the criteria of use-phase
emissions (C13) as the primary criteria, with the accompanying trade-off criteria of
weight (C6) and performance (C21).

In the aerospace industry, reducing fuel burn and use phase emissions is often
prioritised at the expense of increased impact in other lifecycle phases such as
raw material extraction, manufacturing and end of life. An example of this is the
use of composite materials for weight reduction. Studies on both aero-structures
and aero-engines have shown that replacing aluminium with carbon fibre reinforced
plastic (CFRP) composites has the potential to significantly lower climate impact
over the lifecycle of products, despite an increase in the environmental impact in the
raw material extraction, manufacturing and end of life stages [136], [137], [138]. This
is due to the high strength-to-weight ratio of the CFRP composites, which enables
a significant reduction in the weight of the components studied. The drawbacks of
CFRP include the highly energy-intensive fibre production and moulding processes
in the manufacturing stage, as well as the difficulty in recycling at the end of life
stage [136]. Whereas the recycling of aluminium is highly efficient without altering
the properties of the material, thermoset CFRP composites have an average rate
of 24% due to damage and degradation of the fibres during the recycling process
[136]. Through a comparative LCA study on six different wing skin panels with
aluminium and five CFRP options, Atescan-Yuksek et al. [136] found that the
switch to CFRP options from aluminium results in a reduction in emissions of
between 2040-3420 tCOqeq. over the lifecycle of the product, depending on the
CFRP option. In a separate study on GKNA aero-engine components, Léonard and
Nylander [137] found that using composite hybrid materials reduced the products’
lifecycle C'Oqeq. emissions by 162t in comparison to aluminium and by 172t when
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compared to titanium. This further highlights the importance of prioritising use
phase emissions during trade-off scenarios in aircraft structure and engine design,
confirming the inclusion of product weight as a mandatory design criterion.

This use phase focus is relevant in the current reality of fossil fuel-driven aircraft, but
may require a shift in the future, in the case of the electrification of the propulsion
systems. Through a lifecycle assessment of a utility aircraft, a study by Pollet
et al. [139] compares a conventional Kodiak 100 with an altered version with a
hybrid-electric powertrain. Due to the associated fuel savings, the hybrid-electric
variant resulted in decreased climate change impacts but a significant increase in
material resource depletion impact due to the battery production. Based on this
result, Pollet et al. [139] argues that the electrification of propulsion systems will
shift impacts from the use phase to the component manufacturing phase, making
the design process more complex, as trade-offs among added weight, component
efficiency, materials, and production processes must be considered.

The concept of durability is often ill-defined in literature. It can be defined as
"useful life", or the ability of a product to perform its function, including service
and repair, until the product has reached its limiting stage where repair is no longer
possible [140]. Durability can also be defined as the ability of a product to perform
its function without reliance on maintenance or repair [140]. The first definition
includes the criteria of repairability and serviceability in the concept of durability,
while the second definition emphasises the robustness of a product alone.

In general, the criteria of durability (C24), repairability (C26) and serviceability
(C25) can be viewed as lifetime extending criteria. In a literature review on the
environmental impact of product lifetime extension, Maldini et al. [141] concludes
that for most of the product types studied, durability is a key element in furthering
sustainable consumption and production, since a longer product life leads to less
replacement of the product, leading to overall less production resource use. However,
Maldini et al. [141] highlights that this logic does not necessarily apply to products
with high environmental impact during the use phase. In cases of high-use-phase
emissions, replacing the product with a more energy-efficient solution might result
in a lower overall climate impact. It could therefore be argued that products that
influence engine or aerodynamic efficiency may benefit from earlier replacement
depending on the efficiency improvements. A product’s optimal lifetime may not
be the longest possible, but rather an environmentally optimised lifetime in which
the trade-off between efficiency improvements and increased material-related impact
has been considered.

This may, however, not apply to all GKNA products, as they are often components
of larger systems and therefore have strict lifetime requirements tied to the system
lifetime. For some products, particularly life-limited products that are frequently
replaced throughout the lifetime of an aircraft, maximised product durability may
play a larger role in the products’ lifecycle impact [142].
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Academic lifecycle-focused literature within the aerospace industry generally places
the emphasis on use phase emission reduction through the design criteria of weight
reduction and performance improvement. In the context of fossil fuel-driven aircraft,
the use phase criteria dominate the overall lifecycle climate impact of products over
other criteria related to, e.g. raw material extraction and manufacturing. This
might, however, change in the future with increased electrification of propulsion
systems, indicating that the prioritisation of socio-ecological criteria should be flexible
and adjusted with technological shifts.

Validating the prioritisation of the more socially significant criteria through literature
is more challenging, since there is currently a lack of social lifecycle assessment
research in the aerospace industry. There is, however, research on the social impacts
due to fossil fuel and raw material consumption associated with aircraft components.
Malik et al. [143] estimates that in 2018, the demand for raw materials in the
EU was associated with 243 cases of accidents at work and 36 thousand cases
of modern slavery impacts. 95% of the modern slavery footprint originates from
imports from outside the EU. This highlights the substantial labour rights violation
risks associated with international raw material supply chains. Similarly, a report
by PBL Netherlands Environmental Assessment Agency highlights social impacts
such as human rights abuse and health risks from pollution to air, water and soil
due to the mining of raw materials relevant to the aerospace industry, namely nickel
and cobalt [144]. In a broader context, Siqueiros-Garcia et al. [145] argues that
ecological impacts are inherently social impacts, as the environmental changes and
degradation associated with climate change significantly impact cultures and the
lives of populations by creating a sense of inefficiency of shared know-how, lack of
control and agency, leading to conditions of depression, hopelessness and inaction.

4.5.3 Framework Validation through Literature

As stated in Section 3.7.3, the proposed framework was validated through early-stage
literature alignment, FSSD, and success criteria. Table 4.17 displays the framework
success criteria by Vicente and Camocho [60].

Table 4.17: Framework Success Criteria

No. | Success criteria

Facilitate the integration of principles, strategies and criteria of

sustainability in a systematic way into the design process

Focus on one or more phases of the design process, to improve the circularity
and sustainability performance of the solution under development

3 Must go through 3 main steps: input, processing, output

Must be aligned with the needs of designers, available resources and
project objectives

Must allow to be used autonomously by designers, without recourse to
non- designers specialists
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Evaluated against the first success criterion, the framework supports the systematic
integration of socio-ecological criteria. The selected criteria are divided into mandatory
and case-by-case criteria and can be integrated into requirements and concept selection
matrices, creating a structured decision-making process. Allowing sustainability
aspects to be considered and influence both requirements and concept evaluation.
Furthermore, the framework proposes a review of criteria at the technology, life
cycle, and commercial gates, supported by the SIA and EST tools. As a result,
sustainability is systematically integrated into GKNA’s existing process rather than
treated as a standalone activity.

Regarding the validation of the second success criterion, the proposed framework
focuses on several early-stage development phases, including technology development,
business development, pre-study and conceptual design. By integrating into several
decision-making stages, sustainability considerations can be effectively integrated
into early-stage product development. By proposing their implementation in require-
ments and concept selection matrices, as well as reviews at gates, the framework
enhances traceability and reduces the risk of sustainability being overlooked.

The framework can be described as the sequence of success criteria three proposes:
input, processing, output. The inputs are the identified and prioritised socio-ecological
criteria divided into mandatory and case-by-case criteria, including regulations and
stakeholder needs. The processing can be viewed as integrating the criteria into
requirements and concept selection matrices, later reviewed at different gates. The
output results in a systematic sustainability integration, sustainability-informed
requirements and concept selection, and increased sustainability considerations.

Before the development of the framework, stakeholder interviews were conducted
to identify needs and develop personas. These activities were carried out to better
understand how different stakeholder groups perceive sustainability and what their
needs are for a framework. The framework is aligned with the resources available
within the existing company process, rather than proposing a new application or
software.

The fifth success criterion was fulfilled partially. The socio-ecological criteria were
provided as mandatory and case-by-case, and existing company requirements and
concept selection processes were utilised, along with supporting tools. This reduces
the dependency on sustainability experts during decision-making. Although this
supports the application of the criteria, several limitations remain, such as a lack of
clear metrics and a lack of or limited sustainability knowledge or expertise, which
may result in difficulties in assessing the criteria. Similarly, trade-off scenarios may
be difficult to evaluate without enough expertise or support.

The framework was focused on the early stages, which is consistent with existing
literature such as Lovdahl et al. [146], highlighting the importance of early-stage
decisions in the product innovation process. Specifically, decisions made in the
early phases of product development have the greatest potential to influence the
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sustainability performance of a product throughout its lifecycle, whereas later phases
offer a lower degree of design freedom.

Validation through strategic sustainability thinking using the FSSD framework was
conducted to assess how sustainability principles and perspectives can be integrated
into organisational decision-making. The proposed framework was evaluated for
alignment with the purpose of the FSSD by embedding socio-ecological criteria
directly into the company, rather than treating them as separate considerations.
This examined the framework’s capacity to support holistic decision-making and
address long-term sustainability implications alongside organisational objectives.

According to Broman and Robeért [47], the purpose of FSSD is to integrate sustaina-
bility considerations into existing decision processes and tools rather than replacing
them. This principle was used as a basis for evaluating the proposed framework,
specifically by assessing the integration of socio-ecological criteria into company
processes rather than proposing a stand-alone method. The framework was also
evaluated against FSSD’s principle of managing trade-offs strategically rather than
based on short-term considerations. The division of socio-ecological criteria into
mandatory and case-by-case was examined as a basis for prioritising and discussing
sustainability aspects.

Vicente and Camocho [60] highlight that most sustainability tools are not adopted
due to misalignment with designers’ needs and project objectives, as well as poor
fit within existing design processes and limited integration into practical design
work. These insights were used as a basis for developing the proposed framework,
to ensure alignment with company context, compatibility, and applicability with
existing processes.
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Discussion

5.1 Interpretation of Results

The main results of this thesis include the benchmarking report, the refined list
of criteria, the focus group scoring results, the DEMATEL method results and the
integration framework concept.

The industry sustainability integration benchmarking report presented in Section 4.1
outlines to what degree different aerospace manufacturing companies have considered
several socio-ecological aspects according to their annual sustainability reports.
The report indicates that GKNA is not ahead of the industry in all sustainability
aspects, as there are some areas where other companies display further initiative
in their sustainability reporting. The identified opportunities for improvement
for GKNA relative to other aerospace manufacturers include assessment of EU
Taxonomy eligibility and alignment, estimation of product use phase emissions,
further monitoring and tracking of hazardous substances and further assessment of
supplier compliance with social and environmental aspects.

The refined list of criteria in Section 4.3.4 provides a set of criteria previously used
in academic literature that have been screened and refined with the input from
sustainability experts at GKNA. This list has been refined for the application within
the aerospace industry and specifically GKNA, and therefore has the potential to
guide further sustainability integration into company processes.

The prioritisation of the criteria by company practitioners presented in Section
4.3.2 provides an insight into how the different stakeholder groups view the outlined
socio-ecological criteria. The scoring of the sustainability experts in terms of potential
social and ecological impact is mostly consistent with academic literature. Criteria
relating to use phase emissions were scored the highest in terms of potential ecological
impact. This is consistent with life-cycle focused literature as discussed in Section
4.5.2. The scoring of criteria in terms of potential social impact also aligns with
the literature, as supply chain-related criteria concerning human rights and toxic
substances were among the highest scored. The practitioners within the stakeholder
group of engineers viewed many of the criteria as not applicable to GKNA products.
The low scoring of the criteria may indicate that the engineers are unfamiliar with
them or that the criteria are more relevant for other roles, such as in program/project
management or procurement. The practitioners within the manager stakeholder
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group scored the majority of the criteria highly in terms of strategic alignment,
indicating that the criteria list is mostly consistent with the company’s goals and
strategy, which is critical for the possibility of the potential integration of the criteria
into company processes.

The scoring of the criteria in terms of ease of implementation indicates that the
three stakeholder groups have inconsistent interpretations of the criteria. Less than
a third of the criteria received consistently high (4-5) or consistently low (1-2) scores
by all three stakeholder groups. Most of the criteria received inconsistent or opposing
scores by the stakeholder groups. This result highlights which of the criteria require
further development to achieve a common language and understanding of socio-ecolog-
ical aspects within the company, which is essential for their effective implementation
into product development.

The DEMATEL results provide a deeper and more valuable understanding of the
criteria, not solely as independent, but rather its influence and dependency to
other criteria. This analysis revealed a cause-and-effect relationship between the
criteria, which act as the so-called "drivers within the system", and the ones that
are dependent. The key takeaway from the analysis is that not all criteria have the
same strategic role. Focusing on the drivers of the system may provide a greater
overall sustainability impact than treating all criteria as equally important. While
criteria scoring through the focus groups revealed stakeholder groups’ perspectives
on which criteria were considered important, the DEMATEL provided additional
insight into the degree of influence. Highlighting the criteria that are dependent
may support more informed decision-making during the early stages of product
development.

The integration framework, as presented in Section 3.6 provides broad and overarching
guidance for the integration of the outlined criteria into company processes in the
technology development, business development, pre study and conceptual design
stages. Accompanying this framework is a list of mandatory criteria in Section 4.4.6
that are proposed as mandatory to consider for all products at all development
stages. In addition to, and as a basis for the integration framework, an analysis
of the current level of integration of the criteria in the company’s process maps is
outlined in Section 4.4.2. The mapping of current criteria integration highlights
the inconsistency of the current consideration of socio-ecological criteria. Different
criteria appear across the development stages in various formats, which could cause
misalignment between the various teams involved in the development of a product
on which criteria should be prioritised. This could lead to ineffective integration of
the criteria throughout the design process. The integration framework concept is in
a preliminary development stage, providing overarching guidance on how the criteria
could be integrated, reviewed and supported. The mandatory criteria list suggests
a set of criteria to be set as mandatory considerations in product development
for all products at all stages of development. This list provides some trade-off
support by highlighting criteria of primary importance based on scoring by company
practitioners and EU regulations.
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5.2 Limitations of Methods and Results

This section outlines the main limitations of the methods and results presented in
this thesis, including the limitations of developing the criteria list and integration
framework, data collection methods, prioritisation approach, and validation process.

The method of using publicly available company sustainability reports to conduct
industry benchmarking has inherent limitations. These reports can only provide an
idea of how companies operate and might be missing vital information. The reports
are made by internal parties with the partial purpose of advertising the companies.
There is therefore an inherent conflict of interest embedded in the sustainability
reports due to the incentive of their authors to present the companies in a positive
light. The benchmarking report should be viewed with this context in mind.

There are several limitations of the methods used to develop the criteria list and
integration framework. The list of criteria was developed through a literature
review of papers mainly within the manufacturing, aerospace and general product
development fields. Due to limited research specifically on the development of
socio-ecological criteria, the list of criteria was mostly collected from papers that
used the criteria in sustainable product development research. The list was therefore
not collected with a specific purpose in mind; rather, it presents a broad collection
of criteria already used in sustainable product development research. The list could
have been developed more intentionally by using LCA and SLCA indicators and
translating them into design criteria. This may have provided a more consistent and
scientifically grounded list, but it would have been difficult and time-consuming to
accomplish. In addition, the list was prioritised by relying on expert opinion instead
of lifecycle assessment research. The only time when lifecycle-focused research
was consulted was in the validation of the proposed criteria list in Section 4.5.2.
Another limitation of the criteria list is its interdependence and inconsistency, as
some criteria are broad impact categories, while other criteria are specific design
properties or deliverables. Some of the design-specific criteria are contradictory and
can be viewed as trade-offs for the broader impact criteria. This makes the criteria
difficult to prioritise and implement.

The reliance on expert opinion for interviews, focus groups and DEMATEL exercise
has several limitations. Firstly, most of the practitioners consulted are employed at
the Engines division of GKNA in Trollhattan, with only two interviewees from the
global division of the company. The two interviews with global practitioners implied
that the Trollhdttan branch has separate processes from the rest of the company
and is considered one of the more environmentally forward branches of the company.
Therefore, the results from this study do not reflect the entire company. While the
input from company experts was important to gain an insight into the applicability
of the criteria to company products and processes, this might have an associated
confirmation bias, as the practitioners may have ranked familiar criteria that have
already been implemented at the company higher than unfamiliar criteria. In
general, relying on expert opinion always risks subjectivity due to conflicts of interest
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and cognitive biases. Despite the high credentials of the consulted practitioners, the
results should be viewed with these inherent biases in mind. The results could
have been strengthened by including expert opinion from outside of GKNA, such as
academic experts or practitioners from other aerospace companies.

Even though practitioners from the same branch of the company were consulted in
the focus group scoring, the three different stakeholder groups, engineers, managers
and sustainability experts, interpreted and scored the criteria very differently. This
is particularly evident in Table 4.7 where the results of the ease of implementation
scoring from the three stakeholder groups are compared. This is likely due to
the inconsistent familiarity and interpretations that the three groups have of the
socio-ecological criteria. For example, the sustainability experts are more familiar
with the impact-related criteria and their assessment methods. The partici-

pants could therefore be more inclined to score some criteria higher than other
stakeholder groups. This could also lead to the engineers and managers overestimating
the ease of implementation of certain criteria, as they may not be aware of the
full extent of data and tools required to assess some of the criteria. Similarly,
sustainability experts may be less familiar with the practicalities of some of the
design-related criteria. To combat this inconsistency, each of the criteria should
have been introduced and explained to each participant before the scoring. Due to
time constraints for each focus group, only simplified explanations of the criteria
were provided before the scoring exercise. Due to the limitations of the scoring
exercise, the results from the engineer scoring are more indicative of the level
of familiarity of the stakeholder groups with the criteria and the inconsistencies
between the stakeholder groups, rather than the practical ease of implementation of
each criterion, their relevance to GKNA products or early-stage product development.

Although the DEMATEL method provided insights into criteria influences and
interdependencies, the results should be interpreted with caution. The analysis
was solely based on sustainability expert judgement from a limited number of
participants, which may not fully represent the company’s overall perspective. Furth-
ermore, the results also depend on participants’ interpretations, experience, and
professional backgrounds, which may lead to variation in results and potential bias.
The inclusion of sustainability experts ensured strong expertise in sustainability;
however, it limited the inclusion of other perspectives. Stakeholder groups, such as
engineers and managers, could also have been included, as these groups may assess
criteria differently due to their focus on cost or technical feasibility. A larger and
more diverse group could have resulted in different influence patterns.

An important limitation is that the method does not validate causality. For example,
an expert may state that the criteria product quality influences repairability; however,
no real-world data was provided, therefore the method cannot verify this relationship.
The large number of criteria may also have been mentally demanding for the sustaina-
bility experts to assess within a limited amount of time. As a result, some of
the scores may have been simplified, or a decision may have been made based
on initial intuition. Another limitation is related to how the relationships were
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extracted. Participants were asked to draw coloured arrows between criteria rather
than assigning influence values directly in the matrix. This approach may have
encouraged experts to focus on the most obvious ones, which could have led to
weaker influences being overlooked, even though they may have had important
relationships. The level of detail was also reduced, as the criteria were not assessed
pairwise, as in the traditional DEMATEL method, resulting in a less comprehensive
representation of the relationships. Following this, the results of the individual
assessments were reviewed and refined by the participants, which may have improved
consensus and generated new insights but could also have overshadowed or limited
minority viewpoints and opinions.

The initial plan for validating the framework and the proposed criteria was through
a case study of one or more GKNA products in the early stages of development.
However, it was difficult to find a product in technology development, business
development, pre study, or conceptual design that was not confidential. It was
therefore decided to validate the results through interviews with practitioners experi-
enced with early-stage product development. The interviews provided perspectives
and suggestions for improvement based on a broad set of experiences and expertise
in a short amount of time. One limitation of this method is that it relies on the
memories and perceptions of the practitioners, instead of raw product data. To
strengthen the validation, the criteria were also validated based on lifecycle-focused
academic research and the framework was validated based on research on sustainable
product development tools. The validation of criteria through literature confirmed
the importance of criteria that influence products’ use phase emissions, validating
the top-scoring criteria in terms of ecological impact by the sustainability experts.
The academic validation also confirmed the significance of social criteria in relation
to the supply chain, particularly human rights and health and safety.

The implementation framework concept is broad and uniform across the different
development stages, as it was not developed with unique requirements for each stage.
This might result in difficulties when implementing the framework, as each stage
might pose unique challenges. As an example, the validation interviews revealed
that in the technology development stage, the criteria list might not be relevant
for the early technology readiness levels when the technology does not yet have a
working prototype. Another limitation of the framework is its lack of support in
trade-off scenarios. The framework only provides partial support by highlighting
the primary criteria which should apply to all products and case-by-case criteria
that can be evaluated if applicable. This does not address trade-off situations that
can occur between the criteria. In addition, the framework does not provide clarity
on the ownership of each criterion and the nature of the regulatory criteria. The
regulatory criteria could be applied as go/no go criteria based on compliance with
regulations associated with each criterion. This could, however, limit the potential
of the criteria, as they could also be used for the company and its products to get
ahead of regulations by setting targets above the regulatory thresholds.
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Although the proposed framework may support the integration of socio-ecological
criteria considerations into the company’s processes, its successful implementation
also depends on organisational culture, ownership, competence, and management
system. While sustainability-related information or criteria may be available, if
they are not viewed as a shared responsibility across different departments, they
may not be used consistently.

5.3 Systematic Improvements for Sustainability
Integration

One of the biggest findings from the interviews with the different stakeholder groups
was the lack of common language and understanding between departments. This was
due to different levels of familiarity and experience with the criteria, requiring the
need for clearer definitions of the criteria, assessment methods, and cross-functional
collaboration and information-sharing. This could result in challenges during the
translation of sustainability requirements into decision-making in product development.
The result suggests that successful integration of sustainability is not solely based on
selecting the correct criteria, but rather dependent on the organisation’s ability to
support the integration by developing the right capabilities. This includes structures
for routines, responsibilities and decision-making.

Another challenge was identified as the lack of common understanding between
departments, therefore hindering successful cross-functional collaboration and informa-
tion-sharing. During the focus groups, it was revealed that the stakeholder groups
interpreted the criteria differently, and without a consistent definition and explanation,
this can lead to inconsistent decision-making during information-sharing.

Interviews also revealed a need for improved PLM system and clearer traceability,
ownership, and information management. This indicates a challenge in information
availability but also in the ability to access, maintain, and communicate the information.
Improved sustainability integration within PLM systems could support knowledge
management, lifecycle thinking, compliance, and cross-functional collaboration. The
stakeholder groups highlighted the sustainability data; although it may be available,

it was considered not traceable. The ownership and traceability of REACH was
mentioned several times; practitioners explained that the lack of ownership can
make it difficult to ensure that REACH considerations are maintained and updated
through a project.

5.4 Future Work and Recommendations

Before the integration of the proposed list of criteria and the implementation framework
into the product development process, these tools require several clarifications and
refinements. For the criteria list to be practically implemented into product require-
ments, each criterion would require a metric, an assessment method, and the required
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product-related data to assess products based on the criterion. For some of the
criteria, this information has already been developed at the company, but for others,
this would require extensive research and development. As suggested by several
practitioners in the framework validation interviews presented in section 4.5.1, further
classification of the criteria is required to signal which criteria are trade-off design
criteria and which criteria are overarching impact criteria. As an example, the
trade-off of weight (C6) and product performance (C21) can be optimised to improve
the criteria of use phase GHG emissions (C13). Another suggestion by the practitioners
was to classify the criteria by department or role, which should be responsible
for each criterion. It is unclear if all criteria should appear directly in design
requirements or if they should be split up into design, program, project management,
manufacturing, and procurement requirements. If the criteria are split up into
different roles and departments, there is a risk of certain criteria getting lost and not
being considered. By including all criteria into design requirements, it is ensured
that all of the criteria will be considered in the design process; however, this might
be overwhelming for design teams since they are already dealing with large amounts
of functional requirements that need to be met for each product. One benefit of
categorising criteria based on responsible teams/roles is that it enables the required
data collection for the criteria. As an example, some of the supplier-related criteria
will likely require additional collection of data from suppliers, which the engineering
teams are not responsible for. Allocating the criteria to procurement allows for
systematic data collection, which can then be communicated to the design teams to
enable design-related decisions.

There is also a trade-off of including all socio-ecological criteria in the product
requirements from the start of the design process, which ensures their consideration
but adds additional load on the design teams, versus designing products based
on purely functional requirements first, and adding socio-ecological requirements
once functionally feasible solutions have been developed. At a later stage, more
information and data about the product are also available, making it easier to
assess competing solutions based on the criteria. Regarding technology development
specifically, the criteria may not apply to all technology readiness levels. The list
of criteria requires additional refinement for technology development to determine at
which TRL the criteria should apply. In addition, the current sustainable development
tools would need to be adjusted to support each of the added criteria, providing
explanations and assessment methods for the criteria so that the implementation
framework can be used by the design teams independently, without the support and
resources of sustainability specialists.

For further future work, the proposed framework could be implemented and tested
in actual product cases or projects to assess its practical usability. Comparative case
studies can be conducted to analyse the outcomes of implementing the framework in
terms of sustainability considerations, trade-off management, and decision-making.
These comparisons can provide empirical evidence of the framework’s use and value
in an industrial context.
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6.1 Answers to Research Questions

To guide the development process of the thesis, three research questions (RQ) were
posed in Chapter 1. This section summarises how the thesis has answered each of
the research questions.

RQ1: What socio-ecological criteria are the most critical to consider
during the early product development stages within the aerospace industry?
To answer RQ1, a list of socio-ecological criteria was developed through an initial
literature review followed by systematic funnelling with guidance from sustainability
experts with experience in the aerospace industry. After funnelling and refinement,
the criteria list was prioritised through focus group sessions and an analysis using the
DEMATEL method. These prioritisation methods were conducted with practitioners
associated with GKN Aerospace to ensure that the output applies to the aerospace
industry. Following their prioritisation, the socio-ecological criteria were divided
into 16 mandatory and 25 case-by-case criteria. The mandatory criteria list outlines
criteria that are critical to consider in the early stages of product development. This
list includes the top-scoring criteria from the conducted scoring methods as well as
aspects that appear in EU regulations. This mandatory list was validated through
lifecycle-focused academic literature. The results of the validation confirmed the
importance of prioritising use phase-related criteria within the aerospace industry,
as product operation dominates the lifecycle emissions over other phases such as
raw material extraction or manufacturing. In terms of social impacts, literature
highlights the negative human rights implications associated with the global raw
material supply chain.

RQ 2: How should the criteria be prioritised to support decision-making
and navigating trade-off situations in the product development process?
To answer RQ2, the study applied methods to prioritise the list of socio-ecological
criteria and to assess criteria relationships and interdependencies. Through evaluation
with stakeholder groups in focus groups, each criterion was scored based on different
factors, such as ease of implementation, strategic alignment, relevance to GKNA
products, and potential for socio-ecological impact. This approach enabled an under-
standing of different stakeholder perspectives on criteria importance and prioritisation.
The DEMATEL method facilitated an understanding of the criteria relationships,
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identify-

ing those that act as system drivers and those that are dependent on others. This
analysis was an interesting approach as it provided further insight into criteria
prioritisation and proved to be an effective support for the framework development.

Dividing the socio-ecological criteria into mandatory and case-by-case can support
trade-off management. Distinguishing them can provide a practical framework where
non-negotiable targets and rules can be set as a baseline to ensure sustainability for
all products at all development stages. The distinction is necessary as they are not
equally important. The mandatory set of criteria represents sustainability aspects
that are consistently relevant for the aerospace industry, addressing regulations and
highly prioritised socio-ecological criteria. In contrast, the case-by-case approach
can allow designers and engineers to be flexible in different projects and select the
most relevant criteria for the specific context. The categorisation integrated into
the framework allows for a practical prioritisation approach for early-stage product
development, which enables consistency through the development stages.

RQ3: How can the identified criteria be systematically integrated into
the design and decision-making processes of GKIN Aerospace?

To explore how the identified criteria can be integrated into the product development
process of GKN Aerospace, an integration framework concept was developed. During
the framework development process, a company mapping was conducted to identify

to what degree the proposed criteria are already integrated into the current processes
and where there are opportunities for further integration. Several systematic integration
opportunities were identified, including in lifecycle gates, design reviews, concept
selection, product requirements and the current sustainable product development
tools.

Based on the company mapping, a framework was developed which suggests the
integration of criteria into product requirements and concept selection matrices in
the early development stages of technology development, business development &
sales, pre study and conceptual design. The framework utilises existing processes
instead of proposing a standalone sustainability activity by suggesting that the
criteria are reviewed in lifecycle gates and design reviews and supported by the
existing sustainable product development tools. A preliminary validation of the
framework was conducted through case study interviews, where practitioners discussed
that for successful integration, there is a need for clear definitions and measurements,
ownership, traceability, information/data availability, and improved information-sharing
that is consistent. The study revealed that successful sustainability integration
depends not only on the selection of criteria but also on establishing an effective
organisational structure, a common culture and shared language.
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6.2 Final Concluding Statement

This project is a part of the ongoing collaboration between GKN Aerospace and
Chalmers University of Technology, furthering sustainable product development
for the aerospace industry to meet the increasing pressure from environmental
regulations and targets. Is is critical to address sustainability aspects in the early
stages of product development while the design space remains flexible, but this
is inherently challenging due to the high degree of uncertainty and limited data
availability. This thesis aims to address this issue by exploring how socio-ecological
criteria can be systematically embedded in early-stage product development.

The main contributions of this thesis are twofold: a prioritised list of socio-ecological
criteria and a preliminary framework to integrate the criteria into the early stages
of product development within GKN Aerospace. The criteria list was developed and
prioritised through a structured approach, including literature reviews, stakeholder
interviews, expert screening and scoring of criteria, and the DEMATEL method.
The integration framework was developed through company mapping to integrate
the proposed criteria into the existing company development stages and activities.
The company mapping revealed opportunities to implement the criteria into product
requirements and concept selection matrices, and to review them in lifecycle gates
and design reviews. This approach was validated through case study interviews
with practitioners in the early stages of development to assess its feasibility and
practicality.

For future work, before the proposed list of socio-ecological criteria and framework
can be implemented, further refinement of the criteria is needed, as well as the
development of clear metrics, assessment methods and the required data to practically
assess products based on the criteria. The framework can also be developed further
to provide trade-off support through the classification of criteria by design-related
trade-off criteria and overarching impact criteria. In addition, the application of the
framework can be simplified by assigning clear ownership roles to the criteria.

This thesis contributes to the ongoing sustainable product development research
within the aerospace industry by outlining a set of socio-ecological design criteria,
exploring several prioritisation methods and proposing a preliminary framework
by which the criteria can be implemented into early-stage product development.
Successful socio-ecological criteria integration into early-stage product development
not only depends on selecting a list of criteria, but also on creating a shared
organisational language and understanding of sustainability considerations, estab-
lishing clear ownership of the criteria, and developing measurable indicators.
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Criteria from Literature Review
and Expansion

Table A.1: Criteria from the Original Literature Review

Avoid needing special
treatments for recycling
(84]

Ease of recycling [77]

Materials/components
returned for
remanufacturing and
recycling [34, 83]

Recycling of components
at EoL [82]

Recycling of scrap
materials from post
processing [82]

Scrap recyclability [34,
85)

Easy recyclability:

use recyclable parts,
nontoxic harmless
materials, efficient and
reasonable recovery [78]

Easy to recycle [80]

Non-recyclable solid
waste [84]

Recyclability [6]

Recycled materials [83,
147]

Share of recyclability
[45]

Share of recycled
materials [45]

The recyclability of
parts [79]

Use of recycled material
[6]

Use recycled materials as
input [34, 85]

Rare element usage [84]

Avoid critical materials
[34, 85]

Critical materials [83]

Optimised product
weight [34, 83]

Weight (80, 82]

Weight reduction [89]

Material load [148]

Material consumption
[98]

Material use [91]

Material utilisation [76]

Volume [80]

Sustainable resource use
[101]

Amount of resource
consumption in its life

Less resource
consumption [80, 147]

Mineral resource
depletion [84]

Resources [149]

cycle [80]

Resource Resource depletion, Strategic securing of Energy consumption [77]
availability /scarcity mineral, fossil and resources [45]

[45] renewable [45]

Energy consumption
from renewable energy
(84]

Energy efficiency/power
consumption [76]

Energy load [148]

Energy use [90]

Amount of energy
consumption in its life
cycle [80]

Less energy consumption
(80]

The energy used during
the extraction [79]

Transport length [45]

Use of renewable source
of energy [76]

Emissions from energy
consumption [6]

Reduction of
dependencies on
resources, energy, time
(84]

Renewable energy
sources are used in the
production processes [34]

Carbon footprint [77]

GWP total [149]

The low-carbon property
of the recovery method
[80]

CO2 emission [98]

Consumer health and
safety protection [101]

Employee safety [84]

Health [101]

Health and safety during
production stage [34, 85]

Health and wellness
effect [76]

Health and safety [90]

Human health [149]

Occupational health and
safety [101]

Operational safety [76]

Safety [45]

Safety and health impact
(product safety) [79]

No structural obstacles
for people’s health,
influence, competence,
impartiality and
meaning-making [34]
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Ionising radiation,
human health [45]

No organisational
practices at the suppliers
of raw materials that
create structural
obstacles for people’s
health, influence,
competence, impartiality
and meaning-making [34]

Noise to the
surroundings [34, 83]

Waste and emissions [91]

Emission [90]

Emission load [148]

Emissions and waste
from end of life phase
must not contribute
to an accumulation in
nature [34]

Emissions of greenhouse
gases [34]

Emissions to air, water,
soil [84]

Emissions, waste
products and chemicals
listed in REACH /
TAEG / SIN lists [34, 83]

GHG contribution [84]

GHG emission savings
(93]

Toxic and hazardous
emissions during
production and use
[79]

Less emission of toxic
substances [80]

Overall hazardous
emissions [84]

Reduce the emissions
[104]

Pollution [90]

Pollution prevention
[101]

Soil and water pollution
[93]

Handling of waste [6]

Hazardous waste [6]

Hazardous waste/
material/ substances
[45]

Minimise waste [104]

Waste [90]

Waste generation [98]

Use of water in a
water-scarce region
84]

Wastewater [84]

Water consumption [84]

Water eutrophication
through nitrogen
and phosphorus soil
acidification [84]

Availability of fresh
water for ecosystems [84]

Resource depletion,
water [45]

Human toxicity, cancer
effects [45]

Human toxicity,
non-cancer effects [45]

Ecotoxicity (freshwater)
[45]

Ecotoxicity (terrestrial
and marine) [45]

Land use [45]

No new land areas,
otherwise used for
renewable resources
and recreation, are used
for transportation of
materials, substances
and/or products. [34]

Land use change impact
(93]

Traceability [93]

Tracking/Transparency
[45]

Secondary function [96]

Potential for dual use
(84]

Share of re-usage [45]

Re-usability [6]

Easy to reuse [80]

Remanufacturability /
reusability [76]

Product quality [98]

product quality and
durability (reliability
and maintenance) [91]

Perception of quality
[101]

Performance [101]

Performance &
Durability [45]

Functional effectiveness
[76]

Functional
performance (product
customizability) [91]

Functionality [101]

Functionality and
performance [45]

Improved functionality
(84]

Circular material use
rate (RMI) [45]

Material efficiency [6]

Material efficiency/
circularity [45]

Raw material and
use for domestic
consumption and
investments (RMC)
per capita [45]

The number of materials
to be extracted from

the earth needed for
packaging [79]

Total raw material
productivity [45]

The complexity of
material [80]

Vertical range of
manufacture [84]

Ratio of in-house/
external manufacturing
of NM [84]

Risk of remanufacturing
(34, 83]

Special manufacturing
technology [84]

No physical degradation
from use of raw
materials/chemicals,
production, end of life
[34

IT
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No production of
product or product
components used that
cause degradation

of nature by physical
means [34]

Avoid needing special
measures for disposal
(84]

Disposability [76]

Disposal options [45]

Share of compostability
or biodegradability [45]

Durability [96]

Improve the product
durability [104]

Service/ Durability [76]

Effect on products
service life [84]

Service life /
psychological life time
[45]

Service life / technical
life time [45]

Useful life [82]

Modularity [76]

Repair impact [82]

Ease of serviceability
[101]

Number of parts [80]

Dis/ reasembliability [96]

Disassembly [76]

Discrimination and
vulnerable groups [101]

Dismantability [45]

Assembly [76]

Assembly/ Disassembly
impact [82]

Repairability [45]

Optimise end-of-life and
life cycle [104]

Access to essential
services [101]

Acidification [45]

Additional costs for
users [84]

Aesthetics [101]

Anti-corruption[101]

Avoiding complicity [101]

Breakthrough potential
[84]

Life-cycle factor [76]

Civil and political rights
[101]

Compeatibility
(correctness) [101]

Climate change,
mitigation and
adaptation [101]
Consumer data
protection and privacy
[101]

Commonality [96]

Consumption patterns
(misleading effects) [45]

Community engagement
[101]

Contribution on an
enabling technology [84]

Contribution to circular
economy [84]

Contribution to economy
[93]

Contribution to
sustainable development
goals [84]

Cultural impacts of
production process [45]

Customer service,
support, complaint and
dispute resolution [101]

Diversity of
technological options
for important societal
services [84]

Due diligence [101]

Ease the sorting process
[79]

Easy cleaning: surface
features easy to clean,
shape as flat as possible,
selecting suitable
coatings [78]

Easy classification:
standardised parts,
reduce use types, mark
similar materials [78]

Easy disassembly and
assembly: improving
reliability, selection of
retrofittable structures,
modular design,
detachable structure,
minimum disassembly
workload, reduced
number of connections
[78]

Easy transportation:
reduction of structural
protrusions, reasonable
structure [78]

Ecological balance and
efficiency [76]

Economic, social and
cultural rights [101]

Ecosystems [149]

Education and awareness
[101]

Education and culture
[101]

Effect on social/
economic inequality
[84]

Efficiency of operations
(45]

Employment [84]

Employment and labour
relations [101]

Environmental harm
(toxicity, water, land,
climate) [45]

Environmental impact
indicator [45]

Environmental
protection, biodiversity
and habitat restoration
[101]

Ethical responsibility
[76]

Eutrophication, aquatic
[45]

Extraction technologies
[45]

Fair competition [101]

Fair marketing,
factual and unbiased
information, and fair
contractual practices
[101]

Feedstock sustainability
(93]

Food security [93]

Fundamental principles
and rights at work [101]

Human life insurance
costs [84]

Impact on local
communities [45]

Import dependence on
critical countries [45]

Improve the efficiency of
system and equipment
[104]

Tonising radiation,
ecosystems [45]

Job creation and skills
development [101]

Labour abuse [90]

Manufacturing methods
[76]

Maximise Circularity
[150]

Minimise environmental
footprint [150]

Minimise Social impact
[150]

Net income/ wages [84]

ITT
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Novel/ innovative
functionality [84]

On the job staff
development and
training [101]

Ozone depletion [45]

Photochemical ozone
formation [45]

Packaging [76]

Particulate matter /
respiratory inorganics
[45]

Perks and benefits [90]

Product end of life
management efficiency
(reuse, recovery) [91]

Product level climate
impact [6]

Profitability [84]

Promoting social
responsibility in the
value chain [101]

Qualified labour force
(84]

Rebound/ side effects
(45]

Reduce environmental
impact [104]

Regulation (forecasts/
restrictions) [45]

Regulations and
certifications
effectiveness (e.g.
product EoL
certifications) [91]

Relative cost of spare
parts [96]

Reliability [101]

Renewable fuels used for
distribution of materials,
substances and products
[34]

Resolving grievances
[101]

Respect for indigenous
rights and cultural
heritage [45]

Respect for property
rights [101]

Responsible political
engagement [101]

Risk of being exposed
to dangerous substances
[34, 83]

Simplicity [96]

Situations where human
rights are at risk [101]

Social acceptability [93]

Social dialogue [101]

Social impact [76]

Social investment [101]

Social responsibility [90]

Social standards and
working conditions [45]

Societal needs or
objectives [84]

Societal resilience [84]

Standardization [96]

Storage [76]

Sustainable consumption
[101]

System level climate
impact [6]

Technological
advancement [84]

Technology development
and access [101]

The efficiency of
transport [79]

Transportation [6]

Upgradeability [76]

User behaviour &
cultural acceptance
[45]

Wealth and income
creation [101]

Workforce skill and
knowledge [98]

Working conditions and
social protection [101]

Table A.2: Added Social Criteria

Appropriate working
hours [41]

Auditing suppliers on
sustainability aspects
(number of supplier
assessments) [41]

Compliance with
regulations [40]

Diversity and equal
opportunity [41]

Fair trading
relationships [41]

Freedom of association
and collective bargaining
[41]

Job satisfaction [41]

Management
reorganisation impact
[41]

No child labour [41]

No forced labour [41]

No sexual harassment:
preventing unwanted,
sexually determined
behaviour that violates
the dignity of the person
involved [41]

Privacy [41]

Supplier compliance
with regulations [40]

IV




Criteria Screening

Filtering
Not relevant |Not N/A due to
Redundant |to GKN relevant to |other

Criteria (possible metric/clarification) [repetitive |Aerospace |early stages |reasons Comment
Ease of recycling (scoring) [ ]
Recyclability of components at Eol (recyclable/non-recyclable) = ] [] ]
Recyclability of scrap material from post processing M [] [] []
Material circularity capability (scoring)
Use of recycled material (%) 1] [] [] []
Use of critical materials (scoring) [] [] [] []
Weight (kg) g g ; []
Material consumption (volume) | | | | | ||
Material utilization (% of waste) []
Material efficiency (buy-to-fly) = [] [] []
Raw material consumption (weight/No.) [ ]
Material complexity (No. components) H [ [] ]
Contribution to material resource depletion 1] [] [ [ too complex
Emissions from energy consumption (COzeq.) [] [] [] []
Energy consumption (kWh) 1] [] [] []
Energy consumption from renewable sources (%) [] [] [ []
Land use (area) Il [ [] []
Use of land otherwise used for renewable resources and recreation
(yes/no) ] ] [ []
Use of water in a water-scarce region (yes/no) [ []
Water consumption (volume) 1] [1] [] []
Wastewater (volume) o [] less relevant
Biodiversity impact (land use change) : : z :
Ecosystem impact (resource consumption) ~
Carbon footprint - scope 1 and 2 (CO.eq.) 1] [] [] [
Carbon footprint - scope 3 (COseq.) 1] [] [ []

not relevant

to

component
System level climate impact ™| [] [] [ level
Component level climate impact = ] [] []
Overall toxic and hazardous emissions to air, water, soil (risk
assessment) Il 1 [ ]
Use phase GHG emissions
Raw material extraction GHG emissions 1] [] [] [
Manufacturing GHG emissions [ []
Maintenance GHG emissions H [ ] ]
Transportation (emissions) 1] [] [] []
Eol GHG emissions : : : E less relevant
Accumulation of product emissions and waste in nature (risk
assessment) 1 ] ]
Water eutrophication through nitrogen and phosphorous soil
acidification (risk assessment) ] [ [ []
Terrestrial and marine ecotoxicity impact (risk assessment) L] [ [ [
Human toxicity: cancer and non cancer effects (risk assessment) ] [] []
Acidification (risk assessment) H = [ []
lonizing radiation o ]
Particulate matter/respiratory inorganics (risk assessment) M [] [] []
Hazardous waste: avoid needing special measures for disposal ] [] [] []

Figure B.1: Criteria screening matrix, part 1.



B. Criteria Screening

Share of compost ability or biodegradability [] [ [] []
Handling of waste [ [] [] []
very difficult
Traceability ] | ] to measure
very difficult
Tracking/transparency |:| |:| |:| to measure

relevant for

Potential for dual use/secondary function : : : : technologies

Re-usability [] [] [] []

Product quality [] [] []

Product safety (operational) [] [] [] []

Product performance [] [] [] []

Improved functionality [ [] [] []

Vertical range of manufacture (ratio of in-house/external manufacturing [] [] [] []

Risk of remanufacturing ] [l ] not relevant
oversimplific
ation not

Special manufacturing technology (e.g. AM) [] ] ] relevant

Degradation of nature from use of raw materials / chemicals,
production, end of life (risk assessment)

JI<]

Durability (life)

Service life

<]

Useful life

I

Ease of servicability

|
]
|

Number of parts

Repair impact not relevant

| | S
<]

[

Repairability

Disassembly impact not relevant

|

|
I

Ease of dis 1bly and r 1bly

JEN

Relative cost of spare parts

we have ease
of

Modularity repairability

<]

|
|

Commonality

]
|

Standardization

Ease of cleaning

Simplicity

IEIEIEEE

|
|

Upgradeability

Regulations and certifications effectiveness; compliance levels, supply complex/uncl
chain transparency (EolL certifications, REACH) ear

I

Use of substances listed in REACH candidate list

Use of substances listed in IAEG Aerospace and Defense Declarable
Substances List (AD-DSL) list

|
]
|

<]

Use of substances listed in SIN list (risk assessment)

| N

Access to essential services

Employee health and safety

Qualified labor force (workforce skill and knowledge)

|
I
|l

| KN

No labor abuse

Net income/wages

| |
| K|

<l

On the job staff development and training

Figure B.2: Criteria screening matrix, part 2.

VI



B. Criteria Screening

Perks and benefits

<]

Risk of being exposed to dangerous substances

Situations where human rights are at risk (risk assessment)

I

No sexual harassment: preventing unwanted, sexually determined
behavior that violates the dignity of the person involved

JI<]

Freedom of association and collective bargaining

Labor rights violation risk (child, forced labor etc.)

No forced labor

I

Job satisfaction

Diversity and equal opportunity

Privacy

|

Appropriate working hours

I

Management reorganization impact

Fair trading relationships

]

Auditing suppliers on sustainability aspects (number of supplier assessm

| E9| KN S (|

Supplier compliance with regulations

Promoting social responsibility in the value chain

Community er 1ent

Cultural impacts of production process

<

IEIECE]

lob creation/negative impact and skills development

]

I

Noise to the surroundings

Respect for indigenous rights and cultural heritage

I

Effect on social/economic inequality

|

Structural obstacles for people’s health, influence, competence,
impartiality and meaning making

Technological advancement

Wealth and income creation

Diversity of technological options for important societal services

Contribution on an enabling technology

| 5N (KN ES| K8 ES

Additional costs

Customer service, support and compliant and dispute resolution

I

]

Due diligence (assessment of customers)

Fair marketing, factual and unbiased information, and fair contractual pr

NI

Consumer health and safety

Consumer data protection and privacy

]

Aesthetics

IEIEIE

IEIEIE

Risk of corruption (country risk)

Risk of ethical business violations (corruption, competition)

|| K8 |

Responsible political engagement

Risk of complicity

<]

Civil and political rights violation

Respect for property rights

|| NS

Compliance with regulations

Figure B.3: Criteria screening matrix, part 3.
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Criteria Scoring

Strategic Relevance to GKN

alignment (1-5), |products (1-5), Potential ecological |Potential social

aspect weight =  |aspect weight = impact (1-5), aspect |impact (1-5), aspect |Total weighed
Criteria (possible metric/clarification) 10% 30% weight = 30% weight = 30% score Rank
Weight (kg) 5 5 5 2 4.1 1
Material utilization (% of waste) 5 5 4 3 4.1 1
Use phase GHG emissions 5 5 L] 2 4.1 1
Product quality 5 5 2 5 4.1 1
Product safety (operational) 5 5 2 5 4.1 1
Product performance 5 5 4 3 4.1 1
Durability {life) 5 5 4 2 3.8 2
Flexibility of supply chain (multiple suppliers, multi
sourcing) 4 5 3 3 3.7 3
Repairability 3 4 4 3 36 4
Use of conflict materials 5 3 2 5 3.5 5
Improved functionality 5 5 3 2 35 5
Use of substances listed in REACH candidate list 5 3 3 4 3.5 5
Risk of being exposed to dangerous substances 5 3 3 4 35 5
Potential for dual use/secondary function 4 5 2 3 34 [
Ease of serviceability 3 5 3 2 3.3 7
Use of recycled material (%) 3 3 4 3 33 7
Energy consumption (kWh) 5 5 2 2 3.2 B
Human toxicity: cancer and non cancer effects (risk
assessment) 5 3 1 5 3.2 B
Labor rights violation risk (child, forced laber etc.) 5] 3 1 5] 3.2 B
Raw material consumption {weight/No.) 2 3 4 3 3.2 B
Overall toxic and hazardous emissions to air, water, soil
(risk assessment) 5 3 3 3 3.2 8
Supplier compliance with regulations 5 3 3 3 3.2 B
Hazardous waste: avoid needing special measures for
disposal 4 3 3 3 31 9
Use of critical materials (scoring) 5 3 2 3 29 10
Employee health and safety 5 3 1 4 29 10
Due diligence (assessment of customers) 5 3 2 3 29 10
Situations where human rights are at risk (risk
assessment) 5 1 1 5 26 11
Material circularity capability (scoring) 5 3 3 1 2.6 11
Use of substances listed in SIM list (risk assessment) 1 1 3 4 25 12
Job creation/negative impact and skills development 4 3 1 3 25 12
Raw material extraction GHG emissions 3 1 4 2 2.4 13
Upgradeability 3 1 4 2 2.4 13
Noise to the surroundings 3 1 3 3 2.4 13
Ease of recycling (scoring) 3 3 3 1 2.4 13
Water consumption (volume) 5 1 3 2 23 14
Carbon footprint - scope 1 and 2 {COzeq.) 5 1 3 2 23 14
Freedom of association and collective bargaining 5 1 1 4 23 14
Risk of corruption (country risk) 5 1 2 3 23 14
Transportation (emissions) 3 1 3 2 2.1 15
Qualified labor force (workforce skill and knowledge) 5 1 1 3 2 16
Vertical range of manufacture (ratio of in-house/external
manufacturing) 2 1 1 3 1.7 17

Figure C.1: Criteria scoring matrix results
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C. Criteria Scoring

Scoring Scoring Scoring

(sustainability) | (managers) | (engineers)

Ease of Ease of Ease of

implementation |implementati |[implementatio
Criteria (possible metric/clarification) [1-5) on [1-5)2 n(1-5)3 Average
Ease of recycling [scoring) 4 5 1] 3.333333
Paterial circularity capability [scoring) 2 3 1 2
Use of recycled material (%) 3 i 1| 1.666667
Use of conflict materials L 3 4| 3.666667
Use of critical materials (scoring) 3 4 4| 3.666667
Weight (kg) 5 5 5 5
Material utilization [% of waste) 2 2 2 2
Raw material consumption (weight/Mo.) 2 2 1| 1.666667
Emissions from energy consumption (COzeq.]) (GEN) 3 3 3 3
Energy consumption (kWh) [GKN) 3 5 5] 4.333333
Water consumption (velume) 2 5 5 L
Carbon footprint - scope 1 and 2 (C0zeq.) 4 4 5] 4.333333
Owerall toxic and hazardous emissions to air, water,
soil (risk assessment) 2 3 5] 3.333333
Use phase GHG emissions L i 5| 3.333333
Raw material extraction GHG emissions 2 i 1] 1.333333
Transportation {emissions) 3 3 1| 2.333333
Human toxicity: cancer and non cancer effects {risk J 2 3 5] 3.333333
Hazardous waste: avoid needing special measures fol 3 2 5] 3.333333
Paotential for dual use/secondary function 5 i 1] 2.333333
Product quality 4 5 5| 4.666667
Product safety (operational) Ll 5 5] 4.666667
Product performance 4 5 5] 4.666667
Improved functionality 2 3 5| 3.333333
Vertical range of manufacture (ratio of in-house/extd 2 5 5 4
Durability {life) 5 5 5 5
Ease of servicability 3 3 5] 3.666667
Repairability 2 4 3 3
Upgradeability 2 i 1] 1.333333
Use of substances listed in REACH candidate list 3 5 5] 4.333333
Use of substances listed in SIN list [risk assessment) 2 3 1 2
Employee health and safety 4 5 4] 4.333333
Qualified labor force (workforce skill and knowledge L 5 1] 3.333333
Risk of being exposed to dangerous substances 3 5 3| 3.666667
Situations where human rights are at risk (risk assesd 2 3 1 2
Freedom of association and collective bargaining 2 i 1] 1.333333
Labaor rights wviolation risk (child, forced labor etc.) 2 5 3| 3.333333
Flexibility of supply chain {multiple suppliers, multi s 4 4 5] 4.333333
Supplier compliance with regulations 2 5 3| 3.333333
Job creation/negative impact and skills development| 2 2 3] 2.333333
Moise to the surroundings 4 3 3] 3.333333
Due diligence [assessment of customers) 3 2 3| 2.666667
Risk of corruption (country risk) 3 5 3| 3.666667
Compliance with regulations 2 4 5] 3.666667

Figure C.2: Ease of implementation scoring results for all stakeholder groups.
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D. DEMATEL Direct Influence Matrix

DEMATEL Direct Influence

Matrix

Cause \ Effect Weight

Weight
Use of critical materials
Use of conflict materials

Raw material consumption

Use phase GHG emissions
Potential for dual use

Product quality

Product safety

Product performance

Durability

Repairability

Use of substances listed in REACH
Use of substances listed in SIN
Risk of being exposed to dangerous
substances

Flexibility of supply chain

Noise to the surroundings

Cause \ Effect e

performance

Weight
Use of critical materials
Use of conflict materials
Raw material u

Raw material consumption
Use phase GHG emissions
Potential for dual use
Product quality

Product safety

a
Use of substances listed in REACH
Use of substances listed in SIN

ONOOWOOOOOOOOO

o

OOOWOOONOOOOOO

Use of critical
materials

Durability

OO ONOOOOOWOOW

o

OCOWOWOoOOOOOO OO o

Use of conflict

Raw material

Raw material

Use phase GHG  Potential for

materials utilisation consumption emissions dual use
3 0 0 4
0 0 0 0
0 0 0 0
0 0 0 0
0 3 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
2 0 0 4
0 0 0 3
1 4 4 0
0 0 0 0
0 0 0 0
0 0 0 0
2 2 0 0
0 0 0 0
Use of Use of SHXCH c. 8
am to
listed inREACH  listed insIN  angerous  supply chain
substances
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 3 3
0 0 0 3

OO0OO0OO0OrOOOOOOOOOo

o

ONOOOOOOOOONRNO

Product quality Product safety

OO0 00000000 N~OOO

o

Noise to the
surroundings

OO0OO0OONOOOOOOOOO

OC0OO0OO0OO0OOhROOOOOOO

o

1S€.

t Influence Matrix developed from the DEMATEL exerc

1rec

D

Figure D.1
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DEMATEL Normalised Matrix

Cause \ Effect

Weight
Use of critical materials

Use of conflict materials

Raw material utilisation

Raw material consumption

Use phase GHG emissions
Potential for dual use

Product quality

Product safety

Product performance

Durability

Repairability

Use of substances listed in REACH
Use of substances listed in SIN

isk of being exposed to
dangerous substances

Flexibility of supply chain

Noise to the surroundings

Cause \ Effect

Weight

Use of critical materials
Use of conflict materials
Raw material utilisation
Raw material consumption
Use phase GHG em
Potential for dual use

Product quality

Product safety

Product performance

Durability

Repairability

Use of substances listed in REACH
Use of substances listed in SIN
Risk of being exposed to
dangerous substances

Flexibility of supply chain

Noise to the surroundings

Weight

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.176471
0.000000
0.000000
0.117647
0.000000

0.000000
0.000000
0.000000

Product
performance

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.117647
0.000000
0.000000
0.000000
0.176471
0.000000
0.000000
0.000000

0.000000
0.000000
0.117647

Use of critical  Use of conflict Raw material

Raw material Use phase GHG Potential for

materials materials ili
0.176471 0.176471 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.176471 0.000000 0.000000 0.000000
0.000000 0.000000 0.176471 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.117647 0.117647 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.058824 0.058824 0.235294 0.235294
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.117647 0.117647 0.117647 0.000000
0.000000 0.000000 0.000000 0.000000
Use of Use of
Durability AT b
listed in REACH listed in SIN
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.176471 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.176471 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.176471
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.176471 0.176471
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000

0.235294
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.235294
0.176471
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
Risk of being
exposed to
dangerous
substances
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.176471
0.176471

0.000000
0.000000
0.000000

dual use

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.058824
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000

Flexibility of
supply chain

0.000000
0.117647
0.117647
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.117647
0.000000

0.000000
0.000000
0.000000

Product quality Product safety

0.000000
0.000000
0.000000
0.235294
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.117647
0.000000

Noise to the
surroundings

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.117647
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.235294
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

0.000000
0.000000
0.000000

ise.

Normalised Matrix developed from the DEMATEL exerc

Figure E.1
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DEMATEL Total Relation Matrix

Cause \ Effect

Weight
Use of critical materials

Use of conflict materials

Raw material utilisation

Raw material consumption

Use phase GHG emissions
Potential for dual use

Product quality

Product safety

Product performance

Durability

Repairability

Use of substances listed in REACH
Use of substances listed in SIN

isk of being exposed to
dangerous substances

Flexibility of supply chain

Noise to the surroundings

Cause \ Effect

Weight

Use of critical materials
Use of conflict materials
Raw material utilisation
Raw material consumption
Use phase GHG em
Potential for dual use

Product quality

Product safety

Product performance

Durability

Repairability

Use of substances listed in REACH
Use of substances listed in SIN
Risk of being exposed to
dangerous substances

Flexibility of supply chain

Noise to the surroundings

Weight

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.021898
0.000000
0.000000
0.186131
0.032847
0.005796
0.122271
0.003930

0.022271
0.000000
0.021898

Product
performance

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.124088
0.000000
0.000000
0.054745
0.186131
0.032847
0.000000
0.000000

0.000000
0.000000
0.124088

Use of critical  Use of conflict Raw material

Raw material Use phase GHG Potential for

materials materials ili
0.182396 0.181507 0.005037 0.000000
0.016789 0.014271 0.014271 0.000000
0.016789 0.014271 0.014271 0.000000
0.179433 0.002518 0.002518 0.000000
0.031665 0.000444 0.176915 0.000000
0.000000 0.000000 0.000000 0.000000
0.019083 0.018990 0.000527 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.162204 0.161413 0.004479 0.000000
0.028624 0.028485 0.000790 0.000000
0.115520 0.066226 0.279332 0.235294
0.039751 0.037025 0.015447 0.000000
0.001278 0.001190 0.000497 0.000000
0.007240 0.006744 0.002814 0.000000
0.142707 0.121301 0.121301 0.000000
0.019083 0.018990 0.000527 0.000000
Use of Use of
Durability AT b
listed in REACH listed in SIN
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.021898 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.000000 0.000000 0.000000 0.000000
0.186131 0.000000 0.000000 0.000000
0.032847 0.000000 0.000000 0.000000
0.182267 0.000000 0.000000 0.000000
0.000000 0.000000 0.039301 0.222707
0.000000 0.000000 0.033406 0.039301
0.000000 0.000000 0.189301 0.222707
0.000000 0.000000 0.000000 0.000000
0.021898 0.000000 0.000000 0.000000

0.235294
0.000000
0.000000
0.000000
0.000000
0.000000
0.038214
0.000000
0.000000
0.324818
0.233791
0.041257
0.028770
0.000925

0.005240
0.000000
0.038214
Risk of being
exposed to
dangerous
substances
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.222707
0.189301

0.072707
0.000000
0.000000

dual use

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.007299
0.000000
0.000000
0.062044
0.010949
0.001932
0.000000
0.000000

0.000000
0.000000
0.007299

Flexibility of
supply chain

0.042812
0.121301
0.121301
0.021406
0.003778
0.000000
0.004479
0.000000
0.000000
0.038073
0.006719
0.021382
0.131303
0.004220

0.023916
0.031060
0.004479

Product quality Product safety

0.006222
0.017629
0.017629
0.238405
0.042071
0.000000
0.000651
0.000000
0.000000
0.005533
0.000976
0.068241
0.019082
0.000613

0.003476
0.149843
0.000651

Noise to the
surroundings

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.014599
0.000000
0.000000
0.124088
0.021898
0.003864
0.000000
0.000000

0.000000
0.000000
0.014599

0.001464
0.004148
0.004148
0.056095
0.009899
0.000000
0.000153
0.235294
0.000000
0.001302
0.000230
0.016057
0.004490
0.000144

0.000818
0.035257
0.000153

1S€.

Matrix developed from the DEMATEL exerc

Total Relation

Figure F.1
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