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Abstract

As manufacturing companies confront rising environmental, social, and
economic challenges, digital transformation emerges as a vital enabler of
sustainability. However, achieving meaningful impact requires more than
adopting advanced technologies; it demands collaborative approaches that
embed sustainability into the core of the industrial value chain. This thesis
examines the so-called twin transition, defined as the integration of digital
transformation and sustainability, by investigating how collaboration enables
the co-creation value between manufacturing companies and technology
solution providers (TSPs), which design, integrate, and deliver technology
solutions, as well as among TSPs themselves, thereby contributing to
sustainable production.

The research demonstrates how digital technologies can drive sustainability
through collaborative efforts between manufacturers and TSPs. Building on
theoretical insights and empirical findings, it conceptualises a value
constellation in which manufacturers and TSPs collaborate to provide tailor-
made technology solutions that foster sustainability. This approach shifts the
focus from fragmented or isolated initiatives toward a collaborative value
constellation, where digital technologies are applied to improve operational
performance and contribute to environmental and social outcomes.

Furthermore, the thesis synthesises theoretical and empirical insights to
support the twin transition, with a particular focus on how manufacturers and
TSPs can collaborate and leverage digital technologies to drive sustainability.
The contributions of this thesis rest on three interrelated pillars: (1)
embedding value co-creation as an approach across interconnected actors to
drive sustainability, (2) demonstrating how inter-organisational collaboration
can align digital and sustainability agendas, and (3) leveraging strategic use
of digital transformation to foster sustainability into both technological and
non-technological innovation processes. By synthesising theoretical and
empirical insights, this research makes contributions to the fields of
innovation management, digital transformation, sustainability, and
collaboration studies.
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1. Introduction

This section provides a comprehensive overview of the research topic, identifies the
existing research gap, and defines the key research questions that guide the study. It
highlights the significance of the research by emphasising the need for a deeper
understanding of the twin transition, the integration of digital transformation and
sustainability, and its implications for manufacturing companies.

1.1. Background

The twin transition, also referred to in the literature as the twin transformation
(Tabares et al., 2025), describes the parallel and mutually reinforcing of
digital transformation and sustainability, which have the potential to
fundamentally reshape manufacturing companies. By integrating advanced
technologies with sustainable practices, innovation is driven, collaborative
value creation is fostered, and long-term growth is supported, aligning with
both environmental and economic goals (de Bustillo Llorente, 2024; Quimba
et al., 2023). In recent years, sustainability in manufacturing has gained
increasing attention, with growing pressure on manufacturers to strike a
balance between economic development, environmental stewardship, and the
promotion of social well-being (Ali et al., 2021).

The growing emphasis on sustainability in manufacturing aligns closely with
the broader sustainable development paradigm, which recognises the
interconnectedness of economic progress, environmental conservation, and
social equity (Ali et al.,, 2021). The sustainable development framework
challenges the limitations of traditional growth models, which often prioritise
economic output while neglecting ecological sustainability and social
inclusion and instead seeks to balance these frequently conflicting objectives
(Barbosa et al., 2014). An early definition of sustainable development is
“development that meets the needs of the present without compromising the
ability of future generations to meet their own needs” (Brundtland, 1987,
p.41). Sustainable development is categorised into three pillars:
environmental, social, and economic sustainability, also known as “the triple
bottom line” (Ruggerio, 2021). Environmental sustainability involves
promoting human welfare, safeguarding vital resources, and minimising
waste produced by human activities (Goodland, 1995; Vacchi et al., 2021).
Social sustainability refers to a company’s ability to ensure equitable
treatment of all individuals throughout its operations (Vacchi et al., 2021).
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Introduction

Economic sustainability refers to an equilibrium between fostering
prosperity, welfare, and profit while honouring environmental considerations
(Vacchi et al., 2021).

Sustainable development at the organisational level necessitates
implementing strategies, actions, and activities that address the company’s
and its stakeholders’ current needs while safeguarding, preserving, and
augmenting resources essential for the future (Khan, Dhir, et al., 2021; Koho
et al, 2015). Sustainable development in manufacturing emphasises
balancing economic, environmental, and social priorities throughout the
product lifecycle, a focus that has driven the evolution of concepts like life
cycle assessment and sustainable production to address the growing
importance of environmental and social factors (Shirouyehzad & Anvari,
2014). Sustainable production, as defined by the Lowell Center for
Sustainable Production (Veleva & Ellenbecker, 2001), involves “creating
goods and services through processes and systems that are non-polluting,
conserve energy and natural resources, are economically viable, safe, and
healthful for employees, communities, and consumers, and are socially and
creatively rewarding for all workers.”

Manufacturing companies are increasingly adopting sustainable production
practices to reduce emissions, minimise environmental hazards, and conserve
natural resources, thereby creating long-term value and enhancing their
corporate reputation (Aithal, 2023; Pathak et al., 2020). Sustainability offers
significant benefits, including appealing to socially conscious consumers,
investors, and employees, as well as aligning with regulatory demands and
public expectations for environmental responsibility (Haftor & Climent,
2021; Khan et al., 2021). Moreover, sustainable business models help meet
current and future resource needs while addressing the growing demand for a
higher quality of life (Paiola et al., 2021; Yip et al., 2023). However, the
transformation to sustainable production presents considerable challenges.
Companies must navigate complex supply chain dynamics, high initial costs,
and unclear standards (Abdullah et al., 2023; Moghrabi et al., 2023).
Challenges such as insufficient customer demand, lack of awareness, and
inadequate government regulation exacerbate the difficulty of this shift (Yip
et al., 2023).

Furthermore, operating in the global market often involves diverse labour,
human rights, and economic conditions, which can hinder competitive
advantage (Valero-Gil et al., 2024). The cultural and organisational changes
required for sustainable practices frequently face resistance from internal and
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external stakeholders, adding another layer of complexity (Gomez-Trujillo &
Gonzalez-Perez, 2022). Addressing these challenges demands cultural and
organisational transformation and calls for innovative solutions that can
support and accelerate the transition to sustainable production.

Digital transformation can play a crucial role in enabling organisational and
cultural change while fostering continuous innovation and operational
improvement. Hinings et al. (2018) define digital transformation as “the
combined effects of several digital innovations bringing about novel actors
(and actor constellations), structures, practices, values, and beliefs that
change, threaten, replace or complement existing rules of the game within
organisations and fields” (p.53). Digital transformation in manufacturing,
often referred to as Industry 4.0, offers significant benefits for both
manufacturing and economic, including enhanced agility, improved product
quality, reduced operational costs, and increased profitability (Dalenogare et
al., 2018). While environmental sustainability is not the primary focus, the
interconnected systems and improved productivity inherently contribute to
waste reduction, energy efficiency, and cleaner production processes
(Nascimento et al., 2019; Stock et al., 2018). Furthermore, scholars argue that
Industry 4.0 supports social sustainability by improving working conditions,
generating jobs, and enhancing customer experiences (Kadir & Broberg,
2020).

In today’s global economy, characterised by diverse and rapidly evolving
customer demands across different markets, production systems are
increasingly shifting from traditional mass production toward more
personalised, customer-centric approaches, including mass customisation
(Ciortea et al., 2018). While this trend has been discussed for decades
(Sanchez, 1995), its widespread implementation in practice remains an
ongoing challenge (Mourtzis, 2016). Responding to such market variability
requires manufacturing companies to adopt highly automated and flexible
production systems. These systems are typically composed of complex
mechatronic solutions that integrate both commercial off-the-shelf and
customised hardware and software components (Huikkola & Kohtamaiki,
2017). As production systems become increasingly dynamic and customer-
driven, manufacturers face growing pressure to adapt quickly while aligning
with their sustainability goals. This evolving context highlights the need for
a deeper understanding of how digital technologies can be strategically
integrated with sustainability principles to drive innovation and long-term
value creation.
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1.2. Problem statement

Manufacturing companies are at a critical juncture, as the integration of
digital and sustainability transformation, collectively known as the twin
transition, presents both significant opportunities and considerable
challenges. Although digital transformation is increasingly recognised as a
key enabler of sustainability (Gerlitz & Meyer, 2021; Husain et al., 2022),
existing research offers limited insight into how digital technologies and
sustainability principles intersect in practice (Alojail & Khan, 2023). While
several studies highlight the potential of digital technologies to support
sustainable business practices, they often fall short of providing clear,
strategic guidance on how organisations can effectively integrate these
technologies to achieve sustainability goals (Guandalini, 2022). Moreover,
much of the current literature treats digital transformation and sustainability
as separate domains, lacking a comprehensive framework that addresses their
convergence (Rosario & Dias, 2022). The role of innovative digital
technologies in driving long-term business sustainability also remains
underexplored (Alojail & Khan, 2023; Guandalini, 2022). Particularly, there
is a need for an integrated model that explains the dynamic relationship
between digital transformation, sustainability, and innovation, one that can
offer organisations a structured approach to leveraging technological
advancements for sustainability driven innovation (Alojail & Khan, 2023;
Cillo et al., 2019; Rosario & Dias, 2022).

A promising theoretical and practical avenue for addressing this gap lies in
green innovation, which embodies the intersection of digital transformation
and sustainability and gives tangible expression to the twin transition. Green
innovation encompasses both technological and non-technological
advancements that aim to reduce environmental impact and promote
sustainable development (Shahzad et al., 2022). Technological innovation
involves the development of new products and processes to reduce energy
consumption, prevent pollution, and conserve natural resources (Chang &
Chen, 2013; Fernando et al., 2019; Khan, Kaur, et al., 2021). Non-
technological innovation focuses on reorganising management strategies,
such as green supply chain practices, collaboration, energy and quality
management, and green marketing, to minimise environmental harm (Klein
etal., 2021; Melander & Arvidsson, 2022; Shu et al., 2016). The evolution of
green manufacturing technologies has been driven by disruptive
advancements in I'T and precision tools, which improve production processes,
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reduce time-to-market, and facilitate eco-friendly solutions, aligning
sustainability goals with technological progress (Shahzad et al., 2022).

While academic and industrial interest in the impact of digital tools on
business performance continues to grow, there remains a limited
understanding of their broader environmental and social implications
(Broccardo, Truant, et al., 2023). In the context of green innovation, much of
the current focus is placed on addressing environmental challenges, such as
pollution prevention, resource efficiency, and energy conservation,
positioning environmental performance as the central measure of
sustainability. However, this emphasis often comes at the expense of the
social and economic dimensions, which are equally vital for a holistic
approach to sustainable development. This imbalance reveals a conceptual
and practical gap in how green innovation is defined and implemented. To
address this, green innovation must encompass both technical and non-
technical elements that collectively reflect all three pillars of sustainability:
environmental, social, and economic. Incorporating non-technical
dimensions, such as stakeholder engagement, cross-sector collaboration,
equitable resource distribution, and socio-economic inclusivity, can help
ensure that innovation contributes to a more balanced and integrated model
of sustainable development.

Furthermore, despite the increasing recognition of digital transformation and
sustainability as key drivers of long-term competitiveness, many
manufacturing companies face significant challenges in adopting and
integrating these initiatives. Challenges such as technological limitations,
regulatory uncertainties, financial constraints, and resistance to change hinder
the seamless implementation of sustainable and digital strategies across value
chains (Abdallah et al., 2021; Bigliardi et al., 2022; Hegab et al., 2023).
Understanding these challenges is crucial for developing a comprehensive
and collaborative approach that integrates technological advancements with
sustainability objectives, while maintaining economic viability and social
responsibility. The existing literature still lacks studies that address these
complexities through a strategic framework capable of leveraging digital
technologies to drive sustainable innovation, ultimately fostering a more
resilient and future-ready manufacturing company (Alojail & Khan, 2023;
Guandalini, 2022; Plekhanov et al., 2023).

Another crucial yet underexplored dimension of digital transformation in
manufacturing is the need for customised solutions that align with the unique
operational and sustainability requirements of individual companies. Unlike
standard off-the-shelf technologies, which often lack the adaptability needed
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for sustainable production, tailor-made technology solutions offer the
flexibility to meet specific environmental and organisational goals (Parvin,
2021). These customised approaches frequently incorporate advanced
technologies, such as digital twins, the Internet of Things (IoT), robotics, and
automation, all designed to support sustainable innovation within
manufacturing processes (Parvin, 2021; Schneider & Kokshagina, 2021). In
this context, technology solution providers (TSPs) play a pivotal role, not
merely as vendors of digital products, but as partners who co-develop
integrated, tailor-made solutions that combine technological capabilities with
strategic consulting (Miiller & Déschle, 2018). This collaborative relationship
with TSPs enables manufacturing companies to implement technologies that
are more effectively aligned with their sustainability objectives. However, it
also introduces increased complexity, higher costs, and greater risks for both
manufacturers and TSPs, particularly in the early stages of implementation
(Miiller & Déschle, 2018).

Developing tailor-made technology solutions for sustainable production
requires close collaboration between TSPs and manufacturing companies.
Equally important is collaboration among TSPs themselves to address
internal resource constraints and enhance innovation capacity. Collaboration
refers to structured, goal-oriented interactions that facilitate the exchange of
knowledge, expertise, and capabilities (Hartono & Holsapple, 2004).
Through inter-organisational partnerships, TSPs can access complementary
resources and overcome limitations related to technology, funding, or skilled
personnel (Adomako & Nguyen, 2024; Zahoor & Al-Tabbaa, 2020). This is
particularly critical in digital transformation, where rapid technological
change and complex system integration demand agility, adaptability, and co-
creation. Collaborative arrangements have been shown to improve knowledge
flows and innovation outcomes across organisational boundaries (Bettiol et
al., 2023). However, the literature review presented in this thesis highlights a
gap in existing research that lacks a structured and holistic understanding of
how such collaboration supports value co-creation in sustainability-driven
innovation. Moreover, the literature offers limited insight into the
mechanisms by which collaboration can address the internal and external
challenges that both TSPs and manufacturers face in adopting sustainable
practices.
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1.3. Aim and research questions

The aim of this thesis is to investigate how digital technologies can serve as
a strategic driver of sustainability in the manufacturing sector by examining
the dynamics of collaboration between TSPs and manufacturing companies.
In doing so, it explores how tailor-made technology solutions, developed
through collaborative arrangements, can help overcome the challenges of the
twin transition.

Despite growing recognition of the role of digital transformation in advancing
sustainability, much of the current discourse treats digital transformation and
sustainability as parallel rather than intertwined processes. Building on the
background and the problem statement, existing research often lacks a
systemic view of how digital technologies can drive sustainability while
balancing the environmental, social, and economic pillars of sustainability.
Therefore, this thesis seeks to bridge this conceptual and practical divide by
developing an integrated framework that addresses the complex interactions
between digital tools, organisational capabilities, collaborative networks, and
sustainability outcomes.

Through this lens, the research explores the following guiding questions:

RQI: What are the key internal and external challenges and opportunities in
adopting digital technologies and sustainability among TSPs and
manufacturers?

This question lays the groundwork for understanding the contextual
realities that shape the twin transition for TSPs and manufacturing
companies. It seeks to uncover the systemic and operational conditions
that influence the adoption of digital technologies and sustainability
practices. Rather than viewing these two domains as separate
initiatives, the question frames them as interdependent and mutually
reinforcing, shaped by a complex interplay of internal capabilities and
external pressures.

RQ2: How can collaboration between TSPs and manufacturers address
internal and external challenges while enabling the co-creation of
technology solutions for sustainable production?

This question shifts from understanding the landscape to examining
how actors collectively navigate it. It positions collaboration not just
as a structural arrangement, but as a dynamic process for problem-
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RO3:

solving and innovation. The question focuses on how collaborative
networks can mitigate institutional, technological, and market-related
challenges while simultaneously acting as engines for co-developing
tailor-made technology solutions. These interactions are understood
not as add-ons, but as integral to fostering long-term sustainability and
digital maturity in the manufacturing value chain.

How can manufacturing companies strategically leverage digital
technologies to support sustainability in the context of the twin
transition?

This question examines the strategic dimension of digital
transformation, specifically how manufacturing companies integrate
sustainability principles into their technological planning, operations,
and innovation pathways. Rather than treating digital tools as isolated
technical upgrades, the question considers how they can be mobilised
across planning, execution, evaluation, and continuous improvement
phases. It invites reflection on both technological and non-
technological innovation, while also recognising the importance of
systemic thinking, integrated governance, and long-term adaptability
in navigating the twin transition.



2. Theoretical Framework

This section presents the theoretical framework underpinning the study, outlining key
concepts that guide the analysis of the twin transition in manufacturing.

2.1. Innovation in manufacturing

2.1.1 Definitions and key forms of innovation

Innovation in manufacturing has emerged as a cornerstone of industrial
competitiveness, sustainability, and long-term business resilience. In an
increasingly complex and dynamic global environment, companies are
required to enhance operational efficiency and address growing
environmental and societal concerns (Hermundsdottir & Aspelund, 2022).
Innovation, therefore, plays a critical role in enabling companies to navigate
these challenges through novel processes, products, and systems that create
both environmental and economic value (Hermundsdottir & Aspelund, 2021).

The Organisation for Economic Co-operation and Development (OECD,
2005, p. 45) defines innovation as “the implementation of a new or
significantly improved product (good or service), or process, a new marketing
method, or a new organisational method in business practices, workplace
organisation or external relations.” In the context of manufacturing, this
definition reflects the multi-layered nature of innovation, encompassing
technology upgrades, digitalisation, sustainable design, and circular economy
practices.

According to Ustundag and Cevikcan (2018), innovation can be categorised
into two types: evolutionary innovation, characterised by incremental
improvements to existing systems and technologies, and revolutionary
innovation, which introduces radical, disruptive changes. Both types are
essential to manufacturing companies seeking to balance stability with
transformation. These categories align with the notion of ambidexterity in
innovation management, whereby organisations pursue both exploitation of
current capabilities and exploration of new opportunities (Larsson, 2020;
March, 1991).

As emphasised by Olaru (2013), innovation is not merely a competitive
advantage but a strategic necessity. It underpins a company’s ability to adapt
to market shifts, technological disruptions, and regulatory pressures,
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particularly those related to environmental performance. For innovation to be
successful, it must be purposefully aligned with organisational goals and
systematically managed across functions (Maier et al., 2014).

A dual perspective offered by Crossan and Apaydin (2010) distinguishes
innovation as both a process and an outcome. As a process, it involves drivers
(e.g. customer demand, sustainability regulations), sources (internal R&D or
external collaboration), direction (incremental or radical), and levels of
application (individual, organisational, or network-wide). As an outcome, it
materialises in new or improved products, services, processes, or business
models. In the manufacturing context, innovation is inherently cross-
functional, impacting areas such as supply chain design, production systems,
knowledge management, and environmental performance.

Product innovation

Product innovation refers to the development of entirely new products or the
significant enhancement of existing goods and services. According to the
Organisation for Economic Co-operation and Development (OECD, 2005, p.
45), product innovation involves improvements in technical specifications,
components, materials, embedded software, user-friendliness, or other
functional characteristics. These innovations may arise from new
technological possibilities, evolving customer preferences, regulatory
pressures, or sustainability imperatives.

Trott et al. (2022) highlight the crucial role of cross-functional collaboration
in delivering successful product innovations. This involves the integration of
research and development, engineering, design, marketing, and production
teams to ensure that innovations are not only technologically viable but also
align with customer expectations and business strategy. Such collaboration is
especially vital in complex manufacturing environments where
interdependencies among design, production processes, and supply chains
can affect cost, time-to-market, and product quality.

Process innovation

Process innovation refers to the implementation of significantly improved
production or delivery methods. According to the OECD (2005, p. 49), this
includes substantial changes in techniques, equipment, and/or software used
in operations. In manufacturing, process innovation often focuses on
efficiency, flexibility, and quality, achieved through automation, lean
systems, and real-time data analytics.

10
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The rise of Industry 4.0 technologies, such as Internet of Things (IoT),
artificial intelligence, and cyber-physical systems, has enabled companies to
optimise their operations and integrate environmental performance goals
directly into the production process. For instance, predictive maintenance
powered by Al reduces downtime and minimises energy waste, contributing
to green process innovation (Frank et al., 2019).

Production innovation

Production innovation involves improvements to the manufacturing system
itself, including its technological, human, informational, and managerial
subsystems (Larsson, 2017). This form of innovation bridges the domains of
operations and innovation management, focusing on enhancing production
performance through the integration of smart technologies, automation, and
advanced planning tools.

Larsson et al. (2018) define production innovation as a “new and value-added
change of a production-related activity,” which may include new simulation
platforms, more adaptive machinery, or better-integrated software systems. It
is further classified into:

e Explorative production innovation, which seeks novel capabilities
(e.g., modular manufacturing, bio-based materials)

e Exploitative production innovation, which enhances existing
competencies (e.g., automation of existing lines)

2.2. Sustainability: A strategic imperative for manufacturing

2.2.1 Definition and dimensions of sustainability

The concept of sustainability can be traced back to the “Spaceship Earth”
metaphor, which emerged over a century ago and emphasised the finite nature
of the planet’s resources and the need for responsible stewardship (Alhaddi,
2015). In contemporary literature, sustainability is often defined in terms of
the balance between human development and environmental constraints.
Ben-Eli (2018, p. 1340) characterises sustainability as “a dynamic
equilibrium in the process of interaction between a population and the
carrying capacity of its environment such that the population develops to
express its full potential without producing irreversible adverse effects on the
carrying capacity of the environment upon which it depends.” Sustainability
entails pursuing human well-being, protecting essential resources, and
limiting the amount of waste generated by human activity (Goodland, 1995).
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2.2.2 Triple Bottom Line (TBL): environmental, social, and economic
aspects

A widely accepted lens for understanding sustainability in practice is the
triple bottom line (TBL) framework, which emphasises the equal importance
of three interdependent dimensions: environmental, social, and economic
sustainability (Goodland, 1995; Purvis et al., 2019; Ruggerio, 2021; Vacchi
et al, 2021). Environmental sustainability in manufacturing involves
practices that minimise ecological harm, such as pollution control, efficient
resource use, and greenhouse gas reduction. It also promotes a shift toward
circularity through strategies such as remanufacturing, recycling, and the use
of eco-friendly materials (Machado et al., 2020; Yacob et al., 2019). Social
sustainability, a non-economic form of wealth, is concerned with human well-
being and equitable treatment throughout the value chain, encompassing
workforce health and safety, community engagement, and fair labour
practices (Choi & Ng, 2011; Vacchi et al., 2021). Economic sustainability
focuses on achieving long-term growth while conserving environmental and
human resources, ensuring that profit generation aligns with stewardship
responsibilities (Ghobakhloo, 2020; Li et al., 2020).

These three pillars intersect in the concept of sustainable development,
famously defined by the Brundtland Report as “development that meets the
needs of the present without compromising the ability of future generations
to meet their own needs” (Brundtland, 1987, p.41). As Ben-Eli (2018, p.1340)
expands, sustainability is a dynamic equilibrium where a population can
develop its full potential without producing irreversible effects on the
environment’s carrying capacity. The shift toward sustainable production
entails the adoption of systems and technologies that are economically viable,
energy-efficient, non-polluting, and safe for workers and communities (Koho
etal., 2015; Veleva & Ellenbecker, 2001). These systems must be embedded
across the entire product lifecycle, from design and sourcing to
manufacturing, distribution, use, and end-of-life management, thereby
necessitating a rethinking of operational models and stakeholder relationships
(Vacchi et al., 2021).

2.2.3 Sustainability in manufacturing

In an era marked by environmental degradation, resource scarcity, and social
inequalities, sustainability has evolved from a marginal concern to a strategic
imperative for manufacturing companies. This evolution reflects a paradigm
shift from isolated corporate social responsibility efforts toward embedding
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sustainability into the core of business operations and value creation strategies
(EIl Hilali et al., 2020; Geissdoerfer et al., 2017). Manufacturing companies
today operate in a highly unstable environment shaped by globalisation,
environmental regulation, technological disruption, and shifting consumer
expectations (Camarinha-Matos, 2014; Moursellas et al., 2023). In this
context, sustainability is a moral imperative and a business necessity that
enables companies to remain resilient, competitive, and future-ready
(Moghrabi et al., 2023; Sartal et al., 2020).

Sustainability in manufacturing increasingly depends on innovation, both
technological and non-technological (Gonzilez-Blanco et al., 2018).
Advances in digital technologies, such as loT, digital twins, automation, and
smart analytics, enable companies to optimise resource use, reduce waste, and
improve process transparency (Ma et al., 2024; Pereira et al., 2025).
Simultaneously, organisational innovations such as green supply chains,
cross-sector collaboration, and stakeholder engagement further expand the
capacity to meet sustainability goals (Gonzalez-Blanco et al., 2018; Melander
& Arvidsson, 2022).

Nonetheless, companies continue to face significant challenges, including
high implementation costs, limited demand incentives, regulatory
inconsistencies, and internal resistance to change (Dwivedi et al., 2021;
Moursellas et al., 2023). Smaller companies, in particular, struggle with data
limitations and a lack of alignment between research and practice (Kumar &
Mani, 2022). As Tonelli et al. (2013) and Contini et al. (2023) observe,
overcoming these challenges requires integrating sustainability goals into
strategic planning and risk management, rather than simply focusing on
operational enhancements.

2.2.4 Green innovation: a cross-cutting imperative

Green innovation refers to innovations that yield improved environmental
outcomes, including increased energy -efficiency, reduced resource
consumption, decreased waste, and mitigated emissions (Chavira et al., 2023;
Hermundsdottir & Aspelund, 2021). It reflects the growing alignment
between environmental responsibility and business strategy, especially in the
wake of climate-related regulations and stakeholder pressure (Chavira et al.,
2023). Green innovation heavily relies on a company’s absorptive capacity,
its ability to identify, integrate, and apply knowledge from external sources
(Cohen et al., 1990). External collaborations with universities, suppliers,
customers, and regulators often play a critical role in acquiring the necessary
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expertise for implementing sustainable innovation (Najafi-Tavani et al.,
2018). Stejskal and Hajek (2019) demonstrate that companies engaged in
external green collaboration, such as joint R&D projects on low-carbon
technologies, tend to outperform those relying solely on internal capabilities.
These partnerships foster knowledge recombination, leading to eco-efficient
innovations with competitive value. The terms “green innovation,”
“sustainable innovation,” and ‘“eco-innovation” are frequently used
interchangeably in the literature (Chavira et al., 2023; Hermundsdottir &
Aspelund, 2021). While green innovation primarily emphasises
environmental improvements, sustainable innovation adopts a broader
perspective that incorporates both social and economic dimensions (Chavira
et al., 2023). Sustainable innovation is defined as the development of new
processes, business models, or operational practices that generate positive
impacts across all three pillars of sustainable development: environmental,
social, and economic (Chavira et al., 2023). Accordingly, this thesis employs
the term ““sustainable innovation” to reflect this more holistic understanding.

Green process innovation

Green process innovation has emerged as a central theoretical concept for
examining how manufacturing companies can reconcile industrial growth
with environmental sustainability (Khan, Kaur, et al., 2021). Heightened
regulatory pressure, societal expectations, and consumer demand are
increasingly driving organisations to minimise emissions and implement
cleaner production practices (Huang et al., 2016; Khan, Dhir, et al., 2021).
Green process innovation generally takes two forms: the adoption of clean
technologies that deliver resource savings and prevent pollution across
energy, water, and waste streams, and end-of-pipe solutions that address
pollution at the final stage of production (Berrone & Gomez-Mejia, 2009;
Chiou et al., 2011; Khan, Kaur, et al., 2021). Through a systematic literature
review, seven key dimensions associated with green process innovation were
identified: strategic responses, organisational learning, institutional
pressures, structural conditions, innovation outcomes, adoption challenges,
and methodological approaches (Khan, Dhir, et al., 2021). Their framework
illustrates how external institutional drivers, such as environmental
regulations and stakeholder influence, interact with internal organisational
capabilities, including leadership commitment and learning orientation, to
produce outcomes such as lower energy intensity, reduced emissions,
improved brand reputation, and competitive advantage (Khan, Dhir, et al.,
2021). Despite its strategic importance, green process innovation remains
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underutilised in many sectors due to significant challenges, including high
capital investment requirements, limited absorptive capacity, and resistance
to change within companies (Khan, Kaur, et al., 2021; Xie et al., 2022).

Green product innovation

Green product innovation has gained more traction in both academic research
and industrial practice due to its more tangible link to customer value and
market visibility (Horbach et al., 2012). This form of innovation emphasises
the development of environmentally friendly products, incorporating
sustainable materials, improved energy efficiency, and design features that
facilitate recycling, reuse, or minimal environmental impact throughout the
product life cycle (Dangelico et al., 2015). Companies often perceive green
product innovation as more feasible than transforming core production
systems because it offers more apparent commercial benefits and aligns
closely with marketing and branding strategies (Chen, 2008). However,
Khan, Dhir, et al. (2021) highlight that this research, which emphasises green
product innovation, has overshadowed the more complex and systemic
challenges associated with implementing green process innovation. They
argue for a deeper investigation into the unique dynamics and constraints that
shape process-based environmental innovation, particularly the role of inter-
organisational learning, technological capability, and knowledge absorption
in facilitating effective implementation (Najafi-Tavani et al., 2018). Bridging
this gap is essential for advancing theoretical models that move beyond
compliance-based approaches and toward strategic, innovation-led
transformations in sustainable production.

2.3. Digital transformation in manufacturing

Digital transformation has emerged as a defining force in manufacturing
companies, reshaping business models, production processes, and value
chains. As global industries respond to rapid technological advancement and
shifting market dynamics, digital transformation serves as both a strategic
necessity and a critical enabler of sustainability, agility, and innovation
(Favoretto et al., 2022; Matarazzo et al., 2021).

Digital transformation goes far beyond the adoption of individual
technologies. It represents a comprehensive, strategic reconfiguration of
organisational operations and logic through the integration of digital
capabilities across the entire business ecosystem (Kane et al., 2015; Vial,
2019). According to Vial (2019, p.121), digital transformation is “a process
that aims to improve an entity by triggering significant changes to its
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properties through combinations of information, computing, communication,
and connectivity technologies.” In the manufacturing context, digital
transformation facilitates not only automation and data-driven optimisation
but also the creation of new digital products, services, business processes, and
business models (Merin-Rodrigéfiez et al., 2024; Wiesbdck & Hess, 2018).
The journey toward digital transformation often begins with digitisation, the
conversion of analogue data into digital formats, and progresses to
digitalisation, the use of digital tools to improve specific operations
(Bloomberg, 2018; Parviainen et al., 2017). Digital transformation, however,
signifies a more profound shift: a rethinking of organisational structures,
roles, and market strategies. It redefines how companies create and capture
value across the value chain (Dornberger et al., 2018; Verhoef et al., 2021).

Within manufacturing, the concept of Industry 4.0 symbolises this
transformation. Industry 4.0 represents the convergence of digital and
physical technologies to drive smarter, more responsive, and interconnected
production systems (Nosalska et al., 2020). Technologies such as the Internet
of Things (IoT), big data analytics, artificial intelligence (Al), cloud
computing, robotics, digital twins, and additive manufacturing are enabling
this shift (Dalmarco et al., 2019; Xu et al., 2023). These technologies offer
transformative potential across the entire manufacturing value chain. For
example, big data analytics and automation enable more intelligent and timely
decision-making (Chen et al., 2015), while additive manufacturing supports
mass customisation and sustainable production (Reinartz et al., 2019;
Savastano et al., 2019). Augmented reality and digital twins enhance quality
control and predictive maintenance, reducing downtime and waste
(Albukhitan, 2020; Mondejar et al., 2021). Such advancements lead to higher
efficiency and increased transparency, agility, and responsiveness to market
demands (Kiel et al., 2017; Kritzinger et al., 2018).

Moreover, digital transformation empowers manufacturers to engage with
stakeholders in more sustainable and innovative ways. Through collaborative
digital platforms and communication tools, organisations can enhance
knowledge sharing across supply chains, reduce the need for physical travel,
and minimise transportation-related emissions (Moghrabi et al., 2023; Peng
et al., 2023). It also enables companies to connect with customers through
digital channels, promote eco-friendly offerings, and educate consumers on
responsible consumption, strengthening sustainability narratives and brand
reputation (Dahmani, 2024). However, the adoption of digital technologies is
not without challenges. Many small and medium-sized enterprises (SMEs)
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face significant challenges, including high implementation costs,
technological complexity, and a lack of digital capabilities (Albukhitan, 2020;
Xu et al., 2023). Overcoming these challenges requires more than technical
investment; it demands cultural transformation, leadership alignment, and
cross-functional collaboration ( Parviainen et al., 2017). Importantly, digital
transformation is not just a tool for efficiencys; it is a driver of sustainability
(Parviainen et al., 2017; Savastano et al., 2019). From automating resource-
intensive processes to enabling collaborative platforms and sustainable
stakeholder engagement, digital technologies provide a critical foundation for
embedding sustainability throughout manufacturing ecosystems (Parviainen
et al., 2017; Savastano et al., 2019). They provide the means to monitor,
measure, and optimise environmental performance in real-time, while also
unlocking new forms of economic and social value (Savastano et al., 2019;
Verhoef et al., 2021).

Digital transformation is a multidimensional force redefining the future of
manufacturing (Verhoef et al., 2021). By integrating advanced digital
technologies into their core strategies, manufacturing companies can become
more agile, innovative, and sustainable (Zang et al.,, 2025). This
transformation enhances operational performance while enabling the twin
transition, where digital transformation and sustainability reinforce each other
in pursuit of long-term competitiveness and societal value.

2.4. Twin transition in manufacturing

2.4.1 Twin transition definition

The EU Commission defined twin transition as a parallel and mutually
reinforcing green and digital transition (Muench et al., 2022). The ambition
is to leverage digital innovations to accelerate sustainability goals while
ensuring that digital policy aligns with ecological and resilience objectives.
Grasping the difference between “transition” and “transformation” is crucial
in defining twin transition. While these terms are frequently used
interchangeably (Tabares et al., 2025), they signify distinct levels and
dynamics of change. A transition refers to a wide-reaching, systemic
evolution from one socio-technical configuration to another, involving
various pathways such as reconfiguration, substitution, or transformation
itself (Gulbrandsen-Dahl et al., 2025). In contrast, transformation describes a
particular, disruptive pathway within a transition, marked by profound
changes to established structures, a challenge to prevailing norms, and a
redirection of innovation (Gulbrandsen-Dabhl et al., 2025).

17



Theoretical Framework

Since this thesis focuses on the twin transition, it conceptualises this
phenomenon as a comprehensive transformation that influences societies,
economies, and industrial structures through the interconnected and
reinforcing processes of digital transformation and sustainability, as shown in
Figure 1. According to the European Commission (Muench et al., 2022), this
relationship is characterised by the strategic use of digital technologies to
advance sustainability objectives, while simultaneously aligning digital
policies with sustainability and resilience goals. Within this context,
transformation is understood as a pathway within transition, occurring at the
level of manufacturing sectors, without implying a full-scale reconfiguration
of the entire socio-technical management.
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Figure 1. Twin transition definition: digital and sustainability transformation inspired by the
EU definition (Muench et al., 2022)

In the manufacturing sector, twin transition promises improved
competitiveness and the ability to address pressing environmental and social
challenges through innovative, technology-driven approaches (Gerlitz &
Meyer, 2021; Husain et al., 2022).

When aligned with sustainability goals, digital technologies support resource
efficiency, low-carbon operations, and circular business models. Emerging
digital technologies are enabling operational efficiencies and reshaping how
sustainability goals are conceived, implemented, and measured (Alojail &
Khan, 2023). From automating resource-intensive processes to enabling
digital collaboration and sustainable stakeholder engagement, digital
transformation provides the foundation for embedding sustainability across

18



Theoretical Framework

all levels of organisational practice (Alojail & Khan, 2023). Digital
technologies can facilitate real-time monitoring of energy use, waste
generation, and emissions, enabling predictive maintenance, smart logistics,
and process optimisation, all of which contribute to reducing environmental
impacts across the product lifecycle (Kristoffersen et al., 2020; Machado et
al., 2020).

Technologies such as blockchain and IoT also enhance transparency and
traceability in supply chains, supporting ethical sourcing and compliance with
environmental regulations (Broccardo, Truant, et al., 2023; Mondejar et al.,
2021). This convergence of digital and sustainability agendas is a technical
evolution as well as a strategic and cultural shift. As argued by Calatayud et
al. (2019) and Denicolai et al. (2021), the twin transition enhances
organisational agility, transparency, and customer-centricity, while reducing
operational costs and environmental impacts.

The term “twin transition” itself remains relatively new in academic
discourse, often discussed under related terms such as “Industry 4.0 and
sustainability,” “green digitalisation,” or “digital circular economy” (Awan et
al., 2021; Ortega-Gras et al., 2021; Tabares et al., 2025). Nonetheless, it
reflects a growing consensus that digital innovation must be mobilised in the
service of broader ecological and social goals, not merely for economic gains.
In the context of manufacturing, the twin transition provides a framework for
rethinking how technologies are developed, implemented, and scaled to meet
the triple bottom line of sustainability: environmental protection, social
equity, and economic viability (Koho et al., 2015; Veleva & Ellenbecker,
2001). Achieving this integration is not simply a matter of upgrading systems,
but rather of transforming organisational mindsets, capabilities, and
relationships across the entire industrial value chain (Weaver et al., 2017).

2.5. Collaboration as an enabling force for the twin transition

While the twin transition holds considerable potential for advancing
manufacturing performance and sustainability, its implementation presents
notable challenges at both operational and strategic levels. Challenges such
as high investment costs, fragmented regulations, organisational inertia, and
lack of strategic vision continue to hinder progress, especially among SMEs
(Denicolai et al., 2021; Guandalini, 2022). These challenges are often
exacerbated by insufficient collaboration and misalignment across supply
chain actors (Kumar et al., 2020). To address these limitations, scholars
increasingly highlight the need for collaborative ecosystems and stakeholder
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alignment (Awan et al., 2021; Camarinha-Matos et al., 2022). In increasingly
complex and competitive business environments, companies can engage in
collaborative arrangements to gain access to essential resources, distribute
operational risks, enhance efficiency, and improve overall competitiveness
(Nayal et al., 2022).

2.5.1 Definitions of inter-organisational relationships

Collaborative relationships among different actors have been defined by
various terms in the literature, including networking, cooperation,
coordination, and collaboration. The first level is networking, where actors
communicate and share information for mutual benefit (Camarinha-Matos et
al., 2009, p.47). Coordination is more than exchanging information, defined
as the “act of working harmoniously in a concerted way, is one of the basic
building blocks of collaboration” (Camarinha-Matos et al., 2009, p.47).
According to Castafier and Oliveira (2020), coordination is the attitude,
behaviour, and result of jointly determining common inter-organisational
relationship goals. According to Castafier and Oliveira (2020), cooperation is
the attitude, conduct, and result of putting those goals into practice as agreed
upon. Cooperation also includes resource sharing in addition to adjustments
of activities in coordination (Camarinha-Matos et al., 2009, p.48).

Collaboration between business partners is defined as “a more demanding
process in which entities share information, resources and responsibilities to
jointly plan, implement, and evaluate a program of activities to achieve a
common goal and therefore jointly generating value” (Camarinha-Matos et
al., 2009, p.48). There are other definitions of collaboration in the literature
as “an interactive, constructive, and knowledge-based process, involving
multiple autonomous and voluntary participants employing complementary
skills and assets, with a collective objective of achieving an outcome beyond
what the participants’ capacity and willingness would allow them to
individually accomplish” (Hartono and Holsapple 2004, p.20). According to
Patel et al. (2012), a more inclusive definition of collaboration is that
“Collaboration involves two or more people engaged in an interaction with
each other, within a single episode or series of episodes, working towards a
common goal” (p.1). In this thesis, the definition proposed is used to address
the collaborative relationship between TSPs and the manufacturing supply
chain. The summary of terminologies related to networking, coordination,
cooperation and collaboration is presented in Table 1.
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Table 1. Terminologies related to networking, coordination, cooperation and collaboration

in the literature.

Term Definition Reference

Networking “Networking involves basically (Camarinha-Matos
communication and information exchange et al., 2009, p.47)
for mutual benefit.”

Coordination  “The act of working harmoniously in a (Camarinha-Matos
concerted way, is one of the basic building et al., 2009, p.47)
blocks of collaboration.”

“The attitude, behaviour, and result of (Castafier and
jointly  determining common inter- Oliveira, 2020.
organisational relationship goals.” p.984)

Cooperation ~ “Cooperation  involves  not  only (Camarinha-Matos
communication, information exchange, and et al., 2009, p.48)
adjustments of activities, but also resource
sharing for achieving compatible goals.”

“Cooperation is the attitude, conduct, and (Castafier and

result of putting those goals into practice as  Oliveira, 2020.

agreed.” p-984)
Collaboration “A more demanding process in which (Camarinha-Matos

entities share information, resources and
responsibilities to jointly plan, implement,
and evaluate a program of activities to
achieve a common goal and therefore
jointly generate value.”

et al., 2009, p.48)

constructive,  and
process,  involving
multiple autonomous and voluntary
participants employing complementary
skills and assets, with a collective objective
of achieving an outcome beyond what the
participants’ capacity and willingness
would allow them to individually
accomplish.”

“An  interactive,
knowledge-based

(Hartono and
Holsapple 2004,
p.20)

“Collaboration involves two or more people
engaged in an interaction with each other,
within a single episode or series of
episodes, working towards a common
goal.”

(Patel et al., 2012,
P.1)
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Collaboration is a more comprehensive approach to addressing complex
challenges that require a diverse range of skills, knowledge, and resources
from different organisations or individuals. In contrast, cooperation,
coordination, and networking typically involve narrower or more limited
types of engagement among stakeholders. In this thesis, various actors
involved in creating and delivering tailor-made technology solutions are
investigated. Collaboration is chosen because it involves not only sharing
resources and expertise but also co-creating values such as sustainability.

2.5.2 Formulating a collaboration strategy

Inter-organisational business collaboration has undergone significant
evolution over the past few decades, transitioning from various types of
strategic alliances, coalitions, franchises, research consortia, and different
networking models to modern forms of collaboration, such as regional
clusters and global supply chains (Stejskal & Hajek, 2019). However,
businesses cannot enter into relationships without first considering their
organisational structure and guiding principles (Pisano & Verganti, 2008), as
well as having a clear strategy for creating value through collaboration. In this
thesis, the collaboration strategy is defined as a guiding policy for creating
and appropriating value through collaboration. Zahoor & Al-Tabbaa (2020)
developed a framework to highlight factors influencing outcomes related to
inter-organisational collaboration, with a focus on innovation in SMEs. The
framework presented by Zahoor & Al-Tabbaa (2020) focuses on antecedents,
underlying mechanisms, moderators, and outcomes of inter-organisational
collaboration for innovation. According to Zahoor & Al-Tabbaa (2020),
considering sustainable development as an outcome of inter-organisational
collaboration is a research line that needs further attention.

Based on the literature review in this thesis, there seems to be a lack of a
conceptual framework for key characteristics that are crucial when
formulating a collaboration strategy, as well as possible created values and
outcomes of collaboration, including sustainability.

2.5.3 Collaboration for twin transition

Collaboration enables organisations to combine their complementary
capabilities to address complex twin transition challenges that individual
companies may be unable to manage independently (Hartono & Holsapple,
2004; Patel et al., 2012). Unlike coordination or simple cooperation,
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collaboration involves a deeper level of engagement, characterised by shared
planning, collective decision-making, and joint resource allocation aimed at
creating mutual value (Camarinha-Matos et al., 2009). Strategically,
collaboration helps companies mitigate internal constraints and accelerate
time-to-market (Lalic et al., 2017; Rodriguez et al., 2018). It also facilitates
joint progress on sustainability goals by leveraging external expertise,
technology, and financial resources (Lalic et al., 2017; Rodriguez et al.,
2018). Strategic inter-organisational collaboration, as noted by Zahoor & Al-
Tabbaa (2020), can lead to innovation outcomes, such as product and process
innovation, as well as broader performance improvements, including
enhanced competitiveness, profitability, and organisational resilience.
Although collaboration in the context of innovation has been widely studied,
its role in advancing sustainability and circular economy objectives has only
recently attracted academic attention (Brown et al., 2019; Zahoor & Al-
Tabbaa, 2020). For this thesis, collaboration is understood as an interactive,
knowledge-intensive, and intentionally structured process involving
independent but mutually dependent actors working together through digital
technologies to achieve sustainability-oriented outcomes.

2.6. Role of technology solution providers in the twin transition

Technology solution providers (TSPs), also referred to as system providers,
play a pivotal role in advancing twin transitions by designing, integrating, and
delivering technology solutions that support sustainable production
(Huikkola & Kohtamiki, 2017; Johansen & Ohrwall Ronnbick, 2021).
Rather than offering off-the-shelf technologies, TSPs develop
comprehensive, tailor-made solutions that combine hardware, software, and
services to meet the complex and evolving needs of manufacturing companies
(Huikkola & Kohtamaiki, 2017). These providers are broadly categorised into
two types: system sellers and system integrators (Davies et al., 2007; Lassila,
2006). A system seller possesses a broad range of in-house capabilities and
can independently deliver integrated technological solutions, including
physical components, digital platforms, and related services, satisfying
operational and strategic objectives. In contrast, a system integrator
collaborates with external partners to deliver customised solutions that
involve system design, planning, execution, and project management (Davies
et al., 2007). TSPs do not merely sell isolated products, but deliver solutions,
configurations of technologies and services, engineered to solve complex
customer problems (Hoeber & Schaarschmidt, 2017). These solutions often
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integrate technologies such as IoT, automation, robotics, and digital twins,
which must be customised to align with the sustainability and performance
goals of each manufacturing company (Parvin, 2021; Schneider &
Kokshagina, 2021). The process of developing such solutions requires deep
interaction with clients, enabling TSPs to absorb operational knowledge and
respond with technologies that are tailored and scalable.

TSPs may face internal and external challenges. Internally, they often contend
with limited research and development resources, financial constraints, and
commercial pressures that prioritise short-term outcomes over long-term
sustainability goals (Miiller & Daischle, 2018). Externally, they navigate
inconsistent regulatory environments and fluctuating market demand for
sustainable solutions (Miiller & Dischle, 2018). These pressures can hinder
their capacity to innovate or invest in sustainability-driven initiatives. As
such, collaboration becomes not just beneficial but necessary. TSPs can
overcome many of these constraints through a collaborative network (Saul &
Gebauer, 2018). Collaborating with manufacturing clients allows TSPs to co-
develop technology solutions that are more precisely aligned with operational
realities and sustainability objectives (Zahoor & Al-Tabbaa, 2020). These
partnerships enhance knowledge exchange and create a feedback loop that
accelerates learning and adaptation. Furthermore, collaboration with other
TSPs enables access to complementary expertise, shared infrastructure, and
reduced development costs (Adomako & Nguyen, 2024; Bettiol et al., 2023).

24



3. Research Methodology

This section outlines the research methodology used to explore the twin transition,
focusing on the intertwining between digital transformation and sustainability in
manufacturing. A qualitative approach was adopted to gain in-depth insights into the
challenges, opportunities, and strategic implications of integrating digital
technologies with sustainability efforts.

3.1. Research approach

The research approach defines a structured methodology and conceptual
framework that guides the collection and analysis of data, ensuring alignment
between the research aim, research questions, existing literature, and
theoretical contributions (Edmondson & McManus, 2007). This thesis aims
to investigate how digital technologies can serve as a strategic driver of
sustainability in the manufacturing sector by examining the dynamics of
collaboration between TSPs and manufacturing companies. Particular
attention is given to the role of both technological and non-technological
innovations in enabling digital transformation and sustainable development
within the manufacturing context.

A qualitative research approach was chosen to gain in-depth insights into how
manufacturing companies and TSPs collaborate to develop and implement
tailor-made technology solutions that act as strategic drivers of sustainability
and help overcome the challenges of the twin transition. Qualitative research
is particularly well-suited for exploring emerging and complex phenomena,
as it enables interpretive analysis, uncovering organisational processes,
stakeholder interactions, and strategic decision-making within the real world
(Creswell & Creswell, 2017; Denzin & Lincoln, 2011). This approach is also
well-suited for answering ‘how’ and ‘what’ questions, enabling an
exploration of the depth and intricacy of a phenomenon under study
(Eisenhardt, 1989; Yin, 2011). Qualitative research is often categorised into
three approaches: deductive, inductive, and abductive (Barrett & Younas,
2024; Dubois & Gadde, 2002). A deductive approach begins with established
theories or hypotheses, which are tested against empirical data (Barrett &
Younas, 2024; Dubois & Gadde, 2002). In contrast, an inductive approach
starts with empirical observations and builds theories from the ground up
(Barrett & Younas, 2024; Dubois & Gadde, 2002).
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This thesis employs an abductive approach, which is particularly suitable for
generating new theoretical insights while integrating empirical findings with
existing literature. Unlike deduction, which seeks to confirm existing
theories, or induction, which builds new theories from data, abduction
iteratively refines theoretical frameworks based on empirical insights (Barrett
& Younas, 2024; Dubois & Gadde, 2002). This approach enables the research
to investigate how digital technologies can serve as a strategic driver of
sustainability in the manufacturing sector by collaborating with TSPs to
develop tailor-made technology solutions, while identifying the associated
challenges of the twin transition.

Conceptual frameworks serve as structuring mechanisms that guide
exploratory research and facilitate the identification of key constructs,
relationships, and theoretical insights (Casula et al., 2021). In this thesis, a
framework was developed using an iterative process inspired by Jabareen’s
(2009) eight-phase framework development model, which includes:

e Phase 1: Mapping relevant data sources (literature, empirical data).

e Phase 2: Extensive reading and categorisation of selected literature and
empirical data.

e Phase 3: Identifying key concepts related to digital transformation,
sustainability, and collaboration.

e Phase 4: Deconstructing and categorising concepts to highlight patterns
and emerging themes.

e Phase 5: Integrating concepts to establish relationships between digital
transformation, sustainability, and collaboration.

e Phase 6: Synthesising and refining the framework, ensuring coherence
and theoretical depth.

e Phase 7: Validating the framework through empirical insights, expert
feedback, and discussions with the researcher.

e Phase 8: Ongoing refinement, allowing for adjustments based on new
empirical evidence and theoretical perspectives.

Although presented as a linear sequence, this process was inherently iterative
and involved continuous refinement based on empirical findings, literature
reviews, and feedback from experts and academic peers.

3.2. Research design

This thesis adopts a qualitative, exploratory, and descriptive research design
grounded in a case study methodology (Creswell & Poth, 2016; Yin, 2013).
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A structured design was essential to guide the research from the formulation
of questions to the development of a conceptual framework given the
evolving and multifaceted nature of the twin transition, which involves the
simultaneous pursuit of digital transformation and sustainability in
manufacturing, this study employs an abductive logic (Dubois & Gadde,
2002), iteratively moving between empirical insights and theoretical
development.

The research is organised around three interrelated empirical studies that
collectively inform five academic papers (Papers A-E), which are
summarised in Chapter 4 and visually presented in Figure 2. These studies
investigate how TSPs and manufacturing companies collaborate to address
the challenges of twin transition. The studies and their associated papers
directly contribute to answering the three research questions (RQ1-RQ3),
culminating in the development of an integrated conceptual framework.

e A
Paper A RQ2
Study I Paper B RQ2
Paper C RQ1 RQ2
Study IT Paper D RQ2 RQ3

Conceptual framework

000

Figure 2. Overview of research design and study contributions to papers and research
questions

Study I: Understanding the landscape (RQ1 & RQ2)
Study I adopts an exploratory case study approach to investigate how TSPs
contribute to digital transformation within manufacturing, with early
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interviews and document analysis revealing recurring themes related to
internal and external challenges. These empirical insights helped refine the
scope of inquiry and informed the development of Papers A, B, and C. This
study contributes to:

e RQI: By identifying the key challenges and opportunities shaping the
adoption of digital technologies and sustainability practices across
TSPs and manufacturers.

e RQ2: By providing early empirical grounding for understanding how
collaboration emerges as a strategic response to these conditions,
enabling the co-development of tailor-made technology solutions.

Study II: Sector-specific collaboration in practice (RQ2 & RQ3)

Study II extends the research by focusing on a specific industrial context: the
lithtum-ion battery (LIB) material value chain. This high-impact sector was
selected for its relevance to circular economy objectives and digital
innovation. Based on the insights gained in Study I, Study II explores how
digitalisation is integrated across different phases of the circular value chain.
This informs Paper D, which contributes to:

e RQ2: By broadening the notion of collaboration to include multiple
actors across the value chain and examining how digital tools foster
coordination, trust, and alignment among stakeholders.

e RQ3: By contextualising how digital technologies can support
circularity, resource efficiency, and lifecycle optimisation within
complex, resource-intensive production systems.

Study III: Strategic integration and systemic enablers (RQ3)

Study III builds on the previous studies to examine the systemic and strategic
dimensions of the twin transition. Using a cross-case methodology, it
investigates how organisations embed digital technologies into long-term
strategies, operations, and innovation pathways. This study forms the basis of
Paper E, and contributes to:

e RQ3, by exploring the organisational, regulatory, and technological
enablers and constraints that shape how digital technologies are
leveraged for sustainability in practice. Emphasis is placed on
governance, digital capabilities, and the role of policy and
institutional support in scaling sustainability.
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3.3. Literature review

A systematic literature review was undertaken to establish the conceptual
foundation and guide the theoretical positioning of this thesis. The goal was
to identify, organise, and synthesise relevant academic work that intersects
with the key themes of this research: digital transformation, sustainability,
twin transition, collaboration, innovation, sustainable production,
manufacturing companies, the role of TSPs, and inter-organisational value
co-creation.

Following the structured approach recommended by Ashby et al. (2012),
articles were retrieved primarily from Web of Science and Google Scholar
using a combination of nine core concept terms and their synonyms. The
search terms were designed to capture a broad yet focused range of literature
covering digital transformation, sustainability, twin transition, collaboration,
innovation, sustainable production, manufacturing companies, the role of
TSPs, and inter-organisational value co-creation, as outlined in Table 2. The
review process included two stages of screening. First, articles were evaluated
based on abstracts to ensure topical relevance. In the second stage, full-text
papers were assessed using inclusion and exclusion criteria aligned with the
scope of the thesis. Since the research area is continuously evolving, the
process of reviewing literature has been iterative and recurring throughout the
PhD study. The accumulated body of literature informed the theoretical
background, guided the research design, and shaped the conceptual
frameworks developed across the five papers and this thesis. Rather than
treating the review as a standalone study, it served a foundational role in
identifying gaps in existing research, particularly around the underexplored
position of TSPs in the twin transition, and in refining the research questions
and empirical focus.
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Table 2. Literature review protocol

Item Description

Keywords “Collaborative network”; “Inter-organizational
collaboration”; “Collaboration” AND “Digital
transformation”;  “Sustainable  solutions”;  “Solution

providers”; “Manufacturing companies”; “Collaboration”
AND “Sustainability”’; and “Collaborative process”; “Twin

transition”;  “digital transformation”; “Industry 4.0”;
“Integrating sustainability and digital transformation”;
“Sustainable  production”;  “Innovation”;  “Production
innovation”.

Data bases Web of Science and Google Scholar

Search fields Title; Abstract; Keywords

Language English

Publication type  Journal and conference proceeding articles

Time window 1975 to 2025

3.4. Case selection process

The case study protocol defines the case and unit(s) of analysis, distinguishing
between single-case and multiple-case study approaches while outlining the
sampling procedure. According to Yin (2013), a case can represent various
entities, including individuals, organisations, decisions, events, or processes.
In this thesis, the case examined in studies I and III consists of TSP companies
within an industrial cluster. The unit of analysis in these studies is the
integration of digital transformation and sustainability (twin transition). In
Study II, the case focuses on selected actors within the LIB value chain,
spanning from mining to recycling. Like Studies I and 111, the unit of analysis
in Study II is the integration of digital transformation and sustainability (twin
transition).

A multiple-case study approach was employed to examine the units of
analysis in several companies within the industrial cluster. Multiple case
studies enable both within-case and cross-case analysis, allowing researchers
to identify similarities, differences, and emerging patterns among cases
(Gustafsson, 2017). Multiple case studies can be utilised to either discuss
similar results between the cases or highlight opposing results (Gustafsson,
2017).
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The case selection criteria in studies I and III were designed to ensure a
diverse and representative sample of 30 TSPs operating within an industrial
cluster in southern Sweden. The selection criteria included:

e Company size: Small enterprises (up to 50 employees), medium-sized
enterprises (up to 250 employees), and large enterprises, based on the
European Commission’s SME definition (Commission, 2003).

e Product and service offerings: Companies provide tailor-made digital
technology solutions for various manufacturing companies (e.g.,
polymer, wood, automotive, and medical technology).

e (Collaboration models: Companies engaged in collaborative initiatives
within the industrial cluster, including joint ventures, supplier
partnerships, and knowledge-sharing networks.

e Digital transformation and sustainability engagement: Companies are
involved in digital transformation and sustainability efforts as providers
of tailor-made technology solutions.

The empirical foundation of Studies I and III is based on a qualitative case
study of a regional industrial cluster in Sweden, consisting of 30 large, small,
and medium-sized TSP companies that primarily focus on advanced
automation, digitalisation, and sustainability. An industrial cluster refers to a
geographically concentrated network of interconnected companies, suppliers,
service providers, and institutions that collaborate to foster innovation,
enhance productivity, and drive competitive advantage (Porter, 1985). This
cluster represents an embedded, networked environment where digital
transformation and sustainability efforts are actively promoted through
collaborative mechanisms. This cluster aims to strengthen the manufacturing
company through advanced automation and digitalisation, particularly among
SMEs, to boost competitiveness and sustainability. The cluster comprises a
geographically concentrated network of TSPs, manufacturers, academic
institutions, and public-sector actors engaged in collaborative initiatives to
enhance competitiveness and sustainability.

The purpose of Study I was to investigate how collaboration among TSPs and
manufacturing companies can support sustainability and facilitate the co-
creation of long-term value. The purpose of Study III was to examine how
organisations can leverage digital technologies to foster sustainability within
manufacturing companies. Building on the findings of Study I, this study
explores the role of digital technologies in driving sustainability, particularly
by identifying key opportunities and challenges associated with the twin
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transition in industrial settings. In Study II, a different case was examined,
focusing on actors across the entire LIB value chain, from mining and
processing to manufacturing, use, and recycling. To gather relevant
perspectives, invitations were sent to a diverse group of professionals with
expertise in various stages of the LIB value chain. Participants were selected
based on their professional backgrounds and roles, including engineers,
academics, and industry experts. Selection was made through the extended
professional networks of the project team members, with an emphasis on
individuals who had demonstrated an interest in and experience with battery
technologies and sustainability. In total, 17 participants were recruited,
representing a wide range of organisational types and functional roles within
the LIB value chain. The purpose of Study II was to explore how digital
technologies can be leveraged to enhance sustainability across the LIB value
chain. The insights generated are intended to inform holistic approaches that
support innovation, circularity, and environmentally responsible practices
within the LIB value chain.

3.4.1 Data collection

In qualitative research, sampling often involves a small number of
participants, but the volume and depth of collected data can be extensive
(Fossey et al., 2002). This includes participant interviews, observation-based
field notes, and written documents, all of which contribute to a rich and
comprehensive dataset (Fossey et al., 2002). This thesis employed a multi-
method data collection strategy, incorporating semi-structured interviews,
structured surveys, and workshops to ensure comprehensive insights and
triangulation of findings.

Interviews

A key component of data collection in this thesis involved semi-structured
interviews, which allowed for flexible, structured questions to explore
participants’ experiences, challenges, opinions, and perspectives (Knott et al.,
2022).

In Study I, data collection was conducted between Fall 2020 and Spring 2021
through semi-structured interviews. Interview invitations were sent to 22 out
of the 30 member organisations in the cluster. These companies were selected
based on their relevance to the research aim and questions, particularly their
involvement in the development or implementation of tailor-made technology
solutions. Finally, interviews were conducted with representatives from 15
companies (list of respondents in Appendix A). The interviews were
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conducted online via Zoom due to logistical constraints and the COVID-19
pandemic. The interviewees were primarily company experts familiar with
their company’s technological processes and management structures. In most
cases, the participants included managing directors, founders, or owners,
while in some instances, the interviewees were professionals responsible for
sales managers. At the beginning of each interview, participants were
introduced, and the purpose of the study was explained to establish context
and ensure clarity. The interviews, which lasted between 30 and 40 minutes,
were recorded with the explicit consent of the participants. The semi-
structured interviews included these questions:

A) Providing a brief description of your business.
B) What are your company’s core competencies?
C) Who are your key collaborative partners?

D) What are two significant challenges you face in developing tailor-made
technology solutions?

The data collected through these interviews formed the empirical basis for
Study I and contributed to the publication of Papers A, B, and C.

Data collection for Study III was carried out during Spring 2024. This phase
built upon the findings from Study I while integrating additional perspectives
relevant to the evolving research focus. Study III involved a series of semi-
structured interviews with representatives from 15 companies, comprising
both large companies and SMEs, out of the 30 members of the industrial
cluster. Interview invitations were sent to 24 of the 30 cluster members. As
in Study I, interviews were ultimately conducted with representatives from
15 companies (list of interviewees in Appendix A). Of these, five identified
themselves as large companies, as they belong to larger national or
international corporate groups. These interviews focused on their operations
within their Swedish subsidiaries, which are included in this thesis. While
these companies operate similarly to SMEs in their day-to-day practices, they
do not face the same financial constraints due to their corporate affiliations.

Four of the participating companies had also taken part in Study I, while the
remaining eleven were new participants. Invitations were sent to the CEOs of
each selected company. These invitations included a brief description of the
study’s aim and an overview of the interview questions. Based on this
information, the CEOs selected the most suitable individuals within their
organisations to participate in the interviews. Participants included CEOs,
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sales managers, project managers, and business development managers. All
interviews were conducted online via Zoom and lasted between 20 and 30
minutes. Each interview began with the following questions:

A) Introduce yourself, your role, and give a brief overview of your
company’s operations.

B) What opportunities and challenges do your company face regarding
sustainability (environmental, social, and economic)?

C) How does digitalisation impact your company’s sustainability efforts?

The insights obtained through these interviews formed the empirical
foundation for Paper E.

Due to time constraints that limited the ability to explore all detailed questions
related to sustainability and digitalisation during the interviews, a
questionnaire was prepared and distributed to participants at the end of each
interview session. All interviewees completed the questionnaire immediately
after the interview concluded and returned it promptly. The questionnaire was
designed to provide quantitative validation of key themes that emerged from
the interviews, allowing for broader generalizability and statistical analysis
(Ahmad et al., 2019). The structured questionnaire contained 28 closed-ended
questions, focusing on the general information, the size of the company, the
extent of sustainable practices within companies, the integration of
sustainability in business processes, the challenges faced in implementing
sustainability initiatives, customer engagement in sustainability strategies,
and the role of digitalisation in advancing sustainability within
manufacturing. Questionnaire details can be found in Appendix B.

The development of the questionnaire was grounded in the existing literature
on digital transformation and sustainability, which was reviewed in the frame
of reference section of the thesis. The questionnaire went through a thorough
validation process before being finalised. Initially, it was reviewed and
refined through multiple feedback rounds with my supervisors to ensure
alignment with the research aim. Further validation was conducted by pre-
testing the survey with industry professionals at an industrial conference,
where key stakeholders from the targeted industrial cluster were present. The
conference participants, selected based on their familiarity with sustainability
and digitalisation, provided valuable feedback that helped refine the survey
structure. Following this external validation, an internal pilot test was
conducted within our research group at Luled University of Technology

34



Research Methodology

(LTU), where the supervisory team and fellow researchers completed the
survey to assess its clarity and effectiveness. The internal test led to minor
adjustments, enhancing the survey’s precision and reliability. Once finalised,
the survey was administered online via Google Forms, ensuring easy access
and streamlined data collection. Participants were asked to complete the
survey after their interview session and send it back to me.

Workshops

In Study II, an empirical study was conducted within a project aimed at
preparing for the electrification of the Swedish vehicle fleet, specifically
assessing the feasibility of a circular and fossil-free material supply for LIB.
As part of this initiative, two specialised workshops were organised, bringing
together 17 participants from diverse professional backgrounds, including
engineers, academics, and industry experts from the LIB sector. The
invitations were sent via electronic mail. These workshops were structured to
be interactive and knowledge-intensive, incorporating presentations,
brainstorming sessions, group activities, and facilitated discussions.
Participants contributed insights and expertise across various phases of the
LIB value chain, including raw material extraction, battery manufacturing,
distribution, and end-of-life management. Each session lasted three hours,
ensuring a comprehensive exploration of key technological and sustainability
challenges.

Extensive notes were taken during the workshops to capture valuable insights,
key points, and the outcomes of discussions. In addition to group activities
and plenary discussions, participants engaged in individual and paired
exercises focused on specific thematic areas, such as opportunities for
digitalisation in the LIB value chain, technological maturity of different
phases within the value chain, and material flow considerations throughout
the lifecycle of LIB. The data gathered from these workshops contributed to
understanding the role of digitalisation in advancing sustainability within the
LIBs value chain. The empirical data gathered from these workshops formed
the basis for Paper D.

3.5. Data analysis

3.5.1 Qualitative data analysis

This thesis employed thematic analysis to analyse the qualitative data
gathered from interviews systematically. Thematic analysis is a widely used
qualitative method for identifying, analysing, and reporting patterns (themes)
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within data, making it suitable for interview-based research (Braun & Clarke,
2006). Thematic analysis provides flexibility and accessibility, making it a
tool for exploring complex social and organisational phenomena while
ensuring a structured approach to qualitative data interpretation (Clarke &
Braun, 2013; Nowell et al., 2017).

By utilising thematic analysis, the aim of this thesis is to investigate how
digital technologies can serve as a strategic driver of sustainability in the
manufacturing sector by examining the dynamics of collaboration between
TSPs and manufacturing companies. The analysis followed Braun & Clarke’s
(2006) six-phase framework, ensuring systematic coding and theme
development, which allowed for meaningful connections between empirical
findings and theoretical constructs.

A) Phase 1: Becoming familiar with the data

The first step in thematic analysis involved immersing in the data to gain a
thorough understanding of the content. The first round of interviews was
conducted in Swedish, and the author transcribed and translated the data into
English before proceeding with coding. The translations were verified by the
author’s supervisors to ensure accuracy and consistency. In the second round
of data collection, most interviews were conducted in English, while a few
were held in Swedish, depending on the preference of the interviewees.

Braun & Clarke (2006) suggested that the transcribed interviews be read
multiple times before coding to familiarise the researcher with key themes,
recurring patterns, and important details. Notes and initial observations were
documented, forming the basis for subsequent coding. Discussions with
supervisors and research colleagues helped refine early interpretations and
ensured alignment with the research aim and questions.

B) Phase 2: Generating initial codes

The second phase involved coding the data, a process that transforms raw data
into manageable and meaningful segments. Codes are researcher-created
constructs that represent key concepts, patterns, or insights derived from the
data. They serve as the foundation of a study for theme development and
theory generation (Saldafia & Omasta, 2016).

In this thesis, preliminary codes were generated based on the research
questions and aim. Short phrases and words from participants’ responses were
systematically reviewed and coded in an Excel spreadsheet. Codes were
initially broad and descriptive but were later refined through an iterative
process involving discussions between the PhD student and supervisors. This

36



Research Methodology

iterative approach helped eliminate redundant codes, merge overlapping
ideas, and improve the clarity and reliability of coding categories.

C) Phase 3: Searching themes

Once the initial coding process was completed, the next step was to identify
broader themes by clustering related codes. Themes capture patterns of
meaning within data, helping to explain underlying trends and relationships
(Braun & Clarke, 2006). This phase involved grouping similar codes into
overarching themes and analysing how these themes aligned with the study’s
research questions. The iterative engagement with both empirical data and
theoretical literature ensured that theme development was grounded in both
practical observations and conceptual frameworks. Group discussions and
theoretical iterations were conducted multiple times to strengthen the validity
of theme identification.

D) Phase 4: Reviewing themes

Following the initial identification of themes, this phase focused on
evaluating and refining the themes to ensure coherence and validity.
According to Braun & Clarke (2006), this step involves two levels of review:

e Verify the internal consistency of themes and assess whether the coded
data adequately support each identified theme.

o Ensure overall coherence and assess whether themes accurately
represent the broader dataset, providing meaningful insights.

During this phase, some candidate themes were modified or merged to ensure
a more accurate and representative categorisation of findings. Additional data
that had been overlooked in earlier coding rounds were incorporated into
relevant themes.

E) Phase 5: Defining and naming themes

Once themes were finalised, they were organised into structured categories to
facilitate interpretation. The thematic findings were linked back to the aims
and research questions to ensure their relevance to the study’s overarching
aims.

As Braun & Clarke (2006) noted, it is crucial to develop a narrative for each
theme, explaining its significance within the broader research context. This
process involved refining the descriptive and analytical aspects of themes,
ensuring that they accurately captured key insights from the interviews.
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F) Phase 6: Producing the final report

The final phase involved synthesising the thematic analysis into a structured
report. Braun & Clarke (2006) emphasise that this phase aims to construct a
straightforward, logical, and non-repetitive narrative that effectively
communicates the key findings. The results of the thematic analysis were
presented in Papers 3 and 5, where tables were used to illustrate the
connection between interview quotes, codes, and emerging themes. These
tables provide a comprehensive view of core competencies, business
collaboration models, and challenges faced by TSPs in digital transformation
and sustainability, as well as the impact of digital technologies on
sustainability initiatives in the business.

To complement the qualitative thematic analysis, Paper E incorporated a
structured questionnaire to gain in-depth insights into digital transformation
and sustainability practices strategies. The survey data were analysed using
descriptive statistics, which summarise responses and support qualitative
findings (Joshi et al., 2015). Descriptive statistical methods were employed
to calculate the mean values and standard deviations for each survey question,
allowing for an assessment of central tendencies and response variability. Bar
charts were used to visually represent mean responses, illustrating areas of
agreement and divergence among companies.

This thesis offers a comprehensive and nuanced understanding of the research
problem by integrating qualitative thematic analysis with quantitative survey
data (Venkatesh et al., 2013).

3.6. Methodological assessment

Qualitative research is broadly defined as any study that derives conclusions
from real-world contexts, where phenomena naturally emerge rather than
relying on statistical methods or numerical quantification (Golafshani, 2003).
While reliability and validity are commonly used to assess the quality of
research, these criteria are traditionally associated with quantitative studies
(Yin, 2013). In qualitative research, trustworthiness is a more suitable
evaluation  framework, encompassing credibility, transferability,
dependability, and confirmability (Guba, 1981). These criteria ensure that
qualitative findings accurately represent participants’ perspectives, are
contextually applicable, remain consistent over time, and reflect neutral
interpretations based on empirical data. This section applies these four
dimensions to assess the methodological rigour of this thesis.
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3.6.1 Credibility

Credibility in qualitative research refers to the extent to which research
findings accurately reflect participants’ perspectives and experiences,
ensuring that the results are believable and well-founded (Bitsch, 2005). It
serves as the qualitative equivalent of internal validity in quantitative
research, focusing on whether the study’s findings accurately represent the
participants’ original viewpoints (Halldorsson & Aastrup, 2003). Credibility
is promoted through strategies such as prolonged and wvaried field
engagement, time sampling, reflexivity, triangulation, member checking,
peer examination, interview technique, establishing the researcher’s
authority, and ensuring structural coherence (Anney, 2014). In this research,
triangulation and member checks were employed to strengthen the credibility
of the findings. Triangulation “involves the use of multiple and different
methods, investigators, sources and theories to obtain corroborating
evidence” (Onwuegbuzie & Leech, 2007, p.239).

This research applied two forms of triangulation: data triangulation and
investigator triangulation. The interview data were triangulated through
company visits and the use of secondary sources. This approach ensured that
the findings were not based on a single source but instead emerged from a
diverse range of perspectives, thereby reducing bias and increasing data
integrity (Patton, 2014). Investigator triangulation was also applied, with
some researchers involved in coding, analysing, and interpreting data to
minimise subjective biases and validate emerging themes (Archibald, 2016).

Additionally, member checks were conducted by presenting selected findings
to TSPs companies for validation and feedback. This strategy ensured their
perspectives were accurately captured and represented (Anney, 2014). This
iterative approach reinforced the trustworthiness of the study and provided a
solid foundation for the research conclusions.

3.6.2 Transferability

Transferability in qualitative research refers to the extent to which findings
can be applied to other settings, contexts, or populations (Bitsch, 2005). This
thesis employed purposeful sampling to enhance transferability, selecting
TSPs that represent a diverse range of experiences, company sizes, and
industry sectors. By carefully documenting methodological choices,
including selection criteria, research settings, and participant backgrounds,
this thesis provides readers with detailed contextual information that allows
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them to assess whether the findings are applicable to their own contexts
(Bitsch, 2005).

3.6.3 Dependability

Dependability in qualitative research refers to the stability and consistency of
findings to ensure that the study’s conclusions remain valid despite changes
in context or conditions (Bitsch, 2005). This thesis followed rigorous
methodological documentation to establish dependability, detailing the
selection of cases, participant criteria, data collection methods, and analytical
procedures. This ensures that the research process is traceable and
reproducible, allowing future researchers to assess how the findings were
derived (Halldérsson & Aastrup, 2003). Additionally, an audit trail was
maintained, including recorded interviews, transcriptions, coding decisions,
and researcher notes, further enhancing the transparency and reliability of the
study (Anney, 2014).

3.6.4 Confirmability

Confirmability refers to the extent to which a study’s findings can be regarded
as neutral and verified by other researchers (Bitsch, 2005). It is essential to
demonstrate that the findings and interpretations are grounded in the data,
rather than being shaped by the researcher’s personal assumptions or
imagination, for assessing confirmability (Halldorsson & Aastrup, 2003). In
this thesis, confirmability was enhanced through data and investigator
triangulation, as detailed in Section 3.6.1. Furthermore, several experts were
involved in the interview process and supported the analysis of the collected
data. Coding structures were independently developed, and in cases of
disagreement, the coding scheme was discussed and refined until consensus
was reached. This collaborative approach not only reduced individual
researcher bias but also reinforced the traceability of interpretations.

40



4. Summary of Appended Papers

This section presents an overview of the appended papers, outlining their
contributions to understanding the twin transition. Each paper examines different
dimensions of the interplay between digital transformation and sustainability,
shedding light on the challenges, opportunities, and strategic implications for
manufacturing companies.

4.1. Paper A

Rahnama, H., Johansen, K., Larsson, L., & Ohrwall Rénnbdck, A. (2021). Exploring
digital innovation in the production process: A suggested framework for automation
technology solution providers. Procedia CIRP, 104, 803-808.

Summary

Paper A examines the role of TSPs in driving digital transformation within
manufacturing systems through a value constellation framework. Paper A
identifies four collaboration models showcasing TSPs’ versatility as system
sellers, integrators, or collaborative partners. These models integrate
technical expertise with partnerships to deliver tailor-made technology
solutions and create value across all production stages. The value
constellation framework emphasises co-creating value by aligning
technology solutions with customer needs, simplifying implementation
complexities, and fostering mutual benefits.

Paper A also addresses digital transformation as a long-term process
involving adaptation, implementation, operation, and optimisation, enabling
TSPs to address challenges while supporting sustainable practices like
resource efficiency, financial performance, and green manufacturing.

The four collaboration models include TSPs acting as both system sellers and
integrators, collaborating with external partners for component production,
manufacturing components while relying on partners for services, and
focusing exclusively on system integration with outsourced production and
services. Digital technologies such as robotics, [oT, simulations, and additive
manufacturing enable manufacturers to enhance flexibility, customise
products, and optimise operations, while TSPs leverage these technologies to
create new business models and align innovation with sustainability goals.

A schematic model, shown in Figure 3 of Paper A, illustrates the interactions
between manufacturers, TSPs, and partners, identifying co-created values
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such as resource optimisation, production flexibility, and sustainability.
Advanced digital tools like digital twins and simulations further enhance
collaboration and streamline the delivery of optimised automation solutions.

Contribution to the thesis

Paper A addresses the second research question by emphasising the
importance of fostering long-term partnerships between manufacturing
companies and TSPs to tackle digital transformation challenges and enhance
value creation across the value chain. Paper A highlights the key role of TSPs
in driving digital transformation by developing and implementing tailor-made
automation solutions that address specific needs. One of the major
contributions of Paper A is the introduction of the value constellation model,
which serves as a framework for promoting collaboration and innovation
while co-creating sustainable, long-term value among stakeholders. By
focusing on a collaboration strategy, this model helps organisations integrate
advanced technologies more effectively into production systems. The
findings align closely with providing valuable insights into how collaborative
and innovative approaches can address the complexities of digital
transformation while creating meaningful value across complex supply
chains.

4.2. Paper B

Rahnama, H., Johansen, K., & Ohrwall Ronnbdck, A. (2021, September).
Automation Technology Solution Providers’ Inter-organisational Collaboration for
Production Innovation. In 2021 26th IEEE International Conference on Emerging
Technologies and Factory Automation (ETFA) (pp. 01-05). IEEE.

Summary

Paper B explores the role of TSPs in driving digital transformation within
manufacturing systems. It examines how inter-organisational collaboration
and production innovation help TSPs deliver tailor-made automation
solutions that enhance operational efficiency and resource optimisation.
While Paper B primarily focuses on digital transformation, its findings
provide critical insights into how technological advancements and
collaboration strategies can support the twin transition by laying the
groundwork for sustainable innovation.

A conceptual framework for formulating inter-organisational collaboration is
presented in Paper B. The conceptual model focuses on three collaborative
strategy pillars: approach, arrangements, scope, and expected collaboration
advantages (e.g., outcomes and values). The collaboration approach shows
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how to create new (explorative) or improve existing collaborative
opportunities (exploitative). The collaboration scope includes all external
sources that TSPs can collaborate with in two forms of channel and consulting
advice collaboration. Collaboration arrangements determine the type of
collaborative partnering, the duration of the arrangements, and the strength of
ties between the TSPs and their partners.

The proposed conceptual model provides TSPs with a framework to evaluate
and refine their existing collaboration strategies using defined attributes. It
also highlights the strategic importance of collaboration in driving production
innovation and delivering tailor-made digital solutions that meet client-
specific needs. By leveraging this model, TSPs can develop more effective
collaboration strategies to enhance their competitive advantage and optimise
resource use. Furthermore, Paper B identifies key challenges in creating
customised technological solutions, such as addressing workforce shortages
and managing the complexity of large-scale or simultaneous projects. These
issues were also explored in greater detail in Paper C.

Contribution to the thesis

Paper B examines how digital transformation can enhance resource efficiency
and improve operational processes, while also highlighting the impact of
collaboration in driving innovation, thereby addressing the second research
question. While the paper’s primary focus is on digital transformation, its
examination of resource use and collaborative strategies reveals its broader
implications for both environmental and economic improvements in
manufacturing companies. Although Paper B does not explicitly mention the
twin transition, it addresses aspects of both technological and non-
technological innovation that can provide a foundation for both digital
transformation and sustainability.

From a technological perspective, Paper B discusses the role of digital
technologies, such as robotics, [oT, and simulations, in driving innovation.
These tools enable manufacturing companies to optimise production
processes, reduce waste, and improve energy efficiency, enhancing overall
productivity while also addressing environmental challenges. Additionally,
Paper B emphasises the importance of collaboration in promoting innovation
from a non-technological perspective. Collaboration between TSPs,
manufacturing companies, suppliers, and customers creates opportunities to
share expertise, pool resources, and solve specific production challenges.
Paper B shows how innovation can support sustainable production by
integrating technological advancements with collaborative efforts.
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4.3. Paper C

Rahnama, H., Johansen, K., Larsson, L., & Ohrwall Ronnbdck, A. (2022).
Collaboration in Value Constellations for Sustainable Production: The Perspective
of Small Technology Solution Providers. Sustainability, 14(8), 4794.

Summary

Building on the foundations established in Papers A and B, Paper C explores
a holistic approach that facilitates value creation by integrating sustainability
and digital transformation, commonly referred to as the twin transition, within
a value constellation for manufacturing companies. By emphasising
collaboration among stakeholders, including manufacturers, suppliers, and
TSPs, Paper C highlights pathways to achieve sustainable production through
digital transformation. Paper C highlights several critical challenges faced by
TSPs as they work to support the integration of digital transformation and
sustainability within manufacturing companies:

e High level of adjustments to provide a tailor-made technology solution,

e The complicated long-term process of adapting, implementing,
operating, and optimising digital technologies,

e Finding a competent workforce for tailor-made technology solution
development and

e Managing large projects of updating current technology or installing
new technology.

Moreover, the internal and external challenges faced by TSPs on their journey
toward sustainability are discussed in Paper C. Externally, a significant
challenge is the lack of motivation and demand for sustainable solutions from
customers and collaborating partners, which creates a market-driven
challenge. Internally, challenges are categorised into three main areas:

e Innovation and economic challenges: High costs associated with
developing sustainable solutions and limited financial incentives.

e Organisational challenges: Limited resources and structures within the
company to prioritise sustainability efforts.

e Management and workforce behaviour: Resistance to change, lack of
training, and insufficient awareness about sustainability initiatives.

Despite these challenges, the findings from Paper C reveal that TSPs actively
work to provide energy-efficient solutions to their customers, even when
demand is minimal. By fostering stronger consumer demand within the value
constellation, TSPs can further enhance their commitment to sustainability.
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Another key contribution is the development of a collaborative process model
that demonstrates how holistic strategies can address value-creation
challenges. The model outlines the following steps:

o Identifying collaboration needs: Focusing on shared goals across three
social, environmental, and economic sustainability pillars.

e Partner selection: Utilising explorative (forming new partnerships) and
exploitative (strengthening existing partnerships) strategies to align
stakeholders with digital transformation and sustainability objectives.

e FExecuting collaborative actions: Pooling technological and non-
technological resources such as automation, loT, workforce expertise,
and innovative organisational practices to generate synergistic value
across the network.

e  Resolution and evolution: Ensuring alignment by addressing conflicts
and iteratively refining strategies to meet evolving digital
transformation and sustainability goals.

The proposed model, presented in Figure 3 of Paper C, provides a structured
framework to guide TSPs and other stakeholders in identifying and engaging
in effective collaborations that support the integration of digital
transformation and sustainability within value constellations. It is
strategically designed to facilitate partnerships and collaborative efforts that
address the TBL aspects of sustainability, environmental, social, and
economic.

Contribution to the thesis

Paper C explores the role of TSPs in facilitating the twin transition,
integrating digital transformation and sustainability, within manufacturing
value constellations. While TSPs are primarily recognised for their technical
expertise, their contributions extend to collaborative innovation, including
organisational change, knowledge sharing, and capacity building across
industrial networks. The study identifies key challenges to adopting
customised digital and sustainable solutions, addressing the first research
question. These include high development costs, limited financial incentives,
lack of customer demand, and workforce shortages, alongside the complexity
of long-term digital transformation. Such challenges are not merely technical
but also organisational and systemic, necessitating stronger collaboration
among stakeholders. The proposed value constellation approach emphasises
co-creation, knowledge exchange, and resource distribution to enhance
adoption and ensure SMEs remain competitive in an evolving regulatory
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landscape. The findings reinforce that digital transformation and
sustainability should be approached together rather than as distinct
challenges. TSPs serve as both technology enablers and strategic partners,
aligning operational goals with the imperatives of sustainability and digital
transformation.

This also contributes to the second research question, demonstrating how
collaboration between TSPs and manufacturers addresses internal and
external challenges while enabling the co-creation of technology solutions for
sustainable production.

4.4. Paper D

Rahnama, H., Johansen, K., & Ohrwall Ronnbiick, A. (2024). Integration of Circular
Value Chains and Digitalization: A Focus on Lithium-Ion Battery Material Value
Chain. In 11th Swedish Production Symposium (SPS2024), Trollhdttan, Sweden,
April 23-26, 2024 (pp. 564-573). 10S Press.

Summary

Paper D examines how integrating circular value chains with digitalisation
can facilitate value creation in the twin transition, focusing on the lithium-ion
battery (LIB) material value chain. It builds on the principles of circular
economies to address resource efficiency challenges, reduce carbon
footprints, and promote sustainable material flows within a digitalised
industrial framework.

Unlike previous papers that focus on collaboration and TSPs, Paper D
broadens the scope by emphasising material circularity and resource
efficiency as critical aspects of the twin transition. By integrating circular
value chain principles with digital technologies, Paper D extends the
discussion on value constellations to address the physical and material
dimensions of sustainability, offering a more comprehensive approach to
achieving sustainable value creation.

Paper D presents a conceptual illustration that integrates digitalisation across
all stages of the LIB value chain, linking the principles of circularity to
broader sustainability and innovation goals. The model emphasises lifecycle
optimisation by leveraging digital tools such as IoT, blockchain, and data
analytics to enable efficient tracking, recovery, and reuse of materials,
thereby closing the loop in the LIB value chain. Additionally, it highlights the
role of digital technologies in reducing the carbon footprint by facilitating
precise monitoring and minimising emissions throughout production and
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recycling processes. Furthermore, the model underscores the importance of
enhanced transparency and collaboration, as digital systems ensure
traceability, foster trust, and promote alignment among stakeholders across
the value chain.

Contribution to the thesis

Paper D complements the research aim by reinforcing the importance of a
holistic framework that integrates sustainability and digital transformation. It
addresses the second and third research questions by demonstrating how
digital technologies, combined with circular value chain principles, can
unlock new forms of value creation. Specifically, the paper argues that:

e The twin transition requires technological and organisational
innovations, as well as the deep integration of material circularity, to
achieve long-term sustainability goals.

e A holistic approach must address operational and environmental
dimensions, ensuring value constellations extend to physical resource
optimisation alongside stakeholder collaboration.

e Digital tools can bridge gaps between sustainability objectives and
economic performance, enabling organisations to achieve competitive
advantages while meeting environmental and social responsibilities.

Paper D advances research by expanding the understanding of value
constellations to include circular material flows and highlighting the pivotal
role of digitalisation in enabling the twin transition. This complements prior
research on TSPs and collaboration while addressing gaps related to material
sustainability and the operational complexities of circular production
systems.

4.5. Paper E

Rahnama, H., Johansen, K., & Ohrwall Ronnbiick, A. (202X). The Twin Transition:
Driving Sustainability Through Digital Transformation in Manufacturing. (Under
revision (revise & resubmit) at a peer-reviewed academic journal)

Summary

Paper E aims to critically examine the multifaceted dimensions of the twin
transition within the manufacturing companies. As sustainability becomes a
key factor for long-term business success, manufacturing companies are
finding it essential to embrace eco-friendly practices. At the same time, digital
technologies can be used to enhance their operational efficiency. However,
manufacturing companies face significant challenges, including high costs of
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sustainable technologies, resistance to change, regulatory complexities, and
supply chain limitations. Therefore, it is essential to examine the relationship
between digital transformation and sustainability from both perspectives,
with a focus on identifying potential opportunities and challenges.

Paper E provides a comprehensive review of the relevant literature,
summarising the key challenges that manufacturing companies face in digital
transformation and sustainability practices. The primary challenges
associated with sustainability include financial, organisational, market,
supply chain, regulatory, and data-related challenges. Financially, companies
struggle to balance environmental and economic aspects while facing high
investment costs and uncertainty regarding returns on environmentally
friendly technologies. Organisational challenges include resistance to change,
limited knowledge of sustainability practices, uncertainties regarding
benefits, difficulties in integrating sustainability across operations, and
cultural challenges. Market and supply chain challenges stem from limited
supplier commitment and cooperation, as well as weak demand for
sustainable products in the market. Regulatory challenges also pose an issue,
as many regulations favour conventional production processes over
sustainable alternatives.

Additionally, challenges related to metrics and data include difficulties in
minimising environmental footprints, as well as measuring and demonstrating
progress effectively. The literature also highlights the challenges
manufacturing companies face in their digital transformation efforts, which
include financial, organisational, data management, system integration, and
sustainability concerns. Financially, digital transformation requires high
investments, particularly for SMEs, and limited access to external funding
exacerbates the issue. Companies also struggle with uncertain profitability
and difficulties in transforming their business models. Organisational
challenges include workforce upskilling, data management issues,
employment disruptions from automation, insufficient training and support
for implementing new technologies, and difficulties in maintaining
stakeholder engagement.

Data management presents security risks due to the large volumes of data
generated by digital technologies. At the same time, system integration
challenges arise from legacy system incompatibilities and the need to align
digital technologies with existing business processes. Sustainability concerns
further complicate digital transformation, as companies must address
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environmental sustainability challenges related to energy consumption and
waste management.

Despite these challenges, digital transformation provides numerous
opportunities for driving innovation in manufacturing. Technological
innovation in process improvement can enhance operational efficiency,
reduce downtime, and optimise data collection, inventory management, and
product customisation. Advanced technologies such as IoT, smart devices,
and big data analytics enable continuous process optimisation, improved
safety through robotics, and increased sustainability by optimising resource
use and minimising waste. In terms of product innovation, digital
transformation supports the development of smart connected factories,
enhances product quality through high-resolution measurement tools and
machine learning, and fosters the creation of new products and services.
Additionally, it improves productivity by enabling faster development and
design using augmented reality and 3D printing. Beyond technological
innovation, digital transformation offers non-technological benefits, such as
market innovation, which enhances the competitiveness of SMEs in both
developed and emerging markets. It also enhances customer experience and
engagement through digital technologies, including cloud computing, IoT,
and Al Decision-making support is another key opportunity, as real-time data
analytics enable better monitoring and centralised operations. Furthermore,
businesses can benefit strategically by reconfiguring their models to leverage
technological advancements, fostering collaboration and partnerships through
data-driven insights.

The reviewed literature also highlights how digital transformation contributes
to technological and non-technological innovation in manufacturing. By
integrating advanced digital technologies, companies can enhance efficiency,
reduce their environmental impact, and develop new business models that
align with sustainability goals. Process innovation leads to resource
efficiency, waste reduction, energy optimisation, increased flexibility,
predictive maintenance, data-driven environmental monitoring, reduced e-
waste, and lower emissions. Non-technological innovation encompasses
green supply chain practices, fostering sustainable value chains, creating a
circular economy, and business model innovation. Organisational
management is also enhanced through job creation, economic growth, and
stronger collaboration among stakeholders. Ultimately, digital transformation
offers manufacturing companies a pathway to achieve both economic success
and sustainability through innovation and strategic adaptation.
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Moreover, Paper E investigates how businesses utilise digital technologies to
implement sustainable practices, as well as the challenges and opportunities
that accompany this approach, through an empirical study. The outcome of
the empirical study and the themes identified during the interviews are used
to propose a sustainability implementation framework based on the Plan-Do-
Check-Act (PDCA) model (Gidey et al., 2014; Isniah et al., 2020). This
framework provides a structured approach to integrating sustainability into
business operations, emphasising governance, strategy, monitoring, and
continuous improvement.

Paper E explores the integration of digital technologies across all phases of
the PDCA cycle, emphasising their role in enhancing sustainability within
industrial operations. The findings underscore the transformative impact of
advanced technologies, such as artificial intelligence, digital twins, and data
management systems, in enhancing both operational efficiency and
environmental performance, particularly during the operational phase. These
technologies facilitate real-time monitoring, predictive maintenance, and
process optimisation, leading to reduced energy consumption and minimised
resource waste. However, the empirical results reveal a significant gap in the
application of digital technologies across other phases of the PDCA cycle.
Specifically, during the Plan phase, no significant adoption of digital tools
was observed among TSPs, suggesting a missed opportunity to leverage data-
driven decision-making from the outset. Furthermore, the Act and Check
phases have received only limited attention, indicating that while digital
technologies are effectively utilised in execution and operational
improvements, their potential for continuous monitoring, assessment, and
corrective actions remains underexplored. These findings highlight the need
for a more integrated approach to digital transformation that extends beyond
operations to support comprehensive, data-informed sustainability strategies
across all phases of the PDCA cycle.

Contribution to the thesis

Paper E contributes to the first and third research questions by exploring the
intersection of digital transformation and sustainability in manufacturing. It
identifies key challenges companies face, such as financial constraints,
resistance to change, regulatory challenges, and market limitations, while
highlighting the potential of digital technologies to drive both technological
and non-technological innovation. Through a literature review and empirical
study, Paper E examines how businesses use Al, digital twins, and data
management to enhance operational efficiency and environmental
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performance. A key contribution is the sustainability implementation
framework based on the PDCA model, which provides a structured approach
for integrating sustainability into business operations. This directly supports
the research questions by offering insights into a holistic framework,
collaborative networks, and the role of digital tools in sustainable production.
Paper E reinforces the research’s aim of developing a strategic approach to
the twin transition, ensuring that sustainability is not just an operational add-
on but a core part of manufacturing innovation.
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5. A framework to drive sustainability
through digital transformation and
collaboration

This section provides a structured framework for integrating digital transformation
and sustainability in manufacturing, known as the twin transition. Building on
previously identified challenges and opportunities, this chapter highlights the role of
digital technologies in accelerating sustainability.

5.1. Challenges of adopting sustainability and digital
transformation

The findings of this thesis reveal that both manufacturing companies and
TSPs face a complex set of challenges and opportunities as they attempt to
navigate the twin transition. These challenges are both internal and external,
and often intersect across operational, strategic, and technological
dimensions.

5.1.1 Challenges regarding sustainability and digital transformation

Manufacturing companies and TSPs face a range of both internal and external
challenges when attempting to adopt sustainability and digital transformation.
These challenges stem from financial, organisational, technical, and market-
related challenges that impact their ability to integrate sustainability and
digital transformation, as shown in Figure 3. The lack of structural incentives
limits financial and human resources, and the absence of clear market demand
for sustainable solutions further hinders the pursuit of sustainability.

In Paper C, empirical findings and literature data reveal that the challenges
faced by TSPs regarding sustainability can be broadly classified into internal
and external challenges. Internally, TSPs face limited financial resources,
which hinder investments in sustainable solutions and long-term innovations,
as well as a notable lack of dedicated research and development. TSPs often
struggle to allocate the necessary financial and human resources for
sustainability initiatives. TSPs also face the challenge of high workforce costs
associated with recruiting and retaining skilled employees in sustainability
roles, which places additional strain on their budgets. Furthermore, many
SMEs, including TSPs, prioritise immediate operational concerns and
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customer demands over sustainability, leading to a lower internal focus on
sustainable practices.

Externally, as revealed by data from Paper C, TSPs often experience reduced
incentives to develop tailor-made technology solutions to drive sustainability
due to low customer demand, with manufacturing clients generally
prioritising cost efficiency over sustainability. Data from Paper E, collected
three years later, shows an increase in customer demand for sustainability
during this period, although it remains a challenge. TSPs are also challenged
by complex regulatory environments, having to navigate a numerous of
national and international regulations on sustainability and digital
transformation, and are further constrained by a lack of adequate financial
incentives or policy support from governments and industry regulators to aid
in their transition towards sustainable practices.

Manufacturing companies encounter significant challenges when integrating
digital transformation and sustainability into their business models and
operations, as shown in Figure 3. In Paper E, these challenges are categorised
into financial, organisational, market, regulatory, and data-related challenges.
Financially, manufacturers struggle to balance environmental and economic
goals while maintaining profitability, with high investment costs and
uncertainty regarding returns on advanced technologies. Organisationally,
there is resistance to change and cultural challenges in adopting sustainable
practices, coupled with limited knowledge and awareness of sustainability
approaches, as well as difficulty in integrating these practices across various
operational levels. Market-related challenges include limited supplier
commitment to sustainability, low market demand for environmentally
friendly products, and competitive pressures from conventional
manufacturing methods that are often more cost-effective. Regulatory
challenges involve complex and sometimes inconsistent regulations that
favour traditional production models, as well as bureaucratic challenges in
obtaining sustainability certifications and approvals. Finally, data-related
issues include the lack of adequate tools to assess and measure sustainability
progress, as well as the absence of industry-wide standards for evaluating
environmental impact.
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Figure 3. Observed challenges of digital technologies and sustainability in manufacturing
companies and technology solution providers (TSPs)

Alongside sustainability-related challenges, manufacturers also face
significant challenges in adopting digital transformation. As noted in Paper
E, while the potential benefits of technologies such as Al, IoT, digital twins,
and data analytics are widely acknowledged, their implementation is often
constrained by high upfront investment costs, limited digital maturity, and
workforce capability gaps. Many SMEs lack the financial flexibility to adopt
advanced technologies and are frequently unable to secure external funding
or support. Organisationally, digital transformation requires substantial
cultural and structural changes. Companies must reskill their workforce,
adapt existing processes, and align new technologies with legacy systems.
The integration of digital technologies into existing operations is often
hampered by fragmented infrastructures, a lack of strategic digital roadmaps,
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and difficulties in maintaining stakeholder engagement. Additionally, the
large volume of data generated by smart technologies introduces concerns
related to data privacy, cybersecurity, and the need for robust data governance
frameworks.

Despite these multifaceted challenges, the twin transition presents several
opportunities for manufacturers, as highlighted in Paper E. Digital
technologies are seen as powerful enablers of both operational efficiency and
environmental performance. The adoption of smart systems facilitates real-
time monitoring, predictive maintenance, and process optimisation, which in
turn supports resource efficiency, waste reduction, and emissions control.
These technologies also allow for more flexible and customised production,
contributing to higher product quality and faster time-to-market. Moreover,
digital transformation drives innovation in both products and business
models. Companies are increasingly able to develop smart, connected
products, implement circular economy principles, and establish data-driven
decision-making processes. The integration of digital platforms enhances
transparency and traceability across supply chains, improves customer
engagement, and facilitates new forms of collaboration with external partners.
When aligned with sustainability goals, these capabilities can lead to
significant competitive advantages and long-term value creation.

The findings in Paper E suggest that manufacturers must move beyond pilot
implementations and ad-hoc initiatives toward a more strategic and integrated
approach. To unlock the full potential of the twin transition, companies need
to embed sustainability objectives into their digital transformation strategies
and vice versa. This includes aligning technology investments with
environmental targets, incorporating sustainability metrics into digital
performance evaluations, and developing governance structures that support
cross-functional integration.

Finally, as discussed in Paper C, collaboration emerges as a key enabler for
overcoming both digital transformation and sustainability challenges.
Strategic partnerships with TSPs, suppliers, policymakers, and research
institutions can facilitate resource sharing, accelerate innovation, and support
the co-development of tailor-made technology solutions. Through such
collaboration, manufacturers can mitigate internal and external challenges
while positioning themselves for a more resilient and sustainable industrial
future.

55



A framework to drive sustainability through digital transformation and collaboration

5.2. Collaboration as a driver for sustainability and circularity

The findings of this thesis underscore the pivotal role of collaboration in
addressing the challenges that TSPs and manufacturing companies encounter
during the transition to digital transformation and sustainability.
Collaboration has been examined through two dimensions: collaborative
processes and collaborative networks, conceptualised as a value constellation.
Together, these dimensions form a comprehensive framework for co-creating
technology solutions that drive sustainable practices within manufacturing
companies, as discussed in Section 5.2.3.

5.2.1 Collaborative process for sustainable production

The proposed collaborative process in Paper C provides a structured
framework for fostering sustainable production, enabling companies to
collectively navigate the evolving industrial landscape and create long-term
competitive advantages. By strategically identifying collaborative partners,
TSPs can enhance project management efficiency, particularly in large multi-
organisational initiatives that require complex integration, implementation,
and optimisation of tailor-made technology solutions. This approach is
crucial in addressing the increasing demand for a competent workforce
capable of managing emerging technologies, a challenge that can be mitigated
by leveraging external expertise through collaboration.

Through collaboration, several critical challenges identified in Paper C can
be mitigated. Financial constraints, which often hinder investments in
sustainable and technological solutions, can be addressed through cost-
sharing in collaborative networks, allowing TSPs and manufacturers to pool
resources and infrastructure. Limited technological expertise, particularly
among SMEs, can be overcome by leveraging knowledge exchange between
TSPs, manufacturers, and industry partners, facilitating the integration of
tailor-made technology solutions. The study also highlights that explicit
customer demand for sustainable solutions remains low, reducing the
incentive for TSPs to develop such technologies. However, collaboration can
help raise market awareness by demonstrating the long-term economic
benefits of sustainability and regulatory compliance. Additionally, the high
implementation costs of digital transformation present a challenge for
individual companies; however, collaborative partnerships enable a gradual
adoption and risk-sharing approach.
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5.2.2 Collaborative networks for the co-creation of tailor-made
technology solutions to foster sustainability

Effective value co-creation in the twin transition necessitates a holistic
approach that recognises the interplay between digital transformation and
sustainability. This approach demands collaborative efforts among diverse
stakeholders, including manufacturers, suppliers, technology solution
providers, policymakers, and other key actors. Instead of isolated
technological advancements or singular sustainability initiatives, this
approach fosters a shared ecosystem where these stakeholders collectively co-
design, develop, and implement technological solutions to support
sustainability. This value co-creation framework is visualised as a “value
constellation” in Papers A and C.

The value constellation approach proposed in Papers A and C can foster a
comprehensive and inclusive transformation beyond conventional efficiency-
driven goals. It ensures that technological innovation in areas such as
automation, [oT, digital twins, and Al-driven analytics is strategically
leveraged to enhance economic competitiveness, promote environmental
responsibility, and foster social well-being. Instead of focusing solely on cost
reduction or operational efficiency, this perspective emphasises the
integration of sustainability principles into digital transformation efforts,
aligning industrial advancements with broader societal and environmental
objectives.

Papers A, B, and C highlight the crucial role of TSPs in driving the transition
toward digital transformation and sustainability, emphasising their impact as
system integrators, technology solution providers, and collaborative partners
in value constellations. TSPs can help bridge the gap between emerging
technologies and their practical application in manufacturing. Their expertise
enables them to develop tailor-made technology solutions to industry-specific
needs, making it easier for businesses to integrate smart manufacturing
technologies that drive both efficiency and sustainability.

Furthermore, Papers A, B, and C underscore how collaborative networks and
value constellations enhance the impact of TSPs. By working closely with
manufacturers, suppliers, and other stakeholders, they facilitate the adoption
of sustainable and resilient production systems, ensuring that digital
transformation is not just a technological upgrade but a strategic shift toward
long-term value co-creation. Through their role in optimising production
processes, reducing waste, and enabling energy-efficient operations, TSPs
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help industries navigate the twin transition, simultaneously advancing digital
innovation and sustainable practices in a way that benefits the entire industrial
ecosystem.

Extending this perspective, Paper D introduces an additional dimension by
examining how integrating circular value chains with digitalisation can
facilitate value creation within the twin transition, particularly in the LIB
value chain. Unlike previous studies that focus primarily on collaboration and
TSPs, Paper D broadens the scope by emphasising material circularity and
resource efficiency as critical aspects of sustainable transformation. It builds
on circular economy principles to address the challenges of resource
efficiency, carbon footprint reduction, and sustainable material flow within a
digitalised industrial framework. This perspective expands the discussion on
value constellations to incorporate the physical and material dimensions of
sustainability, ensuring a more comprehensive approach to achieving
sustainable value creation.

5.2.3 A framework to leverage collaboration to navigate the challenges
of sustainability and drive value co-creation

Drawing on the preceding sections, this thesis proposes a comprehensive
framework that integrates the collaborative process (Section 5.2.1) and
collaborative networks (Section 5.2.2) into a unified value constellation
model. At its core, the framework conceptualises collaboration as a dual
structure (collaborative process and collaborative network), as shown in
Figure 4:

e The collaborative process presented in Paper C provides a structured
sequence of actions that guides companies in identifying collaboration
needs, formulating strategies, executing joint actions, resolving
conflicts, and evolving. This process is essential for coordinating
efforts, aligning objectives, and ensuring continuity in complex, multi-
organisational digital transformation projects.

e The collaborative network presented in Papers A and C represents the
ecosystem of actors, TSPs, manufacturing companies, suppliers, and
customers, who contribute resources, knowledge, and legitimacy to the
co-creation process. These networks foster trust, knowledge exchange,
and innovation across organisational boundaries.

Together, these two components form the foundation of a value constellation
model for implementing digital technologies to drive sustainability, as shown
in Figure 4.
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Figure 4. A value constellation model for the implementation of digital technologies to drive

sustainability

To answer RQ2, the proposed framework in Figure 5 illustrates the main
outcomes of the collaboration in mitigating digital transformation and
sustainability challenges, the co-creation of sustainability values, and support
for circularity.

Mitigation of twin transition challenges: Collaborative engagement
helps companies overcome significant internal challenges such as a
lack of skilled personnel, insufficient sustainability infrastructure, and
limited technological expertise. Simultaneously, external challenges
such as financial constraints, low customer demand for sustainable
solutions, and market uncertainty can be addressed through
collaborative partnerships that facilitate cost-sharing, the gradual
adoption of digital technologies, and collective efforts to raise market
awareness about the long-term value of sustainability.

Co-creation of sustainability values: The framework supports the joint
development of tailor-made technology solutions that enhance
operational efficiency, minimise environmental impact, and promote
social impact. By embedding sustainability objectives into
technological innovation, collaboration becomes a means of generating
shared value across environmental, social, and economic dimensions.

59



A framework to drive sustainability through digital transformation and collaboration

o Support for circular economy integration: As extended in Paper D, the
framework incorporates material circularity within collaborative
initiatives, enabling stakeholders to co-develop solutions that reduce
waste, lower emissions, and promote resource efficiency. This expands
the focus of collaboration from digital efficiency alone to include
broader sustainability goals, such as closed-loop production systems
and sustainable material flows.

Challenges of twin transition

Manufacturing companies
+ Limited supplier
commitment and
cooperation
« Limited market demand for
sustainable products

TSPs
Lack of motivation and
demand from customers and
collaborative partners

Market and business

Manufacturing companies
* High costs and uncertain
returns of advanced
technologies

TSPs
* High skilled staff cost.
« High pressure for the
product price

Financial

Manufacturing companies
¢ Limited knowledge of
sustainability practices

TSPs
« Lack ofa supporting
organization for
sustainability due to limited
staff and lower priorities

Organizational

Value constellation of TSPs
and manufacturing value
chain

&

Identify the
need for
collaboration

Collaboration
strategy
development

Collaborative
process

Collaborative
actions

Collaboration
evolution

Collaboration
resolution

m

mm

Outcomes of collaboration

Lack of skilled
workforce

Financial constraints
Limited technological
knowledge

Low market demand
for sustainability

Mitigation of twin
transition challenges

Co-develop
technologies
enhancing efficiency
while advancing
environmental and
social sustainability.

Co-creation of
sustainability values

Including material
circularity in
collaboration expands
digital transformation’s
impact on resource
efficiency. lower
emissions, and closed-
loop value chains.

Support for circular
economy integration

Figure 5. A framework for twin transition to drive sustainability through digital
transformation and collaboration between manufacturing companies and technology solution

providers (TSPs).

The proposed framework illustrates that twin transition is not solely a matter
of individual company capabilities but rather a systemic outcome of

intentional,

structured collaboration. By coordinating efforts

across

organisational and disciplinary boundaries, the value constellation model
offers a practical and strategic pathway for TSPs and manufacturing
companies to jointly overcome twin transition challenges and build resilient,
sustainable production systems.

60



A framework to drive sustainability through digital transformation and collaboration

5.3. Strategic approach to sustainability

Achieving sustainability requires a structured and strategic approach that
integrates digital transformation with established environmental management
frameworks. This thesis presents a conceptual model in Paper E, based on
International Organisation for Standardisation (ISO) 14001, associated with
the implementation of Environmental Management Systems (Da Fonseca,
2015), a globally recognised environmental management system that follows
the structured Plan-Do-Check-Act (PDCA) cycle (Gidey et al., 2014; Isniah
et al, 2020), shown in Figure 6. The proposed framework can help
manufacturing companies to systematically plan, implement, monitor, and
continuously improve their environmental management practices.

Strategy
development

Improvement Governance

Innovation Awareness

Resources

Contimous
improvement

Monitoring Operation

Sustamability design
Waste

assessment

Carbon management

Supply cham
management

Figure 6. Sustainability PDCA framework (inspired by Da Fonseca, 2015) (see Paper 5)
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5.3.1 Integrating sustainability into strategic planning (Plan phase)

The Plan phase serves as the foundation for sustainability by setting clear
strategies and governance structures. An important aspect is developing a
comprehensive sustainability approach that integrates environmental, social,
and economic dimensions. While balancing these dimensions is challenging
for manufacturing companies, it is essential for mitigating risks and
generating long-term value for both businesses and society.

The empirical findings of Paper E identified three essential governance
elements for sustainability as awareness, resource allocation, and competence
development. Building awareness ensures that sustainability principles are
understood and embraced at all organisational levels, fostering a shared
commitment to environmental and social goals. Resource allocation plays a
crucial role by providing the necessary financial, human, and technological
resources to support sustainability initiatives effectively. Additionally,
competence development equips employees with the skills and knowledge to
implement and sustain innovation-driven sustainability practices, ensuring
long-term success and continuous improvement.

Addressing organisational resistance to change and limited knowledge of
sustainability practices during this phase is critical. Through proactive
planning, companies can create structured roadmaps that guide the
transformation towards sustainable business models while mitigating
potential challenges.

5.3.2 Implementing sustainability through operational excellence (Do
phase)

The Do phase is where sustainability strategies are implemented, ensuring
that planned initiatives are effectively executed across key operational areas.
This phase emphasises five critical domains that are essential for achieving
sustainable outcomes: eco-design, process design, waste management, energy
management, and supply chain management. The Do phase focuses on
integrating sustainable practices across key operational areas. Eco-design
minimises resource use and waste from the start of product development,
while process design enhances efficiency and reduces emissions. Energy
management reduces consumption by utilising low-carbon technologies,
thereby addressing rising costs and climate change regulations. Waste
management follows the principles of reduce, reuse, and recycle to retain
material value and limit resource depletion. Lastly, supply chain management
incorporates green practices across sourcing, production, and logistics,
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reducing environmental impact while improving cost efficiency and product
quality.

Challenges in this phase include high costs of sustainable technologies,
limited supplier commitment, weak market demand for sustainable products,
and the complexity of integrating sustainability across operations.
Overcoming these challenges requires strategic investments in digital
transformation, collaboration with key stakeholders, and the effective use of
incentives to drive sustainable development.

5.3.3 Monitoring and evaluating sustainability performance (Check
phase)

The Check phase focuses on monitoring, measuring, and evaluating
sustainability performance to ensure continuous improvement and regulatory
compliance. Empirical findings from Paper E highlighted that manufacturing
companies and TSPs establish key performance indicators (KPIs) and utilise
recognised reporting frameworks to enhance transparency in their
sustainability efforts. Moreover, carbon footprint management was
mentioned as a critical KPI for tracking environmental performance, which
involves tracking and reducing emissions using tools like life cycle
assessments. Additionally, compliance with environmental regulations and
standards is crucial for mitigating legal and reputational risks.

However, many companies face challenges due to inefficient reporting
structures and difficulties in tracking sustainability metrics. Leveraging
advanced data analytics and digital dashboards can enhance real-time
monitoring, improve reporting accuracy, and streamline compliance
processes, ultimately strengthening sustainability management.

5.3.4 Continuous improvement through digital technologies (Act phase)

The Act phase emphasises continuous improvement and innovation by
implementing corrective and preventive actions based on insights from the
Check phase, ensuring ongoing enhancements in sustainability and
environmental performance. The findings of Paper E emphasise the potential
of digital technologies in driving continuous improvement in sustainability
practices, enabling organisations to enhance efficiency, optimise resource
use, and strengthen environmental performance. loT devices facilitate real-
time monitoring of environmental metrics, while Al and machine learning
analyse data to predict and mitigate sustainability challenges. Additionally,
digital platforms improve transparency, improve reporting accuracy, and
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foster stakeholder engagement. By integrating these technologies, companies
can drive innovative solutions, remain adaptable to evolving sustainability
demands, and strengthen the effectiveness of their environmental strategies.

5.4. Opportunities of twin transition for sustainable production

The concept of the twin transition, which combines digital transformation
with sustainability efforts, presents a valuable opportunity for industries to
enhance efficiency while minimising their environmental footprint. As
businesses face increasing pressure to adopt sustainable practices, digital
technologies offer innovative solutions that can streamline operations,
optimise resource utilisation, and generate long-term economic benefits. This
thesis explored the opportunities of twin transition through the lens of
sustainable innovation in Paper E, focusing on two key dimensions:
technological and non-technological innovation. The application of digital
technologies across different stages of the proposed sustainability
implementation framework, based on the PDCA model, is presented in Figure
7.

5.4.1 Technological innovation for sustainability

Based on the findings from Paper E, which draws from both the literature
review and empirical study, digital transformation plays a crucial role in
driving process innovation. It enables businesses to streamline operations,
reduce waste, and enhance overall efficiency, ultimately contributing to more
sustainable and productive industrial practices. Resource efficiency and waste
reduction can be achieved through smart manufacturing, automation, and Al-
driven optimisation, ensuring that materials and energy are utilised more
effectively. Additionally, energy optimisation through IoT-based energy
management systems and smart grids helps industries reduce energy
consumption and operational costs.
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Figure 7. Application of digital technologies through different stages of the proposed
sustainability implementation framework (see Paper E)

Another key opportunity is increased productivity and flexibility, as digital
technologies facilitate real-time data analysis, adaptive production systems,
and smart logistics. These innovations enhance efficiency and support
sustainability goals by reducing unnecessary resource use. Predictive
maintenance, powered by Al and machine learning, further contributes to
sustainability by preventing equipment failures, extending the lifecycles of
machinery, and reducing material waste. Moreover, data-driven
environmental monitoring enables businesses to track emissions, resource
consumption, and waste generation in real-time, allowing them to make
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informed decisions and comply with sustainability regulations. This
integration also helps reduce e-waste and resource depletion, as technology
solutions promote responsible recycling and circular resource management.
Furthermore, digital transformation plays a crucial role in reducing emissions,
as smart logistics, remote operations, and automation contribute to lower
carbon footprints and improved environmental performance.

5.4.2 Non-technological innovation for sustainability

The integration of digital transformation and sustainability extends beyond
technological advancements, as evidenced by findings in Paper E, to foster
non-technological innovations that reshape business models, supply chains,
and organisational structures. Green supply chain practices and sustainable
value chains benefit from digital technologies by improving transparency,
traceability, and efficiency in sourcing and production. These advancements
enable businesses to optimise resource use, reduce waste, and ensure
compliance with environmental standards.

Business model innovation plays a crucial role in the twin transition as
companies shift towards more sustainable practices such as servitization,
circular economy strategies, and digital platforms that prioritise
sustainability. The creation of circular economies and circular supply chains
further supports this transformation by extending product lifecycles,
enhancing recycling and remanufacturing processes, and minimising resource
depletion.

From an organisational perspective, integrating digital transformation with
sustainability contributes to job creation and economic growth by increasing
demand for new skills and fostering innovation-driven employment
opportunities. Additionally, collaboration and stakeholder engagement are
strengthened through digital platforms that facilitate partnerships between
businesses, policymakers, and consumers. These advancements promote
collective sustainability efforts, ensuring companies align their strategies with
broader environmental and social objectives.

5.4.3 Gaps in twin transition adoption

The findings of Paper E highlight the transformative impact of advanced
technologies, including artificial intelligence, digital twins, and data
management systems, on sustainability. Empirical findings suggest that
digital technologies can enhance both operational efficiency and
environmental performance, particularly during the operational phase. These
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technologies facilitate real-time monitoring, predictive maintenance, and
process optimisation, leading to reduced energy consumption and minimised
resource waste.

However, the empirical results reveal a significant gap in the application of
digital technologies across other phases of the PDCA cycle, as presented in
Section 5.3. Specifically, during the Plan phase, no significant adoption of
digital tools was observed among technology solution provider companies,
suggesting a missed opportunity to leverage data for decision-making from
the outset. Furthermore, the Act and Check phases have received only limited
attention, indicating that while digital technologies are effectively utilised in
execution and operational improvements, their potential for continuous
monitoring, assessment, and corrective actions remains underexplored.

These findings highlight the need for a more integrated approach to digital
transformation that extends beyond operations to support comprehensive,
data-informed sustainability strategies across all phases of the PDCA cycle.
By embedding digital tools in strategic planning, continuous assessment, and
corrective processes, companies can enhance resilience, drive sustainable
innovation, and ensure long-term environmental and economic benefits.
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This section discusses the theoretical and managerial contributions of the study,
highlighting its implications for both research and industry. Theoretically, it
advances the understanding of the twin transition by presenting a holistic framework
that integrates digital transformation and sustainability, addressing key challenges
and opportunities. From a managerial perspective, it provides practical guidance on
leveraging digital technologies to enhance sustainability efforts.

6.1. Theoretical contributions

The aim of this thesis is to investigate how digital technologies can act as a
strategic enabler of sustainability in the manufacturing sector by focusing on
the dynamics of collaboration between TSPs and manufacturing companies.
This thesis builds upon and contributes to the existing literature on the
integration of digital transformation and sustainability (Guandalini, 2022;
Irajifar et al., 2023; Jamwal et al., 2023; Z. Wang et al., 2023). While previous
studies have explored the intersection of digital transformation and
sustainability, limited attention has been given to strategic guidance on how
organisations can effectively integrate these technologies to achieve
sustainability goals (Alojail & Khan, 2023; Guandalini, 2022). This thesis
advances the theoretical understanding of how the intersection of digital
transformation and sustainability fosters sustainable production, emphasising
the critical role of TSPs in collaborating with manufacturing companies to
navigate twin transition challenges.

Research Question 1

What are the key internal and external challenges and opportunities in
adopting digital technologies and sustainability among TSPs and
manufacturers?

The first contribution of this thesis addresses RQ1 by offering a
comprehensive understanding of the current challenges and opportunities that
both TSPs and manufacturing companies face in the pursuit of digital
transformation and sustainability. Previous literature has extensively
examined the challenges encountered by manufacturing companies, such as
high investment costs, organisational resistance to change, limited
sustainability knowledge, cultural obstacles, and regulatory misalignment
(Abdul-Rashid et al., 2022; Alayon et al., 2022; Dwivedi et al., 2021; Hegab
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et al., 2023; M. Kumar & Mani, 2022; Moursellas et al., 2023). While prior
studies highlight issues such as high investment costs, organisational
resistance, and limited market demand, the challenges faced by TSPs have
remained largely unexplored.

Through empirical investigation, this thesis addresses that gap and reveals
that TSPs encounter distinct internal and external challenges in supporting the
twin transition. By bringing TSPs’ perspectives into focus, this thesis
complements and extends existing literature, offering a more comprehensive
understanding of the interdependent challenges both actors face in advancing
digital transformation and sustainability.

Research Question 2

How can collaboration between TSPs and manufacturers address internal
and external challenges while enabling the co-creation of technology
solutions for sustainable production?

Addressing RQ2, this thesis proposes a value constellation framework that
supports the integration of digital transformation and sustainability through
value co-creation among TSPs, manufacturing companies, and other
stakeholders. While prior research has focused on how manufacturing
companies drive sustainability through changes in production and structure
(Vacchi et al., 2021; Weaver et al., 2017), the strategic role of TSPs as
enablers of sustainable innovation remains underexplored. This thesis
addresses this gap by demonstrating that TSPs provide technology solutions
and act as key collaborators in the adaptation, implementation, and long-term
optimisation of these technologies.

The findings from Paper A reveal that TSPs engage in multiple collaboration
models, serving as system sellers, system integrators, or co-innovation
partners, enabling manufacturers to develop tailored digital transformation
strategies. These partnerships are particularly valuable for overcoming the
complexities of implementing digital transformation, ensuring that solutions
align with sustainability objectives such as resource efficiency, operational
flexibility, and circular manufacturing. Moreover, Paper C further extends
this perspective by identifying collaborative processes that support TSPs in
co-creating sustainable innovation solutions. Paper C contributes to value
constellation theory by illustrating how collaboration strategy among TSPs,
manufacturers, and supply chain actors can mitigate digital transformation
challenges, promote knowledge exchange, and support multi-stakeholder
innovation ecosystems. The collaborative process model proposed in Paper C
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further refines this approach, outlining systematic steps for fostering a long-
term collaborative process. By bridging gaps in prior literature on TSPs’ role
in providing sustainable innovation solutions, this thesis advances theoretical
frameworks on value co-creation in the form of a value constellation.

Second, this thesis contributes to the literature by introducing a structured
collaboration process that enables TSPs and manufacturing companies to
overcome some critical internal and external challenges to the adoption of
sustainability. While prior research has emphasised the role of collaboration
in innovation processes and production systems (Henttonen & Lehtiméki,
2017; Mercandetti et al., 2017; Zahoor & Al-Tabbaa, 2020), limited attention
has been paid to how collaborative networks can facilitate the adoption of
sustainability. Paper C develops a collaboration process that builds on
previous literature (Brown et al., 2021; Reilly, 2001) to strengthen inter-
organisational relationships, facilitate knowledge exchange, and enhance
synergetic value creation, effectively overcoming financial constraints,
knowledge gaps, and market-driven challenges to sustainability adoption.
The collaborative process model introduced in Paper C provides a strategic
framework for TSPs to identify, establish, and manage partnerships that drive
digital transformation while integrating sustainability principles. While
previous research on inter-organisational collaboration in technological
innovation (Frankenberger et al., 2013; Huikkola & Kohtaméki, 2017) has
primarily focused on economic and efficiency-driven motives, this thesis
extends the discussion by emphasising the need to balance environmental,
social, and economic objectives. By refining and expanding on the
collaborative process proposed by Brown et al. (2021), the model
incorporates critical steps for improving stakeholder relationships, aligning
strategic goals, and developing a sustainability approach.

Furthermore, Papers C and E highlight that while TSPs play a key role in
driving twin transformation, their effectiveness is constrained by the absence
of explicit sustainability demands from manufacturers. The findings reinforce
the need for strategically managed collaboration to overcome challenges and
align sustainability efforts across the ecosystem. In particular, the
collaborative conceptual model presented in Paper C offers a structured
approach for TSPs and their partners to systematically develop, implement,
and refine sustainable collaboration strategies in response to evolving market
and regulatory conditions.
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Research Question 3

How can manufacturing companies strategically leverage digital
technologies to support sustainability in the context of the twin transition?

Third, this thesis addresses RQ3 by advancing the understanding of how
digital technologies can be leveraged to enhance sustainability in
manufacturing companies. While prior research has explored the role of
digital technologies in improving operational efficiency and resource
optimisation (Del Rio Castro et al., 2021; Moghrabi et al., 2023), little
attention has been given to their structured application within sustainability
frameworks. By addressing this gap, this thesis presents a sustainability
framework that incorporates digital technologies at different stages,
demonstrating how their strategic implementation fosters sustainable
production.

Papers D and E provide empirical insights into the application of digital
technologies within the sustainability framework based on the Plan-Do-
Check-Act (PDCA) model (Da Fonseca, 2015; Gidey et al., 2014; Isniah et
al., 2020). The framework serves as a structured approach to integrating
sustainability into business operations, emphasising governance, strategy,
monitoring, and continuous improvement. While previous studies have
highlighted the potential of digital technologies for sustainability
(Guandalini, 2022; Irajifar et al., 2023), this thesis extends the discussion by
mapping how digital technologies, including artificial intelligence (Al),
digital twins, and IoT, can be leveraged in each phase of the PDCA cycle.

Paper E reveals that digital technologies play a crucial role in the “Act” phase,
where technologies such as Al and IoT enable real-time monitoring,
predictive maintenance, and automated process optimisation, ultimately
reducing energy consumption and waste (Jamwal et al., 2023; Skare et al.,
2023). However, the empirical findings highlight a significant gap in the
application of digital technologies during the “Plan” phase, where data-driven
decision-making could be enhanced through the use of advanced analytics
and simulation tools. Furthermore, the “Check” phase, which focuses on
sustainability reporting and carbon footprint management, has received
limited attention despite its potential to improve transparency and compliance
with environmental regulations (Favoretto et al., 2022).

The integration of digital technologies across the sustainability framework
also has implications for overcoming key challenges to sustainable
production. Papers D and E identify financial constraints, lack of expertise,
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and resistance to change as primary challenges for manufacturing companies.
By embedding digital tools into sustainability governance, organisations can
enhance stakeholder engagement, streamline compliance processes, and
improve the accuracy of sustainability assessments (Broccardo, Zicari, et al.,
2023; Haftor & Climent, 2021). Moreover, the findings indicate that digital
technologies can support circular economy initiatives by enabling closed-
loop material flows, real-time resource tracking, and data-driven decision-
making for product lifecycle optimisation (Eisenreich et al., 2022; H. Wang
et al., 2023).

6.2. Managerial implications

The findings of this thesis offer valuable insights for managers seeking to
integrate digital transformation and sustainability in manufacturing
companies. This thesis highlights how digital transformation can serve as a
strategic enabler for sustainability. This integration enables businesses to
optimise resource use, enhance supply chain transparency, and respond more
effectively to regulatory pressures and shifting market expectations.
Companies that proactively align their digital capabilities with sustainability
objectives will enhance operational efficiency and strengthen their market
position, as sustainability-driven innovation becomes a key differentiator in
the competitive landscape.

However, implementing sustainability strategies presents challenges,
including financial constraints, knowledge gaps, and organisational
resistance. The thesis emphasises the importance of collaborative networks,
particularly with TSPs, suppliers, and industry partners, in overcoming these
challenges. With sustainability becoming a key part of business strategy,
companies that align digital transformation with their sustainability goals will
be better prepared for the future, build stronger stakeholder relationships, and
drive lasting innovation. This shift goes beyond regulatory compliance; it
represents an opportunity to build more resilient, efficient, and sustainable
industrial ecosystems.

6.3. Limitations and suggestions for future research

This thesis offers new insights into how TSPs and manufacturing companies
collaborate to integrate digital transformation and sustainability, while also
acknowledging certain boundaries that shape the interpretation of the results.
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These boundaries highlight opportunities for further research to build upon,
expand, and critically evaluate the contributions presented here.

First, the empirical work focused on a regional cluster in southern Sweden
and on selected aspects of the lithium-ion battery value chain. While these
contexts provided depth, the findings may not be fully applicable to other
sectors or regions with different cultural or regulatory settings. Future
research should test the frameworks in other industries, such as healthcare,
food, or construction, and across countries to assess their broader relevance
and limits.

Second, the findings of this thesis primarily emphasise the positive aspects of
collaboration, including its ability to foster innovation, address resource
challenges, and promote sustainability. However, collaboration can also
involve risks, including dependency, unequal distribution of benefits, or
conflicts over intellectual property and strategic direction. Future research
should explore these risks to provide a more balanced view, with comparisons
between successful and unsuccessful collaborations would be particularly
useful in identifying conditions that lead to positive or negative outcomes.

Thirdly, since this study is cross-sectional, it only captures collaboration and
digital maturity at one point in time. These limits understanding of how these
processes evolve throughout the twin transition. Long-term research could
track how collaboration practices, sustainability integration, and digital
maturity develop and interact over time. Similarly, applying the proposed
PDCA-based sustainability framework across a broader range of industries
would enhance its generalizability. Cross-country comparisons could also
reveal how cultural and regulatory contexts shape the adoption of sustainable
digital technologies.

Finally, the proposed collaborative process model and PDCA-based
framework should be seen as starting points rather than definitive solutions.
Future research should focus on testing, refining, and adapting these models
across different organisational contexts, particularly SMEs that face resource
limitations. Quantitative studies can assess the measurable impact of these
frameworks, while qualitative case studies can deepen our understanding of
the organisational and cultural dynamics that shape collaborative efforts.
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Appendix A: Interviewees information

Table Al. Information on the case study companies was collected in study I (Autumn 2020-

Spring 2021)
No Company Study Interviewee Data Products and Services
Provide comprehensive solutions, including
1 A LI Sales Transcription pallgt conveyor sys_tems, robotic cells, loading
manager devices, and material flow management
systems.
Manufacture and assemble tools and
2 B LII CEO Transcription  production cells. Developed special machines
and offered automation solutions.
Design, supply, and provide services for
3 C LII CEO Transcription — automation equipment and build new
machinery process facilities.
4 D LI Project Transcription Demgn and manufa-cFure Aspec1al- machines,
manager robotic cells, and vision inspection systems
5 E I CEO Transcription ~ Design and supply automation equipment.
Offer advanced driving technology, including
Sales o g .
6 F 1 Transcription  motors, gears, automation solutions, and
manager .
related services.
Sales o Offer automation solutions with a focus on
7 G I Transcription . .
manager material handling.
Develop products and solutions, specifically
8 H 1 CEO Transcription  in pneumatic components and air pressure
technology in industrial automation.
Design and manufacture press tools, solutions
9 I I CEO Transcription  for industrial automation and special
machines.
Busi . . .
UsIness o Provide solutions for automation and
10 J I development Transcription . .
technical education.
manager
1 K I Project Transcription Design and manu.fa.ctur.e spem'al machines,
manager robot cells, and vision inspection systems.
Transcription . . .
Provide complete solutions for robotic
Sales . .
12 L I systems and a wide range of production and
manager .
automation processes.
13 M I CEO Transcription Provide comp'reheHS}Ve services and products
across the entire chain.
Business
14 N I development Transcription Design and supply automation equipment.
manager
15 o I CEO Transcription Provide technology, automation software, and

hardware solutions.
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Table A2. Information on the case study companies was collected in study I (Spring 2024)

No Company Study Interviewee Data Products and Services

Provide comprehensive solutions, including
Transcription, pallet conveyor systems, robotic cells,

! A LI CEO Survey loading devices, and material flow
management systems.
Transcrintion Manufacture and assemble tools and
2 B I,LIII CEO Surve ption, production cells. Developed special
Y machines and offered automation solutions.
. Design, supply, and provide services for
3 C LII CEO Transcription, automation equipment and build new
Survey . oo
machinery process facilities.
4 D LIT CEO Transcription, D651gn and manufa'ct'ure'spemall machines,
Survey robotic cells, and vision inspection systems
Transcrintion Design and supply robotic solutions. Provide
5 P 1II CEO ption, maintenance, automation, and machine
Survey .
service.
Sales Transcription, Supply automatic da_ta capture technolqgles
6 Q I manager Surve and factory automation for manufacturing,
g Y retail, transportation, and healthcare.
Supply tools, protection and equipment for
- the construction and industrial sectors.
Sales Transcription, P - .
7 R I Delivering machinery and automation
manager Survey . - .
solutions, providing service and
maintenance.
3 S I CEO Transcription, Design, supply, gnd provide services for
Survey process automation and robotics.
9 T I CEO Transcription, Design anq provide services for end-to-end
Survey robot solutions.
0 U I CEO Transcription, Design, .develop, and manufacture
Survey automation equipment.
n w I Project Transcription, Design and supply tailor-made automation
manager Survey solutions.
Sales Transcription, Des.lgn, supply,_ and pr0v1d_e automatlon.
12 X I equipment services and build new machinery
manager Survey e
process facilities.
13 Y I Project Transcription, Design and supply automation equipment
manager Survey & PPLY qup ’
4 z I CEO Transcription, Design qnd productlo_n of parts for the
Survey automotive, and medical technology.
15 AB il CEO Transcription, Producing plastic products for B2B.
Survey
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Appendix B: Questionnaire details

The survey consists of 6 sections (28 questions) and takes approximately 10
minutes. Please note that the attitude questions range as follows:

1. Strongly Disagree

2. Somewhat Disagree

3. Slightly Disagree

4. Neither Agree nor Disagree

5. Slightly Agree

6. Somewhat Agree

7. Strongly Agree

Section 1

General information

1.

What is the size of your company?

Section 2 aims to understand which sustainable practices are implemented
across various stages of the product value chain.

2.
3.

Sustainability is a key consideration in your company’s strategy.

We prioritize sustainability in the supply phase (e.g. sourcing raw
materials from environmentally responsible suppliers).

We prioritize sustainability in the design phase (e.g. integrating eco-
friendly materials, energy-efficient features, and recyclability into
our products).

Our commitment to sustainability lies in the production phase (e.g.
optimizing energy consumption and adopting waste management
practices).

We optimize distribution network efficiency (e.g. monitoring energy
consumption during transportation).

We prioritize sustainability during the use phase (e.g. designing
energy-efficient products, fostering user awareness, and encouraging
reuse and responsible disposal practices).

We prioritize sustainability in the recycling phase (e.g. ensuring our
products are designed for easy recyclability, incorporating recycled
materials).
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Section 3 aims to evaluate how well your company integrates sustainability
into its core business activities.

9. Our company understand sustainability as an opportunity for
additional business.

10. We advocate for sustainable procurement practices (e.g. energy
efficiency, waste reduction, employee awareness and training).

11. We utilize recyclable packaging materials.

12. Our company owner(s) (e.g. shareholders and investors) influence
how we integrate sustainability into our core business activities.

13. We often invest in climate action compensation programs (e.g.
carbon offset programs or renewable energy credits).

14. We have a systematic process for annual sustainability reports.

Section 4 aims to identify the main challenges that prevent your company
from achieving its sustainability goals.

15. In our company, sustainability initiatives are unclear (e.g. actions and
timelines).

16. There is a lack of demand for sustainability initiatives from our
company owner(s) (e.g. shareholders and investors).

17. There is insufficient customer demand for sustainable products and
services.

18. In our company, there is lack of sustainability expectations from
suppliers.

19. In our company, there is insufficient internal commitment and
enthusiasm for sustainability initiatives among managers.

20. In our company, there is insufficient internal commitment and
enthusiasm for sustainability initiatives among employees.

21. In our company, there are concerns about competitors using
sustainability as a competitive advantage.

Section 5 aimsto assess how your company engages customers in its
sustainability efforts.

22. We do not offer sustainable products/solutions unless specifically

requested.

23. Our company responds to non-existent customer demands for
sustainability by proactively providing sustainable
products/solutions.
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24. Our company collaborates with customers to understand their
sustainability requirements, tailoring products or services
accordingly.

Section 6 aims to understand your company’s perspective on the relationship
between digitalization and sustainability in manufacturing.

25. We observe that digitalization in manufacturing has no significant
impact on sustainability.

26. In our company, digitalization may have a negative impact on
sustainability (e.g. increasing energy consumption, generating
electric waste, and affecting decent work, employment).

27. In our company, digitalization positively impacts sustainability (e.g.
increasing resource efficiency, enabling real-time tracking of product
lifecycles, optimizing transportation and logistics).

28. We recognize that digitalization’s impact on sustainability is
multifaceted, requiring a comprehensive understanding of both
positive and negative aspects.
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