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Abstract

This research explores the possibility, barriers, and integration process of digital twin
technologies into Re-X processes within circular economy (CE) framework. It identifies
challenges and opportunities in adopting CE principles to enhance resource efficiency, cost
efficiency, waste reduction and sustainable practices. By monitoring predictive maintenance
(PM) and lifecycle monitoring (LM) as key digital tool enablers supported by digital twins,
this thesis aims to optimize reuse, recycling, refurbishment, and remanufacturing processes.
As research methodology, a quantitative survey based method is employed to gather data
from Finnish companies in various industries. Descriptive and inferential statistics such as
ANOVA test and correlation analysis among variables, reveal significant relationships
between digital technology adoption levels and the effectiveness of CE practices. The
findings demonstrate the potential of digital twins to extend product lifecycles and
emphasizes on resource consumption reduction to achieve sustainability goals. Moreover,
this research delves into industry-specific factors to highlight strategies for overcoming
challenges in particular areas in each industry such as workforce skill gaps and high
implementation costs. A comprehensive framework is developed to guide stakeholders,
industry partners, and involved sectors in the integration of digital technologies into CE
ecosystems. This framework addresses technical and organizational barriers and underscores
specific directions to enhance Re-X processes to certain CE outcomes. This thesis
contributes to enhancing CE practices by aligning industrial performance techniques with

environmental and economic objectives.
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SYMBOLS AND ABBREVIATIONS

Abbreviations

CE Circular Economy

14.0 Industry 4.0

EoL End-of-Life

IoT Internet of Things

[loT Industrial Internet of Things
PLC Product Life Cycle

PM Predictive Maintenance

LM Life Cycle Monitoring
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1 Introduction

In recent years, circular economy (CE) concept has received significant attention since many
industries face increasing need to transition towards more sustainable approaches. The linear
economic model is no longer viable in a world of finite resources and growing environmental
concerns (Heshmati, 2017) .Instead, the circular economy explores close material loops by
encouraging Re-X processes (reuse, refurbishment, remanufacture, and recycle) of products
and materials. If circular economy principles have been implemented successfully, this
potential drastically reduces waste, lowers resource consumption and promotes

environmental sustainability (Macarthur, 2013).

However, despite the clear benefits of circular economy practices, the integration of these
principles into industrial machinery processes remains challenging. Nowadays, many
industries struggle with product lifecycles and implementing efficient R processes in a way
that both maximizes economic value and on the other hand, minimizes environmental
impacts. Moreover, although digital technologies, particularly digital twins, seem highly
promising to enhance the R processes’ efficiency, their practical integration into circular

economy frameworks has been limited (Kirchherr ef al., 2017).

Digital twins, introduced as virtual replicas of physical assets, have become a critical
component of the industry 4.0, which enables the technology of real-time monitoring,
simulation, and optimization of industrial machinery. Through digital twin industries can
reach valuable insights into the maintenance and performance of their equipment, predict
service downtimes, and improve decision- making throughout product life span. When
combined with data-driven approaches, digital twins have the potential to revolutionize R
processes by providing detailed data for decision-making to extend the lifecycle of industrial
machinery and reduce resource consumption, particularly in complex machinery (Tao et al.,

2019).

By reviewing the existing frameworks for circular economy and digital twins, a
comprehensive framework that fully integrates digital twins into Re-X processes is still
lacking. These studies are often theoretical or focused on limited case studies, which can be
considered as insufficient for practical implementation in the industry. This gap underscores

the need for empirical studies that validate the integration of digital twins into circular
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economy models. By focusing on Re-X processes in industrial machinery, this thesis aims
to design a comprehensive framework that leverages the benefits of digital twins in a data-
driven approach to optimize these processes and create a sustainable business value in

circular economy ecosystems.

1.1 Background and Motivation

The motivation for this master’s thesis research originates from the growing recognition that
industrial machinery plays a vital role in circular economy. Given the complexity and high
value of industrial machinery, optimizing its lifecycle through efficient Re-X processes is
crucial to achieving sustainable circular economy goals. In other words, extending the life
of machinery, reducing waste, and minimizing the need for new raw materials not only
benefits our environment, but also creates economic value for companies in the industry.
Throughout this study, R processes refer to a concept of strategies introduced by (Macarthur,
2013) which aim to minimize waste and maximize resource efficiency which are more
elaborated in the literature review section in chapter 2. Specifically regarding this study, Re-
X processes term extends the R processes concept by highlighting not only reuse, refurbish,
and remanufacture but also recycle and recover to drive efficient solutions in product

lifecycle extension according to CE principles.

However, achieving these outcomes is not a straight forward pathway for companies.
Industrial machineries are subject to wear and tear, obsolescence, and many other challenges
that can affect on shortening their life spans. Traditional approaches to machinery lifecycle,
such as reactive maintenance — an equipment maintenance where maintenance is only
performed once as asset has been broken down - or periodic servicing — a maintenance
service provided on an episodic basis, either regularly or intermittently -, often fail to
maximize the potential lifespan of the machinery or even reduce the consumption (Pinciroli
et al., 2023). Therefore, predictive maintenance, which is enabled by digital twins, offers a
solution for companies to monitor machinery performance in real-time setups, identify
potential issues before the fall into downtime and failures, and optimize maintenance

schedules (Mobley, 2014).
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Figure 1: Reactive maintenance

As illustrated in Figurel, in circular economy ecosystem, since reactive maintenance occurs
after a breakdown, the focus is on repairs or replacements to extend the product’s life cycle,
aligning with reuse and repair principle of Re-X processes. It also helps in recovering value

from broken products.
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Analyze historical
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maintenance?

normal operating
conditions
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Figure 2: Periodic maintenance

Following this concept in circular economy practices, predictive maintenance shows more
promise. As observed from Figure 2, regular checks to avoid failures further optimize

resource use by detecting issues in early stages, which minimizes environmental impacts.
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Figure 3: Predictive maintenance

As can be seen from figure 3, predictive maintenance is a proactive approach that uses
various condition monitoring techniques to predict equipment failures in advance (Wang et
al., 2016). By analyzing data from sensors and other monitoring devices, predictive
maintenance provides schedule tasks at optimal times, resulting in lower downtime and costs

(Alaswad and Xiang, 2017).

Moreover, digital twins can contribute to more enhanced refurbishment, remanufacturing,
and recycling processes by providing detailed data. This data-driven approach results in
informed decision-making on when and how to implement Re-X processes, which improves

efficiency and reduces waste in industrial setups.

This comprehensive framework which integrates these digital technologies with circular
economy models is being considered as a vital need in light of the environmental and
economic challenges that industries are facing today. With high pressure from governments,
consumers, stakeholders, and society to adopt more sustainable practices, companies must
find ways to implement circular economy principles into their operations without

compromising their economic viability.



14

Last but not least, the research in this thesis, seeks to address this need by designing a
comprehensive framework that strengths digital twins integration to circular economy
principles to optimize R processes in industrial machinery and creates a sustainable business

value model.

1.2 Objectives

The importance of clear research question and objectives is universally acknowledged in
academic literature (Creswell, J. W, 2014). This section determines the main goals being
achieved in this thesis including research question and research objectives. These questions

shape the body of the thesis.

1.2.1 Research Question

The research in this thesis is guided by the following pervasive research question:

How can digital twins and data-driven approaches be integrated into the lifecycle of
industrial machinery to optimize Re-X processes and enhance sustainable business value

in circular economy ecosystems?

This research question is designed to explore and understand how digital twin technology,
when combined with data-driven decision-making, can contribute to more efficient and
sustainable Re-X processes which results in improving the lifecycle management of

industrial machinery and supporting its transition to a circular economy.
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1.2.2 Research Objectives

In order to answer the research question in this thesis, the following research objectives have

been formulated to reach more coherent conclusions:

Research Objectives

RO 1 To analyze the potential of digital twins in extending the life cycle of industrial machinery
RO 2 To design a comprehensive framework that integrates Re-X processes with data-driven decision-making
RO 3 To identify the key challenges and enablers in implementing digital twin technologies and data-driven

approaches

To propose strategies for overcoming barriers to the adoption of digital technologies in industrial Re-X
ecosystems

RO 4

Tablel: Research objectives

The huge potential of digital twins in extending the life cycle of industrial machinery can be
undertaken through enabling predictive maintenance, refurbishment, remanufacturing, and
recycling processes. Through the first research objective this aspect of this research is
studies. Following this potential, a comprehensive framework supported by digital twins,
from the design phase through the EoL phase will be designed. This framework provides
guidance on how to implement circular economy principles by using advanced digital
technologies for industries who are seeking more applicable digital solutions in their

industrial practices.

According to the gap identified through the literature, challenges and barriers which
companies face, and the need for efficient enablers in implementing digital technologies
within circular economy models for industrial machinery, this thesis delves into including
analysis of technological, organizational, and regulatory barriers, as well as key factors that
can facilitate and accelerate practical implementation. Moreover, by evaluating
environmental and economic impacts of optimizing Re-X processes, the assessment of the
potential digital twin technologies to reduce resource consumption, lower operational costs,

and contribute to sustainability goals within industrial settings will be paved. Last but not
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least, the strategies for overcoming challenges related to data interoperability, privacy
concerns, and the integration of digital twin technologies with existing industrial setups in
circular economy context, holds promise while they need to be studied by empirical studies

and best practices from leading companies operating in Finland.

Throughout this research some other gaps are also identified and while this thesis provides
insights to economic and environmental impacts oof digital twin technologies integration
with CE practices, it will not include a detailed cost-benefit analysis due to the complexity
of financial modeling in Re-X processes. It be concluded that this area needs a separate study

which is focused exclusively on economic and financial assessments and aspects.

1.3 Research Methodology

The methodology of this thesis follows quantitative principles, which aims to explore how
digital technologies can optimize Re-X processes in CE practices for industrial machinery.
Quantitative research is considered as systematic investigation of a phenomenon by
gathering data and performing statistical or mathematical techniques (Tshabangu et al.,
2020). In this case since there are objective measurements, quantitative method is perfectly
suited to employ. Following this method, both descriptive and inferential statistics are used
to provide empirical implication for more comprehensive understanding to integrate digital

twin with CE principles in industrial machineries.

A systematic literature review is also conducted to identify research gaps and areas to study.
This structured approach enables the author to explore and synthesize the current status of

research on digital twin, CE business models, and Re-X processes.

A quantitative survey mostly based on Likert scale and matrix question types has formed the
data collection among Finnish companies who are currently adopting digital (twin)
technologies in their Re-X processes. Furthermore, the results from correlations between
identified variables will shape the scalable and adaptable framework for businesses to create

green value in CE ecosystems.

To ensure the validity of the findings, the survey questions are in Likert scale which allows
respondents to rate their real-world experiences and perceptions from 1 to 5. Data analysis

is also conducted by using IBM SPSS, providing robust features and proficiencies in
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handling data during the research process. All ethical considerations are being prioritized in
data security to keep confidentiality on answers by participants. The participation in the

survey was voluntary to ensure ethical research standards.

The approach implemented in this study creates a clear and result-oriented assessment on
how digital technologies can enhance CE practices across the industries to address research
gaps by integrating statistical analysis with theoretical insights. The framework designed
based on this methodology aims to guide industrial applications to reach sustainable business

value.

1.4 Structure of Thesis

This thesis is structured in 5 chapters to create a logical and comprehensive explanation
about the research question running over from preliminary concepts to practical implications
and industry-originated experiences and insights. The introduction demonstrates overall
schemas on context, motivation to this thesis, and the research objectives. It also creates an
outline of research methodology, the structure of the thesis, and identified limitations of this

research.

The second chapter provides insights into the literature, and bridges the knowledge in CE

practices, Re-X processes, and the critical role of digital technologies in this integration.

The third chapter of this thesis elaborates the whole research design and employed methods
in quantitative survey, data collection and analysis methods. Following these section this
chapter delves into framework design based on the data acquisition and ethical

considerations for higher compliance in research frameworks.

The data analysis is fully covered in chapter four. It discusses how the findings from survey
data highlight the level of digital technology adoption among companies, their effectiveness
in Re-X process as well as organizational and technical procedures. The key variables are

carefully studied to identify associations and relationships.

Finally, the results and conclusions are revealed in the last chapter, offering the framework
for industry partners. This framework outlines the main strategies in integrating digital
technologies into Re-X processes in CE ecosystems. This chapter also reviews the future

directions and areas to study for more insights.
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1.5 Delimitations

This research in this thesis focuses on the integration of digital twins and data-driven
approaches in the life cycle management of industrial machinery in Finnish companies.
Although the circular economy is applicable to a wide range of industries, this thesis is
limited to the industrial machinery sector due to the significant potential for optimizing Re-
X processes in CE context. The industrial machinery sector studied in this thesis also aligns
with the availability of digital twin technologies, which have been widely adopted in this

sector.

Moreover, this thesis concentrates on the technical and organizational challenges related to
the implementation of digital twins in Re-X processes and the adoption level of CE practices.
Broader socio-economic and policy considerations, while relevant, are not the primary focus
of this research. Instead, this study delves deeply into identifying the practical challenges
and enablers in the integration of digital twins with CE models in industrial settings, resulting
in key factors to reach what are business values in these models and how can they create a
comprehensive framework for addressing challenges and standardized protocols for data

exchange and IIoT integration.

The empirical validation of the proposed framework will be based on case studies from the
industrial machinery sector, with an emphasis on industries which have begun to use digital
twin technology in the life cycle management of their machinery. Another important aspect
of delimitations in this thesis is related to the findings which may not be directly applicable
to some other sectors, such as consumer electronics or construction, which have totally

different life cycle management characteristics, challenges, and technological requirements.

Another limitation in this thesis lies in its reliance on self-reported data. Self-reported data
can bring several forms of bias, for example some respondents may exaggerate the positive
outcomes of the digital technology integrations while minimizing or omitting challenges
they face (Podsakoff et al., 2003).This can lead to skewed understanding of the true
effectiveness of these technologies in enhancing circular economy processes. In another

example, respondents might report higher efficiency or sustainability benefits than the actual
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amount, thereby increasing the perceived beneficiary of these technologies(“Survey
Methodology - Robert M. Groves, Floyd J. Fowler, Jr., Mick P. Couper, James M.
Lepkowski, Eleanor Singer, Roger Tourangeau - Google Books”, n.d.). In order to address
this limitation, in this research the questions in the survey are designed in a way that the
company representative can rate different levels of indexes in Likert scales from 1 to 5,
which helps to receive more precise and to the point answers as well as resulting in better
data analysis. Besides, addressing this limitation, may require triangulating self-reported
data with different objective performance indicators, such as, in this case, waste reduction
figures which can provide a clearer and more comprehensive big picture from this
information (“A Concise Introduction to Mixed Methods Research - John W. Creswell -

Google Books”, n.d.).



20

2 Literature Review

The circular economy is increasingly recognized as a critical approach in achieving
sustainable processes in industrial machinery. By shifting from traditional linear economy
through data-driven Re-X processes and digital twins to a circular model which converts
main principles from “Take, Make, Dispose” to “Refurbish, Remanufacture, Reuse and
Recycle”, industries can significantly reduce waste and resource consumption. This
literature review aims to provide in-depth analysis of the current status of research, identify
existing gaps and suggest directions for future research. In this review we explore four work
packages focused on Re-X processes and requirements, digital twin technologies throughout
circular lifecycle, sustainable business value in Re-X ecosystems, and future directions for
a regenerative industry, cooperation and networking. Re-X taxonomy provides a
comprehensive framework for a better understanding and implementation of EoL strategies,
facilitating better decision-making in product development and addressing the needs of

environmental sustainability (Sihvonen and Ritola, 2015).

£ Post-Use Pre—Us -

Figure 4: Re-x processes circular diagram by (Sihvonen and Ritola, 2015)

Following figure 1, this paper presents Re-X taxonomy that combines definitions for End of
Life (EoL) strategies which emphasizes reduce, reuse, and recycle. In this context, recovery

is added as a complementary concept. This taxonomy visualizes potential EoL strategies
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based on their lifecycle impact, highlighting product development limitations such as
material compatibility and durability. EU waste priorities and eco-design principles are
integrated to help product designers implement sustainable design solutions. Strategies to
extend product lifespans are discussed as follows: The first priority is “Reduce” which
emphasizes prevention and sustainable design before commercialization. “Reuse” follows
as the second priority, involving methods such as resale, repurpose, repair, refurbish and
remanufacture to extend a product’s lifespan. “Recycle” is the third priority which focuses
on material recovery, while “Recover” addresses energy or metal recovery processes. The
taxonomy underscores the need for sustainable practices and presents methods to develop
products durability while balancing environmental impact with economic and functional

goals.

To shape a more comprehensive understanding of Re-X processes, table 2 is summarizing

each R process in circular economy concept.

R PROCESS NAME DEFINITION EXAMPLE CIRCULAR ECONOMY BENEFIT

Extending the product life through Donating old electronics or machines

REUSE repurposing, resale or multiple times usage| for reuse and repurpose instead of Reduces waste by keeping products in

to delay the need for disposal. buying new ones Liteh
. o " _p . Extend the usable life of products,
REFURBISH Restonrfg_ used products to. a. like-new Refurbishing o!d equipment or T B
condition to extend their life cycle clectronics to sell .
and decreases waste generation
Breaking down products to recover Collecting used machinery . .
. : . R fi
RECYCLE valuable raw materials and reintegrating | components to extract metals and Gl ;:Ztﬁddﬁ;r::sin R
them into the production cycle. materials for new products. :

Minimizing waste by transforming
residual waste into usable energy or
materials, reducing the environmental
footprints.

Capturing residual energy or materials Recovering energy from industrial
RECOVER from waste products, typically at the end |machinery waste through incineration
of their useful life. or other processes.

Table 2: R processes (Macarthur, 2013), (Circular economy action plan - European Commission, 2020)
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2.1 Current Status of Research

The current body of research on CE and digital twin technologies shows a growing interest
in integration of sustainable practices in industrial advanced processes. Through the
following sections, this thesis emphasizes the importance of exploring the potential of Re-X
processes while integrating to digital technologies to enhance sustainability metrics and

measurements in real-world cases.

2.1.1 Circular Economy and Re-X Processes

The concept of circular economy aims to minimize waste and maximize resource efficiency
by keeping products and materials in use for as long as possible(Macarthur, n.d.). The rise
of digital twin technologies and data-driven approaches offers new opportunities to optimize
these Re-X processes. The integration of Re-X processes and digital twins holds promise for
enhancing circular economy practices (Geissdoerfer et al., 2017)extending the life cycle of
industrial machinery through these processes, the need for new materials decreases,
consequently reducing the environmental impact (Bressanelli et al., 2017). The 10 R-
Strategies for a Circular Economy, ranging from” Refuse” to “Recover” provides a
comprehensive framework for implementing CE principles (“R-Strategies for a Circular
Economy”, n.d.). However, practical implementations in industries remain challenging
because of the complexity of integration of these strategies with existing processes

(Kirchherr et al., 2017).

2.1.2 Digital Twin Technologies

Digital twin technology has been widely studied for its potential to transform industrial
practices. It involves creating a virtual replica of physical assets which enables real-time
monitoring, simulation, and optimization of industrial processes (Michael Grieves,
n.d.).Digital twins can significantly enhance the efficiency and effectiveness of Re-X
processes by providing detailed insights into the condition and performance of machinery
(Negri et al., 2017). They facilitate predictive maintenance, performance optimization, and

lifecycle management (Kritzinger et al., 2018).
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The role of digital twins in supporting the circular economy has been explored in various
studies. For example, (Tao et al., 2019)discussed the potential of digital twins to improve
product lifecycle management and resource efficiency. However, these studies often focus
on specific aspects of digital twin applications without providing a holistic framework which

integrates Re-X processes in all aspects.

The study done by (Kong et al., 2023),concluded that the digital twin-powered predictive
maintenance system effectively diagnoses faults and predicts the remaining useful life of
induction motors. The integration of digital twin technology enhances the accuracy and
efficiency of maintenance operations. Digital twins offer significant potential for enhancing
circular economy practices by providing transparency throughout the PLC and enabling
data-driven decision-making. However, the technological readiness of many applications
remains low, indicating a need for further development and solid validation. Digital twins
can facilitate significant improvements in resource efficiency and sustainability in the
manufacturing sector, meaning that effective implementation of digital twins requires
addressing challenges in data exchange, privacy, and stakeholder collaboration(Miigge et
al., 2024). This technology as well as digital shadows play a crucial role in advancing eco-
design and sustainability in manufacturing processes. (Pehlken et al., 2024)emphasizes that
digital twins can ease the integration of key performance indicators (KPIs) related to energy,
water, and material resource consumption which are mandatory for product design in a more
durable, repairable, and recyclable way, resulting in reduction in waste and dependency on

raw materials.

According to (Rakesh et al., 2023) the integration of advanced material characterization
techniques, additive manufacturing, and digital twin technologies are crucial to overcome
technical challenges in recycling and re-manufacturing processes. In this study, the authors
emphasize that to reach efficiency in these processes, there are some obstacles such as
material degradation, separation of mixed materials, and contamination. To address these
challenges, advanced technologies like spectroscopy, microscopy, and non-destructive
testing can assess the recycled materials quality, while additive manufacturing and digital
twin technologies offer solutions for efficient disassembly, refurbishment, and reassembly
of products. This approach aligns with the importance of adopting innovative technologies
to enhance circular economy practices in industrial settings, understanding the potential of

digital twin technologies in optimizing Re-X processes discussed in this thesis.
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2.1.3 Data-Driven Sustainability Approaches

Utilizing data to drive decision-making in Re-X processes is another prominent theme. (Leao
and da Silva, 2021)and (Li and Relich, 2023)confirmed the key role of data analytics in
assessing sustainability impacts of various lifecycle phases. This approach hence enables
more informed decisions on “when” and “how” to implement Re-X processes to contribute

effectively to overall sustainability and circular economy goals.

Data-driven decision-making is essential for optimizing Re-X processes and implementing
circular economy principles. Big data, machine learning and IoT technologies offer valuable
insights into the lifecycle of industrial machinery which helps to provide more accurate
predictions in maintenance needs and EoL options (Bressanelli et al., 2017).These
technologies support the development of data-driven methods for sustainability goals,
feasibility calculations and market development (Rosa et al., 2020). For example, the study
conducted by (Neto et al., 2020) shows how digital twins can be used for lifecycle planning
management in automotive industries which highlights the great potential for similar
applications in industrial machinery. However, there is a lack of comprehensive studies that

integrate data-driven studies with Re-X processes in different industrial setups.

The findings by Data-Driven Innovation in the Creative Industries (Panneels ef al., 2024)
are valuable insights for creative professionals, policymakers, and sustainability advocates
on leveraging data-driven innovation to foster sustainable processes in a creative economy.
It suggests that some practical approaches can be utilized for implementing digital solutions
to achieve ecological, social, and economic sustainability. This chapter concludes that data-
driven innovation can significantly contribute to sustainability in a creative economy by
enabling new business models which help to understand sustainability and foster community
engagement. It emphasizes the need for holistic approaches that incorporate cultural, social,
and technological changes. Data-driven innovation can create substantial positive changes.
Moreover, the integration of digital solutions can support new economic models that extend
beyond mere growth to include ecological and social benefits. Again, an effective

collaboration is needed between different partners.
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Figure 5: Circular economy and digital twin technology interaction diagram — Author’s design

Based on the previous literature synthesis above, according to figure 2, this diagram
illustrates the interaction of digital twin technology with circular economy practices,
focusing on Re-X processes (Reduce, Reuse, Refurbish, Remanufacture, Recycle, and
Recover). In the core, digital twin technology enables data-driven decision-making,
predictive maintenance, and simulation of product lifespan which helps in optimizing each
stage of the circular life cycle. This system supports the enhancement of resource efficiency
by providing real-time insights into the condition and performance of industrial machinery,

contributing to sustainability goals.

2.1.4 Circular Business Models

The development of circular business models which integrate Re-X processes and digital
twin technologies is essential for realizing and creating sustainable industrial settings at their
highest potential. (Ghoreishi, 2023) in her research explores how companies can implement
these technologies to develop new revenue streams, reduce costs and promote their

competitive advantages by adopting circular business models.

Here is how we can leverage this full potential. Key findings demonstrate two crucial factors,
economic viability and market dynamics. Research indicates that circular business models

can be economically viable in terms of offering cost savings and new revenue opportunities.
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For instance, through their research, they demonstrated that by integrating Re-X processes
and digital twin technologies, businesses can benefit from reduction in waste, lower
operating costs and increasing the lifecycle of their products. Moreover, understanding
market dynamics is very important in the successful implementation of a circular business
model. Studies conducted by (Boyer ef al., 2021)demonstrate that consumer demand for
sustainable products is increasing which opens up new market opportunities for businesses

adopting circular practices.
Sustainable Business Value in Re-X Ecosystems

Literature supports the development of sustainable Re-X models on circular economy
practices. It is crucial to apply circularity metrics in business models to achieve sustainable
ecosystems. This includes developing logistics models, innovative Re-X business
approaches and quantifying the green value of circular setups. (Bressanelli et al.,
2017)indicates that business approaches focusing on sustainability and circular economy
practices can lead to remarkable environmental impacts. As explored in the literature, there

are three important sections to elaborate on in detail.

Logistics models: Efficiency in logistics models plays a crucial role in managing the flow of
materials and product resources in a circular economy. In this approach, digital twins can
optimize operations by providing real-time data on inventory levels, transportation routes

and material handling processes as (Geissdoerfer ef al., 2017)demonstrated.

Business models: (Urbinati et al., 2017) in their study emphasized that innovative business
models such as Product-as-a-Service (PaaS) or Equipment-as-a-Service (EaaS) support the
circular economy by focusing on service provision instead of product ownership. In this
context, continues monitoring and data analysis play a vital role in ensuring service quality

and customer satisfaction.’

Circularity metrics and green value quantification: To make effective decisions on investing
in circular economy initiatives, it is important to consider the costs of inaction. As many of
the benefits of circular economy practices are social and environmental, rather than
monetary, economic tools become necessary to arrange proper assessments and quantify
their value accurately (Castellet-Viciano et al., 2023)Green circular Economy. Developing
and applying circularity metrics such as material circularity indicators (MCIs) and lifecycle

assessments can help in quantifying the environmental and economic benefits of Re-X
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processes. These metrics offer a solid framework for resource utilization enhancement and

sustainability impact (Bressanelli et al., 2017).

Enhanced resource efficiency: Digital twins enable precise monitoring and simulation of
machinery performance, facilitating optimized maintenance schedules and extended
equipment lifespans (Tao et al., 2019).Data-driven Re-X processes help reduce waste and
maximize resource utilization which contributes to sustainability concept (Bressanelli et al.,
2017). 14.0 technologies significantly support CE practices by enhancing lifecycle
management and resource efficiency. (Rosa et al., 2020)emphasize the importance of
integrating digital technologies with sustainable practices. Therefore, the integration of

theoretical frameworks and empirical insights offers a comprehensive perspective.

Improved decision-making: The integration of big data analytics and IoT technologies offers
more accurate predictions of machinery needs and EoL options that support better planning
and implementation of Re-X processes (Neto et al., 2020).Frameworks for data-driven
decision-making highlight the importance of real-time data integration and monitoring (Rosa

et al., 2020).

Sustainability and cost saving: Circular economy practices supported by digital twins can
lead to substantial cost savings by reducing material waste and minimizing the need for new
resources (Xu et al., 2022), These practices also contribute to environmental sustainability

by lowering the carbon footprint of industrial operations (Geissdoerfer et al., 2017).

Development of digital twin models: Significant advancements have been made in
developing digital twin models for various industries, including predictive maintenance,

performance optimization, and lifecycle management (Kritzinger et al., 2018).

Identification of barriers and enablers: The researchers have identified key barriers in
implementing circular economy practices such as technological limitations, regulatory
challenges, and lack of stockholder collaboration(Kirchherr et al., 2017). Understanding

these barriers is crucial to develop effective strategies for overcoming them.

2.2 Gaps in the Literature

The integration of data-driven Re-X processes and digital twin technologies presents a

sizeable opportunity to enhance circular economy practices in industrial machinery. The
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reviewed literature underscores the potential of these technologies to improve resource
efficiency, optimize decision-making, and support sustainability efforts. However, several
gaps and challenges remain that need to be addressed to fully realize these benefits.
Following various research conclusions and technological advancements in different fields,

there are some notable gaps and connections among them. Here are the identified subjects:

The integration of Digital twins and Re-X processes: There is considerable research on
digital twin technologies and their applications in industrial machinery, but studies which
are specifically focusing on the integration of digital twins with Re-X processes are still
sparse. The current literature mostly addresses these areas separately or only specific aspects
but misses the potential synergies that can be reached through their combination and holistic
application. EoL strategies and digital twins both aim to enhance decision-making and
efficiency, hence their applications in product lifecycle management can be connected

explicitly.

Comprehensive framework for circular economy: While various frameworks and models
have been developed to implement circular economy principles, there is a lack of
comprehensive framework for integration of digital twins and data-driven approaches to
optimize Re-X processes in industrial machineries. In this research considering that much of
the existing literature is theoretical and based on limited case studies, we delve into more
empirical studies needed for validation the models and frameworks. This will provide

valuable insights into the practical challenges and benefits of this integration.

To reach a better perspective, first it is essential to consider the current limitations of existing
frameworks. Here are some constraints: theoretical basis, limited case studies, technological

integration.

Theoretical basis: Much of the current research on CE principles and digital twin
technologies remains theoretical. There have been many proposed frameworks, but no
empirical evidence has been validated them, meaning that there is a significant gap left
between theory and practice. For instance, according to (Tao ef al., 2019)and (Negri et al.,
2017). frameworks for integrating digital twins and product lifecycle management tend to
focus on single stages of the lifecycle rather than continues real-time data integration

throughout the entire Re-X processes.
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Limited Case Studies: There are just some limited case studies available in the literature
focusing on specific industries such as automative (Neto ef al., 2020)or consumer electronics
(Bressanelli et al., 2017),but no validation in industrial machinery applications. Moreover,
those studies are more focused on isolated aspects of digital twins such as predictive

maintenance or simulation.

Technological Integration: Most current studies do not deeply explore the challenges of
integrating digital twin technologies and existing industrial systems. Areas such as data
interoperability, IoT integration with digital twins, and data-driven decision-making in
industrial settings have remained largely unexplored, says (Kirchherr et al, 2017). A
comprehensive framework must address these technical barriers to ensure practical and

scalable implementation.

At this stage, there is a need for conducting empirical validation. To bridge the gap between
Theoretical models and real industry setups, empirical validation should be involved to
evaluate practical applications. One validation can be focusing on testing the proposed
frameworks in different industrial practices which evaluates their effectiveness in optimizing
Re-X processes (Wang and Wang, 2024).Moving forward with these validations creates new
pathways to provide valuable insights into the benefits and challenges of this integration

such as economic viability, sustainability impact, and technical feasibility of the models.

In real-world practical applications there are some important factors that need to be studied
carefully. These case studies should delve into key performance indicator (KPIs), such as
reduced material waste, extended equipment lifespan, improved operational efficiency, and

decreased carbon emissions.

This thesis is focused on designing a comprehensive framework, integrating digital twins
into the entire lifecycle of industrial machinery, from design and manufacturing to
maintenance, refurbishment, and recycling. This framework emphasizes continuous data-
collection and analysis to support decision-making at every stage of the lifecycle. By
leveraging data-driven approaches, companies can optimize Re-X processes. On the other
hand, there are some challenges in this integration process. While bringing digital twins into
the Re-X processes, companies might face challenges such as high upfront costs of

implementation, the need for specialized skills, and potential disruption to existing



30

operations Additionally, data privacy and security concerns must be addressed to ensure the

safe and effective use of digital twins in industrial settings (Negri et al., 2017).

Advanced lifecycle analysis: Existing research often lacks advanced lifecycle analytical
assessments that connect real-time operational data with sustainability principles. More
research is needed to employ advanced analytics and machine learning techniques for
developing lifecycle assessments. The integration of current knowledge from different fields
such as material science, data science, and industrial engineering is limited. In this context,
the interdisciplinary collaboration approach is imperative to address the complex challenges

of enhancing circular economy through digital technologies.

Detailed economic analysis: Besides the need for more advanced lifecycle analysis, there is
also a gap in economic viability of circular economy business models, indicating their cost-
beneficiary aspects. Market dynamics are dependent on scenarios which address financial
characteristics. Providing in-depth assessments of financial aspects of adopting Re-X
processes and digital twins in circular economy context can facilitate identification of

potential cost savings and revenue generation opportunities.

2.3 Summary

The integration of Re-X processes and circular economy principles, supported by data-
driven approaches and digital twin technologies, offers notable potential for creating
sustainable industrial practices as well as advancing circular economy in industrial
machinery. The insights from four work packages highlight the significance of
understanding technical and organizational requirements, leveraging digital twin
technologies, developing sustainable business models, and exploring future directions for
regenerative industries. Addressing the identified gaps and developing research in suggested
areas is essential for transitioning from a linear to a circular regenerative industrial paradigm

which is beneficial both for industry and environmental.
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Sustainable
Circular Industry 4.0 End-of-Life = Internet of Predictive  Digital Twin  Data-driven ) Re-X
Reference Business
Economy (CE) (14.0) (EoL) Things (IoT) Maintenance Technologies  Approaches Models Processes
Sihvonen & Ritola 2015 v v v v v
Ellen Macarthur 2013 v v
Geissdoerfer et al. 2017 v v v v v v v
Bressanelli et al. 2017 v v v v v v v
Kong et al. 2023 v v v v
Kritzinger et al. 2018 v v v v
Tao et al. 2019 v v v v v v
Miigge et al. 2024 v v v v v v v v
Leiio & da Silva 2021 v v v v
Li & Relich 2023 v v v v
Neto et al. 2020 v v v v v v v
Panneels et al. 2024 v v v v
Rosa et al. 2020 v v v v v v
Urbinati et al. 2017 v v
Xu et al. 2022 v v v v v
Castellet-Viciano et al. 2023 v v
Negri et al. 2017 v v v v v v v
Ghoreishi 2023 v v v v v
Michael Grieves 2014 v v
Boyer et al. 2021 v v v v v
Kirchherr et al., 201 v v v v v v v
Wang et al., 2022 v v v v v v v v v
Pehlken et al., 2024 v v v v v v v v v

Table 3: Categorized referencing
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3 Methodology

This chapter of the thesis aims to provide a detailed, data-driven understanding of integrating
digital twin technologies with Re-X processes, offering clear and insightful information into
sustainable practices to create business value in CE ecosystems. This approach combines a
structured survey with statistical analysis to drive a comprehensive framework for digital

twin adoption in industrial CE settings.

3.1 Research Design

The research conducted in this thesis follows a descriptive and explanatory design to capture
trends in circular economy and digital twin technology as well as the relationships between
variables. Throughout this structure, the thesis examines how these technologies interact
within industrial ecosystems and identifies the barriers and enablers to their adoption. The
study aims to describe the current status of digital twins adoption and Re-X strategies
integration across various industries such as automotive, heavy machinery, and energy.
Secondly, the study explains how the implementation of digital twin technologies influence
operational efficiency, cost savings, and environmental sustainability in circular economy
practices. The final aim of this study is to evaluate the key challenges faced by companies
in implementing these technologies and suggest strategies to overcome them in a

comprehensive framework.

3.2 Data Collection Method

Based on the nature of this study, a quantitative survey-based researchr is employed to gather
and evaluate real-world applicable data from companies in Finland. The survey is designed
comprehensively and divided into several sections, each focusing on specific areas critical
to the research. Quantitative study is particularly suitable for this study as it allows for the
collection and analysis of numerical data which provides objective insights into the extent
of digital twin adoption in circular economy practices across various industries. This

approach involves systematic collection and statistical analysis to identify patterns and
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relationships that makes it effective for studies requiring objective measurement and
generalizable results (“A Concise Introduction to Mixed Methods Research - John W.
Creswell - Google Books”, n.d.).According to (“Survey Methodology - Robert M. Groves,
Floyd J. Fowler, Jr., Mick P. Couper, James M. Lepkowski, Eleanor Singer, Roger
Tourangeau - Google Books”, n.d.)surveys are effective for collecting data from respondents
in a structured manner, enabling comparisons and categorizations as well as facilitating the
identification of significant correlations between variables. The qualitative approach
supports statistical analysis to draw robust conclusions about the impact of digital twins in

promoting sustainable practices within industrial machinery.

The expanded discussion in the literature highlights the need for a comprehensive
empirically validated framework for integrating digital twin technologies and data-driven
approaches into Re-X processes in the industrial machinery sector. This thesis adopts a
quantitative approach by using a structured survey as the primary tool for data collection.
By researching on real-world practical applications and case studies, a questionnaire - which
can be found in appendix 1 in Finnish and appendix 2 in English - is designed to reach clear
and helpful data from Finnish companies to enlighten this research with rich and refined
insights into the practical challenges of these technologies. This data can help refine industry
setups, support policy recommendations, and contribute to develop a more sustainable CE
in Finland. The survey will help in exploring how companies integrate digital twin
technologies with Re-X processes and evaluate the economic, environmental, and
operational benefits of these integrations. Below is an explanation of different aspects of the
survey to provide evidence for supporting the development of a comprehensive farmwork to

enhance circular economy practices.

The questionnaire focuses on the Finnish companies’ knowledge, practices, and challenges
related to integration of digital twins and data-driven approaches with Re-X processes for
optimizing CE principles in industrial machinery. The aim of this questionnaire is to explore
the potential of data-driven Re-X processes, and digital twin technologies toward a

sustainable manufacturing future.

The questions are divided into seven sections as following: company profile, adoption of
digital twins, integration of Re-X processes and circularity, empirical validation and case
studies, digitalization and technological challenges, economic and environmental benefits,

future directions, supporting the development of a comprehensive framework for circular
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economy in industrial machinery sector. In total 9 questions have been designed, but since
through Webropol survey system, there is the possibility to identify the company profile
including: company size, revenue size, number of employees, and the industry in which each
company is operating, this section is omitted in the sent emails. The explanation below,

provides information on all survey sections and targeted population.

Company Profile: This section collects demographic information about the companies, such
as size, industry, and sustainability focus level. This helps in categorizing respondents and

understanding how industry and company size influence digital technology adoption.

Adoption of Digital Twins: This section assesses the company’s familiarity and experience
with digital twins. Questions explore the extent of digital technology use in areas like
predictive maintenance, life cycle monitoring, and process optimization. This section also
includes questions on challenges faced during the implementation of digital technologies,

such as workforce training, costs, and internal resistance.

Integration of Re-X Processes: Questions in this section focus on the company’s use of Re-
X processes like refurbishment, remanufacturing, and recycling. Through this section, this
thesis evaluates the effectiveness of these strategies in achieving sustainability goals and the

factors that influence decision-making at the EoL stage in circular economy practices.

Technological Challenges and Solutions: This section explores the technological barriers
that companies face, such as data interoperability issues, sensor inaccuracies, and system
integration complexities. It also gathers data on how companies are addressing data privacy

issues and security concerns when using digital technologies.

Economic and Environmental Benefits: Regarding economic and environmental impacts of
these technologies, the survey examines the financial and environmental outcomes of
adopting digital technologies, such as cost savings, revenue generation, waste reduction, and
energy efficiency which very crucial factors in decision-making among the companies. In
this section companies rate the impact of these technologies on their bottom line and

sustainability metrics.

Target Population and Sampling: The target population includes companies across various
sectors as mentioned earlier. These companies have either adopted or are exploring digital
twin technologies. This research follows a purposive sampling method to ensure that the

respondents are companies with experience in using digital (twin) technology within Re-X
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processes and CE practices. The sample size is expected to be around 100-150 companies
around Finland. This thesis, by focusing on companies at different levels of digital twin
technology adoption, gathers a wide range of perspectives which allows for a more robust

data analysis of current trends, innovation stage, challenges, and best practices.

3.3 Data Analysis Method

Descriptive statistics will be used to summarize the data gathered through the survey. This
includes calculations for frequencies, percentages, and averages to describe the adoption
level of digital twins across the various Finnish companies, the most common Re-X
strategies implemented in operational processes within respondents’ companies, and the
perceived effectiveness of digital twins in improving operational efficiency and
sustainability. The results through this method will provide a clear understanding of the
current state of digital twins adoption and its integration with Re-X processes, highlighting

general trends and outliers in this context.

To delve deeper into the data, inferential statistics will be used to determine relationships
between different variables based on the survey data. In this part, correlation analysis will
assess the relationship between the level of digital twin adoption and outcomes stated by
companies such as resource efficiency, cost savings, and waste reduction. Other dependent
variables including operational efficiency, equipment lifespan extension, and sustainability
metrics will be examined through different tests in SPSS to explore how digital twin
technology impacts the success of Re-X processes. The overall aim of this analysis is to
quantify the extent to which digital technologies contribute to improving Re-X processes,

thereby offering indicating evidence to their effectiveness.

3.4 Framework Development

The framework development addresses technological interoperability to ensure that digital
twin technology can integrate the existing systems and loT infrastructure seamlessly into the
life cycle of industrial machinery within the CE principles. This includes developing
standardized protocols for data exchange, sensor accuracy improvement, and enhancing real-

time monitoring capabilities, resulting in efficient life cycle management. In this adaptable
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and scalable framework, which serves as a practical guide, companies benefit from
sustainability and circularity metrics in implementing digital twins in their processes,
tailored to their industry needs and resource capabilities. To support Re-X processes, this
framework optimizes each stage of industrial machinery life cycle, from design to recycling
by leveraging continuous data collection and in advance analysis. This comprehensive
approach ensures that this framework addresses barriers and key drivers to create sustainable
business value as well as identifying actionable opportunities aligned with the theoretical

insights from the literature and work package three across industries.

3.5 Ethical Considerations

Participants in the survey will be informed about the purpose of this research and how their
data will be used and analyzed. Besides, there is explanation for each section in the survey
to create a clear overview of the questions, resulting in more accurate answers. Consent will
be obtained, ensuring voluntary participation. Personal and company information will be
anonymized to maintain confidentiality. The data will be securely stored in compliance with

ethical research guidelines in LUT.
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4 Data Analysis

This chapter of the thesis explores the survey responses on adoption of digital twin
technologies, their efficiency, and their contribution to Re-X processes in industrial
machinery in CE context. The quantitative survey using Webropol system has garnered 152
responses from Finnish companies across a wide variety of industrial sectors. Analysis on
the provided data from questionnaire is conducted using IBM SPSS software to build a clear
and detailed understanding of influencing factors to support a comprehensive framework
development to enhance CE practices through data-driven approaches. The data analysis

phase is divided into the following two sections.

4.1 Descriptive statistics

Company Profile

The main objective of conducting analysis on this section is to summarize the demographic
profile of companies in terms of location, number of employees, revenue size, and years of
operation. Below are the frequencies that demonstrate the descriptive statistics to understand

the distribution of company profiles and central tendencies of variables.
Regional Distribution

According to table 4, the region with the highest number of responses from companies
operating in digital technology sector is Uusimaa, representing 35.5 % percentage of the
total responses. This significant condense could be due to the Uusimaa’s status as a business
hub for Finnish companies, particularly in Helsinki metropolitan area. Pirkanmaa and
Pohjois-Pohjanmaa also show relatively high response numbers, with 10.5 % and 11.2 %,

respectively, indicating noticeable industrial activity in those areas.



38

location
Cumulative
Frequency  Percent  Walid Percent Fercent
Walid Eteld-Karjala ] 3.4 3.9 3.9
Etela-Fohjanmaa 3 20 20 54
Eteld-Savo 4 2.6 2.6 8.6
Kanta-Hame 4 26 26 11,2
Keski-Suomi 2 1,3 1,3 12,6
Kymenlaakso 5 33 33 15,8
Lappi ) 46 46 204
Firkanmaa 16 105 1045 308
Fohjanmaa 4 206 26 336
Fohjois-Karjala 3 20 20 3ah
Fohjois-Fohjanmaa 17 11,2 11,2 46,7
Fohjois-Savo 3 20 20 437
Faijat-Hame 10 6,6 6,6 553
Satakunta 8 53 53 605
Llusimaa a4 35,5 35,58 461
Warsinais-Suomi & 349 38 100,0
Total 152 100,0 100,0

Table 4: Regional distribution in Finland

The cumulative percentage column helps to understand how responses build up across
regions. For instance, by the time we reach Pohjois-Pohjanmaa, the cumulative percentage
1s 46.7 %, which shows that approximately half of the responses come from the five most
represented regions. This skew to these key industrial locations can be interpreted as either
higher business activity or greater willingness to respond in these areas is reflected.

This geographic spread also informs about the engagement of the potential areas where
digital twin technologies and Re-X processes are more widespread or have higher levels of
maturity.

The pie chart in figure 6, reinforces the results in the table. Each slice is the proportion of
responses from different regions. Smaller slices are corresponding to less represented areas
which provides an immediate visual understanding of where digital twin technology is
prevalent in Finland. This can be helpful in terms of planning further outreach in those

certain areas.
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Employee Demographics

This section is focused on the number of employees analysis in the respondent companies,
that aims to shed light on the scale of the involved companies, which is considered a critical
factor in terms of company size in analysing the adoption level of digital twin technologies
and CE practices. According to table 5, the companies are categorized into four employee
size ranges, shown in the table below based on frequency and percentage of responses among

each range.

The largest group of companies belong to 10—19 employees, which is made up of 45.4 % of
responses (69 companies). This concentration shows that nearly half of the companies are
small businesses with less than 20 employees. On the other hand, the second largest group,
accounting for 32.2 %, 49 companies from 152, belong to 20-49 employees. This combining
with the first category shows that in total 77.6 % of responding companies are small to mid-

sized enterprises (SMEs).

Furthermore, the cumulative percentage column indicates that 84.4 % of the respondent
companies have fewer than 50 employees. This can be interpreted that SMEs often face
various challenges and opportunities in comparison to large organizations, particularly when

it comes to adopting cutting-edge technologies and sustainability practices.

employee
Cumulative
Frequency  Percent  Walid Percent Fercent

Yalid  10-19 henked 69 454 45 4 454

100- 249 henked 10 6,6 6,6 52,0

20- 49 henked 49 322 322 84,2

50- 949 henked 24 15,8 158 100,0

Total 152 100,0 100,0

Table 5: Number of employees distribution

To dig deeper, there is this bar chart, providing a visual representation of the same data. Each
bar shows one employee size category and its relative proportion. The high representation
of smaller enterprises can reflect the nature of businesses in Finland or within digital twin

technology and Re-X processes. These companies have different levels of resources,



40

technology adoption capabilities, and sustainability priorities, shaping the overall trends

observed in this thesis.

50,0%

40,0%

30,0%

Percent

20,0%

10,0%

0%

10- 19 henkea 100 - 249 henkea 20 - 49 henkea 50 - 99 henkea

employee

Figure 6: Bar chart - number of employees frequency

Another point worth mentioning is that the two 50-99 and 100-249 employee categories
highlight the lower response rates from larger SMEs. This can be interpreted that these larger
organizations are either adopting fewer digital technologies in CE context or potentially less
responsive to such surveys. This has implications for the interpretation of further findings in
this research topic as smaller companies may differ more in their approach toward
innovation, resource management, and commitment to CE principles in comparison to large

companies and enterprises.
Revenue Size

This section of data analysis phase illustrates the distribution of company sizes based on
revenue among the respondent companies. This data analysis is crucial to understanding
the financial scale of the companies who are involved in this research, providing insights
into their potential capacity in investments and monetary decision-making approaches in

advanced technologies and sustainability practices.
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The revenue data is categorized into five ranges as shown below in table 6. The largest
portion of respondents belong to the group of 2-10 million euros revenue with 46.7 % of
the total (71 companies), meaning that approximately half of the respondents fall into the
mid-range revenue category which reflects the typical revenue size for many of SMEs
participating in this study. Moreover, the second most common revenue range among the
respondent companies goes to 1-2 million euros revenue with 20.4 % of the total. This can
indicate that smaller companies still have willingness and enough revenue to potentially

engage and adopt digital technologies and moderate venturing programs.

From another point of view, the cumulative percentage of companies with 2-10 million
euros in this research, reaches 88.8 %, meaning that a big majority of the respondents have

annual revenues between 0.4 million and 10 million euros.

In terms of implications of this analysis, given the high concentration of 2-10 million euro
category, it can be likely that the financial capacity of most companies in this research aligns
with the mid-range SMEs scale. This may also influence their ability to adopt digital twin
technology or circular economy practice since these initiative enterprises generally need

significant upfront investments.

revenue
Cumulative
Frequency  Percent  Valid Percent Fercent

Yalid 0.4 -1 miljoonaa eurca 15 99 948 9,9

1-2miljoonaa euroa Kl 20,4 20,4 30,3

10- 20 miljoonaa euroa 18 11,8 11,8 421

2-10 miljoonaa euroa 71 46,7 467 aa8.8

20- 50 miljoonaa euroa 17 11,2 11,2 100,0

Total 152 100,0 100,0

Table 6: Revenue size distribution

The bar chart in figure 8, also illustrates the distribution of revenue categories. As elaborated
earlier, the dominance of 2—10-million-euro category is being visually reinforced. The 1-2-
million-euro category also stands out, meaning that there are fewer very small companies

than mid-range SMEs.

The revenue data provides valuable big picture of results and trends interpretation. With 67.1

% of companies falling in the 1-10-million-euro range, it is clear that the trend is skewed
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toward mid-range SMEs with moderate financial capacities. This can also influence the
overall trends of innovation and technology adoption in CE practices since these companies
may face budget limitations when it comes to investing in advanced digital technologies
such as digital twins. Here the significance of a framework to create value for business in

Re-X processes becomes crucial and highly influential.

revenue

a0

40

30

Percent

20

0.4 -1 miljoonaa 1-2miljoonaa 10- 20 miljoonaa  2- 10 miljponaa 20 - 50 miljoonaa
euroa euroa euroa euroa euroa

revenue

Figure 7: Bar chart - revenue size frequency

Overall, the revenue distribution shows that any findings related to financial challenges or
benefits from adopting certain CE practices may particularly concern companies in mid-
range SMEs. Additionally, understanding these related constraints and barriers faced by
those companies of lower revenue and the potential motivation of those in higher brackets
will allow for more nuanced analysis of how revenue size impacts the readiness and capacity
of companies in adopting digital solutions and sustainable practices in business value
concept.

Company Age

As shown in figure 9, the distribution of the years of operation since respondent companies’
establishment reveals crucial information for understanding the status of their stability,

experience, and potential openness to adopting new technologies and transition from linear
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to circular economy according to their age. The key observations from the chart include the
following facts:

The concentration is in younger to middle-aged companies. The majority of these enterprises
fall into the 10-40 years of operation range, indicating that most of the companies
participating in this research have been operating for a significant period of time but are not
extremely old. The highest frequency is observed around the 20-years range where the bar
reaches nearly 25 companies. It can be assumed that companies with approximately two
decades of operational experience and dealing with industrial challenges, imply maturity and
some satisfactory level of established business practices.

The skew is prominent in lower operation years. There is a visible decline in frequency as
we move beyond the 40-years range. Companies with more than 40 years of operation are
less involving in novel digital technologies and Re-X processes. The mean years of operation
among the companies participating in this research is 27.22 years with a standard deviation
of 13.711 years. These numbers indicate a moderate spread around the mean, showing
variability in company age, although the majority of companies still cluster around the
mean.

This number of majorities in the 10-40 years range reflects a stable base of companies that
have probably passed their initial establishment difficulties phase. These companies
according to their participation in this study, may be more willing to explore new initiatives
such as digital twin technology in their Re-X processes in comparison to newer companies,
since they have more resources and potential of established customer bases. However,
younger companies also exhibit flexibility in innovation adoption, while older companies
may rely on traditional processes. This mixture provides diverse prospectives on technology
adoption in Re-X process among Finnish companies to reach more sustainability and

business value.
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Figure 8: Bar chart — years of operation frequency

From an experience-based point of view, companies with operational experience for 20 years
or more, may have witnessed various market changes and technological shifts in different
eras of industry. So, they may offer more explicit insights into long-term sustainability
practices and even could potentially have well-defined and fine-tuned processes that either
hinder or facilitate the adoption of new digital technologies.

Finally, this illustration of company age in this bar chart reveals somehow a balanced range
of companies with a heavier representation of 20 years of operation among the respondents.
This suggests that most companies are mature enough to have and adopt business practices
yet young enough to be potentially receptive to these new digital technologies in CE
ecosystem. The variability in company age also paves the way for more opportunities to
explore how years of operation and industrial experience influence attitudes toward novel
technologies in Re-X processes even though it may not be cost efficiency in the initial stages.
Examining these trends related to innovation, with potential insights from companies with
real-world challenges helps to dig deeper into whether younger or more established

companies show a greater inclination to embrace digital transformation and CE practices.
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4.2 Inferential statistics

The mail goal of this section in data analysis phase is to analyze relationships between
different variables to create a robust and detailed framework for the proposed integration in
this research, which focuses on business value outcomes for work package 3. Through
examining patterns of answers and finding associations, this analysis aims to identify key
indicating factors, enablers, and challenges that may impact the sustainability in business

value creation in digital twin technology-enalbed Re-X ecosystems.

This analysis approach includes three steps to proceed to address specific requirements for
framework development effectively. This approach is followed by hypothesis testing,
correlation analysis, and clustering methods to obtain meaningful relationships between the

concepts of this study.

4.2.1 Comparing Group Means — ANOVA Results

In order to compare mean scores between different Re-X process effectiveness at different
levels of digital technology adoption in surveyed companies, the following analysis has been
conducted through One-Way ANOVA. The dependent variables include refurbishing,
remanufacturing components for resale or other uses, reusing components within operations,
recycling (e.g., materials through third-party vendors), and recovering (e.g., energy from
materials or machinery waste). The factor to compare the means is digital technology

adoption level.

The hypothesis formulation explanation based on the data is as follows:
Null Hypothesis (Ho):

There is no significant difference in the effectiveness of Re-X processes across the different

levels of digital technology adoption.
Alternative Hypothesis (Hi):

There is a significant difference in the effectiveness of Re-X processes across the different

levels of digital technology adoption.
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According to the table below, the significances (p-value) for refurbishing, remanufacturing,
and recovering are 0.218, 0.131, and 0.866 respectively. This means that there are no
significant differences in the effectiveness of those processes across different levels of digital
technology adoption. On the contrary, the significances (p-value) for reusing and recycling
are 0.003 and 0.004 respectively, meaning that companies who adopt digital technologies at

higher levels, observe more outcomes in reusing and recycling processes.

ANOVA
Sum of
Squares df Mean Square F Sig.

Refurbishing Between Groups 10.016 4 2.504 1.457 218

Within Groups 245734 143 1.718

Total 255,750 147
Femanufacturing Between Groups 12.471 4 3118 1.805 A3
components forresale of  ywithin Groups 246.961 143 1.727
other uses

Total 259432 147
Reusing components Between Groups 28.158 4 7.040 4203 .003
within your operations Within Groups 239.484 143 1675

Total 267 642 147
Recyeling (e.g., materials Between Groups 26.674 4 6.668 4.008 .004
through third-party vendors) iy in Groups 237 887 143 1 664

Total 264 561 147
Recovering (e.g., energy Between Groups 2.664 4 666 317 .BEBE
from materials or Within Groups 300768 143 2103
machinery waste

Total 303.432 147

Table 7: One-Way ANOVA on digital technology adoption level and CE practices level

The results from the ANOVA analysis revealed that digital technology adoption level has an
indicating influence on the certain Re-X processes, specifically reusing and recycling. This
can be likely due to the resource optimization and advanced operational engineering

leveraging digital tools.

4.2.2 Clustering Analysis Based on Industry

Cluster analysis will group companies according to their responses and the pre-used database
provided by LUT, performance management research team. The goal is to identify patterns
in digital twin adoption level and Re-X processes implementation. For instance, companies

can be grouped based on whether they have achieved significant sustainability benefits or
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faced common challenges. This analysis helps in categorizing companies into different

clusters according to their integration level, readiness, and effectiveness.

This section of data analysis will create more classified grouping within the gathered data to
segment companies based on their industry in which they are operating now, including

manufacturing, construction, services, and wholesale and retail.

First, crosstabulation is conducted between industry and some critical factors measured on
the Likert scale according to survey questions to identify meaningful associations. This
analysis will help reveal in which industries companies exhibit distinct characteristics or
trends, such as differences in digital technology adoption, sustainability focuses in CE
ecosystem, or performance challenges. By examining the distribution of answers across
these indicating factors within each industry, this part aims to uncover patterns or disparities
which could influence industry-specific strategies in integrating digital twin technologies

with CE practices. This initial exploration on data will guide further directions on analysis.

According to table 7, the crosstabulation shows significant variation in digital technology
adoption level across different industries in this study. The service industry demonstrates
higher adoption levels likely to more operational flexibility and digital solutions to enhance
efficiency and customer engagement. In contrast, the construction industry demonstrates
limited adoption levels which potentially reflects probable barriers such as high

implementation costs or traditional nature of operations in this industry.

industry * digital technology adoption Crosstabulation

Count
digital technology adoption
Slightly Moderately
Mot adopted adopted Meutral adopted Fully adopted Total

industry Construction 3 f i b 2 16

Manufacturing 7 f 10 17 9 49

Senvices 11 10 5 20 s 62

Wholesale & Retail 3 1 3 ] 5 21
Total 24 23 19 51 H 148

Table 8: Digital technology adoption and industry crosstabulation

The findings reveal that industry-specific factors play a vital role in the adoption of digital
technologies among businesses. The adoption trends in manufacturing and retail sectors

show very moderate enhancement. This variation emphasizes targeted management
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strategies to address challenges and design a broader roadmap of digital technology

integration among less advanced sectors.

From digital technology support in CE processes among industries’ point of view, the
crosstabulation table 10, provides valuable insights in the percentage of circular processes
and sustainability strategies (e.g., reuse, recycling, remanufacturing). The analysis shows
notable variability in the adoption and support of CE practices by digital technologies.
Overall, while some industries like services and manufacturing are making huge
advancements in leveraging digital tools and equipment in their operations to enhance
circular processes, others face challenges which create major barriers and constraints on their

progress pathways in digitalization.

Percentage * industry Crosstabulation

Count
industry
Wholesale &
Construction  Manufacturing  Services R etail Total

FPercentage 0-25% 8 30 40 11 a4

26-50 % 4 10 g 3 26

51-T5 % 4 5 5 4 18

T6-100 % 0 4 7 1 12
Total 16 44 61 14 145

Table 9: CE processes managed by digital technologies and industry crosstabulation

Organizational challenges while implementing digital technologies are considered as a
concerning aspect for business owners and managers. The following analysis shows that
high costs and lack of workforce skills in digital technology sector are the most perceived
barriers to implementing those technologies in a high and effective level across all industries
in this thesis, with services and manufacturing experiencing the greatest impacts. Resistance
to change within the organization and coordination challenges between departments are
moderate barriers for several industries, which reveals internal organizational issues that can

hinder the adoption of digital technologies in CE practices.
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Lack of workforce skills in digital technologies * industry Crosstabulation

Count
industry
Wholesale &
Construction  Manufacturing  Services Retail Total

Lack of warkforce skills in Mot a challenge 1 B 9 2 18
i B = Slightly a challengs 10 14 19 8 51

Meutral 3 13 9 4 28

Moderately a challenge 2 12 16 a 34

Major challenge 0 2 8 0 10
Total 16 a7 60 19 142

Table 10: Lack of workforce and industry crosstabulation

Notably, insufficient training and development programs are observed as neutral to slight
challenges, which shows that while workforce skills are still a lack and concern, companies
may not yet realize the crucial need for planning structured training programs in their
organizations. The other notable area is emphasizing industry-specific issues by respondent
companies such as resource limitations, supplier management, and service provider quality,

which need to be tailored by effective solutions.

High costs * industry Crosstabulation

Count
industry
Whaolesale &
Construction  Manufacturing  Services Retail Total

High costs Mot a challenge 3 a 3 2 13

Slightly a challenge 3 4 11 5 23

Meutral 4 18 15 4 41

Moderately a challenge 4 14 22 3 43

Major challenge 2 i} 8 g 21
Total 16 a7 549 149 141

Table 11: High organizational costs and industry crosstabulation

To measure the scale of effective implementation of circular processes and sustainable
applications of Re-X strategies, the crosstabulations of various Re-X processes across
industries provide notable insights. The analysis regarding adoption of different Re-X
processes among companies shows significant variation across industries. Services and

manufacturing industries lead in refurbishing, remanufacturing components for resale or
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other uses, reusing components within operations, recycling (e.g., materials through third-
party vendors), and recovering (e.g., energy from materials or machinery waste). This
reflects high alignment with CE principles, likely due to operational flexibility and growing
demand for sustainable products in both service-based businesses and production line-based
companies. Construction and wholesale and retail showed low implementation of key

circular processes reflecting only in refurbishment and recycling in some areas.

In this context, refurbishing and reusing components include the highest levels of
implementation, meaning that there is a broad understanding in the benefits of extending
product life cycle and reducing waste. In contrary, remanufacturing still remains
underutilized. This can be interpreted as some barriers existing such as costs, technical

challenges or supply chain lack in component availability.

Refurbishing * industry Crosstabulation

Count
industry
Wholesale &
Construction  Manufacturing = Semvices Retail Total
Refurhishing Mot implemented 1 10 4 4 19
Slightly implemented 5 10 14 4 33
Meutral 3 4 4 3 14
Moderately implemented T 15 a0 a 60
Fully implemented 1 10 10 3 24
Total 17 49 62 22 150
Table 12: Refurbishing processes and industry crosstabulation
Remanufacturing components for resale or other uses * industry Crosstabulation
Count
industry
Whaolesale &
Construction  Manufacturing  Senvices R etail Total
Remanufacturing 1 a 14 N ] 67
components for resale or 7 7 16 1 3 37
other uses
3 4 3 3 19
4 1 7 5 22
4 2 4 2 10
Total 17 49 62 22 150

Table 13: Remanufacturing processes and industry crosstabulation
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Cost-effectiveness * industry Crosstabulation

Count
industry
Wholesale &
Construction  Manufacturing Senices R etail Total

Costeffectiveness Mo influence 1 2 1 ]

Slight influence 2 4 1 12

Meutral 3 3 8 2 16

Moderate influence T 22 24 9 62

Major influence 4 18 23 9 a4
Taotal 17 45 62 22 150

Table 14: Cost-effectiveness influence for EoL component recovery and industry crosstabulation

This thesis, by focusing on CE practices, investigates the barriers preventing companies from
implementing Re-X processes in their processes across various industries. The
crosstabulation analysis reveals that the most challenging point in such activities is high
implementation costs, with 53 companies rated this barrier in a moderate level and 28
companies in a major level comparing to other factors including lack of skilled workforce,
technological limitations, regulatory challenges, lack of customer demand, complexity of
supply chain logistics, and insufficient data or lack of digital tools. Assessing more in
different industries, in services sector the high implementation costs barrier is the most
prominent, meaning that financial limitations are prevalent particularly in industries with

high initial investments for the transition to circular business models.

High implementation costs * industry Crosstabulation

Count
incustry
Wholesale &
Construction  Manufacturing  Senices Retail Total

High implementation costs Mot a barrier 1 4 3 4 12

Slightly a barrier 3 4 8 1 16

Meutral i 14 14 5 38

Moderately a barrier i 149 22 f 53

Major barrier 1 7 14 i3 28
Total 17 48 61 22 148

Table 15: High implementation costs and industry crosstabulation
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In further analysis, workforce skill shortage also emerged as a notable barrier, with 43
companies rated this issue as moderate and 48 companies as neutral. The service industry
reported the biggest challenge in this part of the study. This can be interpreted as the need
for more workforce training. Similarly, technological limitations are seen as a key obstacle,

with 44 companies rated this in a moderate level and 25 companies in a major level of barrier.

Lack of skilled workforce * industry Crosstabulation

Count
industry
Wholesale &
Construction  Manufacturing = Semnvices Retail Total

Lack of skilled workforce Mot a barrier 4 10 10 g 32

Slightly a barrier 2 4 a8 2 16

MNeutral 5 by 17 5 48

Moderately a barrier b 10 22 i 43

Major barrier 0 4 4 1 9
Total 16 49 61 22 148

Table 16: Lack of skilled workforce and industry crosstabulation

Regulatory challenges emerged as another notable barrier. The manufacturing and services
industry have faced this challenge more than other industries. This can reflect the complexity
and difficulties in alignment with policies that support CE practices. Meanwhile, the lack of
customer demand slowed down the progress in manufacturing and services industries. This
shows the importance of establishing market incentives to stimulate more demand for such
products and services. Insufficient data or digital tools were also significant barriers,
specifically in the services industry since many companies showed concerns about lack of
digital infrastructure which helps in effective decision-making in implementing CE

processes.
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Regulatory challenges * industry Crosstabulation

Count
industry
Wholesale &
Construction  Manufacturing  Services Retail Total

Regulatory challenges Mot a barrier 0 10 4 22

Slightly a barrier 4 i} g 4 23

Meutral 8 10 23 7 48

Moderately a barrier 3 19 13 i} 40

Major barrier 2 4 a8 2 16
Total 17 45 61 22 149

Table 17: Regulatory challenges and industry crosstabulation

Moreover, in the others section of the question, respondents also mentioned other issues such
as environmental bureaucracy, inadequate circular infrastructure, challenges in managing

single-used plastic materials, and inaccurate functionality of digital tools.

4.2.3 Correlation Analysis

Correlation analysis will help in identifying associations between continuous variables by

examining their relationships and providing insights to how certain factors may relate.
Digital technology adoption and industry

Table x shows the correlation results between two variables in this study including industry
and digital technology adoption. According to this analysis the positive relationship is very

weak as the coefficient is 0.067 which is not statistically significant (p = 0.416).
The hypothesis formulation explanation based on the data is as follows:
Null Hypothesis (Ho):

There is no significant relationship between the type of industry and the level of digital
technology adoption.

Alternative Hypothesis (Hi):

There is a significant relationship between the type of industry and the level of digital
technology adoption.
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According to this formulation (Ho) assumes that industry type does not influence digital
technology level adoption, aligning with the observed weak and non-significant correlation

values (r;=0.067, p = 0.416).

Correlations

digital

technology

Industy adoption
Spearman's rho  Industy Correlation Coefficient 1.000 067
Sig. (2-tailed) . A6
I 162 148
digital technology adoption  Correlation Coefficient 067 1.000
Sig. (2-tailed) A16 :
I 148 148

Table 18: Digital technology adoption and industry correlations

In this case, the statistics supports the null hypothesis (Ho), which means we fail to reject
(Ho) and conclude that no meaningful relationship exists between industry type and digital
technology level adoption based on the answers among Finnish companies, p > 0.05. Factors
other than industry type, such as company size, revenue, or strategic priorities, may play a
more significant role in influencing digital technology adoption in terms of independency

classification.

From a framework development perspective for integrating digital twin technologies into
Re-X processes in CE practices, this result suggests that industry type may not need to be a
key differentiator. Instead, efforts could focus on other aspects, such as technological

readiness or organizational barriers which might impact adoption levels.
Digital technology adoption and CE level correlations

According to the previous analysis, as the positive relationship between industry and digital
technology adoption level is very weak, this thesis delves deeper into more variables to reach
a better understanding of indicating factors. The table below demonstrated the correlation
between digital technology adoption level and overall CE implementation level among the
companies which includes refurbishing, remanufacturing components for resale or other

uses, reusing components within operations, recycling (e.g., materials through third-party



55

vendors), and recovering (e.g., energy from materials or machinery waste). As can be seen

from the table, there is a significant positive relationship between these two variables.
The hypothesis formulation explanation is as follows:
Null Hypothesis (Ho):

There is no significant relationship between the level of digital technology adoption and
circular economy level among companies, meaning that digital technology adoption does

not have an impact on the level of CE practices implemented in surveyed companies.
Alternative Hypothesis (Hi):

There is a significant positive relationship between the level of digital technology adoption

and circular economy level among companies.

Correlations

Digital
Technology

Level CE Level
Spearman's rho  Digital Technology Level  Caorrelation Coefficient 1.000 4417
Sig. (2-tailed) : =001
I 152 152
CE Level Correlation Coefficient 441" 1.000
Sig. (2-tailed) =,001 :
I 152 152

** Correlation is significant at the 0.01 level (2-tailed).

Table 19: Digital technology adoption and CE level correlations

The correlation coefficient between digital technology adoption level and CE level is 0.441
with a significance value (p-value) of 0.001. These results indicate a moderate positive
relationship between variables, meaning that as companies adopt more digital technologies,
the implementation of CE practices tends to grow and enhance the effectiveness of circular
processes. Since the p =0.001 is less than 0.05, we reject the null hypothesis (Ho) and accept
the alternative hypothesis (H:). In this analysis, the significance clearly shows that the results

are not coincidental and advanced digital technologies such as predictive maintenance, data-
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driven decision-making, and IoT systems play a vital role in sustainable circular business

models.

Predictive maintenance and sustainable goals correlations

One of the most impactful advanced digital technologies driven by digital twins is predictive
maintenance. This part of the analysis is focused on examining the relationship between
predictive maintenance powered by digital twin and sustainable goals including energy
efficiency, product life cycle extension, and waste reduction. Table v statistically shows the

relationship between these variables.
The hypothesis formulation explanation is as follows:
Null Hypothesis (Ho):

There is no significant relationship between predictive maintenance and the enhancement of
sustainable goals such as energy efficiency, product life cycle extension, and waste reduction
among companies, meaning that predictive maintenance as a digital technology does not

improve energy efficiency, product life cycle extension, and waste reduction.
Alternative Hypothesis (Hi):

There is a significant relationship between predictive maintenance implementation and the

enhancement of sustainable goals.

As can be seen from the table below, the positive correlation coefficients and the significance
values (p-value) for energy efficiency and product lifecycle extension indicate a positive
relationship and statistically significant (r; = 0.247, p = 0.005). In this case, we reject the null
hypothesis (Ho) and accept the alternative hypothesis (H:), concluding that predictive
maintenance technology enhances energy efficiency and supports the extending of product

life cycle.

In contrast, the correlation coefficient of 0.119 and significance value of 0.183 indicates a
very weak relationship between predictive maintenance implementation and waste
reduction. The p-value of 0.183>0.05 indicates this relationship is not statistically

significant, meaning that although predictive maintenance may have some impacts on waste
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reduction, but it is not strong enough to consider as a determining factor. So, we fail to reject

the null hypothesis (Ho) in this case.

Correlations

Product
Predictive Energy lifecycle Waste
maintenance efficiency extension reduction

Spearman’s rtho  Predictive maintenance Correlation Coeflicient 1.000 247" 247" 119
Sig. (2-tailed) . 005 005 183

N 129 127 128 127

Energy efficiency Correlation Coefficient 247" 1.000 214" 481"
Sig. (2-tailed) 005 . .00g <,001

N 127 148 148 148

Product lifecycle extension  Correlation Coefficient 247" 2147 1.000 298"
Sig. (2-tailed) 005 008 . <,001

N 128 1489 150 1489

Waste reduction Correlation Coeflicient 119 4817 298" 1.000
Sig. (2-tailed) 183 <,001 <,001 .

N 127 149 149 149

** Correlation is significant at the 0.01 level (2-tailed).

Table 20: Predictive maintenance and sustainable goals correlations

The findings in this section reveal that predictive maintenance can effectively enhance the
energy efficiency of CE practices and tangibly extends the product lifecycle while its effect
on waste reduction is not very clear. This means that in order to effectively integrate digital
technologies with CE practices, there is need for employing different strategies in waste

reduction.

Lifecycle monitoring and sustainable goals correlations

Businesses and companies can track and optimize their performances through lifecycle
monitoring in a wide variety of ranges in industry. Since predictive maintenance, lacks
support in waste reduction, the following analysis is conducted to examine the relationship

between lifecycle monitoring and sustainable goals discussed in the previous section.
The hypothesis formulation explanation based on the data is as follows:
Null Hypothesis (Ho):

There is no significant relationship between lifecycle monitoring and the enhancement of

sustainable goals such as energy efficiency, product life cycle extension, and waste reduction
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among companies, meaning that lifecycle monitoring as a digital technology does not

improve energy efficiency, product life cycle extension, and waste reduction.

Alternative Hypothesis (Hi):

There is a significant relationship between lifecycle monitoring implementation and the

enhancement of sustainable goals.

According to the data shown in the table x, the three key variables in CE practices have direct
relationships with lifecycle monitoring implementation as an advanced digital technology.
The correlation coefficient of 0.340 in product lifecycle extension and the significance value
of <0.001 indicates the positive relationship and statistically significant which means that
the more companies implement robust lifecycle monitoring technologies in their processes,

the more extension in product life spans can be observed.

There are also positive relationships between lifecycle monitoring and energy efficiency and
waste reduction, but not as strong as product lifecycle extension. Another noteworthy finding
in this analysis is the strong positive correlation between energy efficiency and waste
reduction with (r; = 0.481, p <0.001) values indicating highly statistically significant
relationship. This can be interpreted that the strategies which result in energy-efficiency are

usually aligned with waste reduction practices.

Overall, since all the p-values are less than 0.05, we reject the null hypothesis (Ho) and accept
the alternative hypothesis (Hi). This reveals that lifecycle monitoring implementation is a
critical factor in optimizing CE practices and reaching to sustainable goals in industrial

setups.
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Correlations
Product
Lifecycle Energy lifecycle Waste

maonitaring efficiency extension reduction
Spearman's tha  Lifecycle monitoring Carrelation Coefficient 1.000 248" 3407 225
Sig. (2-tailed) . 005 <,001 011
N 128 127 127 127
Energy efficiency Correlation Coefficient 248" 1.000 2147 481"
Sig. (2-tailed) 005 . 008 <,001
N 127 149 149 149
Froduct lifecycle extension  Correlation Coefficient 340" 2147 1.000 208"
Sig. (2-tailed) <,001 .00g . <,001
M 127 149 150 149
Waste reduction Correlation Coefficient 225" 481" 298" 1.000
Sig. (2-tailed) 011 <,001 <,001 .
N 127 149 149 149

** Correlation is significant atthe 0.01 level (2-tailed).
* Caorrelation is significant at the 0.05 level (2-tailed).

Table 21: Lifecycle monitoring and sustainable goals correlations

In terms of comparative analysis on the effectiveness of predictive maintenance and lifecycle

monitoring on enhancement of key sustainable goals, the author concludes that both PM -

predictive maintenance - and LM - lifecycle monitoring - contribute to the final outcomes of

digital technology implementations, but the effect of PM is weaker than LM. LM shows

promise to be a more comprehensive tool in CE enhancement practices, since it not only

helps in extending the product life cycles, but also leads to more energy consumption

efficiency and reduction in waste.
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5 Discussion and Conclusions

This chapter includes three different sections and elaborates on the final results and findings
of this master’s thesis. By synthesizing data analysis from chapter 4, this chapter outlines
how digital technologies can be integrated into CE practices and shape a framework to create
business value in circular ecosystems which addresses key challenges for this transformation
in industrial machinery sector. At the end of this chapter, the future research
recommendations and directions are also provided to implement more strategies in this

research area.

5.1 Industry-specific Factors

As mentioned earlier in chapter 4, the findings from data analysis sections remarked the need
for industry-specific metrics in the adoption of digital technologies and implementation of
CE setups across four distinct industries studied in this thesis: manufacturing, construction,
services, and wholesale and retail. Each industry has revealed unique patterns,
characteristics, challenges and opportunities which impact its capabilities to a sustainable

transition in CE practices enabled by digital technologies specifically digital twins.
Manufacturing Industry

In the manufacturing sector there is a moderate level of digital technologies adoption, and
the most implemented technologies are enabled through predictive maintenance (ML) and
life cycle monitoring (LM). These tools supported by digital twin technology, allow
manufacturing companies to extend their products’ lifespans, reduce downtimes and
operational failures, and improve the RE-X processes’ efficiency such as refurbishment and
reusing components. Although the manufacturing industry has seen these enhancements,
there are still some significant barriers to this integration. Regulatory policies and technical
issues in data interoperability between existing systems and digital twins have complicated
their procedures as reported by company representatives in their seamless implementation
toward an innovative, sustainable change. Last but not least in this sector, high costs and
complexities associated with financial directions have affected remanufacturing to be

underutilized.
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Manufacturing sites have shown high potential to align their practices with CE principles in
Finland. Process optimization and cost reduction are key driving factors that fosters the
adoption of CE practices through digital technologies. Targeted strategies are required to
overcome challenges for benefiting from CE guidelines and their reliance on resource-
efficient processes, that eases the integration both economically and environmentally

feasible.
Construction Industry

In contrast, the construction industry shows limited adoption of digital twin technologies in
their CE practices. Due to high implementation of traditional methods, the resistance towards
digitalization increases mostly because of facing high upfront costs and lack of skilled
workforce, reflecting challenges in advanced technology management. Data-driven Re-X
processes and their integration into digital technologies are currently being underestimated

due to the high costs of operational tools and equipment.

Furthermore, a big part of the construction industry relies on raw materials which is a driving
factor for transition from linear to circular economy. According to the results of this study,
the construction industry shows limited engagement, only adopting refurbishment and
minimal recycling practices. By implementing targeted strategies to address cost
management barriers and bridge the gap to skillful workforce, the opportunities are in reach
to reduce resource consumption and minimize environmental impacts through digital
technologies like digital twins. These targeted strategies can accelerate construction
operations into more circular models through innovation encouragement and providing

financial incentives.
Services Industry

High adoption level of digital technologies including digital twins, are used to foster
operation optimization and enhance customer engagement in the services industry.
Companies and service providers leverage their operational flexibility to more
implementation of CE practices across their activities. The driving factors of significant
enhancements in refurbishment, reusing, and recycling materials include higher customer
demands and sustainable services according to the growing awareness of CE goals in
societies. Again, workforce skills lack in internal coordination among organizations remains

as a challenge needed to be addressed. Targeted training programs and redesigning
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organizational alignments can be carried out to effectively address workforce-related

barriers, resulting in better maximizing the CE practices’ benefits.
Wholesale and Retail Industry

This sector has demonstrated a mixed outline of moderate to low adoption of digital
technologies in CE practices. The most influential factors across their adoption include
financial constraints and limited infrastructure in digitalization of companies. Regulatory
issues are also reported as the most faced challenges. Through this moderate to low adoption,
the focus has been on recycling, with low efforts performed towards refurbishment or

remanufacturing.

The discussion around this sector reveals that there is a significant potential to develop CE
practices through marketing approaches and business-driven incentives to grow consumers
sustainability awareness in this sector. Addressing those challenges and aligning operations
with CE principles can lead to paving the way for higher adoption level of digital

technologies in Re-X process.

Finally, as summarized in table 22, since the adoption level across these four industries
varies significantly, this thesis highlights the need for industry-specific strategies and
tailored approaches according to the barriers and emerging challenges to accelerate the
transition to a more sustainable business model and circular future through the integration

of digital technologies with Re-X processes.
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Digital Technology . . .. .
Industry Adoption Barriers Re-X Implementation Opportunities/Insights
Moderate adoption focused on Regulatory challenges; High in refurbishing and Process optimization fmd
. . ) T S . . cost reduction can drive
Manufacturing predictive maintenance and technological limitations; reusing; low in . . .
) . 3 e . adoption; aligns well with
lifecycle monitoring. interoperability issues. remanufacturing. 2
CE principles.
Limited adoption due to high ~ High implementation costs; Low, mainly focused on Strong case for .C due to
. .\ . . .. heavy raw material use; cost
Construction upfront costs and traditional ~ lack of workforce skills; low  refurbishment and minimal LD .
ractices digital tool usage recycling mitigation strategies could
p ’ ' ' boost adoption.
Agile industry well-
High adoption leveraging Workforce skill shortages; L - . positioned for CE; customer
. : ! .. Lo High in refurbishing, reusing, . .
Services operational efficiency and organizational coordination . demand drives adoption;
and recycling. :
customer engagement. challenges. needs improved workforce
development.
Moderate to low adoption Regulatory challenges; lack  Moderate focus on recycling; ~ Market-driven incentives
Wholesale & . .
Retail constrained by costs and of customer demand for CE minimal and consumer awareness
practices. refurbishing/remanufacturing. could enhance adoption.

infrastructure.

Table 22: Industry-specific outline
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5.2 Proposed Framework

This thesis proposes a framework to guide the integration of digital technologies, particularly
digital twins, into Re-X processes. This framework serves as a layout to companies operating
in various industries to ensure the effectiveness of CE implementations. The framework
emphasizes scalability and adaptability, considering diverse needs of different industries.
The following goals are determined to ease the integration of digital technologies into CE
practices. It guides decision-making processes among companies since most effective digital
technologies are highlighted according to each CE practice. Moreover, the proposed
framework facilitates implementation. This means that digital enablers and their associated
values are clearly identified to focus on the most impactful digital technology to foster
sustainable procedures. The last goal of this framework is assistance in overcoming barriers.
The conducted profound research in this area resulted in addressing common organizational
and technical challenges such as resistance to change, skills gaps, and high costs since the

frameworks shows how digital technologies can assist to overcome the emerging challenges.

Firstly, two tables are provided to create an initial overview of the final conclusion. Later
on, the framework will be visually demonstrated and elaborated according to its materials
and directions. These two tables providing acquaintance are used as a structured tool to the
integration discussed in this thesis. Each table represents different perspectives of two areas

including digital technologies and CE practices to reach high alignment of both concepts.

Table 23 highlights the digital technologies, the key digital enablers, and the resulted digital

impacts which they add to circularity.

In addition to the table 23, this thesis provides table 24, outlining CE practices and actions
associated with sustainable considerations and the key impacts they bring when combined
with digital technologies. The key practices presented in this table help companies to
improve their resource efficiency, product longevity, and other core environmental issues in

CE model.



Digital Technology

Key Digital Enablers

Digital Impact

1. Predictive Maintenance (PM)
Implementation

-IoT sensors, Al algorithms,
Predictive analytics

-Data analytics, monitoring
tools

Enhances Energy Efficiency: Optimizes equipment operation and reduces energy
wastage.

Reduces Downtime: Prevents unexpected failures, increasing product and
equipment lifespan.

Supports Sustainability: Improves operational efficiency and contributes to
sustainability goals.

2. Lifecycle Monitoring (LM)

-IoT, data analytics, Al

-Digital twins for traceability

Improves Resource Optimization: Provides real-time tracking of products and
resources.

Informs Decision-Making: Identifies when products need maintenance or recycling,
optimizing resource use.

Enables Recycling & Remanufacturing: Facilitates reuse and remanufacturing
through condition tracking.
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3. Overcoming Organizational
Challenges

-Workforce training, upskilling
programs

-Automation tools, integration
platforms

-Cloud-based solutions, real-
time data access

Improves Workforce Readiness: Bridges skills gaps by training staff in digital tools
(e.g., PM, LM).

Reduces Resistance to Change: Digital solutions make change management easier
by improving efficiency.

Decreases Implementation Costs: Cloud solutions are cost-effective for managing
and monitoring circular processes.

4. Addressing Technological
Barriers to Adoption

-Al for forecasting, cloud
solutions

-Digital collaboration platforms

-Data analytics for decision-
making

Helps Overcome Technological Limitations: Digital technologies make advanced
tools more accessible and efficient.

Mitigates High Implementation Costs: Offers scalable and cost-effective solutions
for circular processes.

Eases Resistance to Change: Provides data-driven insights to justify the adoption of
digital technologies.

Table 23: Digital technologies key framework components



Re-X Processes

Key CE Enablers Powered by
Digital Tools
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Re-X Impact in CE Ecosystem

1. Refurbishing and
Remanufacturing

- Digital twins

- IoT for component tracking

- Al-driven systems for process
optimization

Improves Product Life Extension: Digital tools help monitor product condition,
facilitating repairs and remanufacturing.

Supports Sustainability Goals: Ensures more efficient use of materials and
reduces waste.

Enables Resource Recovery: Identifies valuable components for reuse or
remanufacturing.

2. Cost-Effectiveness and
Environmental Impact

- Al for cost optimization,
sustainability dashboards

- Blockchain for transparent
material tracking

Improves Cost Efficiency: Optimizes resource use, reducing costs while meeting
sustainability goals.

Reduces Environmental Impact: Ensures that resources are used efficiently,
minimizing waste and carbon footprint.

3. Recycle and Reuse

- IoT for waste tracking,
recycling systems

- Data analytics for process
optimization

Improves Resource Efficiency: Ensures that waste materials are tracked, reducing
unnecessary waste and improving recycling.

Enables Better Waste Management: Identifies opportunities for reducing waste at
different stages of the product lifecycle.

4. Integration of Circular
Economy (CE) with Digital
Technologies

- Digital twins. 10T, Al,
Blockchain

Facilitates Seamless Integration: Combines CE practices with digital tools,
driving operational efficiency and sustainability.

Supports Full Circularity: Tracks products from production to disposal, ensuring
they are reused, remanufactured, or recycled.

Table 24: Re-X processes key framework components
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This dual-structured through tables allows the author to link digital enablers to CE outcomes,
helping to design the framework for integration of digital technologies into CE practices.
The combination of both tables provides a structured, detailed roadmap to achieve
sustainability using digital technologies, guiding implementation and strategy development
for companies adopting circular business models. The proposed framework is presented as

follows, figure 8.
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Figure 9: Integration framework of digital technologies and Re-X processes
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5.3 Discussion of Implications

The findings of this thesis present significant implications for industries leveraging digital
technologies to align their practices with CE goals. The service and manufacturing sectors
showed up as leaders in adopting digital twin technologies, demonstrating the capacity and
capability to integrate digital tools effectively into Re-X processes due to their operational
flexibility and growing demand of sustainable-driven approaches. In contrary. Construction
and retail sectors emerged as low-level adopters due to facing greater challenges originally
from traditional procedures and change resistance. Once again, this disparity underscores

industry-specific interactions and specific support mechanisms.

The transformative potential of these digital technologies shed up light particularly in reuse
and recycling supported by real-time monitoring and predictive analysis. Companies who
adopted digital twins were able to optimize their maintenance schedules and predict failure

and downtime which strongly aligns with principles of CE in business model development.

The environmental and economical benefits of digital twin technologies were evident across
all the studied industries. Companies with higher levels of adoption reported substantial
benefits in energy efficiency, product longevity, and resource optimization. However, the
tangible benefits in waste reduction have not been observed fully, suggesting that further
enhancements in waste management are needed. Economically, the findings of this thesis
emphasize on the potential of cost saving benefits through implementing advanced
maintenance techniques to reduce expenses and optimize resources, underling the financial

viability of adopting CE practices.

Despite of all positive results, several barriers need to be addressed. High implementation
costs remain a significant obstacle specifically in small and medium-sized companies to
adopt cutting-edge technologies. Collaborative solutions are necessary in tackling with
regulatory and skilled workforce complexities between industrial stakeholders,

policymakers, and research and educational institutions.
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5.4 Future Directions

Looking forward, there are several areas for further research and development, which are the
author’s own passion too. Expanding the scope of the research to include more industries
such as electronics, energy and healthcare could address more barriers and validate the
framework’s application in a wide variety of cases in more diverse industries. Additionally,
cross-regional studies could provide more knowledge on how regulatory, and societies

influence the adoption of digital technologies, particularly digital twins.

One other area to delve into is detailed economic analysis by quantifying the cost savings
and return on investment - ROI - associated with digital twins to provide more evidence for
businesses considering their adoption level. Moreover, exploring certain types of emerging
technologies such as Al and blockchain is highly beneficial to enhance the predictive and

tracking technologies in the industries.

Last but not least, the skills gap requires targeted training programs and in-depth research
on how to educate the workforce and equip them with essential expertise to implement and

manage complex solutions that companies can fully leverage their potential.
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