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SUMMARY

This research explores the role of Digital Twin, a key technology in Industry 4.0, in facilitating
the shift towards a circular economy via Supply Chains. It also addresses the potential
obstacles that hinder the integration of Digital Twin into the Supply Chain. Data was gathered
through a comprehensive literature review and interviews with researchers and company
personnel to understand the degree to which Digital Twins are utilized in their organizations,
and how it can guide them towards circularity in their supply chains.The study reveals that
Digital Twins can enhance circularity in supply chains by extending the product lifespan
through real-time monitoring and predictive maintenance, as well as by effectively tracking
products returned by customers. However, implementing Digital Twin technology in extensive
network like supply chains is challenging due to factors that complicate real-time data
collection and time-consuming and costly process of modeling every asset. Therefore, in such
large networks, a Digital Model could be a more practical and cost-effective solution.

Keywords: Digital Twin, Supply Chain, Circular Economy, Logistics, Linear Economy.
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Introduction

1.1 Background

Over the past decade, technological advancements have accelerated rapidly, with innova-
tions gained through Industry 4.0 reshaping industries worldwide. Many sectors are mov-
ing toward digitization, recognizing the significant benefits, including faster information
access, enhanced customer experiences, increased productivity, and improved decision
making, all while reducing operating costs and enhancing safety (Rosin et al., 2020).

Digitization offers a variety of advantages in dealing with today’s business challenges,
particularly in volatile markets that require rapid responses to unexpected changes. A
key example of such volatility was the COVID-19 pandemic in early 2020, which caused
global disruptions. As the virus spread, supply chains were impacted by panic buying and
delays resulting from workforce shortages across production and logistics (Chowdhury et
al., 2021).

One technology with immense potential to address these issues is digital twins. There
are many ways to define DT, but one definition is that DT is a digital clone of a physical
system or process that can be used to simulate, predict, and optimize the physical sys-
tem’s performance (Kamble et al., 2022). This capability has led to the adoption of DTs
in various fields, including manufacturing, transportation, and healthcare. In supply chain
management, DTs are particularly useful, enabling enhanced supply chain performance
(SCP) in today’s increasingly complex logistics and supply chain systems (Rauniyar et al,
2022).

The adoption of DTs holds significant promise for society, the economy, businesses, and
the environment (Le et al, 2022). By integrating data from multiple sources and allowing
interactions across diverse stakeholders, DTs provide a foundation for improved model-
ing, simulation, operations, and management of supply chains (Rana et al, 2022). This
increase in operational efficiency ensures faster product delivery, especially crucial for
perishable goods and medicines (Trabuccoet al, 2021). Furthermore, DTs enable near
real-time connection between virtual and physical infrastructure, allowing for scenario
testing without disturbing the physical infrastructure and experimentation that strengthen
both theoretical and practical decision-making (Bianco et al, 2023). These capabilities
help reduce disruptions, ensuring supply chains remain resilient and adaptable to chang-
ing conditions (Sassanelli et al, 2023). Additionally, DTs support predictive maintenance,
risk mitigation, and enhanced sustainability—building resilience against crises, such as
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1. Introduction

epidemics or natural disasters, and maintaining effective supply chain operations in the
face of global and economic fluctuations.

While a well-managed supply chain is essential, many companies today operate in a lin-
ear model where resources are extracted, processed, used, and ultimately discarded which
means the materials won’t be able to be used again (Berg et al, 2019). One method that
aims to combat this is the use of circular economy. Circular economy could be defined
as “an industrial economy that is restorative or regenerative by intention and design”
(Ellen MacArthur Foundation, 2013). This approach fosters greater sustainability in sup-
ply chains by enhancing operational, economic, and social responsibility (Dulebenets,
2018), especially in sectors with complex networks, like the automotive industry, where
environmental impacts are significant (Masoumi et al, 2019).

This new supply chain model requires a lot of work to get started. For example, infor-
mation would be required about the different materials and of where the products are in
the supply chain where a significant development potential is seen for DT in the context
of the circular economy (Preut, 2021). Digitization concepts have the potential to enable
better information management and more transparency regarding relevant information for
the circulation of materials and products (Yang et al, 2018). This leads to the aim of our
thesis.

1.2 Research Questions

This thesis aim is to investigate if it is suitable for this purpose by answering these two
research questions.

(1) How can Digital twins support the transition from linear economy to circular economy
in supply chain.

This question’s aim is the basis of the thesis. Linear economy is how things have always
been done within production so hopefully there can be ways to make circular economy
more attainable with the suggested example here being to use digital twins. There are
definitely multiple different ways to attain a circular economy but in this thesis the focus
is on specifically how digital twins can be used. So this research question should clearly
explain what the research is aiming towards.

(2) What are the challenges for implementing and integrating Digital twins in a closed
loop supply chain.

This question instead aims to focus on what the challenges of the use of digital twins to
implement circular economy can be. Because even if clear ways to use it can be found
it isn’t enough if there are too big challenges stopping parties from implementing it. By
finding and defining these challenges they can be more easily overcome which in turn
makes possible uses of digital twins more attractive for the companies looking to use it.
Because it is not enough to find the uses for digital twins if there are too big risks making
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1. Introduction

it seem like an uncertain investment. So the goal of this question is to find the challenges
to see if the gain from digital twins is worth it.

By researching these questions hopefully some new understandings about this new tech-
nology can be gathered.

1.3 Delimitations

The delimitation of this thesis study is multifaceted. Firstly, the data collection process
was constrained by the limited availability of researchers for conducting interviews, which
restricted the breadth of data that could be gathered. Secondly, a significant number of
company personnel interviewed lacked a comprehensive understanding of Digital Twins,
further complicating the data collection process.

Additionally, time constraints hindered the ability to thoroughly gather all necessary data
from the companies and correlate it with the insights from researchers’ interviews and
literature studies. A notable challenge encountered during the literature review was the
lack of precise definition of a Digital Twin in previously published works.

Moreover, there was a strong belief among the researchers that Digital Twins may not be
applicable across all areas of the supply chain. Specifically, they suggested that Digital
Twins are more suited for smaller networks and may not be effective for larger networks
such as supply chains. These factors collectively form the delimitations of this study and
have shaped the scope and direction of the result.



1. Introduction




2

Theory

This chapter provides the theoretical foundation necessary to understand the research con-
ducted in this thesis. It aims to equip the reader with the essential knowledge to understand
this report.

This chapter is structured as follows: First, we delve into the concept of Industry 4.0 and
why DT is a groundbreaking technology in Industry 4.0. Then we discuss the origin, main
components, classification, application, and advantages of DT.

Next, we will explore the idea of CE, its impacts, and what stops the organization from
being more circular. Then we will look into how Industry 4.0 can help the organization
towards a circular economy with the help of DT. Finally, we will delve into the concept
of Supply Chain, being one of the critical components in achieving the goals of CE, and
how DT can help SC to be more closed loop.

2.1 Industry 4.0

The concept of Industry 4.0 was first introduced in 2011 in Germany at the Hannover Fair
(Yang Gu, 2021). It was formally declared by the German government as a significant
project to advance the industrial revolution. The first three industrial revolutions signaled
the start of a new phase in the history of the industrial revolution. Around the end of the
eighteenth century, the first industrial revolution got underway with the increasing usage
of steam and waterpower, which resulted in a shift from human to machine manufacturing
methods. Beginning in the late 1800’s electric power was widespread which marked the
second industrial revolution because of which industries were able to mass produce the
products. The third industrial revolution began in the 1970s when industries began using
electronics, the internet and digitalization in addition to mechanized production.

The fourth stage of this industrial revolution, known as Industry 4.0, is defined by the ap-
plication of the Internet of Things (IoT) and services, as well as the integration of Cyber-
Physical systems (CPS) into manufacturing processes and logistics (Yang Gu, 2021) This
allows the real world to be reflected in a virtual world, as a result, the term “Digital Twin”
has been developed.
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Industry 4.0

Industry 3.0 Cyber physical
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Figure 2.1: Industrial Evolution (Attaran et al., 2023)

The idea of Digital twin is a big leap in the world of Industry 4.0 (Attaran et al., 2023).
As we use more digital methods in production, the digital twin becomes a key tool. It
helps us try out and fine-tune new setups and designs. By making a digital copy of the
real world, the digital twin technology allows organizations to make real-time changes in
the physical object based on the results obtained from the virtual object. Because of this,
Digital Twins has helped to decrease the cost of creating new manufacturing processes in
recent years. This has also led to fewer differences between batches, increased productiv-
ity, and also decreased waste significantly.

Digital Twin and Industry 4.0 are being widely used, moving beyond abstract ideas and
into practical uses (Yang Gu, 2021). Its applications are widespread and have a great
impact on almost everyone. On a national and international scale, modifications are be-
ginning to become apparent as we adjust to new developments

2.2 Digital Twins

2.2.1 Origin

The term “Digital Twin” was first mentioned in a NASA report in 2010, which marks
the beginning of this groundbreaking technology (J. Guo Lv, 2022). Interestingly, its
initial application occurred in 1970 during the Apollo 13 mission, where NASA used a
computer model of the spacecraft to identify and solve a serious issue caused due to an
oxygen tank explosion. This event is often recognized as the starting point for the Digital
Twin technology. In 2002, Micheal Grieves, expanded on this technology in a talk to busi-
ness executives at the University of Michigan, promoting the use of Product Life Cycle
Management (PLM). This model is termed as ‘Mirrored Spaces Models’ which has three
main components: real space, virtual space, and a linking mechanism for data flow be-
tween the two (Singh et al., 2023a). This concept which was proposed by Micheal Grieves
was similar to David Gelernter’s 1991 ‘Mirror Worlds’ concept. This model was refined
in 2006, which highlights bi-directional links and multiple virtual spaces for a single real
space, which was then renamed the ‘Information Mirroring Model’. It was not until 2010
that the term “Digital Twin” was formally defined in a NASA roadmap report by John

6



2. Theory

Wicks. This is considered a crucial moment in the evolution of the Digital Twins concept,
which paved the way for the development and application of Digital Twins across various
industries.

Mirrored Spaces Digital Twin
Model

Mirror Information Mirroripg
Worlds Model

Figure 2.2: Evolution of Digital Twin (Singh et al., 2023)

2.2.2 Main Components of Digital Twin

The Digital Twin consists of three main components. They are Physical objects, Digital
objects, and connection between Physical and Digital objects (Juarez et al., 2021a)

The physical object is the primary part of the Digital Twin. The Digital Twin aims to
imitate this physical object in the form of a virtual representation. The physical object
can be something as easy as an automobile engine or as complicated as the infrastructure
of a city. The physical object consists of Devices and Sensors. Devices are those from
which Digital Twin is meant to be created, and in those Devices, sensors are placed to
collect statistics, which are used as data for Digital objects. It is the essential element in
Digital Twin because it gives the information that powers Digital Twin.

Physical Object Digital Object

Devices Designing
Bi-directional

Sensors data Flow Simulation

I3

Figure 2.3: Components of Digital Twin

The Digital object is the virtual counterpart of the physical object within the virtual space.
The Digital object is a model that replicates the physical object as closely as possible. It
uses the information received from the physical world to mimic its behavior and state in
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2. Theory

real-time. In this Digital object, various experiments like change in design, and testing
new changes in scenarios using simulation can be done without affecting the physical
world

The connection between physical and digital objects is the part of Digital Twin where the
information flows between physical and Digital objects.

2.2.3 The working of Digital Twin

The Digital Twin works in the loop of seven steps: Sampling,Storage, Modeling, Simula-
tion, Learning, Prediction and Actuation. (Le and Fan, 2024)

Sampling is the first step on how DT works. This is a crucial step where the data is col-
lected from the physical layer or real-world entity. The physical layer can be as small as
a robot and can be as big as an entire organization. The data from these physical layer
is collected with the help of the sensors, where the data represents the physical-layer’s
current state and operation.

Storage is when the data is collected from the physical-layer, it is then stored in the
databases in the digital-layer. The databases where the data are stored can be located
on a local server or in the cloud depending on how the DT is set up in the first place.
When the data is stored in the database, it is in the form of raw data. It is then processed
and transformed into a format that is suitable for analyzing and modeling.

Then the modelling step is When the data is collected and stored, as it has the information
about all the details such as properties, behaviors it is used to create a digital model of
the physical-layer from which the data has been collected. The created digital model is
updated continuously, as the data is collected in real-time and is updated regularly.

After that comes simulation where once the digital model is created, simulation of the
physical-layer in the digital model is executed. The simulation consists of complex al-
gorithms like machine learning and Al algorithms which can create different scenarios to
see how the system will respond and the results are generated. This will help to find out
the bottlenecks and inefficiencies of the physical-layer

The learning step starts once the results are generated, the DT system can improve its
digital model which involves adjusting the parameters of the model, changing the rela-
tionship between the entities or even changing the type of model. As the learning process
is continuous, it will lead to continuous improvements as the data are collected continu-
ously.

Prediction happens once the digital model is improved, it can help to predict the future
which can be a demand in supply chain, forecasting maintenance for equipment etc.

Lastly the actuation begins once the prediction has been made, the results are sent back to
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2. Theory

the physical-layer which actually helps to make important decisions in the physical- layer
like predictive maintenance or optimization of a product or supply chain.

2.2.4 Classification of Digital Twins

Digital Twins are divided into various categories depending on its level of integration,
application, hierarchy, maturity level and when it is created (Singh et al., 2023)

2.24.1 Classification of DT based on Level of Integration

Based on the level of integration, Digital Twin is classified into three: Digital Model,
Digital Shadow and Digital Twin (Juarez et al., 2021)

Digital Model comes first and in this type of DT, the flow of data between physical and
Digital objects are manually transmitted. So the changes in the Physical object are not
reflected in the Digital object automatically and vice versa (Juarez et al., 2021)

Digital
Object

----- < Manual Data Flow
—p Automatic Data Flow

Figure 2.4: Flow of data in Digital Model (Juarez et al., 2021)

Then comes Digital Shadow and in this type of DT, the flow of data from Physical object
to Digital object is transferred automatically, but the data flow from digital to physical ob-
ject is done manually, hence the changes in the digital world do not reflect on the physical
object (Juarez et al., 2021).

Physical
Object

Digital
'y Object

L]
]
L]
]
L™

----- < Manual Data Flow
................... = Automatic Data Flow

Figure 2.5: Flow of data in Digital Shadow (Juarez et al., 2021)
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Lastly comes the actual Digital Twin where there is automatic bi-directional flow between
the physical and digital object. Therefore, whenever there is a change in any of the ob-
jects, it reflects on its counterpart automatically (Juarez et al., 2021)

Physical
Object
I ======§ Manual Data Flow
—) Automatic Data Flow

Figure 2.6: Flow of data in Digital Twin (Juarez et al., 2021)

2.24.2 Classification of DT based on Application

Predictive Digital Twins and Interrogation Digital Twins are the two categories into which
the Digital Twin is divided according to its intended use (Singh et al., 2023). While In-
terrogative DT is used to interrogate the physical objects’s past or present condition, the
Predictive DT is used to forecast the behavior of physical objects in the future.

Moreover, Digital Twin is divided into three categories according to its application focus:
Product DT, Production DT and Performance DT. Product DT is used in prototyping,
where the product is analyzed under different conditions to monitor its behavior. Produc-
tion DT is used to analyze a product before its actual production. Performance DT is used
for making decisions by analyzing the data from the products.

2.2.4.3 Classification of DT based on Hierarchy

Digital Twin is classified into three types based on hierarchy perspective: Unit Level,
System Level and System of System level (Singh et al., 2023)

Unit level is a kind of Digital Twin that is the smallest unit used in manufacturing, such
as a piece of machinery, a material or an environmental factor. It is based in functional,
geometric and behavioral simulation of physical object

System level is a combination of several Unit level DT that comprises a System level DT
like production line, shop floor or factory.

System of Systems Level is then when multiple System Level DT are joined together in
SoS-Level DT, which facilitates collaboration with many organizations or divisions within
a company, including supply chain, design, service and maintenance ect.,
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e |

| | Component
DT

|

® ||

|
ial DT |

Unit Level

Figure 2.7: Classification of DT based on hierarchy (Singh et al., 2023)

2.2.4.4 Classification of DT based on Maturity Level

Based on Maturity Level Digital Twins is classified into Partial DT, Clone DT, Augmented
DT. The Maturity Level describes the level of quantity and quality of the data obtained
from the Physical object (Singh et al., 2023)

In partial DT, only a small amount of data is collected from the physical object. It can be
speed, force, acceleration, temperature ect.,

The clone DT consists of all measurable data from the Physical object which can be used
to create a prototype of a product or system.

The Augmented DT consists of historical data of Physical objects and it uses algorithms
and analytics to extract and correlate the relevant data.

2.2.4.5 Classification of DT based on DT creation Time

Digital Twin is classified into two types depending on the time of its creation: Digital
Twin Prototype (DTP) and Digital Twin Instance (DTI) (Singh et al., 2021).

Digital Twin Prototype is defined as the DT which has all the set of information that is
required to develop a physical object from the virtual object. Usually this type of DT is
created before the production phase.

Digital Twin Instance is a type of DT that is created during the production phase and is

connected to the physical object throughout its life cycle. Once the Physical object is
built, the data is transferred to its Digital counterpart and vice versa which can be used to

11
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check whether the product or system is working as expected and to predict any undesir-
able scenarios has been eliminated successfully.

2.2.5 Applications of Digital Twin

The following are some instances of many fields in which Digital Twins are used.

In Industrial production, DT assists the designers to design or develop a prototype that
allows them to improve the product design and mimic product reliability (Guo and Ly,
2022a). In manufacturing, DT is used to forecast machine maintenance. DT will assist in
conducting residual life analysis and remanufacturing evaluation for products when their
life cycle is completed.

In Healthcare, DT is used to simulate and predict the spread of disease within the human
body or throughout larger regions like hospitals, cities or globally (Guo and Lv, 2022a).
This technique appropriately predicted the spread of Covid -19 globally. In addition it
aids the surgeons for the preparation of surgery, allowing them to regulate operating envi-
ronment, monitor patient’s organs etcAdditionally, DT is used for designing the surgical
equipment, allowing simulations that decorates the tools accuracy for the duration of ac-
tual surgeries.

In Aviation, DT are used for enhancing safety and efficiency. During the pre-launch
phase of an aircraft (Guo and Lv, 2022a). DT are employed in ‘test flight’ to analyze the
influence of various task parameters and to validate strategies for handling a spectrum of
abnormal situations. This simulation is vital for ensuring that any issues are addressed
before the aircraft’s maiden voyage. Once airborne, DT maintains to play a crucial role
via monitoring the actual flight situations, helps in real-time tracking of aircraft which
includes load, temperature and structural integrity.

In Agriculture, DT helps the farmers to watch over the crops and it helps to predict how
the changes in environment will affect the crops growth and also predicts the amount of
resources like water, fertilizer ect., are needed (Guo and Lv, 2022a). This application of
DT is important because it helps to create a strong and lasting way to do farming that can
be adjusted according to the change in weather and climate.

2.2.6 Advantages of Digital Twin

Digital Twin technology offers several benefits across a broad spectrum of application.

Prototyping and re-designing is one advantage. DT technology accelerates the analysis
cycles with the aid of allowing simulations of various scenarios, thus simplifying and
speeding up prototyping and redesigning methods (Singh et al., 2021). Once carried out,
DT can be applied in any stage of production, from conceptualization to finishing the
product. It additionally enables product customization based on customer needs. As DT

12
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stays related to its physical counterpart, it allows to simulate and predict the performance
of the products. This enables engineers and product designers to rethink the assumption
underlying the product’s design.

Improved maintenance is an advantage where, in the Industrial sector, maintenance is usu-
ally performed when a machine breaks down or based on heuristic experience (Singh et
al., 2023). However, DT has the ability to predict machine flaws ahead of time, allowing
for planned maintenance that can increase productivity by minimizing the downtime of
machines.

Thirdly there is accessibility. With the help of DT, the physical objects can be moni-
tored and controlled remotely irrespective of their geographical location (Guo and Ly,
2022a). This remote monitoring and controlling of equipment is beneficial during pan-
demic situations like Covid-19, where lockdowns have been enforced by the Government.

There is also Waste reduction and circularity. DT can reduce the waste produced when
an actual prototype is benign created by assisting in the prediction of the performance of
the product or system prototype in a virtual environment (Singh et al., 2023). By reduc-
ing the amount of natural resources used worldwide, this promotes greater sustainability.
By anticipating the material or product’s end of life, it also facilitates the possibility of
remanufacturing and recycling the product or materials used in the products, which pro-
motes more circular economy practices (Guo and Lv, 2022a).

2.3 Linear Economy

Linear Economy (LE) is an economic model that follows the ‘take-make-dispose’ concept
(Upadhayay Alqassimi, 2018), where the raw materials are extracted from the natural re-
sources, and it is manufactured into the product which creates a value for the customer.
And once the value is created or the product reaches its end-of-life, it is usually thrown
away as waste. Historically, LE is predominantly used in most industries. Due to this,
the earth’s natural resources get depleted at a faster rate along with an increase in waste
which is considered to be unsustainable.
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Figure 2.8: Schematic definition of Linear Economy

It is proven that, when a product is designed under LE model and if it contains plastics,
only 14% of this is recycled annually and if this continues, there will be more waste in the
ocean than fish. It not only impacts the sustainability factor, but also impacts economi-
cally as it is proven that around $13 billion loss in tourism, shipping and fishing industries
annually.

2.4 Circular Economy

The circular economy (CE) is an economic model, which is developed around the con-
cept of minimizing waste and utilizing the resources of the world more efficiently (Han et
al., 2023). CE is different from the traditional linear economy, which follows the ‘take-
make-dispose’ concept where the resources are extracted from nature and used to create a
product, which is then used by the customers to create value. Once the value is created and
when the product reaches its end life, it is then disposed of or thrown away as waste. But
in CE, the products are encouraged to be designed in a way so that they can be reused,
repaired, or recycled because of which the materials can be used for as long as possi-
ble making it a closed-loop system. Through the use of reverse logistics and closed-loop
supply chains, CE provides equal consideration to both forward and reverse material flow.
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Figure 2.9: Closed-loop diagram of circular economy (Han et al., 2023)

2.4.1 Why Circular Economy

The transition from a linear economy to a circular economy is expected to increase the
Gross Domestic Product (GDP) by 7% in the European Union alone (Virlanuta et al., n.d.).
In addition to the economic impact, the circular economy will also lead to a significant rise
in employment, particularly in the waste management industry, which is considered the
cornerstone of the circular economy framework. Furthermore, the circular economy will
drive innovation in environmentally friendly product design and manufacturing. Product
designers and manufacturers are encouraged to consider how to create products that facil-
itate reuse, recycling, and remanufacturing. This not only opens up new markets for their
companies but also presents opportunities in the global market. With regards to environ-
mental impact, the circular economy is forecasted to reduce greenhouse gas emissions
by approximately 450 million tonnes annually, contributing to a 2-4% decrease per year.
This is crucial in the battle against climate change and aligns with the global commitment
to sustainability and reducing carbon footprint (Ekins et al., 2020)

2.4.2 Barriers and Drivers

When shifting to a circular economy (CE), several considerations come into play, includ-
ing cultural and social issues, economic factors, and the rebound effect, which can serve
as both motivators and barriers.

Cultural and Social Issues is the factor that refers to the norms that are followed by the so-
ciety and the attitude of the people which can act as a barrier in adapting CE. For example,
most people will have a negative perception towards refurbished or second-hand products
which will hinder the growth or adaption of CE in various organizations. Alternatively, in
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recent times, sustainability and reasonable consumption of resources are being considered
by the society and organizations which is considered to be one of the main drivers for the
CE

Economic consideration in organizations which mostly depend on the linear economy
model will resist the change towards the circular economy as there might be huge invest-
ment to be made to change their methods of production, material used ect., So this will
also be one of the barriers to the shift towards CE. However, as mentioned before, CE
will create new job opportunities and provide new business models which will boost the
economic opportunities of both individuals and the organization will act as a driver for
transition to CE.

The Rebound Effect refers to the phenomena, where the cost savings achieved from im-
plementing CE measures can sometimes lead to increased consumption of raw materials
which will have a negative impact on the environmental benefits achieved, thereby con-
sidered as one of the main barriers to the CE.

2.4.3 Role of Industry 4.0 in Circular Economy

It is found that using Industry 4.0 in CE significantly improves logistics, resource effi-
ciency, safety, product quality and reduces fossil carbon footprint as it features virtualiza-
tion,automation, traceability and flexibility (Han et al., 2023). The CE model considers
the entire lifecycle of the products, where DT can assist in this entire process. DT can
be used in all stages of the product life: Beginning-of-Life Stage(BoL), Middle-of-Life
Stage(MoL) and End-of-Life Stage(EOL) (Miigge et al., 2024)). In BoL, DT can be used
to design the products, so that it can be optimized for reuse, remanufacturing and recy-
cling. Addition to this DT can predict indicators such as recycling rates which will be
a crucial factor during the material selection for the products. In MoL, DT can predict
how long the product will be in better condition by collecting the data such as user behav-
ior and providing information about when there will be a need for maintenance. One of
the main challenges of CE is returning the products or materials used in the product after
their end of life, because the return of materials used is one of the main factors that enables
reuse, remanufacturing and recycling which are considered as the factors that formulates
CE .DT can be used to rectify the problem. In a Products Life Cycle, DT can provide
information about the product’s condition because of which it can forecast the period of
return of the products and it can facilitate tracking of the products that are no longer in
use thus ensuring a closed loop chain. In EoL, DT can help in decision making about the
appropriate method which can be used for reusing or remanufacturing parts by collecting
the information about the condition of the material as well as its history. DT also helps
the complexity of disassembling the products by providing efficient information about the
disassembly process and supports virtual disassembling of the products.

16



2. Theory

2.5 Supply Chain

A supply chain (SC) is a complex network that encompasses all the activities and pro-
cesses involved in delivering a product or service to the customer from the suppliers (De
Angelis et al., 2018). This includes everything from sourcing raw materials, manufactur-
ing, transportation, storage, and ultimately distributing the product to the customer. The
supply chain network involves multiple stakeholders such as manufacturers, government,
suppliers, retailers, and customers.

o~ T
B ||
Raw Material Factory Retail

Supplier Distribution O

pon | gmg A

Figure 2.10: Schematic representation of Supply Chain

2.5.1 Digital Twins in SupplyChain

The integration of Digital Twins (DT) in the Supply Chain (SC) is referred to as Digital
Supply Chain Twins (DCST) (Gerlach et al., 2021). DCST is a dynamic simulation model
of the entire real-world supply chain network. It allows for obtaining real-time data from
the actual supply chain and using its digital counterpart to make informed changes, pre-
dictions, and improvements without directly altering the real-world system. The primary
objective of DCST is to enhance the performance of the supply chain across the entire
customer order process. In the logistics system, DCST can be utilized at three different
levels: Network level, Site level, and Unit level.

At the Network level, DCST encompasses a multi-stakeholder value network, which in-
cludes government entities and stakeholders from manufacturers and suppliers. At the
Site level, DCST comprises a value network of a logistics site, such as warehouses and
production facilities. Meanwhile, at the Asset level, DCST encompasses individual sys-
tems within the supply chain network, such as trucks, forklifts, and AGVs used within
production sites.
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Network Level DCST
Multi-stakeholders value

1 network
{Government, stakeholders of the
organization ect., )

Site Level DCST
2 Logistic site value
network

(warehouse, production
facilities ect.,)

Asset Level
DCST
3 Logistic asset

value network

(trucks, forelifts,
AGVY, ect.,)

Figure 2.11: DCST scopes in Supply chains (Gerlach et al., 2021a)

2.5.2 Closed Loop or Circular Supply Chain

When a product reaches the end of its use life in the traditional supply chain, it is typically
thrown away or disposed of as garbage, which results in the need to employ additional
resources to make more products and excess landfill waste, both of which is considered
unsustainable.

To be more sustainable, either the product needs to have an extended life period, or when
it reaches its end of life, the product has to return to the manufacturers, to reduce the
waste, usage of raw materials by recycling, remanufacturing and refurbishing the end-of-
life products. To enable this, the products need to somehow return to the manufacturer,
after it has provided the value to the customer. So, the concept of Closed Loop Supply
Chain (CLSC) or reverse logistics emerges, where the products are bought back into the
supply chain after the end of its life which leads to more sustainability and paves the way
for circularity.

A CLSC or reverse logistics is defined as a concept which aims to maximize the value of
the materials or the products after its end of life or during its entire life cycle, where the
products are no longer needed by the customer due to various reasons is brought back into
the supply chain, and treated as potential resource for the future use through recycling,
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remanufacturing and reuse rather than considering it as a waste ((De Angelis et al., 2018)

Circular / Closed-Loop
Supply Chains

LT
Returbiznmant

Figure 2.12: Schematic representation of Closed Loop Supply Chains.

2.5.3 Implementing Closed Loop in Supply Chain challenges

There are various challenges in implementing CLSC. They are Investment in resources,
collaboration across industries and structural flexibility.

The structural flexibility is imprtant since when implementing CLSC, a company should
design their supply chain in a way that not only allows the flow of products from the
manufacturers to the customers but also accommodates the flow of product back to the
manufacturers from the customers. This can be challenging because most of the supply
chain is designed in a traditional way.

Collaboration Across Industries

Collaboration across industries can become a problem because there will be a need for the
manufacturers to work along with other industrial sectors because there might be a need
for another company or supply chain provider whose supply chain accommodates reverse
logistics and they might need collaboration with recycling companies to ensure that the
materials from the returned products are recycled properly.

Investment in resources is very challenging since implementing CLSC will require a lot of
resources, because companies may need to invest in new technologies and infrastructure
so that they can make reverse logistics possible in their existing system. This includes col-
lecting and transporting returned products, new machines or production techniques which
facilitates recycling and remanufacturing, and technologies for tracking and managing the
products when returning back.
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2.5.4 Harnessing DT for CLSC

As mentioned before, in CLSC, products are returned back to the supply chain after its
use or at the end of their life and using DT, the loop can be optimized in several ways
(Guo and Han, 2022)

First there is through Real-Time Monitoring and Control where, With the help of DT, the
real-time monitoring of the product is feasible, which enables the manufacturer to mon-
itor the condition of the physical product with the help of sensors (Guo and Han, 2022).
So, if the product is wearing out faster than expected, the digital twin can help to identify
this, so that it will help the manufactureres to take the product back into the supply chain
or can offer maintenance to the product to increase their life. By this way, DT can help to
extend the products life and reduce waste

The data that are collected by the digital twins can also be used by the manufacturers for
predictive maintenance (Guo and Han, 2022). By using the data collected, manufacturers
can predict when the products need maintenance, and by doing this, they can extend the
life of the products significantly which also leads to reduction in waste and also improves
customer satisfaction.

Supply Chain Optimization is a process whose main focus is to make the right decision
at the right time about the resources involved in the production of the product and in its
delivery (Guo and Han, 2022). It involves various factors, including cost, efficiency and
sustainability. In this DT can simulate the flow of products in the supply chain and can
identify bottlenecks and inefficiencies which slowed down the entire process. By this DT
can help in reducing the cost. Along with this, DT can predict the outcome of changes to
the supply chain which helps the organization to make important decisions and the impact
of the decision before they were actually employed in the real world. Additionally, due to
real-time continuous update of data, DT can help with making adjustments in the supply
chain. For example, DT can predict the real-time traffic condition of an area and can help
to identify alternative routes, so that the products can reach the customers on time.
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Figure 2.13: Correlation of Digital twind, Supply chain and Circular economy
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Methodology

The following chapter outlines the research design and methodology used in this study.

The research design consists of a seven-step process that forms the foundation of our the-
sis. Each step is carefully planned and executed to maintain the overall integrity of the
thesis and guide us from the initial stage to the final stage.

An essential part of our methodology is the literature review, which involves an extensive
study of existing literature relevant to our research area. This helps us build the necessary
background knowledge for the thesis.

The core of our thesis is the solution generation phase, in which we utilized a quantitative
research approach to collect data through a detailed case study. We conducted interviews
with company personnel and researchers whose insights have been valuable in shaping
our thesis.

Lastly, we place a strong emphasis on ensuring high-quality research. We have im-
plemented measures to ensure the reliability, replicability, and validity of our findings,
demonstrating that our research results are consistent and can be replicated by other re-
searchers.

3.1 Research Design

For the initial phase of the research, a detailed research strategy was developed, structured
according to the comprehensive steps outlined in “Business Research Methods” by Bell
et al. (2019) ensuring a systematic and thorough exploration of the research subjects.

The step-by-step framework is presented in the figure . The first step was to define the
research area which involves identifying specific topics of interest and establishing its
relevance and potential impact. The next step involved formulating the research question
based on the topic of interest. The next step includes Literature study, which is used to
understand the subject area. The next step is solution Generation for the research ques-
tions. For this information was collected from a case company along with the interviews
with the researchers. Lastly, results were generated by combining the data from the case
study and from the interviews.
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Defining the Formulating
research Research
— :
area Questions

Figure 3.1: Roadmap used in the research design.

To illustrate the thesis schedule for the implementation of the research design’s various
phases, a GANTT chart has been developed.

NEGITETY February March April

Figure 3.2: Rough time plan for when the proposed steps in the research design were
planned to be carried out.

3.2 Literature Review

The literature review is a crucial component of this research, aiding in the identification of
existing knowledge and gaps in the field of study. For this Master’s thesis, the literature
review was conducted using two primary sources: Google Scholar and Scopus. These
platforms played a significant role in gathering all the necessary literature relevant to the
topic.

To comprehend the concept of Digital Twin in the supply chain and its applications, ex-
tensive use of Scopus was made. Specific keywords and literature were utilized to search.
This approach facilitated the identification and understanding of the current state of re-
search and applications of Digital Twins in the realm of supply chain and logistics.
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In addition to the study of Digital Twin in supply chains, the thesis also delved into the
theme of Circular Economy. The objective was to understand the role and potential of
Digital Twins within this context. Literature related to this area was gathered using both
Google Scholar and Scopus.

The literature review was conducted systematically and thoroughly to ensure a compre-
hensive understanding of the research area. These findings not only helped in gaining the-
oretical knowledge about the research area but also in identifying potential gaps, thereby
justifying the need for this literature study.

The utilization of reputable sources such as Google Scholar and Scopus lends credibility
to the entire process.

A quick overview of the reviewed literature is in figure 3.3
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Figure 3.3: The literature that was reviewed

Application
Name of the Literature Authors Description Aurea
This paper first analyzed the communication
requirements for
machine-to-machine, manufacturing Internet of Things,
cyber-physical
system-based manufacturing. logistics and supply
chain,
55 in manufacturing: a literature review and industrial Internet platform and digital twin—driven Manufact
future research {Cheng et al., 2022) manufacturing uring
Gives detailed information about Digital twin and gives
A Bibliometric Analysis of Digital Twin in Supply information Supply
Chain {Lam et al., 2023} about the trends in Digital twins in the supply chain. chain
Try to se= how digital twins can be used to make
supply chains more resilient to
A digital supply chain twin for managing the unexpected events. They mosthy built on earlier
disruption risks and resilience in the era of research but they found new Disruption
Industry 4.0 {Ilvanov and Dolgui, 2021) ways to use digital twins to enhance their resilience Resilience
The literature talks about how DT can be used in
A Framework of digital twin solution for SPL logistics industry at netwaork,
OpEratnrs (Micaoletti and Appolloni, 2024)  site and asset level. Lopistics
A smart palletising planning and control model in | {Borangiu and Raileanu,
Lopistics 4.0 framework 2023) The paper describes 3 smart model for palletising Lopistics

They list several different areas (industrial production,
medical field. smart cities,
field of aerospace. the business world) and how DT is | Multipl=

Application of Digital Twins in multiple fields {Guo and Lv, 2022h) used in them fields
They researched how the covid-18 pandemic affected

Applying digital twins for inventory and cash supply chains and how 3

management in supply chains under good use of digital twins would have made the impact | Supply

physical and financial disruptions (Badakhshan and Ball, 2023) lz=s severs Chains

They develoged a way to create a model of a
manufacturing system more easily.

Big manufacturing systems are hard to model so this is
3 step towards making

Automated Digital twin gensration of it more feasible but their model had several imitations
manufacturing system 5@ it's not ready for Manufact
with complex material flow {Lugaresi and Matta, 2023) rzal use. uring

It is found that using DT problems which cannot be
solved by using traditicnal

technology can be solved and it also helps to increase
the efficiency, reducs

Big Data enterprise supply chain under gresn cast and bring many new opportunities for
financial system basad on Digital Twin organizations, yet there are many Supply
Technology {Li and Li, 2024) deficiency in this study. Chains

Talks sbout the develogment and phases of the Big

data supported
digital twin in Logistics {Optimization of stock, inventory
Big Data provision for Digital twins in Industry 4.0 ect...)
Logistics process {Figueiras et al., 2021) to make it more efficient in the Autometive industry. Logistics
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Block chain enabled digital twin technology for
next gen transportation system

Cognitive Digital Twins for freight parking
management in last mile delivery under smart
cities paradigm

CONCEPTUAL MODELING FOR SUFPPLY
CHAIN DIGITAL TWIN

Conceptuslisation of 3 T-element digital twin
framework in supply chain and operations
management

Construction of Digital Twin System for Cold
Chain Logistics Stereo Warshouse

Comvergence of distributed ledger technologies
with digital twins,

iot, and ai for fresh food logistics: challenges and
opportunities

Digital Supply Chain Twins for Sustainable
Planning of a Logistics System

Digital Supply chain Twins in urban logistics
SyEtEm -
Conception of integrative platiorm

Digital Supply Chain Twins—Conceptual
Clarification,
Use Cases and Bensfis

Digital twin application in the construction
industry:
A lierature review

{Banense et al., 2023)

{Liu et al. 2023)

{Ko et al, 2023

{Ivanow, 2023)

{Hu et al., 2023k)

Wilzz-Boas et al, 2023)

{Zamitz et al., 2023)

{Bahring et al., 2023}

{Gerach et al., 2021b)

{Opoku et al,, 2021)

Combining Blockchain with DT enables simulation of

different scenarios in controlled
environment which shows improvement in some
aspecis of logistics and using Blockehain

also ensures the safety of data which includes diferent

stakeholders.
Conclusion:

Though the experiment is done theoretically, it lacks

practical implementation.

Though case study was dene it has many limitation
but it focuses more on the
capabilities of cognitve digital twins.

5.

They progose 3 wery basic SCOT but it is no way near

being able to be implemented

sewven major elements of a digital twin in SCOM:
technalogy, people,

management, arganization, scope, task, and modeling.

They also

distinguish five major types of digital twins in SCOM:

product, process,

organization. supply chain and network-of-networks

A 50 DT model is proposed with full mapping and
multidimensicnal simulation based on a

genenc algerithm and then use it to cold chain
warshouse 50 that improvements in freshness
cast reduction and efficiency is made

How DT and LT can be used to improve the logistics

in fresh food process
Conclusion:

The results show improwement on a theoretical level

but lack practical implementation.

Here, on the basis of historical data, it is

conceptually worked out when the DSCT could have

predicted a proactive demolition

of the delivery capability on the basis of its
characteristics and which transpon

routes, which were non-transparent up to this point,
can be shown by the created visibility

of the network by the DSCT for sustainability
assessment.

A Frameworks with eight functional modules were
introduced to make
improvemsnt in urban koegistics.

The five ar=as Risk management, Multi-echelon
inventory

management and production planning. material
lifecycle management

and sustainability assessment and transport planning.

The ranking cwver which of these are the most common.

Alzo the 14 use-cases within these five areas.

Different fields have different definitions of digital twins

50 a unified definition

needs to be reached. They found that for their
definition there were § different

use cases for digital twins which were building
information modeling,

structural system integrity, facilities management,
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Digital twin for complex logistics system the case

study of a large scale automated order picking

and (Ashrafian and Pederzen,
fulfillment system 2023)

Digital Twin Based Real-time Production

Logistics Synchronization

System

in 3 Multi-level Computing Architecture {Pan et al., 2021)

Digital Twin driven supply chain visibility with
lopgistics {Moshood et al, 2021)

Digital Twin for Logistics and Supply chain
SystEm {Le and Fan, 2024)

Digital twin for railway: A comprehensive survey | (Ghaboura et al, 2023)

Digital twin for supply chain coordination in
modular construction {Lee and Les, 2021}

Digital Twin models in Industrial operation (Melezse et al. 2020)
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In this paper a simulation based OT with full automated
order picking and fulfillment

a warehouse with a DES model is created. It also talks
about how data are collected

which are used in DES

Conclusion:

When all the required data which is required for DT is
produced, it is shown that it

will enhance the performance of complex logistics
system especially in order picking,

and the fulfillment system. It also shows that using DT
in real case helps performance

managers to dynamically adjust operating system
parameters under varying

condition.

This paper proposes a multi-level cloud computing
enabled digital twin system for

the realHime monitor, decision and control of a
synchronized production logistics system.

This litzrature talks sbout implementing Digital twin in
legistics company, how DT can help

dealing with supply chain visibility in legistics field. and
tackling the barriers in implementing OT in

legistic industries. The result shows DT can help
logistic companies in predicting metrics, projection and
physical assets description in logistics.

This literature provides detailed information about
LSCS and DT. And explains the need for new

DT framework for more sustainable and efficient LSCS
by discussing a new conceptual DT

frameawork. The provided conceptual DT framework
helps in structuring and aligning

legistics and supply chain operation for organization.
Further researnch is required

o provide a more trustworthy Digital twin framework
for LECS.

This is @ survey paper on to what extend the emerging
DT is used in railway industry

both in designing and developers And it also talks
about challenges and opportunities for OTR in future.
DT is not used in raiways to greater extent because of
lzck of exploration on DT

technology. It also concludes a proper framework is
required in future tz integrate

DT in railway industry

They aim to develop a digital twin framework for
real-time lopgistics simulation, which can

predict potential logistics risks and accurate moduls
arrival time

This litzrature provides lterature review of 25 papers
on how Digital twin is used in different industrial
sectors and alse gives information about the
challenges in implementation of OT in industrial
operation. Further research and improvement is
needed to develop and improve the application of
OT in industrial cperations.
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Digital twin for complex logistics system the case

study of a large scale automated order picking
and
fulfillment system

Digital Twin Based Real-time Production
Lopistics Synchronization

System

in 3 Multi-level Computing Architecture

Digital Twin driven supply chain visibility with
logistics

Digital Twin for Logistics and Supply chain
SyEtEm

Digital twin for railway: A comprehensive survey

Digital twin for supply chain coordination in
madular construction

Digital Twin medels in Industrial operation

(Ashrafian and Pedersen,

2023)

{Pan et al., 2021)

{Mashood etal., 2021)

{Le and Fan, 2024)

{Ghaboura et al,, 2023)

{Lee and Lee, 2021)

Melesse et 3l 2020)

In this paper a simulation based OT with full autemated

order picking and fulfillment

3 warshouse with 3 DES model is created. It also lks

about how data are collected
which are used in DES
Caonclusion:

When all the required data which is required for DT is

produced, it is shown that it

will enhance the performance of complex logistics

system especially in order picking,

and the fulfillment system. It also shows that using DT

in real case helps periormance

managers te dynamically adjust operating system

parameters under varying
condition.

This paper proposes a multi-level cloud computing

enabled digital twin system for
the reahtime monitor, decision and control of 3

synchronized production logistics system.

This litzrature talks about implementing Digital twin in

legistics company, how OT can help

dealing with supply chain visibiity in lopistics field, and

tackling the barriers in implementing DT in
legistic industries. The result shows DT can help

logistic companies in predicting metrics. projection and

physical assets description in logistics.

This litzrature prowides detailed information about

LSCS and DT. And explains the need for new

DT framework for more sustainable and efficient LSCS

by discussing a new conceptual OT

framework. The provided conceptual DT framework

helps in structuring and aligning

legistics and supply chain operation for organization.

Further research is required

to provide @ more trustworthy Digital twin framework

for LSCS.

This is 3 survey papsr on to what extend the emerging

DT is used in railway industry

both in designing and developers And it also talks

about challenges and opportunities for OTR in future.
OT is not used in railways 1o greater extent because of

lack of exploration on DT

technology. It also concludes a proper framework is

required in future to integrate
DT in railway industry

They aim to develop a digital twin framework for
real-time legistics simulation, which can

predict potential logistics risks and accurate moduls

arrival time

This literature provides literature review of 25 papers

on how Digital twin is used in different indwstrial
sectors and also gives information about the

challenges in implementation of OT in industrial
operation. Further research and improvement is

needed to develop and improve the application of

DT in industrial ocperations.
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Digital Twin of Food Supply Chain for Cyber
Exsroises

Digital Twin opportunities and bensfits in last mile
lopistics for
Madrid value case

Digital twin-driven smart supply chain

Digital twin: Current shifts and their future
implications in the conditions
of technological disruption

Digital twins are coming: Will we need them in
supply chains of fresh horticultural
produce?

Digital Twins for the Circular Economy

Digital Twins on the Resilience of Supply Chain
Under COVID-19 Pandemic

Digital-twin based realtime resource allocation
for hull
parts picking and processing

Digital-twin-based implementation framework of
production service

system for highly dynamic production logistics
operation
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(Sipols et al.. 2023)

{Royo et al., 2023)

{Wang et al., 2022}

(Kaivo-Oja et al., 2020)

(Defrasye et 3l 2021)

{Preut =t al., 2021)

{Lw et al.. 2022)

(Wang etal., 2024)

{Jiang =t al., 2020)

They created 3 OT to be used for cyber security
training. It was good enough to simulate a certain type
of cyber attack but it needs more vared attacks

1o sufficiently prepare workers for an actual attack

Supply
Chains

This paper gives 3 case study on l3st mile logistics
during Covid 18 pandemic.

It alsa talks about Madrid living lab that is located in
city center and how they

usad DT for improved decision, shipment during cowvid
18 pandemic. It provides

a clear conclusion that Madrid Living lab increased
their shipment and

decision making using DT but they have not used it to

full potential. Lopistics

They demonstrate the methoed for building a DTSC.
Implementing DTS take time but it is worth is especially
in today's time where supply chains

are 50 widespread that 3 small disturbance in one
place can mess up the entire production

Supply
Chains

They present five scenarios of disruptions where digital Disruption
twins are useful Resilience

The goal to identify the key advantsges of digital twins
and how the horticultural

produce can benefit from it. Which gave the result that
it can show the state of

the produce but also why it is in the state it is since

it can see the state of the sumoundings

Supply
Chains

They define OTs and the diffierent Rs of the circular
economy. They also list several benefits from

using OT= in circular economy but they also stress that
it is very product dependent so

thorough research needs to be done in the specific
product what benefits can be gained

in that specific case. Circularity

Shows that in pandemic disruptions digital twins can
help a lot. especislly in
the specific case presented in the article

Disruption
Resilience

3 real-time resounce allocation

methaod based on digital twins for hull part smart
picking and

processing system is propesed which reduces
uncertainties for workers

of when parts will arrive Prediction

This study proposes 3 digital-twin-based
implementation framework of production
senvice

system for highly dynamic production logistics

operations Lopistics
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Empowering End-of-Life Vehicle Decision Making
with

Cross-Company Data Exchange and Data
Sovereignty wia Catena-X

In s=arch of a circular supply chain archetype—a
content-analysis-based literature review

Is digital twin a better solution to improve ESG
evaluation for vaccine logistics supply chain:
an evclutionary game analysis

O pennass OF Digital Twins In Logistics - A
Review

Optimizing the postharvest supply chain of
imparted fresh produce with physics-based
digital twins

Peeking into the woid: Digital twins for
construction site logistics

Quantifying the benefits of Digital Supply chain
twins -
A simulation study in organic feod supply chains

Research on Real-Time Robust Optimization of
perishable
supply chain systems based on Digital Twins,

{Miigge et al., 2023)

{Batista et al., 2018)

{Zhang et al, 2024)

{Winkelmann, n.d.}

(Shoji et al., 2022)

{(Greif et al., 2020)

{Binsfeld and Gerlach, 2022)

(W et al., 2023)

They used the program GAIA-X to share information

between partners in a secure way and

they split up the process of buying and deconstructing

a wvehicle into five steps where they

can share the relevant information for which step they

are on. Circularity

They progese a conceptualization of circular supply

chain archetype that integrates the

the features used currently in the sustainable supply

chain. They found that circular supply

chain as a coerdinated forward and reverse supply

chain which supports the process of value

creation from the products. Circularity

This paper systematically analyzes the influence of

digital twin service (DTS} on

ESG (environmental, social, and governancs)

evalustion and analytically investigates the

long-term behavior of sustainability concemed

stakeholders in the VLSC (vaccine logistics supply Supply
chain}. Chains

Most companies that use digital twins for legistics only

use it within their own company to

protect the data from others. They howewer use digital

twins with other companies since

they don't share information automaticalty. lepistics

Show how digital twins can be usad to measure

effectivenass of produce

shipments. The data given from the digital twins can

then give new insight in

to how to optimize supply chains to maximize the Supply
quality of the produce Chains

Researched different areas in 3 construction site

where digital twins could be

used and then developed a digital twin for ene of these | Constructi
areas. on

Three simulations were done in Food supply chain

in four different scenaries (Initial baseline

scenano,Jemand Increase,

Supplier risk,Customer and Supplier risk) and their

performance were

measured along with providing a quantification method

for

understanding DCST benefits to evaluate LSCM in Supply
practice Chains

This paper is about how to achieve real time robust
optimization of perishable supply

chain systems in complex environment such a5 natwral
dizaster, pulblic health crisis

and wars that causes fluctuations in demands by

designing a robust infinity

contraller to update data in real time. A simulation was

done and it is seen that we can update the relevant

data in real time due te the existence of Supply chain

digital twins which

helps to design more reasonable production strategy

when compared td Supply
traditional optimization process. Chains
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Roles of digital twins on material performance

and

utifization on upstream industry [ The case of

utomotive

Industry) {Damtew, 2024)

The architectural evelution of intelligent factory

lopistics

digital twin from planning. implementation to

operation {Qiu et al., 2023)

The digital twin in Industry 4.0: A wide-angle
pErSpectve {Keneit and Bortman, 2022)

Toward Digital twins of Multimedal Supply chain | {Busse et al., 2021)

Towards Digital Twin for sawmill production
planning and
contrel: opportunities and challenges {Chabanet et al, 2023)

Unlocking the Potential of Digital Twins: A

Comprehensive

Review of Concepts, Frameworks, and Industrial

Applications {Manickam et al., 2023)

30

This paper describes how DT impacts the production

lines and supply chain

perfermance such as supply chain visibility, innovation,
optimization, risk

and resource utilization in upstream industry. Here
autemotive industry is

considered. Using OT improve supply chain visibility

and innowation, digital market

perfermance and the results of empirical investigation

shows positive Manufact
impacis. uring

This literature proposes a OT architecture for inteligent
factory logistics which has

physical layer, tow cyber layers and interface layer,
how it evohves from planning

implementation to operation stages in legistics system
construction and also

talks about how we can add humans in the decision
making process. The proposed

DT architecture increases the flexibility, scalability and
adaptability of the intelligent factory and it also helps to
dewelop

suly OT and micro senvices that can be developed for
specific scenarios. logistics

This is abowt how to use digital twins in raiways and

big challenge that arese is that the people with the

railways don't own the data of the

trains which makes it hard for them to use digital twins

without accessing data that they

should not have access to. Raihway

This paper analyzes the barriers and limitation of DT in
Multimodal and

intermodal supply chains and how traceability in these

supply chains

affects the entire supply chain. A framework was

propased which

aims to use OT in entire supply

chain along with the use of some latest technological | Supply
advancement Chains

This literature gives detailed description about how OT
can be used in Sawmill

production planning and control and what are the
benefits it will bring.

Severasl benefits such as reducing uncerainties,
increasing resource

efficiency and coordinating production units were found
using DT in

Sawmill production. It is found that existing
technologies and models

can be used as building blocks for OT as well as to
reduce the barriers

that are needed 1o be solved like data availability and
model validity.

Future research suggest to develop and apply OT in
areas such as

supply chain coordination and data driven models. Sawmill
Digital

Applications of Digital Twins, exploring their merits and [Twins In

limitations. General
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3.3 Solution Generation

In order to gather data for the research question Qualitative study approach is chosen.
The data for the thesis is collected through interviews. Interviews were conducted to re-
searchers and company personnel to formulate the result generation of the thesis.

3.4 Qualitative Study

Qualitative study is a type of research that enables us to develop an understanding of
human and social sciences and to delve into the way people think and feel (Gelo et al.,
2008). This method involves collecting and analyzing non-numerical data such as text,
video, or audio to comprehend the concepts, opinions, and experiences from people’s per-
spectives. It offers a thorough analysis of a problem and facilitates the generation of new
research ideas. Qualitative study is frequently used to explore complex phenomena or to
gain insight into people’s experiences and perspectives on a specific topic.

The reason for choosing this approach for this research is that it allows for a more de-
tailed evaluation of subject materials and places less emphasis on the metrics of collected
data. Additionally, it facilitates a deeper understanding of the topic and offers flexibility
to adapt our research based on the collected data. Moreover, it has aided us in understand-
ing the research topic discussed in this thesis from a human perspective.

3.5 Interviews

To support the literature review and gain a deeper understanding of the real-world ap-
plications of the research topic, a series of interviews were conducted. These interviews
involved two distinct groups: researchers in the field and company personnel, to under-
stand the extent to which they are utilizing the research field in their organization.

The researchers provided valuable information about the theoretical aspects of the re-
search area, while the company personnel provided a practical perspective on the applica-
tion of these theories in the business world. This combination of theoretical and practical
knowledge helped to generate answers to the research questions and ensured a compre-
hensive understanding of the topic.

All interviews were conducted online using Microsoft Teams, ensuring a consistent and
efficient process. The use of this digital platform helped us to interview researchers and
company personnel regardless of their geographical location. Before all interviews, per-
mission was requested of the interviewees to record and transcribe the meeting for future
reference.

To maintain consistency and accuracy in the information gathered, a standard set of ques-
tions was used for each group. The researchers were asked the same set of questions as
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the company personnel. This ensured that the data collected was comparable and easily
analyzable.

Figure 3.4: Interviewees

Interviewee Background of interviewee

Industrial engineering management engineering PhD
digital industrial architecyure for enabling
sustainability transition

2 Logistics department, cross brand coordinator
Assoclate professor, research about predicitive

maintenance and analytics for maintenance and
simulation for production system.

Research about circle economy

Assistant professor, Production logistics, Different
b projects within digital twins

Profeszor in automation engineering, Production

engineering, Research in simulation based
6 optimisation

Logistics director

Professor in supply and operations management.

8 Research in Circular economy

Assistant professor, Research toward a circular
9 economy and industry 5.0

3.6 Ensuring High-Quality Research

To conduct high-quality research three key criteria are used. They are Ethical Considera-
tion, Reliability, and Replicability

3.6.1 Ethical Consideration

Ethical considerations are extremely important in research because they ensure that no
harm comes to those who participate in the study. Before conducting the actual inter-
views, all participants were informed about the purpose of the study. Their anonymity
was guaranteed, and the results obtained from their interviews will only be used for this
study. Additionally, the use of reputable sources such as Google Scholar and Scopus for
collecting literature ensures that the research adheres to ethical standards and academic
integrity.

32



3. Methodology

3.6.2 Reliability

Reliability and replicability are essential aspects of research. Reliability encompasses
the consistency of research findings, which was ensured in this study by using reputable
sources for literature and providing standardized interview questions. Digital platforms
such as Google Scholar, Scopus, and Microsoft Teams also contributed to reliability by
facilitating consistent and efficient data collection.

3.6.3 Replicability

On the other hand, replicability refers to the study’s ability to be replicated by other re-
searchers to validate the findings. To ensure replicability, this research will provide a
detailed methodology description, including the data collection process, literature study,
and data analysis techniques. This transparency will enable other researchers to follow
the same procedures and compare their results with this study.
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Results

The following chapter presents the findings obtained from the in-depth interviews con-
ducted as part of this thesis. The interviews aimed to provide insights into the role of
digital transformation in driving the transition towards a circular economy.

The responses from the interviewees have been thoroughly analyzed and are presented
here in an organized manner. Each response has been carefully considered to ensure that
the most relevant information is included, and that the data accurately represents the views
and experiences of the participants.

4.1 Digital Twins: A deep Understanding

4.1.1 Understanding Digital Twins

Digital Twin is a concept that has been around for a while, but there is still no standard-
ized definition for it. Many researchers and organizations consider Digital Twin to be a
buzzword. As one of the researchers quoted

“I think Digital twins definitely relate to simulation and a few years ago I would say that
digital twins is more like a buzz word to me”

One researcher defined a Digital Twin as a technology that establishes a real-time connec-
tion between a physical object and its digital representation. This connection works both
ways, meaning changes in the physical object affect the digital model, and vice versa.
The digital model is created using data collected from its physical counterpart, which can
include its current state and behavior. This data is then sent to the digital model, where
simulations are conducted under different scenarios. The results are analyzed, optimized,
and used to improve the physical world. The flow of data between the physical and digital
models allows Digital Twins to be defined in three steps: Digital Model, Digital Shadow,
and finally, Digital Twin. The Digital Model involves the manual transfer of data between
the physical and digital objects, the Digital Shadow automatically transfers data from the
physical to the digital world, while the Digital Twin involves automatic bidirectional data
flow, forming a closed feedback loop.

“We define Digital twin with three different steps, so it can exist as a digital model that
can be then a simulation model for example, then it can exist as a digital shadow. That
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is, when the digital model is updated in real-time and then digital twin is when the digital
model receives real-time data. The data from the physical system and then it is able to
give feedback. So it is a closed loop, generating a control opportunity to the physical
world. So this is what we define as a Digital Twin”

4.1.2 Economic Impacts of Digital Twins

Digital Twin (DT) can significantly help organizations reduce costs in various ways. One
way is by creating a digital prototype of a new product, which serves as a replica of the
physical product that needs to be manufactured, including all its characteristics such as
behavior, structure, and composition. Traditionally, organizations use physical prototypes
to test products, which is time and cost-consuming. However, designers and manufactur-
ers can use DT to reduce costs. One obstacle to using DT in this scenario is that creating
a digital model replica of the physical object takes a lot of time and investment.

. As one of the researchers quoted

“It’s very costly to create a digital model”

4.1.3 Organizational Impact of Digital Twins

Many organizations today are eager to integrate digital transformation (DT) into their sys-
tems as a way to drive improvement. DT allows organizations to simulate, predict, and
optimize their systems in a virtual environment before making real-world changes. This
approach can lead to increased efficiency and productivity. Moreover, DT enables orga-
nizations to identify potential issues and risks early in the product development or system
design phase, which can help them address setbacks and achieve more positive outcomes.

Despite these benefits, many organizations’ management may not fully understand what
DT entails and how it can be utilized. Furthermore, some organizations are not yet pre-
pared to implement DT due to their slow adoption of recent technological advancements.
This lack of readiness may stem from limited resources, a shortage of technical expertise,
or resistance to change within their organizational culture. Consequently, these organiza-
tions struggle to effectively integrate new technologies, thus impeding their DT transfor-
mation efforts. As one of the researchers stated that

“I think we are at least 30 to 40 years behind when it comes to adopting new technologies
within the industries”

4.1.4 Sustainability Impact of Digital Twins

When it comes to sustainability, Digital Twin (DT) is a game-changer. By creating a
virtual model of its physical counterpart, it can significantly enhance sustainability prac-
tices across various sectors. Enabling the simulation, prediction, and optimization of the

36



4. Results

performance of physical assets, DT can lead to substantial improvements in resource effi-
ciency, waste reduction, and overall sustainability.

In terms of resource optimization, DT enables precise monitoring and simulation of phys-
ical assets by analyzing real-time data. Organizations can optimize resource usage, ensur-
ing more efficient consumption of materials and energy. It also allows for the optimization
of product design and manufacturing processes, leading to the creation of more sustain-
able products with reduced material usage, energy consumption, and lower emissions
during production. Additionally, DT facilitates predictive maintenance by continuously
monitoring the condition of machinery and equipment, which helps to identify issues be-
fore they become critical, thereby extending the lifespan of assets and minimizing the
environmental impact of manufacturing new parts. Through all these ways, DT provides
a positive impact on sustainability. As one of the researchers quoted

“Digital Twin technology can enhance a lot of improvement in terms of sustainability
because if we are able to create the virtual counterpart of the process and let the com-
munication between the digital and the virtual, of course the embedded capability of the
digital twin can optimize the physical assets in terms of sustainability”

4.2 Understanding Circular Economy

Then there were the questions relating to the CE which is a more well-defined term that
both researchers and workers in the industry agree on. The way they define it is that CE
is a model that researchers have identified as an economic strategy. Its goal is to recycle,
remanufacture, and refurbish certain product components, returning them to the manufac-
turer. One interviewee said

“Okay, I think that the circular economy is one of the main important pillars of sustain-
ability nowadays for manufacturing processes. Considering the evolution of sustainable
manufacturing in our societies that historically try to improve the efficiency of natural
resource consumption within the manufacturing processes. “

so, CE can be seen as one of the most important steps for the entire world to become
sustainable.

That is a big reason as to why companies would want to move to CE and there are several
drivers that the interviews showed to why companies would want to implement CE.

The first driver is as previously mentioned that it’s a more efficient use of natural re-
sources. The world only has so much of the natural resources and by implementing CE
less raw material is needed which lessens how much needs to be extracted. Since the
gathering of natural resources requires energy and there is a risk of running out of most
materials this is an important step that needs to be implemented to be able to keep up
production for the future.

Another driver is closely related to the first and that is the waste reduction. This isn’t

37



4. Results

necessarily something that the companies can take advantage of since in many cases they
are not held responsible for what happens with the products after the consumers are done
with them. One interviewee did say “they should treat the whole part of the process that
comes after the use phase, the same way that you would treat the process that comes
before the use phase” where they meant that as much care and responsibility should be
taken for the products even after the user is done with them. If all companies adopted that
viewpoint the amount of waste that gets produced would be severely reduced and a good
way to gather used up products is important for a good CE.

That leads to one more driver that is government support. For many the act of collecting
waste is more costly than it is worth but, in some countries, there are grants that are given
out to companies that do so. This government support can be given out for many reasons
but for countries that have it is a potentially huge driver. All companies strive for a good
economic situation so if there is money involved, they will be more inclined to try it. So,
this also leads to some countries outpacing others when it comes to adopting CE. One
interviewer pointed out that the development towards CE is not uniform across the globe
and one big factor to that is that some countries have big incentives to adopt it while oth-
ers do not.

These are several good reasons that the interviews gave but of course there are also several
challenges or barriers that are stopping companies from implementing CE. Otherwise, it
would have been more widespread to use it. Probably the biggest barrier that was pointed
out was the fact that most companies already operate on a linear model. So, moving to
a circular model can be too cumbersome. Especially since linear model is what people
know. If you start a company, it is easier to base it on the model of other companies that
have been proven to work. Doing something a bit rarer like CE is a big step into the
unknown which can be too much of a gamble. This is especially true if the management
is unable to find a good reason to move to circularity. To just do it for no reason is clearly
not a good idea which makes it hard to move to CE, especially if they are not sure what
to gain from it as pointed out in one answer “It’s because, as most companies work in
a linear flow, they have a very hard time making a business case to argue OK, should
we actually jump in to creating this new type of business In circularity and if there is no
business case, then obviously the decision will be well, we will maintain our current way
of working” So, if they are profitable as is with their more standard linear model, a move
to circularity is both costly and riskier. If the move fails it could be the end of the company.

This is all connected to another of the biggest challenges which of course is that it is a
big investment to implement CE even if it is on a small scale. There needs to be a way
to gather all the used-up products, which requires a system to be developed which in-
centivizes customers to return after use. That is something which is clearly not going to
happen by itself so just that step is a big investment. Then the products have to be ana-
lyzed to decide what to do with them after they have been returned. The different states of
the returned products mean they can’t all be returned to the supply chain in the same way
so that analysis is also an investment. After that the actual recycling, refurbishing or so
on takes place and all these different methods of reusing them require different methods
to be done which potentially require different machines. This also usually requires a new
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building to house this entire part of the production. These are just some steps that have
to be taken and there are many investments along the way. So, if no clear case for how
this can benefit the company can be found then they can’t implement it. One researcher
also mentioned examples of companies that wanted to change to a circular model and did
research into how to implement it but came to the conclusion that their products would
become way too expensive if they used recycled materials. People wouldn’t be able to
afford their products anymore so even though they tried they just could not use CE.

One of the company representatives that was interviewed said they had a lot of success
when reusing their products and it saved money for both the company and the customers.
In some cases, though they had to use a traditional linear model since it sometimes re-
quired more resources and produced more pollution to reuse the products instead of cre-
ating new ones. So, in some cases, the problem with CE isn’t economical but instead
environmental, that it is worse for the environment to reuse. This particular example was
connected to shipping so to reuse the products they would have to be shipped back to the
factory and this company sends products all over the world. To send it away for use was
no problem but to gather them up required more energy than to simply make new products.

One other challenge that companies face is that in a linear model it’s more predictable
how much raw material is required to keep the production going. They usually have a
plan as to how many products to make every month so they can have a rough estimate
of how much raw material is needed. In a CE however some parts of the materials come
from old products where they sometimes don’t know when they get back. As one re-
searcher said it is easy to estimate when store packaging can be expected to return so in
that case the return time becomes predictable. In the case of user products though it is
much harder to know how long they are going to use it. For some items like cellphones, it
could be a difference of several years. This means the raw material needed for any given
month becomes very hard to estimate. They could get a huge load of old products, or they
could get none. By hoping they get a certain number of old products they could face the
possibility that production stops due to lack of material. Or if they order enough that pro-
duction can keep going anyway, they need to have storage for a potentially large amount
of extra material. Either way it leads to a more challenging economic citation compared
to using a linear model.

Lastly, some researchers pointed out that products made from recycled materials are
sometimes of lower quality. This has the consequence of the consumer having to buy
new products more often if they buy those. Even if the price of the recycled product is
lower the consumer could still save money on buying a product from virgin material that
lasts longer.

Those were some of the drivers and challenges from DT and CE that were gained from
the interviews.
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4.3 Digital Twins in Circular Economy

DT can be utilized in CE in several ways. Firstly, DT can predict the condition of a prod-
uct, enabling it to be used for a longer time. This allows companies to perform predictive
maintenance. However, many customers are unwilling to share real-time data of the prod-
ucts they are using.

Secondly, DT can assist in tracking the product. Once the product reaches its end of life,
it can be returned to the manufacturers through reverse logistics. However, as reverse
logistics is part of the supply chain, which is a network of groups, using DT can be chal-
lenging. The collection of real-time data is difficult because not all assets used in logistics
have a digital model, and there can be delays in data collection, meaning the data required
for DT is not uploaded instantly.

According to researchers, real-time uploading means 2ms, where data from small appli-
ances like robots can be collected and integrated into the system instantly, but not in the
supply chain.

In CE, an Al could make decisions such as what amount of the returned product could be
recycled, refurbished, or reused automatically without the need for human input, as they
monitor the life cycle of the products regularly. This would be useful in a fully automatic
factory.

Most companies are very human-centric, where human workers are the ones making deci-
sions, so a real-time updating model might be pointlessly specific for many organizations.
A normal digital model for a supply chain can be updated manually when changes are
happening, and usually, that is enough, so the need for a DT might not be there.

The need for a bidirectional flow of information isn’t there in most cases. Since one of
the big problems for companies with adapting CE is that they need good tracking of their
products, a digital shadow is usually sufficient.

Today’s supply chains involve many different stakeholders, and everyone is not open to
share information about their companies. This makes DT not acceptable for many since

it gathers a lot of data that they are not willing to share with others.

However, in smaller supply chains that only have a few stakeholders or maybe even only
one and with a lot fewer moving parts, then DT might be able to be implemented.
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Discussion

After conducting an extensive literature review and interviewing experts in the field, sev-
eral significant points about Digital Twins (DT) in Civil Engineering (CE) emerged. Both
the literature and the interviews highlighted many factors that complement each other and
provide a more complete view of the subject as a whole.

One key aspect emphasized in both the interviews and the literature is the need for a
unified definition of DT. While most researchers and papers in the field of DT agree on
its definition, the challenge lies in ensuring that researchers and company staff with lim-
ited knowledge of DT do not misuse the term. Some individuals prefer using the term
DT because it sounds more advanced than phrases such as "digital model" or "digital
shadow." Therefore, a crucial step in implementing DT in any field, including CE, is to
widely disseminate an accurate definition to prevent misinformation about its usefulness
and challenges.

Another recurring topic of discussion was data security and privacy. Implementing DT
in any supply chain faces resistance from management due to concerns about sharing
data among stakeholders. Smaller companies may struggle to implement CE indepen-
dently and might require the assistance of a third party. However, hiring a third party may
involve sharing a significant amount of company data through the use of DT, posing a ma-
jor barrier. Furthermore, obtaining data from customer products is challenging because
customers are typically reluctant to be monitored extensively. Recognizing this barrier,
researchers have taken steps to mitigate it. For example, (Attaran et al., 2023) proposed
a method of using DT in CE that allows the sharing only specific data with stakeholders
and monitoring products without compromising customer privacy.

One barrier mentioned in the interviews is that a circular economy (CE) is less predictable,
as it’s harder to predict the influx of old products compared to the influx of virgin material.
However, several reports discuss how digital technology (DT) can improve predictability
in supply chains and circular economy practices. References such as Kaivo-Oja et al.
(2020), Lv et al. (2022), Ivanov and Dolgui (2021), and Badakhshan and Ball (2023)
explore how DT can be used to address unpredictability and enhance system robustness.
DT has proven successful in mitigating this particular barrier for circular practices.

Other potential solutions to barriers in the circular economy are outlined in Banerjee et al.
(2023), where DT is employed to test different logistics scenarios for faster implementa-
tion of new methods. Such approaches could expedite the adoption of circular practices
and reduce associated risks, allowing more companies to explore these methods without
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committing entirely to an unknown concept. As highlighted in interviews and as noted
by Preut et al. (2021), circular economy practices are not universally suitable. However,
with the aid of DT, it may become easier to assess whether they are suitable for specific
cases.

The interview also highlighted that modeling an entire supply chain is a complex process
that requires a significant investment in digital transformation (DT). However, Lugaresi
and Matta (2023) have researched ways to speed up the modeling process. Accelerating
the modeling process would result in faster DT implementation, although it may not be
sufficient at present. Efforts are underway to address this challenge.

Another obstacle to circular economy (CE) is efficiently retrieving old products to max-
imize their value. Digital transformation (DT) can be leveraged for optimization, as
demonstrated by Ashrafian and Pedersen (2023), who discussed the use of DT to opti-
mize a large-scale logistics system. While not directly related to retrieval, this example
illustrates how DT can optimize logistics, potentially enabling efficient product retrieval
that yields greater value than the effort involved.

5.1 research Questions

With all this combined we come to the answers reached to our research questions.

RQI1: How can Digital Twins support the transition from Linear Economy to Circular
Economy in supply chain

First of all it can be used to predict the condition of products both before and after the
use-phase. This makes it easier to put the products back into circularity. It is also useful
for tracking products in reverse logistics. By knowing where the products are it is much
easier to have them get sent back to production. This tracking of where products are and
what condition they are in leads to the company being able to predict how much virgin
material is needed. The unpredictability of circular economy is a potential source of huge
losses so this extra level of predictability makes the entire process more reliable. The
implementation of CE can take a long time but with DT the different scenarios of the
circularity can be simulated to speed up the implementation process. Lastly by using it
during the design phase it can help the manufacturers choose suitable materials for circu-
larity.

RQ2: What are the challenges for implementing and integrating Digital Twins in a supply
chain

The big obvious challenge with implementing DT is of course that it is expensive. It can
lead to the company being more profitable but it is a big investment to start. Another
commonly stated barrier is data security and data privacy. Neither companies nor users
are willing to share too much data which makes the implementation harder. Companies
being as human-centric as they generally are now means it’s harder to track things in the
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supply chain so a more digitalised organization would be more suitable for DT. A supply
chain is a large network with many moving parts and creating models for everything is a
big undertaking. There is also a need for special competence to know what data to gather
in the supply chain for the DT to be useful. Lastly and maybe most relevant as a first
challenge to overcome is the need to know what to use the bi-directional controls for. If
no use for that can be discerned then there is no reason to implement DT.
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Conclusion

In summary, the integration of Digital Twin (DT) technology in a closed-loop supply
chain can significantly enhance circularity. A closed-loop supply chain encompasses the
entire process of delivering a product or service to the customer and reclaiming the prod-
ucts when they reach the end of their life cycle for reuse or recycling. When DT is im-
plemented in specific segments of the closed-loop supply chain, it shows great potential
by enabling efficient data collection and modeling of distinct physical processes, which
can be more easily managed. However, integrating DT across the entire supply chain
presents challenges. It requires extensive data collection and the development of numer-
ous models, which is currently impractical for several reasons. Many organizations still
rely heavily on human labor for their operations, making real-time data collection more
challenging. In addition, not all supply chain assets have the corresponding digital mod-
els. DT technology depends on real-time data acquisition, and in a global supply chain,
some assets are located in areas where bidirectional real-time data transfer is not feasible
due to various constraints. Therefore, while DT can be highly effective when applied
to individual assets within the supply chain, it may be more beneficial to utilize Digi-
tal Models for the entire supply chain. This approach allows for manual data collection
from all assets and subsequent updates to their digital counterparts, facilitating real-world
improvements based on enhanced data.

6.1 Future Research direction

To enhance the effectiveness of Digital Twins in both small assets and large network like
supply chains, several key areas require attention in future research.

Standardization of Digital Twin Knowledge is an important step. Despite the longstanding
concept of DT, there is a lack of uniform understanding and application among researchers
and organizations. Establishing a standardized framework and common terminology for
DT is crucial to make better communication, collaboration and implementation across
various sectors.

Digital Integration of Industrial Processes is another big step. For DT to be fully effective,
industries must advance towards digitalization of their entire processes. These include au-
tomatic data collection and the creation of digital models, which can significantly reduce
the complexities and improve accuracy of DT application.

Transparency in Data collection from consumers would be an important way to add DT
capabilities to products. When gathering data for purposes such as monitoring devices,
organizations must be transparent with the consumers. They should clearly communicate
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the types of data benign collected and the specific reasons for its collection. This trans-
parency is essential to build trust among the customers, so that processes like monitoring
and predictive maintenance can become more easy.

Lastly there needs to be a clear understanding of Digital Twin implementation. Orga-
nizations need to have a precise understanding of why they are adopting Digital Twin
technology. Defining clear objectives and expected outcomes will help in aligning DT
initiatives with business goals and ensuring that the technology is leveraged to its full
potential.
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