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Featured Application: This article is focused on a literature review to provide a valuable resource
for understanding the latest developments in digital twin modeling that support transportation
systems’ operation and maintenance. The conducted research will be helpful for many people,
including maintenance managers, maintenance engineers, and researchers, who are interested in
the maintenance management issues of transportation systems based on Digital twin use. The
authors believe the literature review will introduce readers to the major up-to-date theory and
practice in the direction of Digital Twin implementation research. The presented study gives the
possibility to identify the thematic structure related to digital twin use in transportation systems
operation and maintenance. In addition, it shows a bibliometric analysis of the selected papers.
At the same time, the analysis that was conducted allowed the development of future research
directions in the areas identified as research gaps.

Abstract: There is a growing need to implement modern technologies, such as digital twinning, to
improve the efficiency of transport fleet maintenance processes and maintain the company’s
operational capacity at the required level. Therefore, the paper reviews the existing literature to
present an up-to-date and content-relevant analysis in this field. The proposed methodology is a
systematic literature review using the Primo multi-search tool following Preferred Reporting Items
for Systematic Reviews and Meta-Analyzes (PRISMA) guidelines. The main inclusion criteria
included the publication dates (studies published from 2012-2024) and studies published in English.
This resulted in the selection of 201 of the most relevant papers in the area of investigation. Finally,
selected articles in this review were categorized into seven groups: a) air transportation, b) railway
transportation, c) land transportation (road), d) in-house logistics, e) water and intermodal transportation, f)
supply chain operation, and g) other applications. One of the main advantages of the study is that the
results are obtained from different scientific sources/databases thanks to using the multi-search tool.
Moreover, a bibliometric analysis of the selected papers was performed. The results have led the
authors to specify the main research problems and trends related to the analyzed area and to
identify the main research gaps for future investigation from academic and engineering
perspectives. In addition, based on the review results, a framework for DT in transportation system
maintenance was developed. The study ends with conclusions and future research directions.

Keywords: digital twin; operation and maintenance; transportation system; systematic review
analysis; air transportation; railway transportation; land transportation; in-house logistics; water
and intermodal transportation; supply chains operation; PRISMA guidelines
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1. Introduction

The dynamics of the transportation market and the growing demands of customers pose
significant challenges for transportation companies in the context of maintaining the durability and
reliability of transport means. The transportation industry is subject to continuous changes resulting
from various factors, such as technological advancements, changing regulations, and consumer
trends. In recent years, the dynamic development of the transportation sector can be observed as
driven by ongoing globalization, the growth of international trade, and increasing societal mobility.
Transportation companies face intensified competition from both traditional and new, innovative
entities. Market dynamics force them to constantly adapt to changing conditions and seek new
solutions and technologies to maintain a competitive position [1].

Simultaneously, the growing demands of customers on transportation companies are becoming
increasingly diverse. Customers expect quick and timely delivery of goods and high-quality service,
safety, and flexibility in adapting services to individual needs. High customer demands require
transportation companies to ensure the efficient operation of their fleets and the quality of services
provided at every stage of the transportation process. This entails implementing fast and efficient
customer service procedures and having a modern vehicle fleet with effective maintenance
management and quick emergency response. In this context, ensuring the high maintainability and
reliability of the transportation fleet becomes a key issue [2—4].

The challenges related to maintaining high maintainability and reliability of the transportation
fleet are significant for companies operating in the transportation sector due to the dynamic nature
of the transportation environment and the variety of factors affecting vehicle performance. One of
the main issues associated with maintaining the transportation fleet’s reliability is the vehicle fleet’s
aging. Transport vehicles are operated under various weather and road conditions, leading to natural
wear and degradation of mechanical parts and electronic components. Over time, the risk of failures
and downtimes increases, negatively impacting the operational efficiency of transportation
companies [5].

Another significant issue is the complexity of maintenance processes for the vehicle fleet.
Regular technical inspections and repairs are required to ensure operational readiness and the
necessary level of vehicle safety. Managing these maintenance processes is often demanding and
time-consuming, especially when providing the proper maintenance level for large transportation
fleets operating on diverse routes and under various operational conditions [6].

Additionally, the necessity for a quick response in case of failures and unforeseen situations is
also problematic. Vehicle downtimes can lead to delivery delays, generating costs and negatively
impacting the company’s reputation. Therefore, transportation companies must take appropriate
measures to minimize the risk of failures and downtimes and ensure the operational continuity of
their fleets. Implementing modern methods and technologies, such as digital twins (DTs), can
improve the efficiency of fleet maintenance processes and maintain the company’s operational
capabilities at the required level. Investments in modern technological solutions allow for improved
fleet durability and reliability, minimized operational costs, and increased market competitiveness.

Recently, a lot of research and publications in the field of maintenance management and
modeling aimed at improving the efficiency of the maintenance process have been developed for the
transportation sector (for an overview, see, for example, [6,7]). The search for English language
review publications in the Scopus database based on searching the following keywords:
"transportation OR transport” AND “maintenance OR maintenance management OR condition monitoring
OR predictive maintenance” AND “review OR state of art OR current state” allowed 24 relevant records
to be identified. The identified papers have been published from 2010 to 2024. The content analysis
of these reviews revealed that most of these reviews are focused on specific transport sectors —
railway maintenance [8-14] or air transportation [15], road transportation [16-18], electric vehicles,
and fuel cell condition monitoring [19,20], water & intermodal transport [21,22]. In addition, few
reviews are focused on transportation infrastructure maintenance [23-30]. However, there is a
notable absence of comprehensive review articles addressing the application of digital twins in
transportation system operation and maintenance. Despite the growing interest in digital twin
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technology and its potential benefits for the transportation sector, the current literature lacks
thorough reviews that summarize existing knowledge and identify research gaps in this specific area.
Only two of the identified reviews focus on the aspect of DT use in the maintenance of transportation
systems. First, the authors in [3] focus on the aspect of Digital Twins integration and its influence on
the development of transportation asset management systems. Second, Selvam et al. [31] present a
comprehensive analysis of the current state of the art in integrating DTs into the maintenance of
integrated chargers in electric vehicles.

As aresult, the proposed study presents an overview of the academic research on the DT applied
in transportation systems operation and maintenance with a particular focus on internal
transportation. The main objective of this study is to define the main research trends within this
research area and to identify future research directions. In addition, based on the conducted literature
review, a framework for DT in the internal transport sector is developed based on the physical asset
management concept and ISO/DIS 23247 standards. As a result, the contribution of this paper toward
the existing body of knowledge on DT in transportation systems is three-fold: 1) identification of the
major research trends related to DT applications in transportation systems operation and
maintenance; 2) presentation of future research directions in investigating of DT applied in
transportation systems operation and maintenance; 3) development of a framework for DT in
transportation system maintenance management.

Following this, the research questions are as follows:

RQ1: What is the current state of the literature on digital twin use in transportation systems operation
and maintenance between 2012 and 2024?

RQ2: What are the main research and knowledge gaps in DT use in transportation systems operation
and maintenance, especially in the context of in-house logistics?

RQ3: What are the future research directions and perspectives in DT modeling in the context of the
operation and maintenance of transportation systems?

RQ4: What scope should the framework for digital twin for maintenance management of
transportation systems have?

The paper answers the research questions raised above through the use of bibliometric
performance analysis and systematic analysis using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) method [32], aimed at summarizing and identifying the main
research areas in the identified application fields.

In conclusion, the article is organized into seven sections (Figure 1). After the Introduction
(Section 1), the Theoretical Background (Section 2) introduces the Digital twin concept and discusses
its application across transportation sectors. Review methodology (Section 3) explains the main
methods used for the review. This section also describes the strategy used for the literature search
process performance and criteria that were applied to assess the relevance of analyzed documents.
Section 4 describes the main results of the conducted systematic literature review analysis for the
selected papers on the seven identified application fields. Later, Section 5 focuses on discussing the
results of the identified application fields. Here, the literature research and knowledge gaps are also
identified. Section 6 provides a newly developed DT framework for the maintenance of
transportation systems. The last part contains conclusions (Section 7) with a summary of
contributions, definitions of limitations, and recommendations for future studies presentation.
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4
INTRODUCTION (SECTION 1) |:> THEORETICAL BACKGROUND (SECTION 2)
Problem description, main research & Key terms in Digital Twin concept and its
scope definition application in transportation systems

U

REVIEW METHODOLOGY (SECTION 3)

Methods and research design focused on bibliometric and systematic analysis definition,
literature search strategy presentation, selection process definition

U

SYSTEMATIC LITERATURE REVIEW of the selected papers in the defined research fields
(SECTION 4)

Bibliometric analysis Content-based analysis

U

IDENTIFICATION OF THE MAIN RESEARCH AND KNOWLEDGE GAPS (SECTION 5)

Discussion of the main contributions in the context of research and knowledge gaps identification

U

FRAMEWORK FOR DT IN TRANSPORTATION SYSTEM MAINTENANCE
MANAGEMENT DEVELOPMENT (SECTION 6)

J

CONCLUSIONS (SECTION 7)

Summary of the contribution, future research and limitations definition

Figure 1. The structure of the article. Source: own contribution.

2. Theory Background
2.1. Digital Twin Concept - Introduction

Digital Twin (DT) is one of the Industry 4.0 key technologies. Although DT has gained a lot of
interest in many sectors in the last five years, the first proposals for the concept were made in 1991.
The history of the origin and evolution of technology to its current form can be read in [33-37].

The DT concept is relatively new; no coherent definition has yet been created. At the same time,
it is constantly evolving due to technological advances, industry needs, and user needs, so the
possibilities for its use have changed over the past few years [36]. The definitions presented in the
literature and the essence of the concept are often related to the area in which it is applied [38]. Among
others, examples of implementing the DT concept in practice can be found in [38-42]. Most
publications on the areas of DT implementation are related to production systems. However, the
concept is also increasingly appearing in agriculture and medicine. In addition, DT also finds
applications in psychology [43].

In this paper, the authors have focused on transport & logistics issues. In this context, the
definitions often used in the literature target the specific transport branches for which the DT solution
is developed. Therefore, it can be seen that some of the definitions tend to contradict each other.
Hence, based on a thorough analysis of the definitions provided by D. Jones [42] for this work, it is
assumed that Digital Twin (DT) is a virtual representation of the actual process/asset/system based on
Industry 4.0 technology use, where such activities as data sharing, simulation, time-based monitoring, data
analysis, testing, and optimization are included. The combination of these technologies and activities aims
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at real-time monitoring, control, prediction, optimization, and more informed and faster operational
decision-making [44].

The digital twin of any object in its basic version is built from three basic elements: a physical
object (resource/asset), a virtual representation of the object (model), and the connection between
them [39]. The represented object can be a product, process, or system. A DT is a virtual
representation of any real object that encompasses all its features [33,45,46]. In addition, data is
automatically shared in real time between the physical object and the digital counterpart [34,36]. This
factor distinguishes the Digital Twin from the Digital Model (DM) or Digital Shadow (DS). This
means that DT is dynamic. In DM, the interaction between the real object and its digital copy is
manual. It is merely a virtual representation of the real object. In addition, the DM does not process
input data and cannot react to changes in the real object [47]. In the case of DS, the data transfer from
the real object to the digital object is automatic, while the feedback is already manual. This allows an
accurate virtual representation of the real processes; however, the feedback is not provided
automatically [47]. Figure 2 graphically illustrates the data flow in the concepts discussed. In the
literature, DM is seen as part of DT, which enables the virtual visualization of the real object, and DS
is referred to as a digital design aiming at DT, but it does not meet all the assumptions of DT [47].

REAL —+ DIGITAL

Digital Model 4—_

[ramares DIGITAL

Pieitel Shadow & _ i
: = ———— DIGITAL

Pieitaln &‘- T _

—+ manual data flow
————— =+ automatic data flow

Figure 2. Data flow in different modes of integration. Source: Own contribution based on [34].

The improvement of the DT concept and the success of its implementation is made possible by
the rapid development of other Industry 4.0 technologies on which DT is based, i.e., IoT, Big Data, or
Machine Learning [48,49]. The data that DT uses comes from the real-world object, the model, and
information about historical operations. Data from the real-world object is obtained using various
sensors that provide real-time information. Additionally, through the use of IoT, which enables data
collection and transmission, as well as data sharing, DT can collect information about different objects
and their models [50]. The real-time transmission of data allows the DT to be updated in real-time so
that it does not deviate from the real object and accurately reflects its performance level or, e.g.,
degradation level [33]. By constantly transmitting a large amount of new data from different sources,
it is possible to maintain the dynamic nature of the DT. This provides the possibility to monitor the
object and to accurately reflect it digitally in real-time. With the diversity of data sources, access to
Big Data is necessary. All the collected data is analyzed through machine learning, and a dynamically
changing virtual model is created based on this. The next step is to generate conditions that have not
yet occurred in reality. The behavior of the object operating under the given conditions is also studied.
In addition, problems that may arise under the given operating conditions are predicted [33,45]. This
makes it possible to detect and eliminate errors in the virtual system before they occur in the real
process [33,51]. Finally, some solutions are proposed to minimize the possibility of failure occurrence
and completely prevent the identified problems [33]. Thanks to the bidirectional automatic
connection between the physical and the digital object, information from simulations and predictions
is transferred to the physical object, which is used in the operational process [52].

The processes discussed above are the basic scope of DT functionality. These activities can also
take place using machine learning algorithms [53]. Figure 3 illustrates the concept of DT operation.
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In addition, the accuracy and usability of DT are highly dependent on the quality of the sensor data
provided by the real object [54]. Poor accuracy of this data or sensor failures cause interference with
real-time monitoring of the object. Additionally, they can even lead to the failure of the physical object
as it is operated based on feedback from the DT [52].
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Figure 3. The Digital Twin operation concept. Source: Own contribution based on [47,55].

At the same time, an important aspect in the context of DT definition and development is the
reference to the product life cycle. Identifying the phases of DT development in relation to the
product life cycle allows a clear definition of the basic tasks of DT in an organization. In addition, a
DT may accompany its real-life twin from the early stages of its development, so it is beneficial to
distinguish the phases of DT development throughout the object’s life cycle.

DT is applicable throughout the whole life cycle of a physical object, from the design phase
through the production and operation phases to its disposal [39]. In the publications [56-58], the
authors presented different stages of DT maturity. Based on their research results, the DT life cycle
was developed, which coincides with the life cycle of the real object (Figure 4).

LIFECYCLE OF A REAL OBJECT
TESTS
NCEPT
g%E%l o & PRODUCTION EXPLOATATION UTILIZATION
DEVELOPMENT
\\\ \

EARLY STAGE EXPERIMENTABLE \\ \
DIGITAL TWIN DIGITAL TWIN ) ) DIGITAL TWIN INSTANCE

DIGITAL TWIN PROTOTYPE /

LIFECYCLE OF DIGITAL TWIN

Figure 4. Life cycle of the Digital Twin in relation to the life cycle of an object. Source: Own
contribution based on [56-58].

The first phase of the DT lifecycle is the Digital Twin Prototype (DTP). It is designed for the
object design activities. At this phase, the real object does not yet exist in its physical form. It only
exists as a concept and design in virtual space, such as DTP [56]. Based on the information from the
DTP, a physical object is developed that duplicates the digital version. In [57,58], DT types that partly
overlap with the DTP assumptions have been proposed. However, due to their purpose, they can be
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said to be only part of DTP. Early Stage Digital Twin (ESDT) corresponds to a real object’s conception
and design phase. It aims to generate information and evaluate proposed solutions and concepts.
This is possible through early simulation and analysis [57]. Experimentable Digital Twin (EDT)
corresponds to the research and development phase of the life cycle of a real object. An EDT is a
virtual prototype intended primarily to test and verify a designed object or system in its target
operational environment [58].

The DT maturity stage corresponding to the exploitation and disposal phase of the real object is
the Digital Twin Instance (DTI). The DTI represents a concrete physical object and evolves
throughout its lifetime until disposal. It contains past, current, and projected operational data and
service records [56].

The concept of DT has been gaining particular interest over the last five years, whether in terms
of the development of the approach itself, the building of customized architectural solutions, DT
characteristics, design principles, or future challenges. As a result, a number of articles can be
distinguished that aim to summarize the basic literature on DT designing, modeling, and
implementation. For example, a comparison of different definitions describing DT is presented in
[38], the architecture and modeling approach are described in [46,59-61], and the link between
Industry 4.0 development and DT is described in [51,62]. In contrast, DT in Industry 5.0 is
investigated in [50,63,64]. The main challenges are reviewed, e.g., in [45,65,66]. A summary of recent
reviewing papers that focus on DT concept definition, modeling, architecture, or research challenges
is given in Table 1.

Table 1. A summary of the recent papers focused on the literature overview in the area of Digital
Twin concept.

Ref. Pubélec::lon Research Objectives %:::()domgy Databases Analyzed AIr,l?l);;Z d
Analysis of the state-of-the-
art definitions of DT, .
. L . Systematic
investigation of the main ]
[38] 2019 characteristics of DT, and hte%'ature Google Scholar 75
review
exploration of DT
applications
Publication .. Methodolo Databases Papers
Ref. Year Research Objectives Used ® Analyzed Anall)yzed
Survey of the state-of-the-
art of major definitions,
specifications, and
implementations of the DT
concept in several
[49] 2020 techn§10gical areas with an Survey review n/a 140
attempt to consolidate the
major features of the DT
concept as it has emerged in
different industries
IEEE Xplore, ACM
digital library, Scopus
. .. .. . (ScienceDirect,
Review of digital twinning, = Systematic Elsevier),
[48] 2021 particularly focusing on the  literature . . 157
role of AI-ML and big data  review SpringerLink,
Hindawi, IGI-Global,
Taylor & Francis

Online, Wiley online
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library, the US
patents database

[67]

2021

Review the evolution of DTs
in tomorrow’s Digital
Factories and research
toward implementing
context-aware, autonomous,
and adaptive DTs.

State-of-the-art

review

n/a

n/a

[68]

2021

Review of DT history,
definitions, models, types of
key enabling technologies,
and applications

State-of-the-art

review

n/a

n/a

[69]

2021

Review of existing reviews
relating to DT

Meta-review

AlSeL, IEEE Xplorer,
Science Direct,
Springer Link

24

[45]

2022

Review of various DT
features and current
approaches, the
shortcomings and reasons
behind the delay in the
implementation and
adoption of digital twin and
development of DT
reference model

State-of-the-art

review

n/a

n/a

[60]

2022

A comprehensive view of
the DT technology and its
implementation challenges
and limits in the most
relevant domains and
applications in engineering
and beyond

Systematic
literature

review

ResearchGate, MDPI,
Science Direct, and
ProQuest

84

[65]

2022

Review of the current state
of digital twins, describing
the terms digital model and
digital shadow; review the
concepts of Internet of
Things (IoT) and Industry
4.0

Overview

n/a

n/a

[70]

2022

Survey of potential threats
associated with the DT
paradigm, taking into
consideration its
functionality layers and the

operational requirements

Survey review

n/a

n/a

Ref.

Publication
Year

Research Objectives

Methodology
Used

Databases
Analyzed

Papers
Analyzed

[71]

2022

Review of research and
applications of DT in smart
manufacturing

Bibliometric
review

Web of Science Core
Collection

3763/top
100

[72]

2022

Review of recent
advancements in the DT in
the context of technology,
market potential and trends,

Survey review

n/a

n/a
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applications, and case

studies
Reviewing of SLRs on DTs
and analyzing the body of
yzmng . y . Google Scholar, Web
[73] 2022 related work with respect to  Meta-review . 14
of Science database
the presented research
scope
Review of digital twin .
. . Systematic
definition, emphasizing .
important characteristics; review
[66] 2023 po . . ’ according to Google Scholar 31
analysis of techniques, . ,
Kitchenham’s
trends, and future research .
S guidelines [74]
directions
literature review on Digital .
.. Narrative
Twins in the context of , Scopus database,
[75] 2023 . . . literature n/a
intelligent automation use . Google Scholar
.. . . review
in different industries
ACM Digital Library,
Review on data Systematic IEEE Digital Library,
[76] 2023 management solutions literature Onepetro, Scopus, 61
proposed in the DT context review Science Direct, Web

of Science database

2.2. Digital Twin Concept — Implementation Areas

As has already been mentioned, DT is currently being implemented in various industrial sectors
due to its broad applicability. As an innovative approach, it provides new solutions to problems faced
by numerous industries, ranging from designing new products or even factories to issues related to
optimizing the operation of selected technical systems or organizations. Due to such a high level of
interest in the possibilities of DT implementation, we can currently distinguish a number of works
summarizing recent developments in this area (see e.g. [60,77-81]). At the same time, based on the
literature analysis carried out, it was possible to propose basic areas of DT practical application
(Figure 5).

Digital twin technology, which creates detailed and dynamic virtual replicas of physical
systems, is revolutionizing numerous industries by providing real-time insights and predictive
capabilities. As shown in Figure 5, this technology is being implemented across a wide range of
sectors, enhancing efficiency, performance, and innovation in diverse applications.
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Figure 5. The Digital Twin concept’s main implementation areas. Source: Own contribution

In aviation, digital twins are used mostly for aircraft condition monitoring, predictive
maintenance, and operational optimization. By simulating real-time sensor data, digital twins help
anticipate and prevent potential failures, ensuring higher safety and reliability in flight operations
[82-84].

Digital twins facilitate smart manufacturing by providing real-time insights into production
processes. They enable predictive maintenance, optimize production workflows, and improve
quality control, leading to increased efficiency and reduced downtime [40,85-88]. In addition, digital
twins drive smart manufacturing by integrating IoT, Al, and machine learning. They enable real-time
monitoring, adaptive control, and optimization of manufacturing processes, leading to higher
productivity and flexibility [89]. In this area, it is also worth noting that many works are devoted to
implementing DT in the automotive industry, where digital twins enhance vehicle design,
manufacturing, and maintenance. They provide real-time data on vehicle performance, enabling
predictive maintenance and improving safety. Digital twins also support developing and optimizing
electric vehicles and autonomous driving technologies, contributing to innovation and sustainability
in the automotive sector [90-92]. In addition, much work is devoted to battery management systems
in this implementation area, particularly for electric vehicles, which are focused on monitoring and
optimizing battery performance. The DT solutions provide real-time data on state-of-charge and
state-of-health, predict maintenance needs, and enhance overall battery lifespan and efficiency
[93,94].

In the mining industry, digital twins optimize operations by providing real-time data on mining
equipment and processes. The DT approach enhances safety by predicting and preventing equipment
failures and optimizing resource management. Digital twins facilitate better planning and execution
of mining activities, improving operational efficiency and reducing environmental impact [95].

In robotics, digital twins are used for simulation, testing, and real-time control of robotic
systems. They enable better design, improved performance, and more efficient operation of robots in
various applications, from manufacturing to healthcare [96,97]. Meanwhile, in logistics and
transportation, digital twins enhance route optimization, fleet management, and predictive
maintenance of vehicles. They improve delivery times, reduce operational costs, and enhance overall
efficiency [98-100].

The widely investigated application area also includes supply chain operation and management.
Digital twins in supply chain management offer end-to-end visibility and real-time tracking of goods.
They help optimize logistics, manage inventory, and improve demand forecasting, resulting in more
responsive and efficient supply chains [98,99,101-104].

Another interesting implementation area is smart cities. Digital twins model urban
environments for smart cities to optimize resource allocation, manage infrastructure, and enhance
citizen services. The DT solutions aid in traffic management, energy distribution, and emergency
response, creating more sustainable and livable cities [105].

In management and marketing, digital twins simulate business processes and consumer
behavior. They help in strategic planning, market analysis, and personalized marketing campaigns,
enhancing decision-making and customer engagement [106,107].

Next, integrating digital twin technology in agriculture, healthcare, and architecture enhances
real-time monitoring, predictive analytics, optimization, simulation, and sustainability, improving
outcomes and efficiency in these diverse sectors. For architecture, digital twins create virtual models
of buildings for design, construction, and maintenance. They enable better visualization,
performance analysis, and lifecycle management of architectural projects [108,109]. Digital twins
optimize farming practices in agriculture by modeling crops, soil, and environmental conditions.
They help in precision farming, resource management, and yield prediction, enhancing agricultural
productivity and sustainability [110]. In healthcare, digital twins model patient data and medical
devices to improve diagnostics, treatment planning, and personalized medicine. They enable
continuous monitoring and simulation of patient conditions, leading to better health outcomes
[38,111].
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The last two, widely investigated in the literature, are implementation areas regarding education
& training and psychology. Implementing digital twin technology in education and training offers
transformative potential by creating highly interactive, immersive, and personalized learning
experiences. In education, digital twins create virtual models of classrooms and laboratories, enabling
real-time monitoring and interaction. This allows educators to simulate complex concepts and
processes, providing students with hands-on learning experiences beyond traditional methods. For
instance, digital twins can model chemical reactions, biological systems, or physical phenomena,
fostering deeper understanding and retention [112-115].

In training, digital twins provide a safe environment for practicing and refining skills essential
in fields like healthcare, engineering, and aviation. Medical trainees, for example, can practice
surgical procedures on virtual models, improving their skills without real-life risks. Engineers can
troubleshoot machinery and operational processes in a simulated setting, bridging the gap between
theoretical knowledge and real-world application.

Digital twins also enable remote and online training, making education and skill development
more accessible. Creating virtual training environments allows learners from different locations to
participate in interactive programs, supporting ongoing professional development and lifelong
learning. This technology significantly enhances interactive learning, personalized education, and
practical skill development, preparing individuals for their professional careers [112-115].

In psychology, digital twins simulate human behavior and cognitive processes. They are used
in research, therapy, and the development of personalized mental health treatments, improving the
understanding and treatment of psychological conditions [116].

In addition, due to the introduction of the DT lifecycle given in section 2.1, it is worth
investigating how the implementation areas are aligned with the phases of the lifecycle of an object.
DTs provide invaluable insights and optimizations throughout the object’s lifecycle—design,
production, operation, and end-of-life. DTs allow for virtual prototyping and testing in the design
phase, reducing time and costs. During production, they enable real-time monitoring and quality
control, enhancing efficiency. DTs facilitate predictive maintenance and performance optimization in
the operational phase, extending product lifespan. Finally, at the end-of-life phase, DTs assist in
planning for recycling or disposal. This comprehensive integration across the product lifecycle
highlights the transformative potential of digital twins. Figure 6 shows for which purposes DT was
applied during the different phases of the object’s lifecycle.
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Figure 6. The Digital Twin concept’s main implementation areas in relation to the object’s lifecycle.
Source: Own contribution based on [39,117].

From the point of view of this article, which focuses on maintenance issues, the third phase of
the object’s life cycle is of most interest.

With increasing frequency, authors describe the possibility of using DT in maintenance
operations and management. In the context of maintenance, DT plays an important role because it
offers the possibility to evolve the way maintenance is carried out. This means the possibility of
moving towards more advanced maintenance strategies such as predictive or prescriptive
maintenance [118,119]. Preventive maintenance without the use of DT is only used as a calculation
tool to analyze the condition of an object and predict faults [120]. The results then obtained do not
reflect the long-term dynamically changing real-world data. DT provides more intelligent
maintenance management than in the case of predictive maintenance implementation. This is due to
the automatic analysis of the collected data related to the operation, technical condition, or facility
utilization. Based on this data, it is possible to predict failures, anticipate maintenance, or plan
corrective action in response to certain irregularities in real time [121,122].

Most of the application cases of DT in maintenance concern optimizing maintenance decisions
[123]. The condition of the actual facility is predicted so that an appropriate maintenance plan can be
selected. Monitoring the condition of the facility during the operational phase enables DT to plan
maintenance more effectively. The differences between traditional and DT-based predictive
maintenance are described in [120]. The use of DT in maintenance also contributes to technical
systems’ reliability, efficiency, and safety [97,124-127].

The confirmation of increasing interest in DT implementation in the maintenance fields may be
the analysis of the number of published papers per year. An initial study was performed based on
the data from two databases, Web of Science and Scopus, in July 2024. The search process was based
on using two keywords, , digital twin” and , digital twin AND maintenance,” and searching within
all fields. The results are presented in Figure 7. Analyzing the graph, we may state that since 2018,
there has also been an increasing trend in the number of publications that describe the link between
DT and maintenance. Comprehensive reviews of digital twin use in maintenance areas, presented in,
e.g., [118,119,122,128,129], confirm this conclusion.
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Figure 7. Publications from 2014-2022 that were published in the Scopus and Web of Science databases
and included the term DT and combinations of the terms DT and maintenance. Source: Own
contribution.
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The fundamental nature and wide-ranging applications of digital twin (DT) technology,
particularly in maintenance, highlight the necessity of examining its role in the operation and
maintenance of transportation systems. The transportation sector encompasses various branches and
addresses numerous issues requiring a systematic and organized approach. Therefore, it is essential
to evaluate how the current review of digital twin technology, focusing on maintenance, emphasizes
its significance in transportation system operations. This examination aims to ensure that the
contributions and potential of digital twin technology in enhancing maintenance practices within
transportation are appropriately highlighted and understood. Additionally, the objective is to
identify the main research trends, knowledge gaps, and future research directions in this field,
providing a comprehensive overview to guide further studies and advancements.

2.3. Digital Twin in Transportation Systems

The digital revolution has led to the development of intelligent transport systems technology.
This has resulted in the widespread deployment of sensors in transport networks. These sensors
provide real-time access to data that can be the basis for communication with a virtual model. This,
in turn, enables the use of DTs in transport systems. Indeed, with the large amount of data collected,
DT can potentially improve the transport sector. As a result, DT can currently operate, control, or
analyze existing/designed transport systems [130].

A preliminary analysis of the literature shows that, from 2019 onwards, a marked increase in the
number of publications can be observed in the context of the design and implementation of the
concept of digital twins to ensure the operational continuity of transport systems [98]. In some
publications, the term Transportation Digital Twin (TDT) appears. As TDT is in its infancy, it is,
therefore, difficult to find a single, universally accepted definition of the concept [131]. As in the
general definition of DT, TDT can be defined as a digital representation of a transport system'’s
physical elements that react to real-time changes. Both transport assets and connected services, even
those that are not transport-related, are digitally mapped. The term TDT is not yet widely used, and
it is most common in the literature to find a description of DT for specific applications of this
technology in selected transport systems.

This concept finds application in all branches of transportation. It is currently used in maritime
transport for predicting potential failures, optimizing fleets, ports, and terminals, and for
comprehensive supply chain optimization [132,133]. In air transport, DT can be utilized to control
airport transportation systems [134]. The land transport sector is also widely described in the
literature. DT is applied in both long-distance transport (rail and road) and internal transport. In rail
transport, authors propose using DT to monitor railway switches, increase railway network capacity,
and general management in the sector [135-137]. Road transport is another widely discussed
application area for DT, where it is used for optimizing traffic conditions, planning urban
transportation, calculating recommended vehicle speeds, controlling traffic signals, visualizing
possible scenarios, and enhancing road safety [138-142]. DT is most commonly proposed in internal
transport for planning, optimizing transport processes, and vehicle route planning [143-145].

Although transportation infrastructure is gradually adapting to new technologies, the
application of digital twins in transportation engineering is currently in its early stages [138,146]. The
main goal of using DT in transportation is to enhance the safety and mobility of transportation
systems [131]. The first review articles in this area appeared in 2020 and focused on selected
application areas. The first review article on the use of DT in transportation was published in 2020 by
R. Phanden et al. [96]. This article describes the application of DT technology in aviation, robotics,
and manufacturing. The authors focused on DT simulations and analyzed 11 aviation-related works,
two on robotics and five on manufacturing. This analysis involved presenting how simulations and
DT were utilized in each publication.

The article [100] pertains to internal transport. The authors presented five main trends that
contemporary research on DT in internal transport systems focuses on. A broader analysis included
34 publications. This analysis focused on the use of DT in internal process optimization. It was noted
that DTs are mainly built to increase the physical object’s efficiency and respond better when
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disruptions occur due to random events. The authors in [147] proposed a systematic review of the
literature on current applications of DT in railway and road networks. The analysis results indicated
that most DT applications in this sector are concerned with operation and maintenance. Another
review article is dedicated to the maritime transport sector [148]. The DT of a ship is most often used
for maintenance planning, failure prediction, and process optimization on the ship. However, the
authors emphasize that real-time communication with the physical object is the biggest challenge in
using a ship’s DT. In [131], publications focusing on transport safety and mobility were analyzed.
The authors also proposed a concept of DT for transportation systems. Kaiblinger et al. presented the
current trends in DT development in production logistics in their publication [149]. In [130], the
authors focused on analyzing the potential applications of DT in electric autonomous vehicles. The
analyzed articles concerned battery charging, driver experience, and vehicle monitoring and control.

Again, the confirmation of increasing interest in DT implementation in the transportation sectors
may be analyzing the number of published papers per year. An initial analysis was performed based
on the data from two databases, Web of Science and Scopus, in July 2024. The search process was
based on using two keywords, , digital twin AND transport” and ,,digital twin AND transport AND
review,” searching within all fields. The results are presented in Figure 8. A summary of reviewing
articles that focus on DT use in transportation systems is presented in Table 2.
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Figure 8. A number of publications and review articles in Scopus and Web of Science databases
between 2019 and 2023 related to the Digital Twin in transport systems. Source: Own contribution.

Table 2. A summary of the recent papers focused on the literature overview in the area of the Digital
Twin concept used for transportation systems.
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In summary, interest in the concept of Digital Twin is steadily growing in relation to
transportation systems performance, as confirmed by the data in Figure 6 and the review articles
discussed in Table 2. DT has a wide range of applications in transportation systems across all
transport branches (air, maritime, and road transport). This technology is increasingly important in
this area, contributing to improved efficiency, safety, and sustainability. On the other hand, the
growing customer demands placed on transportation companies are becoming more diverse.
Customers expect quick and timely delivery of goods and high-quality service, safety, and flexibility
in adapting services to individual needs. High customer demands mean that transportation
companies must ensure the efficient operation of their fleets and the quality of services provided at
every stage of the transportation process. This requires not only the implementation of quick and
efficient customer service procedures but also the possession of a modern vehicle fleet with effective
maintenance management and quick response in emergencies. These challenges can be addressed
using DT, which can be applied to predict failures, anticipate maintenance, and plan repair actions
based on real-time data. Additionally, the preliminary analysis of available literature on the use of
DT in transportation systems revealed a) a lack of comprehensive reviews that focus on summarizing
the state of knowledge in this area and identifying research gaps and future research directions and
b) a lack of studies on the use of DT in the maintenance of transportation systems, especially in the
context of in-house logistics. This paper fills this gap.

3. Review Methodology

The presented section outlines the main adopted assumptions and steps in the systematic
literature review (SLR) adopted in this study. An SLR focuses on identifying, evaluating and interpreting
all available research relevant to a particular research question, or topic area, or phenomenon of interest [151].
It is widely accepted that conducting an SLR is a fundamental scientific activity that follows a
standard procedure for developing, conducting, and reporting processes [152,153].

The main goal of the conducted review is to investigate the main research directions and gaps
in digital twin modeling in the context of transportation systems operation and maintenance. The
SLR was performed based on the established guidelines proposed by [152,154,155]. The basis for
reporting systematic review conducted by the research team was PRISMA guidelines [156,157]. The
SLR process consists of 9 steps across three phases, namely planning (3 steps), conducting (3 steps),
and documenting (3 steps). It is illustrated in Figure 9.

The next subsections discuss in detail the research work conducted in these three phases.
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Figure 9. Research framework and methods/tools used for systematic literature review. Source:
Own contribution.

3.1. Planning of the SLR Study

In this section, the main steps related to the planning of this SLR study are presented. The
motivation of this study is to investigate, classify, and synthesize the relevant literature on digital
twins in the operation and maintenance of transportation systems based on the thematic overview of
the primary studies. As an output of the first step of the planning process, the main objectives of this
study are defined. As has been previously stated, they include a) establishing the body of knowledge
of transportation systems operation and maintenance performance in the context of digital twin use
by identifying and classifying the extant research on this topic; b) identifying the main knowledge
and research gaps in this research area; c) identifying development trends and the opportunities for
future research. To achieve these objectives, the main research questions have been stated (Step 2):

RQ1: What is the current state of the literature on digital twin use in transportation systems operation
and maintenance between 2012 and 2024?

RQ2: What are the main research and knowledge gaps in DT use in transportation systems operation
and maintenance, especially in the context of in-house logistics?

RQ3: What are the future research directions and perspectives in DT modeling in the context of the
operation and maintenance of transportation systems?

RQ4: What scope should the framework for digital twin for maintenance management of
transportation systems have?

The definition of the research questions was preceded by an extensive analysis of the issues
addressed in the literature in the context of DT modeling, DT use in maintenance, DT use in
transportation systems, and DT use in production and industry sectors according to the theory
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background, presented in Section 2. The identified research gap clearly indicates the need for research
to develop a framework for digital twin-based maintenance management of transportation systems
in the context of in-house logistics operations. In addition, the defined research questions and
preliminary analysis of the available literature have given the possibility to determine the research
framework for this study, relevant tools and methods that will be used, and the main inclusion and
exclusion criteria (Step 3).

3.2. Conducting the SLR Study

The second phase of the performed methodology includes steps 4, 5, and 6, which are discussed
in detail below.

3.2.1. Collection of Publications for Review

First, the literature-searching process was carried out. It was based on the use of the multi-search
tool Primo [158]. The Primo tool searches the Library’s collection of resources based on keywords
and uses a range of filters to refine one’s analyses. Based on this, we can create search strategies based
on resources from different scientific databases, such as e.g. Scopus, Web of Science, ScienceDirect
database, Elsevier, Wiley, and Springer publishers” databases. The literature search was conducted
between 17 June and 17 July 2024.

The search string covered English search terms used in various combinations applying a Boolean
operator AND and OR. The search query was based on keywords related to digital twin,
maintenance-related, and transportation-related aspects. The maintenance-related keywords were
identified based on review papers [122,129,159-161], whereas transportation-related keywords were
defined according to review papers [6,98,100,162,163]. The final selected keywords were determined
to provide the widest possible coverage of the digital twin-based research in the context of operation
& maintenance and transportation systems. The final search engine includes:

(ALL=(digital twin)) AND (ALL=(maintenance OR maintenance management OR fault OR
diagnosis OR prognosis OR condition monitoring OR predict OR diagnostic)) AND
(ALL=(transport OR transportation OR robot OR warehouse OR mobile OR railway OR aircraft
OR vehicle OR land OR logistic OR forklift OR intermodal OR internal))

Based on the presented criteria, the initial search allowed the identification of 2 509 scientific
papers, which were later analyzed in the screening process (Section 3.2.2).

3.2.2. Screening of Collected Publications

The screening process allowed for the identification of papers relevant to full-text analysis. First,
the studies have been limited to those published between 2012 and 2024. Additional inclusion criteria
took into account publications written in English with full-text availability.

Based on these inclusion criteria, 124 papers were excluded from further analysis.

The screening process had the purpose of filtering out papers that were not related to the main
topic. Therefore, a two-step analysis was performed. First, the records were scanned by title and
abstract by all authors. Later, we compared team members’ opinions at a research team meeting. In
case of discrepancies in assessing the paper’s suitability, the team members decided to include the
questionable articles in the full content analysis. After this operation, 1072 papers remained in the
second step. Before a full-content analysis, the duplicate records and reviewing papers were
removed.

In the second step of the screening process, the authors examined the papers in the full-text
research. The main aim was to assess their relevance to the investigated thematic area. As in the first
step, the research teams made the evaluation individually. Later, at research team meetings, we
compared team members’ opinions. In case of discrepancies in assessing the paper’s suitability, the
team members focus on a more detailed analysis of the full document. As a result, 730 papers were
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excluded for specific reasons. For example, the studies that describe maintenance issues, e.g.,
medicine applications, were excluded.

3.2.3. Primary Studies Identification

After the screening process, 201 publications were selected for further qualitative and
quantitative analysis. A cross-section review of the identified papers was also conducted to ensure
we accumulated a relatively complete census of relevant literature [164]. As a result of the analysis
carried out, it was confirmed that the identified publications provide a complete state-of-the-art in
the research area analyzed.

Figure 10 represents the flow diagram of the selection of studies according to PRISMA
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Figure 10. PRISMA-based flowchart of systematically selecting relevant studies in the analyzed
research area. Source: Own contribution based on [32].

3.3. Documenting of the SLR Study

This phase includes steps 7, 8, and 9 of the conducted SLR study. A bibliometric analysis was
performed as part of the performance in step 7.

Bibliometrics is a branch of scientometrics that uses mathematical and statistical methods to
assess the performance of scientific activities. The bibliometric analysis allows us to study the
networks formed around the most representative keywords. It presents how citations, scholars,
affiliations, counties, and publications indicate the importance of specific topics in the field of
research. At the same time, we can see a noticeable increase in interest in bibliometric studies in
science (see, e.g., [160,165-167]).

Following the analysis, the selected articles were stored, documented, and classified using the
Mendeley reference manager [168,169]. The primary content-based analysis was performed using
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Excel software and VOSviewer software [170]. The main results are presented concerning, among
others, the authors’ location, publication time, or number of citations. The citation overview was
made based on the Google Scholar database.

In addition, based on [171], the VOSviewer is a program developed for constructing and viewing
bibliometric maps that can be examined in full detail. The quantitative summary includes an analysis
of the occurrence of trends. In addition, the distribution by year and publication source was
performed. Following the functionality of VOSviewer software, we constructed bibliometric maps
and examined them in detail. The distance-based bibliometric maps that were created focus on
keyword co-occurrence and relations between main authors. The results are presented in Section 4.

Step 8 — synthesis of research findings was done. The obtained outputs were discussed in relation
to the four defined research questions.

The last step is connected with the development of the study with a clear definition of its
limitations and directions for further research. The results of step 8 and 9 performance are presented
in Section 5. They constitute the basis for developing the framework for DT-based maintenance
management of transportation systems in the context of internal transportation performance.

4. Systematic Review Analysis Results

This section includes the results of the conducted systematic review according to the defined
research methodology (Figure 9).

4.1. Bibliometric Analysis

In the first step, a bibliometric analysis of already selected publications for further research on
the topic of DT use in the transportation sector was carried out. 201 publications from the seven
subject areas analyzed were accepted for detailed analysis. The largest number of articles (44 papers)
is in the area of the link between DT and land transportation (road). The number of analyzed
publications in the other areas is as follows: in the area of railway transportation — 38 publications;
air transportation — 37 publications and in-house transportation — 34 publications; water & intermodal
transportation — 19 publications; and in the area of supply chains operation 14 publications were
analyzed. To the last group, “other applications,” 15 publications were assigned.

The analysis of the authors’ and scientific centers’ origins was also a part of bibliometric analysis.
The carried-out analysis shows clear differences in scientific activity around the world. China
definitely dominates in terms of the number of publications, as the number of papers coming from
this country accounts for 25% of all items analyzed. There is also strong scientific activity in the
United States and Germany, with 17 papers each. Other countries have varying levels of publications,
including Australia (16 papers), England (12 papers), India (8 papers), Spain and Italy (7 papers each),
South Korea and Russia (6 papers each), Poland (5 papers) or Brazil (4 papers). The regions of origin
of the authors of the analyzed publications are shown in Figure 11. Analyzing the scheme in terms of
continental division, the largest number of articles comes from Europe, and it is 49% of all
publications. Asia also shows high publication activity in the area, with 37% of the analyzed articles
coming from there. In contrast, 10% of publications come from North America, 8% from Australia,
about 3% from Africa, and less than 3% from South America.
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Figure 11. A number of papers by the location where the investigated study took place.

This review brings together 201 publications that were published between 2017 and 2024. Figure
12 illustrates the distribution of the publications according to their publication year. As we can see, a
significant number of publications (173) were published between 2021 and 2024. In 2024, the analysis
includes articles published until June, accounting for 59% of the articles published in 2023. Given that
the data covers only the first half of the year, it can be predicted that the total number of publications
this year may be higher than the previous year.
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Figure 12. Distribution of publications by year.

In addition, the studied articles were published in 142 journals (see Table Al in the Appendix
A). Figure 13 shows the graph of a list of journals in which at least two articles were published in the
area under study. Eighty-eight articles from 31 journals were analyzed. During the analyzed period,
the largest number of publications appeared in the journal Sensors (11 articles). The second highest
number of publications in the studied area was in the journal IEEE Access (8 publications). Applied
Sciences published 5 articles, and Vehicle System Dynamics and Engineering Applications of Artificial
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Intelligence published 4 articles each. In comparison, IFAC-PapersOnLine and IEEE Internet of Things
Journal published 3 articles each. The remaining publishing outlets published two articles each on the
topics under study.

To supplement the conducted analysis, a co-occurrence of authors was investigated using
VOSviewer software and Excel software. For the selected papers, there were identified 81 authors. In
Figure 14, results are presented for 15 authors who have the largest set of co-authorship links. The
largest set of links (18) has four authors: Bernal Esteban (co-author of three papers [172-174]), Cole
Colin and Maksym Spiryagin — co-authors of four papers [172-175], and Qing Wu — co-author of four
papers [172-174,176]. All authors are from Australia. In addition, the distribution of publications per
number of authors per paper is given in Figure 15. This research indicates that multi-author articles
predominate, especially those written by teams of 3 to 5 authors. Single-author articles are in the
minority, suggesting that research papers are more often carried out in teams than individually. As
can be seen, very large research teams (more than five authors) occur less frequently in the analyzed
sample of publications.

The last part of the bibliometric analysis was a keyword co-occurrence analysis based on using
VOSviewer software. The initial study focused on the keywords that have occurred in the
publications at least once. As a result, 609 keywords have been identified for the selected papers
(Figure 16).

The results present the used keywords in 67 clusters. The most used words were digital twin
(121 links), digital twins (20 links), and Industry 4.0 (15 links). Also, the words ‘machine learning’
and ‘predictive maintenance” have occurred frequently (12 links with total link strength equal to 76).
One of the largest clusters of publications (27 items, red one in Figure 16) underscores the significance
of digital twin technology integrated with machine learning and deep reinforcement learning. It
emphasizes the transformative potential of digital twins in various fields, from building management
and logistics to transportation and aerospace, highlighting their role in efficiently monitoring,
modeling, and optimizing complex systems. The second largest cluster of publications (27 items,
green one in Figure 16) revolves around applying digital twin technology to mobile robots,
automated guided vehicles (AGVs), agile manufacturing, supply chain management, and vehicles.
Central to these studies are various modeling methods, including virtual models, advanced
simulation, fuzzy logic, genetic algorithms, graph theory, and trajectory optimization, which are
employed to enhance the effectiveness and precision of these systems. The third interesting cluster
of publications (26 items, blue one in Figure 16) focuses on applying digital twin technology in
maintenance, repair, risk analysis, and decision-making. Central to these studies are various
methodologies, including time series analysis, stochastic optimization, inspection processes, and
integration with cyber-physical systems, electric vehicles, battery capacity, and battery management.

A more detailed analysis was focused on the keywords with the largest occurrence sets (Figure
17). The results present the 30 most frequently used keywords in 7 clusters.
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2021 IEEE 1st International Conference on Digital Twins and Parallel..
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The International Journal of Advanced Manufacturing Technology
Ocean Engineering
Mathematical Problems in Engineering
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Journal of Industrial Information Integration
Journal of Building Engineering
International Journal of Production Research
International Journal of Engine Research
International Journal of Computer Integrated Manufacturing
Infrastructures
IEEE Journal of Radio Frequency Identification
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Engineering Fracture Mechanics
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Computers and Industrial Engineering
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The largest cluster (7 items, red one in Figure 17) is strictly connected with applying digital twin
technology in the aviation industry and the problems of condition monitoring, diagnostics, and
predictive maintenance. Central to these studies are data-driven approaches and advanced
techniques such as machine learning and deep learning, which enhance the accuracy and efficiency
of monitoring and diagnostic processes.

The second cluster of publications (6 items, green one in Figure 17) centers on the application of
digital twin (DT) technology within the context of Industry 4.0, focusing on analytics, the Internet of
Things (IoT), prognostics, simulation, and supply chain management. This cluster highlights the
transformative impact of digital twins in modern industrial landscapes, where interconnected
systems and data-driven decision-making are paramount.

The third cluster (6 items, blue one in Figure 17) focuses on the innovative convergence of digital
twin technology with blockchain, maintenance strategies, reinforcement learning, and railway
systems. This multidisciplinary approach highlights the potential for enhancing railway operations’
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efficiency, security, and reliability through advanced digital solutions. It highlights how these
technologies can work together to provide secure, transparent, and optimized solutions for managing
complex systems (including railway systems). Integrating digital twins with blockchain ensures data
integrity and trust, while reinforcement learning enhances adaptive maintenance and operational
efficiency, ultimately leading to more reliable and efficient services.

At the end, the fourth cluster (4 items, yellow one in Figure 17) explores integrating digital twin
technology with battery management systems in the context of electric vehicles (EVs). This
interdisciplinary research highlights how digital twins can significantly enhance the performance,
efficiency, and reliability of battery systems in electric vehicles.

The performed bibliometric analysis introduces the comprehensive content-based analysis,
which is carried out in the next section.

4.2. Content-Based Analysis

As a result of the conducted research, seven core research areas have been defined, which have
been most extensively developed over the last seven years (Figure 18).

Transportation Digital Twin in maintenance

AIR RAILWAY LAND OTHER
TRANSPORTATION TRANSPORTATION TRANSPORTATION
WAETER IR[ AND IN-HOUSE SUPPLY CHAIN
DL DAL LOGISTICS OPERATION
TRANSPORTATION

Figure 18. The main areas in the context of the Transportation Digital Twin in maintenance. Source:
Own contribution.

4.2.1. DT in Air Transportation

Due to the rapid development of the aviation industry, the expansion of aircraft fleets, and the
design of increasingly complex operational processes in the air transport sector, a need to utilize
advanced technologies that support the maintenance management of aviation systems has arisen.
With the growing availability of data from various aviation processes, a technology that has begun
to be employed in recent years to achieve these goals is the Digital Twin. Given the need for
continuous monitoring and improvement of complex aviation systems, DT is frequently used by
aircraft manufacturers, airlines, and airport operators. In the aviation sector, the application of DT
technology is broad. An overview of the possibilities of using DT for the aviation zone can be found
in [177,178]. Meanwhile, in [84], the development and goals of DT for airports are presented. In [83],
the challenges associated with digitization and the implementation of DT in the aviation industry are
discussed. Figure 19 shows the main areas of DT application in the aviation sector.

DT IN AIR TRANSPORTATION
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Figure 19. The main areas of DT implementation in the aviation industry. Source: Own

contribution.
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DT has found its application in the aviation sector in producing flying objects, providing
numerous benefits for manufacturers, such as increased efficiency, optimization of production
processes, and design process improvement. The general structure for intelligent planning of
processes related to the production of aviation parts based on the DT concept is described in [179].
The use of DT for the ground control system of the aircraft’s nose landing gear to assess the accuracy
and integrity of the steering angle estimation for various control algorithms is presented in [180]. It
has been demonstrated that for these purposes, the soft-computing algorithm exhibits higher
accuracy compared to least squares algorithms. In [181], the specification of DT for a shared
workspace for humans and robots, where electromechanical actuators are mounted on an aircraft
wing, is presented. The DT of the aircraft’s Power Electronics Cooling System (PECS) for the optimal
placement of sensors in this system was introduced in [182].

DT plays a significant role in monitoring the technical condition of aircraft and in real-time
maintenance forecasting and optimization. This capability allows for quick responses to emerging
anomalies and minimizes the risk of aircraft failures, thereby reducing airport downtimes. In [183], a
method for analyzing data from measurement devices installed on board an aircraft using DT is
presented. The DT of an aircraft engine for fault detection, isolation, and identification is described
in [184-189]. In [190], a diagnostic algorithm for the electrical power system in an aircraft was
developed to detect faults and their root causes, where one of the creation stages involves developing
a DT of the electrical power system. Article [191] discusses the use of DT for diagnosing and
forecasting the technical condition of aircraft electrical equipment. In [192], the authors focus on the
use of DT in monitoring the power system of civil aircraft. Meanwhile, [193] describes the application
of smart devices in aviation maintenance utilizing virtual reality (VR) and DT. The authors of [194]
designed a graphical user interface for a system using an aircraft DT and augmented reality glasses
for its maintenance and repair. In [195], the DEVOTION methodology for DT development was
proposed. The authors developed an extensible DT platform to ensure the electrical and electronic
systems for space launch vehicles are secure. The authors of [196] developed a DT-based system to
investigate the problem of dynamic resource allocation for the communication needs of vehicles
assisted by Unmanned Aerial Vehicles (UAV) and Reconfigurable Intelligent Surfaces (RIS). This
approach reduced energy consumption and minimized transmission errors in variable environments.
In [197] and [198], discussions on how DT can improve monitoring, damage assessment, and
decision-making in aircraft design, maintenance, and fleet management are provided. The authors of
[199] proposed a modular DT architecture for aircraft supporting maintenance processes. In [200], an
analysis of fatigue life prediction for an electric motor shaft in an airplane was conducted using a DT
of the rotor shaft in the electric motor to simulate the stresses encountered. The DT of the fan blade
grinding process in an aircraft is presented in [201], where the DT was developed to study the
required grinding parameters. In [202], an aircraft DT was introduced to determine safety and
reliability. The article also describes the current state of knowledge on DT risk assessment modeling
for critical fatigue areas. The DT of the aircraft’s nose wheel for optimizing maintenance processes
was developed in [203].

[204] describes a simplified method for diagnosing faults in any aircraft system using a DT based
on the Open System Architecture for Condition-Based Maintenance. This concept was tested on three
different systems. In [205], a DT supported by a multiscale residual-self-attention feature fusion
network for diagnosing damage in hypersonic flight vehicles is presented. A method for
characterizing damage using sensors from various locations was developed in [206] to predict the
damage’s location, size, and orientation. This method supports the creation of aircraft DTs for
diagnosing damaged structures. Determining the remaining useful life of aircraft maintenance parts
using various data analysis methods combined with DT is presented in [207]. In [208], a system for
tracking aircraft spare parts throughout the supply chain and the structure of DT integration into the
proposed system is proposed.

Additionally, article [209] presents the development of a general model for managing the
mobility of electric air vehicles. DT is used here to simulate and optimize air mobility. Article [210]
discusses the application of DT for training deep reinforcement learning (DRL) models to enable the
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collective movement of multi-drone UAV systems, where DTs facilitate the rapid deployment of
trained models to real UAVs.

4.2.2. DT in Railway Transportation

In recent years, significant progress has been made in the railway transport sector regarding
digital transformation, particularly in implementing digital technologies and data utilization. For
railway transport, DT has great potential in supporting the management of railway infrastructure,
operational processes, and passenger safety. Figure 20 illustrates the identified main areas of DT
application in the studied transport sector.

DT IN RAILWAY TRANSPORTATION
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Figure 20. The main areas of DT implementation in the railway industry. Source: Own contribution.

The railway sector is one of the areas where DT is most frequently used in the maintenance
management of railway assets. This is confirmed by numerous publications summarizing recent
developments in this area. For example, article [211] describes an overview of the possibilities of DT
technology and its implementation in transforming railway maintenance and digitizing railway
infrastructure and signaling. In [212], the activities of the Railway Technical Research Institute
regarding the maintenance technology of the power system in electric railways are described. They
propose DT technology to predict and assess the progress of degradation. A review of published
research on the application of Artificial Intelligence (Al) in railway transport is presented in [213].
The authors highlight DT and the Internet of Things as the main technologies supporting Al. For
other reviews, the authors recommend reading [214,215].

Most works in the area of DT application in the railway sector aim to monitor the condition of
machinery and predict anomalies. The architecture for managing the condition of rail vehicles based
on DT is presented in [216]. In [217,218], the use of DT is aimed at optimizing maintenance processes.
Article [219] focuses on developing methods for diagnosing faults in rail vehicles using supervised
machine learning. In [220], the use of DT for simulating substitute wagons was proposed to reduce
the computation time required to assess the safety of the entire train. DT was used to eliminate data
gaps, which enabled the creation of a dataset necessary for training the model. DT for railway systems
was proposed in [172] to reduce the risk of derailment. In [221], a DT of the heating, ventilation, and
air conditioning system is described to monitor the condition of this system. In [222], a DT of a high-
speed train bogie was presented to determine the operational conditions of such a bogie based on the
analysis of vibration signals. The work also describes techniques for processing vibration signals.
[223] presents the concept of a DT locomotive in the context of operation and maintenance
management systems. In [224], DT was applied in managing wireless networks of smart railways,
where DT enables these networks’ design, optimization, and lifecycle management. In [225], DT was
used to accurately predict the mass of solid particles in air filters in a passenger car, monitor filter
wear, and identify faults.

Rail tracks play a crucial role in railway transport as a fundamental element of railway
infrastructure. They perform essential functions necessary for the safe and efficient movement of
trains. Therefore, in [226], a predictive model for the life of railway wheels and rail tracks is presented,
which could be a part of a future digital twin of the railway system. In [227], DT was used to correlate
the assessment of visual conditions with mechanical performance. Meanwhile, in [173], a simulation
modeling method was proposed for predicting rail surface damage based on the DT of a locomotive.
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In [174], a DT for simulating the dynamics of railway vehicles, particularly in the context of
calculating surface damage to rails, was discussed. The assessment of the condition of railway tracks
and their maintenance-free 3D reconstruction using a robotic system was presented in [228]. This
research can be used as an autonomous generator of twin models, leading to improved railway
maintenance DTs and intelligent railway infrastructure management. In [229], various approaches to
modeling vehicle-track interactions and predicting rail damage were discussed, with DT responsible
for integrating and optimizing simulation models. Article [230] addresses the use of DT for
simulating complex guided wave propagation in railway tracks under different conditions.

A railway switch is crucial in the railway transport system, enabling trains to change tracks.
Switches must be well-maintained and functional to ensure the safe and reliable operation of the
railway system. Regular maintenance and proper monitoring and control of switches are necessary
to ensure the smooth flow of railway traffic and minimize the risk of failures. Consequently, several
studies have focused on monitoring the condition of this specific element of railway infrastructure
using DT. In [231] and [232], DT-assisted fault diagnosis structures for railway point machines (or
railway switch machines) are presented. Article [136] introduces a solution for monitoring
temperature conditions and other atmospheric factors to make the DT of railway switches more
accurately reflect reality. In [233], the use of DT is described as part of a six-dimensional BIM model
for the railway switch system.

Article [234] presents the application of reinforcement learning with DT for optimizing the
efficiency of railway infrastructure maintenance. In [235], the structure of DT for urban railway
transport and its implementation method are described. The concept of DT for railway infrastructure
is presented in [236]. To improve documentation accuracy and reduce human errors in the operation
and management of railway infrastructure, [237] discusses using a DT of a test railway track. [238]
outlines a framework for designing and implementing DT in railways. The smart railway station DT
concept is described in [239]. Article [176] focuses on building an integrated model for data, models,
and knowledge management to enhance railway project analysis and intelligent management. This
enables dynamic linking and global searching for connections across extensive spaces. In [240], the
application of the DT concept in railway control systems is discussed, with the authors primarily
focusing on modeling and simulating railway signaling system elements. Articles [241] and [242]
demonstrate the use of DT for real-time monitoring of the structural integrity of railway bridges,
allowing for early damage detection and optimization of maintenance actions. Meanwhile, [243]
describes the implementation of DT for railway bridges in Germany, which is aimed at forecasting
their condition and structural safety and optimizing maintenance efforts. Article [244] presents the
potential to improve passenger safety and pedestrian traffic management at train stations through
DT as a decision-supporting tool.

In DT, the integral acquisition of data is crucial, as it forms the foundation for assessing the
condition of the object under investigation. Therefore, the authors in [135] presented a new approach
based on Internet of Things technology for intelligent data acquisition to generate DT in the railway
industry.

4.2.3. DT in Land Trasportation

In the case of land transport, Digital Twin can serve as a tool with significant potential, enabling
effective and intelligent management of infrastructure and vehicles. Figure 21 illustrates the main
areas of DT application in land transportation.
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Figure 21. The main areas of DT implementation in land transportation. Source: Own contribution.

Many of the publications selected for this literature review focus on electric vehicles and battery
management. The authors in [245] reviewed various DT applications in the electric vehicle industry.
A review of publications describing the use of DT for battery management was conducted in [94]. In
[246-248], DT for electric vehicle batteries is presented for energy consumption research, battery
capacity estimation, and technical condition prediction. Meanwhile, the DT of electric vehicles for
simulating realistic events that may occur in the real world is discussed in [249]. The authors
concentrated on simulating electric vehicles’ charging and discharging processes during use. As a
result of these simulations, it becomes possible to plan the charging of electric vehicles and to plan
the placement of charging stations. The DT of electric vehicle batteries is described in [93,250,251]. In
[93], the authors also proposed using DT during the battery production stage. The DT of the
production process facilitates the development of production lines and workshops to streamline the
entire manufacturing process. Furthermore, the DT for electric vehicle battery management systems
was proposed in [252,253]. In [254], a DT for the electric vehicle engine was developed to monitor
and predict its condition. The authors in [255] addressed a broader area, focusing on DT for electric
drives. Additionally, there is a study discussing the challenges of implementing electric vehicles. The
authors in [256] highlight that a significant obstacle to the mass adoption of such vehicles is their
complex internal structure, which makes the repair and maintenance of electric vehicles difficult and
costly. To address this, the authors propose using DT in servicing and repairing electric vehicles,
significantly reducing time and associated costs.

DT also supports the development of connected and autonomous vehicles. Through simulations
and machine learning, virtual testing and training for autonomous systems can be conducted,
accelerating their development and introduction on the roads. DT enables vehicle behavior analysis
in various scenarios, allowing for the refinement of control algorithms and increasing road safety. In
[257], comprehensive research on the application of DT in autonomous vehicles is presented. The role
of DT as a development environment in improving the performance of autonomous systems
supported by artificial intelligence is explored in [258]. Authors in [258] describe already published
applications of DT in automated vehicles and intelligent transportation systems and the
opportunities and challenges associated with applying DT in automated vehicles. The article [259]
discusses the methodology for creating and integrating smaller DTs for autonomous vehicle
functions and examines the challenges related to their integration. In [260], a DT framework based
on edge infrastructure for autonomous vehicles is presented. The topic of optimizing electric
drivetrains in autonomous vehicles is addressed in [261], where the authors mention the potential
use of DT and virtual reality to monitor the condition of drivetrains. A comprehensive framework
for the navigation of autonomous vehicles in infrastructure construction scenarios using DT is
outlined in [262]. Lastly, authors in [263] investigate the sources of unpredictability in the motion
trajectory of DT for connected vehicles.

Authors in [264] present the potential of DT in vehicle condition management. They confirm that
DT can be utilized to assess the status of complex systems. The integration of DT with predictive
maintenance methods is discussed in [125]. DT for fault detection is proposed in [265], where the
authors suggest combining DT and Failure Mode and Effect Analysis (FMEA) for online diagnostics
of vehicles. In [266,267], a DT for diesel engines is developed to detect and predict anomalies in the
driveline operation. The role of DT in predictive maintenance is outlined in [268], focusing on the
maintenance of automotive brake pads. The use of a DT for electric machines for educating electrical
engineers is proposed in [112]. By analyzing data generated by the DT, students learn to diagnose
potential failures or malfunctions of the machine. The development and validation of a DT for steel
railway wheels, allowing for fatigue life prediction, is presented in [269]. Meanwhile, [270] describes
a DT for predicting real-time vehicle fuel consumption.

[271] introduces a holistic approach to managing logistics processes within an industrial park
using a DT of the production logistics system. This study emphasizes the transportation phase within
the industrial park. The proposed solution aims to synchronize information from various units in the
industrial park to enable effective transportation decision-making between them. In [272], the authors
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suggested using Digital Twin in intelligent transportation systems to improve road traffic. In [273],
the focus is on DT in intelligent transport systems. Applying this technology allows all real-world
elements to be replicated in the virtual environment, including road infrastructure elements, human-
driven vehicles, and autonomous vehicles. The authors of [274] have a similar goal, where the DT
includes people, vehicles, and road traffic. The result of this work is a proposal for a mobility digital
twin structure. In [3], a DT for managing data about road infrastructure elements is proposed.
Meanwhile, [275] utilized DT for rapid iteration and validation of collision avoidance systems in
intelligent vehicles, enabling improved safety and reliability of such systems. Additionally, [276]
describes an approach to managing business processes by developing an organizational DT. This
approach integrates business processes with models, ensuring reliable road freight transport in an
unstable external environment. An intriguing topic is addressed in [277], which focuses on modeling
driver behavior on highways using DT. In [278], DT detects potential anomalies and predicts and
simulates accident scenarios. A DT for forecasting passenger flows in public transport systems is
presented in [279], allowing for more precise transport infrastructure planning. The authors of [280]
Took a comprehensive approach by proposing a telemetry platform based on DT in the transport
sector. This platform monitors fuel consumption, pollutant emissions, and driver practices.

4.2.4. DT in Supply Chain Operation

Supply chain cooperation is a crucial element for the success of many industries, both at the local
and global levels. Modern challenges, such as the rapid pace of change, increasing customer
demands, and the complexity of logistics operations, present new hurdles for companies. The
advancement of technology and the emergence of modern solutions positively influence the visibility
of the supply chain and help address these challenges. One technology that supports improving
supply chain operations is the Digital Twin (DT). Three review papers have been published in this
research area. In [281], the authors present the benefits enterprises can gain by implementing DT in
their logistics supply networks. The findings from this article demonstrated that implementing DT
would enhance visibility within their logistics supply networks. All four factors of organizational
visibility (visibility for sensing, learning, coordination, and integration) would improve by
developing predictive indicators, forecasts, diagnostics, and descriptions of physical resources for the
enterprise’s logistics. This paper also discusses the challenges associated with DT implementation
and proposes solutions to overcome them.

The second review article [282] addresses the evolution of research trends in applying DT in
supply chain management. The authors identified ten themes within these research trends. After
conducting a literature analysis, it was concluded that DT is a key factor enabling the development
of resilient supply chains. Meanwhile, [283] describes the impact of DT on the supply chain and the
prospects for DT in logistics. It also presents the main barriers and opportunities for applying DT
within the supply chain. Additionally, the authors propose a framework for utilizing real-time data
to generate the data streams necessary for creating a real-time operational DT.

The remaining papers selected for review in this area mainly focus on the architecture of DT in
supply chain logistics [284-287]. Furthermore, [286] proposes a Digital Twin Supply Chain
framework encompassing multimodal supply chains. In [288], a disruption identification model
based on DT for the supply chain is proposed. The authors of [289] developed a DT structure for risk
management in logistics systems. This structure aims to create a virtual resource based on Building
Information Modeling (BIM) to monitor the ongoing progress of modular construction. The authors
of [290] examined the conditions related to the design and implementation of DT in the context of
managing disruption risks in the supply chain. In [291], a DT-based intelligent cold chain
management platform is described, showcasing its application in a pharmaceutical distribution
center, where storage conditions, personnel safety, and product quality are monitored. Lastly, [292]
investigated the technical implementation of an autonomous supply chain system based on Multi-
Agent Systems (MAS) and DT. And, at the end, the paper [293] presents an evolutionary game model
utilizing DT for participants in a crowdsourcing logistics scenario. This learning method allows for
the optimization of crowdsourced logistics.
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4.2.5. DT in Water and Intermodal Transportation

In maritime transport, a key sector of the global economy, modern technologies are also being
implemented. The Digital Twin is increasingly utilized in this sector as it enables better management
and optimization of operations, as well as improved safety and increased efficiency. A significant
portion of the publications selected for this literature review focuses on monitoring the condition of
technical objects.

In [294], the issue of monitoring the performance of marine engines is addressed. The authors
propose a method for monitoring engine status based on DT. After analyzing the results obtained
from the engine’s DT, they confirm the validity of using this method, as the difference in accuracy
between DT and real data is negligible compared to the costs incurred when monitoring engine status
using other methods. Authors in [295] designed a marine engine sensor diagnostics and condition
management concept. The solution proposed in this article allows for intelligent engine monitoring,
advanced sensor fault detection, and precise maintenance planning. In [296], a framework for
assessing the technical condition of marine engines using DT was developed. The approach presented
in [297] involves using DT to monitor and predict fatigue damage specific to the vessel. Based on
computational models that incorporate ship position data as well as meteorological and
oceanographic information, it is possible to track the accumulation of fatigue in the vessel over time,
make operational decisions, and plan maintenance. Additionally, in [298,299], the application of DT
for diagnosing faults in autonomous water vehicles under real-world conditions is described. The
case of unmanned surface vehicle DT development is given in [300].

In maritime transport, the Digital Twin can also be applied at the level of port infrastructure.
This enables better planning and optimization of loading and unloading processes for ships,
managing traffic within the port, and forecasting resource requirements. Publications have also
emerged that describe the use of DT in intelligent ports. In [301], the authors analyze and propose
directions for applying DT in ports, focusing on its utilization in the construction and operation of
ports. They also highlighted issues related to decision-making in construction within this sector. A
model for managing intelligent ports based on DT is presented in [302], where the authors explored
the potential applications of DT in managing port processes. The analysis indicates that DT can be
used to manage cargo transport operations and container terminal activities. It also facilitates risk
prediction, communication, data sharing based on DT, and managing processes to enhance
environmental protection and sustainable development efforts.

A decision support system for assessing port resilience and optimizing repair activities based on
DT was introduced in [303]. Meanwhile, [304] discusses optimizing lock maintenance in river systems
using DT.

The authors in [305] presented a structure for optimizing operations and safety in transshipment
terminals where DT is employed. The application of DT in transshipment terminal operations
enhances the efficiency of processes. In another study, [306] proposed the Integrated Maintenance
Decision Making Model for cranes most commonly used in container terminals. DT is utilized in this
model for maintenance purposes, aiding in aligning the maintenance schedules for the analyzed
equipment. In addition, [307] developed a framework for monitoring the operational status of port
cranes based on DT. Lastly, [308] proposed an automated structure for planning storage areas using
digital twins for uncertain port shipments. This structure optimizes warehouse space, automated
stacking cranes (ASCs), and automated guided vehicles (AGVs).

In the last work [309], the authors propose and test in a real application of an unmanned
underwater vehicle (UUV) a general process for determining a subset of components needed for
maintenance (triage) based on Digital Twin (DT). This process leads to an increase in the reliability
of the entire system. The authors frame the design problem as a multiobjective optimization problem
utilizing experimentally determined data and metrics from a real UUV system model.

4.2.6. DT in In-House Logistics

Internal logistics activities are crucial to any organization, enhancing productivity and
operational efficiency. At the same time, internal logistics encompasses various activities directly
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related to implementing material flows within the enterprise. This requires the use of multiple
materials handling and storage equipment. The classification of the main application areas of Digital
Twin (DT) in in-house logistics is presented in Figure 22. The review of DT in internal transport
systems is presented in the paper [99]. Meanwhile, DT in logistics is discussed in [97,148,310].

DT IN IN-HOUSE LOGISTICS

|
. | . ' |

DT IN DECISION- DI R s DT IN TRAINING OF

1 DT IN LOGISTIC
MATNTENANCE OF MOBILE INFRASTRUCTURE
MAKING PROCESSES ROBOTS AND AGVs EMPLOYEES WITH AI & AR

MAINTENANCE

Figure 22. The main areas of DT implementation in in-house logistics. Source: Own contribution.

Authors [311] investigate the components of a logistics hub Digital Twin (DT) and analyze
various implementation possibilities of DT in logistics infrastructure. In [312], network requirements
for real-time data streaming and processing to generate DT were examined. The architecture of a
control system for inspection robots and methods of its implementation were also presented.

A significant portion of the topics researchers discuss regarding the use of DT in this area focuses
on mobile robots. As mentioned in [313], DT in the maintenance of mobile robots can be used for
several purposes, including predicting the battery level of a mobile robot, 3D visualization of robot
calibration, and collision detection of robots. The authors of this article presented a DT that predicts
when a failure will occur. In [314] and [315], a universal DT architecture for Automated Guided
Vehicles (AGVs) was introduced to design, manage, and forecast performance. A system for
monitoring multiple mobile robots based on DT to detect collision-prone movements of robots was
presented in [316]. Meanwhile, in [317], DT was used to propose a method for optimizing the motion
trajectory of mobile robots. Control of AGVs in production systems was discussed in [318].
Additionally, an architectural structure was proposed to facilitate the automatic generation of DT. In
[319], the application of DT for monitoring and predicting navigation errors in mobile robots was
described. The DT structure presented in [144] is responsible for the remote programming and
operation of AGVs. The DT model for simulating events in a system using AGVs, as explained in
[320], is intended to test new vehicle management policies. In [321], the authors proposed
comprehensive support for the AGV system using the DT model of that system. In the DT of the AGV
system, it is possible to manage transport orders, select vehicles, and control the driving process. The
focus of [322] was on evaluating the correctness of design assumptions in the early phases of
deploying Autonomous Mobile Robots (AMRs). A description of creating a DT for a control system
for robots designed for inspecting complex working environments can be found in [323]. Meanwhile,
[324] presented a DT design for a system consisting of an assembly part and AGVs. This system
allows the selection of one of the AGVs and predicts AGV vehicle failures. A DT was also developed
for robotic linear actuators to detect undesirable events [325]. In [326], a mathematical model for
managing cranes’ logistics and maintenance processes was developed. In [327], a DT framework for
monitoring indoor air quality was proposed. The use of DT for scheduling and collision-free routing
of AGVs in a variable environment is described in [328,329]. A model for simulating external
metamorphic constraints in underground transport using mobile robots was presented in [330].

The proposal of a decision support tool based on DT for internal logistics operations and
maintenance logistics is presented in [331-334]. Authors in [335] analyzed aspects of DT application
in warehouse management. In [336], DT’s decision-making support focused on processes related to
the design and analysis of logistics operations. A smart material distribution management system
based on DT was presented in [337], while logistics distribution was discussed in [338]. In article
[339], the authors discuss the use of DT for dynamic planning in large machining workshops. In [340],
a DT-based monitoring and alert system for refrigerated logistics warehouses was introduced. The
role of DT, in this case, is to optimize the freshness and energy efficiency of stored products. Authors
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in [341] proposed a DT framework for human-building integration activities to optimize building
maintenance. In [342], the design and implementation process of an evaluation algorithm for the
continuous transport system DT was presented, enabling monitoring and correcting belt conveyor
voltage asymmetry.

Authors [343] introduced a remote monitoring system for augmented reality. The purpose of
this system is to assist inexperienced operators in understanding data from the DT. In the context of
DT application in maintenance, researchers also presented the possibility of using DT to train new
maintenance workers for highly automated systems [114]. In [344], a platform supporting DT for
monitoring safety on premises was developed.

4.2.7. Other Applications

The last group of publications selected for analysis includes 15 articles that were not classified
into previous groups. Some of these publications address components or parts used in various
transportation sectors. On the other hand, there are also individual works related to specific
industrial sectors.

The induction motor has a wide range of applications. It is used in railway, road, and internal
transportation. In [345], a digital twin (DT) of the induction motor was proposed for creating
databases of its failures, as diagnosing the causes of induction motor failures and monitoring its
characteristics during operation is very complex. This requires collecting data from the same motor
both when a failure occurs and when it does not. Meanwhile, a tool designed for the maintenance of
electric motors based on DT is presented in the article [346]. In [347], DT is used for detecting inter-
turn short circuits in the stator of an alternating current induction motor. Article [348] describes a DT
for monitoring and predicting the degradation state of fuel cells. In addition, a DT structure for the
reliability of lithium-ion batteries is proposed in [349].

One of the components of rotating machines, such as rotors (e.g., wheels), turbines, and internal
combustion engines, is the bearing. The structure for diagnosing faults in such bearings when error
data is unavailable is presented in [350]. In [351], a combination of DT and a machine learning
algorithm was developed to diagnose bearing cracks’ type and size. Similarly, in [352], the authors
focused on the DT of bearings.

Several publications also address the use of DT in maintenance within the mining industry. The
DT framework for real-time monitoring of mining trucks is presented in [94]. In [353], a methodology
for assessing the wear of gear tooth surfaces based on DT is described. Article [354] presents the DT
of the braking system in mining hoisting equipment. In [355], the possibility of using DT to diagnose
rolling bearing faults is discussed.

Article [356] describes the use of DT in developing autonomous agricultural vehicles.

In addition, two papers focus on general complex devices. In [357], the use of DT for assessing
the technical condition of industrial machines is described. Meanwhile, intelligent maintenance of
complex devices using blockchain technology and DT is presented in [358].

5. Discussion

The main aim of this paper is to conduct a comprehensive review of existing literature to provide
a substantive analysis within the key areas of Digital Twin (DT) applications in the maintenance of
transport systems. A total of 201 articles meeting the established selection criteria were reviewed,
allowing for an in-depth examination of the analyzed issue. Such deep analysis gives the possibility
to answer the stated research questions:

RQ1 intended to discover the leading trends in DT concept implementation in transportation
systems O&P and investigate its evolution over the last decade. The main research outputs here are
discussed broadly in Sections 4.1-4.2.

In the defined seven application areas, the scope of issues covered is very complex, ranging from
the presentation of technological solutions dedicated to predictive maintenance, condition
monitoring, and forecasting to issues related to the analysis of acquired data and the need to make
complex operational decisions (e.g., connected with path planning). In the studied years, the smallest
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number of publications regarding the use of DT was noted in supply chains and water and
intermodal transport. These areas appear to be particularly promising for the further development of
DT. In contrast, the remaining research areas (i.e., air, rail, land, and internal transport) show a similar
number of publications. Additionally, interest in these areas has been increasing over the years.

There are several papers concerning topics primarily associated with the key terms of sensors,
deep machine learning, the Internet of Things, or big data analytics. In the context of implementing
Digital Twin (DT) technology to support the management of the technical maintenance processes of
transportation means, several key areas where the digital twin approach is widely applied in
transportation sectors can be identified:

e technical condition monitoring: The digital twin enables continuous monitoring of the technical
condition of vehicles and transportation infrastructure. Thanks to advanced sensors and IoT
technologies, the DT can collect data on part wear, engine operating parameters, and even road
conditions. This allows for the quick identification of potential technical problems and failures
(see, e.g., [8,220]),

*  failure prediction: Based on the collected data, the DT can perform predictive analyses,
forecasting future failures and technical issues. This allows for planning maintenance activities
in advance, avoiding downtime and costly repairs (see, e.g., [172,251,295]),

*  optimization of maintenance plans and schedules: Utilizing data from the digital twin, more
effective maintenance plans can be developed (maintenance scheduling). The DT allows for the
individual adjustment of inspection and repair schedules to the actual technical condition of
vehicles, which helps reduce the maintenance costs of the transport fleet (see, e.g., [306,329]).

e simulation and testing of new solutions: The digital twin enables the simulation of various
operational scenarios and the testing of new technological solutions before their implementation
in real conditions. This allows for the assessment of potential benefits and risks associated with
the introduction of technological innovations in the operational activities of the transport fleet
(see, e.g., [286,311]),

e optimization of fuel consumption and operational efficiency: The DT can be used to analyze and
optimize fuel consumption and improve the operational efficiency of vehicles. By monitoring
engine operating parameters, driver behavior, and road conditions, the DT helps identify areas
needing improvement and implement effective fuel-saving strategies (e.g., [291,296]),

* remote technical support: Using remote connections and digital interfaces, the DT allows for
providing technical support by experts from anywhere in the world. This enables quick problem
diagnosis and provides real-time repair instructions and guidance (see, e.g., [265]),

*  operational data analysis of the monitored fleet: The DT allows for the analysis of data collected
from the entire fleet of vehicles, which helps identify trends and patterns related to failure rates,
fuel consumption, and driver behavior. This information can be used to implement
improvements and optimize fleet management processes (see, e.g., [183]),

*  integration with management systems: The digital twin can be integrated with existing fleet and
maintenance management systems, enabling automatic data transfer and collaboration between
different platforms and applications. This helps streamline operations and improve data
consistency and accessibility (see, e.g., [326]),

e safety and regulatory compliance: Implementing the DT in technical maintenance management
requires addressing issues related to data security and compliance with regulatory
requirements, such as data protection and occupational safety standards. Ensuring appropriate
data protection measures and regulation compliance is crucial for successfully implementing the
DT (e.g., [279,326]).

The conducted systematic analysis of the selected literature makes it possible to answer the
second research question.

RQ2 intended to define the main research and knowledge gaps in DT use in transportation
systems operation and maintenance, especially in the context of in-house logistics. The main research
outputs in this application area are discussed broadly in Section 4.2.6. Internal logistics is vital for
enhancing organizational productivity and operational efficiency, involving various activities related
to material flow management. Digital Twin (DT) applications in this domain include mobile robots,
Automated Guided Vehicles (AGVs), and decision support tools for logistics operations. Research
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covers DT architectures, real-time data streaming, and predictive maintenance for mobile robots and
AGVs. Additionally, DT frameworks optimize warehouse management, monitor air quality, and
improve safety. Overall, the integration of DT in internal logistics presents opportunities for
innovation and efficiency gains. Indeed, in the realm of Digital Twin (DT) application in internal
logistics, warehousing, and autonomous transportation, several knowledge and research gaps have
emerged that warrant further exploration.

One prominent challenge lies in integrating DT technologies with existing logistics systems and
processes. While various studies have discussed different architectural approaches, comprehensive
frameworks that effectively address integration challenges across diverse platforms are still lacking.
This presents an opportunity for research focused on establishing best practices that facilitate the
seamless incorporation of DT into current logistics infrastructures. Moreover, the need for reliable
real-time data processing remains a critical area for investigation. Although some research has delved
into real-time data streaming for DT, there is limited understanding of ensuring data integrity,
security, and reliability in dynamic environments. This knowledge gap highlights the need for
studies exploring methodologies for achieving robust real-time data management, especially in
mobile and autonomous systems where decision-making is time-sensitive.

Standardization also emerges as a significant issue within the DT landscape. The development
of a standardized DT framework tailored to logistics operations, including mobile robots and AGVs,
is yet to be comprehensively addressed. Future research could focus on creating standardized
protocols and methodologies for designing and implementing DT across various logistics
applications, ensuring consistency and interoperability.

While the potential of DT in predictive maintenance is recognized, gaps still exist in
understanding the limitations of predictive models in varying operational contexts. More research is
needed to quantify the accuracy and reliability of predictive analytics, especially concerning their
application in different logistics scenarios. This would enhance the overall effectiveness of DT in
preemptively addressing maintenance needs.

Another critical area of research pertains to the scalability of DT solutions. Current literature
does not adequately document how to effectively scale DT applications from small to large operations
without compromising their performance. Investigating scalable models would significantly
contribute to the practical implementation of DT across diverse logistics environments.

User interaction and training also represent a significant knowledge gap. Understanding how
users interact with DT systems and designing effective training programs for inexperienced operators
is crucial for maximizing the benefits of DT technologies. Future studies should aim to develop user-
friendly interfaces and comprehensive training methodologies that facilitate effective decision-
making based on DT insights.

Interoperability issues between different logistics platforms and systems pose another challenge.
Research should focus on creating methods that ensure seamless communication and data exchange
between various DT systems, fostering a more integrated logistics ecosystem.

Furthermore, the impact of external factors, such as economic conditions, supply chain
disruptions, or changes in consumer behavior, on DT performance has not been thoroughly
investigated. Gaining insight into these external influences would enhance the robustness and
adaptability of DT models in real-world logistics applications.

Regulatory compliance is another area that requires attention. Research on how to design DT
applications that comply with regulatory standards in logistics and transportation, particularly
regarding data protection and operational safety, is essential for promoting the responsible
implementation of DT technologies.

Cross-disciplinary approaches integrating insights from fields such as artificial intelligence and
machine learning into DT applications in logistics remain underexplored. Investigating how these
technologies can enhance the capabilities of DT could lead to innovative solutions and improved
operational efficiency.

Finally, the environmental impact of implementing DT in logistics is an area that deserves
further investigation. Limited research exists on how DT can be leveraged to enhance sustainability
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practices in warehousing and transportation. Addressing these knowledge and research gaps will be
crucial for advancing the effective implementation and optimization of Digital Twin technologies in
internal logistics, warehousing, and autonomous transportation systems.

By addressing these knowledge and research gaps, future studies could contribute to effectively
implementing and optimizing Digital Twin technologies in internal logistics, warehousing, and
autonomous transportation systems.

RQ3 intended to discover the future research directions and perspectives in DT modeling in the
context of the operation and maintenance of transportation systems.

Despite the evident development of modern technologies and their application in the transport
industry observed over the past five years, there remains significant potential for further
advancements in the area of transport maintenance. Numerous aspects can be innovated, covering
both technological and organizational solutions in relation to DT concept implementation. Currently,
key development directions include:

Predictive Diagnostics: The advancement of sophisticated diagnostic systems based on artificial
intelligence and data analysis enables forecasting failures in advance. This allows for planning
maintenance activities before problems arise, minimizing downtime and repair costs. Main
developmental trends in this area include the application of advanced machine learning algorithms.
Utilizing techniques such as regression algorithms, neural networks, and decision trees allows for
more accurate data analysis and identifying patterns and anomalies that may indicate potential
failures. Consequently, this enhances the precision of forecasting future technical issues.

Another widely analyzed area today is the integration with vehicle monitoring systems.
Predictive diagnostics can be effectively utilized in conjunction with systems that monitor the
technical condition of vehicles (AGVs, mobile robots). By integrating data from various sources, such
as sensors, telemetry systems, or service databases, it is possible to obtain a comprehensive picture
of the technical condition of the transport fleet. Modern solutions are also moving toward ensuring
two-way communication between vehicles and servers.

An essential element of predictive diagnostics is optimizing the data collection, storage, and
processing processes. It is crucial to focus on key technical parameters and factors influencing vehicle
reliability to obtain the most relevant information for failure forecasting. Solutions based on
blockchain technology and cloud-based systems will be increasingly important in this area in the near
future.

Automation of maintenance processes is the next research area where we may identify research
gaps. Implementing robotics and automation in maintenance processes can yield numerous benefits,
including improved efficiency, task execution accuracy, and elimination of human errors. Robots can
be employed to perform routine maintenance tasks, allowing staff to focus on more advanced
responsibilities. The main development direction in this area is using robots, drones, and automated
devices to carry out routine tasks such as mechanical inspections, cleaning, or even minor repairs.

Another trend is the implementation of advanced decision support systems based on artificial
intelligence and data analysis, which allow for optimizing the planning and execution of maintenance
activities. These systems can suggest optimal schedules for inspections and repairs, considering
priorities, costs, and resource availability. Automating technical inspections can expedite their
execution and enhance their accuracy. Employing advanced technologies like vision systems and
measuring devices facilitates rapid and precise assessment of vehicle conditions, making identifying
problems and planning repair actions easier. In this context, there is a search for new solutions for
“smart maintenance” and proactive maintenance approaches.

Integrated inventory management: Utilizing IoT technologies and warehouse management
systems allows for better monitoring and optimizing spare parts and consumables inventory levels.
This helps avoid material shortages during repairs and reduces costs associated with excess
inventory. The next step in building integrated inventory management systems after implementing
RFID (Radio-Frequency Identification) technology is the introduction of inventory consumption
monitoring systems. RFID technologies enable precise tracking of the location and condition of spare
parts in warehouses. This facilitates the quick location of needed parts and minimizes the risk of
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material shortages during inspections and repairs. Consumption monitoring systems allow for
continuous tracking of the technical condition of parts and forecasting replacement needs, enabling
preemptive maintenance actions and inventory optimization, thereby reducing fleet maintenance
costs.

There is also a trend in this area toward integrating inventory management systems with
diagnostic systems and implementing IoT technologies, allowing for the automatic generation of
spare parts orders based on the technical condition of vehicles. This enables swift responses to alarm
signals and minimizes downtime due to material shortages.

The next research area is connected with mobile technologies and remote support. The
development of mobile applications and remote technical support systems allows for quick diagnosis
of problems and provision of repair instructions from anywhere, increasing the efficiency of
maintenance activities and reducing vehicle downtime. The foundation of today’s proactive
maintenance systems is the use of mobile applications by service personnel. This grants service staff
quick access to essential data, operational instructions, and repair plans. These applications can also
facilitate reporting failures, logging work hours, and communicating with team members, thereby
enhancing operational efficiency.

The next step involves designing and implementing remote technical support systems, enabling
rapid remote diagnosis of issues and providing repair guidance from specialists regardless of
location. Utilizing tools like videoconferencing and remote access to diagnostic systems allows
effective problem resolution even for vehicles located far away. Additionally, there is a growing trend
towards employing augmented and virtual reality technologies to assist personnel during the
execution of basic operational tasks and in training programs. This facilitates continuous skill
enhancement and tailors training to individual needs and abilities.

Implementing a Digital Twin allows for simulating and monitoring vehicle behavior in real-
time, leading to a better understanding of operational processes and identifying areas for
improvement. In the design and implementation of fleet management systems, primary development
directions will focus on developing optimization and forecasting models to minimize costs and
enhance the operational efficiency of transport systems. Furthermore, literature reviews and practical
implementations indicate the necessity of developing solutions that allow inter-departmental
collaboration and data integration. Implementing a Digital Twin requires cooperation among
different departments within a company and integration of data from various information systems.
With appropriate technological solutions, it is possible to obtain a comprehensive view of the
technical condition of the fleet and effectively coordinate maintenance activities at all levels of the
organization.

Simultaneously, fundamental innovations regarding the design and implementation of the DT
concept for ensuring the reliability and maintainability of internal transport systems will encompass:

= technological innovations — transport companies will introduce new technologies, such as Al,
robotics, the Internet of Things, AR, and VR, with a DT approach to improve the efficiency and
reliability of maintenance processes,

=  organizational innovations — aimed at introducing new management methods, work
procedures, or business models (e.g., Robot as a Service), which enable more efficient resource
utilization and enhance the effectiveness of maintenance activities,

=  process innovations — focused on optimizing existing maintenance processes and introducing
new strategies and tools that allow for quicker responses to changes in operational conditions
and minimize the risk of failures.

In conclusion, several fundamental limitations and challenges must be considered when
developing and implementing the DT approach for maintaining technical systems, including:

= technical diagnostic issues: the necessity of monitoring and collecting significant amounts of
information and processing this information for proper reporting.

*  investment costs: implementing modern technologies requires substantial financial investment,
which will become evident through minimized repair and vehicle downtime costs due to better
planning and resource utilization. The issue of investment profitability may limit companies.
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= data security in collection and transmission processes: ensuring the security of transmitted data
and minimizing the risk of cyberattacks are key aspects to consider when implementing Industry
4.0 technologies.

The conducted systematic analysis of the selected literature makes it possible to answer the last
research question.

RQ4 intended to define the framework’s scope for digital twins for the maintenance
management of transportation systems.

According to the literature review, defining a framework’s scope for Digital Twins (DTs) in the
maintenance management of transportation systems should involve outlining objectives, key
components, and functionalities that facilitate effective management and optimization of
transportation assets.

First, the objectives of the Digital Twin framework for maintenance management in
transportation systems which should focus on enhancing asset reliability and operational efficiency
through innovative technologies. Real-time monitoring allows for continuous assessment of asset
conditions, facilitating immediate detection of anomalies and issues. Predictive maintenance
leverages advanced analytics to foresee potential failures, enabling proactive actions that minimize
downtime and associated costs. Performance optimization enhances operational efficiencies by
providing actionable insights that guide data-driven decision-making processes.

Additionally, the framework supports simulation and testing, allowing virtual experimentation
with various maintenance strategies. This capability enables organizations to evaluate the
effectiveness of different approaches without disrupting actual operations, leading to improved
maintenance practices.

The key components of the DT framework include the following:

1. Data acquisition and integration: this component involves collecting real-time data from various
sources, including sensors, IoT devices, and existing management systems. It is crucial for
creating a comprehensive digital representation of physical assets, as it enables aggregating
relevant data such as operational conditions, maintenance history, and environmental factors.
Effective integration of these diverse data streams ensures that the Digital Twin remains accurate
and reflects the system’s status.

2. Data analytics and visualization: once the data is collected, advanced analytics techniques,
including machine learning and statistical analysis, are employed to derive insights. This
component helps identify data patterns, trends, and anomalies, facilitating predictive
maintenance and decision-making. Visualization tools play a critical role in presenting complex
data in a user-friendly manner, enabling stakeholders to interpret findings and make informed
decisions easily.

3. Simulation and modeling: this aspect of the framework allows for creating of virtual models that
replicate the behavior of physical assets under various conditions. Through simulation,
organizations can test different maintenance scenarios, evaluate the impact of potential changes,
and optimize maintenance schedules. This capability not only aids in risk assessment but also
supports strategic planning and resource allocation.

4.  Communication and collaboration tools: effective communication among stakeholders is
essential for successfully implementing the Digital Twin framework. Collaborative tools enable
seamless information sharing, ensuring that all team members, from maintenance personnel to
management, are aligned and informed about asset status and maintenance activities.

5. Feedback mechanisms: a vital component of the Digital Twin framework is the establishment of
feedback loops that facilitate continuous improvement. By analyzing the outcomes of
maintenance actions and comparing them with the predictions made by the Digital Twin,
organizations can refine their models and improve their predictive capabilities, leading to more
effective maintenance strategies over time.

Together, these components create a robust framework that enhances the maintenance
management of transportation systems, ultimately leading to increased operational efficiency,
reduced costs, and improved asset longevity. In addition, these key components should be reflected
in the physical and virtual layers of the DT.
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The last issue is connected with the DT framework functionalities. In this area, we may
distinguish six main functionalities:

=  condition monitoring — providing dashboards and alerts that reflect the real-time health status
of assets, allowing for immediate action when anomalies are detected,

* failure prediction — implementing predictive algorithms that analyze historical and real-time
data to forecast potential failures and recommend maintenance actions accordingly,

*  maintenance scheduling — automatically generating and optimizing maintenance schedules
based on predicted failure points, historical maintenance data, and operational requirements,

= resource management — helping manage spare parts inventory and resource allocation by
predicting the demand for parts based on the analysis of maintenance schedules,

= reporting and compliance — facilitating reporting functionalities to ensure compliance with
regulatory requirements and standards in maintenance practices,

= feedback loop — establishing a feedback mechanism to continuously improve the digital twin
models and algorithms based on actual maintenance outcomes and operational experiences.

The Digital Twin framework for maintenance management in transportation systems should
represent a transformative approach to enhancing asset performance, optimizing maintenance
strategies, and ensuring operational efficiency. As organizations increasingly adopt digital
transformation strategies, integrating the Digital Twin framework with existing systems becomes
crucial for maximizing its potential and ensuring a seamless transition.

In summary, successfully implementing the Digital Twin framework for maintenance
management in transportation systems hinges on effective integration with existing systems and a
commitment to future scalability and adaptability. Organizations can enhance their maintenance
strategies and operational efficiency by creating a cohesive ecosystem that leverages historical data
and encourages cross-departmental collaboration. Moreover, by designing the framework with
flexibility in mind, organizations can ensure that the Digital Twin continues to meet their evolving
needs, driving long-term asset performance and reliability improvements. This forward-thinking
approach positions organizations to thrive in an increasingly complex and dynamic transportation
landscape.

6. Framework for DT in Transportation System Maintenance Management

The literature review highlights the growing importance of implementing Digital Twin (DT) in
the maintenance management of internal logistics systems, particularly internal transportation
systems. In the context of effective maintenance management, DT plays a significant role as it enables
the evolution of maintenance strategies. Additionally, it enhances technical systems’ reliability,
efficiency, and safety. Consequently, this article proposes conceptual frameworks for DT as a tool to
support key activities related to physical asset management. It presents conceptual frameworks for
DT in maintaining internal transportation systems.

In ISO 23247 [359-362], conceptual frameworks for DT are presented, which include two
interworking areas: the physical system and the virtual space. According to this standard, the
conceptual frameworks consist of three main layers of the model in the virtual part and a connected
layer in the real area (Figure 23).

i' _________________ v Trt_u;;l;d_el_-i
! ‘ User Entity |
| f ! |
. DT Entity ||
! f l |
: ‘ Communication Entity ‘ :
_______ T_____________t______n

‘ Observed elements of an analyzed system ‘

Physical system

Figure 23. The main layers of the DT model based on ISO 23247. Source: Own contribution.
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Based on ISO 23247, a conceptual framework for DT in the maintenance of internal
transportation systems can be proposed (Figure 24).

PHYSICAL SYSTEM

OBSERVED ELEMENTS OF INTERNAL TRANSPORT {OE)

[INFRASTRUCTURE] [ENVIRONMENT] [ CARGO J [ TRANSPORT }

DEVICES

SUPPORT FOR

[V'SUAL'ZAT'ON °F] [ MONITORING ] [ FOREGASTING } {INTERACTIONWITH}

DT RESULTS OTHER SYSTEMS

1
L - ‘
: DEVICE COMMUNICATION ENTITY :
I
1
\ DETECTION OF MCNITORING THE !
, DATEERCEEES G CATERECDUERY CONNECTION FAILURES / / CONNEGTION STATUS CROSS-SYSTEM !
1 ENTITY !
A MANAGING THE CONFIGURATION GF |
: DREAHIERNE COMMUNICATION PARAMETERS |
I
1
I
: DATA COLLECTION SUB-ENTITY DEVICE CONTROL SUB-ENTITY . |
I
1 ASSURANCE [
I
1
! DATA COLLEGTING FROM OE} [CONTROLLING OE ACTUATION OE } }
I
. —_— !
I
. il DATA l
: TRANSLATION |
I
I
1 DIGITAL TWIN ENTITY :
1
I
! PARAMETER PROCESS PROCESS
| DATANALEIS CONTROL SIMULATION OPTIMIZATION DATA :
; SECURITY |
| [ DIGITAL REPRESENTATION OE ‘ il SUPPORT }
: | : |
! I TRANSPORT | . ‘
| INFRASTRUCTURE l {ENVIRONMENT CARGO l | !
I ' [ l s DEVICES o, DATA |
. | Y o £ | SYNCHRONIZ- :
T B | ATION :
I u i
! I
1
| .
! |
INTEGRATION |
] USER ENTITY THERCEs |
I DIFFERENT :
X DECISION-MAKING ANALYSIS OF RS MANAGEMENT OF o !
| SUPPORT DT RESULTS DT OPERATIONS SGORCES !
1 9 I
e I
| v !
! l
1
I
I
I
1
I
1
I
I
I
1
I

Figure 24. The conceptual framework for DT in transportation systems. Source: Own contribution.

The proposed conceptual framework’s first level (OE) pertains to the physical system. This
includes all elements belonging to the internal transport system. Therefore, this layer encompasses
not only the infrastructure of the space and its fixed elements (e.g., transport devices, storage racks)
but also monitors the flow of goods and environmental conditions. These elements are continuously
monitored using various measuring devices. The data collected from the OE layer forms the basis for
creating the virtual part of the digital twin, which is an exact replica of the real system.

Data obtained from the real system is collected and analyzed in the communication unit (Level
II). This unit effectively communicates between the physical elements and their digital twin or
directly with the user unit. Two subunits are distinguished in this area: the data collection subunit
and the device control subunit. Data collected from the observed elements are transmitted to the
digital twin unit to update the real system’s virtual copy continuously. Additionally, this data can be
directly transferred to the user unit. The device control subunit controls and activates OE elements
in response to requests from the user or DT units. This communication link between the real system,
the user unit, and the DT unit enables the entire system to operate in two modes:

—  fully automated mode, where a closed-loop connection exists between the communication unit
and the DT unit,
—  semi-automated mode, where feedback with instructions comes directly from the user unit.
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The conceptual framework’s main component is the digital twin unit (Level III). Here, a virtual
model of the internal transport system is developed based on data collected from Level I. This model
reflects the real state and behavior of each system element. It is systematically updated based on
newly collected data to ensure consistency with the actual state of the system. Additionally, this area
includes a cache that stores current and historical information about each element of the real system.

The next level, Level IV — the user unit, is designed to enable employees to manage the digital
twin and facilitate interpreting results generated by the DT unit. The main tasks in this area include
defining maintenance goals and tasks, collecting maintenance data, and generating task commands.
This unit contains functions that allow monitoring of the OE and its digital twin and systems
responsible for simulation, forecasting, data analysis, and reporting. Additionally, the user can
support maintenance decision-making from this level, allowing the system to operate in semi-
automated mode. The user layer should also allow integration with other systems and tools, enabling
information exchange between different platforms.

The proposed conceptual framework also includes a cross-system entity that facilitates
communication between all units in the system. Data transmitted and received must be recorded in
a language understandable to the communicating units. Intermediary systems are used to translate
communication protocols between different units to ensure uniform data. Additionally, integration
platforms are used to facilitate data flow and state synchronization between the real system and the
digital twin. This intermediary unit also includes systems responsible for supporting data security.

7. Conclusions

This article presents a systematic literature review addressing the main areas of Digital Twin
utilization in the operation and maintenance of transportation systems. The analysis of 201 recent
publications from 2012 to 2024, along with a review of publication trends, allowed for a discussion of
specific applications of DT in the transportation sector.

The presented work suffers several limitations, mostly related to the reviewing methodology
assumptions connected with publication collection, searching strategy, and filtering criteria. Here,
the most notable limitation is associated with the used keywords as a search engine. Despite using a
broad spectrum of keywords, some works connected with transportation sector O&M processes may
be omitted. In addition, the literature related to medicine, health issues, or environmental aspects is
omitted in the conducted overview analysis. The authors focused on logistics, transportation, and
supply chain-related publications. Moreover, the conducted literature analysis does not consider the
quality of the investigated publications based on times cited. The authors present only the most cited
keywords in their bibliometric analyses.

The systematic literature review identified seven fundamental research areas within the
transportation sector where the use of DT for maintenance has been analyzed. The conducted
literature review highlighted several key findings. One of the most important is that modern service
and maintenance methods, along with the role of digital twins, are key factors in ensuring
transportation fleets’ durability, maintainability, and reliability. Adapting to the changing
technological landscape and fostering collaboration among various stakeholders in the industry are
essential for further improving fleet service and maintenance processes. Continued discussion and
cooperation can contribute to introducing innovative solutions to ensure a safe and efficient
transportation infrastructure for future generations.

The authors’ future research direction may involve addressing the challenges that could arise
when implementing a Digital Twin framework in internal transportation systems within real
enterprises. Additionally, future steps should include exploring potential issues related to integrating
such frameworks, such as interoperability, data security, and the need for standardization across
different systems.

The authors recommend a more exhaustive literature review for future work, especially related
to domain-specific areas. Furthermore, topics such as sustainable maintenance systems or mitigating
environmental impacts related to new technology implementation may require further exploration.
Another interesting research direction may be connected with developing a new business model. In
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this area, concepts such as “Machine as a Service” or “Software as a Service” are other trends suitable
for future research.
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Abbreviations

The following abbreviations are used in this manuscript:

ABBREVIATION FULL DESCRIPTION

AGV Automated Guided Vehicles
Al Artificial Intelligence
ASC Automated Stacking Cranes
BIM Building Information Modeling
DEVOTION DEVelOping digital TwIn systems with autOmated model maNagement
DM Digital Model
DRL Deep Reinforcement Learning
DS Digital Shadow
DT Digital Twin
DTI Digital Twin Instance
DTP Digital Twin Prototype
EDT Experimentable Digital Twin
ESDT Early Stage Digital Twin
FMEA Failure Mode and Effect Analysis
IoT Internet of Things
MAS Multi-Agent System
ML Machine Learning
OE Observed elements of internal transport
O&M Operation and Maintenance
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyzes
RIS Reconfigurable Intelligent Surface
SLR Systematic Literature Review
DT Transportation Digital Twin
UAV Unmanned Aerial Vehicle
uuv Unmanned Underwater Vehicle
VR Virtual Reality
Appendix A

Table A1. Number of publications per source type and number of publications per source.

NUMBER
SOURCE OF WORKS
CONFERENCE PROCEEDINGS
2019 IEEE 60th Annual International Scientific Conference on Power and Electrical 1

Engineering of Riga Technical University, RTUCON 2019
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2019 IEEE Aerospace Conference

2019 IEEE International Conference on Systems, Man and Cybernetics (SMC)

2020 IEEE International Conference on Big Data (Big Data)

2021 13th Electrical Engineering Faculty Conference (BulEF)

2021 28th International Workshop on Electric Drives: Improving Reliability of Electric Drives,
IWED2021

2021 Global Reliability and Prognostics and Health Management (PHM-Nanjing) 2
2021 IEEE 1st International Conference on Digital Twins and Parallel Intelligence (DTPI) 2
2021 IEEE 23rd Conference on Business Informatics, CBI 1
2021 IEEE 23rd International Conference on High Performance Computing and

== ==

Communications, 7th International Conference on Data Science and Systems, 19th
International Conference on Smart City and 7th International Conference on Dependability
in Sensor, Cl

2021 IEEE International Power and Renewable Energy Conference, IPRECON 2021 1
2021 International Conference on ICT for Smart Society (ICISS)

2021 International Symposium on Computer Science and Intelligent Controls (ISCSIC) IoT 1
2022 IEEE 23rd International Symposium on a World of Wireless, Mobile and Multimedia
Networks, WoWMoM

2023 20th Technical Scientific Conference on Aviation Dedicated to the Memory of N.E.
Zhukovsky, TSCZh 2023

2023 25th European Conference on Power Electronics and Applications, EPE 2023 ECCE
Europe

2023 European Control Conference, ECC 2023

2023 IEEE International Conference on Omni-Layer Intelligent Systems, COINS 2023

2023 IEEE International Electric Machines and Drives Conference, IEMDC 2023

25th ATAA/AHS Adaptive Structures Conference

30th National Conference with International Participation “Telecom 2022”

—_

4th International Conference on Smart Grid and Renewable Energy, SGRE 2024 - Proceedings

7th International Conference on Inventive Computation Technologies, ICICT 2024

Advances in Production, Logistics and Traffic. ICPLT 2019. Lecture Notes in Logistics

U U [P (UG RN JUINGH [FU (U U

AIP Conference Proceedings

Bridge Safety, Maintenance, Management, Life-Cycle, Resilience and Sustainability -
Proceedings of the 11th International Conference on Bridge Maintenance, Safety and 1
Management, IABMAS 2022

Case Studies on Transport Policy

Ce/Papers

Congress in Computer Science, Computer Engineering, and Applied Computing

Global Power, Energy and Communication Conference,

IEEE International Conference on Automation Science and Engineering

IEEE International Conference on Industrial Engineering and Engineering Management

IEEE International Conference on Industrial Informatics (INDIN)

IEEE International Symposium on Industrial Electronics
IFAC-PapersOnLine

International Conference on Electronic Engineering

International Multi-Conference on Systems, Signals & Devices

IOP Conference Series: Materials Science and Engineering

Journal of Physics: Conference Series

Materials Today: Proceedings

PHM Society Asia-Pacific Conference
Procedia CIRP
Procedia Computer Science

NIN[R[R|RIR[R[R|R[W[RR|R[R[R]R]|FR|~

Procedia Manufacturing
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Proceedings - 2020 IEEE International Conference on Engineering, Technology and

Innovation, ICE/ITMC 2020 !
Proceedings - 2022 CPSSI 4th International Symposium on Real-Time and Embedded 1
Systems and Technologies, RTEST 2022

Proceedings - 2023 ACM/IEEE International Conference on Model Driven Engineering 1
Languages and Systems Companion, MODELS-C 2023

Proceedings - 2023 IEEE SmartWorld, Ubiquitous Intelligence and Computing, Autonomous

and Trusted Vehicles, Scalable Computing and Communications, Digital Twin, Privacy 1

Computing and Data Security, Metaverse,

SmartWorld/UIC/ATC/ScalCom/Digital Twin/PCDS/Me
Proceedings - 2023 IEEE/ACM Symposium on Edge Computing, SEC 2023 1
Proceedings - 2024 5th International Conference on Mobile Computing and Sustainable

Informatics, ICMCSI 2024 !
Proceedings of the 2020 Winter Simulation Conference 1
Proceedings of the 2022 Winter Simulation Conference 1
Proceedings of the ASME Turbo Expo American Society of Mechanical Engineers (ASME) 1
Transportation Research Procedia 1

JOURNALS

Academy of Strategic Management Journal

Advanced Engineering Informatics

Advances in Civil Engineering

Advances in Transdisciplinary Engineering

Aerospace

Aerospace Systems

Aircraft Engineering and Aerospace Technology

Alphanumeric Journal

Applied Sciences

Applied System Innovation

Batteries
CEAS Aeronautical Journal
China Communications

Computers

Computers and Electrical Engineering

Computers and Industrial Engineering

Computers and Operations Research

Computers in Industry

Decision Support Systems

Designs

Energy

Energy Storage

Engineering Applications of Artificial Intelligence

Engineering Failure Analysis

Engineering Fracture Mechanics

Eurasip Journal on Wireless Communications and Networking

Expert Systems With Applications

Frontiers in Bioengineering and Biotechnology

Frontiers of Engineering Management

Fusion Engineering and Design

Future Internet

High-speed Railway
IEEE Access

IEEE Communications Magazine

— (O === (N(=RNNNARRINR (=R =m=NR == IN = =O === N = =N =
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IEEE Intelligent Transportation Systems Magazine

IEEE Internet of Things Journal

IEEE Journal of Radio Frequency Identification

IEEE Transactions on Intelligent Transportation Systems

IEEE Transactions on Wireless Communications
IET Cyber-Systems and Robotics
IET Electric Power Applications

Indonesian Journal of Electrical Engineering and Computer Science

Information

Infrastructures

International Journal of Agricultural and Biological Engineering

International Journal of Computer Integrated Manufacturing

International Journal of Digital Earth

International Journal of Engine Research

International Journal of Green Energy

International Journal of Logistics Management

International Journal of Production Economics

International Journal of Production Research

Journal of Advanced Transportation

Journal of Airport Management

Journal of Building Engineering

Journal of Computational Design and Engineering

Journal of Industrial Information Integration

Journal of Intelligent Manufacturing

Journal of Manufacturing Systems

Journal of Reliable Intelligent Environments

Logistics

Lubricants

Machines

Materials

Mathematical and Computational Applications

Mathematical Problems in Engineering

Mathematics

Mechanical Systems and Signal Processing
Mobile Networks and Applications
Ocean Engineering

Operational Research

Platforms

Processes

Production Planning and Control
Quarterly Report of RTRI

R&D Journal

Reliability Engineering and System Safety

Renewable and Sustainable Energy Reviews

el Ll N N I R N R N N R N R R Y R R N N R R N N R e A S A Y

Scientific Reports

—_
—_

Sensors
SNE Technical Note
Technologies

The International Journal of Advanced Manufacturing Technology

Transactions on Transportation Electrification

Transportation Research Record

[T N T I NS (PSSO S

Vehicle System Dynamics
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