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Resumo

A medida que o setor elétrico evolui em direcdo & sustentabilidade, métodos conven-
cionais de gestao de energia, baseados em sistemas centralizados, apresentam dificuldade
em aproveitar a incorporacao acelerada de fontes alternativas de energia na rede. Em
particular, a introdugao de usinas solares no sistema implica em mudancgas no perfil do
consumidor, bem como complexidades relacionadas a configuracoes distribuidas e padroes
intermitentes de geragao de energia. Consequentemente, uma mudanga correspondente
nas estratégias de gestao de energia faz-se necessaria. Neste contexto, solugoes como
gémeos digitais e metaversos industriais sao capazes de fornecer um ambiente digital
integrado para experimentagao e analise de sistemas de poténcia. Nao obstante, o de-
senvolvimento de tais aplicagoes no setor elétrico ainda é preliminar, exigindo maiores
investigagoes. Em vista disso, este trabalho propoe uma nova arquitetura para o desen-
volvimento de metaversos industriais de sistemas de poténcia. Esta arquitetura adota a
modularidade como um principio fundamental, permitindo a expansao da aplicacao de
acordo com os servicos desejados. Em seguida, para ilustrar a viabilidade da arquitetura
proposta, uma aplicacao de um metaverso industrial é apresentada, utilizando o Unity
como plataforma de desenvolvimento e OPC-UA (do inglés, Open Platform Communica-
tions - Unified Architecture) como o principal protocolo de comunicagao de dados. Para
isso, uma usina solar, localizada no Centro Experimental da Universidade Federal Flu-
minense (UFF) em Iguaba Grande, é considerada. A aplicagdo demonstra a eficacia da
arquitetura proposta, fornecendo uma visualizacao 3D do sistema, dados em tempo real
do sistema SCADA (do inglés, Supervisory Control and Data Acquisition), além da in-
tegracao com um sistema de deteccao de falhas em Python. Deste modo, este trabalho
busca inspirar a ado¢ao de metaversos industriais e gémeos digitais na gestao de sistemas
de poténcia, promovendo uma abordagem mais moderna e digitalizada.

Palavras-chave: Gémeo Digital, Metaverso, Realidade Aumentada, Realidade Virtual,
Sistemas de Poténcia



Abstract

As the energy landscape evolves towards sustainability, conventional energy management
methodologies, primarily designed for centralized power systems, struggle to harness the
full potential of renewable energy production. In particular, the expansion of solar power
plants introduces changes in the energy consumer profile, as well as complexities related
to managing their distributed settings and energy production patterns. As a result, a
corresponding change in energy management strategies becomes critical. In this context,
the energy metaverse provides stakeholders with an integrated digital ecosystem that
allows for experimentation and analysis of complex power systems. However, developing
and implementing such applications within the energy sector still requires further research.
This work raises this discussion and proposes an architectural framework for developing
specialized metaverse applications of photovoltaic power plants. The framework embraces
modularity as a core principle, allowing the expansion of the application according to
diverse services and needs. In the following, a case study is presented to illustrate the
feasibility of the proposed framework using Unity as a development platform and Open
Platform Communications - Unified Architecture (OPC-UA) for data communication. A
power plant located in the UFF Experimental Center of Iguaba Grande is considered.
The application demonstrates the efficacy of the proposed framework by providing a 3D
visualization of the system, real-time data from Supervisory Control and Data Acquisition
(SCADA), a fault detection system, and weather forecasts. This way, this work aims to
inspire further exploration and adoption of the metaverse and digital twins in photovoltaic
systems, fostering a more modern and digitalized approach to energy management and
development.

Keywords: Augmented Reality, Digital Twin, Metaverse, Power Systems, Virtual Real-
ity.
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Chapter 1

Introduction

The convergence of digitalization, decentralization, and decarbonization of the energy
sector has prompted a paradigm shift in power systems' infrastructure [1]. While the
introduction of renewable energy sources into the grid has been paramount in decar-
bonization goals, their integration into existing systems has brought unique challenges
related to their decentralized and intermittent nature. At the same time, digitalization
has become a strategic enabler in managing and optimizing these uctuations. By bridg-
ing the gap between physical and virtual worlds, technologies like Internet of Things (1oT)
and Machine Learning (ML) opened up previously unimaginable possibilities and oppor-
tunities for the energy sector [2]. For instance, advanced IoT can collect data from solar
panels, while ML algorithms can help optimize energy usage and identify areas of energy
waste. Going ahead, there is an increasing interest in developing solutions that leverage
these technologies to provide accurate representations of reality, such as industrial meta-
verses and Digital Twins (DTs) [3, 4]. These applications can provide a dynamic and
interactive way to monitor, analyze, and simulate the behavior of power systems. In light
of this, this dissertation explores the application of industrial metaverses in the energy
sector, aiming to establish a new methodology for their development and implementation.

An industrial metaverse application is a virtual environment where DTs, Extended
Reality (XR), and 10T technologies can converge to provide a collaborative platform for
enhanced decision-making processes. Nonetheless, developing metaverse and DT applica-
tions in power systems remains relatively unexplored. Details about the speci ¢ software,
hardware, communication protocols, and methodology employed in such implementations
are missing. Moreover, research and development in this area is also challenging due to its
multidisciplinary nature and the blurred boundaries between concepts like the metaverse,
DT, XR, Augmented Reality (AR), and Virtual Reality (VR).
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Given the above, the primary objectives of this dissertation are twofold. First, it
seeks to develop a framework for creating industrial metaverse applications for power
systems. This framework embraces modularity as a guiding principle, breaking down
the application into smaller and manageable packaged business capabilities. Second, the
dissertation aims to demonstrate the feasibility of this framework through a practical
case study. To this end, it considers a solar power plant located in tHéniversidade
Federal Fluminense(UFF) Experimental Center of Iguaba Grande In addition to testing
the framework, this case study has an educational purpose. It aims to give students
a practical learning tool to understand solar power generation and operating behavior
remotely within a virtual environment.

The methodology employed in this work consists of an extensive review and analysis
of the literature followed by the development of the new framework. Eighty- ve studies
meticulously selected from a pool of 1523 records are investigated. The subsequent anal-
ysis maps article distribution across di erent application elds, identi es current software
and development tools, and examines barriers and motivations for adoption. In the fol-
lowing, considering the ndings derived from this review, a new framework for developing
industrial metaverse applications for power systems is proposed. Finally, the implemen-
tation of the case study comprises developing a project plan and applying the suggested
framework.

Finally, the signi cance of this work lies in promoting the adoption of industrial
metaverses and DTs in the energy sector and contributing to the ongoing digitalization of
the grid. It considers a scenario of increased complexity and demand for advanced tools
to manage and optimize modern power grids.

1.1 Background

To better understand the unique value and capabilities of industrial metaverses in power
systems, it is essential to investigate and clarify their di erences from other similar con-
cepts that have gained signi cant attention in recent years, such as DT, XR, AR, and
VR. Given this context, this section provides a preliminary overview and brief histor-
ical context of industrial metaverses and related concepts to facilitate a more informed
engagement with the subsequent chapters.

The term "metaverse”, which once was restricted to gaming and science ction, has
gained attention from various distinct sectors, especially after the Facebook rebrand as
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Meta [5]. According to [6], although the metaverse is usually associated with entertain-
ment applications, many analysts have debated that the metaverse's true transformative
potential is more likely to be achieved in the industrial context. An industrial metaverse
can be understood as a virtual, interconnected digital platform where people can interact
with mirrored real-world machines and systems through avatars and immersive tools. In
the energy sector, for example, energy companies can use the metaverse to simulate and
optimize their operations, while researchers and policymakers can experiment and evalu-
ate new regulatory frameworks and business models before their practical implementation
in the physical world [3].

In contrast, a DT is a digital replica that mirrors the physical characteristics and be-
havior of real-world equipment by reading and interpreting data from various sources [7].
They provide a high degree of delity to a reference model and allow bidirectional inter-
action ows, often aiming for focused optimization e orts of an individual component or
equipment, such as a solar panel or inverter. More speci cally, considering the challenges
posed by the variability and uncertainty associated with renewable energy sources, DTs
can enable easier identi cation and response to grid disturbances, optimization of energy
usage, and e cient demand management [2].

Finally, XR is an umbrella term for technologies that allow users to have immersive
experiences either by completely entering a virtual environment (VR) or simply by pro-
viding a merged view of real and virtual elements (AR) [8]. In this sense, both VR and
AR can provide a more intuitive and immersive way for training and education purposes,
enabling operators to practice handling complex situations in a safe and controlled en-
vironment [9]. In addition, AR may also support on- eld decision-making processes by
providing an enhanced view of reality with superimposed real-time data from equipment.

Given this context, it is possible to say that these technologies converge in the sense
that a DT may be a type of content found in an industrial metaverse, whereas AR and VR
technologies may be used as a means to access the metaverse or even a DT [10]. Moreover,
it is essential to highlight the relevance of these technologies, particularly considering the
following years, as they are likely to continue shaping how we live, work, and interact with
one another [10]. In this sense, although these ideas are not entirely new, only in recent
years have technological advancements allowed us to move away from an imagination era,
in which concepts were theorized and conceptualized, to a new era of implementation and
adoption.

Fig. 1.1 summarizes some key milestones related to these technologies. It can be ob-
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Figure 1.1:. Milestones of the metaverse, DTs, and XR technologies over the decades.

served, from earlier years, the development of experimental VR headsets, the theorization
of virtual and augmented realities, and the ideation of the metaverse in Neal Stephenson's
science novel [8, 9]. In the following years, up until the 2010s, the technical foundations
started to be built. However, technical limitations and lack of social acceptance led to a
lack of mainstream adoption and a trough of disillusionment with AR and VR [9]. De-
spite that, recent democratization and developments in several important areas for the
evolution of these technologies have sparked a new wave of innovation and acceptance [8].

1.2 Motivation and Related Work

The implementation of industrial metaverses and DTs in power systems can serve multiple
purposes, from energy management to load scheduling and performance monitoring. Since
studies on industrial metaverses are still preliminary and mostly conceptual, this section
overviews relevant articles on DT case studies for solar power systems and emphasizes the
distinctive features that set this study's approach apart.

Addressing the intricacies of microgrid energy management, studies such as that by
[11] and [12] emphasize the use of DTs for managing the integration of various distributed
energy resources, like solar panels, wind turbines, and energy storage, to meet local de-
mand within a microgrid. In [11], the authors propose a DT-based distributed energy
management system for formulating and solving optimal power ow problems. Unlike
traditional methods, which assume accurate load predictions, the system proposed by [11]
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considers stochastic loads and employs probabilistic models. Simulation results demon-
strate the system's e ectiveness in both grid-connected and islanded modes, providing
resilience to communication failures. Similarly, [12] uses an improved pigeon-inspired op-
timization algorithm to solve the cost-e ective daily dispatch scheme for hybrid energy
production, optimizing energy storage charge and discharge planning. Lastly, [13] focuses
on smart home communities, proposing a fog-driven energy management system DT to
optimize power sharing among users, reducing costs and reliance on imported power.

Considering demand response programs and small domestic consumers utilizing pho-
tovoltaic power, [14] proposes a multi-layered DT that uses reinforcement learning to solve
decision-making problems in load scheduling, taking into consideration aspects such as
user satisfaction, stochastic parameters, and tari s. Furthermore, a series of case studies
focusing on load forecasting were also found in the literature. For example, [15] proposes
a rapid and precise short-term load prediction layout for smart grid market applications,
addressing the challenge of predicting electrical loads due to users' nonlinear and random
behavior. In contrast, [16] proposes a novel evolving-based prediction model for accu-
rate short-term load forecasting in solar-based smart grids that aims to support decisions
about the deployment of photovoltaic energy systems in a smart grid and maximize energy
production.

Moreover, still concerning prediction capabilities, [17] proposes a solar irradiance fore-
casting model using Arti cial Intelligence (Al) and ML techniques, taking into account
factors like temperature, cloudiness index, and relative humidity. Besides demonstrating
high accuracy and potential for enhancing solar irradiance predictions, the authors sug-
gest that the proposed solution could support the development of DT models for positive
energy districts and smart buildings. However, specic details on the implementation
and integration of the model within DT frameworks are not provided. Lastly, a fault
diagnosis DT for photovoltaic energy systems is proposed by [18]. The solution leverages
the sensing, computation, and actuation capabilities of the converter and uses a real-time
model-based estimation of the system to compare the estimated and measured outputs
for fault diagnosis.

Despite the innovative strategies for solving the current challenges the photovoltaic
energy sector faces, the existing literature presents gaps concerning development frame-
works of DT and industrial metaverse for photovoltaic power systems. For example,
details about the speci ¢ software, hardware, and communication protocols used in DT
implementations and a more holistic approach are missing. Moreover, the current lit-
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erature focuses on the model-based design and simulation algorithms tailored to solving
scoped issues. Other characteristics, such as integration with spatial and graphical models
and streaming real-time data, were not addressed. In this regard, this work distinguishes
itself from the existing literature by focusing on a framework for developing a holistic
metaverse of photovoltaic power systems. Therefore, while previous studies have laid the
groundwork for improving the representation of photovoltaic power systems in specic
domains, the tailored framework described in Chapter 3 aims to provide the big picture
of how these isolated systems can communicate to form a high-level digital representation
of photovoltaic power systems.

1.3 Research Scope and Objectives

The scope of this work encompasses the development and application of industrial meta-
verses within the context of power systems. This proposal is inherently multidisciplinary.
Collaboration between professionals in electrical engineering, computer science, data an-
alytics, and cybersecurity is crucial. Delving deeply into all aspects that compose these
applications exceeds the scope of this study. In this sense, this work's main focus is
on de ning key components and laying the foundation for future exploration of indus-
trial metaverses in power systems. To provide a structured approach to this work, the
objectives are divided into two main categories: primary and secondary objectives.

1.3.1 Primary Objectives

" Provide a framework for developing metaverse applications for power systems.

" Demonstrate the feasibility of the proposed framework through a practical case
study, considering the solar power plant located in the UFF Experimental Center
of Iguaba Grande and therefore provide an educational and controlled platform for
monitoring and testing the system.

1.3.2 Secondary Objectives

" Integrate real-time data from the Supervisory Control and Data Acquisition (SCADA)
system into the industrial metaverse application, facilitating ongoing monitoring and

analysis.
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Integrate a fault detection system within the industrial metaverse application to
enhance operational reliability and test the framework's modularity capability.

Provide a 3D scene, allowing stakeholders to interact with a virtual representation
of the solar power plant.

Provide an administrator panel as a central hub for system management.

Employ open-source tools and adhere to standardized protocols to ensure interop-
erability within the application.

Make the application public on Github! and employ open-source practices to pro-
vide a resource that supports and advances future research and learning in the eld.

1.4 Dissertation Structure

This dissertation is organized into six chapters, as described below:

Chapter 1 - Introduction: Provides an overview of the research background,
problem statement, and the objectives of the study. It also outlines the scope and
signi cance of the research and presents the structure of the dissertation.

Chapter 2 - Literature Review: Identi es gaps in the literature and provides
the theoretical foundations that underpin the new framework.

Chapter 3 - Industrial Metaverse Framework: Introduces the new framework
for developing industrial metaverse applications for power systems. It details the
components, design, architecture, and key features of the framework.

" Chapter 4. Case Study: Presents the methodology and application of the case
study. It provides an introduction to the case study and implementation details.

Chapter 5: Results and Analysis: Evaluates the framework based on its
application in the case study. It presents the results and ndings and analyzes the
framework's suitability.

Chapter 6: Conclusion: Summarizes the key ndings of the research, high-
lights the contributions to the eld, and discusses the practical implementation of
the framework. It also outlines potential directions for future research and o ers
concluding remarks.

LAvailable at https://github.com/FriendsLabUFF/industrial-metaverse



Chapter 2

Literature Review

This chapter delves into the theoretical foundations and main concepts of industrial meta-
verses and related technologies, such as DTs and XR. In the following, the results of a
systematic literature review, named "A Survey on Extended Reality, Digital Twins, and
Metaverse Applications in Power Systems," submitted to the "IEEE Internet of Things"
journal, are presented. More details about the speci ¢ methodology and search selection
are available in Section Il of the paper. The systematic literature reviews 85 relevant
studies selected from an initial pool of 1523 records. Further analyses of the selected arti-
cles provide an overview of current advancements, challenges, and gaps in the application
of these technologies in the energy sector.

2.1 Theoretical Foundations and Concepts

Industrial metaverses, DTs, and XR are terms often confused due to their similarities in
providing virtual representations of reality. These technologies, however, o er di erent
immersion and interaction levels, each with unique features and bene ts that make them
more suitable for speci c types of power system applications. For example, a complex
platform such as the metaverse may not be necessary to solve a particular problem that
a more straightforward AR implementation could solve. Hence, carefully considering
the requirements of each application and selecting the most appropriate technology can
save both time and resources. The following subsections cover the foundation of each
technology mentioned in more detail.
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2.1.1 Metaverse

While the idea of the "metaverse” emerged in science ction and gained initial attention

in the gaming and social media sectors, its potential is increasing traction across several
industries [5]. With an emphasis on facilitating social interactions and collaboration, in-
terconnected virtual environments, ranging from highly realistic simulations to fantastical
realms, are central to the metaverse's architecture. In this context, avatars play a signi -
cant role as digital personas that re ect a user's appearance, preferences, and personality
[8]. Another de ning feature of the metaverse is its continuity and persistence, meaning
that alterations and interactions between avatars and assets have lasting e ects over time
[8]. This characteristic also allows a new, intricate economic landscape where transactions
are facilitated by virtual currencies and blockchain [19].

Moreover, in [6], the authors further compare the idea of industrial metaverses with
the "consumer metaverse." According to the authors, the "consumer metaverse" focuses
on entertainment and socialization and is not populated with data from the physical world.
Industrial metaverses, in contrast, mirror real elements, such as machines, grids, cities,
and logistics processes, to provide detailed analysis and simulations, and support decision-
making processes. In this sense, Fig. 2.1 presents the enabling technologies necessary to

Figure 2.1: Venn diagram presenting the enabling technologies for the metaverse.
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advance and catalyze the adoption of metaverse applications within the industrial sector.

Enabling technologies for industrial metaverses include:

" Decentralization - Refers to the distribution of control and decision-making across

A

a network of participants rather than being concentrated in a single entity. Web3,
the next generation of the internet, is closely tied to this concept of decentraliza-
tion. Built on blockchain technology, Web3 provides the infrastructure for creating
decentralized applications and services. Unlike previous generations of the internet,
Web3 uses decentralized networks to enable peer-to-peer transactions and interac-
tions. This means that in a Web3-powered metaverse, users can have ownership
of their digital assets and participate in governance and decision-making processes
without needing intermediaries. As such, Web3 decentralization technologies are
closely tied to establishing a more transparent and secure digital economy and data
privacy for the metaverse by supplying the necessary tools for managing and ex-
changing digital assets [5]. Non-Fungible Tokens (NFTs), for example, allow users
to prove ownership and authenticity of virtual assets, whereas blockchain provides
a consistent way for recording transactions (or blocks) across devices, ensuring that
related transactions cannot be altered retroactively without a ecting the follow-
ing blocks [8]. Considering the energy sector, Web3 decentralization can provide a
blockchain-based peer-to-peer energy marketplace, where energy producers and con-
sumers could buy and sell energy in real-time, using Non-Fungible Tokens (NFTs)
to ensure the security and transparency of transactions, as proposed by [20].

Sensing and simulations - Sensing technologies and |oT are essential for providing
a greater understanding of the environmental context [19]. By collecting real-time
data from physical assets, these tools allow monitoring diverse aspects of equipment
and systems. Moreover, the combined usage of sensing with Al technologies will
allow for highly personalized interactions inside the metaverse. In this regard, as
virtual worlds become more complex and dynamic, Al will become increasingly
important in supplying the intelligence required to generate accurate simulations of
realistic behaviors [8]. Technologies like ML, deep learning, and natural language
processing will not only be able to generate isolated content but also enable a more
natural integration between virtual and digital [19]. In an industrial metaverse for
power systems, for example, the combined use of Al with real-time data can help
recognize patterns and predict future issues in a system [6].

Network and infrastructure - Advances in network capabilities, including the de-
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velopment of 6G, edge, and cloud computing, are crucial to providing faster speeds,
improved bandwidth, and reduced network latency [19, 20]. According to [5], the
metaverse will change the requirements for mobile and stationary broadbands with
respect not only to an increase in the number of devices but also to the volume of the
data throughput of the individual devices. Hence, the development of these tech-
nologies is imperative to enable a more seamless connection between devices and
improve internet connectivity in remote areas, guaranteeing seamless experiences
and allowing more people to bene t from the digital world and the metaverse.

Graphics and content - As an immersive environment, 3D graphics, avatars, and
other types of content are essential for providing visual and audio cues that facilitate
the user's navigation and interpretation of virtual surroundings. Besides unrealistic
elements, the metaverse can also contain complex digital representations of the real
world, such as DTs, which can be further used for planning, testing, optimizing, and
predictive analysis of real-world systems and processes [19].

Immersion and interactivity - According to Mark Zuckerberg, the concept of a
metaverse is tied to an "embodied internet,” where users will be in the experience
rather than just looking at it [21]. In this regard, immersive and XR technologies
will be the primary way to access metaverse applications. Users will be able to
experience the metaverse via di erent devices and interfaces, but XR technologies,
such as AR and VR, will provide the most immersive, interactive, and comprehensive
experiences [8].

2.1.2 Digital Twin

DTs have emerged as a promising technology for controlling, planning, and simulating
complex systems and processes across di erent industries. The idea, which has its roots
in aerospace engineering, was rst used by NASA to model and simulate aircraft and
spacecraft [22]. However, it was not until the publication of its whitepaper by Grieves
in 2014, [7], that the concept of a DT was fully articulated. The whitepaper served as a
foundational document that established the core principles and technical speci cations of
DTs, helping to drive the adoption and further development of this technology.

In its rst de nition, a DT is referred to as a model composed of "[...] three main
parts: (a) physical products in real space, (b) virtual products in virtual space, and (c)
the connections of data and information that tie the virtual and real products together"
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[7]. Considering the above, [23] highlights that although all these attributes are essen-
tial for creating a sophisticated DT, the level of delity required by each of them may
vary depending on the intended purpose and application of the DT. As such, DTs encom-
pass many di erent variations and possibilities. This broad de nition allows researchers to
approach DTs from di erent perspectives and make unique contributions to their develop-
ment [24]. For example, a researcher in control engineering might focus on the automation
aspects, while a researcher in data mining might concentrate on di erent ML approaches
to support informed decision-making. In this sense, [25] proposes a distinction between
digital models, digital shadows, and DTs. The rst consists of a digital representation of
an entity that does not use any form of automated data integration between the physical
and the digital objects. In contrast, the digital shadow combines a digital model with an
automated one-way data ow, meaning that a change in a state of the physical object
leads to a change of state in the digital object, but not vice versa. Finally, a DT allows
for fully integrated data ows in both directions. In this scenario, the digital object can
act as a controlling instance of the physical object.

This suggests that, as the virtual and physical worlds become increasingly linked
to each other, DTs are likely to gain increased attention, with growing interest from
both academia and industry [24]. In particular, advancements in sensor technology, data
analytics, and loT have enabled the development of more complex and comprehensive
DTs solutions in recent years. These transformations have also driven the development
of several DTs architectures, such as the ve-dimensional model proposed by [26] and the
four-layer DTs proposed by [27].

Fig. 2.2 presents the interplay between the maturity of the twinning process and the

Figure 2.2: Twinning process considering di erent levels of digital representation.
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corresponding level of digital representation, using a matrix structure with the horizontal
axis denoting various levels of digital representation and the vertical axis representing
di erent stages of the twinning process. Given this scenario, this work assumes that a DT
is not only a virtual model that looks and behaves like a real-world object but a virtual
replica that is dynamically interconnected with its physical counterpart and capable of
advanced bidirectional interactions [23].

A high-level representation of a DT is shown in Fig. 2.3. The physical asset, repre-
sented in the gure by a wind turbine, is equipped with various sensors, actuators, and
other monitoring devices responsible for capturing real-time data, such as 3D scans. Sen-
sors include instruments that detect and measure physical properties, converting these
measurements into signals. Actuators, in turn, include devices that respond to these sig-
nals by performing actions, such as adjusting a setting based on the sensor data. Lastly,
3D scanning involves specialized equipment, such as laser scanners and Light Detection
and Ranging (LIiDAR), responsible for capturing and processing spatial data. Finally,
additional data sources, such as historical, design, and geospatial data, can also be incor-
porated into the DT.

Figure 2.3: A high-level representation of a DT.

By combining the mathematical model of the asset with its corresponding 3D model
or Building Information Modeling (BIM) and related data, the DT can provide advanced
and visual simulations of the behavior and characteristics of its physical counterpart.
In this sense, real-time sensor data can be used to continuously update and re ne the
DT, ensuring its accuracy and relevance. More robust DTs may also use Al models and
prediction algorithms to simulate and evaluate di erent scenarios, such as the impact of
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di erent operating conditions and changes to the physical object.

Finally, it is important to highlight that, besides replicating and monitoring the state
of its physical counterpart, a complete DT solution can also actively in uence and control
it, either by user input or automatic intervention ows. For that, the DT must also
include advanced control capabilities that allow for a dynamic feedback loop where real-
world inputs from sensors can update the DT, which can, in turn, inform decisions and
trigger actions in the physical system.

2.1.3 Extended Reality

XR is an umbrella term used to describe any technology capable of providing a sense
of presence and immersion in a virtual or augmented world [8]. Considering the reality-
virtuality continuum introduced by [28] and presented in Fig. 2.4, XR encompasses all
technological possibilities within this spectrum, including all current technologies, such
as AR and VR, as well as those yet to be developed.

Figure 2.4: Simpli ed representation of a reality-virtuality continuum (adapted from [8]).

VR, the most immersive XR technology, creates an e ect of spatial presence by replac-
ing the user's view of the real world with computer-generated graphics [9]. By immersing
the user in a fully synthetic environment and isolating them from the real world, VR
provides a safe environment for planning, learning, and training. In this sense, it presents
a singular opportunity to visualize, simulate, and test strategies before their implementa-
tion, as well as to recreate dangerous scenarios without putting people in danger.

In contrast, AR is an XR technology that superimposes virtual information onto the
physical world while preserving a multi-sensory coherence concerning the observed scene
[29]. [9] highlights that an AR system must ful Il three main requirements: (a) combine
real and virtual content; (b) be interactive in real-time; and (c) be able to anchor virtual
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content in the real world. Moreover, digital overlays can range from simple graphics, such
as annotations and images, to complex 3D objects that appear to be completely blended
into the real world. In more modern applications, it may also go beyond the sense of sight
by incorporating spatial audio and haptic feedback [30].

It is worth noting that, in addition to commonly used terms such as AR and VR, the
term Augmented Virtuality (AV) is also found in the literature to refer to an environment
where real-world elements are overlaid on top of computer-generated content to create a
mixed reality experience. The key di erence between AV and AR is that in AV, virtual
content composes the primary landscape, and physical world elements are added on top
of it [30]. In AR, the opposite is true. For simplicity, the term AR will be employed to
denote any form of overlaid real and computer-generated elements in this work, as it is a
well-established and widely recognized term.

Furthermore, both AR and VR applications are typically experienced through input
devices equipped with a display, computer vision algorithms, camera, and other optical
sensors [30]. However, given the di erences between both technologies, the complexity
required by each may di er. For example, viewpoint tracking in VR does not require the
same accuracy relative to the real world as AR since, in this type of application, the user
can no longer see the real world [9]. On the other hand, to create a realistic sense of
immersion, the need for high-quality graphics is more signi cant for VR.

Speci cally, the visual display is a critical component in XR as it a ects the user's per-
ception of the virtual environment. Display options for XR include handheld devices such
as smartphones and tablets, Head-mounted displays (HMDs), and large-scale projection
systems [30]. Among these, HMD currently provides the most enhanced sense of presence
and depth, as well as hands-free interactions. Considering AR, the characteristics of these
displays may vary in terms of the underlying technology employed to combine the real
and virtual images, notably between video see-through and optical see-through displays,
as presented in Fig. 2.5 [9]. Moreover, VR HMDs are a more a ordable alternative for
experiencing VR. However, this type of HMD blocks out the real-world environment en-
tirely, replacing it with computer-generated visuals and simulations and not allowing for
AR experiences.

In contrast, although video see-through displays, such as Samsung Gear VR, also
employ opaque screens that block the direct view of the physical world, these displays
can also provide AR experiences. In this case, the user is presented with a digitally
combined image on the screen, with the graphics processor blending computer-generated
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Figure 2.5: Examples of video see-through and optical see-through AR displays.

images with videos of the real world captured by a camera [9]. Both VR and video see-
through HMDs usually require high-resolution screens with a wide eld of view and low
latency to avoid motion sickness. In addition, eye-tracking algorithms are also necessary
for adjusting the virtual environment based on the user's gaze.

Moreover, AR can also be experienced via optical see-through displays, such as Mi-
crosoft's HoloLens and Magic Leap. These displays maintain a direct view of the real
world and use a transparent optical combiner, such as a half-silver mirror, to superimpose
computer-generated elements onto the real-world scene [30]. This way, the AR experience
is perceived more naturally, in real resolution, and free from parallax. Despite that, video
see-through displays have increased in popularity due to a wide range of software libraries
that facilitate AR implementation, besides being more a ordable [31, 32].

Finally, it is also worth noting that depending on the method used to trigger and an-
chor the visual elements, AR systems can be classi ed into two main groups, as illustrated
in Fig. 2.6. The rst group is marker-based, which relies on visual cues and patterns,
such as ducial markers and QR codes, to trigger and anchor virtual objects. This type
of AR tracking system became a popular approach due to its simplicity of use and high
accuracy of detection [9, 29, 31, 33, 34]. In marker-based AR, the tracking algorithm
recognizes and calculates the location and orientation of the virtual objects with respect
to the real world by using a camera to identify a prede ned pattern. Since these patterns
are highly distinct from the existing elements in the scene, the computing e ort required
to calculate the correct spatial orientation in an AR environment is reduced [30].

The second category is markerless. Markerless AR is a broad category that encom-
passes di erent techniques for tracking the physical world without the need for prede-
ned markers. Instead, it might be (1) sensor-based, for example, by applying GPS,
magnetometers, accelerometers, and gyroscopes to help determine the relative pose of
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Figure 2.6: Examples of marker-based, sensor-based, and computer vision-based AR
tracking methods.

the tracked object [9]; or (2) computer vision-based by detecting unique natural feature
points of the environment, such as corners, blobs, and edges, for anchoring virtual objects
to specic locations in the real world [30]. Computer vision-based markerless AR lacks
prior knowledge of the environment. Hence, more computational cost and sensors may be
necessary for great accuracy in object recognition and motion tracking [35]. In this regard,
Simultaneous Localization and Mapping (SLAM) is commonly employed to continuously
map the real-world environment and estimate the device's relative position within that
map [36, 37, 35]. With SLAM, all found feature points are used to create a 3D map of a
room and accurately place a virtual object within that room in real time.

It is worth noting that, in order to overcome the drawbacks of individual tracking
methods, AR applications can also use a hybrid tracking system that combines data
from multiple sensors and computer-vision techniques [9]. Hence, the application and
intended user experience will determine the most appropriate types of AR technologies
to be employed.

2.1.4 Comparative Analysis Between Technologies

In light of the preceding discussions, this section examines how these technologies t
into the broader picture and how they interact with one another. It also explores how
their interconnected usage can lead to new and innovative solutions to address real-world
challenges. Fig. 2.7 presents the relation between the technologies discussed in this work.

It is possible to observe that XR behaves as an interface between the user and the
virtual world. In summary, XR relates to technologies that allow users to have immersive
experiences either by completely entering a virtual environment or simply by experiencing
an enriched reality from the merge of real and virtual elements. In this regard, the
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Figure 2.7: Relationship between the metaverse, DT, VR, and AR technologies.

metaverse, as a shared virtual space, can be accessed in a three-dimensional way, with
varying degrees of immersion, via these di erent XR technologies.

Still, confusion may arise between VR and the metaverse due to their similar ability
to provide complete immersive digital experiences. However, one key point to consider is
that, unlike VR, which focuses on providing a way to enter isolated virtual worlds, the
metaverse is expected to be an interoperated persistent platform built upon the conver-
gence of various virtual worlds, social platforms, and other types of advanced content.

Given the above, it is important to highlight the di erences between metaverse and
DTs. In summary, although these technologies may converge on some levels, the key
di erence is that the metaverse is not necessarily tied to a physical asset nor requires sensor
data. It may even include unrealistic representations that do not exist in the physical
world. In addition, while the metaverse is a virtual space usually focused on providing
creative and collaborative experiences, DTs focus on mutually communicating, promoting,
and co-evolving with their physical counterparts through bidirectional interactions [24].

It is also worth noting that, as the current technology stands, the metaverse experience
may be largely limited to passive observation. For instance, while it may be possible to see
and explore the physical layout of a given device via its 3D model in the metaverse, it may
not be possible to interact with or operate its corresponding physical entity. On the other
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hand, by incorporating DTs into the metaverse, it is possible to envision industry-speci ¢
metaverses, such as the energy metaverse or the healthcare metaverse [3]. Moreover,
considering the bene ts of DTs, the metaverse may achieve a higher level of realism with
enhanced real-time and bidirectional interactivity.

Finally, via XR technologies, users will be able to enter the metaverse and experi-
ence and operate machines and systems via their DTs as if they were in the physical
world. This, however, will only be possible via the continuous development of the en-
abling technologies previously discussed in this section. In light of the above and based
on the key features identi ed throughout this work, Table 2.1 presents a comparison of
the technologies discussed in this section.

2.2 Applications in the Energy Sector

The potential applications of industrial metaverses, DTs, and XR were reviewed and
analyzed, considering how they can address current challenges in power systems. As a
result, the 85 papers investigated in the systematic literature review previously mentioned
were classi ed into the following categories:

" Energy Market and Demand Management: applications related to strategies
to optimize energy supply and consumption. It involves monitoring, analyzing, and
forecasting energy market trends and prices. This category focuses on balancing
energy supply and demand techniques and enhancing the energy trade market.

Training and Occupational Safety: applications related to enhancing the knowl-
edge, skills, and awareness of electric utilities' personnel. It includes training pro-
grams and courses designed to educate employees on safety protocols and best prac-
tices. This category aims to prevent workplace accidents, injuries, and hazards by
providing appropriate training, promoting a safety culture, and ensuring compliance
with relevant Occupational Health and Safety (OHS) regulations.

Maintenance and Inspection: applications related to assessing and preserving

the operational condition and reliability of systems and equipment. It focuses on

identifying potential issues, defects, or malfunctions through routine inspections,

preventive maintenance, and corrective actions. This category aims to ensure the
smooth functioning and longevity of assets by detecting and addressing problems
promptly, reducing downtime, and minimizing the risk of accidents or failures.
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