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Abstract—Digital Twins (DT) of future cities/regions provide
an accurate and reliable reference that seamlessly integrate the
physical, digital and human worlds and allow stakeholders to
assess the impact of changes before investments and
implementations are made. METACITIES aim to develop an
Open Digital Twin framework (ODTF) that will facilitate the co-
development of complementary future city domains along with
their corresponding Digital Twins. METACITIES is an
Excellence Hub that spans a large geographical area, that of
Southeastern Europe, represented by three clusters in Cyprus,
Greece, and Bulgaria. Each cluster consists of partners involved
in the Quadruple Helix (i.e., scientific, industrial, social, public)
with the aim to collaboratively design common digital Research
and Innovation strategies, policies, and joint pilots, orchestrated
towards the benefit of the citizens, the stakeholders, the local
ecosystems and the growth of the whole southeast European
region. In this paper, the methodology the objectives and
conceptual architecture of the hub are presented.
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I. INTRODUCTION

Smart cities and smart regions are nowadays positioned at the
intersection of digital technology, disruptive innovation and
urban/rural environments for citizens, entrepreneurs and
policy makers and becoming ‘smarter’ by means of
accelerating the adoption of digital technologies and by
rapidly introducing solutions across all sectors of community
activities. 5G, and the upcoming 6G, Big Data, IoT, Al,
Cloud Computing are becoming an integral part of city’s
digital infrastructure, interwoven with people’s daily lives,
changing our society in a historically unprecedented way.
Notwithstanding that the architectural and business models of
how to build smart cities and regions have not yet reached
maturity, new trends, such as Digital Twins and metaverse
are added to the equation of finding the appropriate model.
Seoul for example, the first major city to enter the metaverse,
intends to create a virtual communication ecosystem for all
areas of its municipal administration, namely, economic,
cultural, tourism, educational and civic services.

The concept of the metaverse has gained significant attention
and holds the potential to transform the way we interact with



smart cities. The metaverse refers to a virtual shared space
that encompasses multiple interconnected virtual and
augmented reality environments, creating a seamless bridge
between the physical and digital worlds. Though there is no
an agreed definition of the metaverse, we regard metaverse as
the next evolution of the internet, with a focus on the
integration of physical and digital experiences [1].

The downside of this technological canvas, is the increase in
fragmentation, complexity and heterogeneity which need to
be harnessed when cities and regions adopt, deploy and,
eventually, operate digital infrastructures and services across
them. The technical challenge today is how to seamlessly
integrate and exploit the diverse technologies, platforms, and
infrastructures, physical and digital; but even bigger is the
challenge to offer them in a user-friendly and comprehensive
way to co-operatively achieve common socio-techno-
economic objectives. To address these challenges, a different
approach is needed for deepening our understanding of the
dynamics of the cities and the impact of decisions and actions
that are carried out across them.

Towards this, we need to create an accurate and reliable
reference representation of all the involved entities - animate
or inanimate, human or non-human - that captures their
behaviour, their interactions and the information flows
generated and manifested in the city and the regional
environment. A representation that constantly evolves
through time and space, a living replica, a digital twin.
Digital Twins (DTs) for the smart cities/regions collectively
offer tangible digital replicas of several aspects of a city (from
social, business, cultural dynamics to actual infrastructure)
and allow various parties, policymakers, urban planners,
engineers, developers, entrepreneurs, citizens etc., to assess
the effects of any changes before investments and
implementations of strategic plans occur [2]-[3].
Interconnected with the actual physical environment through
a substrate of digital infrastructures comprised of sensors,
wireless and optical networks, and cloud computing facilities,
they are capable of transferring, filtering and processing huge
volumes of information and react accordingly. These flows
of information are used by sophisticated computer models to
validate specific choices, play different city scenarios and
discover strengths and weaknesses before their actual
deployment. Digital twins may also interact real time with
users, allowing the latter to directly control the city operations
through them [4].

Accordingly, the next generation of city/region development
and digital transformation must adhere to the mode of
simultaneous planning, construction, and operation of digital
city and the physical city. METACITIES [5] strategic vision
is to create a hub of excellence underpinned by a new
framework and a new digital agenda that exploit the new

enabling technologies and features thereof, while
empowering  the  various  stakeholders,  namely,
interconnected companies, research institutions,

governmental bodies and societal actors, to mutually
reinforce each other and synergistically raise the level of
smart city/region innovation. METACITIES recognizes the
emergence of a new reality, which has not yet reached
technical, scientific, organizational, and administrative
maturity, and in this respect presents many opportunities.
Opportunities that are sufficient to give the necessary impetus
to entire areas and in many directions [6]-[8]. Investing in
such a new reality as digital twins, significantly increases the
chances of creating an effective innovative ecosystem that
will take advantage of the potential of the region and lead the

developments in this field. The know-how that will be
created, the innovative projects that will be spawned, the new
relationships that will be forged will be the most important
asset for the future sustainability of the region.

Guided by this understanding, METACITIES proposes to
create an Excellence Hub that spans a large geographical
area, that of Southeast Europe (SEE), represented by three
clusters in Cyprus, Greece, and Bulgaria. Each cluster
consists of partners involved in the QH (i.e., scientific,
industrial, social, public), strong within their territorial
context, with a strong track record and expertise in the
technologies under consideration and long experience in
using them. By mobilizing the forces of these three clusters,
we look forward to the collaborative design of common
digital R&I strategies, policies, and joint pilots orchestrated
towards the benefit of the citizens, the stakeholders, the local
ecosystems and the growth of the whole southeast European
region at large. Innovation excellence will be strengthened in
the involved place-based ecosystems through cross-border
collaboration in the selected domain of cutting-edge science
and innovation. The collaboration will be founded upon an
elaborate R&I strategy, a nexus of collaborative links across
sectors, joint research, innovation and outreach activities as
well as business and sustainability plans, and will
demonstrate win-win effects of the partnership.

II. OVERALL PROJECT OBJECTIVE

METACITIES’ overall objective is to establish an
Excellence Hub for future cities and regions in Southeast
Europe, built upon DTs and metaverse technologies, through
cross-border collaboration focusing on innovation and
engaging all different categories of actors of the quadruple
helix. To this end, specific domains with strong social
footprint are selected as reference implementations in order to
guide and validate the proposed framework and efficiently
coordinate the input from the different actors, academic,
business, public authorities and societal actors, comprising the
three participating clusters, Cyprus, Greece and Bulgaria.

The overall objective is structured according to the
following 6 implementation objectives that collectively cover
important aspects of the QH and offer a holistic solution to the
transformation of cities into meta-cities.

Objective 1: To jointly define long-term R&I strategies
and implementation guidelines on DTs and metaverse
technologies for smart cities and smart regions in SEE
applicable to regional innovation strategies for smart
specialization.

Objective 2: To identify reference ICT architectures of
upcoming technologies and infrastructures required to support
METACITIES

Objective 3: Design of Pilots for feasibility and Proof of
Concepts (PoCs) for validation and feedback

Objective 4: To identify an Integrated Business Process
framework and Business Models for Metacities

Objective 5: Orchestrating and strengthening local
ecosystems and channeling their potential to accelerate digital
transformation of cities and regions so that they become
attractive to new businesses and investments

Objective 6: To maximise the impact and adoption of
METACITIES approach through wide dissemination,
communication, capacity building, economic and civil



engagement, networking, standardisation and exploitation
measures.

III. CONCEPTUAL MODEL

Figure 1.1 depicts the METACITIES high-level reference
conceptual model and captures both key technical, societal,
and business aspects of our approach for Smart Cities. It is in
fact a bird’s eye view of the process that METACITIES will
establish as an Excellence Hub. It shows the main elements
that will be elaborated and developed during the lifetime of
the project as well as their relationships. Starting from the
Physical World, representing the actual city or region,
METACITIES will propose a series of system blueprints and
recommendations that can be used to successfully build their
digital twins and metaverses. METACITIES conceptual
model represents an evolution of the notion of smart city,
which usually implies the use of ICT technologies for the
processing of data and their statistical manifestations in the
form of dashboards. To this end, METACITIES conceptual
model is in line with the very recent position of the European
Commission which refers to this evolution with the term

Accordingly, the first set of challenges raised by
METACITIES conceptual model relates to the choice of the
ICT infrastructures that should be deployed, interconnected,
and operated across the city ensuring that they have the
capabilities and resources to realize our model. These ICT
infrastructures may consist of 5G/6G, transport networks,
cloud and mobile edge computing, data centers, [oT, XaaS
platforms etc. In this respect, they are not homogeneous since
they encompass a diverse set of network, computation and
platform technologies that require careful planning and
orchestration to meet future requirements. They make up the
end-to-end path that will connect the DT with the physical
world, transport and process big data. In addition, the right
and timely selection of the ICT infrastructures and the
efficient combination thereof, requires heavy investments to
be made by the city, both financially and in terms of human
resources and skills. METACITIES has made a conscious
decision to base its model on the 5G and beyond network
infrastructure as it is designed to meet a large set of resource
requirements and KPIs. 5G is not just a mobile network
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Figure 1: METACITIES Conceptual Model

Local Digital Twins!. In this context, the DT is the
digitization of every element that makes up the physical
world, accurately emulating every process and behaviour that
characterizes it. As DTs are directly and in real time,
interconnected and interacting with the physical city,
exchanging processing data and making decisions, they can
execute actions on the city’s operations that may affect its
daily life. This direct bond between physical and digital
worlds is also exploited by the cities to enter the Metaverse
era.

technology but it has been designed to support different
service categories (eMBB, mMTC and URLLC) and
empower various vertical industries, including smart cities.
Equally, important is the fact that 5G and beyond networks,
provide a holistic view of the end-to-end path and change the
application and service deployment paradigm by means of
network slicing. From this perspective, 5G encompasses an
ecosystem of technologies, and as such it raises serious
challenges that need to be addressed: a) to decide on the
combination of the technologies that make up the end-to-end

1 https://digital-strategy.ec.europa.eu/en/events/workshop-local-digital-

twins-technolo,




system architecture tailored to the city needs and capabilities,
b) to adopt the appropriate information models for the data
and APIs for accessing and sharing it across different
domains, and c) to decide on the business model for the
operation of smart city ICT infrastructures. So far, to the best
of our knowledge, none of the challenges above have been
dealt with in a holistic and consistent manner, as the efforts
of building smart cities have been ad-hoc.

METACITIES’ conceptual model also introduces the second
innovative technical dimension that facilitates the goal of
creating, maintaining, and managing DTs and Metaverses for
future smart cities. This is the role of the ODTF (Open
Digital Twin Framework), a reference software architecture
that describes the digital model, function and interactions of
its physical counterparts [9]. Not only does it categorize the
common functions that a digital twin should implement, but
also classifies the data intelligent model a digital twin should
build. ODTF provides an integrated object framework for
developers consisting of DT and Metaverse building blocks,
that can be used to build domain specific digital twins and
metaverses enabled by the ICT infrastructures of the smart
city.

Specifically, by deploying various sensors in key locations
such as streets, buildings etc., and combining with other
sources of information, we can fully perceive the running
state of the community in real time. Using the ICT
infrastructures to communicate the generated data to Big Data
and Artificial Intelligence algorithms we can feed the
developed DTs to visualize the reality of the city. This is a
powerful mechanism that will allow us to predict trends, run
various scenarios and eventually optimize city’s performance
by making its systems run more efficiently; an example
would be the optimization of a transport network through an
Al powered digital twin which runs first different traffic
control scenarios before it applies the most appropriate one to
the city traffic lights. Through this dynamic and powerful
bidirectional communication link, DTs mirror the vibrant,
complex and evolving nature of its physical urban
counterpart, which makes them an ideal sandbox for policy
experimentation. The technical challenges here are to identify
a) the kind of building blocks that are necessary, b) the
technologies for their development, c) the process(es) for
their integration in order to instantiate DT, and d) how to link
them with the physical world.

The technical aspects introduced by the METACITIES
conceptual model are tightly coupled with non-technical
ones, such as, business and societal. Together with the
various stakeholders involved in this triangle (technology-
business-society), the METACITIES conceptual model
allows us to categorize and formalize the roles, inter-
dependencies, and interactions among them as well as the
impact thereof on the city and the society. It also helps us to
compile the city’s strategy, the policies to put in place, drive
the investments, and recognize digital skills and
competencies, in various key sectors of the smart cities. To
this end, DTs with the essential “knowledge” they
consolidate, are instrumental in evaluating these decisions
and the effect that they will have on the city and its society
before they are implemented. For instance, the adoption by
the city or region authorities of one of the 17 Sustainable
Development Goals (SDGs) that were set up in 2015 by the
United Nations General Assembly, presupposes a series of
technical options, trade agreements, consultations, pilots
which ensure the desired result.

Building smart cities is a huge and arduous task. Therefore,
not having a clear business model, it blurs the large picture
and may confuse the joint efforts of the society and lead to
lock-in situations. For instance, to whom should we assign
the role of smart city operator, which platform should it be
selected, open source or from a vendor? These and many
other questions pop up in every step of the city development.
Consequently, METACITIES highlights the important role of
business models which become an integrated part of its scope.
AU's extensive experience on innovative business modelling
will be capitalized to that effect.

IV. METACITIES OVERALL ARCHITECTURE

The concept of a “digital twin city” 4-6 was introduced in the
planning and construction of smart cities. Based on the
information technology systems of digital identification,
automated perception, networked connection, inclusive
computing, intelligent control and platform services, a digital
city matching the physical city is recreated in the digital
space, with holographic simulation, dynamic monitoring,
real-time diagnosis and accurate prediction of the state of the
physical city entity in the real environment. This helps
promote the digitalization and virtualization of all elements
of the city, a real-time visualization of the entire metropolis,
and intelligent and collaborative urban operation and
management. As a result, the physical and virtual cities can
be engaged in synergistic interaction and parallel operations.
The concept of “smart city digital twins” [7] was proposed,
from the perspective of an urban platform, as an intelligent,
internet of things (IoT)-enabled, data-rich urban virtual
platform that can be used to replicate and simulate changes
that occur in real cities in order to improve the resilience,
sustainability and liveability of cities.

The importance of Digital Twins in Smart Cities

Since 2019, the concept of a digital twin city has been widely
promoted and regarded as a new application model that
utilizes real-time data, Internet of Things (IoT) sensors,
integrates data from various sources, provides real-time
insights, advanced analytics to monitor, facilitates predictive
analysis, and supports decision-making for urban planning
and management. Following we present how digital twins can
support smart cities.

. Integration of IoT and Big Data: Digital twins rely
on IoT sensors embedded within urban infrastructure to
collect data on energy consumption, traffic patterns, air
quality, waste management, and more. This data is processed
and analyzed using big data techniques to generate actionable
insights for improving urban services, sustainability, and
resource management.

. Real-Time Monitoring and Predictive Analysis:
Digital twins enable real-time monitoring of physical assets
and systems, providing a comprehensive view of their
operational status. By analyzing historical and real-time data,
these virtual replicas can also forecast future conditions,
allowing proactive decision-making to mitigate issues and
optimize resource allocation.

. Urban Planning and Design: Digital twins help
urban planners and architects simulate the impact of new
infrastructure  projects or policy changes before
implementation. By creating virtual replicas of proposed



developments, city planners can evaluate factors such as
traffic flow, energy consumption, and environmental impact,
optimizing designs and reducing costly revisions.

. Improved Operational Efficiency: Digital twins
optimize the operational efficiency of smart cities by enabling
predictive maintenance. Continuously monitoring and
analyzing real-time data from sensors can predict potential
failures or performance issues predicted, allowing
maintenance teams to address problems proactively and
minimize downtime.

. Citizen Engagement and Participation: Digital twins
foster citizen engagement by providing an interactive
platform for residents to access and contribute data. Citizens
can report issues, provide feedback, and access real-time
information on services like transportation, waste
management, and public safety, enhancing transparency and
collaboration between municipalities and residents.

. Resilience and Emergency Response: Digital twins
play a vital role in enhancing the resilience of smart cities. By
simulating various scenarios and emergency situations, such
as natural disasters or terrorist attacks, city authorities can
better understand potential impacts, optimize emergency
response plans, and allocate resources effectively.

. Data Security and Privacy: As digital twins rely on
vast amounts of sensitive data, ensuring data security and
privacy is paramount. Advanced encryption, authentication
mechanisms, and data anonymization techniques are
employed to protect citizen data and prevent unauthorized
access.

. Integration with Emerging Technologies: Digital
twins are increasingly integrated with emerging technologies
such as artificial intelligence (Al), machine learning (ML),
and augmented reality (AR). Al and ML algorithms enhance
data analysis and pattern recognition capabilities, while AR
provides immersive visualizations and overlays to aid
decision-making and urban planning.

. Interoperability and Standards: To enable seamless
integration and exchange of data between different digital
twins and urban systems, the development of interoperable
standards is crucial. Organizations and industry consortia are

working towards establishing open standards and
frameworks to ensure compatibility and promote
collaboration.

V. METACITIES VISION

METACITIES is an Excellence Hub that supports the
development of a OTDF for future cities focusing in use cases
with social impact like at Smart Mobility, Green City and
Urban Planning while conducting a socio-techno-economic
requirements analysis. Currently the main conclusions are
depicted in the identified functional and non-functional
requirements. Regarding the Smart Mobility, users wish real-
time information and notifications on parking availability,
ability to pay using different payment methods, automatically
identify valid people with disabilities, identify and track
emergency incidents, monitor traffic volume, etc. Regarding
the Urban Planning, users wish real-time data such as traffic,
weather, and air quality, access to historical data and future

projections about the city’s infrastructure and energy
performance, virtual and/or augmented reality view of the
city. Regarding the Energy and Green City, users also wish
real-time data for energy consumption, CO2 levels in interior
spaces, consumption of electricity, water and heat, level of
lighting, access to data for both public and residential
buildings and compatibility with other planning tools. Similar
non-functional requirements emerged for all use cases, like
privacy-preserving mechanisms to protect user’s personal and
financial data, Al algorithms for prediction, user-friendly
interfaces and mobile applications, utilization of IoT sensors
for data collection and accessible and inclusive platforms for
all. To that respect the proposal of the first version of the
generic Digital Twin architecture. The proposal is a high-level
architecture and depicts the initial blocks and requirements for
the METACITIES digital architecture that can support the
specific DTs and Metaverses that can lie at the core of the R&I
Strategies. Layers are cleanly separated with each serving
clear purposes: Device layer, Edge Computing layer, Data
Acquisition layer, Storage layer, Service layer and
Application layer. Additionally, a generic overview of all
METACITIES network elements and technologies that will be
exploited, is presented.
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