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Abstract. The historic centre of European cities shows great transformative potential: it
catalyzes collective interests, while being characterized by specific challenges related to
the balance between conservation, mitigation and adaptation in a climate resilience
perspective. Digital technologies play an enabling role in this plural scenario of actors and
approaches: they allow to monitor the energy performance of heritage buildings, to collect
information in real time about their reaction to climate change and to simulate adaptive
transformations of such buildings. The implementation of technologies on the historic
centre (sensors, simulation and management platforms) allows to generate, store, monitor
and communicate data that help intervene effectively in domains such as air quality,
heatwaves and heritage’s energy performance, proposing mitigating strategies and
evaluating its effect in a scenario-building perspective. In the field of technologies applied
to urban systems, urban digital twins represent an evolving frontier by virtue of their
ability to respond in real time to the complex problems of the urban infrastructure and to
optimize it through predictive mechanisms. European policies for the twin transition,
ecological and digital, are putting a stress on the people-centric approach which remains,
up to today, an unresolved challenge of digital twins, which are still not able to incorporate
the social, cultural and human component in an adequate way.The present contribution
will investigate the future trajectories for the integration of co-design actions on heritage
and digital twins with a twofold focus: on technologies and capabilities, and on the hybrid
role of digital twins as support to the transition of the historic centre and lever for the
reinterpretation of the historic centre itself as a laboratory for collective research,
experimenting adaptive solutions in response to climate and environmental risks.

Keywords: historic city, urban digital twins, data-driven regeneration, participatory
approaches, climate resilience


mailto:andrea.boeri@unibo.it
mailto:danila.longo@unibo.it
mailto:m.massari@unibo.it
mailto:f.sabatini@unibo.it

1 Supporting urban resilience with enabling technologies:
from Information and Communication Technologies to Urban
Digital Twins

The European Green Deal, the strategy launched by the European Commission in 2020,
posits that the transition towards climate neutrality in the continent will be pivoted
around two pillars, the green and the digital transition. With the latter transition, Europe
aspires to boost its competitiveness in the global market becoming the first digitally
enabled circular economy. The Green Deal additionally places a stress on the social side
of the transition, making it imperative “that no one is left behind” on the way to
neutrality [1][2].

These discourses have a twofold implication: the first is the enabling role that the
Commission attributes to the digital transition in steering the green transition; the second
is the centrality of citizens in the just transition [3], in both a passive and an active sense,
meaning their role of beneficiaries and actors of the transition [4]. From these two
distinct implications, a third emerges, which reconciles the two — that is, the role digital
technologies can play in fostering citizen participation to the transition towards climate
neutrality. Among the technologies which are rapidly evolving are 3D digitalization,
Augmented and Virtual Reality (AR and VR), and Information and Communication
Technologies (ICTs), which has in recent years expanded the frontiers of visualization
and fruition, the production of new urban services, the creation of interaction platforms
between stakeholders [5]. The application of technologies to transition-related processes
is gaining renewed momentum in urban planning and governance, and in the related
literature. This is due to two factors: on the one hand, the possibilities they offer to
provide real-time data that is usable to monitor and, thus, implement actions to “reduce
traffic congestion, protect the environment, respond to climate change, better attend to
the needs of underserved communities, support economic vitality” [6]. On the other, the
ability of ICTs to foster participation, allowing citizens “to identify priorities, strategies
and goals for the smart city strategy and be considered as actors at the center of the
implementation and benefits of the smart city projects” [7].

In the case of the European context, urbanization patterns orbit around the historic city,
whose centrality is physical, symbolic and strategic at a time, making it an area with
conflicting necessities and great transformative potential: as noted by Trovato and
Cappello [8], “The ecological transition of the historic centre is a multi-goal, multi-
strategic, multilayer, multi-stakeholder, and complex value process”, as it catalyzes
collective interests, while being characterized by specific challenges related to the
balance between conservation, mitigation and adaptation in a climate resilience
perspective. Three levels can be thus identified, positing challenges and catalyzing
potential in historic cities: the first is that of the existing building stock and its
infrastructure, which in most cases consists of heritage of historical and cultural value,
and for which constraints of preservation are in contrast with the need for energy retrofit
interventions and of mitigative solutions to reduce heat islands [9]; the second is the
presence of a dense network of stakeholders, which presents its criticalities due to the
conflicts related to ownership and to diverse interests, but also its potential because
historic cities can be configurated as living labs for collaboration around the practice of
regeneration, adaptive reuse and climate resilience strategies [10]. The third is, once



again, that of technologies and of ICTs specifically, and the role they can play in
reconciling these dimensions: first, in enhancing their environmental performance while
preserving culturally and historically relevant features, thus implementing effective
heritage building maintenance management [11]; second, in creating, from the part of
different stakeholders (and citizens specifically), “new effective ways of accessing,
understanding and safeguarding cultural heritage” [5]. In the particular case of historic
cities, the convergence of resilience concerns and of accessibility ones find in digital
applications a most fertile ground for experimentation, where the possibilities offered in
terms of building restoration, energy efficiency measures and performance monitoring
converge with enhanced knowledge, interaction and fruition possibilities from the part
of users.

The most recent and experimental applications of digital technologies and ICTs to urban
management have been oriented towards the creation of urban digital twins (UDTs).
Digital twins, virtual replicas of physical objects which, in the case of UDTs, replicate
complex urban systems, move beyond the mere collection of real-time data and,
consequently, beyond previous technologies used in city planning, from a manifold
perspective, of which three dimensions are worth observing in this domain: the first is
by incorporating Al to produce simulations at different scales (from the building to the
city), thus configurating UDTs as decision support systems to forecast impact scenarios
for proposed urban transformations, based on predictive models [12]. The second is by
proposing real time corrective actions: UDTs, in facts, have the potential not only to
picture data about the real environment; they are able to transform these inputs into
responses which improve the efficiency of the urban system for what concerns, for
instance, traffic congestion and pollution in a semi-automated way (I.e. without the
mediation of a human agent that receives this feedback and adopts corrective actions)
[13]. The third, which represents the most interesting frontier of research on UDTs, is
the possibility they offer to interact with users and citizens and to incorporate the social
component of urban systems in them, representing both collective behaviors (by
collecting data about them) and their preferences (by collecting data submitted by users
themselves) [14]. A more detailed discussion on the potential, limitations, controversies
and future streams of research and development associated with UDTs is presented later
in detail.

The present research analyzes how technologies, and specifically ICTs, have been used
to make urban systems more resilient from a climate-neutral perspective and more
inclusive through co-design and enabling technologies, in the framework of the just
transition. This research domain will be inspected from the empirical perspective,
specifically, of two H2020 projects: the ROCK project (Regeneration and Optimization
of Cultural heritage in creative and Knowledge cities) and the 4CH project (Competence
Centre for the Conservation of Cultural Heritage); starting from these experimental
premises, the paper will elaborate on future development trends of technologies applied
to the transition of historic cities by looking more in detail at the implications of Urban
Digital Twins. The paper is structured as follows: after a state of the art presented in the
first section, the second section introduces the methodology and the case studies with
the aim of interpreting future trends for the development of UDTs based on the results
of the presented projects. The third section draws conclusions.



2 Method and literature review

The research proposes a review of the state of the art of technologies and ICTs in the
regeneration of historic cities within a climate neutrality perspective; this state of the art
is then looked at empirically through fieldwork [15], that is, two projects which the
research team has carried out. The projects are complementary in nature, in that they
incorporate different levels, from the local to the European one, they embed different
levels of stakeholder interaction and citizen participation and different scales and
approaches of ICT intervention, from the building scanning and retrofitting to urban
mapping and scenario building. Reflections on both fieldwork and literature allow to
build further knowledge for the implementation of emerging research and applications
of Urban Digital Twins with the particular purpose of regenerating historic cities,
incorporating considerations on both citizen participation and technological
advancements.

The projects illustrated below are inscribed within smart city concepts and applications
applied to historic cities and with a focus on cultural heritage regeneration and
valorization. These have been widely explored in literature: in particular, what has been
illustrated is the ability of technologies and ICTs to enhance knowledge and fruition
possibilities around cultural heritage and the historic city, as well as platforms for
collaboration and decision making, aiming at accessibility, preservation and cooperation
among stakeholders.

The most common technological tools that have been applied to the domain of the
historic city comprise, first, the so-called enabling technologies, including IoT, cloud
computing, wireless sensor networks, mobile broadband and short-range wireless
technologies; second, visualization technologies, including 3D visualization,
geovisualization, and augmented reality [16]. These technologies have become part of
a distinct branch of the smart city discourse, that of smart heritage, which is still evolving
in scope and applications, and which encompasses both digital heritage — that is, heritage
which is natively digital and has already been historicized — and the cultural heritage
environment as a phygital infrastructure where heritage is enhanced and implemented
through technologies aimed at accessibility, transmission, communication and
preservation [17].

3 Experimentations with ICTs and digital technologies on the
historic city and emerging research on Urban Digital Twins

3.1 The ROCK Digital ecosystem

Only The ROCK Project (GA730280) was a H2020 Innovation Action that ran from
2017 to 2020 and it was coordinated by the Municipality of Bologna, with the University
of Bologna as scientific coordinator. It has involved 10 European cities: three Replicator
Cities implementing the most part of actions and seven Role Model Cities sharing their
successful methods and experiences.

The project worked with action-research methodologies [18] to demonstrate whether
and how historic European cities can become living laboratories where new models of
urban regeneration guided by cultural heritage (tangible and intangible) can be tested.



The experimental actions proposed by the project focused on public open spaces, which
hosted interventions of temporary transformation of street furniture, artistic
performances, unprecedented uses of institutional spaces: a palimpsest of proposals
aimed at verifying the effectiveness of activities driven by and in cultural heritage, of
becoming pretexts for a regeneration of contested spaces (university area in Bologna, of
bringing new meanings in central areas subject to overtourism (Skopje bazaar), of acting
as a community archive in suburbs subject to gentrification risk.

To the spatial actions, the ROCK project has combined a sophisticated enabling
technology facility, which promises to provide thematic and systematic access to data
on CH, its constraints and limitations, and the possibilities for new uses. Much of the
information provided by ROCK is derived and shared by cross-sectoral actors involved
in research activities. These elements are held together by a digital infrastructure, an
interoperable platform based on the management dashboard model typical of many
smart city interfaces. ROCK aims to bring together both aggregated data and elements
emerging from participatory processes related to CH regeneration into a decision-
support tool that is not intended to be merely informational or managerial, but to observe
and evaluate a new approach to heritage regeneration in Europe's historic centers.

The ROCK platform works on relational aspects of heritage recognition, production and
management, providing procedures for the design, monitoring and evaluation of CH-
driven urban regeneration processes. Measurable data, but also information from field
observations, interviews, ethnographic research, and participatory activities are in turn
collected in the Atlas tool, an interactive interface that enables the collection, access,
and comparison of data on project actions in the three replicating cities, facilitating
communication and relationships between different sources of information.

3.2 The 4CH project: cross-polinating competences for heritage preservation
in a climate-resilient perspective

As outlined in the first section, the digitalization of Cultural Heritage is characterized
by major challenges and opportunities due to the interests it catalyzes, the symbolic and
identity values it embeds, and the concerns associated with its conservation on one side,
and its enhancement on the other. This has, in recent years, led the policy focus to shift
intensely towards digitalization — which, however, require new technologies to be
developed to meet the challenges caused by the effect climate change is having on
heritage itself, if it aspires at preserving it from both human and natural harms, and those
associated with the digital divide, if digitalization is truly to achieve democratization in
fruition [19]. This will require a coordination effort between entities and a cross-
polination of expertise which has been advocated by the “Digital4Culture” strategy of
the New European Agenda for Culture [1].

4CH (GA101004468), started in 2021 and to be concluded in 2024, was born within this
framework, and precisely as a support infrastructure for the creation of a European
Competence Centre on Cultural Heritage, providing consultancy, support and services
to the stakeholders revolving around the domain of heritage: in particular, it will aim at
knowledge transfer on heritage-related sciences and disciplines, financing opportunities
and good practices at the national and international level, facilitating coordination and
cooperation among stakeholders and among EU countries around a common
understanding, though diversified and stratified in its complex nature, of heritage itself



[20]. The 4CH organizational structure is articulated in three levels: a central hub, the
Competence Centre itself, a network of national nodes which will act in synergy with
the Centre, and a third level of research centres, public and private institutions able to
respond to the specific national context in legal, administrative, financial, managerial
and coordination terms. For what concerns the digital technologies and tools around
which the project revolves, an emphasis is placed on 3D modelling, Al, IoT and ICT
solutions for documenting, preserving, valorizing monuments and sites and mitigating
risk [21]. 4CH foresees the creation of two operational structures: a “Cultural Heritage
Cloud” to define and improve the tools for heritage science processing, integration, and
analysis (THESPIAN) suite, a set of web services aimed at offering multiple
microservices” and for” for storing their raw data by following the FAIR principles for
establishing integration and interoperability among shared information” [22], followed
by the development of a High Performance Computing Centre (HPCC).

33 Discussion about implications for DTs

While the smart heritage discourse is expanding and is developing as a distinct branch
within smart cities, the smart city literature itself is now shifting towards urban digital
twins. Digital Twins were originally developed in industrial settings to mimic objects in
the real world, in order to produce low-cost prototypes and to support feasibility studies
and lifecycle assessments, among other things, through simulations. The concept
developed quite early in the XXI century, and was codified as being composed by three
parts: a physical one, a digital one, and the connection that ties them — which, in the case
of a Digital Twin, is different from that of other technologies in the sense that it is not
mediated by a human input, but is automated (the flow of data is continuous) and
bidirectional - not only the real world informs the Digital Twin, but vice versa, the
Digital Twin is able to influence the real world through, for instance, corrective and
adaptive actions depending on the type of input received [23]. Digital Twin technology
“deeply integrates hardware, software, and IoT technologies to enrich and improve
virtual entities” [24].

One of the first applications in this domain was developed by NASA, which used it as
an information mirroring model for aircrafts and aerospace because of its ability to
“continuously forecast the health of a vehicle or system, its remaining useful life, and
the probability of mission success [24]. Digital twins soon began to be applied to more
complex objects such as buildings: consolidating intelligent building representations
such as Building Information Modelling (BIM) to which it added dynamic and real-time
data through IoT, DTs for buildings have become powerful tools to, for instance,
enhance the energy performance of buildings [25], to allow for a more effective building
operation management and maintenance of the building stock [26] and to enhance
human comfort and well-being among other benefits. The natural evolution of the DTs
of buildings was an extended application to the built environment in cities. Given the
benefits provided by DTs, digital innovation that enables the management of physical
assets throughout their life cycle can be transferred to the environment surrounding the
building and consequently to the infrastructure connecting it, public spaces and services.
Among the technologies used to produce the Digital Twin of a city are, obviously, BIM
and IoT (using sensors and 5G), followed by blockchain technologies and collaborative
computing [26].



As an experimental field in development, Digital Twins still show their technical
limitations and fields that require further experimentation such as sensor arrangement,
the automation of the data flow and digital architecture, together with a homogenization
of architecture and standards which could allow system interoperability [27]. In the
specific case of Urban Digital Twins, however, the greatest challenge seems to be
represented by the complexity and the intrinsic unpredictability of human behavior as
well as of the interaction of the many systems (mobility, built environment, green
infrastructure) which compose the urban fabric, and which require that diversified sets
of data are not only collected and represented in a digital model, but automated and used
to forecast specific scenarios. To this layer of complexity, another one must be added:
while existing smart city technologies were already going in the direction of
participatory practices and were already quite extensively applied in the domain of the
historic city, the focus of digital twin technologies is still largely on the technological
implementation of the physical infrastructure of cities, rather than on its social
dimension; what is more, from a geographical perspective, the development of Digital
Twin for cities is still lagging in Europe, and is highly developed in the digital agenda
in Asia [28]. European prodromes of urban digital twins have been tested in Cambridge,
where the DT has been implemented for a part of the campus [29]; in Athens and Pilsen
(Czech Republic) within the DUET pilot project [30]; in Herrenberg [31], which has
focused on enabling technologies for involving citizens in voluntary data collection
feeding the digital twin through People’s movement routes, social data, and
photographic impression; cities like Bologna, Barcelona and Amsterdam are in the
process of implementing their own UDTs.

Especially in the light of the huge capacity they have not only to store data and allow
for their visualization, but also for their dynamic interaction with the built environment,
DTs have a huge potential for urban planning and management, especially in the case
of historic cities and of their present challenges, namely heritage preservation within the
climate emergency.

While DTs are building largely upon the use of technology that has been made up to the
present day in cities to monitor, represent and enhance the city within a smart city
framework, some elements are still missing and some challenges are still to be faced in
developing Urban DTs. Namely Batty, in Charitonidou [32] notes that “‘one of the
quests in city modelling is to merge social and economic processes with the built
environment and to link functional and physical processes to socio-economic
representations’”, while to Raes et al. [30] “Understanding how people experience their
built environment can be used by policy makers to develop smart cities in line with
evolving patterns and preferences”. Similarly, Dembski et al. [31] emphasize the need
to use DTs in participatory decision-making processes while preserving data
sovereignty and transparency, while also embedding co-design and the voluntary co-
generation and co-sharing of data in the implementation process of DTs themselves.
UDTs, therefore, could build on previous knowledge corroborated by existing projects
involving ICTs and other technologies which enhance the fruition and preservation of
heritage, which help understand the relationship between citizens and the built
environment and which facilitate participatory processes and co-design practices, in
order to fully represent the complexity of the urban fabric and to account for the needs
of the plural society which inhabit it. Especially in the case of the historic city, it is
important that this social dimension is incorporated to account for the role of citizens in



shaping them and in taking active part in their regeneration, while also accounting to the
many values attached to the historic city and to built heritage by citizens themselves.

4 Conclusions

In conclusion, this paper has highlighted the significance of technologies and
information and communication technologies (ICTs) in the regeneration of historic
cities from a climate neutrality perspective. The study specifically focused on the
application of these technologies to the unique context of historic cities, considering
their cultural heritage and preservation requirements.

The findings underscored the specific applications of ICTs in historic cities, which have
shown immense potential for enhancing knowledge, accessibility, and preservation of
cultural heritage. Through the projects examined in this study, such as the ROCK Project
and the 4CH Project, innovative approaches were developed to leverage ICTs for
cultural heritage regeneration and valorization.

The ROCK Project, an H2020 Innovation Action, exemplified how cultural heritage-
driven urban regeneration processes can be realized through ICT interventions. By
utilizing enabling technologies and a sophisticated digital infrastructure, the project
successfully demonstrated the effectiveness of activities driven by and in cultural
heritage. The ROCK platform provided a decision-support tool that integrated
aggregated data and participatory processes, contributing to a new approach to heritage
regeneration in historic centers.

The ongoing 4CH Project aims to establish a European Competence Centre on Cultural
Heritage. This project recognizes the importance of cross-pollinating competences and
expertise for heritage preservation, particularly in the face of climate change. It
highlights the need for new technologies, including 3D modeling, artificial intelligence,
IoT, and ICT solutions, to address the challenges associated with the preservation and
digitization of cultural heritage.

Moreover, the discussion revealed the emergence of a new trend in the field, namely the
shift from ICTs to Urban Digital Twins. While ICTs have played a significant role in
enhancing cultural heritage in historic cities, the concept of Urban Digital Twins offers
even more comprehensive and dynamic representations of urban environments. Urban
Digital Twins integrate technologies such as Building Information Modeling (BIM),
IoT, blockchain, and collaborative computing to create digital replicas of cities.
However, it is important to acknowledge that challenges remain, including technical
limitations, system interoperability, and the complex nature of human behavior and
urban systems. Understanding how individuals experience their built environment is
crucial for policymakers to develop smart cities that align with evolving dynamics,
patterns and preferences.

In summary, this research contributes to the understanding of the specific applications
of ICTs to historic cities and the growing shift towards Urban Digital Twins. By
exploring the case studies of the ROCK and 4CH projects, we have gained insights into
how these technologies can enhance cultural heritage regeneration and preservation.
Future research should further explore and address the challenges associated with Urban
Digital Twins, while considering the social dimensions of technology implementation.



By doing so, we can continue to foster sustainable and climate-neutral development in
historic cities while preserving their invaluable cultural heritage for future generations.
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