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Abstract. 
The awareness of the huge carbon footprint and the related targets aimed at reducing it, require cities to 
be supported in their climate neutral transition. Urban Digital Twins (UDTs) have emerged as cutting- 
edge technologies to address urban complexity and to exploit the massive amount of machine-readable 
data produced by the city physical and non-physical systems. At the centre of the recent debate and 
scientific research, UDTs are addressed in a rapidly growing literature, pilot projects, proof-of-concepts 
and applications to several contexts. Studies and prototypes are leading the maturity development of 
UDT to gradually improve, contributing to gaining consensus among key stakeholders and urban 
decision makers, but the state of the art has not proved how exactly its potential benefits will be pursued 
and sustained. In this evolving scenario, the paper objective is the analysis of a literature review and a 
case studies selection, to identify the current use of the UDT as enabling tool in the comprehensive and 
joint framework of urban regeneration and decarbonization, addressing, in particular, the under- 
researched and poorly conceptualized integration of socio-economic-cultural systems. 

 
 

Keywords: digital twin, urban regeneration, decarbonization, clean energy transition, data-driven 
decision making, human-centric approach, literature review 

 
 

1. Introduction 
The awareness of the huge carbon footprint and the related targets aimed at reducing it, require cities to 
be supported in their climate neutral transition [1]. Integrated strategies, actions and tools that generate 
benefits not only on energy/climate challenges but also on liveability, global urban efficiency, health 
and quality of life for citizens are needed, thus involving a large number of variables and implying a 
high level of interdependency. To cope with this complexity, to support decision-makers in defining 
actions and strategies aimed at achieving decarbonisation and regeneration targets, to enable impact 
assessment and to obtain feedback on their effectiveness, the development of tools and technologies are 
under constant evolution [2]. 

Urban Digital Twins (UDTs) have emerged as cutting-edge technologies to address urban complexity 
and to exploit the massive amount of machine-readable data produced by the city physical and non- 
physical systems. Regeneration and decarbonisation of urban areas are recognized as the main 
transversal, multi-domain and strategic DT applications, due to their potential as unprecedented 
infrastructure able to manage, analyse, extract multi-sourced big data, both static and dynamic, historic 
and real-time, referred to all the urban domains: traffic, pollution, energy consumption, risk, safety and 

mailto:rossella.roversi@unibo.it
https://creativecommons.org/licenses/by/4.0/
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security, waste management, etc. UDTs can also foster collaboration and communication among the 
wide range of stakeholders and urban actors, thanks to simulation and visualisation technologies, and 
the incorporation of immersive technologies, such as Augmented, Mixed and Virtual Reality [3,4]. A 
crucial aim of UDTs is to sustain citizens participation and the effective integration of physical, digital 
and human systems, reflecting not only the inorganic built environment but also the living environment, 
to finally deliver sustainable, prosperous and inclusive policy [5]. 

At the centre of the recent debate and scientific research, DTs applied to urban environments are 
addressed in a rapidly growing literature, pilot projects, proof-of-concepts and applications to several 
contexts. Despite this interest, DTs at the urban scale are still to be considered at an extremely 
experimental stage of development and still at a nascent stage [6]. The very definition of DT at the urban 
scale is not univocally established and there are multiple versions in literature, highlighting the various 
declinations of the concept [7–12]. In relation to this conceptual indeterminacy, some interdisciplinary 
and multidisciplinary studies have recently initiated taxonomic analyses about the gradual evolution of 
the notion of DT and its fields of application [13]. 

Most of the literature and reports on real application case studies are mainly focused on technological 
challenges and evolutions, and the UDT is dealt as a supporting technology for smart cities [14]. 
Consequently, and similarly to many smart city and digitization related topics, the current discourse 
around UDTs is mostly confined to sectorial domains and technology-driven perspectives [6]. 

The concept of urban regeneration refers to a comprehensive integration of visions, strategies and 
actions aimed at solving the multi-faceted problems and deprived condition of city areas, and leading to 
the improvement of their economic, physical, social, and environmental situation [15]. Nevertheless, the 
representation of socio-economic-cultural systems/layers in UDTs is still a challenge, and their effective 
integration an under-researched and poorly conceptualized topic [16]. 

In order to contribute to frame this issue and to draft a state of the art, this paper proposes a literature 
review and the analysis of a selection of case studies, allowing an investigation of the role of UDTs in 
the complex urban dimension and focuses, in particular, on the use of UDTs as enabling tools for 
strategies and actions in the comprehensive and joint framework of urban regeneration and 
decarbonization. 

The paper is structured as follows: section 2 illustrates the methodology of the multidisciplinary 
literature review on papers, and the criteria of the case studies selection; section 3 presents the results of 
the inquiry and section 4 analyses the evolution of UDTs in the socio-technical perspective, the issue of 
the incorporation of data from non-physical sources (social, cultural, economic domains) and the use of 
UDT as technological infrastructure for decarbonization and regeneration strategies; section 4 is 
dedicated to the conclusions. 

 
2. Materials and Methods 
The city dimension is represented by a complex and multi-layered system, encompassing physical and 
non-physical structures. Thus, the regeneration and decarbonization of degraded city areas, seeking 
optimal results from both the mentioned goals, need to integrate multi-actor insights, knowledge and 
perspectives [5]. For this reason, the paper inquiry adopts trans-disciplinary and multi-thematic criteria 
of selection and analysis to investigate the use of UDT as socio-technical infrastructure, addressing the 
multiplicity of material and immaterial factors at stake. 
The paper methodology relies on a two-pronged approach: 

● A quantitative/qualitative literature review on papers about UDT, employing Scopus database 
(https://www.scopus.com/, accessed in March-April 2024) 

● A selection and analysis of relevant case studies of district/city UDTs, in order to identify aims, 
fields of application, regeneration/decarbonization strategies. 

The methodology of both activities is described in the following paragraph 2.1. 
 

http://www.scopus.com/
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2.1. Literature review 

The literature review was carried out on DT at the neighbourhood/district scale, intended as a 
portion/sector of a city, or at the scale of the entire urban environment. Such different geographic entities 
and scales can be variously defined; thus, the search must be performed using several key words, in 
order to completely cover the scientific contributions addressing DTs, encompassing those related to 
built environment but excluding the mere object or individual building scale. 

Considering that the subject of this research is UDTs pertaining regeneration and decarbonization, 
the literature boundaries are not only delimited by the urban scale, but also by the scope of application 
of UDT as a data-driven decision-making tool for the management of cities, for their planning and 
governance processes, and for supporting climate change resilience and decarbonization strategies. 
Therefore, the scientific production, selected through the above-mentioned criteria, does not include 
articles on specialized technological solutions and applications of individual tools or methodologies. 
Only articles in English and published after a peer-review process were included in the review, as 
additional criteria to ensure the widest dissemination and scientific relevance of the contributions. 

In order to select relevant papers, a systematic search was performed on Scopus database, searching 
through the queries in Table 1. 

The emerged literature, consisting of both journal papers and conference proceedings, was filtered 
for relevance according to subject areas considered of particular interest for the research (i.e. “Energy”, 
“Environmental Science”, “Social Sciences”, “Multidisciplinary”, “Economic, Econometrics and 
Finance”). Then, the research was limited to the Open Access methods of publication (GOA). This 
process results in a collection of 198 peer-reviewed publications. 

 
Table 1. Search in Scopus database on digital twin at urban/city scale, according with the regeneration 
and decarbonization topics and filtered per subject areas: query name, query string, number of results 
Gold Open Access (GOA). Source: Author. 

 

Query name Synthetic query string G.O.A. Query Results 

urban digital twin TITLE-ABS-KEY ("urban digital twin") AND 17 
(LIMIT-TO (OA,"publisherfullgold") 

city digital twin TITLE-ABS-KEY ("city digital twin") AND 
(LIMIT-TO (OA,"publisherfullgold") 

digital twin AND urban environment 
TITLE-ABS-KEY ("digital twin" AND urban AND 

environment) AND  LIMIT-TO ( OA, 49 
"publisherfullgold") 

digital twin AND 
district/neighborhood 

 

TITLE-ABS-KEY ("digital twin" AND district OR 
neighborhoods) AND ( LIMIT-TO (OA, 29 

"publisherfullgold") 
 

 

 

urban regeneration AND digital twin 

TITLE-ABS- 
KEY ( urban AND regeneration ) AND TITLE- 

ABS-KEY ( digital AND twin ) AND ( LIMIT-TO 30 
“(OA, "publisherfullgold") 

green AND digital twin TITLE-ABS-KEY ( "green" "digital twin" ) AND ( 
LIMIT-TO ( OA , "publisherfullgold" ) 

decarbonization AND digital twin 

 
TITLE-ABS-KEY ( decarbonization AND digital 

AND twin ) AND ( LIMIT-TO ( OA , 4 
"publisherfullgold" ) 

 
 

32 

37 
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Out of the 198 articles resulting from the search output, 62 were excluded due to duplication between 
the search queries outputs. 

Thereafter, a qualitative selection was carried out to assess the relevance of the articles, by sifting 
through the abstracts or reading the full text and excluding those that were not pertinent or irrelevant to 
the scope of the research. A considerable number of papers were focused on technological developments 
of UDTs, dealing with BIM-GIS solutions, single fields of AI and data analytics experimentation, 
technical tools optimization, 3D modeling or reconstruction, or other sectorial research that led to their 
exclusion from the final list. 

The whole process resulted in a final collection of 46 peer-reviewed OA articles. Figure 1 shows the 
methodological approach adopted in the selection process of literature production present in the Scopus 
database. 

 

 
Figure 1. Scopus database searching methodological approach. Source: Author. 

 
2.2 Selection of case studies 
Various international case studies have experimented and tested DT applications at scales larger than 
the building one or the building small aggregate. The most frequent scale is the district/ neighbourhood, 
since it already contains the main elements that form the urban environment, although they are 
distributed over a more limited territorial extension, consequently more easily documented and often 
characterized by a lower level of complexity. 

The selection of the case studies proposed in this paper does not claim to be exhaustive: it has been 
carried out on the basis of their relevance for the urban regeneration and decarbonization topics, their 
documented presence in the literature, the quantity and quality of information. Being queryable database 
or thematic repositories not available, the search was performed on the web, using a common search 
engine. Moreover, coherently with the aim of the research, the selected case studies had to incorporate 
socio-technical perspectives or approaches, dealing non only with technology challenges but also 
including citizens engagement and feedback, urban co-planning, co-design practices and citizen science 
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experiences. Thus, an analysis and evaluation of each case study documentation was performed, in order 
to verify the consistency. 

Another boundary set by the criteria of selection was the geographic area, limited to European 
countries. The reason is that the documentation on DT projects developed in non-EU continents resulted 
to be difficult to find. Extra EU projects are predominantly financed by private investment and no public 
research centres are usually involved. Therefore, the access to detailed information and/or scientific data 
is reduced due to the ownership of sources, software, platforms and outputs. 

 
3. Results 
3.1 Results of the literature review 
The quantitative/qualitative literature review performed by this research with the supra-mentioned 
criteria, brought to the final selection of 46 papers about the application of the district/city scale digital 
twins to the fields of urban regeneration and clean and green transition. The selected papers are listed in 
Table 2, that also reports if the papers deal with case studies or specific solutions. 

 
Table 2. List of the 46 papers selected by the literature review, with indication of the year of publication 
and the possible discussion of a case study/solution at urban scale. Source: Author. 

 
Literature Title Publication Year Case Study 

Developing a City-Level Digital Twin_ Propositions and a Case Jan. 2019 
Study [17] 

Case Study 
(Cambridge Sub- 

Region - UK) 
 

The Digital Twin of the City of Zurich for Urban Planning [3] Jan. 2020 
Case Study (Zurich -

 
CH) 

Urban Digital Twins for Smart Cities and Citizens: 
The Case Study of Herrenberg, Germany [18] 

Digital Twin: Enabling Technologies, Challenges and Open 
Research [7] 

Digital Information Tools for Urban Regeneration: 

March 2020  Case Study 
(Herremberg - DE) 

June 2020 No 

Sept. 2020 Case Study (Riga - 

 
 
 
 
 
 
 
 
 
 

City Digital Twin Potentials: A Review and Research Agenda 
[22] 

March 2021 Case study (Zurich - 
CH) 

 

Smart City based on Digital Twins [23] March 2021 No 
Neighbourhood Modelling for Urban 

Sustainability Assessment [24] 
A systematic review of a digital twin city: A new pattern of 

urban governance toward smart cities [25] 
Internet of Things (IoT) as Sustainable Development Goals 

April 2021 Case Study (Valencia - 
ES) 

June 2021 No 
 

Case Study (Zaragoza 
(SDG) Enabling Technology towards Smart Readiness 

Indicators (SRI) for University Buildings [9] 
July 2021 - ES) 

Urban development with dynamic digital twins in Helsinki city 
[26] 

Aug. 2021 Case Study (Helsinki - 
FI) 

 

Capital’s Approach in Theory and Practice [5]  LV) 
Future (post-COVID) digital, smart and sustainable cities in the   
wake of 6G: Digital twins, immersive realities and new urban Nov. 2020 No 

economies [19]   
Digital Twins: A Critical Discussion on Their   

Potential for Supporting Policy-Making and Planning in Urban Dec. 2020 No 
Logistics [20]   

  Case Study 
A digital twin smart city for citizen feedback [21] Jan. 2021 (Docklands Dublin - 

  IE) 
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A Socio-Technical Perspective on Urban Analytics: 
The Case of City-Scale Digital Twins [16] 

A Digital Twin Uses Classification System For Urban Planning 
& City Infrastructure Management [27] 

Digital Urban Regeneration and Its Impact on Urban Renewal 
Processes and Development [28] 

A Digital Twin Decision Support System for the Urban Facility 
Management Process [29] 

Digital Twins in Built Environments: An Investigation of the 
Characteristics, Applications, and Challenges [12] 

Urban Scale Digital Twins in Data-Driven Society: Challenging 
Digital Universalism in Urban Planning Decision-Making [30] 
A study on setting the direction of digital twin implementation 

for urban regeneration business [31] 
Digital Twin—Cyber Replica of Physical Things: Architecture, 

Applications and Future Research Directions [32] 
Digital Twin Technology Challenges and Applications: A 

Comprehensive Review [33] 
Insights into placemaking, senior people, and 

digital technology: a systematic quantitative review [34] 
Digital Twin for Urban Planning in the Green Deal Era: A State 

of the Art and Future Perspectives [13] 
Future City, Digital Twinning and the Urban Realm: A 

Systematic Literature Review [6] 
City Digital Twins: their maturity level and 

differentiation from 3D city models [35] 

Sept. 2021  Case Study 
(Cambridge - UK) 

Nov. 2021 No 

Nov. 2021 Multiple Case Studies 

Dec. 2021 Solution (IPPODAMO 
DSS) 

Jan. 2022 No 

Jan. 2022 Multiple Case Studies 

Feb. 2022  Yesan-gun (South 
Corea) 

Feb. 2022 No 
 

March 2022 No 
 

May 2022 No 

May 2022  Case Study 
(Cambridge - UK) 

May 2022 No 
 

May 2022 No 
 

Enabling City Digital Twins Through Urban Living Labs [36] June 2022 
Case Study (Sofia -

 
 
 
 
 
 

Smart city re-imagined: City planning and GeoAI in the age of 
big data [40] 

 
Aug. 2022 No 

 

The adoption of urban digital twins [41] Aug. 2022 No 
Smart cities and innovations: Addressing user acceptance with 

virtual reality and Digital Twin City [42] 
Towards a digital twin for supporting multi‑agency 

incident management in a smart city [43] 
Combining Green Metrics and Digital Twins for Sustainability 
Planning and Governance of Smart Buildings and Cities [44] 

Sept. 2022  Case Study 
(Wuppertal - DE) 

Sept. 2022 No 
 

Oct. 2022 Multiple Case Studies 
 

Use Cases For District-Scale Urban Digital Twins [45] Oct. 2022 No 
Challenges of urban digital twins: A systematic review and a 

Delphi expert survey [46] 
The conundrum in smart city governance: Interoperability and 
compatibility in an ever-growing ecosystem of digital twins 

[47] 
Digital Twin for Active Stakeholder Participation in 

Land-Use Planning [48] 
City Information Models (CIMs) as precursors for Urban 

Digital Twins (UDTs): A case study of Lancaster [49] 
DTUMOS, digital twin for large‑scale urban mobility 

operating system [50] 

Jan. 2023 No 
 

Jan. 2023 No 
 

Feb. 2023 No 

March 2023 Case Study (Lancaster 
- UK) 

March 2023 Solution (DTUMOS) 
 

  BG) 
Incoming Metaverses: Digital Mirrors for Urban Planning [37] June 2022 Multiple Case Studies 

Procedural Cities as Active Simulators for Planning [38] June 2022 Multiple Case Studies 
Digital twin of a city: Review of technology serving city needs 

[39] July 2022 No 
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Recognition of digital twin city from the perspective of 
complex system theory: Lessons from Chinese practice [51] 

The integration of digital twin and serious game framework for 
new normal virtual urban exploration and social interaction [52] 

Urban Digital Twin and urban planning for 
sustainable cities [53] 

Digital Twins for Climate-Neutral and Resilient Cities. State of 
the Art and Future Development as Tools to Support Urban 

Decision-Making [54] 

Apr. 2023 Multiple Case Studies 

Apr. 2023 Multiple Case Studies 

June 2023  Case Study (Zurich - 
CH) 

 
June 2023 Multiple Case Studies 

 

 

3.2 Results of the selection of case studies 
The literature analysis carried out by this research shows a rapidly growing number of publications on 
pilot projects and case studies of DTs on a city or, more frequently, neighbourhood/distict scale. Table 
3 shows the selected UDT case studies and presents a first reading and analysis that highlight the main 
aims of the local UDT development and the fields of application, concerning regeneration and 
decarbonization issues. 

 
Table 3. The selected UDT case studies, with indication of the geographic scale, the aims, main field 
of application and the references. Source: Author. 

 
 

Case Study Scale Main UDT aims 
Main UDT fields of 

application 

 
References 

 
 

Cambridge 
(UK) 

 
 
 
 
 

Kalatasama 
(Helsinky - FI) 

 
 
 
 
 

Zurich 
(CH) 

 
 

Herremberg 

 
 
 

City/region 
 
 
 
 
 
 
 

District 
 
 
 
 
 
 

City 

- to develop practice-informed evidence to influence 
and redirect the development of the CDT concept; 
- to assess the potential and role of the CDT tool 
developed via participation in supporting public 
policy and decision-making; 
- to serve as coordination across sectoral goals and 
policies and informing the use of sectoral models. 

- to provide a platform for designing, testing, 
applying and servicing the entire lifecycle of the built 
environment; 
- to share the 3D city models as open data and allow 
the development of the platform through open source 
tools; 
- to interact with city stakeholders and citizens; 
- to promote the exploitation of digital twins in city 
processes and service production. 

 
- to enable data-driven preventive assessment of risks 
and the impact of the increase of residents; 
- to create simulative and predictive scenarios to 
support sustainable urban development 
policies/actions. 

 
- to foster consensus building; 

 

Transport 
Land use 
Energy 

Air quality 
 
 
 
 
 

Electric mobility 
Solar energy and sun study 
Smart everyday services 

 
 
 

Urban densification 
Risk prevention 

Ventilation analysis 
Solar radiation 

Noise 
Energy 

Traffic 

 
 

Nochta, T. et al. 
(2021) [16] 

 
 

Ruohomaki, T. et 
al. (2018) [55] 

Hämäläinen, M. 
(2021) [26] 
Caprari, G. 
(2022) [13] 

Heikinheimo et 
al. [56] 

Nochta, T. et al. 
(2021) [16] 

Schrotter, G. & 
Hürzeler, C. 
(2020) [3] 

Dembski, F. et al. 

(DE) City 
 
 
 
 

Amsterdam 
City

 
(NL) 

- to involve interested citizens and enhance 
democratisation of decision-making processes. 

 
- to promote balanced and 'smart' urban development 
and better balance between work and other activities; 
- to create economic dynamism and attractiveness for 
young people; 
- to involve citizens in creating a better 
neighbourhood; 

Pollutants 
Air flow 

People’s movement patterns 

Urban planning 
Local economy 

Noise 
Traffic 

Underground infrastructures 
Building permits 

(2019) [57] 
Dembsky, F. et 
al. (2020) [18] 

 
 

D’Hauwers, R. et 
al. (2021) [58]. 
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Rotterdam 
City

 
(DE) 

 
 
 

District 

- to enable easy scenario simulations and data 
visualization. 
- to manage the city's critical infrastructures; 
- to reunite in a single platform the previously 
developed digital solutions; 
- to create new possibilities for citizens participation 
and empowerment; 
- to stimulates economic innovation; 
- to create new services. 
- to develop and test smart transportation solutions; 
- to create a learning ground for autonomous vehicles 

 
 

Safety 
New building plans 

Energy 
Solar potential 
Smart mobility 
Public spaces 

 
Mobility 

Autonomous vehicles 

 
 
 
 

D’Hauwers, R. et 
al. (2021) [58] 

Tampere 
(FI) 

 
 
 

Docklands 
(Dublin_IR) 

(Hervanta- 
/City 

 
 
 

Sub 
area/district 

and to train drivers virtually; 
- to assess the visual end environmental impact of 
new designed buildings and allow citizens to choose 
the best option. 
- to test smart city solutions; 
- to receive feedback from citizens on the DT model 
and its communication interface; 
- to evaluate the relationship between planned 
buildings and the urban skyline; 
- to experiment citizen science. 

New buildings 
Training activities 
Safety and security 

Safety 
Mobility 

Risk assessment 
Air quality 

Urban microclimate 

Charitonidou, M. 
(2022) [30] 

 
 
 

White, G. et al 
(2021) [21] 

 

 

4. Discussion 
4.1 Urban digital twin towards a socio-technical perspective 
The considerable number of publications produced in the last years confirms that the discussion on the 
topic of UDTs is extremely recent but represents a significant field of research. 

The terminology used to identify DTs at the urban scale is ambiguous and often inconsistent [59], as 
in literature the same concept, with slightly different nuances, can be found expressed through a variety 
of terms and designations. The most used and shared are: 

• According with White et al. (2021) [21]: Digital Twin Smart Cities Model (DTSCM) 
• According with Deng et al. (2021) [25]: Digital Twin City (DTC) 
• According with Mohammadi & Taylor (2017) [60]: Smart City Digital Twins (SCDT) 
• According with Shahat et al. (2021) [22]: City Digital Twin (CDT) 
• According with Dembski et al. (2020) [18] ed Alva et al. (2022) [45]: Urban Digital Twin 

(UDT) 
Other denominations referring to concepts somewhat aside from DT, but less used than the list above, 
are: 

• According with Saeed, Z. et al (2022) [6] and Allam et al. [19]: Future City 
• According with Finger & Portmann (2016) [61]: Cognitive city 

The concept of Digital Twin originated about two decades ago and has been present in literature ever 
since [62]. There is consensus among the authors that, to date, a single and univocal definition does not 
exist since it varies depending on the scope of the DT, the disciplinary sector, the scale of the physical 
component to be replicated and other possible variables [7,9–12,63]. 

According to Grieves, that first coined the term in 2002 [64] during a presentation at the University 
of Michigan for the creation of a Product Lifecycle Management centre (PLM) “while the terminology 
has changed over time, the basic concept of the Digital Twin model has remained fairly stable from its 
inception in 2002. It is based on the idea that a digital informational construct about a physical system 
could be created as an entity on its own. This digital information would be a “twin” of the information 
that was embedded within the physical system itself and be linked with that physical system through the 
entire lifecycle of the system” [62]. 

In relation to this conceptual indeterminacy, some interdisciplinary and multidisciplinary studies 
have recently initiated taxonomic analyses about the gradual evolution of the UDT concept. 

In their investigation about characteristics, challenges and applications of DTs in the built 
environment, Shahzad et al. made a selection of the most relevant and cited definitions of the term 
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“digital twin” in literature, providing a synthesis of each one and drafting a broad spectrum of 
application of DT at several domains [12]. 

Caprari, in 2022, puts directly in relation the DT and the socio-health, climate, and environmental 
crises [13]. In his updated literature overview, Caprari provides a list of transdisciplinary studies that 
include taxonomic analysis about the history and the correlation between the UDT concept and the 
related fields of development and application. For Caprari, a “Digital Twin for Urban Planning in the 
Green Deal Era” is a “tool to provide decision-makers with new ways such as: simulative/predictive 
analyses from real measured data (even simultaneously) for modification to specific city systems or 
places (e.g., accesses and local mobility); directing planning choices on the basis of monitoring and 
historical data series (e.g., maintenance and enhancement of the landscape heritage and urban green 
areas); managing the dynamics of participation and listening to the community involved in a DT 
project” (p.11). 

Deren et al. [23] reconstruct the birth and development of DTs since their appearance in industry and 
manufacturing design, the upscaling and the intersection with the concept of smart city, mainly due to 
the improvement of technologies. But the transition of scale from manufacturing to city, passing through 
the building scale, implies not only technical adaptations, for instance related to visualization, 
modelling, data generation, availability, interoperability and ownership, but especially the need to 
consider the shift from the technical to the socio-technical perspective [16,65]. 

Despite the rapid evolutions of smart city tools and the extreme confidence in their coming positive 
improvements, several scholars identify in a holistic approach, able to take into consideration the 
complexity of the overlapping city systems, the key factor for benefitting from the potentialities of UDTs 
[66,67]. Consequently, the better-known smart city model is evolving from the control of the city’s 
physical dynamics to a broad concept comprised of physical, social, and knowledge infrastructures [68]. 

The integration of non-physical components of the city systems, such as socio-cultural and economic 
variables, is identified as the main requirement, opportunity, and at the same time, one of the more 

significant challenges, to enhance the DT potentials for data-driven urban decision-making while 
minimizing the widely discussed disadvantages of the smart city embedded approach and the related 

big-data exploitation concerns [69–71]. The concurrence of physical and non-physical aspects is 
condensed by Tomko et al. by the “Cyber-physical-social eco-system” combination of terms that form 
one of the most effective and cited definition of city DT [72]. 

Despite the growing awareness of the importance of the socio-technical perspective, the crucial 
integration of material and immaterial components in UDT is confirmed to be a field of inquiry and 
experimentation that needs to be improved, also facing the multiple issue related to data justice and 
equality, ownership and privacy [73]. 

Charitonidou stresses the above mentioned issues, stating that “a problem that should be highlighted 
is the fact that, in general, the digital twin approaches have been largely ignorant of people and what 
relates to them. This means that the ways in which the digital twins function often neglect the importance 
of social interactions, competition and cooperation, social norms, laws and regulations, culture, history, 
politics, democracy, human rights, ethics and essential non-material qualities. It is, therefore, 
indispensable to develop approaches that aim to incorporate questions related to the aforementioned 
aspects in the ways in which urban scale digital twins are created and used” [30] (p. 5). 

The next paragraph, proposes a further analysis of the literature, concerning the integration of the 
socio-economic and cultural ecosystems in the cyber-physical dimension of a UDT. 

 
4.2 The integration of socio-economic-cultural systems 

The physical city, being a complex system of systems, to be adequately represented through a digital 
counterpart, requires the development of a model capable of reflecting this complexity, i.e. one that 
represents its different systems and domains, its dynamics and their relationship. The representation of 
a city’s physical assets using DTs often cannot capture its social or economic functions [45]. Consistent 
with the socio-technical perspective proposed by Nochta et al. [16] and the premises of this research, 
the literature review in section 2 refers on the conceptualisations of UDT and its practical applications 
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in case studies that have produced advances in the modelling and representation of physical realities but 
also attempts to integrate human activities and, to a certain extent, socio-cultural/economic behaviours. 
As already mentioned, from this review and from the previous ones, the representation and integration 

of non-physical systems emerges as one of the main open challenges in the construction of a UDT 
[6,20,22,25,45,46,54]. It must be underlined that it is a specific aspect that characterises the UDT with 

respect to the DT at the scale of a building or a single infrastructure: while the DT at the building 
scale needs to account for the physical environment and its dynamics, also linked to the human use of 
the spaces and their behaviour/habits, but still related to the material aspects of the modification of such 

environment, cities are stratified in time and space organisms, continuously changing both in their 
physical and non-physical realms [23]. The incorporation, for instance, of historic and static data about 
socio-economic characteristics, the presence of cultural associations or the level of education in a given 
urban area can be easily performed. But the collection, modelling, integration of extensive, in-depth, 
real-time data, their analysis and interaction with other data, their impact on the DT architecture, aims, 

governance and management, privacy and ownership, still remain open to investigation and on-field 
testing. 

Some research has been carried out to address these challenges adopting different approaches. One 
of them is the behaviour modeling, based on satisfying the needs of agents using a set of behavioural 
patterns or mathematical models for integrating active agents’ mental features into DTs [74,75]. Saeed 
et al. provided a user-centric approach aimed at tracing the experience of humans in the city scenario 
[6] in order to investigate how the city changes in its response: the digital transformation of the urban 
settings produces impacts on the experience of city users and, in the DT bidirectional logic, city users 
experience, analysed through Artificial Intelligence (AI), might influence the development and response 
of the city. City users can function as mobile sensors “acting as a dynamic source of real-time 
information and collecting a vast range of data on different events within the city fabric. Within this 
model, the user experience in the city is reported in different data sets such as observations, interactions 
or perceptions and streamed to the city data capital. The data capital analyses the conditions and events 
within the physical realm and responds back with solutions, suggestions or reactions” [6] (p.19). In the 
study by Heikinheimo et al. the interactions of the citizens of Helsinky with the urban environment are 
investigated through the analysis of geolocated data, generated by users [56]. 

There is no evidence in literature of data about the use of social sensing crowd-sourcing techniques 
in UDT, despite their potential for many applications in urban planning, transportation, crime 
prevention, health, use of outdoor spaces, etc. An experience that can be considered similar is described 
by Fan et al.: the authors proposed the use of dynamic network analysis in a city DT to visualize network 
dynamics within disaster events [76]. 

The work of Allam et al. [19] is particularly significant because it describes the use of DT in cities 
equipped with digital infrastructural backbones and the socio-economic impacts on citizens lives, 
especially to respond to the objectives of the Sustainable Development Goal 11 (Sustainable cities and 
communities). Furthermore, it highlights the role of the DT related technologies (AI, 5G/6G, Augmented 
Reality) in the fight against the COVID-19 pandemic, and in sustaining some economic activities such 
as work-at-home programs, and in supporting contactless financial services. The potentials of new 
models of market-based instruments, such as those riding on the Blockchain network have already been 
proved, but their benefits for the economic improvement of the community in a regenerative and social 
perspective do not appear to be straightforward. 

Shach-Pinsly describes a series of case studies of digital innovations and technologies within the 
topic of digital urban regeneration [28]. Among them, the case of Dresden (DE), in which a population‐ 
weighted accessibility index based on minimal open data for determining the small‐scale pedestrian 
accessibility to basic amenities and services has been developed. In Nicosia’s case(CY), digital media 
are adopted as source of constantly updated information to understand the citizens’ perception of urban 
projects and to extract pictures of society’s changings in relation to public spaces liking. 

The supra mentioned examples testimony a growing interest in the involvement of the human and 
social dimension in digital technologies, such as UDTs. In general, the literature reports partial levels of 
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participation or engagement of citizens and stakeholders. They are mostly relegated to the role of 
feedback collectors about built environment modification proposals/interventions and to the role of data 
sources. Moreover, there is scarce evidence of how non-physical data influenced the UDT in all the 
development and operational phases, of how they were exploited to be translated in decision-making 
processes, or whether their use generated relevant added values in the comprehension of the reality and 
the prediction of future dynamics. 

 
4.3 The Urban Digital Twin as supporting infrastructure for decarbonization and regeneration 
strategies in European case studies 

All the selected case studies deal with experimentations and tests aiming at addressing climate 
change, environmental issues and factors affecting well-being. 

These experiments also contribute to regeneration objectives when applied to urban areas to be 
redeveloped in more comprehensive terms, thus to have a positive impact on social revitalisation and 
economic development. [31]. Table 4 reproposes the selection of case studies already listed in Table 3, 
highlighting the application of UDT as technological infrastructure in response at decarbonization and 
regeneration challenges. 

 
Table 4. Case study selection (see Table 3), with indication of the main challenges, the regeneration and 
decarbonization strategies and the citizens/stakeholder’s participation strategies/tools, addressed or 
supported through the implementation of the Urban Digital Twin. Source: Author. 

 
 

Case Study Challenges 
Decarbonization 

strategies 

 
Regeneration strategies Participative strategies/tools 

 Traffic congestion, air Current and expected Different scenarios for -Workshops with local and 
pollution, housing shortage, patterns of private car potential UDT prototype regional public sector bodies 

 
Cambridge 

limited capacity of the local 
energy infrastructure, better 

used as key factor shaping 
the practical outcomes of 

uses, addressing 
interdependence across 

-Study of local policy 
documents and publications, to 

(UK) collaboration and 
participation mechanisms 

urban policy and actions the policy domains of 
land-use planning, 

be included in the DT inputs 
-Semi-structured interviews 

 across the city region’s  transport, energy, and air (snowball technique) 
 fragmented governance  quality  

 High quality digital twin city Improvement of carbon- Smart every-day services -Katalasama Urban Living Lab 
 

Kalatasama 
models of the area, as a 
design testing application and 

neutral mobility with 
shared electric cars and 

(named 25/7), as 
intelligent housing 

-Browser based OpenCities 
Planner application 

(Helsinky- service platform for the entire support for future rail services to provide -Interactive questionnaire 
FI) 

 
 
 
 
 

Zurich 
(CH) 

lifecycle of the built 
environment and for smart 
urban development 
Urban densification to limit 
soil consumption, exploitation 
of Open Data benefitting from 
the previous experience; 
collaborative decision-making 
process 

traffic 
 
 

Crisis simulations, 
prevention scenarios. 
Impact of planned 
buildings, evaluation of 
their influence on climate 
ecologically relevant 
factors. Climate data 
integration into planning 
decision-making process 

additional daily hours of 
leisure time 

 
Update of the high-rise 
guidelines and areas 
defined in the building 
and zoning regulation to 
support developments 
plans. UDT as basis for 
architectural competitions 

(Public Participation GIS) 
 
 

-Computer game “Minecraft” 
as city collaborative simulation 
environment 
- 3D spatial data under Open 
Government Data allowing free 
use 
- Augmented Reality to judge 
architectural competitions 

 
 

 
 

Herremberg 
(DE) 

Safeguard and revitalize the 
historic-medieval city centre 
affected by pollutants and 
noise 

Integrated mobility plan 
IMEP 2030 supported by 
civic engagement. 
Simulation-based studies 
in the field of smart cities. 
Scenarios and potential 
solutions for traffic load 

Citizen science project to 
collect qualitative 
perpetual data and 
quantitative data on 
people’s movements paths 
and obstacles 

-Collaborative and simulation 
environment COVISE. 
-Public meetings 
-Workshops with use of AR 
-Geo app (i.e. Reallabor 
Tracker) with Volunteered 
Geographic Information 
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and evaluation of their 
impacts 

-Questionnaires to test 
immersive communication 

 
 

 
 

Amsterdam 
(NL) 

 
 
 
 
 

Rotterdam 
(DE) 

 
 
 
 
 

Tampere 
(FI) 

Difficult access to housing 
market; improve trust and 
empower citizens to have 
ownership; enhance public 
spaces 

 
 

One single interdisciplinary 
model for all kinds of 
applications. UDT as 
foundation for all key 
registers and for all urban 
planning processes 

 
 

City development and 
construction projects in one 
city model; new business 
models and innovation; test 
5G solutions 

Short term on-site 
experiments to inform 
longer-term decisions. 
Adjust designs real-time 
in co-creation process, by 
modelling water/traffic/air 
infrastructure to support 
realistic simulations 
Energy saving and solar 
potential. Development 
and management of all 
critical infrastructure of 
the city (water, road, 
buildings, mobility, utility 
networks, and subsurface 
infrastructure)  
Sustainable Tampere 
2030 programme aimed at 
reducing emissions from 
urban planning, housing, 
mobility, energy and 
consumption, smart 
lighting 

Housing provision 
strategy (human-centred, 
diversity-aware, time- 
sensitive and territory- 
bonded approach); 
Omgevingsvisie 
Amsterdam 2050 digital 
urban planning 
New Environmental and 
Planning Act. 
Cooperation practices of 
city co-planning. 

 
 
 

Smart Tampere strategic 
development programme. 
Better services for the 
citizens. Hub of expertise 
and attractive places for 
talents, students, and new 
business initiatives 
(circular economy). 

-Digital Urban Planning Lab 
-Use of citizen-generated data 
-Critical AI seminar series 
-ZO=Zuidoost portal for 
information and participation 

 
 

-Citizens and stakeholders as 
represented entities in the UDT 
(e.g. through position and 
description) 
- Regional cooperation 
“Borderless data landscape” 
- App based on 3D and AR 
visualization 
-Customer service and 
involvement for citizens 
- Hackathon events 
- Tampere.Finland app 

 
 

 

Docklands 
(Dublin - IR) 

Mobility optimization; clean 
energy production; mediation 
between university, city 
governance and innovators 

Renewable energy 
solutions design, such as 
offshore wind turbines. 
Smart mobility. Flooding, 
green spaces, building 
impact simulation 

Docklands Strategic 
Development Zone 
planning mechanism, 
focused on social and 
economic regeneration 

-Living lab 
-User tagging 
-Citizen science experiments 
(wearable sensors) 
- E-governance, feedback and 
suggestions trough the platform 

 

 

Energy and environmental measures in combination with regenerative goals, carried out by the 
above-mentioned cities and supported by the UDTs, are, for instance: 

- Cambridge, Amsterdam: simulation of local energy demand and 'what if' scenarios of mobility, also 
considering future housing potential, public spaces improvements and digital urban planning; 

- Zurich, Dublin, Helsinky, Amsterdam, Rotterdam: simulations of crisis and prevention scenarios 
(flooding and runoff, thermal stress, exposure to pollutants) also aimed at supporting site-specific 
planning; urban microclimate analysis (ventilation, shadow study, solar radiation), also influencing 
urban development policy and guidelines; 

- Herremberg: reduction of pollution and traffic loads, to solve mobility issues but also to revitalize 
the city centre; 

-Amsterdam, Tampere, Dublin: mobility optimization, smart management of infrastructures and 
energy production, also to boost innovative city governance and economic regeneration. 

Urban regeneration implies placing the human factor at the centre of the UDT, otherwise its benefits 
risk being partially or completely delated [39]. For this reason, Table 4 also list the main 
participative/engagement tools that have been used in the case studies. 

A relevant experiment of integration of the human component is described by White et al., referred 
to the DT of the Docklands area in Dublin, able to interact with citizens and to collect their feedback 
about changes in the urban planning and policy [21]. 

Dembsky et al. present the case study of Herremberg UDT prototype, in which a Volunteered 
Geographic Information (VGI) system was used to collect qualitative and social data from citizens [18] 
Moreover, the volunteers evaluated the conditions of public spaces on-site by georeferencing comments, 
opinions, urban barrier’s locations, photos and audio recordings of trac noise and other sounds. 
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In Zurich, the famous game-based platform Minecraft was tested to inspires creative, inclusive 
learning through play, for virtual urban exploration and the development of social interaction among 
participants [52]. 

Another approach is implemented in the case study illustrated by Marcucci et al. and Hristov et al. 
in which the use of DT and Living Labs are combined to actively involve all the interested stakeholders 
in the policy-making and planning process [36,77], demonstrating that digital and in-person engagement 
methodologies can be fruitfully integrated. 

Nochta et al. illustrate the key methodological features of the DT model for the Cambridge city 
region, based on the involvement of a variety of prospective users, mainly represented by different 
departments of the local Public Administration bodies (land-use, transport, energy, air quality 
municipality and regional sectors). The proposed interdisciplinary approach is based and structured 
according to the purpose the DT aims to serve and the challenges it is expected to face, orienting the DT 
conceptualization and development since the early stages. The authors conclude that “there is urgent 
need for a shift towards a challenge-led approach for collecting data from, and sharing data with, specific 
societal actors, due to the resources (financial and human) required and the risks involved (e.g., changing 
power dynamics, privacy, and security issues)” [16] (pp. 28-29). 

 
5. Conclusions 

The literature review and the selection of case studies proposed by this paper, demonstrate that 
research and prototypes are leading the maturity development of UDT to gradually improve, 
contributing to gaining consensus among key stakeholders and urban decision makers, but the state of 
the art has not yet proved how exactly its potential benefits will be pursued and sustained. In accordance 
with the socio-technical perspective, this work identifies UDT conceptualizations and practical 
applications that integrate the human component, both as participant in the UDT construction process 
and as data provider, and improve the representation of socio-cultural-economic activities and 
behaviours, which are expected to provide better insights in understanding the complexity of the city 
systems. The issue of incorporating data, parameters and functionalities that allow for the socio-cultural, 
economic and political aspects of cities to be taken into account, emerges from the literature review as 
a challenge that must necessarily be faced to make the UDT an effective and responsive infrastructure 
and to meet the expectations of planners, decision-makers and citizens. Without enabling this level, the 
UDT will not be able to support inclusive, sustainable and regenerative policies, attentive to all the 
components that make up the local community, with the risk for the most fragile components to be left 
behind, because of the lack of access to technologies and the accentuation of the digital divide. 

Placing the human factor at the core of the UDT will help to avoid that the benefits of this recent 
very promising infrastructure risk to be partial or nullified, producing distortions, evaluation and impact 
errors, that might consequently lead to wrong governance and planning decisions. 

A paradigm shift from top-down, noninteractive, and one-directional policymaking approaches to a 
more negotiable, bottom-up, deliberative, and responsible ones is needed [48] (p. 1). The presented case 
studies show that, practically, the level of interaction and participation of citizens and stakeholders in 
the making of UDT is confined to some specific steps, most of the time to the feedback collection phase, 
that comes when the DT has already been designed or even released. Participation does not happen in 
the first stages, for instance in the agenda setting, problem framing or in the definition of the main goals 
(except for the methodologically relevant but limited experience of Cambridge). Thus, concluding with 
Noctha et al., since “the role of people and social systems, e.g., in terms of treatment, representation, 
and involvement, is under-researched and under conceptualized in the digital twin agenda focusing on 
the convergence of physical and digital systems, further investigations and experimentations are needed” 
[16] (p. 265). 
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