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Abstract 

Urban Digital Twin (UDT) technology is increasingly recognised as a promising tool for designing and developing 
sustainable, resilient urban environments. Nonetheless, the current literature lacks a comprehensive understanding 
of UDTs’ current applications in the built environment. Therefore, this study addresses the identified gap by analys‑
ing scholarly literature and industry reports connected to UDT implementations. The results of scientometric analysis 
revealed five key research fields including: (i) UDT for urban monitoring and controlling, (ii) UDT for smart urban plan‑
ning, (iii) UDT for environmental management, (iv) UDT for decision‑making, and (v) UDT for smart and sustainable 
cities. Further, this study analysed 10 industry reports on UDT technology to identify practical insights and evaluate 
industry‑driven approaches for implementing UDT solutions in urban environments. Despite promising progress, 
the findings indicate the absence of a clear, structured process to facilitate consistent implementation, scalability, 
and interoperability in UDT technology. This further highlights the need for globally recognised guidelines and well‑
defined KPIs to fully realise its potential in urban environments. The study also presents a new classification model 
developed from analysing the research flow to elaborate on the main outcomes from five clusters towards UDT path‑
ways. The new proposed model reintroduces the structure of UDT literature with a new flow to interpret and correlate 
the content identified in previous studies. Based on these insights, the study offers recommendations to support 
the advancement of UDT technology for building resilient, sustainable cities.

Keywords Digital twin, Smart cities, Urban planning, Sustainability, Industry 4.0, Built environment

1  Background
 Urban development in the 21st century faces numerous 
challenges, driven by rapid urbanisation and a growing 
population worldwide (Lei et al., 2023; Weil et al., 2023). 
The United Nations predicts that by 2050, approximately 
68% of the global population will reside in urban areas, 
placing significant strain on infrastructure, housing, and 
public services (UN-Habitat, 2022). Traditional urban 

planning approaches, typically developed for simpler 
urban environments, are increasingly challenged in keep-
ing up with the rapidly changing demands of contem-
porary cities (Caprari et al., 2022; Schrotter & Hürzeler, 
2020). These approaches often lack the flexibility to 
address the multifaceted nature of today’s urban envi-
ronments, where social, economic, environmental, and 
technological factors are deeply interconnected. As cities 
grow larger and more complex, the limitations of con-
ventional planning become more apparent. This under-
lines the necessity for adopting innovative solutions such 
as smart cities that employ advanced technologies to 
manage the intricate and interdependent challenges of 
urbanisation.
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The concept of smart city has gained significant 
momentum in recent years due to its capacity to inte-
grate advanced technologies, optimise resource use, and 
enhance public services (Adreani et  al., 2024; Dembski 
et  al., 2020). The notion of smart cities revolves around 
the integration of information and communication 
technologies (ICT) with urban infrastructure and ser-
vices to improve the quality of citizens’ lives (Omrany 
et  al., 2024a). Urban studies increasingly emphasize 
data-driven approaches, leveraging data science and 
computational urban science to effectively address the 
complexities of urban environments (Zhang et al., 2024). 
The computational urbanisation is a new paradigm that 
allows researchers to investigate sustainable urbanisa-
tion challenges using correlations and cause-effect links 
across many fields of data, as opposed to previous meth-
odologies that are difficult to manage (Chen et al., 2022). 
It provides new cross-cutting views and factors using 
geographic big data to understand complicated urban 
issues (Meerow, 2020). The nature of its interdisciplinary 
field uses data science methodologies and technologies 
such as informatisation, spatial positioning techniques, 
remote sensing, digitalisation and cloud computing, 
enable us to collect vast quantities of information in real 
time for the urban development and urbanisation pro-
cess (Trevisani & Omodeo, 2021). Urban computing is a 
fundamental component of computational urban science 
that combines data from urban surroundings with the 
use of the IoT and AI to optimise city planning (Kumar & 
Bassill, 2024).

The study of urban data using model-driven decision 
support systems enables optimal design solutions to 
enhance urban efficiency, resilience, and sustainability. 
The use of large-scale data sets, machine learning algo-
rithms and simulations provides useful information 
about urban dynamics, energy usage, traffic patterns and 
environmental impacts (Omrany & Al-Obaidi, 2024). 
Machine learning approaches like logistic regression, 
random forests, and neural network techniques fre-
quently outperform standard sample statistics in terms 
of parameter estimation Omrany & Al-Obaidi, 2024). 
The field has interconnected layers with a platform-based 
that spans human dynamics, action-oriented, and con-
vergence-driven (Li et al., 2020). Although research into 
AI and machine learning in urbanisation science is still 
in its early stages, these are the primary paths for future 
technical and methodological improvement (Chen et al., 
2022). This necessitates an awareness of current advances 
in computational urban science and data science to cre-
ate future cities that are equitable, resilient and environ-
mentally sensitive (Liu et al., 2021).

Among the advanced technologies and tools developed 
to enable the operation of smart cities, the ‘digital twin’ 

technology holds grave potential for transforming urban 
planning by providing precise, real-time data and simu-
lations that enhance decision-making, resource manage-
ment, and overall urban resilience (Saeed et  al., 2022; 
Yossef Ravid & Aharon-Gutman, 2023). A digital twin 
model is a virtual replica of a physical entity that lever-
ages real-time data and advanced analytics to simulate, 
monitor, and optimise urban environments (Grieves & 
Vickers, 2017; Omrany et al., 2023). This technology facil-
itates the development of smart cities by merging vari-
ous technological advancements, such as the Internet of 
Things (IoT), artificial intelligence (AI), and big data ana-
lytics, to generate dynamic, interactive models of urban 
systems (Bibri et al., 2024; Wajid et al., 2024; Wu & Guan, 
2024). This capacity enables urban planners to monitor, 
manage, and predict urban phenomena with enhanced 
accuracy and efficiency.

Building on such capabilities, Urban Digital Twins 
(UDTs) extend their application to entire urban environ-
ments, offering a more comprehensive framework for 
urban planning, management, and sustainability. UDTs 
are defined as digital representations of urban spaces that 
utilise real-time data to enhance urban planning, man-
agement, and decision-making processes (Ferré-Bigorra 
et al., 2022; Somanath et al., 2024). UDTs target at devel-
oping immersive and interactive urban environments for 
participants by using virtual replicas of real assets, proce-
dures, and systems (Omrany et al., 2025). UDTs facilitate 
real-time surveillance, analysis, and simulation of com-
plex city systems (Weil et al., 2023). The fundamental dif-
ference between a digital model and an UDT lies in their 
essence, as conventional approaches such as Building 
Information Modelling (BIM) depict specific elements of 
a system without inherently capturing its dynamic pro-
cesses (Deng et al., 2021a, b). BIM models often focus on 
specific variables and parameters, making them useful for 
targeted analysis and forecasting; however, they lack the 
depth and comprehensive system-wide scope offered by 
UDTs (Omrany & Al-Obaidi, 2024). In this regard, Sepas-
gozar (2021) stated that virtual models that just depict 
the physical model and have one-way data flow are called 
“Digital Shadows,” whereas UDTs have the capacity to 
establish a two-way communication channel between the 
physical and virtual models.

IBM (2021) also classified UDTs into four types includ-
ing (1) Component twins or Parts twins, (2) Asset twins, 
(3) System or Unit twins and (4) Process twins. The dif-
ferences in these types refer to the complexity of the 
approach such as the number of components and level 
of magnification. Studies indicate that UDTs can be 
categorised into three parts including physical reality, 
virtual representation and interconnections between 
the physical and virtual elements (Tuhaise et  al., 2023; 
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VanDerHorn & Mahadevan, 2021). These parts are exem-
plified by eight features to administrate the UDTs pro-
cess through data collection, product behaviour, analysis, 
operational history, maintenance history, learning, col-
laboration network and exploring opportunities (Javaid 
et  al., 2023). In a recent study, Omrany and Al-Obaidi 
(2024) presented an UDT consisted of five layers includ-
ing the Physical Entity component, Digital Representa-
tion component, Tools component, Functional Outputs 
component and Digital Coupling component. These 
parts and features necessitate specific methods and hier-
archical structure in dealing with data collected through 
UDTs. Several studies classified data collected via digital 
twin models into four forms generated from the physi-
cal entity, virtual model, services and domain knowl-
edge (Omrany & Al-Obaidi, 2024; Zhang et  al., 2022). 
These data will be processed within 7 layers including 
data gathering, data interaction, data storage, data asso-
ciation, data fusion, data evolution and data servitisation 
(Zhang et al., 2022). These layers form the foundation for 
processing and utilising data within UDT frameworks, 
enabling comprehensive analysis and decision-making 
capabilities.

1.1  Motivation for this study
Retrospective studies highlight the significant potential 
of UDTs to enhance urban planning by addressing key 
challenges such as traffic management, energy consump-
tion, public safety, infrastructure maintenance, building 
energy efficiency, urban resilience, and urban heat island 
(UHI) effects (Peldon et al., 2024; Therias & Rafiee, 2023; 
Weil et  al., 2023). Shahat et  al. (2021) assert that UDTs 
have the potential to significantly enhance urban resil-
ience by facilitating real-time monitoring and enabling 
prompt responses to emergencies. To date, several cit-
ies have made promising strides in developing UDTs, 
with exemplars including Singapore’s ‘Virtual Singapore’ 
(Walker, 2023), Helsinki’s smart city DT (Hämäläinen, 
2021), and Zurich’s DT initiatives (Schrotter & Hürzeler, 
2020). These projects highlight the diverse applications 
of UDT technology, ranging from improving public ser-
vice delivery to optimising urban mobility and enhancing 
environmental monitoring. Despite these advancements, 
the uptake of UDT technology is still slow, hindered by 
significant technological, financial, and regulatory chal-
lenges (Lei et al., 2023; Omrany et al., 2023).

A plethora of research has been undertaken in recent 
years to promote the implementation of UDT technology. 
This rapid expansion of publications has subsequently 
led to a fragmented body of literature, making it difficult 
to attain a cohesive understanding of UDTs. To address 
this issue, several review articles have been developed 
to consolidate existing knowledge and providing clearer 

insights into UDT implementation. These studies have 
generally focused on certain areas, such as investigating 
the key technologies enabling UDTs (Lehtola et al., 2022; 
Omrany et al., 2023; Therias & Rafiee, 2023; Weil et al., 
2023), understanding the current applications (Peldon 
et al., 2024), highlighting challenges associated with UDT 
adoption (Lei et al., 2023; Wang et al., 2023; Weil et al., 
2023), or focusing on the theoretical foundations under-
pinning the UDT technology (Peldon et al., 2024; Shahat 
et  al., 2021; Wu & Guan, 2024). Despite the contribu-
tions of retrospective studies, the current body of litera-
ture remains fragmented in providing a comprehensive 
view of UDT technology’s current applications and its 
full potential. Therefore, this paper seeks to fill this gap 
by analysing both scholarly research and industry reports 
to offer a nuanced perspective on UDT technology’s role 
in driving sustainable practices and fostering innovation 
within the built environment.

To achieve this aim, the current paper sets out three 
primary objectives: (i) to identify key research streams in 
UDT through a scientometric analysis, and (ii) to exam-
ine UDT areas and classify the structure of UDT lit-
erature (iii) to highlight challenges associated with UDT 
application in the built environment and provide recom-
mendations for future development. The outcomes of 
this research can be of interest to multiple target groups. 
First, researchers can rely on the findings as a point of 
reference for future development in the field. Second, 
urban planners and policymakers can use the insights 
to inform sustainable urban development strategies and 
support data-driven decisions in designing resilient, citi-
zen-centred cities.

2  Research methodology
The research methodology in this study follows a multi-
step approach, beginning with a comprehensive litera-
ture search using scholarly databases and reviewing grey 
literature from government and industry reports. Lit-
erature retrieval was conducted following the Preferred 
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) approach, which systematically identifies, 
screens, and selects relevant studies (Fig. 1). To this end, 
a comprehensive search syntax was constructed: (“Urban 
Digital Twin” OR “UDT” OR “City Digital Twin” OR 
“Digital Twin” OR “DT” OR “Digital Replica” OR “Virtual 
City” OR “Digital Model” OR “Urban Virtual Twin” OR 
“Urban Simulation Model”) AND (“urban planning” OR 
“urban development” OR “smart cities” OR “city man-
agement”). This syntax was thence applied to the Scopus 
database, which was chosen for its extensive coverage, 
advanced search capabilities, and comprehensive index-
ing of peer-reviewed literature (Scopus, 2024).
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The initial search process identified 253 documents. 
Filters were then applied based on document type (arti-
cles and reviews), source type (journals), and language 
(English), which reduced the dataset to 101 papers. In the 
next phase, 13 documents were excluded due to subject 
irrelevance, as fields like agriculture, medicine, and biol-
ogy fell outside the study’s scope, resulting in 88 articles 
for further screening. The abstracts and conclusions of 
these 88 papers were then reviewed to evaluate the rel-
evance of each source to the core focus of the study. At 
this stage, materials not directly aligned with the study’s 
objectives were excluded, refining the database to 48 
papers. To ensure comprehensive search coverage, the 
reference lists of these shortlisted articles—particularly 
review articles—were thoroughly examined to identify 
any additional relevant materials. This step led to the 
discovery of 30 more studies, bringing the total number 

of selected materials to 78. Additionally, to account for 
sources with potential impact on UDT development that 
may not yet be published in scholarly outlets, an exten-
sive web search was conducted to find industry reports, 
government publications, and policy documents on 
UDTs. The analysis of such documents can contribute 
valuable practical insights, bridging the gap between 
academic research and real-world applications of UDT 
technology. This search yielded 10 reports, which were 
subsequently included for content analysis to extract key 
insights on UDTs.

3  Results
3.1  Scientometric analysis
Scientometric analysis is a quantitative method used to 
map and evaluate the intellectual structure, trends, and 
evolution of a research domain (Khokhlov, 2020; Zhong 

Fig. 1 PRISMA protocol for the study
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et  al., 2019). This approach employs bibliometric data 
from academic publications to uncover relationships, col-
laboration patterns, and emerging themes within a body 
of knowledge (Luo et al., 2022a, b; Patel et al., 2022). The 
use of this technique allows researchers to systematically 
explore complex datasets and reveal insights that may not 
be apparent in traditional literature reviews (Khokhlov, 
2020; Luo et al., 2022a, b).

At its core, scientometric analysis focuses on map-
ping scientific knowledge through techniques such as 
co-citation analysis, co-occurrence analysis, and cluster 
analysis (Khokhlov, 2020; Omrany et al., 2022; Patel et al., 
2022). Among all, keyword co-occurrence analysis is a 
widely adopted technique that helps identify frequently 
co-occurring keywords across academic publications 
(Omrany et al., 2022). This enables researchers to detect 
key research themes, track their evolution, and under-
stand their interconnections (Patel et  al., 2022). Key-
word co-occurrence analysis provides a visual map of 
dominant research areas by clustering related keywords 
and highlighting their associations, which supports the 
identification of key research topics and emerging trends 
(Luo et al., 2022a, b; Zhong et al., 2019).

In this study, keyword co-occurrence analysis was 
employed to identify key research streams in UDT tech-
nology and uncover the intellectual foundations shap-
ing this domain. To this end, VOSviewer software was 
used—a widely recognised bibliometric tool designed 
for constructing and visualising bibliometric networks. 
Thereupon, a keyword co-occurrence analysis was con-
ducted, utilising both author-provided keywords and 
index keywords (Keywords Plus) to ensure comprehen-
sive coverage of the research landscape (Luo et al., 2022a, 
b; Patel et  al., 2022). In the resulting keyword network, 
node size corresponds to keyword frequency, node prox-
imity indicates the strength of associations between key-
words, and the thickness of connecting lines represents 
the intensity of these associations (Patel et  al., 2022; 
Zhong et  al., 2019). Total link strength represents the 
cumulative strength of connections a keyword has with 
other keywords in the network (Van Eck, & Waltman, 
2023). It reflects the frequency and intensity of co-occur-
rences, indicating how strongly a keyword is associated 
with others within the research domain. The results 
of this analysis are presented in Fig.  2, which illustrates 
the keyword co-occurrence network and highlights five 

Fig. 2 Keywords analysis of the retrieved articles using science mapping
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key thematic clusters. Each cluster represents a distinct 
area of focus within the field of UDT technology, and 
their implications are discussed in detail in subsequent 
sections.

The identification of clusters in this study (see Fig.  2) 
was carried out using VOSviewer’s clustering algorithm, 
which is designed to detect meaningful groupings within 
bibliometric networks (Van Eck, & Waltman, 2023). The 
clustering approach in VOSviewer is based on the modu-
larity optimisation method, where items (keywords, in 
this case) are grouped to maximise the strength of con-
nections within clusters while minimising connections 
between clusters (Van Eck, & Waltman, 2023). To ensure 
a balance between granularity and interpretability, a 
minimum threshold of 51 keywords was applied, focus-
ing on the most significant associations and excluding 
infrequent terms that could introduce noise into the clus-
tering process. This threshold was selected to provide a 
refined dataset that retains sufficient detail to represent 
dominant thematic structures while avoiding excessive 
fragmentation.

The resolution parameter, which controls the level 
of clustering detail, was carefully adjusted to produce a 
meaningful number of clusters. Too low a resolution 
would have resulted in overly broad clusters, obscuring 
thematic nuances, while too high a resolution could have 
led to excessive fragmentation, making interpretation 
challenging (Van Eck, & Waltman, 2023). The final clus-
tering output reflects a balance between thematic cohe-
sion and differentiation, with each cluster representing 
a distinct yet interrelated research stream in UDT tech-
nology. It is acknowledged that some conceptual overlaps 
exist across clusters, as is common in complex interdisci-
plinary fields like UDT technology. However, these over-
laps reflect the interconnected nature of research themes 
rather than weaknesses in the clustering approach. The 
characteristics and unique contributions of each cluster 
are discussed in the following sections, while their the-
matic boundaries and interconnections are elaborated in 
the sect. 4.

3.1.1  UDT for Urban Monitoring and Control (UMMC)
The first cluster contains keywords that suggest the 
underlying technologies of UDT, which enable data col-
lection (e.g., IoT, spatial data, and object detection), data 
analytics (e.g., big data analysis), and technologies such 
as ‘City Information Modelling’ (CIM) used for model-
ling physical entities, such as urban infrastructure, within 
urban environments. Figure  3 also illustrates the inter-
relationships within this cluster and its connections with 
keywords from other clusters, along with their total link 
strength and occurrence. This close relationship with 
the USUP, UTEM, UTDM, and USSC clusters suggests a 

strong overlap in themes such as efficiency, governance, 
resilience, and inclusivity, indicating that advancements 
in this area are interconnected with broader smart city 
and urban planning efforts. The technologies identified 
in this cluster can play a significant role in enabling UDT 
to monitor and manage urban environments for vari-
ous purposes, such as measuring and minimising Urban 
Heat Island (UHI) effects (Omrany & Al-Obaidi, 2024), 
improving outdoor thermal comfort (Liu et  al., 2023a, 
b), and enhancing the resilience of urban infrastructure 
(Therias & Rafiee, 2023; Ye et al., 2023). For instance, in 
a recent study, Omrany and Al-Obaidi (2024) introduced 
a UDT-enabled framework to mitigate UHI effects. 
Their research showed how UDT technologies can be 
employed to monitor urban climates in real-time and 
provide dynamic data for informed decision-making. By 
integrating diverse data sources, including IoT and spa-
tial data, the framework enables city planners to optimise 
urban greenery, adjust infrastructure, and implement 
strategies to reduce UHI impacts.

Table  1 provides a summary of the analysis of several 
studies’ approaches within the UMMC cluster in uti-
lising UDT technology. The presence of keywords like 
‘participatory approach’ indicate the importance of citi-
zen engagement in urban management, where the pub-
lic actively participates in providing feedback, data, and 
insights (Ham & Kim, 2020; Luo et  al., 2022a, b). This 
involvement helps inform monitoring and decision-
making processes, highlighting the potential impact of 
collaborative approaches to monitoring and managing 
urban environments. For instance, Ham and Kim (2020) 
propose a framework that integrates participatory sens-
ing with UDT technology to enhance risk-informed deci-
sion-making in urban environments. The study employed 
crowdsourced visual data from citizens to update 3D vir-
tual city models with real-time information about physi-
cal vulnerabilities, such as structural risks or potential 
hazards. This approach exemplifies how public involve-
ment through participatory sensing can provide valuable, 
real-time data that informs decision-making processes, 
especially in disaster management and infrastruc-
ture resilience. In another research, White et  al. (2021) 
devised an UDT of Docklands area of Dublin, Ireland. 
The model was developed based on integrating citizen 
feedback to inform urban planning and policy decisions. 
This publicly available DT enabled residents to interact 
with a 3D model of the city, report issues, and provide 
feedback on proposed changes, such as new buildings 
or green spaces. The study showcased how participatory 
approaches through DT can enhance urban manage-
ment by incorporating real-time citizen input into plan-
ning, infrastructure development, and environmental 
monitoring.



Page 7 of 31Omrany et al. Computational Urban Science            (2025) 5:20  

As shown in Figs.  2 and 3, the keywords within the 
UMMC cluster have strong associations with keywords 
from other clusters, highlighting the interconnected 
nature of UDT technologies. For example, the data col-
lection and analytics processes within UMMC, such 
as IoT and big data analysis, feed directly into clusters 
related to urban infrastructure management and resil-
ience planning, suggesting that real-time data informs 
infrastructure optimisation and mitigation of disaster 
risks (Henriksen et al., 2022; Macatulad & Biljecki, 2024). 
The integration of participatory approaches within the 
UMMC cluster fosters significant collaboration with 
other clusters, particularly those focused on governance 
(Haraguchi et  al., 2024; Quek et  al., 2023; Shan et  al., 

2024) and social inclusivity (Yossef Ravid & Aharon-Gut-
man, 2023). This interaction underscores the critical role 
of public input in shaping urban management strategies. 
By leveraging participatory sensing and citizen engage-
ment, data collected from the public contributes directly 
to decision-making processes in governance clusters, 
where urban policies and planning frameworks are 
formed. This collaborative approach ensures that urban 
development is not only data-driven but also reflective 
of the needs and preferences of the population, promot-
ing social inclusivity. Citizens’ feedback on issues such 
as infrastructure, environmental sustainability, and pub-
lic spaces feeds into broader urban strategies, which in 
turns, highlights the importance of aligning governance 

Fig. 3 An illustration of the keywords within the UMMC cluster and their interrelationships with keywords from other clusters. Note that the original 
figure has been edited to enhance the legibility of keywords
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decisions with real-time insights gathered from the com-
munity. In this way, the participatory elements within 
UMMC help bridge the gap between technological 
advancements in urban analytics and the human-centric 
objectives of urban governance.

All in all, the UMMC cluster shows the foundational 
role of data-driven technologies in enabling effective 
urban management, with real-time monitoring and pre-
dictive analytics playing a key role in optimising urban 
infrastructure and enhancing environmental resilience. 
By integrating these technologies with citizen engage-
ment mechanisms, UMMC not only supports data col-
lection but also ensures that public feedback directly 
informs decision-making processes, leading to more 
inclusive and responsive urban governance. Ultimately, 

the synergy between data analytics and participatory 
approaches strengthens the ability of urban systems to 
adapt to dynamic challenges, paving the way for smarter, 
more resilient cities.

3.1.2  UDT for Smart Urban Planning (USUP)
The keywords in this cluster indicate the application of 
UDT technology in urban planning as an instrumental 
tool for achieving sustainability goals in the built envi-
ronment. This is reflected in Figs.  2 and 4, where key-
words such as ‘Urban Planning’, ‘Sustainable Smart Cities’, 
and ‘Sustainable Development Goals’ demonstrate strong 
associations with terms from the USUP cluster, as well 
as with keywords from other clusters. In this research 
stream, the key aim is to utilise UDT technology to 

Fig. 4 An illustration of the keywords within the USUP cluster and their interrelationships with keywords from other clusters. Note that the original 
figure has been edited to enhance the legibility of keywords
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optimise urban development and making sure that cities 
meet sustainability goals while becoming more resilient 
and efficient. For instance, Schrotter and Hürzeler (2020) 
describe how the Digital Twin of Zurich can serve as a 
critical tool for urban planning, supporting sustainability 
goals by creating digital replicas of urban environments. 
This UDT allows for real-time data collection, simula-
tion of urban dynamics, and the visualisation of potential 
scenarios for decision-making. The integration of 3D spa-
tial data, advanced modelling, and sensor technologies 
facilitates collaboration between stakeholders, enabling 
more effective urban governance and planning processes 
to address issues like climate adaptation, infrastructural 
development, and urban densification. These capabili-
ties demonstrate the pivotal role of UDTs in optimising 
urban development and ensuring sustainable city growth. 
In another study, Caprari et al. (2022) highlight how the 
UDT of Zurich may play a central role in advancing sus-
tainable urban planning and development. The UDT ena-
bles real-time data collection, 3D spatial modelling, and 
dynamic simulations, allowing city planners to visualise 
and predict the outcomes of different urban scenarios. 
These capabilities are essential for addressing challenges 
such as urban densification, climate adaptation, and land-
use competition. They stated that the UDT can provide 
decision-makers with accurate, data-driven insights that 
are crucial for synchronising urban development with 
broader sustainability goals. By linking the physical and 
digital worlds, the UDT helps optimise resource use, 
reduce environmental impacts, and enhance resilience, 
making it a powerful tool for creating sustainable, effi-
cient, and adaptable urban environments.

The analysis also identified additional keywords in this 
cluster, highlighting the technologies essential for data 
analysis in UDT models, such as ‘Deep Learning’, ‘Seman-
tic Modelling’, and ‘Sensor Analysis’. Table 2 summarises 
a number of studies in the USUP cluster, including those 
that employed advanced analytical tools to process data 
for urban planning. For instance, Nazim and Joyce (2024) 
explored how deep learning, and generative urban design 
can be integrated with UDT models to enhance urban 
planning processes. Using the Virtual Singapore UDT 
platform, they implemented a generative design tool 
that utilises deep learning techniques to produce real-
time urban prototypes. This tool, driven by Generative 
Adversarial Networks (GANs), allows urban planners to 
generate multiple design options for residential develop-
ments based on existing urban context and data. By lev-
eraging deep learning, the study demonstrated how UDT 
technology can offer predictive planning and facilitate 
efficient, data-driven decision-making in urban environ-
ments . In another study, Austin et al. (2020) explored the 
integration of semantic modelling with machine learning 

in UDT systems to enhance smart city planning and 
operations. The study proposed a digital twin architec-
ture where semantic knowledge representation works in 
conjunction with machine learning algorithms to process 
urban data, identify events, and support decision-mak-
ing. They applied this framework to the analysis of energy 
usage in buildings in the Chicago Metropolitan Area, 
demonstrating how semantic modelling can help auto-
mate decision-making processes by providing contextual 
knowledge that complements data-driven insights. This 
approach enables the UDT to facilitate better planning 
and management of urban resources.

The results showed that UDT technology holds great 
promise in enhancing urban planning and sustainabil-
ity by streamlining resource management and enabling 
informed, data-driven decision-making. However, signifi-
cant challenges remain. Although technologies like deep 
learning and semantic modelling are increasingly being 
adopted, their integration is often constrained by issues 
such as inconsistent data standards, limited real-time 
processing capabilities, and the lack of seamless inter-
operability across different platforms (Fuller et al., 2020; 
Omrany et al., 2023). Furthermore, the scalability of UDT 
solutions poses a concern, particularly for smaller cit-
ies with limited financial and technical capacity. To fully 
leverage the benefits of UDTs in fostering sustainable 
urban development, it is crucial to address these opera-
tional and technological challenges. Additionally, there is 
a need for stronger collaboration among stakeholders to 
ensure that UDT technologies are accessible and can be 
applied across diverse urban contexts.

3.1.3  UDT Technology for Environmental Management 
(UTEM)

This cluster includes keywords such as ‘Environmen-
tal Management,’ ‘Climate Change,’ ‘Urban Resilience,’ 
‘Urbanisation,’ and ‘Future Cities,’ which collectively 
indicate the role of UDT technology in enhancing 
environmental management within the built environ-
ment. These keywords suggest a focus on leveraging 
UDTs to address pressing global challenges by simu-
lating and optimising urban systems to mitigate cli-
mate risks, improve resilience, and support sustainable 
urban growth (Argyroudis et  al., 2022; Omrany et  al., 
2024b). For instance, Roudbari et  al. (2024) demon-
strated the potential of UDT technology in flood pre-
diction and environmental risk management. Their 
study utilised graph neural networks combined with 
real-time environmental data to create a DT simulation 
for flood forecasting. By simulating flood events in Ter-
rebonne, Canada, they were able to assess flood risks, 
enabling stakeholders to test mitigation strategies such 
as flood barriers. The application of DT technology in 
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this context offers valuable insights into urban resil-
ience and sustainable management of climate risks. In 
another study, Kwon et al. (2022) demonstrated the use 
of UDT technology in disaster management by devel-
oping a distributed computing framework aimed at 
improving disaster predictions, particularly for large-
scale environmental events such as wildfires. Their 
study proposed the use of semantic data and convolu-
tional neural networks to accelerate the simulation pro-
cesses, which enabled real-time predictions and more 
effective responses to environmental changes. This 
approach highlights the potential of UDT technology 
to significantly enhance the resilience of urban areas 

against climate-related disasters by facilitating faster 
and more precise predictions and mitigation strategies.

As illustrated in Fig.  5, this cluster is strongly inter-
connected with other clusters, demonstrating the multi-
faceted nature of UDT technology in supporting urban 
systems. A notable example is the strong relationship 
between ‘Urban Resilience’, which has the highest occur-
rence and strongest connections in the network, and 
keywords like ‘Building Energy Efficiency’. This con-
nection underscores the critical role of energy-efficient 
buildings as a foundational element in enhancing urban 
resilience, suggesting that energy efficiency at the build-
ing scale is not just a component but a pivotal strategy 

Fig. 5 An illustration of the keywords within the UTEM cluster and their interrelationships with keywords from other clusters. Note that the original 
figure has been edited to enhance the legibility of keywords
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for mitigating climate risks and ensuring long-term sus-
tainability in urban environments. This is echoed in the 
research carried out by Alva et  al. (2024) who present 
a UDT-based solution, the GHG App, designed to help 
mitigate operational greenhouse gas (GHG) emissions 
in ageing residential buildings. By combining real-time 
data with energy models, this UDT offers an interactive 
platform where decision-makers can simulate building 
energy use, forecast GHG emissions, and identify prior-
ity buildings for low-carbon interventions. In another 
research, Ohueri et al. (2023) explored the integration of 
IoT-based DT technology for reducing operational car-
bon emissions in building retrofits. The study highlighted 
that IoT-DT can enable continuous real-time monitoring 
of buildings, optimising systems such as HVAC to reduce 
energy consumption and carbon footprints in buildings. 
Mohamad Zaidi et al. (2024) also investigated the poten-
tial of UDT technology to mitigate energy consumption 
and carbon emissions in a tropical residential city in 
Malaysia. Using the iCL-iCD software, a UDT model of 
Bertam City was developed to simulate energy consump-
tion and carbon emissions under various scenarios. The 
study found that implementing energy-efficient meas-
ures, such as improving building materials and HVAC 
systems, could reduce energy consumption and emis-
sions by up to 39.5%. Additionally, integrating solar pho-
tovoltaic panels showed a potential 22.3% reduction in 
carbon emissions. The research highlights the effective-
ness of UDT technology in achieving low-carbon city 
goals, demonstrating its potential as a valuable tool for 
urban planning in tropical environments.

Table 3 provides an analysis of five studies within this 
cluster, each demonstrating different approaches to uti-
lising UDT technology. Studies in this group also capture 
the importance of using renewable energy, utilising UDT 
technology to assist in the integration and management 
of renewable energy systems within urban environments 
(Cao & Zhou, 2024; Li & Tan, 2023; Wang & Wang, 2024; 
Zhang & Feng, 2024). For instance, Wang and Wang 
(2024) demonstrated how UDT technology can optimise 
the placement and management of renewable energy 
sources in urban environments. Their study integrated 
solar, wind, and other renewable energy systems into 
smart city planning, providing real-time simulations to 
evaluate energy efficiency, environmental impacts, and 
cost-effectiveness. The UDT model enabled planners to 
assess various scenarios for minimizing carbon emissions 
and improving energy resilience, highlighting the tech-
nology’s potential to support sustainable urban devel-
opment. Li and Tan (2023) also proposed a framework 
integrating solar and wind renewable energy sources 
into smart city microgrids using UDT technology. Their 
study employed DT-based simulations to assess energy 

management strategies, including cost reduction and 
voltage stability, under various scenarios. The UDT 
model, fed with real-time data from smart meters and 
weather sensors, enabled accurate simulations of energy 
flows and optimization strategies. This demonstrated the 
potential of UDT technology to improve the efficiency 
and integration of renewable energy in urban power 
systems.

All in all, the studies in this cluster collectively high-
light the transformative potential of UDT technology 
in enhancing energy efficiency, integrating renewable 
energy systems, and strengthening urban resilience. The 
findings demonstrate that UDT technology can play a 
crucial role in fostering smarter and more sustainable 
built environments by enabling real-time monitoring, 
predictive simulations, and advanced data analytics. 
These technologies not only optimise renewable energy 
systems’ operation but also offer critical insights into 
mitigating climate change impacts. As UDT applications 
continue to advance, their role in creating sustainable 
and resilient urban environments becomes increasingly 
clear, underlining their potential to help cities achieve 
net-zero energy goals and improve overall environmental 
management.

3.1.4  UDT Technology for Decision Making (UTDM)
This cluster contains keywords that underscore the 
potential of UDT technology in supporting decision-
making within the urban built environment. In this cat-
egory, the term ‘UDT’ has the highest values for both 
‘occurrence’ and ‘link strength,’ primarily due to its inclu-
sion in the search syntax used to identify relevant mate-
rials. However, this keyword was retained in the analysis 
to prevent the omission of important terms related to 
UDT. Figure  6 provides a closer view of the keywords 
within this cluster, as well as those connected to them 
from other categories. Interestingly, keywords such as 
‘Urban Decision-Making,’ ‘Social Inclusivity,’ ‘Urban 
Energy Management,’ and ‘Healthy Urban Environments’ 
emerged as the most prominent in this cluster. This may 
imply the significant role of UDT technology in facili-
tating key decision-making processes, including ‘social 
inclusivity,’ ‘urban energy management,’ and ‘healthy 
urban environments’. The emergence of keywords such as 
‘3D Visualisation’ and ‘Machine Learning’ also highlights 
the growing reliance on advanced computational tools 
and immersive technologies in enhancing decision-mak-
ing processes within urban environments, particularly in 
optimising resource management and visualising com-
plex urban systems.

Table 4 presents a summary of five studies focused on 
the three primary research areas identified through sci-
entometric analysis: ‘Social Inclusivity,’ ‘Urban Energy 
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Management,’ and ‘Healthy Urban Environments’. 
Regarding social inclusivity, Haraguchi et  al. (2024) 
developed the CITYSTEPS Maturity Model to assess 
the governance implications of City-scale Digital Twins 
(CDTs). Their study explored how CDT technology can 
enhance urban governance by improving public par-
ticipation, transparency, and decision-making processes. 
The proposed model highlights the different stages of 
CDT development, from basic planning to real-time syn-
chronisation and autonomous decision-making. CDT 
technology, using AI and dynamic data integration, ena-
bles cities to simulate urban phenomena and assess the 
impacts of policy changes in real-time. Despite its poten-
tial, the study emphasised challenges such as the exclu-
sion of marginalized groups from CDT data, privacy 

concerns, and the need for unbiased data collection to 
ensure social inclusivity in smart city designs. In another 
study, Francisco et  al. (2020) proposed a DT-enabled 
energy management platform for real-time urban build-
ing energy benchmarking. The study employed smart 
meter data to develop temporally segmented energy 
benchmarks, identifying periods of inefficiencies and 
overperformance. By segmenting energy consumption 
data into specific time frames, such as occupied and 
unoccupied periods, the UDT model provided more 
accurate insights compared to annual benchmarks. This 
approach enabled cities to prioritize building retrofits 
and optimise energy management, showcasing the poten-
tial of UDT technology to enhance urban energy effi-
ciency through more targeted and dynamic strategies.

Fig. 6 An illustration of the keywords within the UTDM cluster and their interrelationships with keywords from other clusters. Note that the original 
figure has been edited to enhance the legibility of keywords
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This paper has also identified studies that focused on 
leveraging the potential of UDT technology for creating 
healthy environment (EL Azzaoui et  al., 2021; Gholami 
et al., 2022; Ramani et al., 2023). For instance, EL Azzaoui 
et  al. (2021) proposed a Blockchain-based Secure UDT 
Framework aimed at creating smart, healthy cities. Their 
study utilised UDT technology to monitor real-time 
health data from individuals and healthcare institutions, 
enabling the simulation of urban health scenarios and the 
optimisation of medical resources. The proposed UDT 
system helped predict disease spread, manage healthcare 
resources effectively, and provide personalised health-
care strategies. Ramani et al. (2023) developed a dynamic 
UDT to integrate longitudinal thermal imagery for study-
ing microclimates at the neighbourhood scale. Their 
UDT model combined thermal images, captured through 
an infrared observatory, with a virtual 3D model of build-
ings at the National University of Singapore. This ena-
bled real-time analysis of surface temperatures and their 
contribution to the UHI effect. The application of UDT 
technology offers urban planners the potential to design 
more comfortable and healthier urban environments by 
identifying and addressing microclimate challenges such 
as UHI effects effectively.

UDT technology has proven to be a powerful tool for 
facilitating informed decision-making processes in urban 
environments. By integrating advanced technologies 
such as 3D visualisation and machine learning, UDTs 
allow for the analysis of complex data in real time, help-
ing urban planners address issues related to social inclu-
sivity, energy management, and the creation of healthier 
urban spaces. However, while the benefits of UDT tech-
nology are evident, challenges such as data privacy and 
equitable access to its benefits remain critical areas for 
further exploration. Future advancements in this field 
must focus on addressing these challenges to fully unlock 
UDT’s potential in urban decision-making processes.

3.1.5  UDT for Smart and Sustainable Cities (USSC)
This cluster contains keywords that emphasise the role of 
UDT technology in enabling smart cities to achieve their 
sustainability goals. Figure  7 illustrates these keywords, 
displaying their occurrence and total link strength values. 
Notably, ‘smart cities’ stands out with the highest values 
for both occurrence and association with other terms 
in this cluster, largely due to its inclusion in the search 
syntax. Beyond this term, keywords such as ‘GIS,’ ‘BIM,’ 
‘Real-time Data,’ ‘Real-time Analysis,’ and ‘Information 
Systems’ indicate the integration of technologies essen-
tial for modelling, data analysis, and real-time decision-
making within UDT frameworks. These technologies 
enhance UDT’s ability to monitor urban infrastructure, 
optimise resource management, and support responsive 

service delivery, thereby contributing to the functionality 
of smart cities (Omrany & Al-Obaidi, 2024).

Table 5 summarises five exemplary studies in this cat-
egory, addressing three primary research areas identified 
through scientometric analysis: ‘Citizens’ Quality of Life’, 
‘Green Construction’, and ‘Renewable Energy’. The analy-
sis reveals keywords such as ‘Citizens’ Quality of Life,’ 
indicating the potential of UDT technology to enhance 
urban living standards. UDTs contribute to enhancing 
citizens’ quality of life through real-time data and predic-
tive analytics, which inform urban planning and resource 
allocation, making cities more adaptable and responsive 
to the evolving needs of their residents. For instance, 
through precise monitoring of air quality, noise levels, 
and traffic congestion (Jiang et  al., 2022; Kumar et  al., 
2018; Raes et al., 2021; Tancev & Toro, 2022), UDTs can 
potentially allow city authorities to implement targeted 
environmental and infrastructural interventions that 
improve health outcomes and reduce daily stressors for 
residents. This is reflected in the findings of Raes et  al. 
(2021), who introduced the DUET framework to build 
interoperable and trusted digital twins for smart cit-
ies. The DUET framework integrates real-time data on 
traffic, air quality, and noise pollution, enabling urban 
planners to simulate "what-if" scenarios and assess the 
impacts of policy changes. This data-driven approach 
provides city authorities with actionable insights, allow-
ing for the implementation of targeted interventions to 
reduce pollution and improve urban living conditions, 
thereby contributing to a healthier and more sustainable 
environment. In another study, Tancev and Toro (2022) 
proposed a UDT framework designed for air quality 
monitoring networks in smart cities. Their study inte-
grates low-cost air quality sensors with high-resolution 
air pollution models based on partial differential equa-
tions, enabling continuous monitoring and recalibration 
of sensors. The UDT model was able to combine real-
time measurements with predictive pollution models, 
allowing urban authorities to manage air quality proac-
tively and make targeted environmental interventions. 
This approach demonstrated how UDT technology can 
enhance public health by reducing pollution exposure 
and enabling responsive, data-driven adjustments to 
improve urban air quality.

The findings also highlighted significant interest in lev-
eraging UDT-driven approaches to promote green con-
struction within the built environment. For instance, 
Yevu et  al. (2023) demonstrate how DT-based technol-
ogy supports green construction by optimising mate-
rial tracking, managing logistics, and monitoring carbon 
emissions in real time within the prefabrication sup-
ply chain. The adoption of this approach can potentially 
enhance efficiency and reduce environmental impacts 
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in the built environment. Liu et  al. (2023a, b) devel-
oped a six-dimensional DT model for managing green 
construction in prefabricated buildings, integrating 
real-time monitoring and data visualisation to optimise 
environmental performance. This model captures core 
green construction elements across physical and vir-
tual spaces, including energy consumption and material 
usage, and applies an evolution mechanism to adapt the 
model throughout construction stages. The study dem-
onstrated that using DT for green construction manage-
ment in prefabricated projects reduces pollution, energy 
consumption, and waste, underscoring the potential of 
this technology in advancing sustainable construction 
practices.

Another research area surfaced in the scientomet-
ric analysis was ‘renewable energy,’ indicating the 
contribution of UDT technology in supporting the 
development of low-carbon urban environments. This 
emphasis on renewable energy suggests that UDT tech-
nology can facilitate the integration of sustainable 

energy sources, such as solar and wind, into urban infra-
structure, enabling more efficient energy management 
and reducing the city’s overall carbon footprint (Chen 
et  al., 2024; Liu & Zhang, 2024; Zhao & Zhang, 2024). 
For instance, Zhao and Zhang (2024) presents a multi-
microgrid management framework that integrates UDT 
technology to support renewable energy usage in urban 
settings, with a goal of achieving net-zero emissions. By 
employing advanced algorithms, including Long Short-
Term Memory (LSTM) and Covariance Matrix Adap-
tation (CMA), the framework enables precise energy 
forecasting and adaptive decision-making. The DT 
model leverages real-time data from smart meters and 
Non-Intrusive Load Monitoring (NILM) to optimise 
demand response and reduce inefficiencies, ultimately 
enhancing energy efficiency, reliability, and resilience in 
urban microgrids. Liu and Zhang (2024) also explored 
the application of UDT for achieving net-zero emis-
sions within smart cities through renewable energy inte-
gration. Their model employs techniques like artificial 

Fig. 7 An illustration of the keywords within the USSC cluster and their interrelationships with keywords from other clusters. Note that the original 
figure has been edited to enhance the legibility of keywords
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neural networks (ANNs) and modified flower pollination 
algorithms (MFPA) to enhance short-term load forecast-
ing (STLF) for renewable energy management. The study 
demonstrates the UDT model’s capability to optimise 
energy predictions with 99.5% accuracy and reduce runt-
ime by over 50%, promoting more efficient and sustain-
able energy use across urban infrastructures.

In summary, the findings highlight UDT technol-
ogy’s promising potential to foster healthier urban envi-
ronments that improve quality of life, advance green 
construction practices, and support the planning of low-
carbon urban landscapes. With capabilities in real-time 
monitoring and informed decision-making, UDT stands 
out as a crucial tool for building sustainable, resilient 
cities.

3.2  Content analysis of industry reports
The comparative analysis of various reports on UDT 
technologies showcases promising advancements in 
urban planning, sustainability, and infrastructure man-
agement, demonstrating the transformative potential 
of DTs in enhancing city operations (Table 6). However, 
a notable gap remains in the absence of a standard-
ised guideline or unified framework for developing and 
deploying UDTs across different urban contexts. Despite 
numerous studies and frameworks proposed—each with 
distinct models for integration, governance, and applica-
tion—there is no universally accepted pathway to guide 
cities in building efficient and scalable UDTs. For exam-
ple, while reports such as those from World Economic 
Forum (2022) and Price Waterhouse Coopers (2022) offer 
models for urban planning and smart city management, 
they vary greatly in their technological approaches and 
data governance strategies, often leading to inconsistent 
performance and scalability. This fragmentation poses a 
serious hurdle to the broader adoption of UDTs, as the 
lack of standardisation leads to inefficiencies in cross-
sector collaboration and data sharing. Without a clear, 
structured process—akin to a recipe that guarantees 
accuracy when followed—future advancements in UDTs 
technology risk being slowed by inconsistent implemen-
tations and misaligned objectives. Therefore, a globally 
recognised guideline or protocol for UDT development, 
coupled with well-defined key performance indicators 
(KPIs) to measure performance, scalability, and effi-
ciency, is essential to ensure that diverse implementa-
tions are interoperable and capable of driving the full 
potential of UDTs in urban environments.

A closer look into the implementation of UDT tech-
nologies, as presented in Table  6, reveals that most 
applications have been carried out in smaller cities. This 
trend may stem from the fact that smaller and medium-
sized cities (SMCs) often serve as more manageable 

environments for piloting and testing new technologies. 
As indicated by Anschütz et al. (2024), SMCs may have 
populations ranging from 5,000 to < 100,000, and their 
urban systems are generally less complex compared to 
larger cities with populations exceeding 100,000. This 
simplicity allows for easier implementation, monitoring, 
and evaluation of UDT technologies. Furthermore, SMCs 
often face unique development challenges, such as lim-
ited funding and urban growth constraints, which can be 
addressed through the adoption of smart technologies 
(Iammarino et  al., 2019; Weck & Beißwenger, 2014). By 
integrating UDT solutions, SMCs can modernise infra-
structure, stimulate economic growth, and enhance their 
appeal to residents and businesses (Anthopoulos et  al., 
2019). In this way, SMCs striving to become smart cities 
are better positioned to manage urban populations and 
foster stronger links between citizens, governments, and 
economies. Anschütz et  al. (2022) highlighted that suc-
cessful smart cities should target at integrating six key 
domains: people, government, economy, mobility, living, 
and environment, all of which can benefit significantly 
from UDT applications.

On the other hand, the focus and popularity of UDTs 
in smaller cities may align with the concept of the 15-min 
city. This concept envisions urban environments where 
residents can meet six essential needs—living, commerce, 
work, education, healthcare, and entertainment—within 
a 15-min walk or bike ride from their homes (Moreno 
et  al., 2021). It offers an appealing alternative by recog-
nising fundamental urban principles and advocating for 
a return to proximity-based living (Moreno et al., 2021). 
To achieve this, the 15-min city emphasises four key ele-
ments: density, proximity, digitalisation, and diversity 
(Teixeira, et al. 2024; Moreno et al., 2021). By promoting 
urban accessibility, sustainable mobility, and liveability, 
the 15-min city has gained significant traction in pub-
lic discourse. It has inspired a movement of advocates 
who support the development of small, human-scaled, 
walkable, and diverse urban forms, reducing reliance on 
motorised transportation and private cars (Mouratidis, 
2024).

Further, Moreno et  al. (2021) argued that digitalisa-
tion can facilitate the application of these principles by 
enabling remote work, enhancing citizen participation 
through digital tools, and supporting the development 
of innovative sustainable transportation options such as 
shared mobility. However, the successful implementation 
of the 15-min city concept largely depends on contex-
tual factors, including demographics, urban morphol-
ogy, local socio-economic structures, and institutional 
frameworks (Teixeira, et  al. 2024; Moreno et  al., 2021). 
In recent years, nearly a hundred cities have expressed 
interest in adopting the 15-min city model, with cities 
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like Edinburgh, Milan, and Paris making notable progress 
in turning their plans into reality. These examples high-
light the relevance of UDTs’ focus on smaller cities, align-
ing with their potential to support the principles of the 
15-min city.

4  Discussions
The findings identified overlaps among topics, reflect-
ing the interconnected nature of UDT applications 
and shared goals in addressing urban challenges. These 
overlaps highlight the need for further discussion to 
clarify the unique contributions of each research clus-
ter. Across all clusters, technology—both digital and 
physical—emerged as a central theme, with studies and 
reports consistently focusing on four key areas: monitor-
ing, management, planning, and decision-making. These 
areas are closely tied to Sustainable Development Goal 
(SDG) 11, which promotes resilient, inclusive, and sus-
tainable cities. Integrating insights from research clusters 
was identified as a way to advance holistic solutions for 
smart cities. However, industry reports highlighted chal-
lenges such as inconsistencies in focus areas, the lack of 
specific metrics, scalability issues for smaller cities, and 
concerns over data privacy. The analysis of these issues 
was conducted by examining the core content of each 
topic and evaluating the factors discussed earlier. Fig-
ure 8 illustrates the research process developed to clarify 
the distinctions among the five clusters. This process fol-
lows a structured three-stage approach: (1) Stage 1 – Bib-
liometric analysis, using keyword co-occurrence analysis 
to map research trends; (2) Stage 2 – Assessment through 
systematic analysis to evaluate the scope and intercon-
nections of the identified topics; and (3) Stage 3 – Clas-
sification via content analysis to categorise and refine key 
themes. This structured methodology provides a com-
prehensive framework for identifying UDT pathways and 
understanding their broader implications.

In Stage 1, the research identified five clusters within 
UDT, highlighting complex intersections, as illustrated 
in Figs. 3, 4, and 5. These overlaps suggest a lack of clar-
ity in distinguishing the defining characteristics of UDT. 
To address this, Stage 2 systematically analysed each 
cluster, categorising research based on the purpose of 
using DT, key enabling technologies, and key findings (as 
detailed in Tables 1, 2, 3, 4 and 5). Additionally, Table 6 
summarises major aspects from industry reports, focus-
ing on key areas, technological approaches, and primary 
applications. The findings revealed a shared technologi-
cal approach across studies, yet complexities arose due 
to overlapping uses of DT and its primary applications. 
Consequently, Stage 3 was developed to classify the 
content of each cluster and examine their integration 
in advancing effective UDT applications, as presented 

in Fig.  9. This stage systematically categorises six key 
areas and their attributes: Monitoring and Controlling 
(11 attributes), Urban Planning (13 attributes), Environ-
mental Management (11 attributes), Decision-Making (9 
attributes), Technologies (13 attributes), and Integrated 
Models for Sustainable and Smart Cities (12 attributes).

The proposed model restructures UDT literature by 
introducing a new framework to interpret and correlate 
the identified content. Figure  9 highlights the critical 
attributes present in the literature that shape the organi-
sation and development of UDTs, guiding their role in 
fostering resilient and sustainable cities. This model pro-
vides a structured approach to identifying challenges, 
including existing limitations and key areas for future 
research.

5  Challenges and recommendations for future 
development of UDTs

Urban environments are becoming increasingly com-
plex, and UDT can distinguish itself as a vital tool for 
helping decision-makers optimise urban development. 
Despite considerable progress in the development and 
application of UDTs, substantial gaps remain that should 
be addressed to fully realise their potential. This section 
highlights several key directions for future development 
in the field.

• Data management: Several research applications 
were proposed to amplify the power of data that 
include designing with the data-mechanism-fused 
(DMF) to overcome issues by integrating BIM, data 
mining, and physical mechanisms in digital twin 
(Wang et  al., 2024). Device recognition assistants 
were developed as a data management method for 
Digital Twins to structure the communicated raw 
data based on time series classifiers (Dittmann et al., 
2024). However, several research gaps are identi-
fied including limitations with data management in 
DT such as relying on a two-dimensional excava-
tion mechanical model. More research and optimi-
sation are required to address the algorithms’ accu-
racy on test data. Precision of semantic interaction 
norms is especially difficult due to the complexity of 
the urban system (Austin et  al., 2020). Data hetero-
geneity between scales varies in accuracy and detail 
level (Scalas et  al., 2022). Addressing challenges in 
data privacy and security is crucial, given the sensi-
tive nature of urban data (Papyshev & Yarime, 2021). 
Additionally, improving the accuracy and quality of 
data, especially from IoT sensors is limited. Incon-
sistencies and gaps in data collection and analysis can 
undermine the effectiveness of UDTs, and addressing 
these issues will be key to building reliable systems 
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(Masoumi et al., 2023; Omrany et al., 2024b). There-
fore, future development of UDTs should prioritise 
robust data management systems that can integrate 
and ensure interoperability across diverse plat-
forms, such as BIM (Cureton & Hartley, 2023), GIS 
(Masoumi et  al., 2023), and other digital platforms. 
Seamless interoperability should be a key focus mov-
ing forward, as it will enable comprehensive man-
agement of complex urban systems. Thus, future 

research should focus on strengthening cybersecu-
rity frameworks and advancing privacy-preserving 
analytics to maximise data utility while safeguarding 
individual rights.

• Technology integration: Esri UK (Esri UK, 2024) a pio-
neer in solving urban problems using GIS, indicated 
that current solutions in DT technologies include 
advanced data integration, dynamic modelling and 
an immersive environment. Current technologies 

Fig. 8 Developed research process to identify UDT pathways

Fig. 9 Classifications of research outcomes towards UDT pathways
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cover interactive models in the form of 3D with accu-
racy positions that transform collaboration and prob-
lem-solving. These technologies simulate and predict 
outcomes and make complex systems easier to com-
prehend. However, several research gaps are detected 
such as the use of AI and ML in predictive analytics 
and decision-making in urban planning is increas-
ingly becoming popular, still its potential is yet to be 
harnessed (Bibri et al., 2024; Wajid et al., 2024). Vis-
ual tools are still in an early stage to allow planners to 
make informed decisions that improve city resilience. 
Leveraging advancements in AI, IoT, and distrib-
uted computing architectures—such as edge and fog 
computing is limited in research that could assist in 
improving the real-time processing and responsive-
ness of UDTs (Omrany et al., 2024b). Therefore, ena-
bling more efficient management of urban environ-
ments and fostering innovation. The expansion and 
accuracy of IoT and sensor networks will be essential 
for comprehensive urban monitoring, enabling cities 
to gather real-time data on various aspects, such as 
traffic flow and environmental conditions (Abdeen 
et al., 2023; Deng et al., 2021a, b). Exploring simula-
tion and modelling tools, particularly those that offer 
enhanced 3D modelling and real-time simulations, 
will be vital for visualising potential urban develop-
ments and emergency scenarios (Scalas et al., 2022).

• Governance and policy involvement: Several stud-
ies conducted on creating a framework for evaluat-
ing UDTs’ involvement in city governance. Diaz-
Sarachaga (2025) evaluated the impact of urban 
digital twins on city government, the study created 
a novel scoring system. A recent study introduced 
CITYSTEP Maturity model as a new maturity 
framework for city-scale digital twins. The proposed 
framework was developed for improving public 
involvement in urban planning and tackling impor-
tant issues with smart cities, like transparency and 
accountability (Haraguchi et al., 2024). However, sev-
eral research gaps are found such as ethical consid-
erations that are central to governance, especially in 
balancing the needs for public safety and urban secu-
rity with individual privacy rights. Transparent gov-
ernance models are required to foster public trust, 
ensuring that UDT data is used responsibly and fairly. 
Equitable access to the benefits of UDTs should be 
guaranteed, with policies that prevent digital divides 
and ensure that all urban communities—regardless of 
socioeconomic status—can benefit from the trans-
formative potential of UDTs. UDT-specific regula-
tions should be developed to ensure smooth inte-
gration across different sectors while safeguarding 
intellectual property rights, promoting innovation, 

and avoiding exploitation of proprietary technologies 
(Papyshev & Yarime, 2021). Therefore, potential areas 
for future research cover developing legal and regu-
latory frameworks to address the unique challenges 
these technologies present, such as data ownership, 
cross-border data sharing, and liability issues aris-
ing from the use of UDTs in urban management (Lei 
et al., 2023). Additionally, Create models of Transpar-
ent and governance and Equitable access. Exploring 
the Involvement of policymakers, urban planners, 
and community stakeholders in the governance pro-
cess will be crucial to establishing frameworks that 
are both inclusive and adaptable to the fast-evolving 
nature of UDT technology.

• Social and cultural integration: The review identi-
fied limited research in this area that particularly 
were conducted on the integrations of social and 
cultural aspects in digital twin. For example, Yossef 
Ravid & Aharon-Gutman., (2023) stated that to cre-
ate a social turn in the realm of smart cities and 
urban innovation, developing a UDT with a social 
focus requires interdisciplinary expertise from the 
domains of sociology, anthropology, planning, and 
ethics studies. The study explored the Social Urban 
Digital Twin through the application of technology 
instruments from the progressive development field 
that integrates critical theory and applied practice to 
advance social policy. Ye et al. (2023) found that pub-
lic involvement also enhances the collective knowl-
edge base, allowing urban planners to draw on the 
lived experiences and insights of residents, which can 
lead to more effective and context-sensitive urban 
solutions. However, several research gaps are identi-
fied including UDT design requires an understand-
ing of local values, norms, and practices to ensure 
that UDTs are not only technically effective but also 
socially meaningful. adapting UDTs to different 
urban environments—whether in densely populated 
metropolitan areas or rural settings—is critical for 
ensuring their wide applicability. In rural contexts, 
for instance, UDTs may need to focus on different 
priorities, such as agricultural management or basic 
infrastructure development, while in urban centres, 
the focus may shift towards congestion management, 
minimising UHI effects or optimising energy effi-
ciency. As such, ensuring UDTs are flexible enough 
to operate effectively across these diverse settings 
will be key to their long-term success and adoption. 
Therefore, potential areas for future research cover 
options to engage the public in the creation and utili-
sation of UDTs to ensure their success and relevance 
in urban environments (Yossef Ravid & Aharon-
Gutman, 2023). Explore active public participation to 
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align UDT initiatives with the needs and priorities of 
local communities, improving acceptance and foster-
ing a sense of ownership among citizens.

• Sustainability and resilience: Several studies exam-
ined the concept of UDT towards Sustainable Devel-
opment Goals. Patel et al. (2024) reviewed the DT for 
sustainable urban development. The results point to 
important issues that prevent broad adoption, such 
as data integration, cross-sector cooperation, and 
governance impediments. The study also establishes 
connections between the advantages, difficulties, 
and implications of different Digital Twin Technol-
ogy applications. For example, by facilitating better 
decision-making, data integration advancements not 
only increase operational effectiveness but also for-
tify urban resilience. Omrany et  al. (2024a) investi-
gated the use of DT technology in supporting social 
sustainability by exploring 17 UN Sustainable Devel-
opment Goals (SDGs). The findings indicated a sig-
nificant emphasis on SDG11 (77 publications), fol-
lowed by SDG3 (58 studies) and SDG9 (48 research). 
Although UDT design, installation, and maintenance 
require a wide range of technical skills (Ferré-Bigorra 
et  al., 2022), developers and systems engineers are 
scarce in the infrastructure and construction sectors. 
Additionally, when teams hire individuals from dif-
ferent disciplines for digital twin projects, collabora-
tions suffer from a lack of literacy and understanding 
between disciplines (Broo et al., 2022). However, sev-
eral research gaps are identified including a technol-
ogy-focused development that requires both organi-
sational learning (collaboration) and individual skills 
(upskilling) (Nochta et  al., 2021). Concerns about 
the shortage of skilled human resources frequently 
result in the outsourcing of information technology 
(IT) services, which has drawbacks (reliance on out-
side companies, lack of technical know-how in local 
governments, open standards not followed in prac-
tice, etc.). There is limited consideration of sustain-
able dimensions for ensuring the long-term success 
of UDTs, particularly in addressing the pressing chal-
lenges of climate change and resource management 
(Therias & Rafiee, 2023). There is a gap in providing 
data-driven insights into emergency preparedness, 
UDTs significantly bolster urban resilience, help-
ing cities better anticipate and respond to potential 
threats  (Ford and Wolf, 2020). Specific models of 
simulations enable urban planners to visualise poten-
tial climate risks, such as rising sea levels or heat-
waves, and implement mitigation efforts tailored to 
local vulnerabilities (Argyroudis et  al., 2022; Hen-
riksen et  al., 2022; Therias & Rafiee, 2023). There-
fore, potential areas for future research cover devel-

oping optimisation models of UDTs to optimise the 
management of key resources, including energy and 
water, by modelling consumption patterns and inte-
grating renewable energy sources, contributing to 
more sustainable urban living. Further examination 
and empirical analysis of UDT sustainability ramifi-
cations is necessary, especially for equality, economic 
growth, and community well-being. Additionally, to 
understand the resilience of UDT in urban contexts, 
it is necessary to look at governance structures, busi-
ness models, and regulatory frameworks.

• Economic and financial considerations: Promoting 
and gaining acceptance of the most effective UDT 
systems and equipment is challenging due to their 
higher initial investment costs and more technologi-
cal complexity compared to current standard pro-
cedures (Ferré-Bigorra et  al., 2022). In addition, the 
cost of system maintenance and exploitation is sig-
nificant (Nochta et al., 2021). The findings from the 
literature indicated that many studies focused on the 
electricity consumption from UDT processes, espe-
cially for computing, as data-driven models require 
a lot of calculations (Ding & Ho, 2022). Therefore, 
several gaps are highlighted such as economic and 
financial considerations are critical to ensuring the 
financial sustainability and scalability of UDT pro-
jects (Dembski et al., 2020; Quek et al., 2023). Com-
prehensive cost–benefit analyses are essential for 
justifying the substantial initial investments required 
for UDT development, as well as the ongoing main-
tenance and operational costs. Scalable and adaptable 
business models are found to be crucial for extend-
ing UDT benefits across multiple cities and facilitat-
ing widespread adoption (Omrany et al., 2023). As a 
result, potential areas for future research cover the 
exploration of cost–benefit analyses to demonstrate 
the long-term value of UDTs by quantifying potential 
returns in areas such as reduced operational costs, 
resource efficiency, and improved urban manage-
ment outcomes. Exploring innovative business mod-
els, such as public–private partnerships, can unlock 
new financial resources and reduce the financial bur-
den on local governments (Shan et al., 2024). Explor-
ing the acceleration of partnerships enable cities to 
leverage private sector investment and expertise for 
implementing of UDTs.

• UDTs in Urban Planning. Urban planning remains 
one of the most prominent applications of UDTs, 
with studies leveraging Machine Learning, Deep 
Learning, and AI to develop models for transport and 
mobility management. These approaches have led to 
platforms that simulate and optimise traffic flow and 
public transit systems, helping cities reduce conges-
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tion, improve commute times, and enhance overall 
urban mobility (Xia et  al., 2022). However, several 
gaps remain, including the early-stage exploration of 
computational urban science, computational limita-
tions that often require data or model simplifications 
(Nochta et  al., 2021), data quality concerns (Ferré-
Bigorra et  al., 2022), and challenges in multi-scale 
model integration (Wu et  al., 2021). Current mod-
els are still unable to fully capture the complexity 
of urban systems. Future research should focus on 
developing clear frameworks for integrating UDTs 
into smart city initiatives, using real-time data to fos-
ter collaboration among urban planners, policymak-
ers, and private sector stakeholders (Ye et al., 2023). 
Additionally, expanding UDT applications to predic-
tive infrastructure maintenance could prevent costly 
failures, extend asset lifespans, and reduce long-term 
capital expenditures.

• UDTs and advanced visualisation technologies: Stud-
ies have shown that UDT technologies enhance 
urban development projects by providing 3D visu-
alisations that simulate the impact of new infrastruc-
ture, traffic patterns, and environmental changes 
(Kuru, 2023; Merlo & Lavoratti, 2024). Various plug-
ins and engines, such as Unity Engine, Unreal Engine, 
and Simulation Engines, have been introduced to 
support these applications (Dani et  al., 2023; Raes 
et  al., 2021; Roudbari et  al., 2024). However, several 
research gaps remain, particularly in the integration 
of AR and VR. When these visualisation technolo-
gies are used to communicate large-scale quantita-
tive data, such as spatial and parametric informa-
tion, performance issues arise, including lagging and 
slow response times (Beil et al., 2020), particularly in 
multi-scale (Park & Yang, 2020) and multi-dimen-
sional (Wu et  al., 2021) contexts. Future research 
should focus on developing integrated models and 
transformative tools that enhance the adaptability 
of immersive visualisation technologies to evolving 
UDT innovations. Additionally, new methods should 
be explored to improve real-time monitoring and 
stakeholder engagement, ensuring that visualisation 
platforms can effectively handle the complexity of 
urban data.

6  Conclusion
Notwithstanding the growing number of research, the 
current body of literature remained fragmented when 
it came to providing a holistic understanding of UDT 
technology, and its current applications in the built 
environment. Correspondingly, this paper approached 
the literature by adopting a comprehensive systematic 
approach to unveil the dominating research areas in 

the field. To this end, the current study identified 78 
scholarly materials and analysed them using a sciento-
metric method to understand the key research areas in 
the field. This resulted in identifying five primary appli-
cation domains for UDTs, i.e. urban monitoring and 
control, smart urban planning, environmental manage-
ment, decision-making, and the development of smart, 
sustainable cities. The findings showed the promising 
potential of UDTs to enhance urban governance, opti-
mise resource management, and inform data-driven 
decision-making, which can subsequently promote fos-
tering innovative solutions to tackle multilayered chal-
lenges within urban environments. The findings also 
indicated that UDTs can support designing and creat-
ing healthier urban environments by facilitating better 
air quality management, noise reduction, and green 
space planning. This can directly contribute to enhanc-
ing the wellbeing of citizens.

Further, this study analysed 10 industry reports on 
UDT technology to identify practical insights and evalu-
ate industry-driven approaches for implementing UDT 
solutions in urban environments. The findings revealed 
notable progress in applying this technology to urban 
planning and infrastructure management. However, the 
absence of a standardised framework across the reviewed 
reports presents challenges to consistent implementa-
tion, scalability, and cross-sector collaboration. This 
highlights the need for unified guidelines to support 
broader UDT adoption in the built environment. Future 
research can focus on developing standardised proto-
cols that guide UDT development while accommodating 
the unique requirements of varied urban settings. With-
out such guidelines, UDT adoption may remain limited 
by fragmented solutions and constrained cross-sector 
collaboration.

This study introduces a new classification model 
derived from analysing research flows, offering a refined 
interpretation of key outcomes across five clusters in 
UDT pathways. The proposed model redefines the struc-
ture of UDT literature, providing a systematic framework 
to interpret and correlate findings from previous studies. 
In addition to this, the study identified a range of chal-
lenges that future research should address to unlock 
the full potential of UDT technology in urban develop-
ment. Effective data management is highlighted as a criti-
cal area, essential for establishing interoperable systems 
that integrate platforms such as BIM and GIS. Advanc-
ing technology integration through AI, IoT, and edge 
computing is also recommended to enhance real-time 
processing capabilities critical for responsive UDTs. Fur-
thermore, governance frameworks must address data 
ownership and privacy concerns to build public trust 
and accountability. Finally, the study emphasises the 



Page 28 of 31Omrany et al. Computational Urban Science            (2025) 5:20 

importance of prioritising social and cultural integra-
tion by adapting UDTs to diverse urban and rural con-
texts, thereby increasing public engagement and ensuring 
alignment with community needs.

Further, this study recommends that UDTs incorpo-
rate adaptive resource management and climate response 
functions to support long-term urban resilience and 
foster sustainability in the built environment. Economic 
and financial sustainability should also be prioritized, 
including cost–benefit analyses and innovative funding 
models, such as public–private partnerships, to make 
UDTs accessible for cities of all sizes. This approach can 
aid in the widespread adoption of UDTs, enabling cities 
to achieve resilient, sustainable development goals effec-
tively and inclusively. As urban planning remains a core 
application, UDTs provide data-driven insights to opti-
mise infrastructure, enhance mobility, and support pre-
dictive maintenance. Additionally, integrating advanced 
visualisation technologies like AR and VR allows plan-
ners, stakeholders, and the public to interact with UDT 
models, enhancing transparency and collaborative deci-
sion-making. By addressing these interconnected chal-
lenges, UDT technology can play a transformative role in 
creating resilient, inclusive, and sustainable cities.
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