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Abstract. The rapid urbanization and increasing complexities in city management have necessitated the adoption 

of innovative technologies for sustainable urban development. City Digital Twins (CDTs) have emerged as a 

transformative solution, offering virtual replicas of urban environments that integrate real-time data, advanced 

analytics, and simulation capabilities. This study employs a systematic literature review and bibliometric analysis 

to explore the applications of CDTs in developing sustainable smart cities. Key findings reveal that while CDTs 

have demonstrated significant potential in areas such as infrastructure management, environmental monitoring, 

and urban logistics, there remains a critical gap in the bi-directional flow of information between the physical 

city and its digital counterpart. Addressing this gap requires advancements in real-time data synchronization, 

interoperability, and integration of emerging technologies such as artificial intelligence, machine learning, and 

blockchain. This research highlights the necessity of future studies focusing on dynamic urban modelling, 

participatory digital twins, and improved decision-support frameworks to enhance urban resilience and 

sustainability. The insights presented in this paper contribute to the ongoing discourse on smart cities and digital 

transformation, paving the way for more adaptive, data-driven urban management strategies. 

1. INTRODUCTION 

The accelerated pace of urbanization, driven by population growth and economic expansion, has 

brought forth unprecedented challenges for urban planners and policymakers. By 2050, approximately 

68% of the global population is expected to reside in urban areas, amplifying the strain on infrastructure, 

resources, and services (Department of Economic and Social Affairs, 2018). This rapid demographic 

and spatial transformation intensify the need for innovative solutions that can balance growth with 

sustainability. In particular, digital technologies are increasingly being explored as enablers of smarter 

and more resilient cities (Lehner et al., 2024). Among these, City Digital Twins (CDTs) has emerged as 

a transformative solution, offering a virtual replica of physical urban environments that integrates real-

time data and advanced analytics (Lehner et al., 2024). By providing a dynamic platform for predictive 

modelling, scenario analysis, and data-driven decision-making, CDTs bridge the gap between complex 

urban realities and informed planning interventions, positioning themselves as a key tool for the 

sustainable and resilient evolution of smart cities (Lehner et al., 2024). 

Originally developed for aerospace and manufacturing, digital twin technology has been adapted 

to urban contexts due to its ability to simulate, monitor, and optimize complex systems (Cureton & 

Dunn, 2021). By integrating Internet of Things (IoT) devices, Geographic Information Systems (GIS), 

Building Information Modelling (BIM), and Artificial Intelligence (AI), CDTs provide a comprehensive 
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framework for understanding urban dynamics (Cureton & Dunn, 2021). For example, AI and ML can 

forecast infrastructure failures or optimize transport flows, while blockchain ensures secure, transparent 

data sharing across stakeholders. These applications demonstrate how CDTs move beyond static models 

to actionable platforms for predictive maintenance, dynamic urban modelling, and secure data exchange. 
The adoption of CDTs aligns closely with the objectives of the United Nations Sustainable 

Development Goals (SDGs), particularly those related to sustainable cities and communities (SDG 11), 
clean water and sanitation (SDG 6), and climate action (SDG 13). For instance, CDTs enable the 
simulation of environmental scenarios, such as the impact of climate change on urban infrastructure, 
helping cities adapt to and mitigate adverse effects (Jeddoub et al., 2023). Additionally, these models 
support the optimization of energy consumption in buildings, efficient waste management, and the design of 
green infrastructure, contributing to reduced carbon footprints and enhanced urban sustainability 
(Hristov et al., 2022). Despite this transformative potential, the existing scholarship has primarily 
emphasized the technological dimensions of CDTs, focusing on data integration, interoperability, and 
visualization. Limited attention has been given to their implications for urban policy frameworks, 
governance models, and long-term sustainability transitions. Furthermore, the interdisciplinary 
integration of CDTs with urban planning practices, citizen participation, and socio-environmental 
considerations remains fragmented, creating a significant research gap (Ying et al., 2023). 

It is important to acknowledge certain limitations in this review process, particularly the potential 
exclusion of relevant grey literature. While the analysis draws on peer-reviewed academic sources to 
ensure rigor, omitting practitioner reports, policy briefs, and industry documentation may restrict the 
breadth of insights captured. Recognizing this constraint increases transparency and strengthens the 
credibility of the study. This study addresses this gap by systematically analysing the role of CDTs in 
fostering sustainable urban development through a bibliometric and meta-analysis approach. In doing 
so, it highlights not only the technological advances but also the underexplored intersections with policy, 
urban planning, and sustainability. Future research should therefore expand beyond technical 
explorations to incorporate multi-level governance, participatory planning frameworks, and sustainability 
assessment models. Such directions will ensure that CDTs are positioned as holistic enablers of resilient, 
inclusive, and sustainable smart cities. 

2. RESEARCH METHODOLOGY 

Research on applications of digital twin in urban planning is still in its early stages. Although some 
studies have explored the use of digital twin in developing smart cities, the literature relating to the use 
and application of digital twin technology in achieving Sustainable Development Goals (SDGs) in cities 
is still negligible. Therefore, to establish a comprehensive research agenda in this emerging field, a 
Systematic Literature Review (SLR) is essential, which will ensure rigorous reviews of the structured 
results. It is one of the most known approaches to conducting a literature review to provide insights and 
knowledge about a specific topic by ensuring the inclusion of only related literature and biases in the 
source selection. The quality of SLR depends on the clarity and completeness of the reporting process 
for which the study adheres to the “Preferred Reporting Items for Systematic Reviews and Meta-
Analyses” (PRISMA) guidelines to conduct the literature review. As per PRISMA, the SLR consists of 
three steps: identification, screening, and eligibility. As depicted in Figure 1, the search was carried out 
on Scopus, the world’s largest database, using the following terms out of Title, Abstract, and Keyword: 

(“digital twin” OR “digital twinning” OR “virtual twin” OR “virtual twinning”) AND  
(“urban” OR “urban planning” OR “urban development”) 

The above search resulted in 895 documents out of which documents relating to “social science” 
and “environmental science” subject areas were considered, which led to 318 documents. 

Further screening was done using the document type, in which the search was limited to articles, 

conference papers, book chapters, review papers, conference reviews, and books written in the English 
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language, which narrowed the search down to 309 documents. Next, three levels of screening were 

performed: title and keywords screening, abstract screening, and full-text screening. In title and keywords 

screening and abstract screening, the title of the document, index keywords, and author keywords were 

searched for the words “digital twin”, “virtual twin” or “urban” to ensure that all the studies related to 

the studied topic are considered at the preliminary level, which limited the search to 237 documents. 

This was followed by a full-text screening in which all studies were categorized into three types: 

1. studies that depict the direct application of digital twin in any urban planning aspect, 

2. studies that depict the use of technology in any urban planning aspect or contribution of 

technology to the creation of urban digital twin and, 

3. studies that do not include any mention of the use of digital twin or technology for urban areas 

or mention the use of digital twin for other sectors, i.e. architecture, construction, aerospace, 

manufacturing, etc. 

 

Fig. 1 – PRISMA flow diagram for Systematic Literature Review.  
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Thus, the studies that are irrelevant for the studied topic, i.e. studies that do not include any 

mention of the use of digital twin or technology for urban areas or mention the use of digital twin for 

other sectors, i.e. architecture, construction, aerospace, manufacturing, etc. (point 3), were excluded. 

Accordingly, 207 documents or studies were selected to be included in this study. 

After identifying the appropriate research papers for the present study, they were arranged in 

Microsoft Excel to identify different characteristics of literature, like year of publication, keywords, 

abstract, document type, and so on. Subsequently, a bibliometric analysis was carried out using 

VOSviewer. Additionally, to answer the research questions, a thematic analysis was conducted which 

included analysing the qualitative set of data and searching for meaning in patterns of data to identify 

themes. Accordingly, the thematic analysis of the study was based on the application of digital twin 

technology in sustainable urban planning and development along with challenges and solutions in the 

data management aspect. 

2.1. Characterization in Literature and Bibliometric Analysis 

In Table 1, three main characteristics of 207 documents are present: the year-wise number of 

published research papers, the type of document, and the type of study. As the table indicates, interest 

in the city digital twin research started very recently, in 2018, with one journal article, and has increased 

tremendously for five years to 32 journal articles, 3 books, 6 book chapters, 23 conference papers, and 

7 review papers (in 2023). The present study was conducted in May 2024 and, therefore, the number of 

studies is 32 and is expected to reach 80-85 by year-end. It was also noted from literature 

characterization that almost more than half of the studies are journal articles (n=101), followed by 

conference papers (n=78), the number of which also increased from 2018 to 2023. 

Table 1 

Characteristics of Literature 

Characteristics of 

Literature 

Categories Frequency 

Year-wise number of 

published studies 

2018 

2019 

2020 

2021 

2022 

2023 

2024 

1 

5 

15 

26 

57 

71 

32 

Type of document Journal Article 

Conference Paper 

Book 

Book Chapter 

Review Paper 

101 

78 

4 

12 

12 

Type of Study Studies that depict the direct application of digital twin in any urban 

planning aspect 

 

Studies that depict the use of technology in any urban planning aspect 

or contribution of technology to the creation of urban digital twin 

105 

 

 

 

102 

 

At last, the third characteristic of literature – the type of study – shows that 105 studies depict the 

direct application of digital twin in any urban planning aspect. This is a significant number. Moreover, 

102 studies depict the use of technology in any urban planning aspect or contribution by technology to 

the creation of urban digital twin. A notable observation is the surge in CDT-related publications after 

2020. This growth can be linked to pandemic-driven digitalization, which accelerated the adoption of 
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remote monitoring, digital simulation, and data-driven decision-making tools across urban systems. 

Additionally, global investment in smart city initiatives, particularly in Europe and Asia, provided 

increased funding opportunities and policy support for digital twin experimentation. This context not 

only explains the numerical increase in publications, but also reflects a broader shift toward embedding 

CDTs in resilience planning, sustainability transitions, and technology-enabled governance. 

A keyword co-occurrence analysis was conducted on VOS viewers to identify the relationship 

between publications. The software allows the extraction of keywords from the title and abstract of the 

publication, or they can be taken from the author-supplied keyword list of publications using natural 

language algorithm and text mining methods [1]. To carry out a keyword co-occurrence analysis, the 

minimum number of keyword occurrences was kept at two. In addition, before carrying out the analysis, 

keywords with similar meanings, like “digital twin” or “city digital twin” or “urban digital twin and 

“smart cities” or “smart city” and “BIM” and “building information modelling” and “CIM” or “city 

information modelling”, etc. were merged. The result of the analysis showed that out of 670 keywords 

in the studies, 94 met the threshold, while the most repeated keywords were “city digital twin” (134 

occurrences), followed by “smart city” “smart cities” (39 occurrences), “3D city model” (25 

occurrences), and “urban planning” (21 occurrences) (Fig. 2). 

The cluster analysis depicts 94 keywords that can be arranged in 16 clusters with 408 links. The 

16 clusters in the figure are as follows: 

1.  Cluster 1 (red colour): It has keywords like AI, CIM, CityJSON, data analytics, deep 

learning, digitalization, IoT, machine learning, sensors, etc. which indicate studies related to 

data analysis using AI-driven methods and IoT-based sensing. 

2. Cluster 2 (green colour): It has keywords like 3D city model, change detection, change 

interpretation, CityGML, data integration, LOD, graphs, spatial data infrastructure, 

spatiotemporal data, etc. which indicate studies related to developing 3D models using 

CityGML and detecting spatial-temporal changes. 

3. Cluster 3 (dark blue colour): It has keywords like buildings, energy transition, game engine, 

interoperability, modelling, open data, spatial data integration, and urban planning which 

indicate studies addressing interoperability between urban modelling platforms and game engines. 

4. Cluster 4 (yellow colour): It has keywords like city logistics, co-creation, on-demand 

logistics, sustainability assessment, planning, urban logistics, etc., which indicate studies 

related to on-demand sustainable logistics frameworks. 

5. Cluster 5 (purple colour): It has keywords like climate change, COVID-19, forecasting, 

future cities, metaverse, smart cities, and urban analysis and policy which indicate studies 

related to examining post-pandemic and climate-related forecasting in smart cities. 

6. Cluster 6 (light blue colour): It has keywords like built environment, simulation, urban 

development and governance, urban management, urban modelling, virtual city, and 

visualization which indicates studies related to modelling and simulation of the built 

environment for urban development, management, and governance. 

7. Cluster 7 (orange colour): It has keywords like virtual reality, augmented reality, decision 

support, GIS, urban design, etc., which indicate use of immersive visualization and GIS in 

decision-making. 

8. Cluster 8 (brown colour): It has keywords like big data, cities, geospatial, mobility, urban 

data, etc., which indicate studies related to big data and geospatial urban data for mobility 

planning in cities. 

9. Cluster 9 (pink colour): It has keywords like error diagnosis, hydraulic models, time series, 

validation, etc., which indicate studies related to validation of urban models using time-series data. 

10. Cluster 10 (dark green colour): It has keywords like benevolence, localization, mobile 

mapping, smart city, etc., which indicate studies related to mapping through mobile sensor data. 
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11. Cluster 11 (magenta colour): It has keywords like LiDAR, mobile laser scanner, point cloud, 

semantic segmentation, etc., which indicate studies related to use of LiDAR-based point 

clouds for urban feature extraction. 

12. Cluster 12 (dark purple colour): It has keywords like blockchain, city digital twin, 

sustainable cities, and urban heat island which indicate studies related to the use of blockchain 

technology for creating city digital twin for sustainability. 

13. Cluster 13 (yellow ochre colour): It has keywords like 3D cadastre, BIM, and crowdsourcing 

which indicate studies related to the importance of 3D cadastre and 3D building (created using 

BIM). 

14. Cluster 14 (grey colour): It has keywords like earth observation, points clouds, and remote 

sensing which indicate studies related to point cloud processing in remote sensing. 

15. Cluster 15 (black colour): It has keywords like data assimilation and Kalman filtering which 

indicate studies related to data assimilation techniques for dynamic urban systems. 

16. Cluster 16 (skin colour): It has one keyword, air quality, which indicates studies addressing 

urban air quality monitoring and challenges. 

 

 

Fig. 2 – Cluster Analysis using VOSviewer. 

3. RESULTS 

The thematic analysis of 207 studies related to the application of city digital twin in developing 

sustainable smart cities resulted in 18 broad themes: urban planning and modelling, urban logistics, 

urban infrastructure, real estate, sewerage, sanitation and drainage, solid waste management, water 

management, rural planning, neighbourhood planning, citizen engagement and participation, urban 

renewal, retrofitting and conversation, disaster management, energy efficiency, transport planning and 

management, governance, land management, and environment. Collectively, these domains illustrate 

the expanding scope of CDT research from conceptual pilots to integrated frameworks that address 

pressing sustainability challenges. 
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CDTs play a pivotal role in creating sustainable urban environments because of their ability to 

create virtual replicas of the physical city infrastructure and capture dynamic aspects of the cities 

(Camacho et al., 2021; Cureton & Dunn, 2021; Ferré-Bigorra et al., 2022; Hristov et al., 2022; Jeddoub 

et al., 2023; Lehner et al., 2024; Malé & Lagier, 2021; Richter et al., 2024; Schrotter & Hürzeler, 2020; 

Ying et al., 2023). By integrating IoT (sensor network), advanced data analytics, reality capture tools 

and technologies, artificial intelligence (automation algorithms), unmanned aerial vehicles, and many 

more with digital twin technology, urban planners and policymakers can facilitate predictive analysis 

by modelling and forecasting for optimization of resource allocation and scenario testing, thereby 

making an effort to address key urban challenges like infrastructure insufficiency and resilience, 

environment sustainability, and efficient urban management (Alva et al., 2022; Barresi, 2023; Caprari 

et al., 2022; Castelli et al., 2019; Dembski et al., 2019; Ghosh et al., n.d.-a; Ketzler et al., 2020; Lehtola 

et al., 2022; MARIN PhDc, n.d.-a). For example, AI models can forecast traffic flows or energy demand, 

machine learning can support anomaly detection in water networks, while blockchain can ensure trust 

and transparency in IoT data-sharing across urban platforms. 

The following subsections synthesize the above-mentioned 18 thematic findings into four 

overarching clusters: (1) Urban Planning and Modelling, (2) Urban Systems and Infrastructure,  

(3) Community and Spatial Scales, and (4) Risk, Resilience, and Sustainability. 

3.1. Urban Planning and Modelling 

Creating a digital twin of an entire city is inherently complex, requiring dynamic representations 

of assets and infrastructure across time. It relies on real-time data integration and continuous virtual 

analysis (Barresi, 2023; Cureton & Dunn, 2021; Jeddoub et al., 2023; Lehtola et al., 2022). Within urban 

planning and modelling, the following key points related to digital twin technology have been addressed 

in literature:  

1. Multi-layered sustainability: Digital twin platforms are increasingly embedding social, 

economic, and environmental layers, thereby allowing a holistic representation of urban 

systems (Corrado et al., 2022) (Tamort et al., 2024).  

2. Simulation and monitoring: Advanced modelling tools have been leveraged for analysing 

solar potential, air pollution, environmental quality, and urban governance (Caprari et al., 2022; 

Dani et al., 2023; Dembski et al., 2020; Malé & Lagier, 2021; Sabri et al., 2022; Ssin et al., 

n.d.) 

3. Technological integration: The convergence of BIM, GIS, CIM, AI, AR/VR, UAVs, and 

blockchain has become central to CDT development (Ahmadi et al., n.d.; Camacho et al., 2021; 

Dembski et al., 2019; Ghosh et al., n.d.-a; Gil, 2020; Lehtola et al., 2022; Liu et al., 2023; Liu 

et al., 2023; MARIN PhDc, n.d.-a; Michalik et al., 2022; Semenyuk et al., 2023; Shariatpour 

et al., 2024; Thuvander et al., 2022a; Xia et al., 2022). Within this ecosystem, AI and ML drive 

dynamic urban modelling and predictive simulations, while blockchain enhances secure data 

governance. 

4. Stakeholder engagement: Participatory innovations such as crowdsensing, immersive 

metaverse applications, and co-creation platforms have expanded the scope of stakeholder 

involvement, enhancing transparency and responsiveness in planning processe (Caprari et al., 

2022; Dani et al., 2023; Dembski et al., 2020; Malé & Lagier, 2021; Sabri et al., 2022; Ssin  

et al., n.d.) s. 

A comparative study indicates strong progress in technical integration (e.g., BIM–GIS 

convergence) but limited incorporation of social-behavioural or citizen-generated data, constraining 

inclusivity. Overall, CDT research reflects a shift from static 3D visualization to real-time, multi-layered 

frameworks merging environmental, social, and technological dimensions. 
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3.2. Urban Systems and Infrastructure 

City digital twin can play a ground-breaking role in optimizing urban services and logistics by 

integrating various advanced technologies, in turn directing smart cities to move towards sustainable 

management (Liu & Yang, 2022). As per the literature, advanced technologies of city digital twin can 

be leveraged for urban infrastructure management as follows: 

1. Urban logistics: A considerable body of research highlights optimization of last-mile delivery 

through hybrid vehicle fleets, eco-routing strategies, and AI-driven scheduling algorithms 

(Abouelrous et al., 2023; Marcucci et al., 2020). While such interventions have demonstrably 

improved delivery efficiency (European pilot projects report 20% reductions in delivery times 

via AI-based routing), the explicit modelling of emission reductions and broader environmental 

impacts remains underdeveloped. This indicates a persistent gap in integrating logistics 

optimization with holistic sustainability objectives. 

2. Urban Infrastructure: Applications include the simulation of infrastructure project impacts, 

fire risk forecasting, and underground utility mapping (Liu & Yang, 2022). Recent advances 

suggest that AI-enabled anomaly detection could strengthen predictive maintenance of 

underground pipelines; however, current deployments are largely confined to experimental 

testbeds, limiting practical scalability. 

3. Real estate: CDT platforms have supported the development of 3D property valuation models 

that incorporate micro-environmental factors such as daylight availability and air quality (Ying 

et al., 2023). However, the integration of blockchain technologies to facilitate transparent 

property transactions linked directly to CDT environments, though real-world implementations 

is at a nascent stage. 

4. Sanitation and drainage: The real-time monitoring of contaminants, predictive hydraulic 

modelling, and flood detection (Bartos & Kerkez, 2021; Kim & Bartos, 2024). 

5. Solid waste management: Digital twins have been leveraged to design optimized waste 

collection routes and support citizen-driven reporting platforms (Cárdenas et al., 2024). Route 

optimization can significantly reduce fuel consumption; nonetheless, citizen participation in 

reporting platforms has been inconsistent, thereby constraining system effectiveness. 

6. Water management: Smart water networks using cyber-physical systems, digital hydraulic 

models, and predictive forecasting (Brasil et al., 2022). Machine learning models piloted for 

leakage detection have achieved predictive accuracies exceeding 85%, yet their extension to 

city-wide implementation remains technically complex and resource intensive. 

The above findings taken together underscore the CDT’s capacity to function as a systems-level 

management instrument that integrates predictive modelling with operational control. The prevailing 

challenge, however, lies in transitioning pilot-scale innovations into routine practice within urban 

governance structures. 

3.3. Community and Spatial Scales 

Applications of City Digital Twin at the community and spatial scales highlight its potential to 

transform everyday urban life by bridging rural landscapes, neighbourhood environments, citizen 

participation, and heritage conservation. The literature suggests that CDTs not only enable ecological 

monitoring and localized planning but also foster inclusive decision-making through participatory tools, 

while simultaneously advancing urban renewal and retrofitting for sustainable and resilient built 

environments. 

1. Rural and neighbourhood planning: Digital twins support ecological landscape monitoring, 

fine-grained street network mapping, and the evaluation of passive cooling strategies aimed at 
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mitigating urban heat island effects (Tan & Cheng, 2024). Nevertheless, rural-focused CDT 

applications remain comparatively underrepresented, exposing a research gap in extending 

these tools to agricultural and peri-urban contexts. 

2. Citizen engagement: CDT platforms for participatory planning, predictive maintenance, real-

time event management, and AR/VR-enabled public involvement (Dembski et al., 2020; Liu 

et al., 2023; Najafi et al., 2023; Nguyen & Kolbe, 2021; White et al., 2021), such as pilot 

projects in Singapore, integrated VR-based CDT models to co-design public parks with citizen 

input. While these initiatives enhanced inclusivity, their scalability to city-wide participation is 

constrained by technological access barriers and digital literacy divides. 

3. Urban renewal and retrofitting: Historic Building Information Modelling (HBIM), lifecycle 

analysis, and ecological retrofits, such as vertical greenery systems, represent key CDT 

applications for heritage conservation (Zaker et al., 2021). 

It can be observed from above mentioned studies that, at the community level, CDT can help in 

democratized and inclusive planning, while bridging heritage preservation with sustainability innovation. 

3.4. Risk, Resilience, and Sustainability 

The final cluster emphasizes the CDT’s role in disaster risk reduction, energy optimization, 

sustainable transportation, governance innovation, land administration, and environmental management. 

1. Disaster management: CDTs have been applied for flood risk modelling, earthquake 

monitoring, and coastal hazard preparedness through real-time simulations (DImitrov & 

Petrova-Antonova, 2021; Li et al., 2021; Ye et al., 2023). AI-driven early warning systems 

have enhanced predictive accuracy for flood and seismic events, while UAV platforms support 

rapid post-disaster mapping and damage assessment. Yet, the integration of these digital 

systems into municipal disaster-response protocols remains inconsistent, limiting their 

operational impact. 

2. Energy efficiency: Applications include smart grids, renewable integration, and predictive 

demand modelling (Marchione & Ruperto, 2022; Song et al., 2023; Srinivasan et al., 2020; 

Veisi & Shakibamanesh, 2023). ML forecasting improves load balancing; blockchain enhances 

peer-to-peer trading. However, most contributions emphasize technical feasibility, with 

comparatively fewer engaging with the governance and institutional challenges associated with 

decentralized grid management. 

3. Transport: CDT research spans eco-routing, autonomous vehicle simulations, agent-based 

traffic modelling, UAV-based traffic surveillance, and big-data-informed mobility planning 

(Bellini et al., 2023; Drechsel et al., 2023; Kapusta & Trúchly, 2023). While significant efficiency 

gains are reported, comfort, safety, and emission reduction remain underexplored dimensions. 

4. Governance: CDT platforms aid decision-support systems, 3D cadastre, and participatory 

policy design (Wang & Burdon, 2021). Blockchain integration could strengthen transparency 

and accountability in land and property governance, but large-scale real-world implementations 

remain largely conceptual. 

5. Land management: CDT applications are still limited but show promise in addressing the 

complexities of urbanization-driven land administration (Andritsou et al., 2024). 

6. Environment: Applications extend to air and water quality monitoring, carbon accounting, 

urban forestry management, and climate adaptation planning (DImitrov & Petrova-Antonova, 

2021). For instance, UAV-enabled CDT platforms allow continuous canopy monitoring in 

urban forests, though persistent challenges remain with regards to data harmonization and 

update frequency. Likewise, climate resilience modelling has advanced considerably, yet 

integration of CDT outputs into formal policy frameworks is still rare. 
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The comparative insights reveal that while CDT applications in disaster management and 

transportation are relatively mature, fewer studies explicitly link CDT deployment to long-term 

environmental governance and climate adaptation leaving a critical research and practice gap. Overall, 

CDT emerges as a multi-faceted resilience framework that not only strengthens urban adaptability but 

also directly contributes to the realization of Sustainable Development Goals (SDGs) 11 (Sustainable 

Cities and Communities), 13 (Climate Action), and 15 (Life on Land). The diversity of City Digital 

Twin (CDT) applications and their associated benefits is encapsulated in Table 2, which maps the 18 

thematic domains to their enabling technologies and primary sustainability outcomes identified through 

the systematic review (Table 2). 

Table 2 

City Digital Twin Applications. 

Theme Key Technologies Primary Benefits/Outcomes 

Urban Planning & Modelling IoT, BIM, GIS, CIM, AR/VR, UAVs, AI/ML, 

6G, blockchain (Camacho et al., 2021; Dembski 

et al., 2019; Ghosh et al., n.d.-b; Ketzler et al., 

2020; Lehtola et al., 2022; MARIN PhDc, n.d.-

b) 

Real-time governance, 

environmental simulation, 

participatory planning 

Urban Logistics Big data, AI models, hybrid fleets (Abouelrous 

et al., 2023; Lozzi et al., 2023; Marcucci et al., 

2020b; Royo et al., 2023; Taniguchi et al., 2023) 

Eco-routing, emission reduction, 

efficient last-mile delivery 

Urban Infrastructure Modelling & forecasting tools (Jiao et al., 2023; 

Lieberman & Roensdorf, 2020; Liu & Yang, 

2022b; Shirowzhan et al., 2020) 

Pre-impact assessment, hazard 

prediction, underground mapping 

Real Estate 3D valuation models (Ying et al., 2023) Accurate property valuation, 

environmental quality integration 

Sewerage/Sanitation/Drainage Hydraulic modelling, IoT sensors (Bartos & 

Kerkez, 2021; Kim & Bartos, 2024; Pedersen et 

al., 2022; Wang et al., 2022)  

Overflow prevention, water quality 

monitoring, flood detection 

Solid Waste Management IoT, GPS tracking (Cárdenas et al., 2024) Optimized collection, citizen 

participation 

Water Management Cyber-physical systems, predictive analytics 

(Bonilla et al., 2023; Brasil et al., 2022b; 

Pedersen et al., 2021; Ramos et al., 2023; Sun et 

al., 2020; Zhou et al., 2024) 

Smart water networks, leakage 

detection, carbon reduction 

Rural Planning Remote sensing, participatory platforms (Tan & 

Cheng, 2024) 

Ecological monitoring, citizen 

inclusion in rural projects 

Neighbourhood Planning Big data, VR/3D modelling (Chen et al., 2022; 

Elnabawi & Raveendran, 2024; Jia, 2022; 

Kikuchi et al., n.d.) 

Social resilience, UHI mitigation, 

public space optimization 

Citizen Engagement & 

Participation 

Crowdsensing, AR/VR, participatory platforms 

(Abdeen et al., 2023; Dembski et al., 2020b; 

Jesus Villanueva et al., n.d.; Lei et al., n.d.; Liu 

et al., 2023b; Najafi et al., 2023b; Nguyen & 

Kolbe, 2021b; Supangkat et al., 2023; 

Thuvander et al., 2022b; Viola et al., 2023; 

White et al., 2021b) 

Inclusive governance, predictive 

maintenance, event management 

Urban Renewal/Retrofitting HBIM, energy modelling, greenery simulations 

(Benedetti et al., 2022; Chen et al., 2022; Duch‐

zebrowska & Zielonko‐jung, 2021; Lin et al., 

2021; Tang et al., 2023; Zaker et al., 2021) 

Heritage conservation, energy 

efficiency, urban resilience 

Disaster Management IoT, GIS, flood/earthquake simulation (Bakhtiari 

et al., 2023; DImitrov & Petrova-Antonova, 

2021; Lee et al., 2023; Li et al., 2021b; Truu et 

al., 2021; Ye et al., 2023; Yu et al., 2023) 

Risk reduction, resilience building, 

emergency response 
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Table 2 (continued) 

Energy Efficiency IoT, smart grids, predictive modelling (Anselmo et 

al., 2023; Leopold et al., 2023; Marchione & 

Ruperto, 2022; Song et al., 2023; Srinivasan et al., 

2020b; Steadman et al., 2020; Tomin et al., 2020; 

Veisi & Shakibamanesh, 2023; Zhong & Li, 2024)  

Reduced energy consumption, 

renewable integration 

Transport Planning & 

Management 

Big data, UAVs, VR/3D traffic models, AI 

(Aguiar et al., 2022; Alberti et al., 2023; Argota 

Sánchez-Vaquerizo, 2022; Beil et al., 2022; 

Bellini et al., 2023; Chen et al., 2022; Drechsel 

et al., 2023; Fu et al., 2023; Gholami et al., 2022; 

Hassan et al., 2024; Kapusta & Trúchly, 2023; 

Lenfers et al., 2021; Tran & Brand, 2021; Wang 

et al., 2023; Xu et al., 2022; Zhu et al., 2024)  

Eco-mobility, safety, predictive 

traffic control 

Governance Geospatial systems, 3D cadastre (Gkeli & 

Potsiou, 2023; Kumi et al., 2023; Papyshev & 

Yarime, 2021; Quek et al., 2023; Sammartano et 

al., 2021; Wang & Burdon, 2021) 

Policy support, property rights 

management, participatory 

governance 

Land Management GIS, spatial digital twins (Andritsou et al., 2024) Efficient land administration, 

urbanization management 

Environment UAVs, CFD models, remote sensing (Benedetti et 

al., 2022; Bulatov et al., 2023; DImitrov & Petrova-

Antonova, 2021b; Gabriele et al., 2023; Gobeawan 

et al., 2018; Hamada et al., n.d.; Logachev & 

Korotun, 2023; Münzinger et al., 2022; Orozco-

Messana et al., 2021; Ozel & Petrovic, 2024; Park 

& Yang, 2020; Ricciardi & Callegari, 2023; Xu et 

al., 2022; Zhukova et al., 2021)  

Pollution control, UHI mitigation, 

carbon reduction, forest 

management 

Overall Synthesis Multi-technology integration across IoT, AI, 

GIS, BIM, UAVs 

Holistic smart city transformation, 

resilience, inclusivity 

 

The systematic review demonstrates that City Digital Twin (CDT) applications extend across 18 

thematic domains, ranging from urban planning and infrastructure management to citizen participation, 

disaster resilience, and environmental stewardship. While the thematic breadth highlights the versatility 

of CDT, the clustering of findings into four overarching categories provides analytical clarity and 

underscores the latter’s integrative potential. Across these domains, three cross-cutting outcomes are 

consistently observed: (i) the optimization of urban services through predictive modelling and real-time 

data integration; (ii) the alignment of governance and technology to strengthen resilience and operational 

efficiency; and (iii) the advancement of citizen-centric sustainability by embedding inclusivity in urban 

decision-making processes. Additionally, Table 1 consolidates these findings by mapping each thematic 

domain to its enabling technologies and corresponding benefits, thereby offering a holistic overview of 

the CDT’s evolving role in sustainable smart city development. 

Overall, the results confirm that CDT has progressed from isolated technological pilots to a multi-

sectoral, systemic framework that interlinks technology, governance, and social engagement. This 

evolution positions CDT not merely as a tool for digital replication but as a transformative enabler of 

sustainable, inclusive, and climate-resilient cities 

4. DISCUSSION 

The integration of City Digital Twins (CDTs) in urban planning and smart city development has 

attracted increasing scholarly and policy attention in recent years. While prior studies have examined 

applications such as infrastructure management, environmental monitoring, and urban logistics, a 

critical and cross-cutting limitation persists in the absence of seamless bi-directional data flows between 
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the physical city and its digital counterpart. Current research has largely focused on data collection, 

visualization, and predictive modelling, yet it rarely questions how real-world changes are 

instantaneously reflected in digital twins and, conversely, how digital simulations can directly inform 

interventions in the physical environment. This missing feedback loop constrains the transformative 

capacity of CDT applications across thematic domains. As shown in Figure 3, the integration of sensor 

networks, IoT devices, AI/ML analytics, blockchain architectures, and edge computing is central to 

overcoming this challenge. The framework illustrates how heterogeneous data streams from urban assets 

and citizens are processed through advanced computational infrastructures, and translated into 

actionable insights within the digital twin environment. Governance actors and citizens, in turn, provide 

continuous feedback, thereby creating adaptive loops that enhance resilience, inclusivity, and 

sustainability. 

 

Fig. 3 – Detailed CDT Bi-Directional Data Flow Ecosystem. 

The absence of real-time synchronization manifests unevenly across domains. In urban planning, 

delayed data updates weaken the capacity of CDTs to support adaptive land-use modelling or real-time 

mobility simulations. In logistics, latency in traffic or emissions data diminishes the effectiveness of 

eco-routing strategies. In governance, participatory CDT platforms risk becoming tokenistic if citizen 

feedback is not dynamically integrated into decision-making processes. Similarly, in environmental 

monitoring, fragmented or delayed sensor integration impedes timely responses to critical events such 

as flooding, air-quality deterioration, or extreme heat. One of the foremost challenges, therefore, is 

achieving real-time synchronization between the digital and physical city, wherein changes in one 

domain are instantaneously mirrored in the other. This challenge is compounded by fragmented sensor 

networks with variable accuracy, interoperability issues among heterogeneous IoT systems, and latency 

in transmitting and processing high-density urban data streams. 

Emerging technological solutions provide potential pathways forward. AI and ML techniques 

enable anomaly detection, predictive forecasting, and compensation for incomplete or noisy data. Edge 

computing reduces latency by processing information at or near its source, thereby enhancing 

responsiveness in domains such as transport and disaster management. Blockchain establishes secure, 
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tamper-proof mechanisms for exchanging sensitive urban data, particularly valuable in property 

governance, emergency response, and inter-agency collaboration. Collectively, these technologies 

constitute the backbone of the bi-directional synchronization framework conceptualized in Figure 1. 

Participatory digital twins further extend this ecosystem by embedding citizens as active contributors to 

real-time data flows. Crowdsensing applications, AR/VR-enabled platforms, and mobile-based 

reporting mechanisms allow communities to supplement official datasets. For instance, citizen-reported 

flood events can complement IoT sensor data, thereby accelerating the disaster response. Similarly, 

participatory CDT models for mobility or energy planning can integrate household-level contributions, 

producing more equitable and context-sensitive outcomes. To achieve this, CDT frameworks must 

institutionalize structured feedback loops between citizens, digital platforms, and city governance, 

ensuring that digital twins are not only technologically sophisticated but socially legitimate as well. 

Future research should therefore prioritize the development of robust frameworks that enable real-

time, secure, and participatory information exchange between physical and digital environments. Such 

frameworks must extend beyond technical infrastructures, AI-driven automation, blockchain-secured 

trust systems, and interoperable sensor networks to also encompass institutional mechanisms that 

facilitate citizen participation, open data governance, and multi-level regulatory coordination. By 

addressing the synchronization gap through socio-technical integration, CDTs can evolve from static 

monitoring systems into adaptive infrastructures that advance resilient, inclusive, and sustainable urban 

development. 

5. CONCLUSION 

City Digital Twins represent a transformative paradigm in urban planning and smart city 

development, offering unparalleled opportunities for real-time monitoring, predictive modelling, and 

evidence-based decision-making. Through systematic literature review and bibliometric analysis, this 

study has identified the critical applications of CDTs across multiple urban domains, while also 

highlighting their potential contributions to advancing the Sustainable Development Goals (SDGs). 

However, persistent challenges remain, particularly in establishing seamless bi-directional synchronization 

between the physical city and its digital twin. To fully realize CDT capabilities, future research must 

address these technical limitations by advancing frameworks for real-time integration, improving model 

accuracy, and ensuring secure data exchange. This includes deploying AI and ML for anomaly detection 

and predictive maintenance, adopting edge computing to minimize latency, and leveraging blockchain 

to guarantee tamper-proof and transparent data sharing. Moreover, embedding citizen engagement 

within CDT ecosystems will foster inclusive governance models and more responsive resilience planning. 

Beyond technical innovations, this study underscores practical implications for urban planners, 

policymakers, and technology developers. For example, blockchain-enabled CDT frameworks could 

accelerate flood-response systems by ensuring secure and instantaneous sensor-data exchange. AI-

driven energy modelling could help optimize building performance while reducing carbon emissions. 

Participatory CDT platforms could institutionalize real-time citizen feedback, strengthening 

accountability and trust in governance. For technology developers, the imperative lies in designing 

interoperable systems that bridge municipal infrastructures with citizen-driven data streams, thereby 

ensuring scalability, adaptability, and social legitimacy. 

In conclusion, City Digital Twins hold transformative promise for the future of smart and 

sustainable cities. Achieving this potential will require sustained interdisciplinary research, 

technological innovation, and governance reform. By enhancing real-time interactivity, scalability, and 

inclusivity, CDTs can transcend their role as digital replicas to become holistic enablers of resilient, 

citizen-centred, and sustainability-oriented urban futures. 
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