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Abstract— Urban Digital Twins (UDTs) have evolved from simple visualization tools into advanced, operational systems that support
urban planning, real-time simulation, predictive analysis, and evidence-based decision-making. This paper presents a comprehensive
review of core UDT concepts, implementation strategies, and real-world applications across varied urban settings. It presents a
comparative analysis of case studies from various geographical boundaries, including Singapore, Helsinki, Rotterdam, New York City,
and New Delhi. The comparison evaluates critical parameters, including spatial coverage, data integration levels, governance models,
and application areas. The findings suggest that UDT adoption is primarily influenced by local development priorities and institutional
capacities rather than by the choice of specific technologies. For instance, Singapore has established a nationwide 3D digital twin to
facilitate integrated urban planning. In contrast, European cities prioritize interoperability through open standards and
sustainability-oriented analytics. New York City focuses on climate resilience and zoning applications, while New Delhi’s electricity-grid
digital twin demonstrates the effectiveness of sector-specific digital twin solutions even in resource-constrained environments. Beyond
the comparative case analysis, the paper also examines global patent trends in Urban Digital Twin technologies, which indicate a
significant increase in innovation activity, with a surge in patent filings since 2016, reflecting growing academic, industrial, and

governmental interest in advancing UDT capabilities.

Index Terms— Cloud computing, geographic information systems (GIS), internet of things (1oT), urban digital twins.

I. INTRODUCTION

Rapid urbanization has rendered conventional planning
approaches, largely dependent on static models and historical
datasets, inadequate for addressing the complexities of
modern, dynamic cities [1]. Urban Digital Twins (UDTSs)
bridge this gap by providing planners a dynamic, virtual
representation of a city that integrates real-time data from
sensors, physical infrastructure, communication networks,
and human activities into a unified digital environment [1].
By mirroring real-world conditions changing in real time,
UDTs enable planners and policymakers to simulate,
analyze, and optimize interconnected urban systems such as
traffic, energy, environmental management, and public
safety. This capability enables the evaluation of alternative
scenarios and supports informed decision-making regarding
rules and policies to be implemented in the physical city.

The foundation of Urban Digital Twins can be traced back
to early urban modelling in the 1970s, when cities were
analyzed using aggregate mathematical and systems-based
models, such as land-use—transport interaction frameworks
that aimed to understand population distribution and mobility
patterns of a city. During the 1980s and 1990s, the emergence
of Geographic Information Systems (GIS) enabled the
creation of spatial digital representations of urban
infrastructure and land wuse, significantly improving
visualization and spatial analysis of the cities [2]. However,
these systems were descriptive and static, offering limited
support for real-time analysis or dynamic system behavior.
Later in the early 2000s, rapid improvements in

computational power facilitated the development of traffic
microsimulation and agent-based models capable of
capturing fine-grained urban dynamics, including vehicle
interactions, pedestrian flows, and localized behavioral
patterns. Despite the improved realism and predictive
capabilities, these models were typically domain-specific and
executed independently of real-world data streams. Around
the same time, the concept of the Digital Twin emerged in
aerospace and manufacturing industries, where physical
systems were mirrored in virtual environments and
synchronized throughout their operational lifecycle [3].
Although initially applied to industrial assets, this paradigm
introduced the critical idea of continuous data-driven
synchronization between physical and digital systems. This
conceptual shift laid the groundwork for extending Digital
Twin principles to complex, city-scale environments,
ultimately shaping the evolution of Urban Digital Twins.
The Modern Urban Digital Twins emerged in the 2010s,
catalyzed by the rapid expansion of smart city initiatives,
large-scale 10T deployments, and widespread sensor and
mobile data streams [4]. Early implementations focused
primarily on real-time monitoring and visualization of urban
systems; however, these platforms were often fragmented
across domains such as transportation, energy, environment,
and public services. Beginning around 2016, advances in
cloud computing, big data analytics, Al, and high-speed
networks enabled the consolidation of heterogeneous data
sources into integrated, continuously synchronized urban
models that represent today’s 3D urban digital twins [5].
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Figure 1. Technical maturity of digital twins with time [6]

Il. URBANDIGITAL TWIN ARCHITECTURE

An Urban Digital Twin (UDT) architecture integrates
multiple city-scale infrastructures, such as transportation
systems, energy distribution systems, environmental
monitoring  systems, public safety systems, and
communication systems, into a unified digital framework.
The operation of an Urban Digital Twin follows a continuous
sense—analyze—decide—feedback loop, keeping the digital
model closely synchronized with the physical city.

Er |
Inierventions

Figure 2. Data Layers in Urban Digital Twin Architecture

Initially, real-time data is collected from urban sensors and
IoT devices distributed throughout the city via the city’s
communication networks [7], [8]. These data streams from
the spanning transportation systems, energy grids,
environmental monitoring stations, and mobile sources are
continuously ingested into a digital model, where they update
the virtual 3D city to reflect current operating conditions of
the city [9][10]. Once the data from the physical city and the
3D digital city model are synchronized, the modelling and
intelligence layer performs analytical processing using
simulation frameworks and artificial intelligence techniques.
It supports predictive and diagnostic functions, enabling the
anticipation of traffic congestion patterns, peak energy
demand, wireless coverage deficiencies, and other
system-level dynamics [11],[12]. The digital twin
environment further enables planners and policymakers to
evaluate alternative intervention scenarios within a risk-free
virtual setting. For example, they can test traffic control
strategies, assess emission-reduction policies, optimize
public transport schedules, or determine the optimal
placement of 5G base stations, all without disrupting
real-world operations [13]. Simulation outputs are presented
through interactive dashboards and advanced visualization

tools, facilitating evidence-based decision-making. Based on
these insights, planners can identify and implement optimal
strategies in the physical city [14]. Following
implementation, newly collected sensor data is used to assess
outcomes, validate predictions, and iteratively refine the
digital twin model [12]. This closed-loop process establishes
a continuous feedback cycle between the physical and digital
city, enabling adaptive and data-driven urban management.

For example, Figure 3 illustrates an exemplary
implementation of UDT in the context of national public
epidemic monitoring and early warning. In such a system,
spatiotemporal data related to individuals’ movements and
daily activities are collected through mobile devices and
communication networks, and stored within a centralized
database. This data is then processed on cloud platforms,
where Al-driven analysis evaluates proximity interactions,
exposure duration, and location-specific risks to identify
potential transmission events. Based on this analysis,
crowdsourced risk assessment and early warning
notifications are generated and communicated to users,
authorities, and employers, enabling timely individual and
environmental risk alerts. Additionally, the system supports
government decision-making by providing insights for
precise prevention and control measures, thereby creating a
feedback-driven framework for managing epidemic risks
efficiently.

Crowdsourcing-risk
Early Warning

Figure 3. Exemplary workl‘ng of the national public
epidemic prevention and control system [15]

I1l. URBAN DIGITAL TWINS: APPLICATIONS AND
ASSOCIATED CHALLENGES

A. Applications

Urban Planning and Policy Evaluation: Urban Digital
Twins enable planners to evaluate city development plans
within a virtual environment before implementing them in
the physical world. For instance, they can optimize the
placement of market shops, police stations, and public
service centers to enhance accessibility, service efficiency,
and overall coverage.[1], [16].

Smart Traffic and Mobility Management: Urban
Digital Twins are used to model traffic flow and predict
congestion, and when combined with real-time data and
Al-based optimization, they enable adaptive traffic
management that reduces travel time and vehicle emissions
[12], [17].
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Energy and Environmental Management: Digital twins
of urban energy systems support monitoring and optimization
of electricity, heating, and renewables, enabling
demand-aware distribution that reduces outages [18].
Environmental digital twins enable air quality and noise
analysis, as well as climate resilience planning through
simulations of policy interventions and extreme weather
events [19]-[21].

Public Safety and Disaster Management: Urban Digital
Twins can simulate emergency scenarios such as floods,
earthquakes, and fires, enabling authorities to design
effective evacuation plans and emergency response strategies
[15],[22].

Infrastructure Monitoring and Maintenance: By
creating digital twins of critical infrastructure such as
bridges, buildings, and water networks, cities can enable
administration to predict maintenance and durability of
infrastructure [23]-[25].

B. Challenges

Data Integration and Interoperability: Urban Digital
Twins rely on data collected from diverse systems and
interfaces with varying formats and update rates [26].
Therefore, there is a lack of common data standards and
interoperability frameworks [27].

Scalability and Computational Complexity:
Implementing and maintaining real-time simulations over
large urban areas increases system complexity and cost,
making scalability a significant challenge [28].

Networking and Communication Challenges: Urban
Digital Twins rely on a robust network. Bandwidth
limitations, congestion, and heterogeneous access
technologies (e.g., fiber, 5G/6G, LPWAN, Wi-Fi) complicate
end-to-end performance [29]. Large-scale sensor data
stresses the network, and integrating network slicing and
SDN into UDT platforms remains challenging [30].

Data Privacy, Security, and Ethics: UDTs rely on
sensitive data related to citizens’ mobility, behavior, and
socio-economic  status.  Secure data  transmission,
authentication, and protection against cyberattacks are
important networking concerns [31]-[33].

Governance and Institutional Barriers: The successful
deployment of Urban Digital Twins requires coordination
among government, private, and public stakeholders, but
institutional delays and regulatory bottlenecks hinder
adoption [34].

IV. COMPARATIVE REVIEW OF REAL-WORLD
URBAN DIGITAL TWIN IMPLEMENTATIONS

The comparison of real-world Urban Digital Twin

implementations presented in Table 1 indicates that UDT
adoption is shaped primarily by local geography, risk
profiles, and sectoral priorities rather than by a standardized
framework. Consequently, cities develop digital twin systems
customized to their specific operational needs and long-term
planning goals.

For example, Rotterdam, as a major port city with
predominantly low-lying terrain, prioritizes the urban digital
twin applications for flood modeling, storm-surge analysis,
and evacuation planning. Singapore emphasizes dense 3D
and underground infrastructure modeling to manage its
highly compact urban form and limited land availability.
Helsinki applies its digital twin to energy efficiency
optimization and urban microclimate analysis. Meanwhile,
New York City, characterized by a dense built environment
and extensive coastal exposure, primarily uses 3D urban
models for climate resilience planning, zoning analysis, and
flood-risk assessment. These examples highlight how cities
align digital twin capabilities with their most pressing
environmental, infrastructural, and governance challenges.

Within India, New Delhi represents an early example of
domain-specific digital twin deployment through its
electricity grid digital twin under the 3DEN initiative.
Although currently limited to a 2D, district-scale model for
power  distribution  systems, this  implementation
demonstrates that even narrowly scoped and technically
constrained digital twins can generate measurable gains when
they are purpose-built for critical infrastructure systems and
embedded within operational decision-making processes.
Drawing from international experience, Indian cities could
progressively expand such sectoral-specific models toward
integrated city-scale digital twin platforms. This transition
can be supported by leveraging India’s open geospatial data
resources, including ISRO’s Bhuvan satellite imagery, base
maps, demographic data, air quality, weather, and transport
layers. When combined  with LiDAR- and
photogrammetry-based 3D city models, these datasets can
enable a more accurate three-dimensional representation of
urban form, supporting improved zoning decisions, land-use
regulation, and planning and evaluation. Furthermore, data
from traffic management systems, as well as existing air
quality and temperature sensors, can be integrated into digital
twin environments to analyze urban microclimates, pollution
patterns, and long-term climate change impacts. Advancing
toward such comprehensive platforms will require
interoperable and well-governed digital twin frameworks
built on open standards, federated data-sharing mechanisms,
and strong data privacy safeguards to ensure scalability,
reliability, and public trust.

Table I: Comparison between Real-World Urban Digital Twin Implementations.

UDT City = Singapore (Virtual Helsinki
Features Singapore) (Helsinki 3D)
2
Area (Km’) and ~735.7 Nationwide (entire =~ ~719 City-wide

implementation

scale island) [57].

(entire city) [58].

New York City New Delhi (Energy
?;;:fgf;;ﬁ spy  (NYC3DCity  Grid Digital Twin—
Model) 3DEN)
~3194 ~116 City-wide ~691 District-wide
Municipality-wide (Some Parts of (partial city

(entire municipality) = New York) [52]. = coverage) [60].
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UDT City
Features

Budget (avg.)

Data used

Level of detail

Tools &
technologies
used

Model (Public /
Private)

Challenges

Applications

Singapore (Virtual
Singapore)

~SGD 73M (~USD 54M)
[38].

Airborne LiDAR, aerial
photogrammetry, mobile
mapping,
underground/subsurface
surveys, national GIS
(Geographic Information
System) datasets [35],
[36].

High-fidelity 3D: terrain,
buildings (facades,
rooftops, windows),
underground utilities, and
subsurface data [36].

Dassault Systemes
3DEXPERIENCIty,
3DEXPERIENCE
platform, ETL tools
(FME), Esri / Bentley /
Autodesk / Hexagon [41],
[42].

Public-sector platform
(government agencies)

Large-scale spatial data
integration, inter-agency
coordination, data
accuracy and governance,
city-scale performance,
and scalability [37].

Urban planning, land-use
analysis, disaster &
emergency response,
transport & pedestrian
flow, traffic,
environmental & solar
analysis.

Helsinki
(Helsinki 3D)

~EUR 1M
(~USD 1.1M)
[45].

Airborne
LiDAR, aerial
photogrammetry,
municipal GIS,
building attribute
databases [43],
[44].

3D CityGML (a
conceptual model
and exchange
format for the
representation,
storage, and
exchange of
virtual 3D city
models) LoD1,
selective LoD2
(roof forms),
terrain, and urban
context [43].
Bentley
ContextCapture,
Descartes,
Pointools,
LumenRT,
ProjectWise,
CityGML,
municipal GIS
[43], [45]-[47 ].
Public sector &
Open Data—
driven
Maintaining
up-to-date 3D
data, ensuring
consistency
across platforms,
managing
processing
requirements,
data
coordination, and
balancing
openness with
data protection
[44].

Zoning &
land-use, solar
potential, energy
efficiency, wind
& microclimate,
shadow & visual
impact analysis
[43], [44].

Rotterdam
(Rotterdam 3D)

[59].

Total ~EUR 2.3M
(~USD 2.5M) [50].

Airborne LiDAR,
aerial imagery,
cadastral data,
infrastructure
records, sensor data
[48], [49].

3D CityGML
LoD1-LoD2,;
buildings, trees,
lampposts, cables,
pipes, and terrain
[48].

CityGML,
BIM-IFC, WFS,
SensorThings AP,
municipal GIS

platforms [49], [51].

Public sector and
multi-stakeholder
(city + partners)

Integrating
heterogeneous
datasets,
maintaining data
consistency,
ensuring
computational
capacity for
large-scale
simulations, and
coordinating data
across departments.

Building permits,
flood & disaster
modeling,
evacuation
planning, traffic
simulation, citizen
participation [51].

New York City
(NYC 3D City
Model)

~USD 9.1M [52].

Airborne LiDAR,
aerial
photogrammetry,
authoritative
building
footprints,
heights, terrain,
and climate
datasets [52].

3D buildings
(height, footprint,
roof form),
terrain; not fully
unified CityGML
LoD [52].

Rhinoceros 3D,
(DCP)GIS, and
3D processing
workflows.
Interoperability
through .3dm
format [52].

Public-sector,
open-data
oriented

Integrating
heterogeneous
datasets,
maintaining
up-to-date 3D
representation,
managing data
governance, and
scaling analytical
workflows for
city-wide
simulations.

Urban planning,
zoning, climate
resilience, flood
& sea-level
analysis, energy
& solar studies
[52].

New Delhi (Energy
Grid Digital Twin —
3DEN)

Pilot-scale (not fully
disclosed).

Smart meters, grid
sensors, feeder &
transformer data,
GIS-based electrical
infrastructure maps
[55].

2D grid-based model
displaying power
lines, feeders, and
transformers [55].

GridSense / Venios
platform, cloud
analytics, and
GIS-based network
modeling [55].

Public—private pilot
(UNEP, tech
partners)

Integrating
heterogeneous
sensor and smart
meter data, real-time
synchronization with
physical grid
operations, and
building the
necessary
cloud-based
platforms [56].

Single application:
real-time energy grid
monitoring, loss
reduction, and
outage prevention.
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UDT City = Singapore (Virtual Helsinki
Features Singapore) (Helsinki 3D)
Reduced reliance
Improved inter-agency on bespoke
coordination, Reduction in = studies,
duplicated surveys, Risk Innovation via
Benefits reduction in infrastructure | open 3D data,

planning, Cost saving [35],
[39]. [40].

Improved
decision quality
and transparency
[43], [44].

V. STATE OF THE ART —PATENT DATA

This section presents an overview of patent filings related
to Urban Digital Twin technologies, highlighting trends in
innovation and research activities of the Urban Digital Twins
all over the world. The analysis focuses on the yearly count of
patent applications, top patent assignees, and the countries
where these patents are protected [61]. Figure 4 illustrates the
trends of patent applications filed from 2006 to 2030, with
filings rising from 135 in 2006 and growing steadily over the
next decade. A sharp increase occurs after 2016, with
applications increasing from 522 in 2016 to 5,983 in 2024,
reflecting growing interest in Urban Digital Twin
technologies. Forecasts indicate continued growth, reaching
approximately 8,437 applications by 2030, suggesting
sustained innovation and research activity in this field.
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Figure 4. Patent Data — Count of patents v. Patent grant year

Figure 5 presents the top 10 global patent assignees in
Urban Digital Twin technologies. NVIDIA leads with 980
patents, followed by Pure Storage (973) and Samsung
Electronics (962), while Qualcomm holds 738 patents,
reflecting its role in communication and networking
technologies. Other major assignees include Tencent
Technology Shenzhen, Siemens, IBM, and Huawei, with
CILAG International and Honeywell International
completing the top ten. Together, the participation of these
assignees across the software, industrial, and digital
infrastructure domains indicates a broad participation,
adaptation, and future scope of the Urban Digital Twin.

New York City New Delhi (Energy
?;;:fgfj;?n spy  (NYC3DCity  Grid Digital Twin-
Model) 3DEN)
523:2\?:% Planning benefits,
improved :ﬁg:;_:‘d enc Reduced energy
interdepartmental model gency losses, Lower diesel
coordination, N dependence,
duplication,

Reduced analytical
duplication,
External
collaboration and

Improved air quality,
Enhanced public
safety [55].

Higher decision
quality, stronger
climate resilience

innovation [48]. [53]. [54].
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Figure 5. Patent Data — Count of patents v. Top 10 Assignees

Figure 6 shows the distribution of Urban Digital Twin—
related patent families by protection country. China leads
with 11,917 patent families, followed by the United States
with 6,049. The European Patent Office (EP) accounts for
3,717 patent families, reflecting substantial
multi-jurisdictional protection across Europe. International
Patent Cooperation Treaty (WO) filings total 2,485,
indicating active global filing strategies. Among individual
countries, South Korea (1,539), Germany (1,421), and India
(1,192) demonstrate moderate activity, followed by Japan
(935), Great Britain (613), and Singapore (167). Overall,
China and the United States dominate patent family counts,
suggesting  strong  concentrations of  technological
development and commercialization activity in Urban Digital
Twin technologies.

11917
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5 10000
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Figure 6. Patent Data — Count of patents v. Protection
country References

VI. OUTCOME AND CONCLUSION

The paper demonstrates that Urban Digital Twins (UDTSs)
have progressed from conceptual and pilot-stage models to
operational systems embedded in real-world urban
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governance. Cities such as Singapore, Helsinki, Rotterdam,
New York City, and New Delhi illustrate diverse pathways of
adoption shaped by local priorities. Singapore’s Virtual
Singapore integrates detailed 3D city models with real-time
sensor and mobility data to support planning, emergency
simulations, and infrastructure evaluation [35]. Helsinki and
Rotterdam apply digital twins to energy optimization, climate
resilience analysis, flood modeling, and zoning assessment,
enabling environmental impact evaluation before physical
implementation [43], [44]. New York City leverages 3D
urban modeling for climate-resilience planning and risk
assessment, while Delhi’s 3DEN electricity grid twin
demonstrates how sector-specific deployments can enhance
operational efficiency in critical infrastructure systems.

Parallel to these deployments, patent trends reveal
significant technological maturation since 2016. The rapid
increase in filings, along with participation by organizations
such as NVIDIA, Qualcomm, Siemens, and Huawei, signals
growing industrial commitment to UDT technologies
[62]-[64]. Patent volume within a country reflects innovation
intensity and perceived market importance; concentrations in
China and the United States highlight their strategic
positioning in digital infrastructure development. The United
States, with 6,049 patent families, and Europe, with 3,717 EP
patent families supplemented by national filings in Germany
and Great Britain, show strong protection activity aligned
with advanced urban implementations.

However, patent volume does not directly correspond to
deployment maturity. Singapore presents a notable example:
despite recording only 167 patent families, it has achieved
comprehensive,  city-scale  implementation  through
coordinated governance, integrated data platforms, and
long-term planning strategies. In contrast, India, with 1,192
patent families, reflects substantial technological capacity,
yet integrated, city-wide UDT deployment remains limited.
This divergence underscores that intellectual property
represents potential and market interest, but practical
realization depends on institutional integration, interoperable
standards, and effective policy alignment.

Overall, the comparative analysis indicates that UDT
success is determined less by patent counts or financial scale
and more by governance capacity, cross-sectoral
coordination, and strategic alignment with local urban
challenges. Urban Digital Twins ultimately deliver value
through improved decision-making, risk reduction,
sustainability planning, and cost avoidance, positioning them
as critical enablers of future-ready urban infrastructure
systems.

VIl. FUTURE ASPECTS

As a future scope, Urban Digital Twins are expected to
evolve into more intelligent, adaptive, and interoperable
systems. Emerging 6G networks may enable near real-time
operation by supporting ultra-reliable, low-latency, and

large-scale data transmission between cloud infrastructures
and distributed sensor networks [29], [66], [67]. Advances in
artificial intelligence and hybrid modeling approaches,
combining physics-based simulations with data-driven
analytics, could enhance predictive accuracy and
system-level optimization. Integration with augmented
reality (AR) and virtual reality (VR) technologies may
further enable immersive three-dimensional visualization and
more intuitive interaction with Urban Digital Twin
environments [68]-[71]. Given the increasing reliance on
public and cross-sectoral data, strengthening security
frameworks will remain critical. Emerging approaches such
as distributed ledger technologies may support secure and
auditable data exchange by maintaining tamper-resistant
transaction records across platforms [72]. Similarly,
encryption of machine-to-machine (M2M) communication
channels can safeguard data integrity and confidentiality,
while authorization mechanisms and policy-based access
control frameworks may regulate device behavior and
prevent unauthorized actions [31], [65], [73]. Looking ahead,
the development of standardized Urban Digital Twin
architectures and interoperable data models will be essential
to ensure scalability, cross-domain integration, and long-term
sustainability. Such advancements could enable future urban
planning ecosystems that are more resilient, inclusive, and
responsive to dynamic environmental and societal challenges
[49], [74].
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