
Quantum Digital Twins and the Future of Smart
Cities: A Hybrid Computational Approach to Urban

Resilience and Optimization
Lanfranco Marasso∗, Glauco Ciprari†, Adriano Rippa‡, Emanuele D’Agostini§

∗Head of International Digital Innovation and R&D, Almaviva S.p.A., Rome, Italy
†Head of Innovation Consultancy & Digital Compliance, Almaviva S.p.A., Rome, Italy

‡Head of R&D Proposal Management, Almaviva S.p.A., Rome, Italy
§Head of Game Changing Technology Lab, Almaviva S.p.A., Rome, Italy

{l.marasso, g.ciprari, a.rippa, em.dagostini}@almaviva.it

Abstract—Urban Digital Twins (UDTs) have revolutionized city
governance by integrating real-time data, predictive analytics,
and simulation to foster resilient and intelligent urban envi-
ronments. However, traditional digital twins face computational
limitations when addressing complex, multi-variable urban chal-
lenges. This paper introduces the concept of Quantum Digital
Twins (QDTs), which leverage hybrid quantum-classical (HQC)
computing to overcome these bottlenecks, enabling unprece-
dented optimization, accuracy, and foresight in urban manage-
ment. We propose a digital architecture combining IoT, AI,
Web3 frameworks, and Post-Quantum Cryptography[1] (PQC) to
support scalable, secure, and interoperable smart city ecosystems.
Key application domains include sustainable urban planning,
energy grid optimization, and cybersecurity enhancement. We
also discuss the critical role of IT industries and academia in
advancing QDT deployment while mitigating quantum-induced
risks, particularly in data security. Finally, QDTs offer a strategic
pathway toward anticipatory, inclusive, and secure cities, aligning
technological innovation with ethical governance to build future-
proof urban systems.

Index Terms—Quantum Digital Twins, Smart Cities, Hybrid
Computing, Urban Optimization, Digital Ecosystems, Industrial
track

I. INTRODUCTION

As cities confront the dual transitions of digitalization
and environmental sustainability, UDTs have emerged as a
strategic enabler in redefining urban governance, planning, and
innovation. More than a technological construct, a digital twin
represents a dynamic, data-driven replica of the urban environ-
ment, integrating real-time information, predictive analytics,
and virtual simulation capabilities[2]. This paradigm facilitates
holistic decision-making, fosters cross-sectoral collaboration,
and enhances transparency and citizen engagement. In this
evolving context, UDTs serve as foundational infrastructures
for the ”city as a platform” enabling modular, interoperable
systems that bridge physical and digital layers of urban life.
The city of the future must face multi-layered challenges:
managing traffic congestion, energy demand, ensuring cyber-
security and sustainable development. As these challenges
grow in scale and complexity, traditional computational mod-
els increasingly fall short. Emerging technologies, particularly
Quantum Computing, in conjunction with AI, IoT, and Web3

infrastructures, offer powerful new methods for urban opti-
mization. However, to fully unlock these capabilities, cities
need integrated digital ecosystems and a hybrid computational
paradigm.

II. THE CONCEPT OF QDTS

Introducing the concept of QDTs in the modern city is
crucial because it marks a transformative step in the ability to
model, analyze, and optimize complex urban systems beyond
the capabilities of classical computing alone. While traditional
Digital Twins already offer powerful tools for simulating urban
assets and processes in real time, they often face computational
bottlenecks when dealing with highly complex, multi-variable
systems, such as real-time multimodal mobility optimization,
urban climate forecasting, or large-scale energy grid sim-
ulation. These are problems characterized by combinatorial
complexity, where classical algorithms quickly become inef-
ficient or impractical. QDTs, integrating quantum technolo-
gies into this framework, provide a new frontier for solving
such problems. Quantum algorithms can explore vast solution
spaces in ways that classical machines cannot, potentially
unlocking unprecedented optimization performance, more ac-
curate predictions, and the ability to process interdependencies
across large-scale systems. However, given the nascent stage
of quantum technologies, the HQC model becomes essential:
quantum computing is applied to targeted, high-complexity
tasks (e.g., traffic flow optimization[3], logistics routing, or
energy distribution), while classical HPC continues to manage
broader simulation contexts and real-time operations. Ulti-
mately, introducing QDTs enables cities to:

• Push beyond current digital limitations in understanding
and governing urban complexity.

• Enhance decision-making precision under uncertainty.
• Future-proof urban planning by building infrastructure

ready to absorb next-gen computational power.

QDTs represent a strategic advancement in digital urban in-
frastructure that empowers cities to drive innovation, increase
competitiveness, and build resilience in an increasingly data-
driven world.



III. A DIGITAL ARCHITECTURE FOR SMART CITY
INTEGRATION

The concept of a QDT extends beyond advanced com-
putation, it requires a rethinking of the digital architecture
underpinning smart cities. At its core, this architecture must
seamlessly integrate multiple layers of technology to ensure
real-time responsiveness, adaptability, and scalability. Contin-
uous data collection from the urban environment is enabled
through expansive IoT platforms, which form the sensory
backbone of the city, capturing everything from environmental
conditions to mobility flows and infrastructure usage. This
constant stream of data feeds into AI and machine learning
engines that generate predictive models, enabling adaptive
responses and decision-making aligned with dynamic urban
needs. What distinguishes QDTs is the inclusion of HQC com-
puting. This element allows the system to tackle previously
unsolvable urban challenges (such as large-scale optimiza-
tion, multi-variable simulations, and uncertainty modeling)
by distributing computational tasks between classical high-
performance systems and quantum processors. This hybrid
approach not only enhances the speed and scope of analysis
but also increases the depth of insight into urban dynamics.
To ensure system-wide cohesion and trust, the architecture
incorporates interoperability layers and Web3-based frame-
works. These components support secure, decentralized data
governance, enabling diverse stakeholders (public agencies,
private companies, citizens) to interact with the digital twin
through transparent protocols and permissioned access. The
resulting infrastructure is not just a mirror of the city but
an intelligent, interactive environment capable of simulating,
anticipating, and guiding urban evolution in real time.

IV. APPLICATION DOMAINS IN SMART CITIES

QDTs unlock a new era of application domains across
critical smart city functions, each addressing complex chal-
lenges with enhanced precision and computational power.
Approaching sustainable urban planning, QDTs enable cities
to simulate multiple growth trajectories, evaluate long-term
environmental impacts, and optimize the allocation of land,
infrastructure, and natural resources. These advanced models
support policy decisions that align urban development with
climate goals and societal needs. For energy forecasting and
smart grid management, the HQC architecture allows real-time
integration of distributed renewable energy sources, predictive
demand modeling, and optimization of energy flow across
interconnected systems. Meanwhile, the increasing digitization
of urban infrastructure heightens vulnerability to cyber threats.
Here, QDTs contribute to cybersecurity strategies by incorpo-
rating Post- Quantum Cryptography (PQC), which is designed
to withstand attacks from future quantum computers. This
proactive integration enhances the security and trustworthiness
of critical infrastructure (from transportation and utilities to
communication and healthcare systems).

V. THE ROLE OF THE IT INDUSTRIES
The rise of quantum computing offers unprecedented op-

portunities for smart cities; however, this technological leap
also introduces critical risks, most notably in the cybersecurity
field. The computational power of quantum machines threatens
to render current encryption standards obsolete, endanger-
ing the confidentiality and integrity of digital infrastructures
across transportation, energy, healthcare, and public services.
A particularly concerning threat is the Harvest Now, Decrypt
Later (HNDL) strategy, where adversaries capture, and store
encrypted data today with the intent of decrypting it once
quantum computers reach maturity. This poses a profound
risk to sensitive information with long-term relevance, from
medical and legal records to national infrastructure blueprints.
In this evolving landscape, the role of IT industries together
with Academia becomes crucial. Almaviva, with robust digital
ecosystems that span IoT, AI, Web3, and interoperability
platforms, is uniquely positioned to lead the implementation
of QDTs while also safeguarding them. Its ability to integrate
legacy systems with cutting-edge quantum and AI capabilities
enables cities to build adaptive, resilient digital architectures.
But addressing future risks requires more than technical de-
ployment: it calls for strategic foresight and collaborative
governance. This is where industry-academia collaboration
becomes essential. By working together, these sectors can
accelerate the development and standardization of (PQC) and
hybrid security frameworks that ensure continuity and protec-
tion during the transition. Joint efforts should also focus on
creating quantum risk assessment models, updating policy and
regulatory frameworks, and training public sector stakeholders
to navigate this new paradigm.

VI. CONCLUSION
As cities face rapid digitalization, climate challenges, and

growing complexity, QDTs emerge as a transformative tool
for next-generation urban intelligence. By surpassing clas-
sical computing limits, QDTs enable precise, adaptive, and
foresighted solutions through real-time sensing, AI-driven
models, and quantum-enhanced optimization within interop-
erable digital frameworks reflecting the city’s physical and
social systems. QDTs represent more than an upgrade; they
offer a blueprint for anticipatory, inclusive, and secure cities.
They enable data-driven, human-centered governance to tackle
complex urban realities while building future-proof systems.
The success of this transition depends on strategic alignment
between technology and policy, innovation and regulation,
industry and academia, ensuring that quantum-enabled cities
are not only smarter, but safer, fairer, and truly sustainable.
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