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ABSTRACT

Smart cities are emerging as integrated ecosystems where digital technologies, cyber-physical systems, and
citizen-centric innovations converge to address the complex challenges of urbanization. With the rise of
IoT-enabled infrastructure, artificial intelligence (Al)-driven analytics, and cloud-edge computing
platforms, there is an unprecedented demand for secure, transparent, and efficient data exchange.
Blockchain, with its distributed ledger and decentralized trust mechanisms, has been proposed as a
foundational technology to facilitate these objectives. However, a critical limitation persists: scalability.
Conventional blockchain protocols, while strong in security and immutability, often suffer from low
transaction throughput, high latency, and energy inefficiency. These limitations prevent their direct

applicability in city-wide systems where millions of real-time interactions occur simultaneously.

This study examines the design and deployment of scalable blockchain protocols that can serve as the
backbone for smart city applications. The manuscript reviews existing blockchain consensus
mechanisms—including Proof of Work (PoW), Proof of Stake (PoS), Practical Byzantine Fault Tolerance
(PBFT), and Proof of Authority (PoA)—and evaluates their suitability for heterogeneous smart city
ecosystems. It further explores emerging scalability approaches such as sharding, sidechains, directed
acyclic graphs (DAGs), and layer-2 protocols, alongside hybrid models that incorporate Al-driven

optimization. A comparative simulation-based methodology is employed, assessing throughput, latency,
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and energy consumption across multiple blockchain prototypes. Results demonstrate that modular hybrid
architectures leveraging sharding and DAG structures can increase throughput by up to 400% compared

to traditional blockchains, with latency reductions of over 90% and significant energy savings.

Beyond technical findings, the study contextualizes blockchain scalability within broader smart city
governance frameworks, addressing interoperability between diverse urban domains such as energy
microgrids, healthcare data platforms, autonomous mobility systems, and decentralized citizen services.
The implications for data privacy, regulatory compliance, and citizen trust are also highlighted,
emphasizing the necessity of balancing decentralization with governance oversight. By synthesizing
technical, social, and policy considerations, this work contributes a comprehensive roadmap for scalable

blockchain adoption in smart cities.

Ultimately, the research demonstrates that with careful architectural design and integration of scalability-
enhancing techniques, blockchain can evolve from a niche financial tool into a universal urban
infrastructure enabler. The findings not only advance blockchain scalability research but also provide
actionable insights for policymakers, urban planners, and technologists seeking to design sustainable,

citizen-focused smart cities.
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INTRODUCTION

Background and Motivation

The rapid urbanization of the 21st century has given rise to unprecedented challenges in urban governance,
resource management, and infrastructure coordination. According to United Nations reports, by 2050, nearly 68%
of the world’s population will reside in urban environments. Smart cities, powered by interconnected IoT devices,
cloud computing, Al, and big data, aim to address these challenges by fostering efficiency, transparency, and
inclusivity. Yet, the security, trust, and coordination of these massive urban ecosystems require more than

centralized digital infrastructures.

Blockchain technology promises a decentralized trust framework that can secure transactions, streamline urban
services, and eliminate intermediaries. From digital identity verification to energy microgrids and smart
transportation, blockchain provides immutability, transparency, and accountability. However, a fundamental
barrier exists: scalability. The growing volume of [oT data, financial transactions, and citizen interactions in smart
cities generates millions of transactions per second, far exceeding the throughput of conventional blockchain

systems such as Bitcoin or Ethereum.
Problem Statement

While blockchain ensures security and decentralization, existing protocols face throughput limitations, high
latency, and energy inefficiency. Without resolving scalability, blockchain adoption in smart cities will remain

restricted to niche applications rather than city-wide governance and infrastructure systems.
Research Objectives
This manuscript pursues the following objectives:

1. To analyze scalability challenges of blockchain protocols in the context of smart cities.

2. To evaluate consensus mechanisms (PoW, PoS, PBFT, PoA, and hybrids) for urban applications.
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3. To explore advanced solutions such as sharding, DAG-based ledgers, and layer-2 networks for transaction

throughput.
4. To propose a modular blockchain design framework suitable for smart city scalability.

5. To validate proposed models through comparative simulation and results.
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Fig.2 Distributed Ledger, Source:2

LITERATURE REVIEW

Blockchain in Smart Cities
Blockchain adoption in smart cities spans several domains:
e Governance: Decentralized voting, e-procurement, and citizen record management.
e Mobility: Blockchain-enabled ride-sharing, congestion pricing, and autonomous vehicle coordination.

e Energy: Peer-to-peer (P2P) energy trading on decentralized grids.
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e Supply Chains: Food traceability, waste management, and urban logistics.
Scalability Limitations of Traditional Blockchains

Bitcoin achieves ~7 transactions per second (tps), Ethereum ~30 tps, while Visa’s centralized system handles over

24,000 tps. The gap highlights the scalability crisis. Issues include:
o Block size and propagation delays.
o High latency due to global consensus requirements.
e Energy inefficiency of PoW protocols.
Proposed Solutions in Literature
1. Layer-2 Protocols: Lightning Network, Plasma, rollups.
2. Sharding: Partitioning the blockchain into parallel shards for higher throughput.
3. Consensus Mechanism Evolution: From energy-intensive PoW to PoS, DPoS, PBFT, and PoA.
4. Directed Acyclic Graphs (DAGs): IOTA’s Tangle and Hedera Hashgraph as alternatives to linear chains.
5. Cross-Chain Interoperability: Bridging heterogeneous systems across city departments.
Gaps Identified
e Lack of urban-centric blockchain scalability models.
e Minimal integration with Al-driven traffic optimization.

o Insufficient empirical simulations for real-time city-scale loads.

METHODOLOGY

Research Design

A mixed-methods research design was used:
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e Qualitative Analysis: Literature synthesis on blockchain scalability.

e Quantitative Analysis: Simulation of scalability performance across blockchain models.

e Prototype Evaluation: A modular blockchain prototype tested in a simulated smart grid.
Simulation Parameters

Transaction Throughput: Measured in tps under various loads.

o Latency: Time to confirm a transaction.
e Energy Efficiency: Joules consumed per transaction.

e Scalability Index: A composite metric balancing throughput, decentralization, and energy cost.

o Python-based blockchain simulator.

o Hyperledger Fabric testbed.

e Ethereum testnet with layer-2 rollup deployment.
Comparative Models

1. Baseline Ethereum (PoW).

2. PoS with sharding.

3. DAG-based model (IOTA).

4. Modular hybrid protocol integrating Al traffic control.

RESULTS
Simulation Findings
1. Throughput:

o Ethereum baseline: ~30 tps.
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o Sharded PoS: ~500 tps.

o DAG-based: ~1200 tps.

o Modular Al-driven hybrid: ~2000+ tps.
2. Latency:

o PoW: ~12s confirmation.

o PoS-Sharding: ~2s.

o DAG: <Is.

o Hybrid: ~0.8s with adaptive consensus.
3. Energy Efficiency:

o PoW: 700 kWh/1000 transactions.

o PoS-Sharding: 45 kWh/1000 transactions.

o DAG: 20 kWh/1000 transactions.

o Hybrid: ~18 kWh/1000 transactions.
4. Scalability Index (normalized 0-1):

o Ethereum baseline: 0.12

o PoS-Sharding: 0.61

o DAG:0.78

o Hybrid: 0.91

STATISTICAL ANALYSIS
Protocol Throughput (tps) Latency (s) | Energy/1000 Tx (kWh) Scalability Index
Ethereum (PoW) 30 12 700 0.12
PoS + Sharding 500 2 45 0.61
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This manuscript set out to address one of the most pressing barriers to blockchain adoption in smart cities:

scalability. The results, derived from literature synthesis, simulations, and prototype evaluation, confirm that

blockchain’s inherent advantages—immutability, decentralization, and transparency—can be harnessed

effectively in urban ecosystems if the scalability challenge is tackled through layered and modular approaches.

By integrating sharding, DAG-based architectures, and layer-2 enhancements, blockchain protocols can support
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thousands of transactions per second while maintaining low latency and energy efficiency. Such performance
levels are essential for supporting real-time city services such as dynamic traffic management, peer-to-peer energy

exchanges, decentralized healthcare data systems, and e-governance platforms.

One of the key insights is the role of hybrid and adaptive consensus mechanisms. Rigid reliance on traditional
PoW or PoS models is insufficient for city-wide ecosystems that must simultaneously ensure high throughput,
resilience, and fault tolerance. Hybrid protocols that adapt consensus based on contextual requirements—such as
traffic congestion events or surges in healthcare data exchanges—offer a pathway to scalability without
compromising security. Furthermore, the integration of Al for traffic shaping and predictive workload distribution

significantly enhances blockchain efficiency in smart city scenarios.

Equally important is the governance and interoperability dimension. While scalability ensures technical
feasibility, the effectiveness of blockchain in smart cities also depends on its ability to seamlessly integrate across
diverse domains—transportation, energy, healthcare, finance, and governance. Cross-chain interoperability
frameworks, supported by standardized protocols, are essential for enabling these domains to collaborate securely
and efficiently. The findings suggest that modular and interoperable blockchain ecosystems are far more effective

than siloed, single-chain implementations.

Despite these promising advances, challenges remain. Security vulnerabilities in sharded blockchains, potential
bottlenecks in cross-chain bridges, and the risks of governance centralization require careful mitigation.
Moreover, real-world deployment introduces additional variables—ranging from regulatory compliance and
policy harmonization to citizen adoption and digital literacy. These issues underline the need for multi-stakeholder
collaboration between governments, technology providers, and academia to ensure that blockchain-enabled smart

cities remain inclusive, secure, and ethically governed.

In conclusion, this study demonstrates that scalable blockchain protocols are not only technically achievable but
also practically indispensable for the future of smart cities. The trajectory of urban digital transformation suggests
that the demand for secure, decentralized, and scalable data infrastructures will continue to grow. By aligning
technological innovation with policy frameworks and citizen-centric values, blockchain can serve as the digital
backbone of sustainable, intelligent urban ecosystems. This research offers a comprehensive blueprint for moving

beyond proof-of-concept applications toward real-world, city-scale blockchain deployments.
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Future research should extend this work by testing blockchain scalability in live urban testbeds, exploring the
synergy with 6G networks and edge computing, and advancing adaptive governance models that balance
decentralization with regulatory oversight. By addressing these areas, the vision of fully integrated, blockchain-

enabled smart cities can transition from theory to global reality.
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