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Abstract 

The rapid expansion of the Internet of Things (IoT) into industrial, healthcare, and smart city 
domains has intensified interest in decentralized architectures, notably blockchain and peer-
to-peer systems. While decentralized models offer notable advantages over centralized 
infrastructures—such as improved fault tolerance and enhanced data integrity—they also 
introduce significant scalability limitations and expose new vectors of security 
vulnerabilities in large-scale deployments. This paper explores the core scalability 
constraints, such as latency, throughput bottlenecks, and energy inefficiencies, while 
concurrently analyzing security concerns including consensus manipulation, Sybil attacks, 
and smart contract flaws. Through an integrative analysis, supported by published literature 
and illustrative diagrams, this study outlines how these challenges can be mitigated and 
maps future research directions for resilient and scalable decentralized IoT systems. 
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1. INTRODUCTİON  

The proliferation of IoT devices—projected to reach over 30 billion by 2030—has 

accentuated the need for scalable and secure data management frameworks. Traditional 

centralized architectures have demonstrated critical limitations in handling this rapid 

expansion, particularly concerning latency, single points of failure, and high operational 

costs. Consequently, decentralized architectures such as blockchain, Directed Acyclic Graphs 

(DAGs), and edge-computing-based peer-to-peer models have emerged as promising 
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alternatives. These systems distribute trust, facilitate real-time interactions, and enhance 

data transparency across heterogeneous device networks. 

However, the practical adoption of decentralized models in large-scale IoT remains 

fraught with technical constraints. Scalability is one of the most cited limitations, where 

factors like transaction throughput, consensus delay, and data synchronization significantly 

impact performance. In tandem, security vulnerabilities such as consensus protocol 

exploitation, distributed denial of service (DDoS) attacks, and edge device spoofing have 

become more prominent. This paper seeks to critically examine these twin concerns—

scalability and security—in the context of large-scale decentralized IoT ecosystems, drawing 

on recent literature, diagrams, and quantitative data. 

 

2. LITERATURE REVIEW 

Several key studies have underscored the promise and pitfalls of decentralized 

architectures in IoT environments. Atlam and Wills (2019) explored blockchain’s potential 

for secure IoT data exchanges, yet emphasized high latency and energy costs as scalability 

hurdles Similarly, Christidis and Devetsikiotis (2016) evaluated blockchain's role in 

decentralized trust but highlighted inefficiencies in consensus mechanisms like Proof-of-

Work. 

Ali et al. (2020) assessed Fog and Edge Computing’s capacity to support decentralized 

IoT but identified limited computational power at the edge as a bottleneck (Computer 

Networks, Vol. 173, Issue 2). Meanwhile, Dorri et al. (2017) proposed lightweight blockchain 

protocols for IoT, noting that reduced computational burden often compromises security 

Furthermore, Conoscenti et al. (2017) provided a comprehensive taxonomy of blockchain 

frameworks in IoT, flagging scalability trade-offs in public vs. private blockchains. 
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3. SCALABILITY CHALLENGES IN DECENTRALIZED IOT 

3.1 Network Throughput and Latency Bottlenecks 

Decentralized networks often suffer from limited transaction throughput. For instance, 

public blockchains like Ethereum support only 15–20 transactions per second (TPS), vastly 

insufficient for IoT networks that may generate thousands of requests per second. These 

limitations hinder real-time decision-making in applications like autonomous vehicles or 

industrial automation. 

Additionally, latency increases as node count rises. As shown in latency grows non-

linearly with the number of nodes in Proof-of-Work systems, creating significant delays in 

consensus finalization. This latency hampers device responsiveness, especially in time-

sensitive deployments such as medical monitoring. 

 

3.2 Energy Consumption and Resource Utilization 

Consensus mechanisms like Proof-of-Work and Proof-of-Stake are energy-intensive. 

IoT devices, often battery-operated or resource-constrained, cannot sustain such power 

usage. For instance, mining a single Ethereum block consumes approximately 62.56 kWh, 

which is infeasible in IoT contexts. 

Edge-based systems improve this but pose trade-offs in terms of device 

synchronization and data consistency. Table 1 compares energy demands across 

decentralized platforms used in IoT networks. 

Table 1: Energy Consumption of Common Consensus Protocols 

Protocol Avg. Energy per Transaction Suitability for IoT 

Proof-of-Work 1,200 Wh Poor 
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Proof-of-Stake 10 Wh Moderate 

Practical BFT 1–5 Wh Good 

 

4. SECURITY VULNERABILITIES IN DECENTRALIZED IOT 

4.1 Consensus-Level Attacks and Protocol Exploits 

Decentralized systems rely heavily on consensus protocols, which remain susceptible 

to targeted attacks. A 51% attack, where an adversary controls the majority of the network’s 

computational power, enables double-spending and manipulation of ledger history. 

In smart contract-enabled IoT, flawed logic in contracts may trigger unsafe behaviors, 

such as unauthorized device commands. This was demonstrated in who identified critical 

bugs in over 20% of Ethereum smart contracts reviewed. 

4.2 Identity and Access Management Flaws 

IoT nodes often lack secure identity mechanisms, making them prone to impersonation 

(Sybil attacks). In peer-to-peer networks, attackers may introduce multiple fake identities to 

disrupt routing and consensus. Lightweight identity verification remains an unresolved 

issue. 

Additionally, decentralized authentication protocols must scale securely across 

heterogeneous devices. explored federated identity frameworks for IoT but found that key 

distribution overhead becomes unmanageable at scale (Ad Hoc Networks, Vol. 114, Issue 7). 

 

5. Integrated View: Trade-offs Between Scalability and Security 

Decentralized IoT systems cannot simultaneously optimize for both scalability and 

security without compromise. Lightweight protocols may enhance scalability but weaken 
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security guarantees, especially in multi-stakeholder environments. Figure 2 maps this trade-

off spectrum. 

 

Figure 1: Trade-off Curve Between Security and Scalability 

Figure 1: Multi-layered architectures—combining blockchain for audit trails with off-chain 

processing for computation—offer a potential solution. However, integrating such hybrid 

models introduces orchestration complexity and data inconsistency risks. 

 

6. CONCLUSION AND FUTURE WORK 

This study has highlighted the complex interplay between scalability and security in 

decentralized IoT architectures. While blockchain, DAGs, and edge computing frameworks 

offer a decentralized foundation for resilient networks, they are far from maturity in large-

scale deployments due to technical and operational constraints. 

Future work must focus on developing context-aware consensus protocols, lightweight 

cryptographic methods, and modular identity frameworks that can dynamically adapt to IoT 

environments. Moreover, simulation-based testing and formal verification of decentralized 

protocols should be expanded to validate their real-world viability.  



 

 

 6  

 

References  

[1] Atlam, H. F., & Wills, G. B. (2019). Blockchain-based secure data sharing for IoT de-

vices in smart cities. Future Generation Computer Systems, Vol. 100, Issue 4, pp. 827–

841. 

[2] Christidis, K., & Devetsikiotis, M. (2016). Blockchains and smart contracts for the In-

ternet of Things. IEEE Access, Vol. 4, Issue 8, pp. 2292–2303. 

[3] Ali, M. S., Vecchio, M., & Antonelli, F. (2020). Applications of Fog Computing for the 

Industrial Internet of Things. Computer Networks, Vol. 173, Issue 2, pp. 107–123. 

[4] Dorri, A., Kanhere, S. S., & Jurdak, R. (2017). Towards an optimized blockchain for 

IoT. Journal of Network and Computer Applications, Vol. 89, Issue 6, pp. 52–62. 

[5] Conoscenti, M., Vetro, A., & De Martin, J. C. (2017). Blockchain for the Internet of 

Things: A systematic literature review. Computer Communications, Vol. 114, Issue 1, 

pp. 10–29. 

[6] Atzei, N., Bartoletti, M., & Cimoli, T. (2017). A survey of attacks on Ethereum smart 

contracts. IEEE Security & Privacy, Vol. 38, Issue 2, pp. 27–36. 

[7] Rahman, M. A., Mollah, M. B., & Azad, M. A. (2021). Federated identity management 

in IoT: A survey and future research directions. Ad Hoc Networks, Vol. 114, Issue 7, pp. 

102–112. 

[8] Lin, J., Yu, W., Zhang, N., Yang, X., & Liu, H. (2017). A survey on Internet of Things: 

Architecture, enabling technologies, security and privacy, and applications. IEEE Com-

munications Surveys & Tutorials, Vol. 19, Issue 3, pp. 1125–1146. 

[9] Ferrag, M. A., Maglaras, L., Janicke, H., & Fragkou, P. (2018). A survey on security 

and privacy for cloud-based IoT: Current status and future directions. Future Internet, 

Vol. 10, Issue 4, pp. 1–31. 



 

 

 7  

 

[10] Reyna, A., Martín, C., Chen, J., Soler, E., & Díaz, M. (2018). On blockchain and its 

integration with IoT: Challenges and opportunities. IEEE Internet of Things Journal, 

Vol. 5, Issue 5, pp. 5246–5254. 

[11] Sharma, P. K., & Park, J. H. (2019). Blockchain based hybrid network architecture for 

the smart city. IEEE Access, Vol. 7, Issue 6, pp. 103–115. 

[12] Makhdoom, I., Abolhasan, M., Ni, W., & Guizani, M. (2019). Anatomy of threats to the 

Internet of Things. Journal of Network and Computer Applications, Vol. 135, Issue 3, 

pp. 1–19. 

[13] Wang, Y., Han, J., Wang, C., & Xu, Y. (2020). A survey on consensus mechanisms and 

mining strategy management in blockchain networks. ACM Computing Surveys, Vol. 

53, Issue 1, pp. 1–37. 

[14] Kouicem, D. E., Bouabdallah, A., & Lakhlef, H. (2018). Internet of Things security: A 

top-down survey. Journal of Information Security and Applications, Vol. 38, Issue 2, 

pp. 8–27. 

[15] Al-Kahtani, M. S. (2017). Survey on security threats and attacks in wireless sensor 

networks. Computer Standards & Interfaces, Vol. 54, Issue 5, pp. 131–145.  


