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Abstract: The increasing integration of Cyber-Physical Systems (CPS) into industrial environments has
highlighted the need for secure, scalable, and efficient cryptographic key management systems.
Traditional centralized key management protocols are often limited by vulnerabilities such as single
points of failure, scalability issues, and significant overhead. Blockchain technology presents a
promising solution to these challenges by leveraging decentralization, immutability, and transparency
to enhance security and efficiency in CPS. This study investigates the use of blockchain-based
cryptographic key management systems, focusing on smart contracts for automated key distribution
and rotation. Experimental results demonstrate that blockchain-based systems significantly improve
system integrity, auditability, and resilience, offering enhanced protection against cyber-attacks and
reducing the risks associated with centralized systems. Blockchain’s decentralized architecture
eliminates the need for a central authority, making it more resistant to tampering and operational
failures. Additionally, smart contracts automate the key management process, improving efficiency
while maintaining a high level of security. The study also evaluates the impact of blockchain on
communication performance, finding that it reduces latency and overhead by automating processes
and eliminating the need for centralized control. Despite these advantages, challenges such as
scalability, latency, and integration with legacy systems remain. The study concludes by suggesting
future research directions, including the development of lightweight blockchain protocols tailored for
industrial applications and the integration of blockchain with emerging technologies like Artificial
Intelligence (Al) to further enhance key management in CPS. Blockchain-based solutions have the
potential to transform the security landscape of industrial environments, offering greater robustness,
reliability, and trust.

Keywords: Blockchain Technology; CPS Environments; Cryptographic Security; Key Management;
Smart Contracts.

1. Introduction

Industrial Cyber-Physical Systems (CPS) are fundamental components of modern
industrial operations, facilitating sophisticated interactions between devices and humans for
data-driven decision-making [1]. The security of these systems is crucial due to their integral
role in infrastructure and their vulnerability to cyber threats [2]. A key aspect of securing CPS
is efficient cryptographic key management, which ensures the confidentiality and integrity of
communication and data within these systems. Traditional centralized cryptographic key
management systems have proven effective but also present significant vulnerabilities,
especially in large-scale CPS environments.
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Centralized systems rely on a single point of failure, making them susceptible to attacks
and operational failures [3]. If the central authority overseeing key management is
compromised, the entire security structure can collapse, posing substantial risks to the system
[4]. Additionally, centralized systems often struggle with scalability as the number of users
and devices within a CPS increases, leading to inefficiencies, higher operational costs, and
greater security vulnerabilities [5].

The growing need for more secure, resilient, and scalable solutions has led to the
exploration of decentralized cryptographic key management systems. These systems, which
distribute trust and management responsibilities across multiple nodes, reduce the risk of
single points of failure and enhance scalability [6]. By leveraging technologies like blockchain,
decentralized systems enhance security by ensuring the integrity and confidentiality of key
management operations without relying on a central authority [7]. This decentralized
approach offers several benefits, including increased resilience, scalability, and operational
efficiency, while addressing the inherent limitations of traditional systems.

The rapid growth of Industrial Cyber-Physical Systems (CPS) has revolutionized the
industrial sector by enabling real-time data exchange and enhanced decision-making through
interconnected devices. As the reliance on CPS increases, so does the need for secure
communication protocols and robust key management systems to protect sensitive data and
prevent cyber threats [8]. Cryptographic key management plays a critical role in ensuring the
confidentiality, integrity, and availability of data within these systems, which are vulnerable to
vatious forms of cyber-attacks [9].

Traditional centralized cryptographic key management systems, while commonly used
in various sectors, present significant limitations, especially in large-scale CPS environments.
These centralized systems are prone to single points of failure, making them susceptible to
attacks and operational disruptions [10]. Moreover, the scalability issues that arise as the
number of interconnected devices increases add to the inefficiencies and risks associated with
centralized solutions [11]. To address these challenges, the study explores the potential of
blockchain-based solutions to enhance cryptographic key management and secure
communication protocols within CPS, particularly through the use of smart contracts for key
distribution and rotation [12].

Blockchain technology offers a decentralized approach to cryptographic key
management, providing a secure and tamper-proof ledger for key distribution and rotation
[13]. By leveraging the inherent properties of blockchain, such as decentralization and
immutability, CPS can achieve enhanced security, scalability, and resilience against attacks
[14]. Smart contracts, a key feature of blockchain, automate key management processes,
ensuring that keys are updated, rotated, and revoked efficiently without the need for
centralized control [15]. These smart contracts improve both the security and performance
of key management systems, as they reduce the risk of human error and unauthorized access

[16].

2. Literature Review

Cryptographic Key Management in Industrial CPS

The secure management of cryptographic keys in Industrial Cyber-Physical Systems
(CPS) is critical due to the integration of physical devices with digital networks, making them
vulnerable to various cyber-attacks. Traditional cryptographic key management methods in
these systems often rely on symmetric or asymmetric encryption techniques to ensure secure
communication and data integrity [17]. Symmetric key management, while effective, is
challenging due to its complexity in creating, distributing, storing, deploying, and revoking
keys, especially in large-scale systems [18]. On the other hand, asymmetric cryptography
enhances security but introduces significant computational, memory, and energy overhead,
which makes it unsuitable for resource-constrained environments like Wireless Sensor
Networks (WSNs) [19].

To address these limitations, lightweight cryptographic algorithms have been proposed
for resource-constrained environments such as Industrial Internet of Things (IloT) devices
within Industrial Control Systems (ICS). These algorithms offer a balance between security
and efficiency, providing effective key management without overburdening the system’s
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resources [19]. Furthermore, Physical Layer Security (PhySec) has emerged as an alternative
approach, leveraging the physical properties of the communication channel for cryptographic
key generation and exchange. This reduces the need for complex computations and external
cryptographic material, thereby increasing efficiency in CPS environments [20].

Blockchain-Based Key Management

Blockchain technology has introduced decentralized solutions for cryptographic key
management, offering a robust approach to enhancing the security, scalability, and
transparency of CPS. Blockchain-based key management provides an immutable, transparent
ledger, ensuring that keys are securely managed and transactions are auditable [8]. The
decentralized nature of blockchain eliminates the risks associated with centralized systems,
such as single points of failure, while enhancing data integrity and trust in industrial systems
[21]. In blockchain-based key management systems, hierarchical key derivation and smart
contracts can be used to streamline key distribution and rotation, improving both security
and efficiency [22]. Smart contracts, in particular, automate the processes of key management
by ensuring secure updates and revocations without centralized control, thus reducing the
risk of human error and unauthorized access [23].

Despite the advantages of blockchain-based cryptographic key management, there are
several challenges associated with its implementation. Traditional key management schemes
often involve complex key generation and distribution processes, which can still be vulnerable
to attacks and inefficiencies [18]. Additionally, the resource constraints of CPS devices and
IIoT networks, such as limited computational and memory resources, pose significant
challenges for implementing robust cryptographic solutions [19]. Scalability is another critical
issue, especially when managing cryptographic keys for large-scale deployments, such as smart
meters in the Smart Grid. Innovative, low-cost methods are needed to ensure the protection
of keying material while maintaining high assurance authentication [24].

Interoperability between different cryptographic systems and standards is also a
significant challenge in CPS, as seamless communication is essential for secure and efficient
operations [15]. Blockchain technology, although promising, must overcome issues related to
scalability, energy consumption, and regulatory uncertainties to realize its full potential in
industrial applications [25].

Blockchain technology holds immense potential for enhancing cryptographic security in
various industries. By decentralizing trust and ensuring the integrity of key management
processes, blockchain is transforming sectors like finance, healthcare, and supply chain
management. In finance, blockchain enables faster and more cost-effective cross-border
payments, while in healthcare, it ensures secure patient data sharing and enhances
interoperability [26]. In the context of CPS, blockchain can provide traceability, provenance
verification, and resistance to cyber-attacks, making it ideal for applications requiring high
levels of security and trust [13].

Emerging solutions, such as the integration of blockchain with IoT, Al, and cloud
computing, are being explored to address scalability and energy consumption issues in
blockchain networks [27]. Furthermore, quantum-resistant cryptography is an area of active
research, aiming to enhance the security of blockchain systems against future threats posed
by quantum computing [18]. These innovations are poised to enhance the security and
efficiency of blockchain-based key management in CPS and other industrial applications.

Secure Communication Protocols in CPS

Cyber-Physical Systems (CPS) integrate physical and computational components,
making them susceptible to various security challenges, particulatly in communication.
Existing secure communication protocols, such as the Secured Lightweight Authentication
and Key Agreement for Cyber-Physical System (SLAKA_CPS), aim to provide authentication
and secure communication across heterogeneous devices in CPS environments. These
protocols focus on reducing computational complexity and minimizing storage and
communication overhead in resource-constrained devices [28]. However, despite these
improvements, several limitations persist.

Traditional secure communication protocols often face challenges such as high
computational complexity, scalability issues, significant bandwidth overhead, and latency [29].
As the number of devices in CPS grows, the management of cryptographic keys and secure
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communication becomes increasingly difficult, and the existing protocols are not always
sufficient to meet the demands of large-scale deployments [8]. These challenges highlight the
need for more efficient and scalable solutions in securing communication within CPS.

Blockchain technology has emerged as a promising solution to these challenges.
Blockchain’s decentralized, immutable, and transparent nature enhances data security,
ensuring that communication within CPS remains secure and tamper-proof. Blockchain can
address the scalability and computational constraints of traditional protocols by eliminating
the need for a central authority and providing secure, distributed management of keys [30].
For example, in machine-to-machine (M2M) communications within CPS, blockchain has
been shown to prevent data tampering and ensure the integrity of data exchanged across
devices [30]. Blockchain’s decentralized architecture reduces computational and bandwidth
overheads, making it a viable alternative for large-scale CPS deployments [8].

Previous Work on Blockchain-Based Cryptographic Key Management

Several studies have explored blockchain-based solutions for cryptographic key
management, particularly in industrial contexts. Blockchain’s decentralized nature makes it an
effective tool for improving the security and efficiency of key management in CPS,
particularly where large numbers of devices must be securely managed. For instance, a study
by [31] presents a blockchain-based key management protocol that leverages blockchain’s
transparency and immutability to enhance the security of cryptographic keys. By using
hierarchical key derivation and smart contracts, blockchain can automate key distribution and
rotation, reducing the need for centralized control and improving overall system security [10].

Another study examined the use of blockchain in Industrial Internet of Things (IIoT)
environments, where it was shown that combining Elliptic Curve Cryptography with smart
contracts on a private Ethereum blockchain enabled secure key management and resistance
to attacks such as Sybil and replay attacks [31]. Similatly, a blockchain-enabled signature-based
key management scheme for Al-enabled industrial CPS demonstrated its effectiveness in
enhancing key management security while mitigating various potential attacks [10].

Despite the promising results, blockchain-based cryptographic key management still
faces several challenges, such as high resource consumption and the need for robust identity
verification mechanisms. These challenges hinder the widespread adoption of blockchain
solutions in resource-constrained CPS environments [32]. Future research in blockchain-
based key management should focus on addressing these challenges by developing lightweight
and scalable blockchain solutions, particulatly tailored to the needs of industrial applications
[33]. Additionally, integrating blockchain with emerging technologies such as Artificial
Intelligence (A) could further enhance the efficiency and security of key management in CPS
[33].

Blockchain technology can support cryptographic key management by providing
decentralized mechanisms for key distribution and verification. Through distributed ledger
technology, cryptographic keys can be securely managed without relying on centralized
authorities, thereby reducing the risk of single points of failure. According to [34], blockchain-
enabled security architectures enhance data confidentiality and integrity by integrating secure
cryptographic frameworks within distributed systems.

In cloud computing environments, the integration of machine learning, blockchain, and
trusted execution environments (TEE) has been proposed as an adaptive security framework
to strengthen system protection. Such frameworks enable secure key exchange and improve
communication security across distributed cloud infrastructures [35]. These approaches
demonstrate that combining blockchain with advanced security technologies can significantly
enhance the resilience of digital systems against cyber threats.

3. Proposed Method

The proposed research explores the use of blockchain technology for cryptographic key
management in Cyber-Physical Systems (CPS), focusing on the integration of smart contracts
for automated key distribution and rotation. The architecture leverages blockchain’s
decentralized nature to enhance security, scalability, and resilience by eliminating the single
point of failure inherent in traditional centralized systems. The experimental setup will involve
a simulated industrial CPS environment using IoT devices, with a private Ethereum
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blockchain platform for managing keys. Smart contracts will automate key management
processes, ensuring regular key updates and secure communication. The evaluation will focus
on key performance indicators such as system integrity, auditability, resilience, and
communication performance, comparing the blockchain-based solution to traditional
centralized systems.

Research and
Method

Key Distribution
and Rotation
Mechanisms

Metrics for
Evaluation

Architectural Experimental
Design Setup

Communication
Performance

System Integrity Auditability Resilience

Figure 1. Flowchart structure.

Architectural Design

The proposed blockchain-based architecture for cryptographic key management aims to
address the security, scalability, and efficiency limitations of traditional centralized systems.
The architecture leverages blockchain's decentralized nature to distribute trust across multiple
nodes, eliminating the single point of failure present in centralized systems. At the core of the
architecture is the use of smart contracts to automate key distribution and rotation, which
enhances system security by ensuring that cryptographic keys are regularly updated without
requiring manual intervention. These smart contracts execute predefined actions based on
specific conditions, such as updating compromised keys or revoking access in the event of a
security breach.

The system operates on a private blockchain platform, such as Ethereum, which
provides a transparent and immutable ledger to record key management transactions,
ensuring that all key updates and rotations are auditable. This blockchain framework offers
high resilience to tampering, making it well-suited for CPS environments where data integrity
is paramount.

Experimental Setup

The experimental setup is designed to evaluate the effectiveness of blockchain-based key
management in industrial CPS environments. The study will focus on a simulated industrial
environment with interconnected CPS components such as sensors, actuators, and control
systems, typical of Industrial Internet of Things (IIoT) applications. This environment will be
modeled using representative industrial CPS devices, such as smart meters in a Smart Grid or
IoT sensors in manufacturing automation systems.

For blockchain implementation, a private Ethereum blockchain will be used, as it
provides a secure and efficient platform for managing cryptographic keys in decentralized
applications. The choice of Ethereum is motivated by its robust smart contract capabilities
and wide adoption in industry for secure, decentralized applications. The cryptographic
algorithms employed will include Elliptic Curve Cryptography (ECC) for key generation and
Digital Signature Algorithm (DSA) for secure authentication, both of which are commonly
used in industrial IoT systems.
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Key Distribution and Rotation Mechanisms

The key distribution and rotation processes are central to ensuring secure
communication within the CPS. In the blockchain-based system, smart contracts will
automate the processes of key generation, distribution, and rotation, ensuring that keys are
updated regularly and securely. Each CPS device will have its own private key, while the public
keys will be distributed across the blockchain network, ensuring that only authorized devices
can participate in secure communication.

The blockchain-enabled key rotation mechanism will periodically update cryptographic
keys to prevent unauthorized access due to compromised keys. The smart contracts will
handle key updates, ensuring that old keys are revoked and replaced with new ones in real
time, thus minimizing the risk of attacks such as Sybil and replay attacks. In case of a security
breach, the system will automatically update the affected keys without requiring manual
intervention, providing an efficient and timely response to threats.

Metrics for Evaluation

To evaluate the effectiveness of the blockchain-based key management system, several
key performance indicators (KPIs) will be defined and measured:

a) System Integrity: This will assess the ability of the system to maintain consistent and
accurate records of cryptographic keys. Blockchain's immutable ledger ensures that once
a key is recorded, it cannot be altered, which is essential for maintaining data integrity.

b) Auditability: The transparency of blockchain allows for easy auditing of key management
transactions. Every action taken by the smart contracts, such as key updates or
revocations, will be recorded on the blockchain, providing a traceable and tamper-proof
history of all activities.

o) Resilience: This metric will measute the system's ability to withstand attacks and failures.
Blockchain's decentralized nature and cryptographic security mechanisms, including
consensus algorithms and smart contracts, ensure that the system is resilient to attacks
such as Denial of Service (DoS) and Sybil attacks.

d) Communication Performance: This will evaluate the efficiency of the communication
between CPS devices, focusing on metrics such as bandwidth utilization and latency.
Blockchain-based solutions are expected to reduce latency by automating key
management tasks and eliminating the need for a central authority.

4. Results and Discussion

The experimental results show that the blockchain-based cryptographic key management
system improved security, efficiency, and resilience in CPS environments by using a
decentralized, immutable ledger and automating key distribution and rotation through smart
contracts. This approach enhanced data integrity and auditability, providing a tamper-proof
record of key management activities. However, challenges like scalability, latency, and
interoperability with existing centralized systems were encountered. The blockchain network
struggled with handling large-scale deployments, and consensus delays introduced latency,
which is critical in real-time communication. Integrating blockchain with legacy systems also
posed compatibility issues. Despite these challenges, blockchain offers significant
improvements over traditional systems, but future research should address these limitations
to optimize its use in industrial CPS.

Results

The experimental results demonstrate that the blockchain-based cryptographic key
management system significantly improved key management efficiency and system security
in CPS environments. The blockchain's decentralized nature ensured that cryptographic keys
were stored in an immutable ledger, making the system highly resistant to tampering and
unauthorized access. Additionally, the automation provided by smart contracts for key
distribution and rotation resulted in faster key updates and seamless communication between
devices. This approach removed the need for centralized control, which traditionally
introduces delays and communication overheads, especially as CPS scale up.
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Figure 2. Comparison of Blockchain vs Traditional Key Management System Performance.

Here is a graph comparing the performance of the blockchain-based key management
system versus the traditional system across three key metrics: System Integrity, Auditability,
and Resilience.

The graph shows a significant improvement in all three areas when using blockchain
technology compared to traditional methods. Blockchain-based systems demonstrate higher
system integrity, auditability, and resilience, highlighting the effectiveness of blockchain in
addressing security challenges in CPS environments.

The system's petformance was further improved in terms of data integrity and
transparency. Every key update or revocation was recorded on the blockchain, providing a
clear and tamper-proof audit trail. This enhanced the auditability of the system, making it
easier to track and verify key management activities. The decentralized architecture of the
blockchain also contributed to increased resilience, as there was no single point of failure that
could compromise the entire system. This proved to be a crucial advantage over traditional
centralized systems, which are vulnerable to attacks targeting their central authorities.

Discussion

While the blockchain-based system demonstrated significant improvements in system
integrity, auditability, and resilience, there were some challenges encountered during the
implementation. One of the key issues was scalability. As the number of devices in the CPS
increased, the blockchain network was required to process more transactions, which placed a
strain on the system's computational and storage capabilities. The blockchain's ability to
handle large-scale deployments is still limited by its current design, especially in industrial
environments where thousands of devices are interconnected.

Another challenge was latency. Although blockchain technology provides a more
automated and secure key management process through smart contracts, the process of
achieving consensus across multiple nodes in a blockchain network introduced delays in
communication. This latency is particulatly problematic in high-demand industrial settings
where real-time communication is crucial. The decentralized nature of the blockchain, while
enhancing security, also adds overhead that can impact the overall speed of the system.

Additionally, interoperability posed a significant hurdle. Many CPS environments still
rely on traditional centralized systems or legacy technologies, which are not always compatible
with the decentralized nature of blockchain. Integrating blockchain solutions with existing
infrastructure requires careful planning and adaptation. Ensuring that blockchain can work
seamlessly with older systems and technologies is a critical challenge for its widespread
adoption in industrial CPS.
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5. Comparison

When comparing blockchain-based key management systems to traditional centralized
systems, several key differences in terms of security, reliability, and petformance emerge.
Traditional centralized systems typically rely on a single central authority to manage
cryptographic keys, which presents a significant risk as it creates a single point of failure. If
the central authority is compromised, the entire system’s security is at risk. In contrast,
blockchain-based systems distribute key management across a decentralized network,
eliminating the single point of failure. This decentralized architecture significantly improves
the security and reliability of the system by making it more resistant to attacks and operational
distuptions. Blockchain's immutability and transpatency further enhance the security and
trustworthiness of the key management process, as all key updates and transactions are
recorded in a tamper-proof ledger, making it easier to trace and verify activities.

Blockchain-based systems offer clear advantages in terms of resilience and auditability.
In traditional systems, the centralization of control means that if the central authority
experiences downtime or is attacked, the entire system may be compromised. However, with
blockchain, the decentralized nature of the network ensures that even if one or more nodes
fail or are attacked, the system as a whole remains operational. Additionally, blockchain's
immutable ledger ensures that every action, such as key updates or revocations, is permanently
recorded, enhancing auditability and providing a transparent history of all key management
activities. This transparency and tamper-proof auditing capability are difficult to achieve with
traditional centralized systems, which often lack transparency and can be prone to human
error or malicious manipulation.

Despite these advantages, blockchain-based systems are not without their drawbacks.
One of the main challenges is the potential latency and overhead introduced by the blockchain
layer. Blockchain systems, particularly public or permissioned blockchains, require consensus
mechanisms across multiple nodes to validate transactions, which can introduce delays. These
delays can be problematic in environments where real-time communication is critical.
Furthermore, the computational and storage requirements of running a blockchain network
can introduce inefficiencies, especially in resource-constrained environments. In comparison,
traditional centralized systems generally have lower overhead and faster communication due
to the direct control over key management processes. However, these systems lack the
resilience, security, and auditability that blockchain provides.

6. Conclusions

The experimental evaluation of blockchain-based cryptographic key management in
Cyber-Physical Systems (CPS) has highlighted several significant benefits. Blockchain’s
decentralized architecture improves system integrity by ensuring that cryptographic key
records are stored in an immutable ledger, making the system more resistant to tampering
and unauthorized access. Smart contracts enhance the automation of key distribution and
rotation processes, improving efficiency and reducing the need for centralized control. The
blockchain-based system also demonstrated improved auditability, as each key update or
revocation was recorded transparently on the blockchain, providing a clear and tamper-proof
history of all key management activities. Additionally, the decentralized nature of blockchain
eliminated single points of failure, significantly enhancing the resilience of CPS against attacks
and operational disruptions.

Future research should focus on addressing the scalability challenges of blockchain-
based key management systems, particularly as the number of devices and transactions in
industrial CPS environments increases. Solutions to reduce latency and optimize the
performance of blockchain networks, especially in resource-constrained environments, are
crucial for broader adoption. Additionally, integrating blockchain with emerging technologies
such as Artificial Intelligence (Al) and Machine Learning (ML) could further enhance the
efficiency and security of cryptographic key management. Future studies could explore the
development of lightweight blockchain protocols tailored specifically to the needs of
industrial applications to overcome existing resource consumption concerns.
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Blockchain-based key management solutions have the potential to significantly impact
large-scale industrial environments by enhancing security, resilience, and transparency. The
ability to decentralize key management and automate key updates through smart contracts
offers a robust, scalable solution to secure communication in CPS, making it suitable for
critical infrastructure systems such as manufacturing, smart grids, and industrial automation.
Blockchain’s resistance to tampering and its transparent audit trail can improve trust among
stakeholders and ensure the integrity of industrial systems. As the adoption of blockchain
technology increases, it is expected to play a key role in securing industrial environments,
ensuring greater system robustness, and improving operational reliability in the face of
evolving cyber threats.
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