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Abstract: Smart grids represent a transformative approach to managing energy systems by combining traditional power infrastructure
with advanced information and communication technologies. However, the digital nature of smart grids renders them vulnerable to
numerous cyber threats, particularly concerning data security. This paper presents a blockchain-based framework tailored to enhance
data integrity, confidentiality, and secure access in smart grid environments. The framework employs a permissioned blockchain
(Hyperledger Fabric) integrated with smart contracts and Practical Byzantine Fault Tolerance (PBFT) consensus to ensure trustless,
tamper-proof, and efficient data transactions. Simulation results demonstrate improvements in latency, throughput, and resilience
compared to traditional models. The proposed model offers a scalable and secure solution to meet the evolving demands of smart grid
data management.
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1. INTRODUCTION

Smart grids are next-generation power systems that integrate
traditional electricity networks with digital communication
and control mechanisms [1]. Their reliance on real-time data
for load balancing, energy distribution, and consumer
behavior monitoring makes them susceptible to security
breaches such as data manipulation, unauthorized access, and
system disruptions [2]. Traditional security mechanisms such
as centralized authentication or encryption are increasingly
inadequate due to the distributed and heterogeneous nature of
smart grid devices. Blockchain technology offers promising
features, including decentralization, immutability, and
cryptographic  validation, which can mitigate these
vulnerabilities effectively [3].

The integration of blockchain into smart grid systems has
garnered significant attention in recent years due to the need
for decentralized, secure, and tamper-proof infrastructures.
This section reviews recent research on blockchain
applications in energy systems, focusing on data security,
energy trading, access control, and system resilience. Zhang et
al. [1] introduced a blockchain-based peer-to-peer (P2P)
energy trading mechanism that enables decentralized energy
transactions among users. While it enhances transactional
trust, the model lacks fine-grained access control and data
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privacy features. Mollah et al. [2] provided a comprehensive
survey of blockchain applications in smart grid security,
identifying challenges such as scalability and interoperability.
Authors in  [3] systematically reviewed blockchain
applications in the energy sector, noting the potential for
enhancing transparency and trust but also highlighting
practical barriers such as latency and integration complexity.
In paper [4], authors analyzed mobile cloud security using
blockchain principles, reinforcing the applicability of
decentralized technologies to loT-heavy environments like
smart grids. Kang et al. [5] designed a consortium blockchain
for secure electric vehicle (EV) charging and billing,
emphasizing access control and transparency. However, their
system’s reliance on semi-trusted intermediaries poses
potential security risks. The authors in [6] proposed a
blockchain-enabled secure energy trading architecture but
used a public blockchain model, leading to increased latency
and energy consumption. Authors implemented a privacy-
preserving data aggregation framework using blockchain and
homomorphic encryption in paper [7]. While effective, its
computational load makes it unsuitable for real-time smart
grid operations. Liu et al. [8] explored a reputation-based
consensus model for microgrids, which introduced trust
metrics but lacked cryptographic robustness. Authors in [9]
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developed a lightweight blockchain model optimized for 10T
networks in smart grids, reducing latency and energy
overhead but offering limited privacy control. Dorri et al. [10]
proposed a layered blockchain model for smart homes, which
inspired the multi-tiered architecture used in our proposed
framework. Atif et al. [11] applied blockchain for secure and
transparent energy trading with smart contracts, but their
proof-of-work (PoW) consensus hindered performance. Zhang
et al. [12] suggested a secure key management protocol using
blockchain, offering device-level security but not addressing
system-level data integrity. Su et al. [13] presented a
federated blockchain framework for inter-grid data exchange,
enhancing scalability but requiring complex synchronization
mechanisms. Vangala et al. [14] demonstrated a smart
contract-based access control system but lacked anomaly
detection mechanisms. Authors in [15] incorporated artificial
intelligence (Al) with blockchain to detect and respond to
cyber threats in smart grids, showcasing strong security
capabilities. However, their framework depends heavily on
real-time data training and model updates. These prior efforts
contribute significantly to the understanding and application
of blockchain in smart grid environments. However, most
suffer from one or more limitations, including poor
scalability, inadequate privacy mechanisms, high latency, or
lack of adaptive access control. It is worth mentioning that
these techniques, if intermingled with advance metaheuristic
optimization technologies [16,17,18] can give better results
[19].

The proposed framework in this study effectively addresses
existing limitations in smart grid security by adopting a
multifaceted approach. It utilizes a permissioned blockchain
architecture to enhance scalability while significantly
reducing latency, thereby supporting the performance
demands of modern energy systems. The integration of the
Practical Byzantine Fault Tolerance (PBFT) [7-10] consensus
mechanism enables energy-efficient and rapid transaction
validation, which is critical for real-time operations.
Furthermore, smart contracts are employed to enforce
dynamic, role-based access control and enable automated
anomaly detection, strengthening both data security and
operational transparency. To ensure privacy preservation
without compromising system integrity, the framework
incorporates zero-knowledge proofs, allowing for secure
verification without revealing sensitive information.
Collectively, these components form a practical and resilient
solution for safeguarding data integrity, confidentiality, and
availability within smart grid infrastructures.

The core contributions of this research include the
development of a multi-layered blockchain-based architecture
to facilitate secure data transmission in smart grids, the
implementation of smart contracts to automate access control
mechanisms and validate data integrity, and a detailed
performance assessment of the system under various security
threat scenarios and key operational metrics.
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2. SYSTEM ARCHITECTURE

The proposed framework is structured into a multi-layered
architecture, each responsible for distinct functions to ensure secure
and efficient operation of the smart grid. At the foundational level, the
Data Generation Layer comprises smart meters, sensors, and various
loT devices that continuously capture real-time energy usage and
system metrics. Above this, the Blockchain Layer leverages
Hyperledger Fabric to manage transactions, execute smart contracts,
and maintain a tamper-proof distributed ledger. At the top, the
Application Layer provides user-facing interfaces through
decentralized applications (dApps), enabling seamless interaction for
utility providers, consumers, and regulatory bodies [9]. Smart
contracts play a pivotal role in automating critical operations within
the network [11]. These contracts are designed to handle a range of
functions, including device authentication and user authorization,
enforcement of role-based data access policies, automatic recording of
billing and energy transactions, and real-time detection of anomalies
such as suspicious consumption behavior or potential energy theft.
The diagram of the Blockchain based framework for smart grid data
security is shown in Figure 1.

To maintain consensus across the distributed network, the framework
implements the Practical Byzantine Fault Tolerance (PBFT)
algorithm. PBFT is chosen for its ability to deliver low-latency and
high-throughput performance, making it well-suited for energy
systems that require rapid transaction validation and resilience against
faulty or malicious nodes.

Application Layer

Interfaces for Interfaces for
Utility Providers Consumers

Blockchain Layer
Permissioned

Smart Contracts

Data Generation Layer

) — é
Smart Meter 1oT Device Sensor

Figure 1. Blockchain based framework for smart grid data security

3. IMPLEMENTATION AND
EVALUATION

The proposed system is implemented using Hyperledger
Fabric v2.4, a permissioned blockchain platform recognized
for its modular architecture and robust security features
tailored for enterprise applications. Its support for pluggable
consensus mechanisms, private data collections, and granular
identity management makes it particularly well-suited for
securing critical infrastructure such as smart grids. The
blockchain network comprises six nodes categorized as
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follows: three utility peers, which emulate different utility
service providers responsible for power distribution, billing,
and system monitoring; two consumer peers, representing
end-users—including  potential ~ prosumers—who  both
generate and consume electricity; and one regulator peer,
which functions as a neutral oversight entity, facilitating
regulatory compliance, policy enforcement, and conflict
resolution. The entire network is deployed within Docker
container environments running on Ubuntu 20.04, offering a
lightweight, isolated, and scalable simulation setup. This
containerized deployment facilitates efficient testing,
reproducibility, and easy scaling during system evaluation.

Table 1. Comparison between proposed framework and
Traditional Gridwork based on common metric

Metric Proposed Traditional
Framework Gridwork [1-3]

Latency (ms) 220 410
lz;seughp“t 145 95
Vioiions 0
Access Denials er?f% (:Z/Z d Partial

The comparative evaluation of the proposed blockchain-based
smart grid framework and the traditional grid model presented
in Table 1 reveals substantial improvements across multiple
performance indicators. Latency, a critical parameter for real-
time grid responsiveness, is significantly reduced in the
proposed system—from 410 milliseconds in the traditional
model to 220 milliseconds. This reduction indicates enhanced
system efficiency and faster transaction validation, largely
attributed to the optimized peer-to-peer communication and
endorsement mechanisms in Hyperledger Fabric. While
blockchain systems are often criticized for added latency due
to consensus protocols, the permissioned nature of
Hyperledger minimizes such overhead, proving advantageous
for time-sensitive smart grid operations.

In terms of throughput, which measures the number of
transactions processed per second, the proposed framework
again demonstrates superiority by achieving 145 tx/sec
compared to only 95 tx/sec in the traditional grid. This
suggests that the blockchain-based system can support high-
frequency data exchanges such as dynamic pricing updates,
demand response signals, or microgrid coordination more
effectively, thereby ensuring better scalability and adaptability
in complex energy networks. Data integrity, another critical
metric, is upheld flawlessly in the proposed framework, as
evidenced by zero integrity violations. In contrast, the
traditional grid records a 3.5% violation rate, pointing to
potential wvulnerabilities in data handling, unauthorized
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modifications, or poor auditability. Blockchain's immutability
ensures that once a transaction is recorded, it cannot be
altered, which significantly enhances trust, particularly in
regulatory or billing scenarios. Lastly, the framework
demonstrates a marked improvement in access control
mechanisms. With 100% enforcement of access denials, the
proposed system ensures that only authorized entities interact
with specific data sets, thanks to robust role-based access
control and cryptographic identity verification. This is a stark
contrast to the partial enforcement observed in traditional
systems, which often rely on centralized and less secure
authentication protocols. In other words, the proposed
blockchain-enabled smart grid architecture not only enhances
performance and integrity but also embeds trust and security
by design, addressing longstanding limitations of the
conventional grid model. However, while the results are
promising, future real-world deployments must still consider
scalability, interoperability with legacy systems, and
regulatory compliance to ensure seamless adoption at national
or global levels.

The proposed blockchain-enabled smart grid framework
establishes a resilient, multi-tiered security architecture
designed to mitigate several critical vulnerabilities associated
with conventional energy systems. Central to this framework
is the principle of tamper resistance, realized through
cryptographic hashing and the inherent immutability of
blockchain transactions. These features ensure that once data
is recorded on the ledger, it remains unalterable and traceable,
thereby upholding data integrity and facilitating auditability—
an essential requirement for regulatory compliance and fraud
mitigation. In contrast, traditional grid infrastructures, which
depend on centralized databases, are inherently susceptible to
data manipulation, unauthorized access, and potential data
loss. To safeguard data confidentiality, the framework
employs a role-based access control (RBAC) mechanism that
restricts data visibility exclusively to authorized stakeholders,
including utility providers, consumers, and regulatory bodies.
This fine-grained permission model minimizes the risk of data
exposure and supports adherence to privacy regulations,
particularly given the sensitive nature of smart grid data such
as user consumption patterns and billing records. However,
the effectiveness of RBAC is contingent upon robust identity
management and the meticulous design of access control
policies; poorly configured or overly permissive roles may
inadvertently introduce security gaps if not subjected to
regular auditing.

In addressing Distributed Denial of Service (DDoS) threats,
the system leverages the permissioned network architecture of
Hyperledger Fabric, which inherently restricts network access
to authenticated and verified entities. This structural constraint
significantly reduces the potential for malicious actors to
disrupt network operations through illegitimate request
flooding, a prevalent risk in traditional open-access systems.
Nevertheless, the trade-off lies in the challenge of maintaining
dynamic scalability; accommodating new participants
demands continuous updates to membership services, which
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must be managed without undermining network trust or
performance. A distinguishing feature of the framework is its
integration of anomaly detection via smart contracts, enabling
automated, near-real-time identification of irregularities such
as abnormal energy consumption or unauthorized access
attempts. This proactive security measure substantially
narrows the threat response window. However, the
effectiveness of anomaly detection is highly dependent on the
sophistication of its logic; simple threshold-based models may
yield high false-positive rates or fail to capture nuanced attack
patterns. Enhancing this mechanism through the incorporation
of machine learning algorithms within smart contracts could
significantly improve accuracy, though it would also
necessitate increased computational resources and more
complex contract design.

In summary, the proposed architecture signifies a paradigm
shift from reactive to proactive cybersecurity in the energy
sector. While it marks a significant advancement in securing
smart grid infrastructure, its real-world deployment requires
careful attention to scalability, interoperability, and
governance. The long-term success of this model will depend
on sustained updates to security policies, rigorous identity and
access management, and intelligent threat detection
mechanisms.

4. CONCLUSION

This study presents a robust and scalable blockchain-based
framework for securing data in smart grid environments. The
integration of permissioned blockchain, PBFT consensus, and
smart contracts offers a tamper-resistant and transparent data
infrastructure. ~ Performance  evaluations validate its
applicability in real-world deployments, paving the way for
secure, decentralized energy systems. The proposed
framework significantly enhances data security while
preserving the operational efficiency of smart grid
environments. Unlike traditional solutions, our model avoids a
single point of failure and provides end-to-end encryption
with verifiable data provenance. However, storage overhead
and integration complexity remain potential challenges. Edge
computing and off-chain storage could be explored in future
work to further optimize system performance.
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