Journal of Engineering and Technology Management 73 (2024)

Secure and Privacy-Preserving Smart Grid Scheme with Trusted

Execution Environments
M. Radha Assistant Professor, VNRVJIET

ABSTRACT - This paper presents an innovative
privacy-preserving scheme for smart grid systems
leveraging Trusted Execution Environments
(TEE). The proposed scheme aims to enhance data
security and privacy while ensuring efficient data
aggregation and management. By integrating
TEEs with advanced cryptographic techniques, we
address key challenges in smart grid systems, such
as secure data aggregation, privacy preservation,
and efficient data management. Our scheme
outperforms existing methods in terms of security,
scalability, and efficiency, making it a promising
solution for future smart grid applications.
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1. Introduction

Smart grids represent a transformative
evolution of traditional power grids,
integrating advanced information and
communication technologies to optimize
the  generation, distribution, and
consumption of electricity. This integration
facilitates a more efficient, reliable, and
sustainable energy system capable of
meeting the increasing demands of modern
society. However, the incorporation of these
advanced technologies into the power grid
infrastructure also introduces significant
challenges, particularly concerning data
privacy and security.

The smart grid relies heavily on data
collected from wvarious sources, such as
smart meters, sensors, and control devices,
to monitor and manage the distribution of
electricity. Smart meters play a critical role
by  providing detailed, real-time
information about energy consumption at
the household or business level. While this
data is invaluable for optimizing grid
operations and enabling demand response
strategies, it also raises serious privacy
concerns. Detailed consumption data can
reveal sensitive information about the
habits and behaviors of individuals or

businesses, making it a potential target for
malicious actors.

Ensuring the privacy and security of data
within smart grid systems is paramount.
Existing privacy-preserving schemes for
smart grids often rely on various
cryptographic techniques to protect data
during transmission and storage. However,
many of these approaches face limitations
such as high computational overhead, lack
of scalability, and insufficient privacy
guarantees. To address these issues, there is
a need for more robust and efficient
solutions that can provide strong privacy
protections without compromising the
performance and scalability of the system.

This paper proposes a novel privacy-
preserving scheme for smart grids that
leverages Trusted Execution Environments
(TEEs) to enhance data security and
privacy. TEEs provide a secure area within
a processor where sensitive operations can
be executed in isolation from the rest of the
system. By utilizing TEEs, the proposed
scheme ensures that critical operations,
such as data aggregation and key
management, are performed in a secure and
tamper-proof environment.

The main contributions of this paper are as
follows:

Integration of TEEs in Smart Grid Systems:
The proposed scheme integrates TEEs into
the smart grid architecture to provide a
secure execution environment for critical
operations. This integration enhances the
overall security and privacy of the system.

Efficient Data Aggregation: The scheme
employs advanced cryptographic
techniques,  including = homomorphic
encryption, to enable efficient and secure
data aggregation. This allows the control
center to analyze aggregated data without
accessing individual consumption details,
preserving user privacy.
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Robust Security and Privacy Guarantees:
The use of TEEs ensures that data remains
protected even if other parts of the system
are compromised. The proposed scheme
provides robust security and privacy
guarantees, protecting against various
attack vectors such as data tampering,
unauthorized access, and privacy breaches.
Performance Evaluation: The performance
of the proposed scheme is evaluated
through extensive simulations and real-
world experiments. The results demonstrate
that the scheme achieves high efficiency
and scalability with minimal computational
overhead compared to existing methods.
By leveraging  Trusted  Execution
Environments and advanced cryptographic
techniques, the proposed privacy-
preserving scheme addresses the key
challenges in smart grid systems, providing
a secure, efficient, and scalable solution for
future smart grid applications.

2. Related Work

The field of privacy-preserving schemes for
smart grids has seen substantial research
interest due to the growing importance of
securing user data while maintaining
efficient and reliable grid operations. This
section reviews significant contributions
and approaches in the domain, highlighting
their strengths and limitations.

Cryptographic Techniques for Privacy
Preservation:

Several cryptographic techniques have
been proposed to enhance privacy in smart
grid systems. These include homomorphic
encryption, differential privacy, and secure
multiparty computation. Each of these
techniques offers unique advantages and
challenges.

Homomorphic Encryption: This technique
allows computation on encrypted data
without decrypting it, ensuring data privacy
throughout the computation process.
Gentry et al. introduced fully homomorphic
encryption, enabling arbitrary
computations on encrypted data. However,
the high computational overhead associated

with fully homomorphic encryption limits
its practical application in real-time smart
grid scenarios.

Differential Privacy: Differential privacy
provides strong privacy guarantees by
adding controlled noise to the data or query
results, making it difficult to infer
individual data points. Dwork et al. laid the
foundation for differential privacy, and
subsequent works have adapted it to the
smart grid context. However, balancing
privacy and data utility remains a
significant challenge.

Secure Multiparty Computation (SMC):
SMC allows multiple parties to jointly
compute a function over their inputs while
keeping those inputs private. Works by Yao
and Goldreich have been fundamental in
this area. Despite its strong privacy
guarantees, SMC often involves high
communication and computation costs,
making it less suitable for large-scale smart
grid applications.

Privacy-Preserving Data Aggregation:
Data aggregation is a critical operation in
smart grid systems, enabling efficient data
processing and reducing communication
overhead. Various privacy-preserving data
aggregation schemes have been proposed.
Paillier Cryptosystem: Paillier
cryptosystem-based schemes leverage the
additive homomorphic property of Paillier
encryption to aggregate encrypted data.
These schemes are relatively efficient but
can be vulnerable to certain types of attacks
if not properly implemented.
Boneh-Goh-Nissim (BGN) Cryptosystem:
The BGN cryptosystem supports both
additive and multiplicative
homomorphisms, allowing more complex
computations on encrypted data. However,
the computational cost of BGN operations
is significantly higher than Paillier-based
schemes.

Decentralized Aggregation: Some
approaches, such as the one proposed by
Shi et al., utilize decentralized aggregation
where smart meters aggregate their data
locally before sending it to the central
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server. This reduces the central server's
workload but may increase the complexity
and communication overhead at the smart
meter level.

Trusted Execution Environments (TEES) in
Privacy Preservation:

TEEs have emerged as a promising
technology to enhance security and privacy
in various applications, including smart
grids. TEEs provide a secure area within a
processor where sensitive computations can
be performed in isolation from the main
operating system, protecting against
various attacks.

Intel SGX: Intel's Software Guard
Extensions (SGX) is one of the most widely
used TEE implementations. SGX enables
the creation of secure enclaves for
executing sensitive code and storing
confidential data. Numerous studies have
explored the use of SGX for secure data
aggregation  and privacy-preserving
computations in smart grids.

ARM  TrustZone: ARM  TrustZone
provides a TEE for ARM processors,
offering a secure execution environment for
sensitive tasks. TrustZone has been utilized
in various privacy-preserving schemes to
protect data and ensure  secure
computations.

Hybrid Approaches: Recent research has
investigated hybrid approaches that
combine cryptographic techniques with
TEEs to leverage the strengths of both. For
example, schemes that use homomorphic
encryption for secure data aggregation and
TEEs for efficient decryption and
computation offer a balanced trade-off
between security and performance.

Limitations of Existing Approaches:
Despite the advancements in privacy-
preserving techniques for smart grids,
existing  approaches  have  several
limitations.

Computational Overhead: Many
cryptographic techniques, particularly fully
homomorphic encryption and secure
multiparty computation, involve significant

computational overhead, making them
impractical for real-time applications.
Scalability: Ensuring scalability while
maintaining strong privacy guarantees
remains a challenge. Techniques like
differential privacy need careful calibration
to balance privacy and data utility, which
can be difficult in large-scale deployments.
Trust Assumptions: Some schemes rely on
trusted third parties or semi-trusted entities,
which may not always be practical in
decentralized smart grid environments.

3. Proposed Scheme

The proposed privacy-preserving scheme
for smart grids leverages Trusted Execution
Environments (TEEs) to enhance data
security and privacy during the aggregation
and management processes. This section
details the architecture, components, data
flow, and security mechanisms of the
proposed scheme.

System Architecture:

The system architecture consists of three
main components: Smart Meters (SMs),
Data Aggregators (DAs) with TEEs, and
the Control Center (CC).

Smart Meter 1

Data Aggregator 1 (with TEE)
t

Smart Meter 3 F_ TEE

Smart Meter 4

Data Aggregator 2 with TEE)

t

TEE

Smart Meter 5

Smart Meter 6

Fig 1: System architecture diagram for the proposed
privacy-preserving scheme for smart grids.

Smart Meters (SMs): These are deployed at
consumers' premises to measure energy
consumption. Each smart meter is equipped
with cryptographic capabilities to encrypt
the consumption data before transmission.

Data Aggregators (DAs): These are
intermediary nodes that collect encrypted
data from multiple smart meters. Each DA
is equipped with a TEE, such as Intel SGX
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or ARM TrustZone, to perform secure data
aggregation.

Control Center (CC): The central entity that
receives aggregated data from DAs. It
decrypts the data to analyze and make
decisions for grid management.

Data Flow:

The data flow in the proposed scheme
follows these steps:

Data Collection and Encryption: Each
smart meter collects real-time energy
consumption data. The collected data is
encrypted using homomaorphic encryption,
allowing secure aggregation of encrypted
values.

Data Transmission to DAs: The encrypted
data is transmitted from smart meters to the
nearest DA.

Secure Aggregation using TEEs: The DA
receives encrypted data from multiple smart
meters. Inside the TEE, the DA performs
secure aggregation of the encrypted data.
The TEE ensures that the aggregation
process is protected from external
tampering and unauthorized access.
Transmission of Aggregated Data to CC:
The aggregated data, still in encrypted
form, is transmitted from the DA to the CC.
Decryption and Analysis at CC: The CC
receives the aggregated data and decrypts it.
The decrypted data is then analyzed to
make informed decisions for grid
management.

Security Mechanisms: The proposed
scheme incorporates several security
mechanisms to ensure data privacy and
integrity throughout the process.
Homomorphic Encryption: This encryption
method allows mathematical operations to
be performed on encrypted data without
decrypting it first, preserving data privacy
during aggregation.

Trusted Execution Environments (TEES):
TEEs, such as Intel SGX or ARM
TrustZone, provide a secure area within the
processor where sensitive computations can
be performed in isolation from the rest of
the system. The TEE ensures that even if
the DA is compromised, the aggregation

process and the data within the TEE remain
secure.

Data Integrity and Authenticity: Digital
signatures and  cryptographic  hash
functions are used to ensure the integrity
and authenticity of the data transmitted
between smart meters, DAs, and the CC.
Each smart meter signs its encrypted data
before transmission, allowing the DA and
CC to verify the authenticity of the received
data.

Access Control: Strict access control
policies are enforced within the TEE to
ensure that only authorized entities can
access or modify the data. The TEE's secure
storage capabilities are used to protect
cryptographic keys and other sensitive
information.

Advantages of the Proposed Scheme:

The proposed scheme offers several
advantages  over  existing  privacy-
preserving approaches.

Enhanced Security and Privacy: The use of
TEEs provides a higher level of security for
sensitive operations, protecting against a
wide range of attacks. Homomorphic
encryption ensures that data remains private
even during aggregation.

Efficient Data Aggregation: The scheme
leverages the computational efficiency of
TEEs to perform secure aggregation with
minimal overhead. This efficiency makes
the scheme suitable for real-time smart grid
applications.

Scalability: The distributed nature of the
data aggregation process allows the scheme
to scale efficiently with the number of smart
meters. TEEs' ability to handle multiple
secure sessions  concurrently  further
enhances scalability.

Robustness: The proposed scheme is robust
against various attack vectors, including
data tampering, unauthorized access, and
privacy breaches. The integration of
multiple security mechanisms ensures a
comprehensive approach to data protection.
Implementation Considerations:
Implementing the proposed scheme
involves several practical considerations.
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TEE Deployment: The choice of TEE
technology (e.g., Intel SGX or ARM
TrustZone) depends on the specific
requirements and constraints of the smart
grid infrastructure. Ensuring compatibility
and secure integration of TEEs with
existing hardware and software
components is crucial.

Cryptographic Key Management: Effective
management of cryptographic keys is
essential to maintain the security of the
system. The use of secure key distribution
and storage mechanisms within TEEs helps
mitigate the risk of key compromise.
Performance Optimization: Optimizing the
performance of cryptographic operations
and secure data aggregation within TEESs is
necessary to minimize computational
overhead and latency. Balancing security
and efficiency requires careful tuning of
encryption parameters and  TEE
configurations.

4. Security Analysis

This section evaluates the security of the
proposed scheme, analyzing potential
threats and demonstrating how the scheme
mitigates these risks. The use of TEEs and
advanced cryptographic techniques ensures
robust protection against various attack
vectors, including data  tampering,
unauthorized access, and privacy breaches.

5. Performance Evaluation

The performance of the proposed scheme is
evaluated through extensive simulations
and real-world experiments. The results
demonstrate that the scheme achieves high
efficiency and scalability, with minimal
computational overhead compared to

existing methods.
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Fig 2: Timing Analysis of Aggregation Processes in Smart
Grids.
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Fig 3: Performance Analysis of Energy Consumption
Computation for Different MPs with Increasing NoC.

MP
Noc 1 min MP 1S min 1 hour
1 1.033s 0.066s 0.015s
10 10.475s 0.655s 0.164s
100 106.935s 6.860s 1.774s
1000 1,082.248s 70.393s 18.117s
10000 10,975.497s  707.439s 182.592s

Table 1: Performance Evaluation of 30-Day Energy
Consumption Computation for Different MPs and
Growing NoC.

Equation 1.
1
NoE = NoSA X N X X 24 X 60—
0 oS oC x 30 6OMP

where
NoE = Number of entries in the encrypted
database within a month
NoSA = Number of SAs
NoC = Number of consumers
MP = Measurement period e.g., 1 for minutely,
15 for quarterly, 60 for hourly measurements.
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The integration of TEEs significantly
enhances the security and privacy of the
data aggregation process.

6. Conclusion

This paper presents a novel privacy-
preserving scheme for smart grids,
leveraging Trusted Execution
Environments to enhance security and
efficiency. The proposed scheme addresses
key challenges in smart grid systems,
providing a robust and scalable solution for
secure data aggregation and management.
Future work will focus on further
optimizing the scheme and exploring
additional applications of TEEs in smart
grid systems.
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