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1. Introduction

1.1. Evolution of Power Grids and Modernization Challenges

Traditional power grids were designed to operate with centralized infrastructure, where power generation, transmission, and
distribution occurred in a linear, one-way flow. Over the years, with advancements in technology, grids have undergone a
transformation, evolving into smart grids capable of two-way communication, real-time monitoring, and decentralized control.
These innovations have been driven by the need for greater efficiency, the integration of renewable energy sources, and the
ability to manage demand in real-time [ 2. While these advancements enable the creation of a more sustainable and resilient
grid, they also introduce significant challenges. One key issue is the complexity of managing the diverse array of technologies
that now make up the grid, including smart meters, distributed energy resources, and advanced communication networks.
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Each new component increases the vulnerability surface,
requiring more robust and dynamic security mechanisms to
protect the system [34],

The decentralization of energy sources and the integration of
renewable energy introduce both operational and security
challenges. Unlike traditional systems that relied on large,
centralized power plants, smart grids often include
distributed generators like solar panels and wind turbines.
These assets are highly dynamic, both in terms of their
operation and their interaction with the grid. They require
continuous monitoring, with real-time data from millions of
endpoints across the network > 1. As such, ensuring that
these systems operate securely and in harmony with the grid
requires new cybersecurity strategies that can dynamically
adapt to the changing energy landscape. Additionally, the
decentralized nature of modern grids can lead to issues with
data integrity, real-time control, and the secure management
of distributed resources, necessitating advanced security
measures [7-8l,

In the face of these challenges, grid modernization initiatives
must prioritize resilience and adaptability in both the
infrastructure and the cybersecurity systems that protect it.
This can only be achieved by integrating a robust
cybersecurity framework that accounts for the evolving threat
landscape and the increasing sophistication of cyber-attacks.
The introduction of cybersecurity frameworks such as
intrusion detection systems into grid management will be
pivotal in managing these complexities, reducing risks, and
ensuring operational continuity as power grids continue to
modernize [ 1],

1.2. Cybersecurity Risks in
Infrastructures

The integration of digital technologies into modernized
energy infrastructures has significantly expanded the attack
surface, introducing new cybersecurity risks. One of the
primary risks comes from the increase in connectivity
between various components of the grid, from power plants
to consumer devices. This interconnectedness creates
multiple entry points for cyber attackers, who may exploit
vulnerabilities to gain unauthorized access to critical systems
1t 121 Hackers could potentially manipulate energy
distribution, disrupt power supply, or cause large-scale
outages, leading to significant economic and societal
consequences. The growing trend of adopting Internet of
Things (1oT) devices further amplifies this risk, as these
devices often lack the same level of security as traditional
grid components, making them easy targets for attacks [*3 141,
In addition to unauthorized access, digitalization introduces
concerns related to data integrity and confidentiality. Smart
grids rely heavily on continuous data collection and
transmission between devices, including sensors, meters, and
control systems. This data is critical for maintaining
operational efficiency and managing real-time energy
distribution [*> 61 However, if this data is intercepted or
altered by malicious actors, it could result in incorrect
decision-making, leading to system instability or
compromised grid management. Furthermore, as more
energy systems are connected to the internet, the potential for
Distributed Denial of Service (DDoS) attacks increases,
which could flood grid systems with malicious traffic,
causing delays or disruptions in grid operations [ 181,
Historical incidents, such as the 2003 blackout in the
northeastern United States and the 2015 cyberattack on
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Ukraine's power grid, underscore the growing vulnerability
of modernized grids to cyber threats. These incidents
highlight the necessity of embedding cybersecurity measures
such as intrusion detection systems into grid infrastructure.
Without proactive security measures, the risks posed by cyber
threats will continue to escalate, making it imperative to
integrate these protections during the grid modernization
process [0 201,

1.3. Rationale for Integrated Intrusion Detection
Architecture

As the energy sector continues its shift towards a more
digitally connected and decentralized grid, the need for an
integrated  intrusion  detection architecture becomes
paramount. Intrusion detection systems (IDS) are designed to
detect abnormal patterns of activity that could indicate a
potential security breach. These systems serve as a crucial
first line of defense against cyber-attacks, enabling grid
operators to identify and respond to threats in real time. The
integration of IDS within the grid's cybersecurity architecture
would provide continuous monitoring of network traffic,
alerting operators to suspicious activities that might
otherwise go unnoticed. This level of proactive surveillance
is vital in safeguarding against attacks that could disrupt grid
operations #4221,

A conceptual model that incorporates IDS into grid
modernization strategies ensures that security is embedded at
every layer of the grid, from the data collection points to the
control centers. IDS can be configured to detect specific
threats relevant to the grid’s operation, such as unauthorized
access attempts, manipulation of power distribution
algorithms, or attempts to disrupt communication between
grid components. Additionally, the integration of IDS into the
grid allows for better coordination between physical
infrastructure and cybersecurity systems, enabling faster
detection and containment of threats [23 241,

Furthermore, embedding IDS within grid modernization
efforts helps to future-proof the grid by anticipating evolving
security risks. As smart grids evolve and adopt new
technologies such as artificial intelligence, blockchain, and
advanced machine learning, IDS systems can be upgraded to
keep pace with these innovations 2% 261, By integrating 1DS
into the grid's architecture from the outset, utilities can ensure
that their cybersecurity measures are scalable and adaptable,
thus enhancing the overall resilience of the grid. This
proactive approach to cybersecurity not only mitigates risks
but also instills confidence in the reliability and safety of
modernized energy infrastructures 571,

2. Theoretical Foundations and Review of Related Models
2.1.  Cybersecurity = Frameworks for  Critical
Infrastructure

Over the years, numerous cybersecurity frameworks have
been developed to protect critical infrastructures, including
energy grids. Among the most prominent is the National
Institute of Standards and Technology (NIST) Cybersecurity
Framework (CSF), which offers a comprehensive set of
standards and guidelines for managing cybersecurity risks.
NIST CSF is designed to help organizations identify, protect,
detect, respond to, and recover from cyber threats. Its
flexibility makes it applicable to a wide range of sectors,
including the energy industry. The framework provides a
risk-based approach, which allows grid operators to assess
potential threats and vulnerabilities and implement tailored
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security measures accordingly. Its emphasis on continuous
improvement and adaptability aligns well with the dynamic
nature of modern grids 27 281,

In addition to NIST, the ISO/IEC 27001 standard plays a
critical role in cybersecurity management, offering a
systematic approach to managing sensitive company
information, ensuring it remains secure. This framework
outlines requirements for establishing, implementing,
maintaining, and continually improving an information
security management system (ISMS). Within the energy
sector, the ISO/IEC standard is often paired with ISO/IEC
27019, which provides specific guidance for information
security in the context of energy utilities. These frameworks
emphasize the importance of risk management, security
controls, and continuous monitoring to maintain grid security
in the face of evolving cyber threats [2% 30,

Additionally, the European Union Agency for Cybersecurity
(ENISA) has developed guidelines for securing critical
energy infrastructure, focusing on risk management and the
protection of grid components from various cyber threats.
ENISA's frameworks highlight the importance of
collaboration across sectors and regions to strengthen overall
grid security Y. However, these frameworks, while
comprehensive, often lack the specificity needed to address
the complexities of integrating cybersecurity into rapidly
modernizing grids, which increasingly rely on decentralized
and real-time data management. Thus, while existing
frameworks provide a solid foundation, there is a need for
further refinement to integrate intrusion detection and
advanced threat detection systems seamlessly into grid
architecture (52 31,

2.2. Intrusion Detection Systems in Smart Grids

Intrusion detection systems (IDS) are pivotal in ensuring the
security of smart grids, as they help detect unauthorized
access and abnormal behavior in real-time. The most
common types of IDS are signature-based, anomaly-based,
and hybrid systems. Signature-based IDS rely on predefined
patterns or “signatures” of known threats, making them
effective at detecting previously identified attacks. However,
these systems are limited in their ability to detect new or
evolving threats, as they require regular updates to their
signature database. In contrast, anomaly-based IDS do not
rely on known attack patterns but instead monitor network
traffic and system behavior to identify deviations from
normal operations. This makes them more adaptable to novel
attacks, though they often generate a higher rate of false
positives due to their broad detection scope 34 %,

Hybrid IDS combine the strengths of both signature-based
and anomaly-based approaches, attempting to strike a
balance between the accuracy of known signatures and the
flexibility of anomaly detection. These systems are
particularly effective in complex environments like smart
grids, where both known threats and new attack methods
must be continuously monitored. By integrating these IDS
types into grid infrastructure, utilities can enhance their
ability to detect a wide range of potential threats, from
traditional cyber-attacks to more sophisticated, zero-day
vulnerabilities (61,

Current applications of IDS in smart grids often focus on
detecting threats at various layers of the grid, including the
physical, communication, and data layers. For instance, smart
meters and other 10T devices that are connected to the grid
can be monitored for abnormal communication patterns,
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which may indicate an intrusion. Similarly, intrusion
detection at the control layer can help detect unauthorized
commands or disruptions in the transmission of grid control
signals. However, despite these advancements, there are still
challenges in deploying IDS that provide comprehensive
coverage across the entire grid. The distributed nature of
smart grids, the sheer volume of data, and the complexity of
managing multiple interconnected components complicate
the deployment and effectiveness of IDS systems [5 171,
While significant progress has been made in the integration
of cybersecurity measures, including intrusion detection
systems, into modernized grid infrastructures, there are
notable gaps in current approaches. One of the primary
challenges is the lack of alignment between cybersecurity
frameworks and the architecture of modern grids. Traditional
cybersecurity models were often designed for centralized,
static systems, whereas modern grids are highly dynamic and
decentralized, incorporating distributed energy resources and
real-time communication between numerous endpoints. This
misalignment often leads to difficulties in applying generic
cybersecurity models directly to grid operations, leaving
critical components vulnerable to cyber-attacks [ 11,
Additionally, there is a gap in the integration of real-time data
monitoring and intrusion detection within existing
cybersecurity frameworks. While some IDS systems are
capable of detecting threats in real-time, many do not provide
sufficient granularity or speed to react to rapidly evolving
situations, especially when managing large, geographically
distributed grids 7, The complexity of managing diverse
components—such as renewable energy sources, microgrids,
and smart meters—adds another layer of difficulty, as these
components may operate on different protocols, use distinct
communication standards, and have varying levels of security
maturity. Current models often lack the ability to coordinate
security efforts across these disparate systems in a unified
way [38],

Furthermore, many existing cybersecurity strategies do not
effectively address the interdependency of grid control
systems and operational data. Modern grids depend heavily
on data-driven decision-making, where control systems rely
on vast amounts of real-time data for operational decisions.
However, ensuring the security of both the control systems
and the data layers simultaneously remains a significant
challenge [B°  Misalignments between these layers,
particularly when data is collected and analyzed without
adequate security protections, can create vulnerabilities. The
lack of an integrated approach that secures both control and
data layers contributes to these vulnerabilities, hindering the
grid's overall security posture. These gaps necessitate the
development of a more cohesive, integrated approach that can
handle both cybersecurity and operational integrity across all
layers of the grid 71,

3. Conceptual Model and Architectural
Integration

3.1. System Architecture and Layered Security Design
The proposed model incorporates a layered security design
that integrates various physical grid components with the
necessary communication and security layers. At the
foundational level, the model ensures the protection of
critical physical infrastructure, such as power generation
plants, substations, and transmission lines, by securing their
connections to the communication networks. The
communication layer, which facilitates data exchange

Design
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between components, is reinforced by encryption protocols
and secure communication channels to safeguard sensitive
data from unauthorized access. Additionally, the security
layer introduces intrusion detection mechanisms tailored to
the specific needs of the grid, monitoring the network for
abnormal behaviors or malicious activities. This layered
approach ensures that security measures are implemented at
each tier of the grid, creating a robust defense against
potential cyber-attacks.

By designing the security architecture in layers, the model
allows for segmentation, which minimizes the impact of a
potential breach. For example, if one layer is compromised,
the other layers can still offer protection, limiting the scope
of the attack. This segmentation also helps prioritize the
security of critical components, such as control systems and
communication networks, while allowing for flexibility in
deploying IDS across different grid layers. Furthermore, each
layer can be independently updated or upgraded as new
threats emerge, ensuring that the system remains resilient in
the face of evolving cyber challenges. In combination, this
approach enhances grid security by providing a multi-
dimensional defense strategy that is both flexible and
scalable.

3.2. Role of Al and Real-Time Monitoring in IDS
Artificial intelligence (Al) and machine learning (ML) play a
critical role in the IDS architecture of the proposed model.
These technologies enable the grid to detect, analyze, and
respond to cybersecurity threats in real-time, offering a
significant advantage over traditional, rule-based systems. By
utilizing machine learning algorithms, the system can
continuously learn from network behavior, adapting its
detection capabilities to identify new and evolving attack
patterns. This dynamic adaptability is particularly important
in the context of modern grids, where traditional
cybersecurity models often struggle to keep up with
sophisticated, zero-day threats 14,

In addition to machine learning, Al-powered behavioral
analytics provide further enhancement to real-time
monitoring. This involves analyzing network traffic patterns,
user behaviors, and system activities to detect anomalies
indicative of a cyberattack. For instance, if an attacker
attempts to manipulate the control systems, Al can identify
deviations from normal operational behavior and trigger
automatic responses, such as isolating the affected network
segment or alerting grid operators [“U. This capability
significantly reduces the time between detection and
response, limiting the damage caused by intrusions.
Additionally, Al and real-time monitoring systems can help
prioritize responses, directing resources to the most critical
areas of the grid, ensuring that security breaches are
addressed in a timely and efficient manner 2,

3.3. Model

Considerations
One of the key challenges in integrating IDS into grid
modernization is ensuring interoperability across both legacy
and modern grid components. Legacy systems, which are
often not designed with cybersecurity in mind, may lack the
necessary capabilities to support advanced IDS solutions.
The proposed model addresses this challenge by adopting a
modular architecture that can be adapted to various system
configurations, allowing new security components to be
integrated with older grid infrastructure. This ensures that the

Interoperability  and Scalability
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model can provide consistent protection across the entire
grid, regardless of the age or technology of the components
[43]

Scalability is another crucial consideration in the design of
the model. As grids evolve and expand, the IDS system must
be capable of accommodating new devices, increased data
flow, and growing network complexities. The model is
designed with scalability in mind, allowing for the seamless
addition of new security layers and IDS sensors as the grid
evolves (4, Whether expanding to include renewable energy
sources, integrating smart meters, or accommodating new
communication protocols, the model can scale to meet the
demands of a growing and increasingly complex grid. This
ensures that the security infrastructure remains robust and
adaptive, even as the grid's architecture changes.
Furthermore, the model’s scalable design also ensures that it
can support the adoption of emerging technologies without
requiring a complete overhaul of the existing system 4%,

4.  Implementation Governance
Considerations

4.1. Strategic Roadmap for Cybersecurity Integration

A phased implementation plan is crucial to ensure the
seamless integration of cybersecurity measures and IDS into
existing and future grid infrastructures. The first phase of the
roadmap should begin with a comprehensive assessment of
the current cybersecurity posture of the grid. This involves
evaluating existing infrastructure, identifying vulnerabilities,
and analyzing the potential risks associated with the
modernization process. By understanding the grid’s current
security gaps, stakeholders can prioritize the deployment of
IDS and other protective measures %1,

The next phase focuses on design and development, where
security architecture is tailored to fit the grid’s needs. This
includes integrating the IDS at various levels of the grid
infrastructure, ensuring compatibility with legacy systems,
and incorporating advanced features like Al and real-time
monitoring. The testing phase follows, involving rigorous
simulation of cyberattacks and other real-world scenarios to
verify the effectiveness of the IDS and other cybersecurity
systems. Once the system is proven to be reliable, the
deployment phase can proceed, wherein IDS and other
security systems are implemented across the grid 61,

The final phase, continuous monitoring, ensures that the
system remains responsive to emerging threats. This phase
involves ongoing updates, the integration of new security
technologies, and regular system assessments to adapt to the
evolving threat landscape. Continuous monitoring not only
helps in identifying new threats but also improves system
efficiency, ensuring that the grid’s cybersecurity
infrastructure remains dynamic and resilient.

Strategies and

4.2. Regulatory and Compliance Framework Alignment

As the grid modernization process progresses, it is essential
to align the proposed IDS integration model with existing
energy regulations, data protection laws, and cybersecurity
mandates. Energy regulations at the national and regional
levels often mandate certain levels of security for critical
infrastructure, including power grids. These regulations
ensure that grid operators adhere to minimum standards for
cybersecurity, data privacy, and disaster recovery. In
addition, many regions have established data protection laws
(such as the General Data Protection Regulation (GDPR) in
Europe) that dictate how customer data, particularly related
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to energy consumption, must be protected 471,

The integration of IDS into grid modernization must comply
with these regulations, ensuring that any security solutions
implemented do not violate privacy laws or regulatory
requirements. This may involve conducting data protection
impact assessments (DPIAs) to evaluate potential risks to
privacy and mitigate any identified wvulnerabilities.
Additionally, many countries have specific mandates for the
protection of critical national infrastructure, such as those
outlined by the National Institute of Standards and
Technology (NIST) and other cybersecurity agencies. These
mandates often require grid operators to implement specific
cybersecurity measures, which must be incorporated into the
IDS framework 81,

By aligning the model with these regulatory requirements,
stakeholders can ensure that the grid modernization process
is not only secure but also legally compliant. This alignment
fosters confidence among regulators, customers, and other
stakeholders, making it easier to obtain the necessary
approvals for large-scale deployments 9],

4.3. Stakeholder Engagement and Institutional Capacity
Building

The successful implementation of a cybersecurity-enhanced
grid modernization model requires active collaboration and
engagement from various stakeholders, including utility
companies, government agencies, private sector actors, and
academic institutions. Utility companies play a central role in
the design, deployment, and operation of the grid, as they are
responsible for maintaining the infrastructure and ensuring its
security. They must be actively involved in the decision-
making process, from initial planning to ongoing monitoring,
ensuring that the model aligns with operational needs and
industry best practices 5%,

Government agencies are crucial in establishing regulatory
frameworks, providing funding, and ensuring compliance
with cybersecurity standards. Their role also extends to
ensuring that national and regional policies support the
implementation of the IDS model, providing a supportive
environment for grid modernization. Additionally, private
sector companies, particularly those specializing in
cybersecurity, Al, and 10T, will be key partners in providing
the technological expertise and solutions necessary for the
integration of IDS and other security technologies 53,
Finally, academic institutions play a critical role in research
and development, offering innovative solutions for
cybersecurity challenges in the energy sector. They also
provide training and education programs that help build the
necessary institutional capacity for grid operators and other
stakeholders to effectively manage cybersecurity risks. This
collaborative approach ensures that all parties involved are
equipped to contribute to the successful implementation of
the proposed model and helps establish a sustainable
cybersecurity ecosystem for grid modernization 52,

5. Conclusion

To evaluate the success of the integrated IDS model in grid
modernization, it is essential to define Key Performance
Indicators (KPIs) that assess its effectiveness, resilience, and
ability to detect cyber threats. These KPIs provide
measurable targets to track the performance of security
systems and their alignment with grid security goals. One
important KPI is detection accuracy, which measures the
IDS’s ability to correctly identify both known and unknown
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threats while minimizing false positives. High detection
accuracy ensures that real threats are flagged without
overwhelming operators with irrelevant alerts.

Another critical metric is latency, which refers to the time
taken by the IDS to detect and respond to security breaches.
In the context of real-time grid operations, latency must be
minimized to ensure that security measures are implemented
promptly to prevent the escalation of attacks. The IDS should
provide near-instantaneous responses to detected threats to
reduce the risk of significant damage or service disruption.
Resilience is another key metric, assessing the system’s
ability to recover quickly from cyber-attacks. A resilient
system ensures that, even in the event of an intrusion, the grid
can continue operating without significant disruptions,
maintaining a secure and stable energy supply. Finally,
evaluating the overall cybersecurity posture of the grid—by
combining these individual —metrics—provides an
overarching assessment of the system's security effectiveness
and readiness to counter evolving threats.

While integrating IDS into grid modernization initiatives
offers significant security benefits, there are numerous
implementation barriers that need to be addressed. Cost is a
primary challenge, as the deployment of advanced
cybersecurity systems such as IDS involves significant
investment in both hardware and software, as well as ongoing
operational costs. Overcoming this barrier requires a strategic
approach to budgeting, potentially leveraging government
grants or public-private partnerships to share the financial
burden. Complexity is another challenge, particularly when it
comes to integrating modern cybersecurity systems with
legacy grid components. A phased implementation strategy,
as outlined earlier, can mitigate this complexity by gradually
transitioning systems and testing each component to ensure
compatibility and functionality.

Another significant barrier is workforce readiness. The
deployment of advanced IDS technologies requires skilled
personnel to operate and maintain the system, but there may
be a shortage of cybersecurity experts familiar with grid-
specific requirements. Addressing this issue calls for targeted
training programs, partnerships with academic institutions,
and the creation of industry-specific cybersecurity
certifications. Additionally, data silos within utility
companies can complicate the flow of information necessary
for effective threat detection and response. These silos may
prevent security teams from having a comprehensive view of
the grid’s operational data, which is essential for accurate
threat detection. Mitigation strategies for this issue include
the implementation of integrated data-sharing platforms that
allow for real-time communication between different grid
components, ensuring that all relevant information is
available for security analysis.

The continuous evolution of technology and cybersecurity
threats presents exciting research opportunities that could
further enhance the security of grid systems. One such area is
quantum-safe cryptography, which aims to develop
encryption techniques resistant to quantum computing
attacks. As quantum computers become more powerful,
traditional cryptographic systems may become vulnerable to
decryption, potentially jeopardizing the security of energy
grids. Research into quantum-safe cryptographic methods
will be essential to ensure that grids remain secure in the
quantum computing era.

Another promising research area is autonomous threat
response systems. Currently, many IDS models rely on
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human operators to interpret alerts and respond to threats.
However, the growing complexity of cyber-attacks
necessitates the development of automated systems capable
of detecting and mitigating threats without human
intervention. By leveraging Al and machine learning,
autonomous systems could significantly reduce response
times and minimize the impact of cyber-attacks. Blockchain
technology also holds potential for enhancing grid security,
particularly in the realm of secure transactions. By using
blockchain to verify and record transactions across the grid,
operators can ensure the integrity and transparency of energy
exchanges, making it more difficult for malicious actors to
manipulate the system. Finally, research into Al-driven
predictive analytics could improve the ability to forecast
potential threats based on historical data, allowing for
preemptive security measures. Such predictive capabilities
could enable grid operators to proactively address
vulnerabilities before they are exploited, thereby enhancing
overall system security and resilience. These emerging
technologies, combined with ongoing advancements in IDS
integration, could redefine the future of grid cybersecurity.
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