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Substations are critical to efficiently and reliably 
transmitting electricity from power plants to end 
customers. They regulate voltage levels by stepping 
up voltage for long-distance transmission and 
stepping the voltage down for safe distribution 
to the final destination. In addition to voltage 
regulation, substations manage the flow of electricity, 
safeguarding the grid from faults and disturbances. 
Any disruption of normal substation operations 
threatens grid reliability and can compromise a 
nation’s economic productivity. Moreover, service 
disruptions risk cascading failures across the broader 
electrical grid, which could amplify the scope and 
severity of the consequences (Figure 1).

ABSTRACT INTRODUCTION
Substations are critical in electrical power grid 
distribution systems, ensuring efficient and reliable 
power delivery from power generation sources to 
the end customers. However, with the increasing 
adoption of digital technologies and interconnected 
systems, these substations have become more 
vulnerable to attacks, including sophisticated 
cyberthreats. These cyberthreats can lead to 
operational disruptions, potentially triggering 
cascading failures across the electrical grid. As a 
result of the increasingly frequent cyberattacks, 
it becomes even more important to strengthen 
the cybersecurity posture of digital substations to 
maintain overall grid stability.

Figure 1. Substation infrastructure must be secured with 
multi-layered cybersecurity defense strategies. 

As the operations of power grids and interconnected power 
systems becomes more digital, a negative side-effect has 
emerged by way of creating the potential for cybersecurity 
vulnerabilities in existing and new substations. Cyberattacks 
targeting substations have the potential to disrupt grid 
operations, that can lead to widespread power outages 
affecting residential, commercial, and industrial activities, as 
well as ultimately compromising public safety. It’s safe to say 
that, ensuring robust cybersecurity defenses is paramount  
for preventing localized disruptions and broader system 
failures. A multi-layered cybersecurity defense-in-depth 
approach offers multiple layers of protection for vulnerable 
digital substation operations from sophisticated and evolving 
cyberthreats.

This report explores the importance of implementing 
a multi-layered cybersecurity strategy within 
Operational Technology (OT) environments like the 
electrical grid. This report will outline the critical 
security layers—from physical security and network 
segmentation to endpoint (fleet asset) protection, as 
well as OT-specific defenses culminating in actionable 
best practices for digital substation operators. This 
paper will provide a comprehensive roadmap for 
safeguarding these critical fleet assets. We encourage 
those reading this report to adopt a comprehensive, 
cybersecurity defense-in-depth approach so that 
substation cybersecurity staff can proactively 
mitigate risks, enhance operational efficiency, and 
protect the electrical grid from an ever-evolving array 
of cyberthreats.

This white paper focuses on how substation operators can implement a defense-in-depth strategy to enhance substation 
cyber resilience. As more advanced digital technologies are adopted, digital substations become increasingly vulnerable to 
sophisticated cyberthreats. To understand the importance of having a multi-layered cybersecurity defense, we must first 
examine the cybersecurity challenges facing digital substations and the potential consequences of grid stability.
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Targeted cyberattacks, often carried out by 
sophisticated threat actors, pose a significant risk 
to digital substations. Attack vectors may include 
spear-phishing, which targets specific individuals 
with tailored emails to infiltrate substation networks, 
and zero-day exploits, which take advantage 
of previously unknown vulnerabilities, infected 
external devices (e.g., USB thumb drives), or 

6

Specific cyberthreats to substation components 
must also be considered. For example, compromising 
Supervisory Control and Data Acquisition (SCADA) 
systems, which are essential for monitoring and 
controlling substation operations, can cause 
equipment failures or grid instability. Protection 
relays, which safeguard electrical equipment from 
faults, can be manipulated to disable protective 
functions, leading to equipment damage. 
Additionally, attackers may target communication 
networks within substations, intercepting or altering 
data transmissions to disrupt operations or gather 
intelligence for future cyberattacks.

Another challenge for OT cybersecurity designs is the 
vulnerability of legacy systems within substations. 
These systems often lack modern cybersecurity 
protection and built-in cybersecurity features, making 
them more susceptible to cyberthreats. Integrating 
these legacy systems with newer, more advanced 
power grid technologies can create cybersecurity gaps 
and expand the potential cyberattack surface.

Given these diverse and evolving cyberthreats, 
digital substations require an extremely robust, multi-
layered cybersecurity defense strategy to ensure grid 
resilience and operational grid integrity. The following 
best practices provide a comprehensive roadmap for 
implementing such cybersecurity defenses, tailored to 
address each unique challenge outlined above.

Figure 2. Typical substation 
cybersecurity attack vectors. The 
most common attack vector is 
through an Internet connection or 
from corporate IT connection (1).  
Other attack vectors are through 
the control room connection (2), 
PCs connected to the network for 
system maintenance or testing 
(3) (4) and the location where 
settings are stored (3a)(4a), or 
the testing device itself (5).  

compromised software updates. Once a system(s) 
is infected, malware or ransomware can disrupt 
operations, corrupt or lock data, and often spread 
to other critical systems, thus causing even more 
significant harm. These cyberattacks often aim to gain 
unauthorized access to control systems, manipulate 
operational parameters, or cause physical damage to 
infrastructure. (Figure 2).
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BEST PRACTICES FOR DEFENSE-IN-DEPTH 
CYBERSECURITY SOLUTIONS
The defense-in-depth approach is a comprehensive 
cybersecurity strategy that benefits from multiple 
layers of cybersecurity protection, incorporating 
the principles of redundancy, diversity, and 
compartmentalization. Each layer of defense serves 
a unique purpose in protecting against various 
cyberthreats, ensuring that if one cybersecurity 
layer is compromised, the other cybersecurity layers 
remain active to provide protection.

Layering refers to utilizing multiple cybersecurity 
protection mechanisms to address different 
cyberthreat types. By layering cybersecurity 
defenses, the substation OT cybersecurity team can 
mitigate the risks that a single point of failure could 
compromise the entire substation. Redundancy 
ensures backup cybersecurity controls are in place to 
protect critical functions (e.g., two is one, and one is 
none). Compartmentalization divides the OT network 
into isolated segments, ensuring that a cyberbreach 
in one area does not easily spread to other areas, 
thus limiting the scope and impact of a cyberattack 
(Figure 3).

Figure 3. A layered defense is necessary to protect 
mission-critical assets from cybersecurity attacks. 

A well-implemented defense-in-depth cybersecurity 
strategy for substations must extend beyond the 
substation’s physical and digital boundaries, incorporating 
all OT environments within a utility organization, such as 
control rooms and other critical infrastructure systems. 
This strategy ensures a holistic approach, integrating 
cybersecurity at every network level and creating a unified 
and resilient defense against cyberthreats.

Another tool in a grid OT cybersecurity team’s toolbox is 
having or tapping into a comprehensive threat intelligence 
community or network, which can be crucial in supporting 
a robust cybersecurity defense-in-depth strategy. By 
integrating threat intelligence feeds and real-time data 

on emerging cyberthreats for OT environments, proactive 
defenses against evolving cyber risks can be put in place 
much earlier instead of reacting after a cyber incident 
occurs. Active OT threat intelligence enables faster 
detection and response, helping grid operators avoid 
potential cyber vulnerabilities before they are exploited and 
their substations are taken offline.

While technology cyberdefenses are critical, a 
cybersecurity strategy can only be complete by addressing 
the human element. Human error and insider threats 
remain one of the most significant causes of vulnerabilities 
in any OT environment, making it the first layer of proper 
cyberdefense. The people who operate and maintain these 
systems are essential for substation cybersecurity.
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HUMAN FACTORS & TRAINING
Layer 1

Layer 2

PHYSICAL SECURITY MEASURES

Addressing human factors and providing 
comprehensive cybersecurity training is the first 
layer of a robust defense-in-depth cybersecurity 
strategy. Human error and insider threats remain 
among the most significant causes of vulnerabilities 
in any cybersecurity system, making it essential to 
focus on the people who interact with substation 
technologies daily. Employee errors can lead to 
significant cybersecurity breaches. Employees must 
be made aware of the importance of cybersecurity 
and feel responsible for maintaining it at a high level.

Comprehensive OT cybersecurity training and 
awareness programs are essential for reducing the 
risks associated with human error. These training 
programs should cover various topics, such as 
identifying phishing attacks, practicing secure 

password management, handling sensitive digital and 
physical information, and following incident response 
procedures. Regularly scheduled OT cybersecurity 
training sessions will help keep staff informed about 
the latest cyberthreats and best practices while 
promoting a culture of vigilance and preparedness. 
Ensuring staff is familiar with incident response 
protocols will enable them to respond quickly and 
effectively during a cybersecurity incident breach.

Securing the physical environment is just the first 
step in protecting a substation. Once physical access 
is tightly controlled, attention must turn to securing 
the internal OT and IT networks, which are the digital 
lifelines of substation operations. The next layer 
protects these critical communication pathways from 
unauthorized access and cyberthreats. 

	 Physical  
	 Security 
Physical security measures like strong walls or fencing (minimum of 
10 feet high with spikes or barbed wire at the top), CCTV cameras 
with night vision, various sensors, and physical access control 
measures should be coordinated with cybersecurity protection 
methods to provide a comprehensive security posture. Access control 
systems can be linked to cybersecurity alerts for rapid response 
to unauthorized entry, while surveillance systems can monitor 
and investigate suspicious activities to aid cybersecurity incident 
response. Syncing physical and cyberdefenses (in the industry, this 
is known as cyber-physical) can create a robust security posture, 
safeguarding infrastructure against potential attacks. 
 

	 Surveillance Systems  
	 & Technologies
The best practices for implementing surveillance systems include 
deploying high-resolution (minimum of 4K) cameras strategically 
around the substation to cover all critical areas and entry points 
(review often to ensure there are no “blind spots”). In these 
times, don’t ignore the possibility of drones being used to impact 
a substation physically - so have some cameras monitoring the 
airspace above the substation. These cameras should have night 
vision capabilities and motion detection sensors to ensure continuous 
monitoring under all conditions. Integrating surveillance systems with 
centralized monitoring stations allows real-time analysis and quick 
response to suspicious activities. 

Securing physical access to substation facilities is paramount in protecting the integrity and 
functionality of the electrical grid. Physical breaches can damage critical infrastructure, 
cause cascading failures, and ultimately disrupt power delivery.

	 Access Control  
	 Systems & Protocols
Robust access control systems are vital for regulating who can enter 
substation facilities. Best practices include implementing two-factor 
authentication (2FA) methods, such as combining keycards with 
biometric verification (e.g., fingerprint or iris scanners). Establishing 
strict access controls, such as role-based access control (RBAC), 
ensures that only authorized personnel can access sensitive areas 
within the substation. Access logs should be maintained and regularly 
reviewed to detect and investigate any anomalies. 
  
 
 
 
 
 

	 Perimeter Protection  
	 & Intrusion Detection
Securing the perimeter of substations is the first line of defense 
against physical intrusions. Best practices for perimeter protection 
involve installing robust physical barriers to deter unauthorized 
entry. Entry points should be limited and secured with reinforced 
gates (chains with padlocks will not suffice) and barriers Securing a 
substation’s physical access points creates a strong outer defense. 
Still, once physical security is in place, attention must turn to the 
digital realm, where the protection of communication networks 
becomes paramount. Therefore, implementing robust network 
security is the next essential layer in safeguarding the integrity of 
substation operations.
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A strategic approach to securing substation communication networks is essential to protecting against 
cyberthreats and ensuring the reliable operation of critical infrastructure. Substation networks carry sensitive 
operational data that, if compromised, could disrupt grid operations and power distribution, cause equipment 
damage, or even result in widespread power outages. Effective network security involves designing and 
implementing a defense-in-depth strategy that safeguards against unauthorized access, data breaches, and 
network-based attacks. The following best practices outline the process of securing substation networks.

	 Secure Architecture 
	 Design
Designing a secure network architecture is the foundation of 
substation network security. Network segmentation is a critical 
practice in substation cybersecurity. It involves dividing networks into 
smaller, isolated segments based on their function and security level. 
Segmentation limits an attacker’s ability to move laterally through the 
network in case of a breach. By segmenting the network into Virtual 
Local Area Networks (VLANs) and creating subnets, substation 
engineers can enforce security policies that restrict access to critical 
systems and sensitive data.

In addition to VLANs, micro-segmentation adds a layer of isolation by 
separating individual or small groups of devices. Substations should 
also enforce strict access control policies, ensuring only authorized 
users and devices can access each network segment. For example, 
the OT network should ideally be completely isolated from the IT 
network, ensuring that administrative or non-critical systems cannot 
be used as a pathway for attacks on core substation systems.

Firewalls, especially Next Generation Firewalls (NGFW), play a central 
role in this architecture by establishing a buffer zone—a DMZ—
between untrusted external networks and critical internal systems. 
This layered defense ensures that only authorized traffic passes 
through. Encryption protocols and robust authentication mechanisms, 
such as Secure Shell (SSH) and Transport Layer Security (TLS), 
further protect communication pathways by ensuring data integrity 
and confidentiality. Make sure the NGFW products you use can 
understand the specific OT protocols used in your environments 
because some firewalls only understand the traditional IT protocols.

Additionally, a Zero-Trust Network Architecture (ZTNA) is essential 
to modern defense-in-depth strategies. This network architecture 
assumes no internal or external entity should be inherently trusted. 
Every device and user request is subjected to stringent verification 
before access is allowed. Implementing zero-trust policies in 
substations can minimize unauthorized access and protect against 
threats that breach perimeter defenses.

NETWORK SECURITY

	 Configuration &  
	 Management of Firewalls
Firewalls are a vital defense mechanism in substation network security, 
controlling traffic flow between segments and the outside world. There 
are several types of firewalls, and some brands are unsuitable for an OT 
environment. Use Next Generation Firewalls (NGFW), which understand 
OT network communication protocols and can be configured to support 
time-sensitive network traffic. Effective firewall management begins 
with configuring rule-based filtering, which permits or denies traffic 
based on predefined policies that reflect the network’s security needs. 
Firewall configurations should be regularly updated to align with the 
latest threat intelligence and evolving security policies.

Monitoring firewall logs helps detect anomalies or unauthorized access 
attempts, while automated alerts provide real-time notification of 
potential threats. Firewalls should be configured with failover systems 
to ensure network security remains active in case of hardware or 
software failures. They should also be routinely tested to ensure optimal 
functioning.

	 Deployment &  
	 Monitoring of IDS/IPS
Deploying Intrusion Detection Systems (IDS) and Intrusion Prevention 
Systems (IPS) at crucial points in the network is critical for identifying 
and responding to potential threats. IDS/IPS systems analyze network 
traffic for known attack signatures or unusual behavior that could 
indicate a new, emerging threat. While IDS systems are passive and alert 
administrators to suspicious activity, IPS systems actively intervene to 
block malicious traffic. It should also be noted that the cybersecurity 
industry is moving away from the term IDS and towards the term 
Network Security Monitoring (NSM) – in either event, this technology is 
vital to having a comprehensive cybersecurity posture.

IDS/IPS systems should be integrated with Security Information and 
Event Management (SIEM) platforms to provide a centralized view of 
security events across the substation network. This integration allows 
for continuous monitoring, real-time analysis, and automated responses 
to potential security incidents. By leveraging signature-based detection 
(which identifies known threats) and anomaly-based detection (which 
spots irregularities that may indicate a new type of attack), IDS/IPS can 
offer comprehensive protection against a wide range of cyberthreats.

	 Zero-Trust 
	 Networking  & 
	 Micro-Segmentation
Incorporating a zero-trust network 
architecture (ZTNA) into substation networks 
further strengthens security. In a zero-trust 
model, no user, device, or system is trusted 
by default, whether inside or outside the 
network perimeter. Every access request is 
subject to rigorous verification, including 2FA/
MFA, identity verification, and device health 
checks. This approach is essential in OT 
environments, where legacy devices may lack 
modern security features, making them more 
vulnerable to attacks.

Zero-trust principles extend to micro-
segmentation, which restricts network traffic 
even between trusted entities, ensuring that 
if an attacker compromises one segment, 
they cannot move freely within the network. 
For example, access to SCADA systems or 
critical control devices should be limited to 
those users and systems that require it, and all 
interactions (allowed, and non-allowed) should 
be carefully monitored and logged.

	 Use of Secure  
	 Communication  
	 Protocols
Secure communication protocols are essential 
to protecting the integrity and confidentiality of 
data transmitted between devices. Commonly 
used protocols include IEC 61850 and DNP3, 
which are widely adopted for communication in 
substation environments. IEC 61850 provides 
a standardized framework for communication 
between intelligent electronic devices, 
ensuring interoperability and efficiency, while 
DNP3 is commonly used in North America 
to support remote control and monitoring 
functions. The secure R-Goose protocol is also 
rapidly gaining in adoption, so consider using 
that instead of the more common R-Goose 
protocol.

Encryption and authentication methods must 
be employed to further secure these methods 
for communication. Encryption transforms data 
into a secure format, preventing unauthorized 
access to sensitive information. Advanced 
Encryption Standard (AES) and TLS are 
commonly used to protect data in transit. 
Authentication protocols, such as Public Key 
Infrastructure (PKI) and digital certificates, 
ensure that only authorized devices and 
users can communicate within the substation 
network. If your OT environment can support 
larger key lengths, consider using the largest 
key length possible (greater than 256 bit key 
lengths is encouraged for stronger security).

	 Encryption & 
	 Authentication of 
	 Communications
Encryption and authentication methods 
safeguard communication channels 
between devices in substations. Encryption 
ensures that data in transit is unreadable to 
unauthorized parties, while authentication 
confirms the identity of communicating 
devices or users. Protocols like AES provide 
strong encryption, while RSA encryption 
algorithms are commonly used for secure 
key exchanges.

2FA/MFA ensures that only authorized 
personnel can access sensitive substation 
systems. By combining something the user 
knows (like a password) with something they 
have (such as a security token), 2FA/MFA 
dramatically reduces the risk of unauthorized 
access.

Now that the substation’s communication 
networks are secured through segmentation, 
Next Generation Firewalls, and encryption, 
the next critical step is protecting the 
individual devices and systems connected 
to these networks. Even the most secure 
network can be compromised if the 
endpoints—such as SCADA systems, 
sensors, and other critical devices—are 
left vulnerable. Ensuring robust endpoint 
security is essential to prevent unauthorized 
access or malware from gaining a foothold 
within the network.
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A strategic approach to securing substation communication networks is essential to protecting against 
cyberthreats and ensuring the reliable operation of critical infrastructure. Substation networks carry sensitive 
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NETWORK SECURITY
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Encryption and authentication methods must 
be employed to further secure these methods 
for communication. Encryption transforms data 
into a secure format, preventing unauthorized 
access to sensitive information. Advanced 
Encryption Standard (AES) and TLS are 
commonly used to protect data in transit. 
Authentication protocols, such as Public Key 
Infrastructure (PKI) and digital certificates, 
ensure that only authorized devices and 
users can communicate within the substation 
network. If your OT environment can support 
larger key lengths, consider using the largest 
key length possible (greater than 256 bit key 
lengths is encouraged for stronger security).

	 Encryption & 
	 Authentication of 
	 Communications
Encryption and authentication methods 
safeguard communication channels 
between devices in substations. Encryption 
ensures that data in transit is unreadable to 
unauthorized parties, while authentication 
confirms the identity of communicating 
devices or users. Protocols like AES provide 
strong encryption, while RSA encryption 
algorithms are commonly used for secure 
key exchanges.

2FA/MFA ensures that only authorized 
personnel can access sensitive substation 
systems. By combining something the user 
knows (like a password) with something they 
have (such as a security token), 2FA/MFA 
dramatically reduces the risk of unauthorized 
access.

Now that the substation’s communication 
networks are secured through segmentation, 
Next Generation Firewalls, and encryption, 
the next critical step is protecting the 
individual devices and systems connected 
to these networks. Even the most secure 
network can be compromised if the 
endpoints—such as SCADA systems, 
sensors, and other critical devices—are 
left vulnerable. Ensuring robust endpoint 
security is essential to prevent unauthorized 
access or malware from gaining a foothold 
within the network.
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Securing endpoints, including SCADA systems, 
sensors, and other critical devices, is essential to 
substation cybersecurity. These endpoints serve 
as the interface between the electrical grid’s 
physical operations and its digital control systems. A 
compromised SCADA system, for instance, can lead 
to incorrect data being fed into the control system, 
resulting in misguided decisions that affect the entire 
grid’s stability. Their crucial role is grid operations, 
making them attractive targets for cyberthreats.

Secured endpoints are often the first line of defense 
against cyberthreats and, therefore, require robust 
protection measures. Endpoints are inherently 
vulnerable due to several factors. Many of these 
devices may operate on legacy systems (OS and 
hardware platforms) not originally designed with 
cybersecurity in mind. This lack of built-in security 
features makes them susceptible to various 
cyberattacks, such as malware, ransomware, and 
unauthorized access. Additionally, the increasing 
connectivity of these devices to broader networks, 
including the internet, exposes them to a more 
comprehensive array of threats. Attackers can 
exploit vulnerabilities in these systems to gain 
control over critical operations.

One of the foundational best practices in endpoint 
security is asset discovery and management. This 
practice entails creating a comprehensive inventory 
of all devices connected to the network, including 
their configurations and status. Accurate asset 
management enables substation staff to have 
visibility into their OT infrastructure, making it easier 
to identify and mitigate vulnerabilities. 

Another critical practice is deploying antivirus / anti-
malware  / anti-ransomware software. Advanced 
antivirus/anti-malware/anti-ransomware solutions 
offer real-time scanning, heuristic analysis, and 
behavioral monitoring to identify and neutralize 
known and emerging zero-day cyberthreats. Patch 
management and software and firmware updates 
are also vital for addressing vulnerabilities hackers 
could exploit. A comprehensive patch management 
practice can ensure all endpoints are secure against 
known vulnerabilities. An often neglected best 
practice is to conduct regularly scheduled back-ups 
of all your critical systems so in the oft chance a 
cyberattack is successful, you can rapidily recover 

ENDPOINT SECURITY
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and restore those systems once the cyber inicident 
has been completely resolved. As a best practice, you 
should maintain at least a month’s worth of backups, 
because you don’t know how far back the infection was 
introduced into your OT environment.

Hardening devices and systems is a critical component 
of comprehensive endpoint security. Hardening involves 
configuring devices and systems to reduce their 
attack surface, making it more difficult for attackers to 
exploit weaknesses. Hardening can include disabling 
unnecessary services and ports, enforcing robust 
authentication mechanisms, providing full disk and 
file encryption, implementing secure configuration 
baselines, and applying security policies that limit user 
permissions. Whitelisting is another hardening method 
whereby only approved applications are permitted to 
run in a given system, and all other applications are 
denied the ability to run. Hardening also extends to 
physical security measures, such as securing access to 
critical devices and ensuring tamper-evident security 
protections are in place.

Continuous monitoring is a proactive approach that 
involves tracking real-time endpoint activity to identify 
potential security threats before they can cause harm. 
Advanced monitoring tools and systems provide 
comprehensive visibility into the operational status of 
all endpoints. These tools use a combination of data 
collection, analysis, and alerting mechanisms to detect 
anomalies that could indicate a security breach.

Finally, incident detection and response are vital 
elements of a robust endpoint security strategy. When a 
potential threat is identified through ongoing monitoring, 
a clearly defined incident response protocol guarantees 
the threat is quickly and effectively addressed 

Endpoint security protects individual devices, but the 
OT environment, which includes the critical systems 
that govern physical infrastructure, requires an even 
more specialized approach. Ensuring the security of OT 
systems is essential to maintaining the safe and reliable 
operation of the entire grid.

Layer 5

OPERATIONAL TECHNOLOGY SECURITY
OT systems, which include the hardware and software responsible for monitoring and controlling physical 
devices in substations, are critical for maintaining the safe and efficient operation of the electrical grid. 
However, these systems face unique cybersecurity challenges. They were often designed without security in 
mind, prioritizing uptime, performance, and reliability over protection from modern cyberthreats. Securing OT 
systems requires a strategic approach that balances cybersecurity with the operational demands of substation 
environments to mitigate these risks.

	 Zero Trust Policies in 
	 OT Environments
One of the foundational principles of 
OT cybersecurity is implementing Zero 
Trust policies. For instance, substation 
OT environments can segment critical 
systems such as SCADA, protection relays, 
and communication networks into distinct 
zones, each with its own authentication 
and cyberaccess control measures. This 
approach diminishes the likelihood of a 
successful widespread cyberattack, as 
even if one system is compromised, the 
cyberbreach is contained within that specific 
network segment.

	 Access Control &  
	 User Authentication
Effective access control is essential for 
securing OT systems in substations. Given 
the sensitive nature of these systems, only 
authorized personnel should have access to 
them. A best practice is to implement RBAC 
(Role-Based Access Control), where a user’s 
access is strictly limited to only the systems 
and functions necessary for their role. For 
example, an engineer might have access to 
the SCADA system in one specific substation 
but not in another location, thereby reducing 
the risk of unauthorized modifications 
or unintentional mishandling of critical 
infrastructure assets.

User authentication should be further 
strengthened by using 2FA/MFA. The use 
of 2FA/MFA requires users to present 
two or more verification factors before 
gaining access to a specific device or 
sub-network, such as something they 
know (password), something they have 
(security token), or something they are 
(biometric authentication). Incorporating 
2FA/MFA helps ensure only authorized 
users can interact with critical OT systems, 
significantly reducing the risk of credential-
based attacks.

	 Secure Remote  
	 Access
As remote monitoring and control become 
more prevalent in substations, ensuring 
secure remote access is essential. Remote 
access introduces vulnerabilities, especially 
if connections are not properly secured. 
To address this, substation staff should 
implement a secure remote access system or 
VPNs with solid encryption, such as AES-256 
(or higher bit levels like AES-512 or -1024), 
and a 2FA/MFA authentication method to 
secure communications between remote and 
substation OT systems.

	 Specialized OT 
	 Cybersecurity Tools
Unlike traditional IT systems, OT environments 
require specialized cybersecurity solutions 
tailored to their unique requirements. Network 
Security Monitoring or NIDS designed for 
OT environments, such as those integrated 
with industrial control systems, is crucial 
in monitoring abnormal activities that may 
indicate a cyberattack. These tools can 
detect abnormal behavior patterns specific 
to substation operations, such as unexpected 
commands issued to transformers or 
protection relays.

In addition to Network Security Monitoring 
(aka: NIDS), OT-specific next-generation 
firewalls (NGFW) and network segmentation 
technologies are critical for isolating OT 
assets from other networks, such as IT 
or public-facing systems (connecting IT 
and OT networks is a big “no-no”). These 
firewalls should be configured with strict 
policies limiting traffic to only necessary 
communication protocols, reducing the attack 
surface. For instance, ensuring that only 
authorized devices using secure protocols 
like IEC 61850, Secure R-Goose, or DNP3 can 
communicate with substation control systems 
helps prevent unauthorized access and 
manipulation.

	 OT System  
	 Monitoring &  
	 Incident Response
Continuous monitoring of OT systems 
is necessary for the early detection of 
cyberthreats. OT environments can benefit 
from SIEM systems that collect and analyze 
real-time log data from OT devices. By 
correlating events across multiple systems, 
SIEM tools can detect suspicious patterns 
and alert operators to potential incidents 
before they cause widespread damage.

Incident response in OT environments must 
be swift and efficient since any disruption 
to substation operations can result in 
significant power outages. An incident 
response plan tailored for your specific OT 
environments should include predefined 
procedures for isolating all affected OT 
systems, eradicating malware, and restoring 
normal operations with minimal downtime. 
This incident response plan must extend 
beyond merely documenting various 
processes; it should actually be practiced 
through regular drills to ensure that all OT 
and IT personnel can coordinate effectively 
during a cyber-incident.

While securing OT systems is crucial for 
maintaining the safe and efficient operation 
of substations, technical measures alone 
cannot guarantee comprehensive protection. 
Effective cybersecurity also relies on a 
robust governance framework and well-
defined policies to guide the organization’s 
cybersecurity practices. By integrating 
robust governance with OT cybersecurity, 
infrastructure staff can create a cohesive, 
proactive, and resilient OT cybersecurity 
posture.
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Securing endpoints, including SCADA systems, 
sensors, and other critical devices, is essential to 
substation cybersecurity. These endpoints serve 
as the interface between the electrical grid’s 
physical operations and its digital control systems. A 
compromised SCADA system, for instance, can lead 
to incorrect data being fed into the control system, 
resulting in misguided decisions that affect the entire 
grid’s stability. Their crucial role is grid operations, 
making them attractive targets for cyberthreats.

Secured endpoints are often the first line of defense 
against cyberthreats and, therefore, require robust 
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vulnerable due to several factors. Many of these 
devices may operate on legacy systems (OS and 
hardware platforms) not originally designed with 
cybersecurity in mind. This lack of built-in security 
features makes them susceptible to various 
cyberattacks, such as malware, ransomware, and 
unauthorized access. Additionally, the increasing 
connectivity of these devices to broader networks, 
including the internet, exposes them to a more 
comprehensive array of threats. Attackers can 
exploit vulnerabilities in these systems to gain 
control over critical operations.

One of the foundational best practices in endpoint 
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practice entails creating a comprehensive inventory 
of all devices connected to the network, including 
their configurations and status. Accurate asset 
management enables substation staff to have 
visibility into their OT infrastructure, making it easier 
to identify and mitigate vulnerabilities. 

Another critical practice is deploying antivirus / anti-
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antivirus/anti-malware/anti-ransomware solutions 
offer real-time scanning, heuristic analysis, and 
behavioral monitoring to identify and neutralize 
known and emerging zero-day cyberthreats. Patch 
management and software and firmware updates 
are also vital for addressing vulnerabilities hackers 
could exploit. A comprehensive patch management 
practice can ensure all endpoints are secure against 
known vulnerabilities. An often neglected best 
practice is to conduct regularly scheduled back-ups 
of all your critical systems so in the oft chance a 
cyberattack is successful, you can rapidily recover 
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and restore those systems once the cyber inicident 
has been completely resolved. As a best practice, you 
should maintain at least a month’s worth of backups, 
because you don’t know how far back the infection was 
introduced into your OT environment.

Hardening devices and systems is a critical component 
of comprehensive endpoint security. Hardening involves 
configuring devices and systems to reduce their 
attack surface, making it more difficult for attackers to 
exploit weaknesses. Hardening can include disabling 
unnecessary services and ports, enforcing robust 
authentication mechanisms, providing full disk and 
file encryption, implementing secure configuration 
baselines, and applying security policies that limit user 
permissions. Whitelisting is another hardening method 
whereby only approved applications are permitted to 
run in a given system, and all other applications are 
denied the ability to run. Hardening also extends to 
physical security measures, such as securing access to 
critical devices and ensuring tamper-evident security 
protections are in place.

Continuous monitoring is a proactive approach that 
involves tracking real-time endpoint activity to identify 
potential security threats before they can cause harm. 
Advanced monitoring tools and systems provide 
comprehensive visibility into the operational status of 
all endpoints. These tools use a combination of data 
collection, analysis, and alerting mechanisms to detect 
anomalies that could indicate a security breach.

Finally, incident detection and response are vital 
elements of a robust endpoint security strategy. When a 
potential threat is identified through ongoing monitoring, 
a clearly defined incident response protocol guarantees 
the threat is quickly and effectively addressed 

Endpoint security protects individual devices, but the 
OT environment, which includes the critical systems 
that govern physical infrastructure, requires an even 
more specialized approach. Ensuring the security of OT 
systems is essential to maintaining the safe and reliable 
operation of the entire grid.
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OPERATIONAL TECHNOLOGY SECURITY
OT systems, which include the hardware and software responsible for monitoring and controlling physical 
devices in substations, are critical for maintaining the safe and efficient operation of the electrical grid. 
However, these systems face unique cybersecurity challenges. They were often designed without security in 
mind, prioritizing uptime, performance, and reliability over protection from modern cyberthreats. Securing OT 
systems requires a strategic approach that balances cybersecurity with the operational demands of substation 
environments to mitigate these risks.

	 Zero Trust Policies in 
	 OT Environments
One of the foundational principles of 
OT cybersecurity is implementing Zero 
Trust policies. For instance, substation 
OT environments can segment critical 
systems such as SCADA, protection relays, 
and communication networks into distinct 
zones, each with its own authentication 
and cyberaccess control measures. This 
approach diminishes the likelihood of a 
successful widespread cyberattack, as 
even if one system is compromised, the 
cyberbreach is contained within that specific 
network segment.

	 Access Control &  
	 User Authentication
Effective access control is essential for 
securing OT systems in substations. Given 
the sensitive nature of these systems, only 
authorized personnel should have access to 
them. A best practice is to implement RBAC 
(Role-Based Access Control), where a user’s 
access is strictly limited to only the systems 
and functions necessary for their role. For 
example, an engineer might have access to 
the SCADA system in one specific substation 
but not in another location, thereby reducing 
the risk of unauthorized modifications 
or unintentional mishandling of critical 
infrastructure assets.

User authentication should be further 
strengthened by using 2FA/MFA. The use 
of 2FA/MFA requires users to present 
two or more verification factors before 
gaining access to a specific device or 
sub-network, such as something they 
know (password), something they have 
(security token), or something they are 
(biometric authentication). Incorporating 
2FA/MFA helps ensure only authorized 
users can interact with critical OT systems, 
significantly reducing the risk of credential-
based attacks.

	 Secure Remote  
	 Access
As remote monitoring and control become 
more prevalent in substations, ensuring 
secure remote access is essential. Remote 
access introduces vulnerabilities, especially 
if connections are not properly secured. 
To address this, substation staff should 
implement a secure remote access system or 
VPNs with solid encryption, such as AES-256 
(or higher bit levels like AES-512 or -1024), 
and a 2FA/MFA authentication method to 
secure communications between remote and 
substation OT systems.

	 Specialized OT 
	 Cybersecurity Tools
Unlike traditional IT systems, OT environments 
require specialized cybersecurity solutions 
tailored to their unique requirements. Network 
Security Monitoring or NIDS designed for 
OT environments, such as those integrated 
with industrial control systems, is crucial 
in monitoring abnormal activities that may 
indicate a cyberattack. These tools can 
detect abnormal behavior patterns specific 
to substation operations, such as unexpected 
commands issued to transformers or 
protection relays.

In addition to Network Security Monitoring 
(aka: NIDS), OT-specific next-generation 
firewalls (NGFW) and network segmentation 
technologies are critical for isolating OT 
assets from other networks, such as IT 
or public-facing systems (connecting IT 
and OT networks is a big “no-no”). These 
firewalls should be configured with strict 
policies limiting traffic to only necessary 
communication protocols, reducing the attack 
surface. For instance, ensuring that only 
authorized devices using secure protocols 
like IEC 61850, Secure R-Goose, or DNP3 can 
communicate with substation control systems 
helps prevent unauthorized access and 
manipulation.

	 OT System  
	 Monitoring &  
	 Incident Response
Continuous monitoring of OT systems 
is necessary for the early detection of 
cyberthreats. OT environments can benefit 
from SIEM systems that collect and analyze 
real-time log data from OT devices. By 
correlating events across multiple systems, 
SIEM tools can detect suspicious patterns 
and alert operators to potential incidents 
before they cause widespread damage.

Incident response in OT environments must 
be swift and efficient since any disruption 
to substation operations can result in 
significant power outages. An incident 
response plan tailored for your specific OT 
environments should include predefined 
procedures for isolating all affected OT 
systems, eradicating malware, and restoring 
normal operations with minimal downtime. 
This incident response plan must extend 
beyond merely documenting various 
processes; it should actually be practiced 
through regular drills to ensure that all OT 
and IT personnel can coordinate effectively 
during a cyber-incident.

While securing OT systems is crucial for 
maintaining the safe and efficient operation 
of substations, technical measures alone 
cannot guarantee comprehensive protection. 
Effective cybersecurity also relies on a 
robust governance framework and well-
defined policies to guide the organization’s 
cybersecurity practices. By integrating 
robust governance with OT cybersecurity, 
infrastructure staff can create a cohesive, 
proactive, and resilient OT cybersecurity 
posture.
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A multi-layered approach to substation cybersecurity 
is crucial due to the increasing sophistication of 
OT cyberthreats and the essential role substations 
play in maintaining reliable grid and power 
distribution. This strategy entails deploying several 
defensive layers that protect against a wide array 
of cyberthreats, ensuring that if one cybersecurity 
measure is compromised, others remain in place to 
defend the OT environment. Adopting a defense-
in-depth approach minimizes vulnerabilities and 
enhances the overall resilience of substations 
against cyberattacks. This method protects against 
operational disruptions and will ensure the stability 
of the entire electrical grid. Table 1 summarizes 
the defense-in-depth concept by outlining the 
progressive layers of cyber-physical security and the 
critical components of each.

Substation staff can fortify their defenses against 
diverse cyberthreats targeting substations by 
implementing a multi-layered cyber-physical security 
strategy. However, as technology evolves, so do 
cyberattackers’ tactics. To stay ahead of emerging 
threats, it is critical to strengthen existing defenses 
and look toward cybersecurity’s future. Emerging 
technologies are set to play a transformative role in 
enhancing the resilience of substation cyber-physical 
security. The following section explores these future 
trends and the cutting-edge solutions defining the 
next generation of substation cybersecurity.

STRENGTHEN YOUR DEFENSE

Table 1. Summary of a Multi-Layered Approach to OT 
Cybersecurity of Substations
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CYBERSECURITY POLICIES & GOVERNANCE
Layer 6

Establishing robust OT cybersecurity policies 
and governance frameworks is essential for 
safeguarding substations from cyberthreats. 
These frameworks are the backbone of an 
organization’s OT cybersecurity strategy, ensuring 
that all cybersecurity aspects are addressed 
comprehensively and systematically.

OT cybersecurity policies are formalized guidelines 
dictating how an organization manages and protects 
its critical fleet assets. Developing and enforcing 
robust OT cybersecurity policies, procedures, 
and incident response plans are fundamental to 
safeguarding substations. These elements create a 
structured framework that guides the organization’s 
OT cybersecurity efforts and ensures consistent 
application across all levels. OT cybersecurity 

policies should be developed in alignment with 
industry standards and regulatory requirements, such 
as the North American Electric Reliability Corporation 
Critical Infrastructure Protection (NERC CIP) standards, 
NIS2, IEC, ISO, CRA, and others.

Robust policies and governance frameworks are 
undoubtedly essential for today’s OT cybersecurity 
posture. However, the rapid pace of technological 
advancements and emerging cyberthreats requires 
constant adaptation. New technologies and trends 
are set to reshape how substations defend against 
increasingly sophisticated cyberattacks.
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Emerging cybersecurity technologies are poised to revolutionize substation security by introducing 
advanced tools and solutions that enhance protection against increasingly sophisticated cyberthreats. These 
innovations, combined with the growing complexity of electrical grids, will play a crucial role in ensuring the 
resilience of substations. Several key trends and technological developments are expected to shape the 
future of substation cybersecurity:

EDGE COMPUTING & ADVANCED SENSORS
Advances in edge computing and sensor technology are 
enhancing real-time data processing and analytics within 

substations. Edge computing allows data to be processed closer 
to where it is generated, reducing latency and enabling faster 
responses to potential cyberthreats. Substations can analyze 
and act on data locally by integrating edge computing with AI, 
improving OT cybersecurity and operational efficiency. 

Advancements in OT cybersecurity offer promising tools for 
strengthening substation cybersecurity, but their full potential 
lies in how well they integrate with existing defense strategies. 

Substation staff must remain proactive, adopting  
these cutting-edge solutions and continually refining their  

OT cybersecurity approach to match the evolving 
cyberthreat landscape. 

BLOCKCHAIN FOR SECURE DATA EXCHANGE
Blockchain technology has the potential to enhance data 
integrity and cybersecurity within substations. Blockchain 

creates decentralized, tamper-resistant records of transactions, 
which can be applied to secure communication between 

substation components and control systems. This technology 
ensures that data transmitted within the grid is immutable, 

protecting it from unauthorized alterations or cyberattacks. For 
instance, substation control commands could be encrypted and 
verified via blockchain, guaranteeing their integrity as they move 

between devices. 

ARTIFICIAL INTELLIGENCE (AI) AND MACHINE LEARNING (ML)  
FOR REAL-TIME THREAT DETECTION

AI and ML technologies will transform cybersecurity by enabling 
real-time detection and response to cyberthreats. These 

technologies can analyze vast network traffic and operational 
data to identify patterns and anomalies that may indicate an 
attack. By learning from past incidents, AI-driven analytics can 
automatically predict potential threats and adapt defensive 

strategies.   For example, machine learning algorithms can help 
identify subtle deviations in SCADA system commands or detect 
malware signatures embedded in legitimate operations. These 
capabilities improve response times and reduce the reliance 
on manual interventions, making AI a critical tool for future 

substation cybersecurity.

QUANTUM-RESISTANT ENCRYPTION
With their vast processing power, Quantum computers have 
already broken conventional cryptographic algorithms, such 
as RSA and AES (with lower bit rates), used to secure data in 
substations. Quantum-resistant encryption algorithms, such as 
lattice-based cryptography, are being developed to safeguard 
data transmission in critical infrastructure environments. These 
algorithms offer enhanced security by making it exponentially 
more difficult for even the most powerful quantum computers to 
decrypt data. This forward-thinking approach will ensure that 
substations remain secure against evolving cyberthreats in the 

post-quantum era.

FUTURE TRENDS & EMERGING TECHNOLOGIES FINAL THOUGHTS
This report underscores the critical importance of implementing a multi-layered OT cyber-physical security 
approach to enhance the cyber resilience of electrical substations. As substations evolve through increasing 
digitalization and interconnected systems, their role as essential components of the power distribution 
network makes them prime targets for sophisticated cyberthreats. By adopting a defense-in-depth strategy, 
substation staff can safeguard these vital infrastructures, ensuring the continuous, reliable, and efficient 
delivery of electricity.

The paper outlines best practices across six security layers, emphasizing the need for proactive, 
comprehensive OT cyber-physical security measures that address substation security’s digital and physical 
aspects. This multi-layered approach guarantees that if one defense is compromised, other layers remain 
intact to protect the critical infrastructure, thus minimizing the risk of cascading failures across the grid.

To effectively implement this strategy, substation staff must develop a strategic roadmap that prioritizes 
addressing the most critical vulnerabilities. This roadmap should gradually extend through regular 
assessments to encompass all facets of the substation’s cybersecurity posture. Furthermore, the defense-
in-depth approach should be expanded beyond substations to include other OT environments, such 
as control rooms and critical infrastructure, ensuring a unified and resilient defense across the entire 
operational ecosystem.

In conclusion, substation staff must strengthen these critical assets decisively, continually adapting to the 
evolving cyberthreat landscape. By doing so, they can ensure the long-term stability and security of the 
power grid in an increasingly connected and digitized world.
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