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INTRODUCTION

Abstract. Securing critical infrastructure (CI), including energy,
healthcare, transportation, and financial systems, has become a
pressing concern in the face of increasingly sophisticated cyber
threats. These essential systems underpin modern society, and
disruptions to their operations can have severe economic, social,
and safety consequences. Traditional perimeter-based cybersecurity
approaches have proven insufficient against evolving attack vectors,
highlighting the need for more resilient strategies such as Zero Trust
Architecture (ZTA). Zero Trust Architecture represents a paradigm
shift in cybersecurity, advocating "never trust, always verify." Unlike
legacy models, ZTA emphasises continuous authentication, least
privilege access, and network micro-segmentation to mitigate
external and internal threats. By assuming that breaches are
inevitable, ZTA enforces stringent access controls and real-time
monitoring to safeguard critical systems. This review examines the
adoption of ZTA in the protection of critical infrastructure.

Key findings showed the benefits of ZTA, including enhanced
resilience against cyberattacks and improved regulatory compliance.
The paper also discusses challenges such as integration with legacy
systems, resource constraints, and organisational resistance.
Recommendations are provided to guide the phased implementation
of ZTA and promote cross-sector collaboration to secure critical
infrastructure effectively.

Keywords: critical infrastructure; cyberattacks; legacy model; Zero
Trust Architecture.

ogies with limited or no built-in cybersecurity
features [3]. Another vital aspect is insider

Critical Infrastructure (CI) encompasses the es-
sential systems, assets, and networks that are
vital to the functioning of modern society, which
include sectors such as energy (power grid),
transportation, healthcare, finance, water supply,
and communication systems [1]. The disruption
or compromise of these systems can lead to sig-
nificant economic losses, public safety hazards,
and national security concerns [2]. Cl is the back-
bone of societal well-being, ensuring the continu-
ity of services critical for daily life and economic
stability. Sophistic cyberattacks increasingly tar-
get crucial infrastructure due to its high-value
nature and interdependence across sectors [1].
Threat actors, including nation-states, organised
crime groups, and hacktivists, exploit vulnerabili-
ties in these systems to disrupt operations, extort
ransom, or gain strategic advantage, and com-
mon vulnerabilities include legacy systems
where many CI sectors rely on outdated technol-

Section “Law and Security”

threats, where employees with access to sensi-
tive systems can inadvertently or maliciously
compromise security. In addition, increased at-
tack surface exists, where integrating [oT devices,
remote access systems, and digital transfor-
mation efforts has expanded the avenues for ex-
ploitation [4]. Prominent examples of attacks in-
clude the Colonial Pipeline ransomware incident
and the Stuxnet malware targeting industrial
control systems. Such cases and incidents high-
light the wurgent need for robust security
measures to protect CI [5, 6].

Therefore, this review aims to evaluate the adop-
tion of Zero Trust Architecture in protecting crit-
ical infrastructure. It explores the principles and
benefits of ZTA, analyses the challenges and limi-
tations of its implementation, and identifies best
practices for integrating ZTA with existing sys-
tems. By focusing on real-world case studies and
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emerging trends, the paper seeks to provide ac-
tionable insights for policymakers, organisations,
and stakeholders working to secure critical infra-
structure against a rapidly changing threat land-
scape.

RESULTS AND DISCUSSION

Principles and Significance of Zero Trust Architec-
ture: Zero Trust Architecture is a cybersecurity
framework designed to address the limitations of
traditional perimeter-based security models in a
world where the boundaries of networks have
become increasingly blurred [4, 7]. ZTA repre-
sents a modern approach to cybersecurity, fun-
damentally shifting from the traditional perime-
ter-based model, and the core principle of ZTA is
"never trust, always verify," which assumes that
no entity, whether inside or outside the network,
should be inherently trusted [4, 7]. Integrating
these principles allows Zero Trust Architecture
to create a dynamic and proactive cybersecurity
posture, enabling organisations to protect their
most critical assets in an increasingly hostile digi-
tal landscape [3]. Its adoption is especially crucial
for essential infrastructure sectors, where the
stakes of a successful cyberattack are exception-
ally high.

The significance of ZTA lies in its adaptability to
modern, complex environments characterised by
cloud computing, mobile workforces, and inter-
connected systems. ZTA's adoption is particular-
ly significant for critical infrastructure, providing
a proactive and adaptive defence against evolv-
ing cyber threats. Through its implementation,
organisations can enhance resilience, minimise
risks, and ensure the secure delivery of essential
services [4, 8]. According to [3, 9], the main prin-
ciples and components of ZTA are:

Identity Verification: This is where ZTA mandates
rigorous identity verification for every access re-
quest, regardless of the user's location within or
outside the network; this includes employing
strong Identity and Access Management (IAM)
systems with features such as Multi-Factor Au-
thentication (MFA), Single Sign-On (SSO), and
dynamic risk-based assessments.

Least Privilege Access: This is where users and
devices are granted access strictly on a need-to-
know basis; this minimises the potential damage
from compromised accounts by ensuring that
entities only interact with the resources neces-
sary for their tasks.
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Micro-Segmentation: This is where networks are
divided into smaller, isolated zones. Each seg-
ment operates independently, reducing an at-
tacker's ability to move laterally across the net-
work if one segment is breached.

Continuous Monitoring and Assessment: ZTA con-
stantly evaluates users, devices, and applications
to detect anomalies and unauthorised activities.
This approach leverages real-time analytics, ma-
chine learning, and automated response mecha-
nisms to maintain a secure environment.

Device Security Posture: This is where devices
must meet predefined security standards before
gaining access to network resources; this ensures
that endpoints, including laptops, smartphones,
and IoT devices, do not become entry points for
attackers.

Encryption and Secure Communication: This is
where all data, whether in transit or at rest, is
encrypted to prevent unauthorised access; this
ensures the confidentiality and integrity of sensi-
tive information.

Assume Breach: This is where ZTA operates un-
der the assumption that breaches are inevitable
or may have already occurred. This principle
shifts the focus from merely preventing breaches
to minimising their impact and ensuring rapid
detection and containment.

On the other hand, the significance of Zero Trust
Architecture is all-encompassing. First, because
of its enhanced protection against advanced
threats, it addresses sophisticated threats, such
as ransomware, insider attacks, and supply chain
vulnerabilities, by limiting exposure and enforc-
ing strict controls [1, 10]. In terms of its adapta-
bility to modern environments, and given the rise
of cloud services, remote work, and IoT, ZTA
provides a scalable and flexible security frame-
work that adapts to these diverse ecosys-
tems [11]. In addition, ZTA significantly reduces
the opportunities for attackers to exploit vulner-
abilities or access sensitive assets by segmenting
networks and continuously verifying trust,
thereby minimising the attack surface. ZTA also
aligns with many global cybersecurity standards,
practices and regulations, such as NIST SP 800-
207 (Zero Trust Architecture guidelines), GDPR,
and HIPAA, ensuring that organisations meet
compliance and regulatory requirements [11].
More so, the ZTA's principle of "never trust, al-
ways verify" ensures that even trusted insiders
are subject to rigorous access controls and moni-

5002



Path of Science. 2025. Vol. 11. No 1

ISSN 2413-9009

toring, mitigating the risks posed by malicious or
negligent employees, which indicates ZTA's resil-
ience to insider threats. Likewise, as organisa-
tions adopt new technologies and business mod-
els, ZTA supports digital transformation and en-
sures security is integrated into the fabric of
these transformations, enabling innovation with-
out compromising security [1].

Cybersecurity Challenges in Critical Infrastructure

Critical infrastructure (CI) is essential for the
functioning of society, and its protection is para-
mount to ensure economic stability, public safety,
and national security. However, CI faces various
cybersecurity challenges that make securing
these systems increasingly tricky. These chal-
lenges are compounded by legacy systems, digi-
tal transformation efforts, the evolving threat
landscape, and high-profile cyber incidents
demonstrating vulnerabilities in CI defences [6].

Legacy systems are a significant cybersecurity
challenge for critical infrastructure. Many CI sec-
tors, such as energy, transportation, and manu-
facturing, still rely on outdated hardware and
software systems not designed with modern se-
curity needs in mind [12]. The limitations of
these systems include outdated security features
and software, as many legacy systems lack built-
in security features or cannot support contempo-
rary encryption, access control, or multi-factor
authentication methods. Also, there is vulnerabil-
ity to modern attacks as legacy systems may not
be patched against known vulnerabilities, mak-
ing them susceptible to exploitation by cyber-
criminals and nation-state actors [6]. Securing
these systems often involves manual updates and
patch management, which can be slow and error-
prone. The incompatibility with modern tools is
another pressing issue, and this is because inte-
grating legacy systems with newer security tech-
nologies, such as next-generation firewalls, Intru-
sion Detection Systems (IDS), and SIEM plat-
forms, is often difficult [13]. This lack of interop-
erability can leave security gaps and reduce the
effectiveness of contemporary cybersecurity
measures. Another limitation is the high mainte-
nance costs, as maintaining and securing ageing
infrastructure can be somewhat costly, especially
when attempting to retrofit these systems with
new security measures [14]. Organisations may
prioritise maintaining functionality over invest-
ing in necessary updates, leading to a security
debt that compounds over time. These limita-
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tions make legacy systems an attractive target for
attackers and present a substantial barrier to
adopting more robust, modern cybersecurity
frameworks such as Zero Trust Architecture. An-
other significant challenge is the digital trans-
formation and the growing adoption of the Inter-
net of Things (IoT), which drive innovation in
critical infrastructure sectors. However, these
also expand the attack surface significantly be-
cause of some key factors [1, 5, 6]. First, as [oT
devices proliferate across industries, they be-
come entry points for cyberattacks, leading to
many [oT devices with weak security controls,
lack robust patching mechanisms, and often have
hardcoded passwords that are easy targets for
attackers. When connected to critical infrastruc-
ture, these devices can be leveraged in attacks
such as DDoS (Distributed Denial of Service),
ransomware, and even physical sabotage [5].
Likewise, the shift to cloud environments has in-
troduced new complexities in data protection,
access control, and securing communication be-
tween on-premise and cloud resources. While
the cloud offers scalability and flexibility, its de-
centralised nature means that organisations
must manage security across multiple environ-
ments and enforce consistent access control poli-
cies [8]. The rise of remote work, accelerated by
the COVID-19 pandemic, is also a notable prob-
lem because this has eroded the traditional net-
work perimeter. According to [6], issues with the
integration of Operational Technology (OT) and
(Information Technology (IT) cannot be over-
emphasised because many CI sectors are inte-
grating OT with IT systems. While this integra-
tion enhances operational efficiency, it also opens
up potential vectors for cyberattacks, as OT sys-
tems often have limited security features and are
highly vulnerable to exploits.

All these factors contribute to a dramatically ex-
panded attack surface, making it difficult for tra-
ditional perimeter-based security systems to
safeguard CI effectively. ZTA's emphasis on con-
tinuous verification and micro-segmentation can
help mitigate some of these risks.

Evolving Threat Landscape: The evolving threat
landscape presents increasingly sophisticated
and targeted attacks on critical infrastructure.
These threats can emanate from various sources,
such as:

Nation-State Actors: Nation-state actors pose a
growing risk to critical infrastructure, using
cyberattacks as part of geopolitical strategies.
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These attacks are highly advanced, employ cus-
tom malware, and aim to steal intellectual prop-
erty, gather intelligence, or disrupt key systems.
A notable example is the Stuxnet attack on Iran's
nuclear facilities, which was attributed to state-
sponsored actors [15]. These actors are also sus-
pected of targeting power grids, water systems,
and energy facilities to cause long-term damage
and disruptions.

Ransomware: The rise of ransomware attacks on
critical infrastructure has become one of the
most pressing cybersecurity challenges. In ran-
somware attacks, threat actors encrypt systems
and demand ransom payments, often crippling
organisations for days or weeks [16]. High-
profile attacks, such as the Colonial Pipeline at-
tack, highlight the devastating impact of ran-
somware on critical sectors, including energy and
transportation. In these cases, attackers encrypt
data and threaten to release sensitive infor-
mation unless the ransom is paid.

Supply Chain Attacks: Cybercriminals increasing-
ly target the supply chain, exploiting third-party
vulnerabilities to access critical infrastructure
systems [17]. For instance, the SolarWinds attack
in 2020, where hackers injected malware into
software updates for IT management software, is
a prime example of a supply chain attack. These
attacks can have wide-reaching consequences,
providing attackers with trusted access to sys-
tems and data across multiple organisations, in-
cluding those in the critical infrastructure sector.

There are other case studies of cyber incidents
targeting critical infrastructure. For instance, the
Colonial Pipeline attack of 2021, which repre-
sents one of the most notable ransomware at-
tacks in recent history, the colonial pipeline at-
tack led to the shutdown of a critical pipeline that
supplies gasoline, diesel, and jet fuel to much of
the East Coast of the United States [5]. The attack
exploited the company's network vulnerabilities,
resulting in widespread fuel shortages, price in-
creases, and significant financial losses. The at-
tackers used a ransomware variant known as
DarkSide and initially demanded a ransom pay-
ment; such an attack underscored the vulnerabil-
ity of critical energy infrastructure and the need
for stronger cybersecurity measures, including
robust identity management and threat detection
capabilities [18, 19]. Another case is the Ukraini-
an power grid attacks in 2015 and 2016, where
the Nation-state actors, believed to be affiliated
with Russian cyber operatives, launched cyberat-
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tacks on Ukraine's power grid in 2015 and 2016.
The attackers used spear-phishing emails and
malware to infiltrate the grid's control systems,
temporarily causing blackouts for over 200,000
people. These attacks demonstrated the potential
for cyberattacks to cause widespread disruption
in power infrastructure, highlighting the im-
portance of resilience and cybersecurity in criti-
cal services [16]. The ransomware attack on the
Irish Health Service in 2021 is another talking
point, which disrupted essential healthcare sys-
tems, including patient records, appointment
scheduling, and diagnostic services [20]. The at-
tack was linked to the Conti ransomware group,
which demanded a ransom payment for the de-
cryption key. This incident highlighted the vul-
nerability of the healthcare sector and the need
to secure IT and OT systems that support life-
critical services. As stated earlier, these threats
and other evolving ones require new cybersecu-
rity approaches; hence, ZTA's principles are de-
signed to defend against these advanced and per-
sistent threats.

Application of ZTA in hybrid environments: By in-
tegrating on-premises systems with cloud ser-
vices, modern critical infrastructure systems are
increasingly hybrid, with many organisations in-
tegrating legacy systems with cloud services [21].
ZTA provides the necessary framework to secure
this hybrid environment by extending trust veri-
fication and monitoring beyond traditional on-
premises systems. It can seamlessly extend to on-
premises and cloud environments, ensuring con-
sistent security policies across all assets [22]; this
is particularly important as critical infrastructure
increasingly relies on cloud services for scalabil-
ity, remote access, and data processing, and
whether data is stored on-site or in the cloud,
ZTA ensures that access is controlled and moni-
tored in real-time [3]. One of the challenges of a
hybrid infrastructure is managing access to both
on-premises and cloud-based resources, and ZTA
leverages a unified 1AM system that provides
seamless access control across both environ-
ments [22]; this ensures that identity verification,
multi-factor authentication, and least-privilege
access are uniformly applied across the entire
infrastructure, whether the resource resides on
the organisation's premises or in a third-party
cloud service [22]. More so, the ability to apply
consistent security policies to both on-premises
and cloud environments ensures that security
measures are not siloed. ZTA's principles, such as
continuous verification and least-privilege ac-
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cess, can be enforced across all systems and as-
sets, regardless of where they reside, thereby re-
ducing the risk of vulnerabilities arising from in-
consistencies in security controls between envi-
ronments [3]. More importantly, ensuring data
protection becomes more complex in a hybrid
environment. ZTA addresses this by mandating
encryption for data at rest and in transit, whether
on-premises or in the cloud. Additionally, data
access is strictly controlled and monitored, re-
ducing the potential for unauthorised access or
data breaches [3].

Challenges in Adopting ZTA for Critical
Infrastructure

While Zero Trust Architecture offers a robust
framework for securing Critical Infrastructure
(CI), its adoption comes with several challenges.
These challenges range from technological and
operational barriers to regulatory and compli-
ance issues, and addressing these obstacles is
critical to successfully implementing ZTA in vital
sectors such as energy, transportation,
healthcare, and finance.

The first challenge is associated with technologi-
cal barriers, which have to do with compatibility
issues of the legacy systems. Many organisations
in critical infrastructure sectors still rely heavily
on legacy systems developed decades ago and
not designed with modern cybersecurity frame-
works in mind, thereby lacking the flexibility to
integrate with newer security measures like ZTA
[3]. Similarly, legacy systems typically use out-
dated communication protocols and security
models incompatible with ZTA's core principles
of continuous identity verification and micro-
segmentation [13]. Integrating these systems
with ZTA technologies, such as advanced Identity
and Access Management (IAM) or real-time mon-
itoring tools, can be extremely difficult. It makes
enforcing ZTA policies across the entire infra-
structure hard, leaving critical vulnerabilities [6].
Then, adapting legacy systems to work within a
ZTA framework often requires custom solutions
(customisation needs), extensive patching, or
even complete overhauls [6], which can signifi-
cantly slow the implementation process, increase
complexity, and drive up costs. According to [14],
the high implementation costs and resource re-
quirements of implementing ZTA in critical infra-
structure environments are both technologically
complex and resource-intensive because of the
initial setup costs; this is to say that the invest-
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ment required to deploy ZTA can be significant,
especially for organisations that rely on extensive
legacy systems. Expenses might include purchas-
ing and deploying new hardware, software, and
security tools and integrating them into existing
IT and OT infrastructures. Another pressing issue
is the need for organisations to train their work-
force on ZTA principles, tools, and processes,
which can incur additional costs. Implementing
IAM, micro-segmentation, and continuous moni-
toring solutions also demands specialised exper-
tise involving training and skill development, and
after initial deployment, maintaining ZTA in CI
requires constant investment in monitoring, au-
diting, and upgrading security systems to stay
ahead of emerging threats [6, 23]. These ongoing
resource requirements can be a burden, particu-
larly for smaller organisations or those with lim-
ited budgets. As a result, the financial and re-
source-intensive nature of ZTA implementation
can be a significant obstacle, particularly for CI
sectors with tight budgets or restricted access to
advanced technological resources.

The second challenge is associated with opera-
tional challenges involving organisational re-
sistance to change. Indeed, adopting a zero-trust
framework requires a fundamental shift in how
organisations approach security, and the shift
can be met with resistance, especially in indus-
tries that have long relied on traditional, perime-
ter-based models [24]. For instance, employees
and leadership who are accustomed to a more
open or less restrictive approach to network ac-
cess may be resistant to the stringent policies re-
quired by ZTA, such as continuous identity verifi-
cation and least-privilege access, and overcoming
this cultural resistance often requires a strong
change management strategy that includes
communication about the benefits and long-term
necessity of ZTA. Furthermore, implementing
ZTA in CI can disrupt day-to-day operations [25].
For example, micro-segmentation may require
re-engineering parts of the network, leading to
downtime or delays in service delivery. Employ-
ees accustomed to a particular way of working
may struggle with the more secure (often more
complex) access controls enforced by ZTA. At the
same time, those who lack cybersecurity exper-
tise in critical infrastructure sectors may face
challenges in adopting ZTA [6]. Energy, transpor-
tation, and manufacturing industries often focus
on Operational Technology (OT) rather than in-
formation technology (IT). The convergence of IT
and OT in critical infrastructure and ZTA imple-
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mentation requires specialised knowledge of
both domains [24]. However, many organisations
struggle to find professionals proficient in OT se-
curity and ZTA-specific technologies. Consequent
to the skills, expertise, and training gaps, espe-
cially in the sectors that have not traditionally
prioritised cybersecurity, there may be a steep
learning curve associated with ZTA, while the
lack of internal expertise necessary to fully un-
derstand and implement the security models and
technologies that ZTA demands may force organ-
isations to rely on external consultants, which
can increase costs and prolong the implementa-
tion timeline [6].

The third challenge is linked to regulatory and
compliance issues involving misalignment be-
tween ZTA principles and existing regulatory
frameworks [5]. ZTA is a modern approach to
cybersecurity, and its principles may not always
align perfectly with existing regulatory and com-
pliance frameworks. Critical infrastructure sec-
tors are often subject to strict regulatory stand-
ards that govern how data is handled, who can
access it, and under what circumstances. Howev-
er, the flexible and dynamic nature of ZTA may
conflict with specific prescriptive regulatory re-
quirements [26]. Regarding data access and shar-
ing regulations, ZTA's focus on least-privilege ac-
cess may clash with regulatory requirements that
necessitate broad access to specific data for mon-
itoring or reporting purposes. For example, laws
like the General Data Protection Regulation
(GDPR) or the Health Insurance Portability and
Accountability Act (HIPAA) may have specific
guidelines on data access that could conflict with
ZTA's model of minimising access rights. Equally,
many industries, particularly healthcare and fi-
nance, require detailed records of access logs,
data sharing, and other security actions. ZTA's
real-time, dynamic enforcement of access con-
trols may be at odds with these regulations' stat-
ic, audit-heavy reporting requirements. Aligning
ZTA with existing regulatory frameworks will
likely require continuous collaboration between
industry stakeholders, regulators, and cyberse-
curity professionals to ensure compliance with-
out compromising security [27]. Another im-
portant aspect is the variability in global cyberse-
curity standards for CL. The regulatory landscape
for critical infrastructure cybersecurity is incon-
sistent across regions and countries, presenting
significant challenges for organisations operating
in multiple jurisdictions and regional variability
[5]. Different countries have different standards
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for cybersecurity. For example, the NIST Cyber-
security Framework in the United States, the EU
Network and Information Security (NIS) Di-
rective, and the ISO/IEC 27001 standard each
contain distinct requirements and guidelines.
The lack of a unified, global cybersecurity stand-
ard for critical infrastructure creates complexi-
ties for multinational organisations trying to im-
plement ZTA consistently across borders [5].
Even within a specific region, the enforcement
and interpretation of cybersecurity regulations
can vary between states or regulatory bodies;
this makes it difficult for organisations to develop
a one-size-fits-all approach to implementing ZTA,
as they must adapt their strategies to the differ-
ent regulatory environments in which they oper-
ate. For global organisations, navigating multiple
regulatory environments and ensuring that ZTA
aligns with other standards can be time-
consuming and costly.

In conclusion, while Zero Trust Architecture of-
fers a robust solution to the growing cybersecuri-
ty challenges faced by critical infrastructure, its
adoption is fraught with technological, opera-
tional, and regulatory challenges. Compatibility
issues with legacy systems, high implementation
costs, resistance to change, and a shortage of cy-
bersecurity expertise can all hinder the adoption
of ZTA. The misalignment between ZTA princi-
ples and existing regulatory frameworks and the
variability of global cybersecurity standards fur-
ther complicate the implementation process.
Overcoming these barriers will require a coordi-
nated effort among technology providers, indus-
try leaders, regulators, and cybersecurity profes-
sionals to ensure that ZTA can be effectively de-
ployed to protect critical infrastructure from
emerging cyber threats.

Strategies and Best Practices in the Implementation
of Zero Trust Architecture

Implementing Zero Trust Architecture in critical
infrastructure requires a well-thought-out strat-
egy that balances technological, operational, and
regulatory considerations. ZTA is a comprehen-
sive, dynamic cybersecurity approach requiring a
phased and methodical implementation process.
Below are key strategies and best practices to
guide organisations through successfully adopt-
ing ZTA in protecting critical infrastructure [6,
28]. It is essential to recognise that ZTA imple-
mentation is a complex and long-term process
that requires careful planning and phased execu-
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tion, and to have a seamless implementation; or-
ganisations should have a clear roadmap that can
provide a structured approach and ensure that
the transition to Zero Trust is gradual and man-
ageable [1]. Before implementing ZTA, organisa-
tions must conduct a thorough risk assessment
to understand their current security posture,
identify potential vulnerabilities, and assess the
risks to critical systems. Such sequential process-
es help ensure that ZTA is applied effectively and
focused on the areas of most significant concern
[14]. Critical infrastructure organisations often
operate under existing cybersecurity frame-
works and regulations. Proper integration of ZTA
with these frameworks ensures a smoother
adoption and guarantees compliance with rele-
vant standards. ZTA This appears to be a plausi-
ble strategy and best practice to guide organisa-
tions through successfully adopting ZTA to pro-
tect critical infrastructure.

Building Cross-Sector Partnerships and Fostering
Information Sharing in Cybersecurity

Effective cybersecurity requires collaboration
across sectors and organisations, especially in
critical infrastructure. Cyber threats often target
multiple industries simultaneously, and a single
breach can have cascading effects on other sec-
tors. Therefore, building partnerships and pro-
moting information sharing are essential strate-
gies for improving ZTA implementation and resil-
ience [6]. Governments and private industry
must cooperate to protect critical infrastructure
from cyber threats. Public-private partnerships
can facilitate information sharing, joint threat in-
telligence initiatives, and the development of
common standards. These collaborations enable
essential infrastructure sectors to understand
emerging threats better, share best practices, and
coordinate incident response efforts. Energy, fi-
nance, and healthcare sectors can benefit from
collaborating on cybersecurity best practices and
threat intelligence [4]. For instance, Industry
groups, such as the Financial Services Infor-
mation Sharing and Analysis Center (FS-ISAC) or
Energy Sector Cybersecurity Coordination Center
(CESER), foster collaboration and help organisa-
tions stay informed about current threats, vul-
nerabilities, and emerging technologies.

Cross-sector partnerships can also facilitate co-
ordinated responses to large-scale cyberattacks.
Organisations can quickly identify and mitigate
threats by sharing information on attacker Tac-
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tics, Techniques, And Procedures (TTPs). In the
event of an attack, collaborative response efforts
can reduce the overall impact on critical infra-
structure. Adopting ZTA is not just a technologi-
cal transformation but a cultural shift that re-
quires continuous education and awareness,
such that employees across all levels must un-
derstand the principles of Zero Trust and their
role in protecting the organisation from cyber
threats and related attacks [29]. Suffice it to say
that organisations should invest in regular, up-to-
date cybersecurity training programs for em-
ployees. These programs should cover ZTA prin-
ciples such as the importance of identity verifica-
tion, multi-factor authentication, and the concept
of least privilege access. Training should also in-
clude recognising and responding to cyber
threats, such as phishing attacks, insider threats,
or social engineering tactics.

Additionally, specific training should be designed
for different organisational roles [6]. For in-
stance, IT professionals will require training on
deploying and managing ZTA tools. At the same
time, end-users may need guidance on using se-
cure access methods or recognising suspicious
activities. Specialised training for security teams
on threat detection and incident response is also
essential. Security awareness should be an ongo-
ing initiative that fosters a culture of vigilance
across the organisation [23]; this can be achieved
through regular communication, simulated
phishing exercises, and encouraging employees
to report potential security issues. Ensuring all
employees understand their responsibility in
maintaining critical infrastructure security can
significantly reduce human error, which is often
a key factor in cyber incidents.

CONCLUSIONS

Zero Trust Architecture offers a transformative
approach to securing critical infrastructure by
eliminating implicit trust and enforcing robust
access controls, continuous monitoring, and data
protection mechanisms. Principles such as "nev-
er trust, always verify" and least privilege access
are crucial for defending against modern cyber-
security threats, including ransomware, insider
threats, and nation-state attacks. Despite its ben-
efits, adopting ZTA poses challenges such as lega-
cy system compatibility, high implementation
costs, and regulatory complexities. Overcoming
these barriers requires technological innovation,
proactive government policies, and collaborative
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efforts among industries, governments, and in-
ternational organisations. In agreement with
[30], technologies such as Al, blockchain, and
quantum cryptography, combined with evolving
standards and cross-sector partnerships, will
play a pivotal role in enabling ZTA adoption.
Stakeholders must prioritise ZTA implementa-
tion to protect critical infrastructure, ensuring its
resilience and security in an increasingly inter-
connected world. By addressing challenges
through concerted efforts and fostering a culture
of cybersecurity, organisations can safeguard vi-
tal systems and promote long-term security for
essential services.
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