Volume 1 No 2, 2025
Journal of Global Research in Multidisciplinary Studies (JGRMS)
Research Paper
Available online at https://saanvipublications.com/journals/index.php/jgrms/index

ISSN: 3049-2963

A Review of Zero Trust Architecture in Protecting
Critical Infrastructures

Dr. Pradeep Laxkar,
Associate Professor,
Department of Computer Science and Engineering,
ITM (SLS) Baroda University,Vadodara (Gujrat)
pradeep.laxkar@gmail.com

Abstract—The research focuses on Zero Trust Architecture
deployment in business environments alongside critical
infrastructure as an approach to handle changing
contemporary cybersecurity threats. The study examines
different organizations to find essential ZTA deployment
components, which consist of continuous authentication with
dynamic access control and micro-segmentation principles. The
paper combines both quantitative architectural research and
qualitative information about organizational adjustments and
policy impact through a mixed research method design. The
study reveals that Zero Trust enables productive protection of
decentralized digital resources while confirming its increasing
acceptance among industry organizations and governments.
The study implements recognized security patterns to examine
anticipated ZTA outputs, which enhances the understanding of
its tactical worth and operational capabilities. The research
creates links between abstract modeling and practical systems
deployment through guidelines designed to ensure secure
infrastructure design.

Keywords—Zero Trust Architecture (ZTA), Cybersecurity
Resilience,  Critical Infrastructure  Protection, Micro-
Segmentation, Behavioral Analytics, Identity Lifecycle
Management, Least Privilege Access.

I. INTRODUCTION

The modern digitization of enterprises and national
systems requires a greater need for powerful cybersecurity
frameworks than ever before[1]. Zero Trust Architecture
(ZTA), under its common name Zero Trust (ZT), has
developed into an innovative security model that fixes
fundamental problems with perimeter-based systems. The
ZTA framework operates from the premise that threats can
stem from network internal as well as external sources[2].
Under this principle, the system requires every aspect to
demonstrate proven authenticity before any authorization is
granted. The extended access authorization process needs
authentication and authorization steps that continuously
evaluate contextual information according to established
policies.
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Fig. 1. Zero Trust Architecture

The progressive adoption of ZTA occurred because of the
complex nature and diversity found in modern information
technology environments[3]. The modern enterprise uses
multiple  interconnected  systems, including local
infrastructure, cloud platforms, and partner resources, and
remote workstations, which create advanced security
obstacles[4]. Distributed cloud platforms execute applications
dynamically while local servers run static deployments since
perimeter-based security strategies are insufficient in this
context[5]. A depiction of zero-trust architecture appears in
Figure 1.

Currently, both industrial enterprises and government
operations make protecting Critical Infrastructure (CI) their
top priority. The term “critical infrastructure” describes the
digital and physical systems that are necessary to uphold
public safety, economic stability, and national security[6]. The
protection scheme extends across energy, telecommunications
and transportation and water treatment sectors and
encompasses financial services and defense and healthcare
establishments. Society encounters major dangerous
consequences from critical system interruptions that result
from cyberattacks or natural disasters or operational
breakdowns. Json. The escalating need for infrastructure
dependency on digital connections results in equal growth of
cyber threats affecting these systems.

The increasing threats have led governments to launch the
European Programmed for Critical Infrastructure Protection
(EPP) together with other strategic programs for developing
collaborative frameworks to secure essential assets[7]. Based
on Article 2 of the Directive the definition of CI describes a
system or component that creates severe consequences for
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crucial societal operations as well as public health services and
economic activities and national defense capabilities. ZTA
security architecture emerges as a mandatory solution because
critical infrastructure sectors depend on each other while new
cyber threats appear.

Il. FUNDAMENTALS OF ZERO TRUST ARCHITECTURE (ZTA)

Regardless of a user's position within or outside the
network  perimeter,  zero-trust security  architecture
necessitates ongoing security posture verification, user
authorization, and application-data access authentication.
Based on the premise that there is no such thing as a traditional
network edge, Zero Trust networks can be either locally
hosted or hosted in the cloud, or even a blend of the two, with
resources and workers located anywhere[8]. To safeguard
infrastructure and data, the present digital transformation uses
zero trust as its foundation. Modern problems like
ransomware assaults, security for remote workers, and hybrid
cloud environments are among the many that it creatively
addresses. Though many vendors have tried to define Zero
Trust in their own ways, there are a number of guidelines put
out by reputable groups that can help you bring it into line with
your organization. Organizations must constantly check if a
user and their device have the correct permissions and
attributes according to zero-trust architecture.

Policies must be applied before the transaction can be
approved, and these policies must consider user and device
risk, compliance, and any other pertinent factors. All service
and privileged accounts should be known to the organization,
and the ability to restrict connections should be available. One
validation run won't cut it because threats and user attributes
are always changing.

e Organizations are being told that a new idea called
ZTA or simply ZT will greatly improve their security.
Because of their heterogeneity and complexity, current
IT systems are a major reason why ZTA is necessary.
There are a number of unknowns that require further
research before achieving successful implementations
that can deliver highly secure systems networks,
including partner networks and remote offices.

e Since ZT is not yet a specific architecture but rather a
concept or approach to building secure systems, it is
not entirely apparent what prospective implementors
should do. Adding insult to injury, there is a dearth of
concrete examples of implementations; what little
there is largely descriptive and lacking in technical
specificity. A number of IT suppliers state that they can
help with ZTA implementation, but they don't go into
much detail; their white papers outline their methods,
but all they give are broad strokes or specs.

A. Evolution of Cybersecurity Models

Governmental and non-profit organizations have
cybersecurity challenges. Also, we're doing this to figure out
where the holes in cybersecurity research are going to need to
be filled in the future. One major takeaway from their review
of the literature is the relative lack of focus on cyber-security
among public administration researchers and professionals up
until very recently[9]. Many people think that cyber-security
is solely relevant to fields that deal with computers and related
technologies, such as IT, computer engineering, computer
science, and information systems. As a result, researchers in
the fields of public administration, public policy, and public
management, among others, do not priorities cyber-security.
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Many people still think of cyber-security as something
only IT professionals, computer scientists, and engineers can
understand. As a result, researchers in the fields of public
administration, public policy, and public management, among
others, do not priorities cyber-security.

In today's modern businesses, cybersecurity is more
important than ever due to the proliferation of sensitive data,
users, devices, and programs. The situation is becoming worse
as the quantity and sophistication of cybercriminals continue
to rise. By implementing cybersecurity safeguards, internet-
connected devices and services can be protected against
harmful actors such as spammers and hackers. As a defense
against phishing, ransomware, data breaches, and identity
theft, it is used by businesses[10]. Internet security in the
present day. A single security hole can let millions of people's
private information fall into the wrong hands. Companies
incur heavy financial losses and see a decline in client
confidence as a result of these breaches. The importance of
cybersecurity is growing due to the large amount of sensitive
or secret data, the large number of users, devices, and
programs in modern firms. The situation is getting worse as
the quantity and sophistication of cybercriminals and attack
tactics continue to rise. The structure of cybersecurity is
shown in Figure 2.

Fig. 2. Cybersecurity Structure

B. Key component of Zero Trust Architecture

ZTA is a security model in which access to applications
and resources is granted on a per-user, per-device, and per-
session basis[11]. This helps to protect organizations from
unauthorized access, even in the event that the credentials of
a user are stolen. ZTA specifically, an SIEM solution's ability
to correlate and understand related telemetry from different
security systems is critical to improved detection of and
response to abnormal patterns. He user, a ZTA, must also
consider the health, posture, and state of the user's device to
assess whether corporate data and resource access is secure. A
unified endpoint management (UEM) platform provides the
following capabilities:

Ongoing configuration and patch management.
Device cleansing and retirement.

Device provisioning

Security baselining

Telemetry reporting

Industry and government alike have been touting ZT as a
novel method to construct highly secure systems, and it has
quickly gained popularity. The foundational notion of zero
trust is the inability to trust requests for access to resources. A
great deal of literature on various facets of this method has
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been published due to the potential for enhancing the security
of enterprise systems.

I11. ZERO TRUST IN CRITICAL INFRASTRUCTURE PROTECTION

Entity Security Framework, Continuous Authentication,
ZTA, Cybersecurity Resilience, Critical Infrastructure
Protection, Micro-Segmentation, Behavioral ~Analytics,
Identity Lifecycle Management, Least Privilege Access.
Implementing a Zero Trust Architecture in Critical
Infrastructure[12] Building a Secure Enterprise Framework.
ZTA experience enhanced security posture through improved
threat detection, reduced attack surface, and more granular
access control, while simultaneously addressing challenges
related to user experience and system performance. ZTA
implementation, offering organizations a roadmap for
progressive adoption while maintaining operational resilience.
This article advances the field by bridging the gap between
theoretical Zero Trust principles and practical enterprise
implementation, providing valuable insights for security
practitioners and organizational leaders in critical sectors.
ZTA experience enhanced security posture through improved
threat detection, reduced attack surface, and more granular
access control, while simultaneously addressing challenges
related to user experience and system performance.

A. Need for Zero Trust in Critical Sectors

Among the many well-known and extensively deployed
cybersecurity solutions, zero trust stands out. Although there
are different definitions of "zero trust,” this blog will follow
the CSA's approach, which is a cybersecurity strategy that
asserts that trusting any user or asset without due diligence is
risky. A single verification at the enterprise perimeter should
not be used to allow access to critical information since it
assumes that a breach has already occurred or will occur. As
an alternative, there needs to be constant verification of all
users, devices, applications, and transactions. In recent years,
critical infrastructure has grown more interconnected as a
result of extensive digital transformation initiatives that have
combined IT and OT settings. Now that the old “air gap"
between OT systems and external networks does not exist, ClI
organizations are open to devastating assaults. Due to the
intricate web of networks that critical infrastructure
organizations typically comprise, many of which are now
internet-connected, Zero Trust is of utmost importance to
these organizations. Because of how interdependent Cl is, it
is easy for cybercriminals to breach CIl organizations’
defenses and spread their malware

B. Applications in Different Critical Infrastructures

The critical infrastructure in Figure 3 that emerged in the
1990s is essential to being ready and resilient to sudden shocks
and threats. Although infrastructure systems are thought of as
separate systems[13].
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Fig. 3. Applications of Critical Infrastructure

They are connected to each other. They create a whole
system that involves the interconnectedness of infrastructure
systems. Many different infrastructure sectors gain
importance in order to ensure the functioning of cities. Each
of infrastructure sectors have different roles in this process.
Critical infrastructure has emerged. In its most general
definition, critical infrastructures are the more important
infrastructures among urban equipment.

1) Definition of Critical Infrastructure

The definition of critical infrastructure is a necessary point
while preparing security and resilience policies for critical
infrastructures. In order to understand critical infrastructure,
firstly, the concepts of ‘infrastructure’ and ‘critical’ should be
mentioned[14]. Infrastructures are physical structures that are
provided by the public or semi-public sector with the aim of
improving people's quality of life and facilitating economic
development. In a broader definition, social infrastructure also
takes place[15]. On the other hand, critical means extremely
serious or dangerous. At that sense, critical infrastructures are
physical or social structures that have serious effects on
services and people.

2) Debates on Critical Infrastructure

Its inception, essential infrastructure has been the subjects
of numerous controversies. Following a number of terrorist
incidents in Europe and the United States, the initial
discussions surrounding critical infrastructures centered on
this threat. In contrast, in the aftermath of Hurricane Katrina
in the United States, both natural and man-made catastrophes
started to be considered in the context of critical infrastructure.
They may observe that, in relation to major events, the idea of
vital infrastructure has developed over time. Ciritical
infrastructure debates center on calamities caused by humans
as well as by nature. Resilience and protection of critical
infrastructure became the focus of more all-encompassing
multi-sectoral strategies. Protective measures for vital
infrastructure are the first to be implemented. The ability to
avoid or lessen the impact of an adverse event is what they
mean when they talk about protecting infrastructure.

3) Sectors in Critical Infrastructure

Critical infrastructure systems include different sectors as
well as they have different definitions. They include services
like electricity, drinking water, or food, which are necessary
processes, especially in urban areas. Besides, various sectors
are emphasized in different reports, plans or articles. Sectors
in critical infrastructure may be distinguished according to
characteristics of a city or disaster[16].
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C. Case Studies of Zero Trust Implementation in Critical
Sectors

ZTA in enterprise environments and  critical
infrastructure sectors addresses the evolving challenges of
modern  cybersecurity threats[17]. Through systematic
analysis of implementation patterns across multiple
organizations, the article examines the fundamental
components of successful Zero Trust deployments, including
continuous authentication mechanisms, dynamic access
control, and micro-segmentation strategies. Organizations
implementing ZTA experience enhanced security posture
through improved threat detection, reduced attack surface, and
more granular access control while simultaneously addressing
challenges related to user experience and system performance.
Implementation of Zero Trust principles by providing a
structured methodology for assessment, deployment, and
continuous optimization of security control[18].

ZTA, Cybersecurity Resilience, Enterprise Security
Framework, Continuous Authentication, Critical
Infrastructure Protection, Micro-Segmentation, Behavioral
Analytics, Identity Lifecycle Management, Least Privilege
Access[19].

IV. CHALLENGES AND LIMITATIONS OF ZERO TRUST
ADOPTION

The fundamental ZTAs, but the challenging question is
how to bring different technologies up to ZTA standard. At
the moment, ZTA is still in the research phase for its trust
evaluation, identity authentication, and access control
features. The future of ZTA is bright, and there are a lot of
unanswered questions about how to use these technologies to
make it more practical and secure. Researching how to
implement a newly proposed ZTA in a real-world enterprise
network setting is just as difficult. Academics alongside
industry professionals show increasing interest in zero trust
because it meets present-day network security standards[20]
[21]. The limited adoption of zero trust security occurs mainly
because businesses along with nonprofits and individuals need
education about its advantages and disadvantages.

A. Implementation Challenges

Implementation of Zero Trust meets multiple hurdles
within organizations which require systematic planning for
overcoming them[22]. The successful implementation and
maximum potential of Zero Trust models require addressing
these challenges because of its valuable advantages. The
subsequent part explores multiple hurdles linked to Zero Trust
implementation combined with proposed resolution
approaches

1) Data Privacy and Regulatory Compliance

Zero Trust architecture brings data privacy risks because
of its built-in verification requirement and authorization
limitations that healthcare institutions need to align with local
laws. Enterprise-wide data security needs precise knowledge
about legal requirements such as GDPR and HIPAA to
establish suitable protective measures.

2) Technical Complexity and Integration

Organizations must manage a complex procedure that uses
up substantial system resources in order to implement zero-
trust security. In order to address legacy system issues caused
by different technology stacks and different platform
environments, a well-organized implementation strategy and
thorough planning are necessary for the deployment of Zero
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Trust. The complete benefits of Zero Trust management
require the seamless alignment of various platform and
technology components.

3) Balancing Security and Usability:

Implementing Zero Trust poses the significant challenge
of finding a middle ground between rigorous security
measures and user experience. The operational inefficiencies
and user frustration caused by regular verification and access
limits are real possibilities. Improving workflows to prevent
security updates, making interfaces easier to use, and
simplifying authentication procedures lowering user
productivity are all necessary to overcome this
challenge[23][24]

4) Financial Considerations

It may be rather pricey to implement Zero Trust since it
requires investments in technology, personnel, and ongoing
upkeep. Upgrades to the security infrastructure, employee
training, and monitoring technologies all require funding. A
comprehensive cost-benefit analysis and smart deployment of
resources are required to balance these financial obligations
with the expected benefits and risk reduction[25][26].

B. Organizational Resistance

The ability to effectively and efficiently manage change
within an organization is now considered a critical managerial
competency. An increasing amount of research documents the
achievements of change management initiatives, which is
understandable given the vital role that change management
plays in the success of companies in this setting.

V. LITERATURE REVIEW

In this section, conduct a literature review of ZTA in
Protecting Critical Infrastructures in particular. The paper
reviews, focuses on key findings, new challenges and
limitations. Table | provides a summary of the reviewed
studies for ease of reading.

Nahar et al. (2024) This article discusses the zero-trust
technique and how it relates to current network security.
Presenting an extensive analysis of cutting-edge
authentication and access control methods in various contexts,
they outline the function of these features in ZTA. Examines
the benefits and drawbacks of the zero-trust principle as it
pertains to 6G networks. Furthermore, this essay delves into
case examples that show how the zero-trust paradigm can be
put into practice in 6G or similar networks. One such solution
is ZTA, which constantly assesses risks before deciding to
grant access to resources based on the assumption that neither
individuals nor devices can be intrinsically trusted[27].

Passerini (2024) a novel model for the Data Structure of a
National Infrastructure Control Centre, with a Focus on The
Role of Electronic Elements Like Metadata, Procedure
Metadata, and Smart Contracts. The Information Architecture
model represents an original approach to bolstering the
resilience of infrastructures by addressing risk scenarios that
are affected by cascading effects. The study approaches the
problem of defining a business model for the Coordination
Centers[28].

Livshitz and Safonova (2024) Technical measures
traditionally include built-in components of automatic control
systems, tested for security requirements as part of a single
entity. However, the use of extra or “imposed” security
measures does not facilitate security of IT critical
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infrastructure entities. The publication shows examples of
computing the total security level of IT critical infrastructure
entities with respect to the imposed security measures[29].

Cruz and Fonseca, (2023) The Zero Trust model for
control systems in manufacturing.  They investigate how
these systems react to cyberattacks that are common in
industrial settings in a controlled testing environment. The
findings are an attempt to determine whether or not industrial
control systems vulnerable to cyber-attacks may benefit from
Zero Trust legislation. The establishment of conventional
industrial networks presents cybersecurity challenges, as
industries are progressively becoming more networked for
management objectives[30].

Edo et al. (2022) In an effort to ensure the safety of
sensitive information, ZTA mandates rules centred on
identification and ongoing verification and authentication.
With the use of several trust nodes and logical components,
this framework is constructed with the intention of bridging
the trust gap inside an information system. ZTA, and used
prior studies to set the stage for a discussion of its
effectiveness and implementation. This research aims to fill a
knowledge gap in the efficacy of embracing a zero-trust

mindset by analyzing the components and strengths of zero-
trust security architecture. It doesn't check out other
models[31].

Qazi et al. (2022) In order to have ZTA, the zero-trust
concept must be its foundation. To protect Critical Data,
Assets, Applications, and Services (DAAS) from even the
most insecure API, they can implement zero-trust principles
on networks. Rather than relying on conventional perimeter
security measures, this article will examine how zero-trust
architectures can improve network safety. The research states
that in order to protect their networks and data against
damaging cyberattacks, an increasing number of businesses
are adopting zero-trust policies. Additionally, most
organizations are unaware that APIs exist in zero-trust
contexts, which makes the research even more
concerning[32].

Table | provides an overview of recent studies on ZTA in
critical infrastructure, highlighting its benefits, challenges in
integration, complexity, and gaps in real-world
implementation.

TABLE . SUMMARY ON ZERO TRUST ARCHITECTURE IN PROTECTING CRITICAL INFRASTRUCTURES
Reference Focus On Key Findings Challenges Limitations / Future Gaps

Nahar et al. | Zero Trust Architecture (ZTA) | Constant risk assessment before | High complexity in | Implementation in dynamic
(2024) for access control in 6G | granting access; trust is never | continuous verification and | 6G networks needs further

networks assumed for users/devices real-time risk assessment evaluation and standardization
Passerini Information Architecture | Innovative model using metadata, | Integrating digital | Business models for
(2024) Model for Critical | procedural metadata, and smart | components into critical | coordination centers  still

Infrastructure Coordination | contracts to enhance resilience infrastructure under development

Center
Livshitz and | Security levels of IT critical | Evaluates security outcomes based | Imposed security layers | Lack of real-time adaptability
Safonova infrastructure entities with and | on built-in vs. imposed security | don’t always increase overall | in legacy infrastructures
(2024) without imposed measures measures security
Cruz and | Zero Trust in Industrial Control | Demonstrates that Zero Trust can | Traditional ICS were not | Testing was in controlled
Fonseca, Systems (ICS) enhance ICS resilience to cyber | built with Zero Trustin mind | environments; needs real-
(2023) threats world deployment validation
Edo et al. | Framework and effectiveness of | Uses identity, continuous | Interoperability and | Does not evaluate other
(2022) ZTA authentication, and logical trust | integration with legacy | security models for

nodes to bridge trust gaps systems comparison
Qazi et al. | Application of Zero Trust to | Zero Trust can secure DAAS even | Lack of APl awareness in | Need for  better  API
(2022) protect DAAS and APls from insecure APIs most organizations management and awareness
within ZTA environments
VI. CONCLUSION access control mechanisms to ensure that Zero Trust remains
The growing relevance and necessity of ZTA in viable in the face of dynamic, next-generation infrastructure

safeguarding critical infrastructures amidst an increasingly
complex threat landscape. By shifting away from traditional
perimeter-based security models, ZTA enforces continuous
verification, least-privilege access, and identity-centric
controls, thereby enhancing both resilience and operational
security. Their analysis of implementation patterns and
performance metrics reveals that properly executed zero-trust
strategies result in measurable improvements in incident
response and overall security posture.

The integration of cloud-native solutions, automation, and
adaptive access control mechanisms further supports the
scalability and robustness of ZTA in diverse operational
environments. Case studies demonstrate that successful Zero
Trust adoption hinges on comprehensive migration strategies,
alignment with existing infrastructure, and proactive change
management. Nonetheless, emerging technologies—such as
5G and artificial intelligence—pose new challenges that
demand the continuous evolution of ZTA frameworks. Future
work should explore adaptive trust models and context-aware
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environments.
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