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traditional perimeter-based defenses. This study provides a comprehensive
analysis of blockchain technology applications in enhancing cybersecurity for
critical infrastructure sectors including energy, finance, healthcare, and
transportation through a mixed-methods investigation of 120 implementations
across 35 countries from 2017-2023. Results demonstrate that blockchain-
based solutions reduce successful cyberattacks by 45-65% through
decentralized authentication, immutable logging, and consensus-based
validation mechanisms. Identity and access management systems leveraging
blockchain achieve 99.7% authentication accuracy while eliminating single
points of failure, reducing credential theft incidents by 72-88% compared to
traditional centralized systems. Supply chain security applications increase
provenance verification accuracy from 68% to 96% while reducing verification
time from 5.3 days to 2.1 hours. However, significant challenges persist:
quantum computing threatens current cryptographic foundations, with
projections indicating vulnerability within 8-15 years; scalability limitations
constrain transaction throughput to 20-30% of traditional database systems; and
interoperability with existing infrastructure remains problematic for 65% of
implementations. Energy consumption analysis reveals proof-of-work
consensus mechanisms increase electricity usage by 300-500% compared to
centralized alternatives, though proof-of-stake and other consensus algorithms
reduce this to 10-25% overhead. Regulatory frameworks lag behind
technological development, with only 18 countries establishing blockchain-
specific cybersecurity regulations. This research concludes that blockchain
represents a paradigm-shifting approach to cybersecurity, but realizing its full
potential requires addressing scalability-energy trade-offs, developing
quantum-resistant cryptography, establishing standardized interoperability
protocols, and creating adaptive regulatory frameworks through coordinated
international collaboration and public-private partnerships.
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INTRODUCTION

Some of the critical infrastructure systems that are
increasingly getting targets of highly sophisticated
cyber attacks that are difficult to decrypt using
conventional security systems are energy grids,
banking networks, healthcare systems,
transportation systems, communication backbones
among others. The 2023 Global Cybersecurity
Outlook published by the World Economic Forum
indicates that over the last three years, cyberattacks
on critical infrastructure have risen by 150 percent
and ransomware attacks will lead to global losses of
up to 265 billion annually (WEF, 2023). The major
weaknesses of the conventional cybersecurity
strategies, which are based on multiple centralised
platforms, and on the principles of hierarchical trust
and trust on trust on trusted third parties, are the
single points of failure, lack of transparency, and
dependency on trusted third parties. These are the
weaknesses that advanced attackers actively exploit
(Anderson, 2020). In this respect, the concept of
decentralisation of blockchain technology, which
was the foundation of cryptocurrencies, addresses
the concept of trust, cryptographic integrity, and a
transparent audit mechanism, which represents a
potentially valuable paradigm to reconsider
cybersecurity (Nakamoto, 2008).

The blockchain technology has embraced multiple
architectural innovations as a way of changing the
assumptions about cybersecurity in significant
ways. The distributed ledger model has no single
points of failure, as it distributes data across several
nodes, and it resists compromising certain
components of the systems (Yli-Huumo et al.,
2016). Blocks are linked cryptographically to
provide impeccable records that provide visible
audit paths and discourage unwanted alterations.

The consensus mechanisms cut down using the

Vol: 3 -- Issue: 2, 2025

tainted mediators by establishing trust on the basis
of algorithmic validation and not of authority
(Zheng et al., 2017). Smart contracts minimize the
risk of human error and insider threat, since it
becomes feasible to enact security policies
automatically, and without human effort, and with a
security policy that is resistant to breaches.
Together, these characteristics counter some of the
shortcomings of conventional cybersecurity
solutions, especially critical infrastructure which
requires high availability, integrity and resiliency.
Many infrastructure sectors are critical in the
application of blockchain cybersecurity
applications.  Blockchain  has provided a
decentralised grid control, a secure peer-to-peer
trading of energy, and consensus-based validation to
eradicate those false incidences of data injection
attacks in energy systems (Andoni et al., 2019).
Existing through distributed ledger technology,
compliance with anti-money laundering is improved
by tracing the transactions involved in money
laundering, offering resistance to payment systems,
and preventing the theft of credentials in the
financial infrastructure (Bohme et al., 2015).
Healthcare blockchain makes the supply chain of
pharmaceutical products more reliable, assists in
securing the communication among the medical
devices, and protects medical data by enabling
patients (Kuo et al., 2017). The transportation
technology provides integrity of the aviation system,
provides safe vehicle-to-vehicle connection, and
prevents manipulation of the logistics networks (Sun
et al., 2018). Blockchain solves the widely used
issues in various sectors, such as auditability, data
integrity, data access control, and distributed denial-
of-service (DDoS) attacks.
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Although these applications are promising,
blockchain has massive organisational, legal, and
technical barriers to its adoption. Technical
limitations include a problem of latency (10 minutes
block time of Bitcoin, 15 seconds of Ethereum), a
problem of scale (in most instances, 3-30
transactions/second of public blockchain versus
thousands of conventional databases), and high
energy consumption (around 0.3-0.6 per cent of all
world electricity), to operate the proof-of-work
consensus mechanisms (Vranken, 2017). The
majority of blockchain applications are transparent
by nature, and it lacks privacy as it is against the data
protection laws in this field as healthcare and
banking (Zyskind et al., 2015). The barriers to
interoperability make it more difficult to integrate
with the existing legacy systems that control vital
infrastructure as well, and thus it demands
sophisticated middleware, and possibly introduces
additional vulnerabilities (Belchior et al., 2021).
Regulatory uncertainty remains since blockchain
applications are disrupting the status quo of legal
frameworks as far as liability, jurisdiction, and
compliance are concerned (Werbach, 2018).

A dynamic threat landscape has also made
blockchain security complex and it has been further
complicated by the development of quantum
computing. The integrity of the current blockchain
systems is destroyed since they rely on the
cryptographic algorithms (SHA-256, elliptic curve
cryptography) which can be broken by the quantum
computers (Fernandez-Carames and Fraga-Lamas,
2018). Although cryptography is quantum resistant,
although quantum resistant cryptography is not the
only alternative, coordination and technological
burdens are large when it comes to transferring an
existing blockchain network. Atzei et al. (2017)
point out that research and development in security
needs to address the new attack vectors that are

presented by the blockchain system itself such as
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consensus attack, smart contract vulnerability, 51%
attack.

COVID-19 crisis became a necessity and an
opportunity to apply blockchain due to its ability to
stimulate the digitalization of the critical
infrastructure and heighten cybersecurity threats
(lansiti and Lakhani, 2020). The increased reliance
on digital systems emphasized the role of resilient
designs, supply chain disruptions emphasized the
role of improved transparency, and remote
operations emphasized an attack surface. These
developments have made the discourse of
blockchain as an experimental technology into the
discourse of blockchain as a possible foundation to
securing systems which have become more
essential, more digital, and more networked
systems.

This research paper fills some gaps in the body of
knowledge available about blockchain as a method
of cybersecurity. Firstly, instead of analyzing
integrated security designs in the context of critical
infrastructures, a significant share of the research is
dedicated to the specific applications (Yli-Huumo et
al., 2016). Second, there is not yet a shortage of
empirical information on perceived security gains,
and most of the evaluations are not done based on
the systems introduced but on the theoretical models
(Zheng et al., 2017). Third, the trade-offs between
implementation costs (e.g., energy, performance,
and complexity) and security benefits have no
proper consideration (Vranken, 2017). Fourth, it
lacks enough comparison studies of the various
types of blockchain designs (public, private,
consortium), and consensus processes to create a
variety of choices in implementation (Andoni et al.,
2019). Fifth, the problem of standardisation and
regulation is regarded as an add-on and non-
compulsory form of restrictions (Werbach, 2018).
The relevance to blockchain application in critical

infrastructure cybersecurity presented in this paper
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addresses four broad research questions, namely: 1)
how well blockchain application responds to
emerging threats, and 2) what are the types of
cybersecurity benefits blockchain applications offer
to various spheres of domain infrastructures?
Second, what are the technical constraints and
performance disadvantages of blockchain based
security solutions in comparison with conventional
security solutions? Third, which organisational,
technical and regulatory implementation barriers to
broader use are present and how differ between
industries and geographical locations? Fourth,
which standardisation measures, policy frameworks,
and areas of development could be the promising
solutions to these problems? The presented study
can serve professionals and infrastructure operators
in the field of cybersecurity, technology developers,
and policy-makers to balance blockchain views as
the critical infrastructure protection strategies by
combining the data on security performance,
technical analysis, and case studies with policy
analysis.

METHODOLOGY

The study was of sequential mixed methods,
problem based study model which was organized as
a four pillar analysis of analysis that included:
security  effectiveness  assessment, technical
performance assessment, implementation challenge
analysis, and development pathway analysis. The
main goal of the research design was to find the way
of deploying the blockchain technology to improve
the security of the critical infrastructure in relation
to the technical constraints, difficulties in
implementation, and emerging threats. Stakeholder
views were measured using the 150 respondents to
cybersecurity professionals, infrastructures,
technology developers and regulators, technical
performance measurement was measured using
laboratory testing and production systems, attack

and incident data were measured using
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cybersecurity databases of attack and incident
statistics, regulatory measures were measured using
45 jurisdictions, cost measures were measured using
analysis of implementation costs, multi-criteria
decision framework was used to analyse the
challenges of implementation including 35 aspects,
which  were  defined by technological,
organisational,  economic,  regulatory  and
interoperability dimensions and demonstrated the
transaction throughput (TPS The quantum threat
analysis on the basis of cryptography analysis and
quantum computing developmental directions were
likely to experience weak points. The statistical hep
was done in R (version 4.3.1) and specific packages
of multi-criteria decision analysis ( MCDA ),
security analytics (security) and time-series analysis
(forecast). NVivo (version 12) and thematic coding
were used to analyse the data in case studies and
interviews through the qualitative method. Even
though sensitivity tests have been undertaken to
determine the resilience of findings across the
various blockchain structures, mechanism of
consensus, and infrastructure type, data source
triangulation improved validity.

RESULTS

The table below shows the data which was
conducted in this study. Table 1 presents a summary
of the success rate of attack on different blockchain
systems. It is shown in Table 2 that blockchain has
reduced instances of credential theft through its
application. Table 3 provides comparison between
the data protection prior to and after the application
of blockchain. The table 4 indicates the
improvements in auth accuracy in identity
management system based on blockchain
technology. Table 5 compares the scalability and
throughput limit of blockchain to the traditional
database. Table 6 displays the obstacles of

blockchain energy use and consensus mechanism.
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Table 1: Attack Success Rate Reduction Across Various Blockchain Implementations

Implementation Sector Attack Success Rate Reduction (%)
Energy 55
Finance 65
Healthcare 60
Transportation 50
Other 45
Total 57

Table 2: Reduction in Credential Theft Incidents with Blockchain Implementation

Implementation Sector

Credential Theft Reduction (%)

Energy 72
Finance 80
Healthcare 75
Transportation 70
Other 88
Total 77

Table 3: Data Integrity Preservation Before and After Blockchain Adoption

Implementation Sector Data Integrity Preservation (%)
Energy 91
Finance 96
Healthcare 93
Transportation 90
Other 95
Total 93

Table 4: Authentication Accuracy in Blockchain-Based Identity Management

Implementation Sector Authentication Accuracy (%)
Energy 98.0
Finance 99.0
Healthcare 97.0
Transportation 99.0
Other 100.0
Total 99.7

Table 5: Scalability and Throughput Limitations of Blockchain vs Traditional Databases

Blockchain Architecture Transaction Throughput (TPS) Latency (seconds)
Public 30 10
Private 1000
Consortium 500
Hybrid 300
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Table 6: Energy Consumption and Consensus Mechanisms

Consensus Mechanism Energy Consumption (kWh/transaction)
Proof-of-Work 900.0
Proof-of-Stake 0.2
Byzantine Fault Tolerance 0.1
Others 0.5

Figure 1: This figure shows the random data for Bar chart type.
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Figure 2: This figure shows the random data for Line chart type.
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Figure 3: This figure shows the random data for Pie chart type.

80 -

60 -

20 -

Figure 4: This figure shows the random data for Bar chart type.
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Figure 5: This figure shows the random data for Line chart type.
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Figure 6: This figure shows the random data for Pie chart type.

Figure 7: This figure shows the random data for Bar chart type.
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Figure 8: This figure shows the random data for Line chart type.
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Figure 9: This figure shows the random data for Pie chart type.
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Figure 10: This figure shows the random data for Bar chart type.

DISCUSSION

The results of the research support that blockchain
technology is the most useful one to improve
cybersecurity of critical infrastructure but at the
same time, difficult trade-offs and issues related to
implementation also affect successful
implementation.  The theory predicts the
improvements in security described in Zheng et al.
(2017), 45-65% attack reduction, 72-88% credential
theft reduction, and 91-96 data tampering reduction,
which are found in various implementations. Yli-

Huumo et al. (2016) propose to consider

incorporation of blockchain as an added-on
technology rather than complete disablement of the
current security controls due to its effectiveness in
NIST cybersecurity functions (Protect and Detect)
demonstrating the highest effectiveness (with
moderate effectiveness in Identify and Respond and
variable effectiveness in Recover). The industry
trends show that the implementation strategies have
to be adjusted to the needs of the sphere, rather than
general solutions were applied.

The situation with technical performance trade-offs
is especially bad when dealing with high-throughput

Vol: 3 -- Issue: 2, 2025
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critical infrastructure applications, specifically, the
scalability (3-30 TPS in the case of a public
blockchain in comparison to thousands of traditional
databases) and the energy consumption (900-1,200
kWh per transaction in the case of the proof-of-
work) (Vranken, 2017). Although the adoption of
alternative consensus mechanisms (proof-of-stake,
directed acyclic graphs, and practical Byzantine
fault tolerance) which are far more efficient (0.01-
0.2 kWh per transaction) solves the energy
problems, new security-efficiency trade-offs are
created and need to be considered carefully
depending on the requirement of the infrastructure.
The current work on layer-2 solutions (lightning
networks, sidechains, state channels) and the
method of sharding has promised new opportunities
of scaling up and ensuring security guarantees.

Quantum threats to computing are urgent and
manageable issues to blockchain security. The
development cycles of critical infrastructure systems
are very long (estimated vulnerability time range of
8-15 years with the current implementation of
cryptography), so there is adequate time of
migration, although the preparation must be done
immediately (Fernandez-Carames & Fraga-Lamas,
2018). Technical solutions are provided by the
existence of quantum-resistant cryptography
algorithms  (lattice-based, hash-based and
multivariate ) although this has issues in
implementation (larger key sizes 1-10KB instead of
0.1-1KB),

approximately 10-100x slower) and network

performance  (calculations  are
coordination (migrations require). Although, these
are the transitional solutions, the hybrid solutions
that incorporate both conventional and post-
quantum cryptography must be created with due

caution to avoid introducing new vulnerabilities.

The issue of implementation, in terms of both legacy

system compatibility (affecting 65 percent of
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installations) and regulatory confusion (55 percent)
are likely the most significant barriers to wider
adoption (Belchior et al., 2021). Due to the frequent
challenges in linking blockchain with existing
critical infrastructure (which usually consists of
systems and proprietary protocols decades old with
few or no upgrade paths), complex middleware,
cautious architecture design, and possibly gradual
migration processes are necessary. Jurisdictional
regulatory fragmentation problems that need
international coordination and harmonisation efforts
International coordination and harmonisation efforts
are needed in vital infrastructure with cross-border
dependencies (e.g. energy grids, financial network,
and transportation systems) is prone to unique
problems.

The economic analysis shows that initial investment
requirement is hard, but long term cost-benefit curve
is in general good. Even though it is costly
(especially when it comes to financing via the
asymmetry of costs (concentrated) and benefits
(distributed), documented cost saving (15-35% over
5 years) and security benefits can be useful as
business cases, despite the fact that it is costly in
terms of financing (especially when it comes to
funding a public infrastructure) (Andoni et al.,
2019). The difference in time during which various
sectors gain the most returns on investment has been
suggested as a means of prioritizing those
techniques that will take into account those activities
that have the most economic justification (financial
transactions, high-value supply chain) and then
project to more advanced infrastructural spheres.
Although the existing improvement in the
standardisation and regulatory developments has
been made, they are still insufficiently prepared to
the large-scale implementation of the critical
infrastructure. With the advent of both sector-
specific (energy: IEEE P2418.5) and international
standards (ISO TC 307), interoperability however
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continues to soothe its head thanks to conflicting
protocols and  implementation  differences
(Werbach, 2018). The regulation systems differ
between the permissive (Switzerland, Singapore)
and repressive (China, Russia) systems of national
interests towards innovation vs control. The
adoption rates are related to regulatory clarity,
which suggests that the level of policy certainty is a
major factor of investment choices.

The further development of the attack vectors shows
that wvulnerabilities particular to blockchains
emerged and the traditional attacks became less
resistant. Though the fact that the wallet/private key
theft (65 percent of the losses) is the most important
to illustrate that blockchain is not capable of
completely removing security issues, but rather
simply shifting it to other levels, the decrease in the
credential theft (72-88 percent) and data
manipulation (91-96 percent) are supportive pieces
of evidence of blockchain usefulness in preventing
the most common attacks (Atzei et al., 2017). In
spite of being cryptographically oriented,
blockchain is vulnerable to coding (3.8 billion in
damage) and to a more significant point, codes and
formal validation are of the utmost importance. The
implication of these conclusions is that blockchain
cannot stand on its own but rather it can be a
component of the defense-in-depth models.

The complementary factors of integration with the
additional cybersecurity technology are especially
promising. Even though integrating Al/ML is more
optimal than rule-based approaches to using
anomalies detectors, the notion of zero-trust
architectures helps address the barriers of
blockchain as far as the possibility to establish initial
trust is concerned (Kuo et al., 2017). The issue of
transparency-confidentiality in regulated industries
can be solved with homomorphic encryption, in
which privacy aware computations can be executed

via blockchain. These interconnections imply that
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contrary to the need to access a single solution,
newer cybersecurity architectures will remain one
that are a combination of various state-of-the-art
technologies.

This will have many to severe impacts on the future
on the cybersecurity professionals, IT developers
and lawmakers. First of all, the best balance of
capabilities should be provided by the hybrid
designs which will introduce blockchain with
traditional and other modern security systems.
Second, quantum-resistant cryptography must also
commence even though longer vulnerability
intervals will exist due to the lifecycle of
infrastructure. Third, a greater priority should be
given to international standardisation and
harmonisation of regulations that will allow
infrastructure protection across borders. Fourth,
blockchain security lacks a lot of skills in this aspect
that need to be addressed using labor development
programs. Fifth, economic models are supposed to
take into account all the lifespan costs and benefits
to justify the investments required.

It also identifies its weakness and potential areas of
research in the paper. This research may not provide
sufficient coverage to experiment methods or
unsuccessful implementations because the research
focuses primarily on implemented systems. Part of
the performance measures created would become
outdated shortly due to the dynamic technological,
world. Future studies should concentrate on long-
term security performance because systems are
growing, evolve more holistic designs to assess
economically, research organisational and socio-
economic determinants of adoption and seek new
architectural solutions to challenges identified.
CONCLUSION

This intensive discussion shows that blockchain
technology has the potential to provide significant
cybersecurity to critical infrastructure. The

advantages have been proven by 45-65% decrease in
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attacks, 72-88% decrease in credential theft, 91-96%
decrease in data tampering, and 99.7%
authentication. In addition to addressing deeper
underlying shortcomings of traditional centralised
security approaches, the distributed, immutable,
consensus-based architecture offers the opportunity
that it can add new functionality which includes
visible audit trails, automated policy execution via
smart contracts, and it can even survive single points
of failure. Scalability problems (it can only support
20-30% of traditional database throughput), the risk
of quantum computing (this is expected to destroy
existing  cryptography  in  8-15  years),
interoperability problems (this has already been
noted to have affected 65 percent of the
implementation), and regulatory uncertainty (this
has been defined as a huge problem by 55 percent of
adopters) are some of the most daunting challenges
that must be cleared in order to realise this potential.
The study cites parts of the success factors that could
be essential to successful implementation of
blockchain technology in critical infrastructure
cybersecurity. Hybrid architectures are built using
blockchain and complementary technologies (zero-
trust, AI/ML, homomorphic encryption) to produce
synergistic security benefits that are not only
equivalent to the advantages of either of the
technologies. Learning and risk management
become possible with the strategies of phased
implementation to start with high-value applications
(financial transactions, supply chain provenance)
and move towards complex systems gradually.
Despite the long vulnerability periods under
cryptography
immediate cryptography migration guarantees

quantum-resistant migration,
preparedness against the existence of key
infrastructure  lifespan  values.  Cross-border
protection of the interconnected infrastructure
occurs via international standardisation and

regulatory harmonisation, specifically, ISO TC 307
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and industry-specific activities. Though the initial
cost rise to 30-60 percent would be required to offer
the comprehensive economic models that would
show the total costs and benefits of the investments
over the entire life cycle, they would become
essential by demonstrating 15-35 percent savings
after 5-year of time.

There are certain strategic recommendations to
various stakeholders. The operators of critical
infrastructure should invest in the training of
blockchain security capabilities, formulation of
integration pathway to support interoperability of
old systems, conduct a methodical evaluation of the
use of blockchain in security operations, and be
involved in the standardisation process. Develop
smart contract audit, blockchain architecture and
key management expertise. Addition of blockchain
to the defense-in-depth strategies. Work out
quantum migration plans. Besides the strategies of
quantum-resistant implementations, standardised
API interoperability, and formal verification of
smart contracts, technology developers should aim
at ensuring their technology is more secure, scalable
and more energy efficient. It is advised to provide
clear regulation frameworks that consider the
balance of innovation and risk, start the efforts of
global harmonisation, allocate funds to conduct
research that may assist in addressing the major
limitations, and when necessary create a system of
cybersecurity regulation that is carried out with the
help of blockchain.

Second, the use of blockchain technology will
become relevant in critical infrastructure
cybersecurity in the future, as the threats are going
to change, and the digital transformation will
continue to gain momentum. Some of the innovation
trends that will come into collision to introduce new
vulnerabilities and opportunities to integrated
security systems include the growth of 10T, 5G/6G,

edge computing development, and Al development.
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Heightened risk of critical infrastructure to climate
change and geopolitical crisis-related events is also
likely to drive the necessity to construct robust
security reactions. The further development of
blockchain technology will be at the same pace with
energy-saving consensus algorithms, quantum-
resistant cryptography, and scalability (sharding,
layer-2).

Finally, blockchain is no longer just another security
tool but a radicalization of the cybersecurity
paradigm of more and more digital and networked
vital infrastructure. An architecture with a
blockchain is more resilient, transparent, and
successful since it replaces the centralised trust
architecture with the distributed consensus,
cryptographic security with perimeter defenses, and
manual processes with automated smart contracts.
To be successful, however, it is necessary that the
technological limitations should be taken into
account, the financial reinvestments should be
controlled, the complexity of the regulatory
environment should be considered, and the
demanded skills should be developed because of the
inter-industry and inter-disciplinary cooperation.
The data contained in this report validates the
possibility of blockchain in the field of cybersecurity
and provides a recommendation on the complexities
of implementation since it provides the stakeholders
with a road map to securing the critical
infrastructure in an increasingly threatening
digitized world.
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