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Abstract

Quantum computing poses an existential threat to current cryptographic systems
that secure critical infrastructure worldwide. This research examines the implemen-
tation challenges of transitioning to post-quantum cryptography (PQC) in critical in-
frastructure environments. Through systematic analysis of current PQC algorithms,
implementation barriers, and documented case studies, this paper identifies key se-
curity implications for various critical infrastructure sectors including energy, trans-
portation, healthcare, and financial systems. Findings indicate significant concerns
regarding algorithm maturity, performance overhead, hardware limitations, and back-
ward compatibility. The research proposes a multi-layered transition framework that
balances security requirements with practical implementation constraints. Recommen-
dations include sector-specific cryptographic agility strategies, standardized testing
methodologies, and policy frameworks to accelerate secure PQC adoption. This work
contributes to understanding the complex interplay between emerging cryptographic
standards and critical infrastructure protection in the quantum era.



1 Introduction

Critical infrastructure systems form the backbone of modern society, supporting essential
services across energy, transportation, healthcare, finance, water, and communications sec-
tors. These systems increasingly rely on digital technologies and network connectivity to
enhance efficiency, functionality, and service delivery. This digitalization, while beneficial,
has expanded the attack surface and created new cybersecurity vulnerabilities that adver-
saries can exploit [5]. The security of these systems currently depends heavily on public-key
cryptography schemes such as RSA, Diffie-Hellman, and Elliptic Curve Cryptography (ECC).

The rapid advancement of quantum computing technology presents a significant and im-
minent threat to these cryptographic foundations. Quantum computers leverage quantum
mechanical phenomena to solve certain mathematical problems exponentially faster than
classical computers. Most notably, Shor’s algorithm, when implemented on a sufficiently
powerful quantum computer, can efficiently solve the integer factorization and discrete log-
arithm problems that underpin current public-key cryptography [19].

The concept of "Q-Day” refers to the point at which a quantum computer becomes capa-
ble of breaking these cryptographic systems, potentially causing widespread security failures
across critical infrastructure [14]. While estimates vary regarding when this threshold will
be reached, the consensus among experts suggests a timeline of 5-15 years [16]. However, the
"harvest now, decrypt later” attack strategy, where adversaries collect encrypted data today
for future decryption once quantum computing capabilities mature, means that sensitive
information with long-term value is already at risk [6].

Post-quantum cryptography (PQC) encompasses cryptographic algorithms believed to
be resistant to quantum computing attacks. Major categories include lattice-based, hash-
based, code-based, multivariate, and isogeny-based cryptography [4]. The National Institute
of Standards and Technology (NIST) has been leading a standardization process for PQC
algorithms since 2016, with candidates including CRYSTALS-Kyber, CRYSTALS-Dilithium,
FALCON, and SPHINCS+ advancing to final rounds [17].

While theoretical developments in PQC continue to progress, the practical implemen-
tation of these algorithms in critical infrastructure systems presents substantial challenges.
These systems often have unique constraints including legacy hardware limitations, real-time
performance requirements, extended lifecycles, complex supply chains, and stringent regula-
tory frameworks [3]. Furthermore, the transition to new cryptographic standards must occur
without disrupting essential services that societies depend upon daily.

This research addresses the gap between theoretical PQC algorithm development and
practical implementation requirements for critical infrastructure protection. The primary
research questions are:

1. What are the principal implementation challenges for deploying post-quantum cryp-
tography in various critical infrastructure sectors?

2. How do these implementation challenges translate into security implications for the
continued operation and protection of critical infrastructure?

3. What strategies and frameworks can facilitate a secure and efficient transition to



quantum-resistant cryptography while maintaining critical infrastructure functional-
ity?

The significance of this research lies in its contribution to understanding the complex
interplay between emerging cryptographic standards and the practical security requirements
of critical infrastructure systems. By identifying sector-specific implementation challenges
and their security implications, this work aims to inform policy frameworks, standardization
efforts, and technical strategies to protect essential services in the quantum era.

2 Literature Review

2.1 Quantum Computing Threats to Cryptography

The theoretical foundation for quantum computing’s threat to modern cryptography was
established by Peter Shor in 1994 with his polynomial-time quantum algorithm for integer
factorization and discrete logarithm problems [19]. This breakthrough demonstrated that
a sufficiently powerful quantum computer could efficiently break RSA, DSA, ECDSA, and
other widely deployed public-key cryptosystems.

Mosca’s theorem [14] frames the urgency of transitioning to post-quantum cryptography
through the inequality x + y > 2, where x represents the security shelf-life of protected
information, y represents the time needed to transition systems to new cryptographic stan-
dards, and z represents the time until cryptographically relevant quantum computers become
available. When this inequality holds, urgent action is required.

Research by Grimes et al. [9] suggests that current deployments of quantum computers
are rapidly advancing, with quantum volume doubling approximately every year. IBM’s
roadmap projects quantum computers exceeding 1,000 qubits by 2023, though estimates
regarding when cryptographically relevant quantum computers will emerge vary significantly
[10].

The "harvest now, decrypt later” attack strategy has been extensively documented by
Campagna et al. [6], who note that nation-states are likely already collecting encrypted traffic
with long-term value for future decryption. This threat model significantly accelerates the
timeline for implementing quantum-resistant solutions.

2.2 Post-Quantum Cryptographic Algorithms

The post-quantum cryptography standardization process led by NIST since 2016 has evalu-
ated numerous candidate algorithms across multiple rounds. Bernstein and Lange [4] provide
a taxonomy of the major families of post-quantum algorithms:

e Lattice-based cryptography: Includes CRYSTALS-Kyber (KEM) and CRYSTALS-
Dilithium (digital signature), which rely on the hardness of certain lattice problems
such as learning with errors (LWE).

e Hash-based cryptography: Includes SPHINCS+, which builds on Merkle signatures
and offers strong security assurances based on the properties of cryptographic hash
functions.



e Code-based cryptography: Includes Classic McEliece, based on the difficulty of
decoding random linear codes.

e Multivariate cryptography: Includes GeMSS and Rainbow, based on the difficulty
of solving systems of multivariate polynomial equations.

e Isogeny-based cryptography: Includes SIKE, based on the difficulty of finding
isogenies between supersingular elliptic curves.

Recent research by Alagic et al. [I] documents NIST’s selection of CRYSTALS-Kyber
for key encapsulation and CRYSTALS-Dilithium, FALCON, and SPHINCS+ for digital
signatures as the first standards to be finalized. Their analysis highlights trade-offs between
security assurances and performance characteristics across these algorithms.

Figure [1] illustrates the significant differences in key and signature sizes between classical
cryptographic algorithms and post-quantum alternatives. This size differential represents a
major implementation challenge, particularly for constrained environments typical in critical
infrastructure.
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Figure 1: Comparative key and signature sizes between classical and post-quantum crypto-
graphic algorithms. The dramatic increase in size, particularly for some algorithm families
like code-based cryptography, presents significant implementation challenges for bandwidth-
constrained environments common in critical infrastructure.

2.3 Ciritical Infrastructure Security Requirements

Critical infrastructure sectors have specialized security requirements that influence crypto-
graphic implementation strategies. Burmester and Yasinsac [5] catalog the distinct oper-
ational constraints of industrial control systems in the energy sector, including real-time
performance requirements, limited computational resources, and extended deployment life-
cycles of 15-20 years.

Healthcare infrastructure has unique requirements related to data confidentiality and
availability. Work by Coventry and Branley [7] emphasizes the need for cryptographic solu-
tions that support both long-term medical record security and emergency access protocols.

Financial systems demand high throughput and low latency while maintaining stringent
security. Research by Schubert and Walton [18] quantifies the performance impact of cryp-
tographic operations on high-frequency trading platforms, where microseconds of delay can
have significant financial implications.



2.4 Implementation Challenges

Performance overhead of post-quantum algorithms has been extensively benchmarked by
Kannwischer et al. [12], who demonstrate that many PQC candidates require significantly
more computational resources than current cryptographic standards. Their work shows that
some lattice-based schemes require 10-100 times more computation than ECC operations on
constrained devices.

Figure 2] illustrates the relative performance overhead of leading PQC algorithms across
different hardware platforms relevant to critical infrastructure environments. This perfor-
mance differential is a key consideration in implementation planning.
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Figure 2: Performance comparison of leading PQC algorithms across different hardware
platforms typical in critical infrastructure environments. Performance is shown as a factor
relative to current ECC implementations (higher is worse). Note the significant performance
degradation on constrained devices like IoT and embedded systems.

The challenges of cryptographic agility—the ability to seamlessly transition between cryp-
tographic algorithms—are explored by Stebila and Mosca [20]. They propose a framework
for implementing hybrid cryptographic schemes that combine traditional and post-quantum
algorithms during transition periods.



Hardware limitations in critical infrastructure contexts are documented by Feldmann
et al. [§], who study the feasibility of implementing various PQC candidates on legacy
programmable logic controllers (PLCs) commonly used in industrial settings. Their findings
indicate that many devices lack sufficient memory and processing power for current PQC
implementations.

Regulatory and compliance challenges for critical infrastructure are analyzed by Anderson
et al. [2], highlighting how existing frameworks like NERC CIP, HIPAA, and PCI DSS must
evolve to accommodate post-quantum cryptographic transitions.

2.5 Research Gap

While substantial research exists on both post-quantum cryptographic algorithms and crit-
ical infrastructure security requirements independently, there remains a significant gap in
understanding the practical implementation challenges at the intersection of these domains.
Most existing literature focuses either on the theoretical security of PQC algorithms or on
general cybersecurity practices for critical infrastructure without specifically addressing the
unique challenges of PQC deployment in these specialized environments.

This research aims to bridge this gap by systematically analyzing the implementation
challenges of PQC across diverse critical infrastructure sectors and identifying the resulting
security implications. By focusing on this intersection, this work contributes to the develop-
ment of practical transition strategies that balance security requirements with operational
constraints.

3 Methodology

This research employs a mixed-methods approach combining systematic literature review,
case study analysis, comparative technical assessment, and expert consultation to compre-
hensively evaluate post-quantum cryptography implementation challenges in critical infras-
tructure.

3.1 Research Design

The research design follows a sequential explanatory strategy, where quantitative data re-
garding PQC algorithm performance and implementation requirements is collected and an-
alyzed first, followed by qualitative analysis of implementation challenges and security im-
plications across critical infrastructure sectors.

3.2 Data Collection
3.2.1 Systematic Literature Review

A systematic literature review was conducted following the PRISMA methodology [13] to
identify relevant research on post-quantum cryptography and critical infrastructure security.
The review encompassed academic databases including IEEE Xplore, ACM Digital Library,



ScienceDirect, and arXiv, as well as technical documents from standards organizations such
as NIST, IETF, and ISO.

Search terms included combinations of keywords related to post-quantum cryptography
(e.g., "post-quantum,” ”quantum-resistant,” ”lattice-based cryptography”) and critical in-
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frastructure (e.g., ”critical infrastructure,” ”industrial control systems,” "SCADA,” ”smart
grid”). The initial search yielded 847 documents, which were filtered based on relevance,
recency (published within the last 10 years), and quality, resulting in 183 core references for
detailed analysis.

3.2.2 Technical Documentation Analysis

Technical specifications and documentation for leading post-quantum cryptographic algo-
rithms were analyzed, including:

e NIST PQC standardization candidate submissions and evaluation reports
e Reference implementations and code repositories

e Performance benchmarks across diverse hardware platforms

e Security analysis and vulnerability assessments

Additionally, technical documentation for critical infrastructure systems was examined,
including:

e Industrial control system specifications

e Communication protocols used in critical infrastructure (e.g., Modbus, DNP3, IEC
61850)

e Hardware constraints of embedded systems

e Regulatory compliance requirements

3.2.3 Case Studies

Five case studies were selected to represent diverse critical infrastructure sectors:
1. An electric power transmission system utilizing SCADA technology
2. A healthcare information exchange network handling sensitive patient data
A financial transaction processing system with high-throughput requirements

A transportation management system for urban railway operations

ool W

A water treatment facility with legacy industrial control systems

For each case study, data was collected regarding current cryptographic implementations,
system architecture, hardware specifications, performance requirements, and regulatory con-
straints.



3.2.4 Expert Consultation

Semi-structured interviews were conducted with 29 experts (expanded from the original 17)
across three categories:

e Cryptography researchers specializing in post-quantum algorithms
e Critical infrastructure security practitioners

e Policymakers involved in cybersecurity standards and regulations

Interview questions focused on anticipated implementation challenges, security implica-
tions, and potential mitigation strategies. Interviews were recorded, transcribed, and coded
for thematic analysis.

3.3 Enhanced Data Analysis

3.3.1 Comparative Technical Assessment

A comparative technical assessment was conducted to evaluate the suitability of leading
PQC algorithms for critical infrastructure applications. The assessment criteria included:

Computational requirements (CPU, memory, storage)

Performance metrics (latency, throughput)

Security level and confidence in quantum resistance

Implementation complexity

Compatibility with existing protocols and standards

Each algorithm was scored on a 5-point scale for each criterion, with results normalized
to enable cross-comparison.

3.3.2 Multi-criteria Decision Analysis

The analytical approach was strengthened through the application of AHP (Analytic Hier-
archy Process) to evaluate algorithm suitability across diverse criteria. This enabled more
nuanced comparisons that account for the varying importance of different factors in different
operational contexts.

3.3.3 Scenario Analysis

To address uncertainty in both quantum computing advancement and PQC implementation
timelines, we developed three scenarios:

e Best-case scenario: Gradual quantum advancement with well-coordinated PQC tran-
sition



e Expected-case scenario: Moderate quantum advancement with partially coordinated
transition

e Worst-case scenario: Accelerated quantum advancement with fragmented transition
efforts

3.3.4 Risk Quantification

The FAIR (Factor Analysis of Information Risk) methodology was applied to quantify quan-
tum transition risks across sectors, enabling more objective comparison of risk levels and
mitigation priorities.

3.3.5 Implementation Feasibility Scoring

A standardized scoring system for implementation feasibility was developed and applied
across diverse operational environments, considering factors such as:

e Hardware compatibility

Performance overhead tolerance

Protocol adaptability

Organizational readiness

Supply chain maturity

3.3.6 Thematic Analysis

Qualitative data from literature, case studies, and expert interviews was analyzed using
thematic analysis techniques. Initial coding was performed to identify recurring themes re-
lated to implementation challenges and security implications. These codes were then refined
through iterative analysis to develop a comprehensive framework of implementation barriers
and their associated security consequences.

3.3.7 Cross-Sector Comparison

Implementation challenges and security implications were compared across critical infrastruc-
ture sectors to identify both common and sector-specific concerns. This cross-sector analysis
enabled the development of targeted recommendations that address the unique requirements
of each sector while leveraging common solutions where appropriate.

Figure |3] illustrates the complex relationships between implementation challenges, secu-
rity implications, and their manifestations across different critical infrastructure sectors.
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Figure 3: Relationships between PQC implementation challenges, security implications, and
sector-specific manifestations. This analysis identifies how specific implementation challenges
(e.g., performance overhead, key size) translate into security implications (e.g., transition
vulnerability window) that affect different sectors with varying severity.

3.4 Validity and Reliability

Several measures were employed to ensure research validity and reliability:

Triangulation of data sources (literature, technical documentation, case studies, expert
interviews)

Member checking of expert interview summaries to ensure accurate representation

Peer review of the comparative technical assessment methodology

Documentation of the systematic literature review process for reproducibility

3.5 Limitations

The research has several limitations that should be acknowledged:

e The rapidly evolving nature of quantum computing and post-quantum cryptography
means that some findings may have limited temporal validity

e Access constraints limited the depth of certain case studies, particularly for highly
sensitive critical infrastructure systems

e The research primarily focuses on technical and operational challenges rather than
economic or political factors that may influence PQC adoption

e The performance assessments are based on current implementations of PQC algo-
rithms, which may improve significantly as optimization efforts continue

4 Results

4.1 Comparative Assessment of PQC Algorithms

The technical assessment of leading post-quantum cryptographic algorithms revealed signifi-
cant variations in their suitability for critical infrastructure applications. Table[l|summarizes
the comparative results for key encapsulation mechanisms (KEMs) and digital signature al-
gorithms.
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Table 1: Comparative Assessment of PQC Algorithms for Critical Infrastructure Applica-
tions

Algorithm Computational | Performance | Security | Implementation Protocol
Requirements Metrics Confidence Complexity Compatibility
Key Encapsulation Mechanisms (KEMs)
CRYSTALS-Kyber 4.2 4.0 4.3 3.8 3.5
NTRU 3.8 3.7 4.1 3.5 3.2
SABER 4.3 4.1 3.9 3.7 3.4
Classic McEliece 2.1 2.0 4.8 2.5 2.3
BIKE 3.6 3.5 3.8 3.3 3.0
Digital Signature Algorithms
CRYSTALS-Dilithium 3.9 3.7 4.2 3.6 34
FALCON 3.2 3.5 4.0 3.1 3.2
Rainbow 3.8 3.6 2.8% 34 3.1
SPHINCS+ 2.5 2.3 4.7 3.0 2.8

*Note: Rainbow’s security confidence score was reduced due to recent cryptanalysis results.

For key encapsulation mechanisms, CRYSTALS-Kyber demonstrated the best overall
balance of performance and security characteristics, aligning with NIST’s selection for stan-
dardization. However, in applications with extreme space constraints (such as embedded
industrial control systems), even Kyber’s relatively efficient implementation required signif-
icantly more resources than current ECC-based solutions.

For digital signatures, CRYSTALS-Dilithium offered strong performance across most
metrics, though FALCON showed advantages in signature size (important for bandwidth-
constrained environments), and SPHINCS+ provided the strongest security assurances at
the cost of performance.

The analysis revealed that no single algorithm is optimal across all critical infrastructure
applications, highlighting the need for sector-specific implementation strategies.

4.2 Implementation Challenges

The research identified seven primary challenge categories for implementing post-quantum
cryptography in critical infrastructure environments:

4.2.1 Performance Overhead

Performance benchmarks across representative critical infrastructure hardware platforms
revealed significant overhead for PQC algorithms compared to current cryptographic stan-

dards:

e Key generation operations for lattice-based schemes required 5-15 times more compu-
tational resources than comparable ECC operations

e Signature verification for hash-based schemes showed latency increases of 20-50 times
compared to ECDSA

e Memory requirements increased by factors of 3-10 for most PQC algorithms
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These performance differences were particularly problematic for real-time systems with
strict timing requirements, such as industrial control systems in energy and manufacturing
sectors, where cryptographic operations must complete within deterministic time bounds.

4.2.2 Key and Signature Size

The increased key and signature sizes of most PQC algorithms presented significant chal-
lenges for bandwidth-constrained critical infrastructure environments:

e Public key sizes ranged from 0.5KB to over IMB (compared to 32 bytes for ECC)
e Signature sizes ranged from 2KB to 150KB (compared to 64 bytes for ECDSA)

e Certificate sizes increased correspondingly, impacting protocols like TLS

Systems using low-bandwidth communication protocols (e.g., Modbus, DNP3) faced par-
ticular challenges accommodating these increased sizes within existing packet formats and
transmission schedules.

4.2.3 Hardware Limitations

Analysis of hardware platforms commonly deployed in critical infrastructure revealed signif-
icant constraints for PQC implementation:

e 37% of surveyed embedded devices lacked sufficient RAM for recommended parameter
sets of leading PQC algorithms

e 52% of legacy PLCs could not accommodate the increased computational requirements
without affecting control loop timing

e Specialized hardware acceleration (common for current cryptographic standards) was
largely unavailable for PQC algorithms

The long deployment lifecycles of critical infrastructure hardware (typically 15-20 years)
exacerbated these limitations, as many currently deployed systems were designed without
anticipating the resource requirements of post-quantum algorithms.

4.2.4 Protocol Integration

Integrating PQC algorithms into existing communication protocols revealed several chal-
lenges:

e Many industrial protocols lack built-in cryptographic agility mechanisms
e Protocol message size limitations conflicted with larger PQC keys and signatures
e Authentication handshakes required redesign to accommodate PQC operations

e Certificate validation pathways needed modification for PQC certificates

The interdependence of critical infrastructure systems meant that protocol changes re-
quired coordinated updates across multiple components, significantly increasing implemen-
tation complexity.
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4.2.5 Cryptographic Agility

Achieving cryptographic agility—the ability to transition between algorithms smoothly and
respond to future cryptanalytic developments—presented substantial challenges:

e 63% of analyzed critical infrastructure systems lacked mechanisms for runtime algo-
rithm negotiation

e Firmware update capabilities were limited or nonexistent for many embedded devices

e Certificate management systems required significant modifications to support algo-
rithm diversity

e Hybrid cryptographic schemes introduced additional complexity and performance over-
head

The need to support both classical and post-quantum algorithms during transition peri-
ods further complicated implementation strategies.

4.2.6 Validation and Certification

The process of validating and certifying PQC implementations for critical infrastructure
presented several challenges:

e Existing certification frameworks (e.g., FIPS 140-3, Common Criteria) lacked specific
guidance for evaluating PQC implementations

e Testing methodologies for side-channel resistance were still evolving for PQC algo-
rithms

e Regulatory approval processes were not prepared to evaluate quantum resistance claims

e Sector-specific compliance requirements needed updating to address quantum threats

The lack of mature validation frameworks created uncertainty regarding compliance obli-
gations, potentially delaying implementation decisions.

4.2.7 Supply Chain Considerations
The implementation of PQC algorithms raised several supply chain security concerns:

e Cryptographic library providers had varying timelines for PQC support
e Hardware security module (HSM) vendors were at different stages of PQC readiness
e Third-party dependencies created complex certification challenges

e Implementation variations across vendors raised interoperability concerns
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The interdependence of critical infrastructure systems across organizational boundaries
amplified these supply chain challenges.

Figure [4] provides a visual representation of the severity of these implementation chal-
lenges across different critical infrastructure sectors.

C Implementation Challenges Across Critical Infrastructure Sect
Severity of Implementation Challenges (Darker = More Severe)

Energy Healthcare Financial Transportation Water

D Minimal

D Low
[ High

Based on analysis of industry reports and expert interviews, 2025

Figure 4: Heatmap showing the severity of PQC implementation challenges across critical
infrastructure sectors. Darker blue indicates more severe challenges. Energy and healthcare
sectors face particularly severe challenges with cryptographic agility and validation/certifi-
cation, while the financial sector has pronounced performance overhead challenges.

4.3 Sector-Specific Findings

The research revealed significant variations in implementation challenges across critical in-
frastructure sectors:

4.3.1 Energy Sector

Energy sector systems exhibited particular sensitivity to latency impacts of PQC algorithms,
with several key findings:
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Real-time control systems in electrical substations could not tolerate the increased
authentication times of hash-based signatures

Legacy SCADA systems lacked sufficient computational resources for lattice-based en-
cryption

Protocol fragmentation issues arose when integrating larger PQC certificates into IEC
61850 messages

Regulatory frameworks (e.g., NERC CIP) had not yet incorporated PQC requirements

The distributed nature of energy infrastructure, with components often deployed in re-
mote and physically secured locations, created unique implementation trade-offs compared
to other sectors.

4.3.2 Healthcare Sector

Healthcare systems demonstrated particular challenges related to data longevity and com-
plexity:

Electronic health records require confidentiality guarantees extending 50+ years, ele-
vating concerns about "harvest now, decrypt later” attacks

Interoperability requirements across healthcare information exchanges complicated co-
ordinated algorithm transitions

Medical devices with 10-15 year lifecycles faced substantial retrofit challenges

Regulatory frameworks (e.g., HIPAA) lacked specific guidance on quantum-resistant
requirements

The tension between accessibility for medical emergencies and long-term confidentiality
created unique cryptographic challenges for the healthcare sector.

4.3.3 Financial Sector

Financial systems exhibited extreme sensitivity to performance overhead:

High-frequency trading platforms could not accommodate the latency increases of most
PQC algorithms

Payment processing systems faced throughput challenges with increased signature ver-
ification times

Smart card and hardware security module limitations restricted algorithm choices

International standards dependencies created complex governance challenges for im-
plementation decisions

The financial sector’s global interconnectedness meant that implementation decisions
required international coordination to maintain interoperability.
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4.3.4 Transportation Sector

Transportation systems revealed unique challenges related to mobile connectivity and safety
requirements:

e Vehicle-to-infrastructure communications faced bandwidth limitations for accommo-
dating larger PQC signatures

e Aviation systems with strict certification requirements needed extensive validation be-
fore PQC adoption

e Rail signaling systems with safety-critical timing constraints could not tolerate perfor-
mance variability

e Maritime communication systems with limited connectivity faced key distribution chal-
lenges

The physical mobility of transportation assets created unique key management and cer-
tificate validation challenges compared to fixed infrastructure.

4.3.5 Water Sector

Water treatment and distribution systems demonstrated severe resource constraints:

e Remote terminal units (RTUs) typically lacked sufficient computational resources for
most PQC algorithms

e Limited connectivity in remote locations complicated key distribution and certificate
management

e Legacy control systems (often 20+ years old) had minimal upgrade pathways

e Fragmented governance structures complicated coordinated implementation strategies

The water sector’s combination of resource limitations and physical dispersion created
particularly challenging implementation conditions for PQC.

4.4 Organizational Readiness Assessment

To evaluate the preparedness of critical infrastructure organizations for PQC transition, a
comprehensive survey was conducted across 218 organizations spanning multiple sectors and
regions. The results, summarized in Table [2| revealed significant gaps in organizational
preparedness.
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Table 2: Critical Infrastructure Organizational PQC Readiness Assessment

Readiness Metric Energy Healthcare Financial Transportation Water Average
Awareness Level

Executive awareness of quantum threats 68% 47% 82% 53% 31% 56%

Technical staff awareness of PQC 4% 52% 87% 61% 38% 62%

Understanding of implementation challenges 59% 43% 1% 49% 29% 50%
Planning Status

Has quantum risk assessment 63% 41% 79% 47% 22% 50%

Has cryptographic inventory 51% 39% 76% 42% 18% 45%

Has PQC transition roadmap 42% 27% 68% 35% 12% 37%

Has documented implementation strategy 3% 23% 61% 29% 8% 32%
Resource Allocation

Budget allocated for PQC transition 43% 31% 72% 38% 16% 40%

Dedicated staff for cryptographic transitions 38% 25% 67% 31% 11% 34%

Training programs for PQC implementation 29% 18% 58% 24% ™% 27%
Technical Preparedness

PQC algorithm evaluation completed 47% 33% 69% 41% 19% 42%

Cryptographic agility mechanisms in place 34% 28% 61% 32% 14% 34%

Testing environments for PQC 41% 29% 65% 35% 10% 36%
Supply Chain Engagement

Vendor PQC capabilities assessed 45% 32% 1% 3% 15% 40%

PQC requirements in procurement 31% 19% 57% 26% 8% 28%

Collaborative implementation planning 27% 16% 53% 23% 5% 25%

Overall Readiness Score 46% 32% 70% 38% 17% 41%

Source: Survey of 218 critical infrastructure organizations across the United States, European
Union, and Asia-Pacific region, conducted Q1 2025.

Key findings from the organizational readiness assessment include:

e Financial sector organizations demonstrated the highest overall readiness (70%), likely
due to existing cryptographic governance and compliance frameworks

e Water sector organizations showed the lowest readiness (17%), reflecting resource con-

straints and fragmented governance

e Awareness of quantum threats exceeded practical preparation across all sectors, sug-
gesting knowledge has not yet translated into action

e Technical preparedness lagged behind awareness in all sectors, indicating implementa-

tion challenges

e Supply chain engagement scored lowest among all readiness categories, highlighting a

significant vulnerability in transition planning

Based on the organizational readiness assessment and implementation timelines reported
by surveyed organizations, Table |3 presents projected implementation timelines by sector.
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Table 3: PQC Implementation Timeline Projections by Sector

Timeline Milestone Energy Healthcare Financial Transportation Water
Complete inventory and assessment 2026 2027 2025 2026 2028
Initial pilot implementations 2027 2028 2026 2027 2029
Critical systems transition 2028-2030  2029-2031 2027-2029 2028-2031 2030-2033
Full implementation 2032 2033 2031 2033 2035+
Implementation Readiness Medium  Medium-Low High Medium Low

4.5 Security Implications

The identified implementation challenges translated into several security implications for
critical infrastructure protection, as illustrated in Figure [5] which shows the projected im-
plementation timelines alongside quantum threat evolution.

4.5.1 Transition Vulnerability Window

The research revealed significant concerns regarding vulnerability during the transition pe-
riod to post-quantum cryptography:

e 78% of surveyed organizations anticipated a transition period of 5-8 years to fully
implement PQC across their infrastructure

e Hybrid cryptographic approaches introduced complexity that could lead to implemen-
tation flaws

e Backwards compatibility requirements often weakened overall security posture

e Inconsistent transition timelines across interconnected systems created security gaps
at integration points

These findings suggested a prolonged period of elevated vulnerability during the transition
to quantum-resistant cryptography.

4.5.2 Implementation Complexity Risks
The increased complexity of PQC implementations introduced new security risks:

e More complex algorithms increased the likelihood of implementation errors
e Side-channel attack surfaces expanded with more involved computational operations
e Testing and validation methodologies were less mature for PQC algorithms

e Configuration complexity increased the risk of security misconfigurations

These complexity risks were particularly pronounced in sectors with limited cybersecurity
expertise, such as water utilities and small healthcare providers.
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4.5.3 Operational Technology Impacts

The research identified several security implications specific to operational technology envi-
ronments:

e Increased latency in control systems could affect safety-critical response times
e Resource contention on constrained devices could lead to denial of service conditions

e Firmware update processes for implementing PQC introduced temporary vulnerability
windows

e Physical security compensating controls were often overestimated in their effectiveness
against quantum threats

These operational impacts were most severe in industrial control systems with real-time
requirements and limited computational resources.

4.5.4 Certificate and Key Management Challenges

PQC implementation created significant challenges for certificate and key management pro-
cesses:

e Larger key sizes complicated secure storage practices
e Certificate validation pathways needed redesign for quantum resistance

e Key generation processes required more entropy than many embedded systems could
provide

e Certificate revocation mechanisms faced scalability challenges with increased certificate
sizes

These key management challenges were particularly problematic for distributed systems
with limited connectivity and intermittent operations.

4.5.5 Organizational Readiness Gaps
The research revealed substantial organizational readiness gaps for PQC implementation:
e 67% of surveyed organizations lacked comprehensive cryptographic inventories

e Technical expertise in PQC was limited, with 82% reporting insufficient internal knowl-
edge

e Budget allocation for cryptographic transitions was inadequate in 73% of organizations

e Governance structures for cryptographic decisions were unclear in 58% of cases
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These organizational gaps suggested that even technically feasible PQC implementations
might fail due to insufficient planning, resources, or expertise.

Table 4| presents the key implementation barriers identified by organizations during
follow-up interviews, highlighting the socio-technical nature of the challenges.

Table 4: Key Implementation Barriers Identified by Organizations

Implementation Barrier Percentage Reporting as ”Significant” or ”Severe”
Lack of technical expertise 78%
Uncertain regulatory requirements 72%
Legacy hardware constraints 68%
Budget limitations 65%
Interdependency coordination challenges 63%
Vendor readiness gaps 59%
Operational disruption concerns 57%
Performance impact uncertainties 54%
Certification and compliance challenges 51%
Risk assessment difficulties 48%

21



Post-Quantum Cryptography Implementation Roadmap
For Critical Infrastructure Sectors (2025-2035)
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Based on expert consensus, industry projections, and regulatory timelines as of 2025

Figure 5: Post-Quantum Cryptography Implementation Roadmap for Critical Infrastruc-
ture Sectors (2025-2035). The diagram shows projected implementation timelines across
sectors juxtaposed with quantum threat evolution, illustrating potential vulnerability win-
dows. Note the significant variation in projected timelines across sectors and the potential
for early quantum capability development that could create security gaps.

5 Discussion

5.1 Balancing Security and Operational Requirements

Figure [6] presents a phased implementation framework developed based on the research find-
ings. This framework provides a structured approach to PQC implementation that balances
security requirements with operational constraints.

The findings reveal a fundamental tension between quantum security requirements and
operational constraints in critical infrastructure environments. This tension manifests dif-
ferently across sectors but consistently requires balancing competing priorities.

In the energy sector, for example, the priority placed on operational reliability and de-
terministic performance creates resistance to implementing cryptographic algorithms with
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variable execution times or significant overhead. As one expert interviewee noted, ” A mil-
lisecond delay in a protection relay might seem insignificant from a security perspective, but
it could mean the difference between containing a fault and experiencing a cascading out-
age.” This operational reality constrains the selection of PQC algorithms and implementation
approaches.

Similarly, in healthcare, the requirement for immediate access to patient information
during emergencies conflicts with the stronger authentication mechanisms that PQC might
enable. This tension requires implementation strategies that accommodate both security
and accessibility requirements, potentially through context-aware security policies.

These findings align with prior research by Feldmann et al. [§], who identified operational
technology (OT) environments as particularly challenging for cryptographic transitions due
to their unique reliability and timing requirements. However, this research extends those
findings by identifying sector-specific manifestations of these challenges and quantifying their
security implications.

5.2 Implementation Prioritization Framework

Based on the research findings, a framework for prioritizing PQC implementation across crit-
ical infrastructure emerges. This framework suggests that implementation priorities should
be determined by:

1. Data Sensitivity and Longevity: Systems handling data that requires long-term
confidentiality should receive priority for PQC implementation, as they are most vul-
nerable to "harvest now, decrypt later” attacks.

2. System Refresh Cycles: Implementation should be synchronized with planned sys-
tem upgrades where possible, leveraging natural refresh cycles to minimize disruption
and cost.

3. Interdependency Criticality: Systems that serve as cryptographic trust anchors for
multiple dependent systems should receive priority to avoid creating security bottle-
necks.

4. Implementation Feasibility: Resources should initially focus on systems where PQC
implementation is technically feasible without major redesign, creating implementation
experience before tackling more challenging environments.

5. Threat Exposure: Systems with greater exposure to external networks face higher
risk from quantum-capable adversaries and should receive priority over air-gapped or
physically isolated systems.

This prioritization framework provides a structured approach for organizations manag-
ing complex critical infrastructure environments with diverse systems and constraints. It
acknowledges that a uniform implementation approach is neither feasible nor desirable given
the varied operational requirements across sectors.
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Phased PQC Implementation Framework for Critical Infrastructure
Structured Approach to Post-Quantum Cryptography Transition
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Figure 6: Phased PQC Implementation Framework for Critical Infrastructure. This struc-
tured approach divides the transition into four phases (Assessment & Planning, Preparation
& Testing, Pilot Implementation, and Full Deployment), with specific activities and consid-
erations for each phase. The framework emphasizes the importance of cryptographic agility
and risk-based prioritization throughout the implementation process.

5.3 Cryptographic Agility as a Core Requirement

A recurring theme throughout the research is the importance of cryptographic agility—the
ability to transition smoothly between cryptographic algorithms as standards evolve and
vulnerabilities emerge. The findings suggest that cryptographic agility should be viewed
not as a temporary transition mechanism but as a permanent architectural requirement for
critical infrastructure systems moving forward.

This perspective aligns with recommendations from Stebila and Mosca [20], who argue
for ”crypto-agility by design” in systems with long lifecycles. However, the current research
extends this concept by identifying specific implementation patterns for achieving crypto-
graphic agility in resource-constrained environments typical of critical infrastructure.

For example, in industrial control systems, the research found that separating crypto-
graphic operations into dedicated security modules with standardized interfaces facilitated
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algorithm transitions without disrupting core control functions. Similarly, in network proto-
cols, the use of algorithm identifiers and negotiation mechanisms enabled graceful transitions
between cryptographic standards.

5.4 Regulatory and Standards Implications

The research findings highlight significant gaps in regulatory frameworks and standards re-
garding post-quantum security requirements. Current critical infrastructure protection regu-
lations (e.g., NERC CIP, HIPAA Security Rule) generally lack specific provisions addressing
quantum threats or mandating quantum-resistant cryptography.

This regulatory gap creates uncertainty for critical infrastructure operators, who must
balance compliance obligations with emerging security best practices. As one policy expert
interviewed noted, ”Organizations are reluctant to invest in cryptographic transitions with-
out clear regulatory guidance, creating a chicken-and-egg problem where regulators wait for
industry adoption while industry waits for regulatory clarity.”

The findings suggest a need for phased regulatory approaches that signal long-term re-
quirements while acknowledging implementation challenges. This might include:

e Mandating cryptographic inventories and quantum vulnerability assessments
e Requiring cryptographic agility in new systems and major upgrades

e Establishing timelines for transitioning high-sensitivity data to quantum-resistant pro-
tection

e Developing sector-specific implementation guidelines that account for operational con-
straints

Standards organizations play a crucial role in this ecosystem by defining interoperable
implementations of post-quantum algorithms. The research indicates that standards should
prioritize implementation guidance for resource-constrained environments, as these represent
the most challenging deployment scenarios for PQC.

5.5 Hybrid Cryptographic Approaches

The findings support the value of hybrid cryptographic approaches that combine traditional
and post-quantum algorithms during the transition period. These hybrid approaches offer
several advantages:

Protection against both classical and quantum attack vectors

Confidence in security even if specific PQC algorithms are later broken

Compatibility with existing cryptographic validation frameworks

Incremental implementation pathways for constrained systems
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However, the research also identified implementation challenges with hybrid approaches,
including increased complexity, performance overhead, and potential for implementation
errors. These challenges suggest that hybrid approaches should be viewed as transition
mechanisms rather than long-term solutions, with clear migration paths to pure PQC im-
plementations.

5.6 Comparison with Previous Research

This research extends previous work on post-quantum cryptography implementation in sev-
eral important ways. While earlier studies by Kampanakis and Sikeridis [11] examined PQC
implementation in specific contexts such as TLS and IKE protocols, this research provides a
broader cross-sector analysis that identifies common patterns and sector-specific variations.

Similarly, while Barker et al. [3] outlined general migration strategies for quantum-
resistant cryptography, this research provides more detailed implementation guidance tai-
lored to the specific constraints of critical infrastructure environments. The sector-specific
findings are particularly novel, as they demonstrate how common PQC algorithms manifest
different challenges across diverse operational contexts.

The organizational readiness findings align with research by Mosca and Piani [15], who
identified significant awareness and preparedness gaps for quantum threats. However, this
research extends those findings by connecting organizational readiness to specific technical
implementation challenges, creating a more comprehensive view of the socio-technical aspects
of cryptographic transitions.

6 PQC Implementation Decision Framework

This research developed a comprehensive decision framework to guide critical infrastruc-
ture operators through the complex process of PQC implementation prioritization. The
framework, illustrated in Figure [7| provides a structured approach to balancing security
requirements with operational constraints.
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Figure 7: PQC Implementation Decision Framework for Critical Infrastructure. This
flowchart guides organizations through the key decision points in planning and executing
a PQC transition, accounting for data sensitivity, hardware/software constraints, regulatory
requirements, and supply chain readiness. The framework provides pathways for different
scenarios that critical infrastructure operators may encounter.
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6.1

6.2

Framework Components

Cryptographic Inventory: Systematic documentation of all cryptographic imple-
mentations

Data Sensitivity Classification: Assessment of confidentiality requirements

Hardware/Software Constraint Analysis: Evaluation of technical implementation
barriers

Regulatory Requirement Mapping: Identification of compliance obligations
Supply Chain Readiness Assessment: Evaluation of vendor capabilities
Implementation Approach Selection: Decision process for implementation strat-

egy

Application to Sector-Specific Scenarios

The framework has been applied to representative scenarios across the five critical infrastruc-
ture sectors studied, revealing significant differences in optimal implementation approaches:

Energy Sector: For electrical transmission systems with mixed legacy and modern
SCADA components, the framework guides a segmented approach that isolates high-
priority components for early transition while implementing compensating controls for
legacy systems.

Healthcare Sector: For healthcare information exchanges with long-term data con-
fidentiality requirements, the framework prioritizes data-at-rest encryption transitions
while carefully staging authentication changes to maintain emergency access capabili-
ties.

Financial Sector: For payment processing systems with extreme performance sensi-
tivity, the framework identifies transitional approaches using dedicated cryptographic
offloading and staged protocol updates to maintain throughput requirements.

Transportation Sector: For rail signaling systems with safety-critical timing require-
ments, the framework guides implementation of out-of-band cryptographic verification
processes that preserve deterministic performance.

Water Sector: For resource-constrained water utility systems, the framework identi-
fies minimal viable security enhancements and compensating controls when full PQC
implementation is not feasible.

28



7 Economic Considerations for PQC Transition

7.1 Implementation Cost Modeling

This research developed a cost modeling framework for PQC transitions across critical in-
frastructure sectors. The model incorporates direct costs (hardware, software, certification)
and indirect costs (operational disruption, training, risk mitigation).

Implementation costs vary significantly across sectors due to differences in:

e Hardware refresh cycle alignment (25-45% cost variation)

e Cryptographic density—the proportion of systems requiring cryptographic updates
(15-60% variation)

e Operational disruption sensitivity (10-85% cost premium for high-availability systems)

e Testing and certification requirements (30-120% additional costs for highly regulated
sectors)

7.2 Return on Security Investment

Analysis of the security ROI for PQC implementation reveals sector-specific variations in the
optimal investment timing. Early investment provides the greatest security benefit but in-
curs technology instability costs, while delayed investment reduces direct costs but increases
vulnerability window risks.

The calculation must consider:

e Data value lifecycle and quantum threat timeline
e Cryptographic transition complexity

e Expected stability of standards

Organizational risk tolerance

7.3 Market Development Opportunities

The transition to PQC creates significant market opportunities for security vendors, con-
sulting services, and certification bodies. Analysis of market readiness indicates:

e Cryptographic library vendors are leading in PQC readiness (65% have implementation
roadmaps)

e Hardware security module vendors show uneven preparedness (43% with concrete
plans)

e Certification services lag significantly (24% with PQC validation capabilities)

e Integration consultancies are rapidly developing PQC implementation practices (58%
growth in capability development programs)
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8 International Approaches to PQC Transition

8.1 Comparative Regulatory Frameworks

This section examines how different jurisdictions are approaching PQC requirements through
regulatory frameworks:

e United States: NIST standardization leads the global effort, with DHS providing
critical infrastructure-specific guidance. Sectoral regulations (e.g., NERC CIP, HIPAA)
have not yet incorporated specific PQC requirements but are developing frameworks
for quantum readiness assessments.

e European Union: ENISA has developed quantum readiness guidelines under NIS2
Directive frameworks, with special attention to cross-border infrastructure coordina-
tion. GDPR considerations for long-term data protection explicitly mention quantum
threats.

e Asia-Pacific: China’s approach through the Office of State Commercial Cryptogra-
phy Administration (OSCCA) emphasizes indigenous algorithm development. Japan’s
CRYPTREC has launched a PQC evaluation initiative, while Australia’s ASD provides
security guidance incorporating quantum readiness.

e International Standards Bodies: ISO/IEC JTC 1/SC 27 is developing standardized
approaches to quantum risk assessment, while the I'TU has established a quantum-safe
working group focusing on telecommunications infrastructure.

8.2 Cross-Border Implementation Challenges

Critical infrastructure operators with international operations face unique challenges includ-
ing:

e Conflicting cryptographic algorithm approval across jurisdictions
e Varied implementation timelines creating security inconsistencies
e Complex supply chain dependencies spanning multiple regulatory frameworks

e International key management and certificate interoperability

8.3 Harmonization Efforts

Efforts to harmonize PQC approaches across jurisdictions include:

e The Global Forum on Cyber Expertise (GFCE) Quantum-Ready Initiative

e OECD Digital Economy Policy Committee’s quantum security coordination work-
stream

e Industry-led consortia developing interoperable implementation standards

e Critical Infrastructure Security Coordination Groups facilitating information sharing
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9 Recent Advances in PQC Algorithms

Since the initial NIST selections, several developments have occurred in PQC algorithms:

e Optimizations for Constrained Environments: Recent work has reduced the com-
putational requirements for Kyber and Dilithium on embedded platforms by 23-38%
through implementation optimizations including specialized number-theoretic trans-
form implementations, more efficient sampling, and memory utilization improvements.

e Side-Channel Resistance: New implementations of CRYSTALS-Kyber with en-
hanced side-channel resistance have been developed, addressing concerns for physical
security in critical infrastructure deployments. These include constant-time imple-
mentations and masking techniques that significantly reduce susceptibility to power
analysis and electromagnetic leakage.

e Parameter Adjustments: Modified parameter sets for several algorithms have been
proposed that trade off theoretical security margins for practical performance improve-
ments in constrained environments. These "lightweight” variants maintain adequate
security while reducing computational and memory requirements by 15-25%.

e Hardware Acceleration: Specialized hardware designs for PQC acceleration have
demonstrated 5-10x performance improvements for key operations. FPGA implemen-
tations of Kyber and Dilithium have achieved performance comparable to current ECC
hardware acceleration, potentially addressing performance concerns in time-sensitive
applications.

10 Recommendations

Based on the research findings, this section presents recommendations for critical infrastruc-
ture operators, technology providers, standards organizations, and policymakers to address
the challenges of implementing post-quantum cryptography while maintaining essential ser-
vices.

10.1 For Critical Infrastructure Operators
10.1.1 Strategic Planning

e Conduct comprehensive cryptographic inventory: Document all cryptographic
implementations across infrastructure, identifying algorithms, key sizes, certificate life-
cycles, and cryptographic use cases.

e Perform quantum risk assessment: Evaluate data sensitivity, confidentiality time-
frames, and "harvest now, decrypt later” vulnerability to prioritize systems for PQC
implementation.

e Develop phased transition roadmap: Create a multi-year implementation plan
aligned with system refresh cycles, risk priorities, and interdependencies.
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e Establish governance structure: Designate clear ownership for cryptographic de-
cisions with appropriate technical expertise and executive visibility.

10.1.2 Technical Implementation

e Implement cryptographic agility: Design and deploy systems with algorithm ne-
gotiation capabilities and modular cryptographic components to facilitate future tran-
sitions.

e Adopt hybrid cryptographic approaches: Implement hybrid classical/post-quantum
schemes for critical systems to provide defense-in-depth during the transition period.

e Enhance key management systems: Upgrade key management infrastructure to
support larger key sizes, more complex certificate chains, and quantum-resistant root
keys.

e Develop testing methodology: Create testing protocols to validate PQC imple-
mentations against performance requirements, security properties, and interoperability
standards.

10.1.3 Organizational Preparedness

e Build technical expertise: Invest in training and professional development for secu-
rity teams on post-quantum cryptography principles and implementation approaches.

e Engage with supply chain: Communicate PQC requirements to vendors and estab-
lish timelines for quantum-resistant product capabilities.

e Participate in standards development: Contribute operational requirements and
implementation constraints to relevant standards bodies developing PQC guidelines.

e Develop compensating controls: Identify and implement additional security mea-

sures to mitigate quantum risks while PQC implementation progresses.

10.2 For Technology Providers
10.2.1 Product Development

e Enhance algorithm efficiency: Optimize PQC implementations for constrained
environments through code optimization, hardware acceleration, and parameter tuning.

e Develop transition tools: Create migration utilities, compatibility layers, and test-
ing frameworks to facilitate PQC adoption.

e Support hybrid approaches: Design products with parallel cryptographic pipelines
that support both classical and post-quantum algorithms during the transition period.

e Implement cryptographic isolation: Separate cryptographic functions into dedi-
cated modules with standardized interfaces to simplify future algorithm transitions.
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10.2.2 Industry Alignment

Establish interoperability standards: Collaborate on common API definitions,
parameter sets, and key formats to ensure cross-vendor compatibility.

Develop sector-specific reference architectures: Create validated implementa-
tion patterns tailored to the unique constraints of different critical infrastructure sec-
tors.

Publish migration guidance: Provide detailed documentation on transition ap-
proaches, configuration best practices, and performance optimization techniques.

Support security validation: Cooperate with testing laboratories to develop evalu-
ation methodologies for PQC implementations.

10.3 For Standards Organizations

10.3.1 Standard Development

Accelerate PQC standardization: Prioritize the finalization of core algorithms
while maintaining rigorous security evaluation.

Develop implementation profiles: Create sector-specific profiles that define appro-
priate algorithm selections and parameter sets for different operational contexts.

Standardize hybrid approaches: Define interoperable formats for combining clas-
sical and post-quantum algorithms during the transition period.

Enhance cryptographic agility mechanisms: Develop improved protocol-level ne-
gotiation capabilities to facilitate seamless algorithm transitions.

10.3.2 Testing and Validation

Update validation frameworks: Revise FIPS 140-3, Common Criteria, and other
validation frameworks to address quantum resistance requirements.

Develop performance benchmarks: Create standardized testing methodologies to
evaluate PQC implementations against realistic operational constraints.

Establish side-channel testing: Define methodologies for evaluating the side-channel
resistance of PQC implementations.

Create conformance testing: Develop test suites to verify interoperability of PQC
implementations across vendors and platforms.
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10.4 For Policymakers
10.4.1 Regulatory Framework

e Update critical infrastructure protection requirements: Incorporate quantum
risk assessment and mitigation into existing regulatory frameworks.

e Establish phased compliance timelines: Define realistic implementation mile-
stones that acknowledge the complexity of cryptographic transitions.

e Develop sector-specific guidance: Create tailored implementation guidelines that
address the unique operational constraints of different infrastructure sectors.

e Harmonize international approaches: Coordinate regulatory requirements across
jurisdictions to avoid fragmented compliance obligations.

10.4.2 Enabling Support

e Fund research and development: Support ongoing research to improve PQC algo-
rithm efficiency and implementation techniques for constrained environments.

e Establish transition assistance: Create programs to help resource-constrained crit-
ical infrastructure operators implement quantum-resistant solutions.

e Develop workforce initiatives: Support training and education programs to build
expertise in post-quantum cryptography implementation.

e Facilitate information sharing: Create mechanisms for sharing implementation
best practices, vulnerabilities, and lessons learned across sectors.

11 Conclusion

This research has examined the complex challenges of implementing post-quantum cryptog-
raphy in critical infrastructure environments and the resulting security implications. The
findings reveal significant variations in implementation feasibility across infrastructure sec-
tors, with common themes of performance constraints, resource limitations, protocol inte-
gration challenges, and organizational readiness gaps.

The security implications of these implementation challenges are substantial, creating
potential vulnerability windows during transition periods, introducing complexity-related
risks, impacting operational technology stability, complicating key management processes,
and highlighting organizational preparedness deficiencies. These implications require coor-
dinated mitigation strategies across multiple stakeholders.

The research contributes to the field by providing a comprehensive cross-sector analy-
sis of PQC implementation challenges, developing a prioritization framework for transition
planning, highlighting the importance of cryptographic agility as a permanent architectural
requirement, identifying regulatory and standards gaps, and evaluating the role of hybrid
cryptographic approaches.
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The recommendations provided offer actionable guidance for critical infrastructure op-
erators, technology providers, standards organizations, and policymakers to address these
challenges while maintaining essential services. By adopting these recommendations, stake-
holders can work toward a coordinated transition to quantum-resistant cryptography that
balances security requirements with operational constraints.

Future research should focus on several key areas:

1. Hardware-Optimized PQC Implementations: Developing efficient implementa-
tions for constrained environments typical in critical infrastructure, with a particular
focus on deterministic performance for real-time systems.

2. Standardized Testing Methodologies: Creating comprehensive testing frameworks
for evaluating quantum resistance claims and implementation correctness across diverse
operational environments.

3. Cryptographic Agility Mechanisms: Exploring novel approaches to enable crypto-
graphic transitions in legacy systems with limited update capabilities, including proxy-
based approaches and out-of-band verification.

4. Organizational Transition Models: Examining the governance, personnel, and pro-
cess aspects of cryptographic transitions to develop effective management approaches
beyond technical considerations.

5. Sector-Specific Protocol Adaptations: Researching efficient protocol adaptations
to accommodate PQC requirements within the constraints of sector-specific communi-
cations standards.

6. Economic Impact Assessment: Developing more granular cost-benefit models that
account for sector-specific operational constraints and risk profiles.

7. Quantum-Hybrid Security Models: Investigating security models that combine
quantum-resistant cryptography with traditional approaches to provide defense-in-
depth during transition periods.

As quantum computing continues to advance, the implementation of post-quantum cryp-
tography in critical infrastructure represents both a significant challenge and an essential
safeguard for national and economic security. Through coordinated effort across industry,
standards organizations, and government agencies, critical infrastructure can maintain secu-
rity and operational integrity in the quantum computing era.
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Appendix A: Visualization Code and Data Sources

This appendix provides the code and data sources used to generate the visualizations in this
paper. All visualizations were created using the TikZ and PGFPlots packages in LaTeX,
with data processed using Python scripts.

A.1 PQC Implementation Challenges Heatmap

The heatmap visualization in Figure [4] was generated from expert interview ratings and case
study analysis. The severity ratings were calculated by averaging the assessments from 29
domain experts across a H-point scale and normalizing the results.

A.2 Algorithm Performance Comparison

The algorithm performance data in Figure [2[ was compiled from benchmark testing on rep-
resentative hardware platforms:

e Server-grade: Intel Xeon E5-2690 v4 @ 2.60GHz, 64GB RAM
e Industrial ICS: Allen Bradley CompactLogix 5380 Controller
e Embedded System: ARM Cortex-M4F @ 168MHz, 192KB RAM
e [0T Device: ESP32-S3, Xtensa LX7 @ 240MHz, 512KB RAM

A.3 PQC Implementation Roadmap

The implementation roadmap in Figure [5| was developed based on:

e Expert consensus timelines from Delphi method interviews

Organizational self-reported implementation plans

Regulatory and standards body published timelines

Quantum computing advancement projections from leading research institutions

A.4 Implementation Framework

The phased implementation framework in Figure [0 was developed through iterative analysis
of case study findings and expert validation sessions. The framework components were
refined through three rounds of expert feedback.
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A.5 Decision Framework

The decision framework in Figure [7] was developed using a combination of:

e Success and failure patterns identified in case studies

Expert recommendations for decision criteria

Validation through application to hypothetical scenarios

Refinement based on stakeholder feedback
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