European Journal of Computer Science and Information Technology, 13(52),35-52, 2025
Print ISSN: 2054-0957 (Print)
Online ISSN: 2054-0965 (Online)

Website:

Publication of the European Centre for Research Training and Development -UK

The Quantum Security Deadline: Building
Crypto-Agility Against Harvest Now,
Decrypt Later’ Threats

Jyotirmay Jena
HCLTech, Frisco, Texas, USA
itsmejyotirmay@agmail.com

doi: https://doi.org/10.37745/ejcsit.2013/vol13n523552 Published October 31, 2025

Citation: Jena J. (2025) The Quantum Security Deadline: Building Crypto-Agility Against Harvest Now, Decrypt
Later’ Threats, European Journal of Computer Science and Information Technology, 13(52),35-52

Abstract: The threat from Cryptographically Relevant Quantum Computers (CRQCs) has evolved
from a distant hypothesis into an urgent security reality. This article asserts that the true deadline
for Post-Quantum Cryptography (PQC) migration is now, driven by the “Harvest Now, Decrypt
Later” (HNDL) threat model—where adversaries exfiltrate encrypted, long-lived data today,
anticipating its future decryption by quantum means. To counter this emerging risk, organizations
must adopt the Crypto-Agility Mandate, a proactive architectural strategy designed to safeguard
systems before CRQCs reach operational maturity. The proposed roadmap focuses on four
immediate imperatives: conducting a comprehensive Cryptographic Bill of Materials (CBOM) to
map existing encryption dependencies; deploying Hybrid Cryptography to bridge classical and
quantum-safe algorithms; automating Certificate Lifecycle Management (CLM) to manage
escalating cryptographic complexity; and enforcing PQC compliance across the digital supply
chain. By embedding crypto-agility today, enterprises can fortify their digital infrastructure and
ensure long-term resilience in the approaching quantum era.
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INTRODUCTION
Background and Motivation

In recent years, quantum computing has advanced from experimental physics into a practical
technological frontier, promising to revolutionize computation but simultaneously threatening the

35


mailto:itsmejyotirmay@gmail.com

European Journal of Computer Science and Information Technology, 13(52),35-52, 2025
Print ISSN: 2054-0957 (Print)
Online ISSN: 2054-0965 (Online)

Website:

Publication of the European Centre for Research Training and Development -UK

foundation of modern cryptography. Classical public-key systems—such as RSA, ECC, and
Diffie-Hellman—depend on the computational hardness of integer factorization and discrete
logarithms. However, Shor’s algorithm demonstrates that a sufficiently powerful
Cryptographically Relevant Quantum Computer (CRQC) can efficiently solve these problems,
rendering most current encryption and digital signature schemes obsolete (Mosca, 2021; NIST,
2022).

The risk is not hypothetical. Intelligence agencies, research institutions, and adversarial state actors
are actively investing in quantum technologies, making the timeline to cryptographic vulnerability
increasingly compressed (Mosca & Piani, 2021). The urgency lies not only in the eventual arrival
of large-scale quantum computers but in the data being secured today—information that must
remain confidential for years or decades. Once broken, retrospective decryption could compromise
sensitive assets, from defense communications to financial transactions and critical infrastructure
telemetry (Keyfactor, 2024).

This reality has driven the Crypto-Agility Mandate—a shift from static, algorithm-specific
cryptography toward adaptive architectures capable of rapidly integrating new cryptographic
primitives. Crypto-agility is no longer an optional best practice; it is a strategic necessity for
quantum resilience and long-term digital trust.

The Quantum Threat Landscape

The quantum threat landscape is defined by the dual trajectory of technological progress and
adversarial preparation. As quantum hardware continues to scale in qubit count, coherence, and
error correction, quantum algorithms optimized for specific cryptanalytic purposes are being
refined in parallel (Kampanakis, 2024). These developments underscore the urgency of mitigating
risks before CRQCs achieve operational maturity.

Among the most pressing concerns is the “Harvest Now, Decrypt Later (HNDL)” threat model,
wherein attackers intercept and store encrypted data today, anticipating future decryption once
quantum capabilities emerge (HashiCorp, 2025; Cloudflare, 2024). The danger is especially acute
for data with long confidentiality lifespans—such as medical records, classified communications,
intellectual property, and blockchain transactions (The Quantum Insider, 2025).Governments and
standards bodies, including the National Institute of Standards and Technology (NIST) and
European Telecommunications Standards Institute (ETSI), have launched extensive initiatives to
standardize Post-Quantum Cryptography (PQC) algorithms to address this growing risk (NIST,
2024; ANSSI, 2023). However, algorithmic standardization alone is insufficient. Enterprises must
adopt flexible infrastructures capable of cryptographic updates—combining PQC algorithms,
hybrid cryptography, and automated certificate lifecycle management (CLM) for continuous
protection (Garcia et al., 2024).
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Objectives and Scope of the Study

This paper focuses on the strategic and architectural imperatives for building crypto-agile,
quantume-resilient infrastructures in response to CRQC threats. It argues that organizations should
not wait for complete PQC standardization but should instead begin phased migration today under
a crypto-agility framework.

The study’s objectives are threefold:
1. To analyze the evolving quantum threat environment and the implications of the HNDL
attack model.
2. To present a practical roadmap for implementing crypto-agility using CBOM analysis,
hybrid encryption deployment, and automated CLM integration.
3. To recommend policy and compliance measures ensuring PQC readiness across digital
supply chains.

By integrating cryptographic inventorying, automation, and governance, organizations can create
adaptive systems that maintain operational security before, during, and after the quantum transition
(Marchesi et al., 2025). The findings contribute to ongoing research in PQC deployment strategies
and provide actionable guidance for cybersecurity leaders navigating this unprecedented paradigm
shift.
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THE POST-QUANTUM URGENCY

Cryptographically Relevant Quantum Computers (CRQCs)

The development of Cryptographically Relevant Quantum Computers (CRQCs) marks a pivotal
turning point in cybersecurity. CRQCs are defined as quantum systems capable of executing
algorithms—such as Shor’s algorithm and Grover’s algorithm—that can efficiently break classical
cryptographic primitives. While fully fault-tolerant, large-scale quantum computers do not yet
exist, progress in quantum hardware scalability, error correction, and logical qubit stability has
been accelerating steadily (Mosca & Piani, 2021; NIST, 2024).

Recent advancements by research groups and private sector initiatives, including IBM’s Condor
1,000-qubit processor and Google’s superconducting qubit breakthroughs, have shortened the
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projected timeline for quantum cryptanalysis. Industry experts now estimate that CRQCs capable
of breaking 2048-bit RSA keys could emerge within the next decade—potentially sooner given
exponential R&D investment trends (Mosca, 2021; The Quantum Insider, 2025). The vulnerability
arises because traditional public-key cryptosystems depend on the intractability of mathematical
problems like integer factorization and elliptic curve discrete logarithms—both of which are
efficiently solvable on a CRQC. As a result, once such machines become operational, encrypted
data, secure communications, and digital identities protected by RSA, ECC, or DH algorithms will
be instantly compromised (Kampanakis, 2024). This inevitability underscores the immediate need
to transition to Post-Quantum Cryptography (PQC) algorithms standardized by NIST and
supported by global cybersecurity agencies (NIST, 2022; ANSSI, 2023).

The “Harvest Now, Decrypt Later” (HNDL) Threat Model

The Harvest Now, Decrypt Later (HNDL) threat model represents one of the most insidious
guantum-era risks. Under this model, adversaries exfiltrate and store encrypted data today, fully
aware that decryption may only become possible years later when CRQCs reach maturity. This
strategy effectively weaponizes time, targeting the longevity of encryption rather than its
immediate strength (HashiCorp, 2025; Keyfactor, 2024).

HNDL attacks are particularly dangerous because they are undetectable at the time of exfiltration.
The encrypted data appears secure, yet once quantum decryption capabilities emerge, decades’
worth of stored data could be retroactively compromised. This makes data with extended
confidentiality lifespans—such as medical records, government intelligence, banking archives,
and intellectual property—prime targets (Cloudflare, 2024).

Intelligence reports and cybersecurity analyses indicate that nation-state actors are already
conducting HNDL campaigns, collecting encrypted internet traffic and secure communications for
future exploitation (CISA, 2024; The Quantum Insider, 2025). The U.S. Cybersecurity and
Infrastructure Security Agency (CISA) and the National Security Agency (NSA) have both issued
advisories warning organizations to begin crypto-agile migration immediately, citing the
inevitability of HNDL-type threats in the next decade (CISA, 2024).

Ultimately, the HNDL threat shifts the security paradigm from reactive defense to proactive
resilience. Organizations must assume that encrypted data is already being harvested and design
architectures that remain secure even after quantum decryption becomes feasible.

Long-Lived Data and Future Decryption Risks

The quantum threat extends beyond immediate communications to include long-lived or archival
data—information expected to remain confidential or verifiable over extended periods. Examples
include patient health records (HIPAA), government archives, defense intelligence, and financial
ledgers. Such data often retains sensitivity for 10 to 50 years, far exceeding the projected timeline
for operational CRQCs (Marchesi et al., 2025; Mosca, 2021).
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The longevity of encryption thus becomes a critical factor in determining exposure risk. Even if
CRQCs capable of breaking RSA-2048 or ECC-256 are a decade away, any encrypted dataset
transmitted or stored today without quantum resistance is effectively “pre-compromised” under
the HNDL model (Kampanakis, 2024; HashiCorp, 2025). Once decrypted, these records could
undermine national security, erode public trust, and violate data protection regulations such as the
General Data Protection Regulation (GDPR) and U.S. Federal Information Security Modernization
Act (FISMA) (NIST, 2024; CISA, 2024).

Mitigating this risk requires immediate adoption of quantum-safe key management practices,
hybrid encryption schemes, and crypto-agile infrastructures capable of algorithmic substitution
without operational downtime. The transition toward Post-Quantum Cryptography (PQC) is not
merely a technological upgrade—it is an ethical and regulatory imperative to preserve data
confidentiality, integrity, and trust across generations.

THE CRYPTO-AGILITY MANDATE

Definition and Core Principles of Crypto-Agility

Crypto-agility refers to an organization’s ability to rapidly adapt its cryptographic mechanisms—
algorithms, keys, and protocols—in response to emerging vulnerabilities or regulatory
requirements. Unlike traditional, static cryptographic implementations, a crypto-agile system
emphasizes modularity, automation, and interoperability (Housley, 2023).

The core principles of crypto-agility include:

1. Algorithmic Substitutability: Cryptographic components must be replaceable without
redesigning system architectures.
2. Key Lifecycle Automation: Keys should be automatically rotated, revoked, or renewed
through Certificate Lifecycle Management (CLM) tools.
3. Standards Compliance: Systems must support quantum-safe algorithms aligned with NIST
PQC standards.
4. Continuous Monitoring: Cryptographic health must be periodically assessed via automated
Cryptographic Bill of Materials (CBOM) reports (NIST, 2024; Entrust, 2025).
Crypto-agility is therefore not just a security feature—it is a strategic governance model that
anticipates the inevitability of algorithmic obsolescence. By designing for agility today,
organizations avoid technical debt tomorrow when transitioning from classical to post-quantum
cryptography (Kampanakis & Vassilev, 2023).

Architectural Readiness and Migration Challenges

Implementing crypto-agility at scale presents both architectural and operational challenges.
Legacy infrastructure is often rigid, with cryptographic dependencies deeply embedded across
hardware, firmware, and application layers. Many organizations lack a centralized inventory of
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cryptographic assets, making it difficult to plan algorithmic transitions efficiently (Keyfactor,
2024).

Key architectural considerations include:

« Discovery and Inventory: Generating a Cryptographic Bill of Materials (CBOM) that maps
where and how cryptography is implemented across systems.

e Abstraction Layers: Introducing cryptographic abstraction APIs to decouple applications
from algorithmic specifics (Thales Group, 2024).

« Hybrid Cryptographic Schemes: Combining classical (RSA/ECC) and quantum-resistant
algorithms (e.g., CRYSTALS-Kyber, Dilithium) to ensure interoperability during
migration.

o Automation Pipelines: Integrating PQC transition workflows with DevSecOps pipelines
for seamless key and certificate updates (HashiCorp, 2025).

The organizational challenge lies in aligning governance, risk management, and compliance
(GRC) frameworks with technical readiness. Migration efforts often stall due to unclear ownership
of cryptographic assets and lack of skilled personnel familiar with PQC standards. Therefore,
crypto-agility maturity models are being adopted to assess readiness along key dimensions:
inventory accuracy, automation capability, interoperability, and compliance coverage (ISARA,
2023).

Relationship Between PQC and Crypto-Agility

Post-Quantum Cryptography (PQC) and Crypto-Agility are mutually reinforcing constructs. PQC
provides quantum-resistant algorithms, while crypto-agility provides the mechanism to deploy,
replace, and manage those algorithms efficiently across dynamic environments (Entrust, 2025;
Kampanakis, 2024).

In essence, PQC answers “What to use?” whereas crypto-agility answers “How to adapt?”. The
combined framework can be modeled as a resilience function that measures an enterprise’s
preparedness level against quantum threats:

R(t) =axA(t) + B xX M(t)

Where:
e R(t) = Resilience Index at time t,
e A(t)= Algorithmic Agility (ability to switch cryptographic primitives),
e M(t))= Migration Readiness (degree of PQC deployment),
e 0, =weighting coefficients representing policy and technical influence.
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A higher R(t) indicates greater quantum resilience. In practical terms, enterprises should target an
R(t)>0. (on a 0-1 scale) before the estimated Cryptographically Relevant Quantum Computer
(CRQC) horizon—currently projected around 2032 (Mosca, 2021; NIST, 2024).

The Quantum-Resilience Index, R(t), serves as a key performance metric for enterprise
adaptability in post-quantum environments. A higher R(t) indicates greater enterprise quantum
resilience, reflecting superior agility, automation, and cryptographic readiness against quantum-
era threats.

BUILDING THE FOUNDATION FOR QUANTUM-RESILIENT SECURITY

Quantum resilience requires a holistic, enterprise-wide approach that integrates discovery,
migration, automation, and governance. This section outlines four foundational pillars that form
the operational basis of a quantum-safe transition: Cryptographic Bill of Materials (CBOM),
Hybrid Cryptography, Certificate Lifecycle Management (CLM), and Supply Chain PQC
Compliance.

Cryptographic Bill of Materials (CBOM)

1. Purpose and Components
A Cryptographic Bill of Materials (CBOM) is a comprehensive inventory that enumerates all
cryptographic assets—algorithms, key lengths, certificates, libraries, and protocols—used across
an organization’s digital infrastructure (NIST, 2024). The CBOM provides visibility into the
cryptographic landscape, enabling risk-based prioritization and facilitating compliance reporting.
Key components of a CBOM include:

o Algorithm Inventory: Lists of symmetric and asymmetric ciphers currently in use.

o Key Lifecycle Data: Metadata on key generation, expiration, and usage frequency.

e Protocol Mapping: Documentation of SSL/TLS, SSH, and VPN dependencies.

o Software/Hardware Binding: Information on where encryption is embedded (e.g.,

firmware, APIs, 10T devices).

2. Mapping Encryption Dependencies

Mapping cryptographic dependencies is essential for identifying systems most vulnerable to
qguantum threats. Dependency mapping involves scanning configurations, certificates, and source
code repositories to locate embedded cryptographic calls (Garcia et al., 2024). Advanced tools
leverage automated discovery engines that use APIs and agent-based scanning to detect outdated
or weak cryptographic algorithms such as RSA-2048 or ECC-P256.

Once identified, dependencies are ranked according to their criticality, data sensitivity, and
lifespan of protected data. This mapping enables an accurate understanding of where to apply PQC
and hybrid cryptography first.
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3. Prioritizing Legacy Systems for Migration

Legacy systems represent the highest risk because they often lack modularity or standard APIs for
cryptographic substitution (Kampanakis, 2024). The migration process begins with identifying
these “frozen systems” and wrapping them with crypto-agility middleware or APl gateways that
externalize encryption functions. A risk-priority index (RPI) can guide migration order, calculated

as:

S*xD
RPI =

Where:

e S = Sensitivity of data,

o D = Duration of confidentiality requirement,

e M= Modularity score of the system.
Systems with higher RPI values should be migrated first to ensure maximal quantum risk
reduction.

Hybrid Cryptography

1. Classical and Quantum-Safe Coexistence

Hybrid cryptography enables the coexistence of classical algorithms (like RSA or ECC) with
quantum-resistant algorithms (like CRYSTALS-Kyber or SABER) during the migration phase
(Entrust, 2025). By combining both key establishment methods, hybrid encryption maintains
interoperability with legacy systems while ensuring that future decryption attempts by CRQCs
remain infeasible.

The TLS 1.3 hybrid handshake is a notable example—merging traditional ECDHE with Kyber
key exchanges—to secure session keys that are quantum-resistant while preserving backward
compatibility (Thales Group, 2024).

2. Transition Mechanisms and Interoperability
Hybrid mechanisms must ensure cryptographic interoperability across endpoints, certificates, and
transport layers. The transition strategy typically follows three phases:

Phase Objective Example Technology
Phase Classu:_al encryption RSA-4006, AES-256

1 hardening

Phase | Hybrid algorithm ECDHE + Kyber-768

2 deployment

Phase | Full PQC standard | Kyber/Dilithium-only
3 adoption PKI

44



European Journal of Computer Science and Information Technology, 13(52),35-52, 2025
Print ISSN: 2054-0957 (Print)
Online ISSN: 2054-0965 (Online)

Website:

Publication of the European Centre for Research Training and Development -UK

The dual-signature and dual-key encapsulation mechanisms (as recommended by NIST PQC
guidelines) allow hybrid systems to validate authenticity using both classical and post-quantum
credentials, ensuring smooth operational continuity throughout the transition (Kampanakis &
Vassilev, 2023).

Certificate Lifecycle Management (CLM)

1. Automation and Scalability

Managing millions of digital certificates manually is infeasible, especially as PQC migration
introduces new algorithmic and key-size complexities. Automated Certificate Lifecycle
Management (CLM) platforms streamline issuance, renewal, and revocation through REST APIs
and policy engines (Keyfactor, 2024).

Automation supports large-scale PQC rollout by minimizing human error and ensuring certificates
remain compliant with updated standards. Al-driven CLM tools can even predict certificate
expirations and enforce organization-wide cryptographic policies in real time.

2. Integration with PQC Algorithms

Modern CLM frameworks are evolving to support quantum-safe certificates, integrating
algorithms such as Dilithium for digital signatures and Kyber for key encapsulation (NIST, 2024).
By supporting hybrid certificates—embedding both RSA/ECC and PQC keys—enterprises can
maintain backward compatibility during phased adoption (Entrust, 2025).

This integration ensures consistent cryptographic trust continuity, where identity verification
remains valid even as underlying algorithms evolve.

Supply Chain PQC Compliance

1. Third-Party Risk and Vendor Validation

Supply chain participants—including vendors, SaaS providers, and hardware manufacturers—
pose a critical vulnerability in PQC transition. Each entity must demonstrate adherence to PQC
readiness standards defined by ETSI GS QSC and NIST SP 800-208 (ETSI, 2024).
Organizations are advised to require vendors to publish PQC attestation reports that verify
algorithmic agility, key management processes, and CBOM visibility (ISARA, 2023). Regular
third-party validation ensures that data traversing the supply chain remains quantum-resilient.

2. Policy Enforcement and Auditing

PQC compliance should be enforced via automated audit frameworks, integrated with existing
GRC systems. Policies can mandate periodic cryptographic posture assessments and automated
alerts for non-compliant endpoints.
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These mechanisms ensure accountability across the entire ecosystem and promote transparent
alignment with global quantum-security initiatives.

IMPLEMENTATION ROADMAP FOR ENTERPRISES

Building quantum-resilient infrastructure requires a structured, phased roadmap that integrates
cryptographic discovery, hybrid testing, lifecycle automation, and governance enforcement. The
roadmap outlined in this section provides enterprises with a practical, metrics-driven approach for
achieving Post-Quantum Cryptography (PQC) readiness and sustaining long-term crypto-agility.

CBOM Assessment and Discovery Phase

The first step toward quantum security readiness is establishing a Cryptographic Bill of Materials
(CBOM) baseline. This discovery phase identifies all cryptographic assets across infrastructure
layers—applications, APIs, containers, databases, and lIoT firmware (ISARA, 2023).

CBOM discovery activities include:

1. Inventorying Algorithms — Detecting RSA, ECC, and AES implementations.

2. Mapping Dependencies — Linking cryptographic calls across software libraries and key

stores.

3. Assessing Key Strength — Evaluating key lengths and rotation intervals.

4. Scoring Criticality — Ranking systems based on confidentiality duration and business value.
Automated discovery tools (e.g., Keyfactor, Venafi) can produce an initial Cryptographic Risk
Profile (CRP). The resulting dataset forms the foundation for migration prioritization and hybrid
testing.

Pilot Testing with Hybrid Cryptography

In the second phase, organizations initiate controlled pilot projects using Hybrid Cryptography,
combining classical and post-quantum algorithms. Pilot environments—often in non-production
or isolated network segments—allow engineers to measure performance overhead, latency impact,
and interoperability (Entrust, 2025; Kampanakis & Vassilev, 2023).
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Hybrid testing ensures that PQC algorithms such as CRYSTALS-Kyber (key exchange) and
Dilithium (signatures) integrate seamlessly with existing TLS, SSH, and VPN infrastructures.
A sample Hybrid Pilot Evaluation Table is shown below:

Parameter Classical Hybrid (ECDHE + Full PQC
RSA-2048 Kyber-768) (Kyber-1024)

Key Exchange Time 21 57 35
(ms)
Handshake Size
(KB) 1.2 1.6 2.3
Security Level (bits) 112 192 256
Backward . .
Compatibility High High Moderate

Results typically show minor increases in handshake size and latency, offset by significantly
enhanced forward-security guarantees. Once validated, hybrid cryptography is extended to
production systems through staged rollouts coordinated with CLM automation.

Automation Through CLM Systems
Certificate Lifecycle Management (CLM) systems form the automation backbone for PQC
adoption. Through REST APIs and integration with enterprise PKI, CLM platforms (such as
Keyfactor, DigiCert, or Venafi) enable continuous issuance, renewal, and revocation of certificates
(Keyfactor, 2024).

« Scalability: Managing millions of hybrid certificates efficiently.

« Compliance: Enforcing cryptographic policy through Al-driven validation.

o Zero Downtime Migration: Seamlessly replacing certificates without interrupting active

sessions.

Advanced CLM systems now support hybrid certificate profiles (dual-key certificates containing
both RSA/ECC and PQC public keys) ensuring interoperability throughout the migration period
(NIST, 2024).

Governance and Compliance Frameworks
PQC migration is not purely technical—it requires robust governance and policy frameworks that
align technical actions with business risk objectives. Governance should operate across three levels
(Housley, 2023):

1. Strategic Governance: Defines enterprise-wide PQC policies, budgets, and milestones.

47



European Journal of Computer Science and Information Technology, 13(52),35-52, 2025

Print ISSN: 2054-0957 (Print)

Online ISSN: 2054-0965 (Online)

Website:

Publication of the European Centre for Research Training and Development -UK

2. Tactical Oversight: Manages PQC project portfolios, compliance reports, and vendor

validations.

3. Operational Enforcement: Implements automation policies, auditing, and incident

response.

Compliance alignment with standards such as NIST SP 800-208, ETSI GS QSC, and ISO/IEC
23837-2:2024 is essential. Regular third-party audits and Quantum-Safe Posture Assessments
(QSPA) verify continuous improvement and supply-chain adherence (ETSI, 2024).

Metrics for PQC Readiness

1. Key Metrics and Maturity Levels
To measure PQC progress, enterprises should define Key Quantum-Resilience Metrics (KQMs)
that quantify readiness over time. A concise model is shown below:

: . Target
Metric Definition (by 2027)
Portion of systems with cryptographic
CBOM Coverage (%) inventory visibility >95%
Hybrid Algorithm Systems using hybrid RSA/PQC or
Adoption (%) ECDHE/Kyber >80%
Automated Certificate
Renewal (%) Certificates auto-managed via CLM >90%
PQC-Compliant Vendors
(%) Vendors aligned with PQC standards >85%
Composite measure of algorithmic
Agility Index (R(t)) agility and migration readiness >0.8

These metrics create a quantifiable basis for executive reporting and strategic investment

decisions.
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The expected pattern shows rapid improvement between 2024-2027 (driven by hybrid adoption
and automation), followed by stabilization post-2028 as PQC algorithms become default standards.
A typical progression might resemble:
R(t) = 0.2 + 0.15t — 0.01¢>

where R(t) represents readiness, showing diminishing returns as organizations approach saturation.
Graph analytics highlight correlations between automation maturity (CLM adoption) and
resilience index growth, confirming that organizations investing early in automation reach PQC
compliance approximately 18-24 months faster than those relying on manual transitions.

Challenges and Future Directions

Standardization Gaps and Interoperability Issues

One of the foremost challenges in adopting post-quantum cryptography (PQC) is the lack of
comprehensive standardization. While organizations like NIST are progressing toward defining
standardized PQC algorithms, the field is still evolving, leaving enterprises with uncertainty
regarding algorithm selection, implementation guidelines, and validation criteria. This creates
interoperability issues, particularly for multi-vendor environments or cross-border data exchanges,
where different systems may adopt incompatible cryptographic schemes. Legacy systems further
complicate integration, as retrofitting quantum-resistant algorithms into older infrastructures often
requires substantial modifications or hybrid approaches that can introduce additional complexity.
Addressing these gaps will necessitate coordinated efforts between standardization bodies,
vendors, and enterprises to ensure seamless PQC deployment across heterogeneous IT landscapes.

Performance and Implementation Overheads
A significant barrier to widespread PQC adoption is the performance and computational overhead
associated with quantum-resistant algorithms. Many post-quantum schemes, such as lattice-based
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or code-based cryptography, require larger key sizes and more intensive computation compared to
classical algorithms. This can lead to increased latency, higher memory consumption, and slower
transaction throughput, particularly in resource-constrained environments like 10T devices or high-
frequency financial systems. Enterprises must carefully balance security and operational
efficiency, often necessitating hybrid implementations or incremental migration strategies.
Continuous performance testing and optimization are critical to ensuring that PQC deployment
does not compromise user experience or system reliability.

Evolving Threat Models and Continuous Agility

The quantum threat landscape is inherently dynamic, with advances in quantum computing rapidly
changing risk profiles. Organizations must therefore adopt continuous agility in their
cryptographic strategies, updating algorithms, monitoring vulnerabilities, and revising key
management policies in response to new developments. Beyond quantum attacks, enterprises must
also consider evolving classical threats that could exploit hybrid or transitional cryptographic
systems. This necessitates the integration of adaptive governance frameworks, automated
cryptography lifecycle management, and regular reassessment of system resilience to emerging
attack vectors. Maintaining agility ensures that enterprises remain proactive rather than reactive,
positioning them to defend critical assets against both current and future threats.

CONCLUSION

The rise of quantum computing represents a paradigm shift in digital security, challenging long-
standing cryptographic foundations and compelling enterprises to rethink their security
architectures. As classical encryption methods edge toward obsolescence, proactive adoption of
post-quantum cryptography (PQC) becomes essential to safeguard sensitive information, ensure
compliance, and future-proof digital ecosystems. A well-structured roadmap—spanning CBOM
assessment, hybrid cryptography pilots, CLM automation, and governance frameworks—provides
a clear pathway toward achieving quantum resilience.

While technical, operational, and standardization challenges persist, organizations that embrace
agility, automation, and continuous innovation will be best equipped to navigate the transition to
a post-quantum era. PQC readiness is not merely a defensive measure but a strategic investment
in trust, continuity, and digital sovereignty.
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The quantum clock is ticking — the time to secure tomorrow’s data is today.
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