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Abstract 

The advancement of quantum computing poses a significant threat to the 

cryptographic foundations of international financial systems, particularly those 

involving cross-border communications that depend on asymmetric encryption 

protocols like RSA and ECC. These protocols are integral to compliance with 

regulatory standards such as SWIFT CSP, ISO 20022, and PCI DSS. In this paper, we 

present a future-resilient approach to securing cross-border financial transactions 

using post-quantum encryption (PQE). We analyze lattice-based and hash-based 

cryptographic algorithms standardized by NIST, propose a hybrid encryption 

architecture suitable for regulated environments, and evaluate its compatibility with 

existing financial messaging standards. Our findings offer a strategic roadmap for 

adopting quantum-secure protocols, ensuring both regulatory compliance and 

cryptographic robustness across international finance networks. 
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1. Introduction 

The globalization of financial services and the digitization of cross-border transactions have led to the widespread adoption of 

cryptographic standards to ensure secure communications, data confidentiality, and compliance with regulatory mandates. 

Protocols such as RSA and elliptic curve cryptography (ECC) form the backbone of secure messaging frameworks like SWIFT 

and ISO 20022 [7], which are used for trillions of dollars in daily global financial exchanges. However, the rapid progress of 

quantum computing presents a major existential threat to these conventional public-key cryptosystems. 

Quantum algorithms, notably Shor’s algorithm, can efficiently factor large integers and compute discrete logarithms, thereby 

undermining RSA, ECC, and other widely used cryptographic schemes [6]. As a result, secure communication protocols in the 

financial industry—once considered robust—are now vulnerable to being rendered obsolete by quantum adversaries. The need 

to proactively develop and implement post-quantum cryptographic (PQC) systems is thus an urgent imperative for governments, 

central banks, and financial institutions alike [1, 2]. 

Several national and international bodies have recognized this threat and initiated the standardization of quantum-resistant 

algorithms. The U.S. National Institute of Standards and Technology (NIST), through its Post-Quantum Cryptography 

Standardization Project, has advanced several lattice-based and hash-based algorithms, such as Kyber, Dilithium, and 

SPHINCS+, which are now emerging as global standards [3, 10, 11]. The European Union Agency for Cybersecurity (ENISA) and 

central banks like the European Central Bank (ECB) have similarly issued strategic guidelines for quantum-safe transitions in 

the financial sector [4, 13]. 

Simultaneously, regulated environments require cryptographic solutions to be interoperable with compliance frameworks like 

PCI DSS [12], the SWIFT Customer Security Programme [8], and data privacy regulations including GDPR and CCPA. Therefore, 

financial institutions must adopt post-quantum security architectures that are not only cryptographically resilient but also aligned 

with compliance and operational mandates [14, 15].  
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This paper explores the adoption of post-quantum encryption 

(PQE) technologies for securing cross-border financial 

communications. We focus on evaluating PQE performance, 

regulatory compatibility, and architecture-level integration. 

Our work aims to bridge the gap between cryptographic 

innovation and real-world compliance requirements, 

providing a practical roadmap for quantum-safe financial 

infrastructure. 

 

2. Background and Related Work 

The evolution of digital finance has resulted in an increasing 

reliance on cryptographic systems to protect cross-border 

transactions and maintain compliance with global standards. 

Traditionally, algorithms such as RSA, DSA, and ECC have 

been deployed in securing financial communications, 

forming the cryptographic backbone of systems like SWIFT, 

ISO 20022, and other international payment networks [7, 8]. 

These algorithms ensure authentication, confidentiality, and 

integrity in financial messaging protocols. However, their 

security is based on computational assumptions that are no 

longer valid in the presence of quantum computing. 

Quantum computing introduces new computational models 

capable of solving problems once considered intractable by 

classical machines. In particular, Shor’s algorithm can 

efficiently factor large integers and solve discrete logarithm 

problems, effectively breaking RSA and ECC encryption [6]. 

Additionally, Grover’s algorithm can reduce the security 

margin of symmetric ciphers by providing a quadratic 

speedup [5]. This emerging threat landscape has led to 

widespread research into post-quantum cryptographic (PQC) 

alternatives [1, 2]. 

In response, the U.S. National Institute of Standards and 

Technology (NIST) launched a multi-round competition to 

identify and standardize quantum-resistant cryptographic 

algorithms [3, 11]. Among the frontrunners are Kyber (a lattice-

based key encapsulation mechanism) and Dilithium (a digital 

signature scheme), both of which offer strong security 

guarantees and efficient implementation across constrained 

environments [10]. SPHINCS+, a hash-based digital signature 

algorithm, has also emerged as a stateless and conservative 

option suitable for certain regulatory use cases [9]. 

Parallel to algorithmic development, financial regulatory 

bodies and cybersecurity agencies have emphasized the 

urgency of migration toward quantum-resistant systems. The 

European Union Agency for Cybersecurity (ENISA) has 

issued multiple position papers outlining strategies for PQC 

adoption in critical infrastructures [4]. The European Central 

Bank (ECB) has included quantum-resilience under its Cyber 

Resilience Oversight Expectations (CROE) for Financial 

Market Infrastructures [13]. Similarly, organizations such as 

the PCI Security Standards Council and SWIFT have 

recommended future-proofing communication protocols to 

meet evolving threat profiles and compliance needs [8, 12]. 

Recent academic literature has explored hybrid cryptographic 

frameworks that allow gradual integration of PQC into 

existing financial systems, enabling backward compatibility 

and minimizing disruption [15]. IBM, Deloitte, and other 

industry stakeholders have also released white papers and 

risk assessments discussing cryptographic agility and 

implementation timelines for post-quantum readiness [14, 16]. 

Despite growing awareness, there remains a lack of 

standardized architectures for integrating PQC into regulated 

cross-border financial systems. This paper addresses that gap 

by proposing a hybrid post-quantum encryption model that 

satisfies both cryptographic robustness and regulatory 

requirements. We aim to extend existing research by 

providing a compliance-aware design tailored specifically for 

international financial networks. 

 
3. Post-Quantum Cryptography: Algorithms and Standards 

The shift toward post-quantum cryptography (PQC) is driven 

by the urgent need to replace classical cryptographic 

algorithms that are vulnerable to quantum attacks. The 

financial sector, which depends heavily on public-key 

cryptography for securing international transactions, must 

adopt quantum-resistant solutions that maintain 

interoperability, performance, and regulatory compliance. 

This section presents an overview of the most prominent PQC 

algorithm classes and standardization efforts, with a focus on 

their applicability to regulated financial systems. 

 

3.1. Overview of NIST PQC Standardization 

In 2016, the U.S. National Institute of Standards and 

Technology (NIST) launched a global standardization 

initiative to identify cryptographic algorithms secure against 

quantum adversaries [3, 11]. After a multi-round, multi-year 

evaluation process, NIST selected a set of algorithms for 

standardization. Kyber was chosen as the key encapsulation 

mechanism (KEM), while Dilithium, Falcon, and SPHINCS+ 

were selected as digital signature schemes [10]. 

These algorithms were assessed based on factors such as 

quantum resistance, implementation efficiency, side-channel 

robustness, and ease of integration. Financial institutions 

looking to future-proof their systems are encouraged to adopt 

these standardized algorithms as part of a cryptographic 

transition strategy. NIST also emphasizes the importance of 

cryptographic agility — the ability to update or switch 

algorithms with minimal disruption — a critical requirement 

for long-term financial infrastructure planning. 

 

3.2. Lattice-Based Cryptography 

Lattice-based cryptography is the most mature and widely 

adopted family among NIST's PQC finalists. Kyber and 

Dilithium, both lattice-based, offer strong security 

assumptions based on the hardness of problems like Learning 

with Errors (LWE) and Module Learning with Errors 

(MLWE) [10]. These schemes provide performance benefits in 

terms of key sizes, encryption speeds, and computational 

efficiency, making them attractive for real-time financial 

messaging systems. 

For example, Kyber512 offers faster key generation and 

encryption times compared to RSA-2048, while Dilithium 

maintains shorter signature sizes compared to SPHINCS+ in 

high-security configurations. These characteristics enable 

seamless integration with payment systems, smart contracts, 

and secure APIs used in cross-border financial networks. 

 

3.3. Hash-Based and Code-Based Approaches 

Hash-based signatures, particularly SPHINCS+, are 

appealing for their well-understood security properties 

derived from one-way functions [9]. Unlike lattice-based 

schemes, hash-based signatures do not rely on algebraic 

structures that may be susceptible to unforeseen quantum 

attacks. However, they suffer from large signature sizes and 

computational overhead, making them more suitable for low-

frequency signing, such as firmware updates or regulatory 

document authentication. 

Code-based cryptography, exemplified by schemes like 
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Classic McEliece, offers very high security levels and long-

standing resistance to both classical and quantum attacks [1]. 

Despite this, its public key sizes—often hundreds of 

kilobytes—pose integration challenges for high-speed 

financial communication systems where message size and 

bandwidth are critical. 

 

3.4. Performance and Security Trade-offs 

Each PQC algorithm introduces a unique set of trade-offs 

between security level, key size, computational efficiency, 

and implementation complexity. Lattice-based schemes 

strike a balance between performance and security, making 

them ideal for general-purpose applications in the financial 

sector [2]. Hash-based approaches offer conservative 

alternatives but require careful management of key reuse and 

storage. 

For regulated environments, performance must be assessed in 

conjunction with compliance factors such as data protection 

laws, auditability, and forward secrecy. Furthermore, the 

interoperability of PQC with financial messaging standards 

(e.g., ISO 20022) and cryptographic protocols (e.g., TLS 1.3) 

is crucial. Hybrid schemes, which combine classical and 

post-quantum algorithms, are recommended as transitional 

architectures to maintain compatibility while gradually 

strengthening security [14, 15]. 

As financial institutions prepare for quantum readiness, a 

comprehensive understanding of PQC algorithm properties 

and implementation constraints is essential. The next section 

explores how these algorithms can be deployed within secure 

architectures tailored for cross-border financial 

communications. 

 

4. Threat Modeling in Cross-Border Financial Systems 

Post-quantum cryptography must be evaluated not only 

through the lens of algorithmic strength but also within the 

broader context of system-level threats, compliance 

mandates, and real-world adversarial capabilities. Cross-

border financial systems are particularly exposed due to their 

dependence on public key infrastructure (PKI), interbank 

messaging standards, and centralized trust anchors. This 

section provides a comprehensive threat model by analyzing 

quantum-relevant attack vectors, regulatory risk 

considerations, and future threat forecasting. 

 

4.1. Attack Vectors in a Quantum Context 

Quantum computing introduces new classes of attack vectors 

that compromise widely used cryptographic protocols. Shor’s 

algorithm can break RSA and ECC, both of which underpin 

authentication and key exchange in SWIFT communications, 

TLS protocols, and financial APIs [6]. Once a 

cryptographically relevant quantum computer (CRQC) 

becomes operational, encrypted historical communications 

recorded today could be retroactively decrypted — a concept 

referred to as "harvest now, decrypt later" [1]. 

 

In the quantum threat landscape, the following attack 

surfaces are of primary concern: 

• Key Exchange Protocols: TLS handshakes, VPN 

tunnels, and interbank messaging rely on ephemeral key 

exchanges vulnerable to quantum decryption. 

• Digital Signatures: Code signing, transaction 

authentication, and regulatory filings may be forged or 

repudiated if legacy cryptosystems are broken. 

• Data-at-Rest Encryption: Archived transaction records 

and compliance logs could be decrypted using quantum-

accelerated brute-force techniques. 

 

These vulnerabilities have implications not only for data 

confidentiality but also for data integrity and non-repudiation 

— core pillars of financial regulatory frameworks [4, 13]. 

 

4.2. Risk Assessment in Regulated Environments 

Cross-border financial systems operate under stringent 

regulatory oversight, including requirements from SWIFT 

CSP, PCI DSS, ISO 20022, GDPR, and regional central 

banks [7, 8, 12]. These standards emphasize accountability, audit 

trails, and resilience — all of which could be compromised 

by quantum threats. 

 

Risk assessment in regulated environments must 

consider: 

• Impact on Compliance: Failure to adopt quantum-safe 

cryptographic practices may result in non-compliance 

penalties or systemic risk exposure. 

• Interoperability Constraints: Legacy infrastructure 

may delay adoption of PQC, creating windows of 

vulnerability and attack surface fragmentation. 

• Business Continuity: Quantum attacks could trigger 

disruptions in payment settlement systems, affect 

liquidity management, and compromise bilateral 

financial agreements. 

• Regulatory authorities such as the European Central 

Bank (ECB) and the U.S. Department of the Treasury 

have issued early warnings and roadmaps to guide the 

financial sector's transition to post-quantum resilience [13, 

14]. 

 

4.3. Future Threat Forecasting 

Although large-scale quantum computers capable of breaking 

RSA-2048 are not yet realized, threat forecasting models 

suggest that such capabilities could emerge within 10–15 

years, depending on progress in quantum hardware, error 

correction, and algorithm optimization [2, 14]. Given the long 

cryptographic lifecycle in financial systems — including 

multi-year onboarding, backward compatibility, and long-

term data retention — immediate action is required. 

 

Future threats extend beyond quantum decryption and 

include: 

• Hybrid Attacks: Exploiting classical and quantum 

vulnerabilities in tandem. 

• Quantum-Enhanced Phishing and Spoofing: 

Leveraging quantum-generated fake credentials or 

certificates. 

• -Supply Chain Infiltration: Quantum threats applied to 

embedded systems or firmware in transaction processing 

hardware. 

 

Adopting post-quantum cryptographic solutions, backed by 

robust implementation and key management practices, is a 

critical step in future-proofing the global financial ecosystem. 

Threat modeling that accounts for both near-term and long-

term risks is vital to building architectures that can withstand 

adversaries with access to quantum capabilities. 
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5. Architecture for Secure Cross-Border Communications 

5.1. Hybrid Cryptographic Framework 

The hybrid cryptographic framework is a transitional model 

that combines classical encryption mechanisms, such as RSA 

and elliptic-curve cryptography (ECC), with post-quantum 

algorithms approved or under review by NIST (e.g., Kyber, 

Dilithium) [1, 3]. This dual-layer approach ensures protection 

against both current and future threats, enabling systems to 

maintain compatibility while preparing for quantum-era 

security challenges. Hybrid Key Encapsulation Mechanisms 

(KEMs) allow for both classical and quantum-resistant key 

material to be combined during session initiation, enhancing 

forward secrecy and robustness. Likewise, digital signatures 

can employ dual-signed certificates—X.509 with classical 

and PQC-based algorithms—which ensures verification 

across legacy and quantum-resilient systems [4, 6]. This 

method mitigates the risks of immediate cryptographic 

obsolescence and aligns with security migration strategies 

recommended in industry roadmaps [2, 7]. 

 

5.2. Integration with SWIFT and ISO 20022 

Integrating PQC into widely adopted financial protocols such 

as SWIFT and ISO 20022 requires meticulous attention to 

structural compatibility, message schema, and throughput 

expectations [8, 9]. SWIFT messages are tightly formatted and 

highly standardized, so PQC integration must avoid 

disrupting core message processing. One effective strategy 

involves embedding PQC digital signatures or hash proofs in 

optional metadata fields, allowing enhanced message 

authentication without violating structural compliance [9, 10]. 

ISO 20022, designed for extensibility, can support such 

cryptographic annotations. Furthermore, out-of-band 

quantum-safe key exchanges can establish encryption 

contexts prior to message transmission. These approaches 

ensure minimal impact on core transaction pipelines while 

reinforcing message integrity and authentication in 

anticipation of quantum-capable adversaries [5, 11]. 

 

5.3. Key Management and Exchange Protocols 

Key management becomes increasingly complex with the 

introduction of PQC due to larger key sizes, dual-algorithm 

requirements, and new formats. Financial institutions must 

evolve their PKI systems to include post-quantum Certificate 

Authorities (PQ-CAs) that can issue hybrid-signed 

certificates for both authentication and code signing [6, 12]. 

Hardware Security Modules (HSMs), which are responsible 

for storing and managing cryptographic keys, must also be 

upgraded to support lattice-based and hash-based algorithms 

such as Kyber and SPHINCS+ [1, 3]. Secure key exchange 

protocols like TLS 1.3 and VPN handshakes must incorporate 

hybrid KEMs, allowing simultaneous use of classical and 

post-quantum keys to derive shared secrets. These 

implementations ensure regulatory compliance with data 

protection regulations (e.g., GDPR, PCI DSS) and preserve 

audit trails for key lifecycle management, revocation, and 

renewal [13, 14]. 

 

5.4. TLS and API Security Enhancements 

With the growing adoption of Open Banking APIs and real-

time payments, securing TLS and API communication layers 

using post-quantum approaches is critical. TLS 1.3 supports 

hybrid cipher suites, which pair ECDHE with Kyber to  

achieve quantum resilience during handshake processes [5, 11]. 

PQC-based client authentication mechanisms, such as 

Dilithium or SPHINCS+, can be used to secure mutual TLS 

connections between financial platforms, service providers, 

and end users. API security can be further enhanced by 

introducing quantum-safe tokens and secure session keys 

negotiated through PQC protocols. These improvements 

ensure long-term confidentiality of financial transactions and 

align with the Open Banking security frameworks and 

regulatory audit standards (e.g., PSD2, RBI norms) [7, 15, 16]. 

Ensuring end-to-end cryptographic strength—spanning user 

authentication, message confidentiality, and transaction non-

repudiation—is imperative for quantum-era financial 

security. 

 

6. Implementation and Evaluation 

6.1. System Design and Deployment Considerations 

Deploying post-quantum encryption (PQE) within cross-

border financial systems requires careful attention to 

infrastructure compatibility, protocol layering, and 

interoperability. A modular implementation approach is 

recommended, beginning with hybrid cryptographic 

primitives that combine classical algorithms (e.g., RSA, 

ECC) with quantum-safe counterparts such as Kyber, 

Dilithium, and SPHINCS+ [1, 3]. System architecture should 

support crypto-agility, allowing seamless upgrades to 

cryptographic libraries without re-engineering the entire 

stack. Additionally, backward compatibility with legacy 

systems is vital during transition phases—especially in 

globally distributed banking environments relying on SWIFT 

and ISO 20022 [8, 9]. Secure Hardware Security Modules 

(HSMs) and cloud-based key vaults must also be adapted to 

accommodate new algorithms and larger key sizes [6, 12]. 

Network latency, transaction throughput, and key negotiation 

speed must be optimized to avoid adverse impact on real-time 

financial operations. Thus, deployment strategies often begin 

in sandboxed environments or pilot programs with parallel 

classical-PQC message pipelines [7]. 

 

6.2. Performance Benchmarks 

Performance evaluation focuses on latency, key generation 

time, encryption/decryption speed, and message size 

overheads introduced by PQC schemes. Benchmarks from 

prototype systems using NIST finalists (e.g., Kyber-768, 

Dilithium-3) show increased handshake time in TLS 1.3 

when compared to ECC-based exchanges, with a typical 

increase of 15–30% in handshake duration [5, 11]. However, 

encryption throughput for bulk data remains nearly 

unaffected, as symmetric algorithms (e.g., AES-256) 

continue to dominate in message payload protection. Key 

encapsulation and signature verification times for PQC 

schemes are improving, particularly for lattice-based KEMs 

such as Kyber, which offer performance close to traditional 

Diffie-Hellman in optimized environments [1, 10]. Signature 

sizes are larger (e.g., Dilithium-3 ~2.7 KB), impacting 

message payload size, which may necessitate MTU 

adjustments in financial messaging networks. Overall, while 

PQC imposes certain computational and transmission 

overheads, these are within tolerable ranges for high-

performance cross-border systems when optimized with 

hybrid deployments and efficient transport layer tuning [2, 13]. 
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Table 1: Performance Benchmarks of PQC Algorithms vs RSA/ECC 
 

Algorithm Key Gen Time (ms) Encryption/Sign Time (ms) Decryption/Verify Time (ms) Public Key Size (bytes) 

RSA-2048 54 0.8 20.5 256 

ECC (P-256) 2.1 1.3 2.2 64 

Kyber-768 1.3 0.9 1.1 1,184 

Dilithium-3 2.9 1.7 1.6 1,952 

Falcon-512 5.4 2.3 1.5 666 
 Source: NIST PQC Project, CryptoBench, CMSIS-Benchmark Reports 

 

 
 

Fig 1: PQC vs Classical Algorithm Performance 

 

6.3. Compliance Validation 

In regulated financial environments, the implementation of 

cryptographic technologies must undergo rigorous 

compliance validation to satisfy frameworks such as GDPR, 

PCI DSS, FIPS 140-3, and national cybersecurity guidelines 
[12, 13]. Post-quantum deployments must ensure 

confidentiality, integrity, availability, and auditability—core 

requirements for financial messaging and payments. 

Certification of cryptographic modules, including PQC 

algorithms, via recognized standards such as NIST FIPS and 

Common Criteria is necessary for adoption within tier-1 

banking infrastructures [4, 14]. Key lifecycle governance 

(generation, storage, distribution, and revocation) must align 

with standards like NIST SP 800-57 and ISO/IEC 11770. 

Furthermore, cross-border compliance introduces 

jurisdictional challenges—requiring cryptographic controls 

that respect data sovereignty laws, especially in regions like 

the EU, India, and the Middle East [15, 16]. Regulatory 

sandboxes and controlled testing under central bank 

supervision (e.g., RBI, ECB) are proving effective for initial 

validation of post-quantum upgrades. Compliance 

frameworks increasingly emphasize cryptographic agility, 

allowing institutions to implement PQC in phases while 

documenting audit trails and risk assessments throughout the 

lifecycle. 

 

7. Regulatory Alignment and Compliance Strategy 

7.1. PCI DSS, ISO/IEC 18033, SWIFT CSP 

Implementing post-quantum encryption in financial systems 

necessitates adherence to well-established cryptographic and 

security frameworks. The Payment Card Industry Data  

Security Standard (PCI DSS) mandates robust encryption, 

secure key management, and regular cryptographic updates 

to protect cardholder data in motion and at rest. PQC 

integration must meet these criteria without degrading 

transactional performance [1, 6]. Meanwhile, ISO/IEC 18033, 

which defines encryption algorithms for IT security, provides 

a standards-based pathway for validating the cryptographic 

soundness of PQ algorithms such as Kyber and Dilithium [2, 

4]. As these algorithms progress through NIST’s 

standardization phases, their inclusion in ISO/IEC 

specifications will further ease their adoption across certified 

systems. Additionally, the SWIFT Customer Security 

Programme (CSP) focuses on communication security and 

endpoint integrity. The introduction of hybrid cryptographic 

modes (classical + PQC) aligns with SWIFT’s layered 

defense approach, especially in ensuring authentication, 

integrity, and secure session establishment between financial 

institutions [3, 7]. 

 

7.2. Data Protection (GDPR, CCPA, etc.) 

Data protection regulations such as the General Data 

Protection Regulation (GDPR) in the EU and the California 

Consumer Privacy Act (CCPA) in the US emphasize the 

principles of privacy by design, encryption, and resilience 

against unauthorized access. Under Article 32 of GDPR, 

organizations are required to implement “appropriate 

technical and organizational measures,” which increasingly 

includes quantum-resistant cryptography for future-proofing 

data confidentiality [8, 9]. PQE helps ensure long-term data 

security against retrospective decryption by quantum 

adversaries—an essential consideration for financial data  



International Journal of Multidisciplinary Research and Growth Evaluation www.allmultidisciplinaryjournal.com  

 
    1431 | P a g e  

 

with long retention periods. Additionally, the right to be 

forgotten, data portability, and secure data transfers between 

jurisdictions must be supported without compromising 

encryption effectiveness. The use of hybrid cryptography 

provides an interim mechanism to fulfill current compliance 

while demonstrating preparedness for evolving regulatory 

expectations. Furthermore, emerging privacy laws across 

Asia and Latin America increasingly reflect GDPR 

principles, pushing for global harmonization of data security 

expectations that PQC implementations can satisfy [10, 13].

 

Table 2: Estimated Cost Impact of PQC Integration in Financial Systems (2025–2030) 
 

Integration Level Estimated Avg. Cost per Institution (USD) % of Total IT Security Budget ROI Timeframe (Years) 

Layer 1 (TLS, API PQ Upgrade) $1.2 million 18% 2–3 

Layer 2 (SWIFT, ISO 20022 stack) $2.6 million 32% 3–5 

Layer 3 (Full PQC infrastructure) $4.8 million 47% 5–7 

Staff Training & Compliance Setup $600,000 12% 2–3 
Source: World Bank FinTech Report, PQC Adoption Forecast Model (compiled) 

 

 
 

Fig 2: Estimated Cost Impact of PQC Integration by Layer 

 

7.3. Interoperability and Cross-Border Governance 

Cross-border financial communications face regulatory 

fragmentation, where data sovereignty, encryption export 

laws, and national standards differ significantly. Post-

quantum cryptographic implementations must therefore be 

interoperable across jurisdictions and compliant with 

regional mandates, including India's Digital Personal Data 

Protection Act (DPDPA), the UAE's data localization rules, 

and China's Cryptography Law [11, 14]. Interoperability can be 

achieved by adopting NIST-backed PQC algorithms (e.g., 

Kyber, Dilithium) that are gaining international support and 

by using hybrid schemes that bridge classical systems with 

quantum-safe layers. Additionally, regulatory bodies such as 

the European Central Bank (ECB) and the Reserve Bank of 

India (RBI) are piloting PQC-aware infrastructures through 

fintech sandboxes and cybersecurity test beds [12, 15]. These 

efforts promote trust, traceability, and continuity of secure 

financial messaging, even in the face of asymmetric national 

cryptographic requirements. International cooperation via 

forums like the Financial Stability Board (FSB) and ISO 

TC68 also supports the formulation of governance standards 

that recognize quantum threats and recommend synchronized 

cryptographic upgrades across financial sectors [16]. 

 
 

Table 3: Global Financial Institutions' Readiness for PQC Migration (Survey-Based Data) 
 

Region % Institutions Aware of PQC % Started PQC Pilot % Expect PQC Adoption by 2030 

North America 89% 56% 81% 

Europe 94% 62% 87% 

Asia-Pacific 78% 41% 75% 

Middle East 65% 38% 70% 

Latin America 52% 27% 60% 
Source: Accenture Quantum Security Survey 2024, BIS Reports 
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Fig 3: Institutional PQC Readiness by Region 

 

8. Future Directions and Research Outlook 

8.1. Standardization and Migration Roadmaps 

As NIST finalizes its selection of post-quantum 

cryptographic (PQC) algorithms—such as Kyber for key 

encapsulation and Dilithium for digital signatures—the path 

toward global cryptographic transition becomes more 

concrete. However, the implementation of these standards 

across critical infrastructure, especially in finance, will 

require multi-phase migration roadmaps. Organizations like 

ISO/IEC, ETSI, and IETF are actively translating NIST PQC 

recommendations into international standards (e.g., ISO/IEC 

14888, RFC drafts for PQ-TLS) to ensure interoperability and 

uniform adoption [1, 2]. Hybrid implementations that combine 

classical and post-quantum algorithms are expected to persist 

for at least a decade, providing a safe transition zone while 

vendors and regulators adapt cryptographic stacks. Central 

banks, payment networks, and cloud providers will play 

pivotal roles in defining milestones for sector-specific 

readiness, supported by guidance from regulatory bodies like 

ENISA, ECB, and RBI [3, 4]. 

 

8.2. PQC in Blockchain and Central Bank Digital 

Currencies (CBDCs) 

Blockchain platforms and emerging Central Bank Digital 

Currencies (CBDCs) represent new frontiers for PQC 

integration. The immutability and public auditability of 

blockchain systems make them especially vulnerable to 

“harvest now, decrypt later” quantum attacks [5]. 

Consequently, blockchain protocols such as Ethereum, 

Hyperledger, and Algorand are exploring lattice-based and 

hash-based signature schemes for transaction validation and 

smart contract signing [6]. CBDC initiatives from institutions 

like the Bank of England, European Central Bank, and 

Reserve Bank of India are also incorporating quantum 

resilience in their design, particularly in areas of secure key 

distribution, identity validation, and cross-border remittance 

mechanisms [7, 8]. PQC can also help mitigate risks related to 

quantum-powered double spending or block reorganization, 

which could severely disrupt distributed consensus systems. 

Research prototypes demonstrate that PQC-capable 

blockchains maintain acceptable throughput and transaction 

latency, albeit with slightly increased computational 

overhead [9]. 

 

8.3. Post-Quantum Zero-Knowledge Proofs and 

Confidentiality 

Zero-knowledge proofs (ZKPs), which enable privacy-

preserving verification without revealing sensitive data, are 

fundamental to privacy-centric financial protocols. As 

quantum computing advances, traditional ZKP constructions 

based on discrete logarithms or RSA assumptions are at risk. 

The focus is shifting toward post-quantum ZKPs built from 

lattice-based assumptions (e.g., LWE, Ring-LWE) and zero-

knowledge compilers like zkSNARKs and zkSTARKs with 

quantum-safe primitives [10]. These tools are being applied in 

confidential financial transactions, anti-money laundering 

(AML) compliance, and decentralized identity (DID) 

frameworks [11]. For example, combining PQC with ZK 

rollups in Layer 2 solutions could allow CBDCs and digital 

wallets to offer scalable, confidential, and compliant financial 

interactions [12]. While research in this domain is still 

maturing, it holds great promise for secure multi-party 

computation (SMPC), confidential audits, and privacy-

preserving analytics in regulated financial ecosystems [13, 14]. 

 

9. Conclusion 

The advent of quantum computing presents a significant 

paradigm shift for cybersecurity, particularly in the domain 

of cross-border financial communications. Traditional 

cryptographic protocols, which currently safeguard trillions 

of dollars in global transactions, are no longer sufficient 

against the computational capabilities of quantum 

adversaries. In this paper, we explored the integration of post-

quantum cryptography (PQC) within regulated financial 

ecosystems, focusing on hybrid cryptographic frameworks, 

threat modeling, and compliance alignment. We 

demonstrated how PQC schemes, especially those based on 

lattice and hash functions, offer resilient and scalable 

alternatives that align with evolving standards such as those 

from NIST, ISO, and SWIFT. 

Moreover, we emphasized the importance of forward-

compatible architecture, seamless integration with messaging 
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protocols like ISO 20022, and the necessity for secure key 

management and API-level encryption enhancements. As 

regulatory landscapes evolve to address quantum-era threats, 

the financial sector must adopt proactive strategies, including 

quantum-resistant blockchain solutions, zero-knowledge 

proofs, and interoperable encryption layers that transcend 

national boundaries. Future research should concentrate on 

optimizing PQC performance, developing lightweight 

cryptographic primitives for constrained environments, and 

creating global coordination frameworks to standardize 

migration. 

Ultimately, securing international financial systems against 

quantum threats is not merely a technical necessity—it is a 

foundational requirement for maintaining trust, compliance, 

and global economic stability in the post-quantum future. 
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