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Blockchain Security Risk Assessment in Quantum
Era, Migration Strategies and Proactive Defense
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Abstract—The advent of Quantum Computing (QC) poses
significant threats to the cryptographic foundations of Blockchain
(BC) systems, as quantum algorithms like Shor’s and Grover’s
undermine the security of public-key cryptography and hash
functions. This research conducts a comprehensive risk assess-
ment of quantum vulnerabilities across critical BC components,
including consensus mechanisms, smart contracts, and digital
wallets. Leveraging the STRIDE threat modeling framework,
we analyze threat vectors specific to QC, identifying key areas
most susceptible to quantum-enabled attacks, such as private key
compromise, consensus disruptions, and smart contract integrity
risks. Our contributions provide actionable recommendations
and mitigation strategies, including a detailed security blueprint
for quantum resilience, encompassing post-quantum cryptog-
raphy, quantum-safe key exchange protocols, and quantum-
resistant hash functions. We offer best practices for implementa-
tion, focusing on key management, secure coding, and network
security to strengthen BC components against quantum threats.
To mitigate the risk of QC during the transition period from
classical to quantum-resistant BCs, we present two hybrid BC
architectures. As part of a comprehensive quantum resilience
strategy, these architectures facilitate a secure and scalable mi-
gration by integrating platform-specific adaptations that balance
security, adaptability, and operational efficiency. Our analysis
extends to major BC platforms, including Bitcoin, Ethereum,
Ripple, Litecoin, and Zcash, providing platform-specific vulner-
ability assessments and highlighting unique weaknesses in the
quantum era. By identifying vulnerabilities, developing proactive
defense strategies, and adopting a structured hybrid migration
approach, this research equips BC stakeholders with a robust
framework to achieve long-term security and resilience against
emerging quantum threats. Finally, we delve into the challenges
and research directions associated with integrating emerging
technologies, including quantum machine learning, artificial intel-
ligence, and Web3, with BC systems, and discuss the new threats
that may arise from this convergence in the QC era.

Index Terms—Quantum-Secure Blockchain, Risk Assessment,
Migration Strategies, Hybrid Blockchain, Composite Approach,
Non-Composite Approach, Proactive Defense, Post-Quantum
Cryptography, Quantum Computing Threats.

I. INTRODUCTION

HE cryptographic underpinnings of BC security are vul-
nerable to the significant threat posed by the rapidly
advancing field of QC. Quantum computers, with their un-
paralleled processing power, undermine the integrity of dig-
ital signatures, encryption schemes, and hash functions—the
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foundational components that enable secure transactions and
tamper-resistant data storage within BC ecosystems [1]], [2].
This vulnerability extends to both asymmetric and symmet-
ric cryptographic algorithms, as well as cryptographic hash
functions, all of which are integral to BC security. Quantum
algorithms such as Shor’s [3], [4] directly threaten public-
key cryptography, including RSA, Digital Signature Algo-
rithm (DSA), and Elliptic Curve Digital Signature Algorithm
(ECDSA), by efficiently solving the underlying mathematical
problems upon which these algorithms rely. This compro-
mises private keys in BC systems, such as those used in
Bitcoin’s ECDSA-based transaction model. While symmet-
ric cryptography is comparatively more resilient, Grover’s
algorithm [5[], [|6] reduces the effective security of symmet-
ric encryption schemes by accelerating brute-force attacks.
Specifically, Grover’s algorithm reduces the key search space
from 2" to 2""/2, effectively halving the security strength of the
encryption. This necessitates longer key lengths (e.g., AES-
256 instead of AES-128) to maintain equivalent security. Hash
functions, which are critical for BC consensus mechanisms
and data integrity, are also at risk. The Brassard-Hoyer-Tapp
(BHT) algorithm [7] significantly accelerates the search for
hash collisions, reducing the effective collision resistance of a
hash function from 2" to 2"*/3 (i.e., one-third of the input size).
For example, SHA3-256, frequently used for block hashing,
would provide only around 85-bit security against quantum
attacks. This reduction increases the risk of hash collisions,
thereby undermining the immutability of BC systems. These
vulnerabilities emphasize the urgent need for a dual approach:
(1) implementing proactive quantum-resilient defense mecha-
nisms and (2) transitioning to quantum-resistant cryptographic
solutions across all BC ecosystems to safeguard their long-
term viability.

This study investigates the risks associated with tran-
sitioning from non-quantum-safe cryptographic methods to
quantum-resistant ones across various BC components [_8]—
[10]. It assesses vulnerabilities posed by quantum attacks
on key components, such as the network, mining pools,
transaction verification, smart contracts, and user wallets,
which are susceptible to quantum threats. Such vulnerabilities
can compromise BC integrity and security, posing risks of
unauthorized access, data manipulation, and financial loss. To
effectively counter these evolving threats during the transition
phase, organizations must adopt a holistic security approach
that integrates quantum-resistant cryptography with system de-
sign and continuous monitoring [[11]—[13]]. A hybrid migration
strategy, gradually transitioning from classical to quantum-
resistant cryptography, is essential to reduce risks during



this phase [14[]-[16]. This approach is critical for ensuring
robust security, as organizations may encounter challenges like
increased key sizes, which require adjustments to network
traffic handling, and implementation complexities that must
be managed carefully throughout the transition [[17]-[19]].

While transitioning to quantum-resistant cryptography is
essential, it does not fully address all potential threats, as
BC systems remain vulnerable to sophisticated attack vectors
beyond encryption weaknesses [20]—[22]]. In the post-transition
stage, organizations face challenges across system architecture,
network infrastructure, and operational processes [23[], [24].
For example, quantum-resistant cryptography may create new
vulnerabilities in consensus mechanisms, allowing for unau-
thorized control or data tampering, and introduce complexities
like increased latency and fragmented network traffic, which
can lead to performance bottlenecks or expose systems to De-
nial of Service (DoS) attacks. Additionally, the coexistence of
legacy and quantum-resistant protocols in hybrid architectures
may result in security gaps, while side-channel attacks could
exploit hardware-level details in cryptographic operations.
These risks underscore the need for continuous refinement
and vigilant monitoring of the BC ecosystem beyond just
cryptographic upgrades.

This paper investigates the challenges and vulnerabilities
posed by QC to BC security, leveraging the STRIDE (Spoof-
ing, Tampering, Repudiation, Information Disclosure, Denial
of Service, and Elevation of Privilege) framework [25], [26] to
identify and prioritize threats. We emphasize the importance of
quantum-resistant measures and analyze vulnerabilities before,
during, and after transitioning to quantum-safe algorithms,
providing insights for effective countermeasures. As quantum
threats escalate, especially during the transition to quantum-
resistant BCs, a proactive approach to risk assessment and
defense strategies becomes imperative. The urgency to identify
and mitigate vulnerabilities is heightened, necessitating robust
defense strategies to ensure the adaptability and resilience
of BC ecosystems. By advocating for proactive measures,
including quantum-resistant solutions, we aim to safeguard
the integrity and longevity of BC networks. Through early
vulnerability identification and promotion of quantum-resistant
methods, we seek to fortify BC networks against potential
quantum threats, ensuring their continued operation in the
quantum era.

A. Contribution

This research offers substantial advancements in the field of
BC security within the context of emerging QC technologies.
The key contributions are as follows:

1. Comprehensive Risk Assessment: This research eval-

uates BC vulnerabilities and potential hazards posed by
QC. It identifies weaknesses and assesses risk severity,
providing valuable insights for proactive defense strate-
gies.

2. Platform-Specific Vulnerability Analysis: An analysis
of the vulnerabilities in leading BC platforms like Bitcoin,
Ethereum, Ripple, Litecoin, and Zcash is included. This
analysis highlights platform-specific weaknesses and their
implications for security in the quantum era.

3. Hybrid BC Approach for Secure Migration: This
research introduces innovative hybrid BC architectures
designed to facilitate a seamless transition from legacy
systems to quantum-resistant cryptography. These archi-
tectures balance security, adaptability, and migration effi-
ciency, allowing stakeholders to navigate with confidence
within the evolving QC landscape and ensure the long-
term security and viability of their BC systems.

4. Actionable Mitigation Strategies Empowering Stake-
holders: We provide practical guidance for developing
secure migration strategies and proactive measures to
fortifty BC components against quantum threats. Our
research emphasizes the adoption of quantum-resistant
solutions and advocates for robust defense mechanisms
to counter emerging quantum risks, equipping BC stake-
holders with the knowledge and tools to ensure the long-
term viability of BC technology.

These contributions collectively advance the understanding of
quantum threats to BC security, offering actionable guidance
for stakeholders to fortify their systems against emerging
quantum-induced cyber threats.

TABLE I: List of Abbreviations

Abbreviation | Description
Al Artificial Intelligence
AML Anti-Money Laundering
BC Blockchain
BFT Byzantine Fault Tolerance
DAGs Directed Acyclic Graphs
DeFi Decentralized Finance

DH Diffie—Hellman

DI-QRNGs Device-Independent Quantum Random Number Generators
DoS Denial of Service
DSA Digital Signature Algorithm
ECC Elliptic-Curve Cryptography
ECDSA Elliptic Curve Digital Signature Algorithm
ECIES Elliptic Curve Integrated Encryption Scheme
FIFO First In, First Out

1 Impact

IDS/IPS Intrusion Detection and Prevention Systems
KEM/ENC Key Encapsulation Mechanism/Encryption
KYC Know Your Customer
L Likelihood
MAC Message Authentication Code
ML Machine Learning
MPC Multi-Party Computation
NIST National Institute of Standards and Technology
PoA Proof of Authority
PoR Proof of Randomness
PoS Proof of Stake
POSets Partially Ordered Sets
PoW Proof of Work
PQC Post-Quantum Cryptography
PRF Pseudorandom Function
QC Quantum Computing
R Risk
RNGs Random Number Generators
SegWit Segregated Witness
STRIDE Spoofing, Tampering, Repudiation, Information Disclosure, Denial
of Service, Elevation of Privilege
TLS Transport Layer Security
VDFs Verifiable Delay Functions
VRFs Verifiable Random Functions
ZKP Zero-Knowledge Proof

B. Abbreviations

To ensure clarity and consistency, Table |Ij provides a com-
prehensive list of abbreviations used throughout this document.
ThisTable serves as a quick reference for readers to familiarize



themselves with the terminology and acronyms frequently
referenced in the text.

C. Related Works

Recent research in BC security for the quantum era has
focused primarily on vulnerability analysis [1]], [32]], [34],
proactive security measures [2f], [28], [33], and stakeholder
empowerment [2f], [30], [32]. However, existing studies often
treat these challenges in isolation, lacking a unified framework
for ensuring BC security in the quantum era.

Our research distinguishes itself by offering a holistic ap-
proach to BC quantum-security. First, we provide a compre-
hensive risk assessment framework that systematically eval-
vates threats across all fundamental BC components, includ-
ing consensus mechanisms, cryptographic algorithms, smart
contracts, and network protocols. This approach goes beyond
previous studies that focus only on specific vulnerabilities [1]],
[32], [34]. Second, we conduct a detailed vulnerability analysis
of the major BC platforms, including Bitcoin, Ethereum, Rip-
ple, Litecoin, and Zcash. Unlike previous works that provide
general security discussions [1f], [34]], [35]], our analysis of-
fers in-depth platform-specific insights, including vulnerability
analysis, threat modeling, and risk assessment, enabling a
deeper understanding of quantum threats and their poten-
tial impact on specific cryptographic algorithms, consensus

mechanisms, and smart contract vulnerabilities. Third, we
introduce novel hybrid BC architectures that leverage Post-
Quantum Cryptography (PQC) to ensure a secure and efficient
quantum-resistant future. Unlike existing approaches that rely
on quantum cryptography [31], [38]], [39]], our focus on PQC,
standardized by National Institute of Standards and Technol-
ogy (NIST), provides a practical and sustainable solution. Our
hybrid architectures combine the strengths of classical and
quantum-resistant cryptographic primitives, offering a robust
and flexible framework for securing BC systems [11]]-[13].
Finally, we provide actionable guidance for stakeholders, em-
powering them to navigate the quantum era effectively. Unlike
existing works that may focus on specific environments or pre-
transition stages [2f], [32], our research offers a comprehensive
roadmap that covers all phases of the quantum transition,
including risk assessment, vulnerability analysis, migration
strategies, and post-migration security considerations.

Table [ summarizes these distinctions, highlighting the
unique contributions of our research. By combining a compre-
hensive risk assessment, platform-specific vulnerability anal-
ysis, hybrid architecture based on PQC and actionable stake-
holder guidance, our work offers a robust solution to secure
BCs in the quantum era.

TABLE II: Related Works on BC Security Risk Assessment in the Quantum Era

Reference Focus Risk Assessment Vulnerability Analysis

Platform Analysis

Mitigation Strategies Emp 'ment | Hybrid Mi; ion A h

Yang et al. Comparison of post-quantum and _

quantum BCs for securing transactions Survey of vulnerabili-

Highlights need for quantum-

resstant  cryptography  without - Brief mention of hybrid approaches, no

(2024) [29 rity for edge computing in IoT vulnerabilities in edge

(2024) 27 ih the quantum era ties in core components specific solutions detailed migration strategy
Gharavi et al. | Survey on post-quantum BC security B Vulnerability — analysis Emphasizes post-quantum crypto- | Provides insights on integrat- B
> quantum 5% focusing on IoT BC graphic methods for IoT security; | ing post-quantum cryptogra-
(2024) 28 challenges and solutions for ToT cu A 0ds F ur
threats no detailed migration strategy phy in IoT environments
Broad discussion | - ; L o
Karakaya & Ulu | Survey on post-quantum based secu- - on post-quantum | High-level review of edge | Highlights importance of lattice- - -

platforms  without - specific

based approaches, lacks concrete

mar (2023) [30] | care lenges, lacks ~specific

vulnerability analysis

and ToT systems technical analysis solutions
Analyzes vulnerabilities | Implementation Employs post-quantum methods | CMPOWers stakeholders
| Proposes an end-to-end framework for yzes v Hies plemen . “mpoys - post-quantul specifically in  Ethereum | Focuses on EVM compatibility for post-
Allende et al. R e N . - of BC cryptographic | demonstrated on Ethereum- | like Falcon signatures and quantum . . .
achieving quantum resistance in exist- . . " - L . . and EVM-compatible | quantum signatures (e.g., Falcon); no de-
(2023) |2 2 protocols due to QC | compatible platform | entropy for security; lacks post- ’ ! res (¢ °
ing BC networks ; \ropY o environments through open- | tailed, BC-specific migration strategy.
threats (LACChain) migration analysis ° !
source tools
General discussion on
Kaushik & Ku- | Demystifying quantum BC for health- - healthcare security chal- Highlights potential of quantum BC - -

but lacks concrete strategies

Proposing a quantum-secure BC
scheme using hybrid  classical-
quantum communication  protocols - -
(uses quantum  cryptography —and
not PQC, which is currently being
standardized by NIST)

Liu et al
(2023) 31

Proposes a hybrid classical-quantum com-
- munication protocol for managing clas-
sical BCs (not PQC, which is currently
being standardized by NIST)

Implicitly addressed (considers se-
curity against quantum attacks us-
ing QPoA and 1QS)

Identifies vulnerabilities
in cryptographic algo-

IPSN. Survey of quantum threats and crypto-
Khodaiemehr et | i vulnerabilities with suggested -

Covers quantum-resistant defenses
with a focus on pre- and mid-

Guides stakeholders mainly

for pre-and mid.transiion, | Discusses hybrid strategies (KEMs and

signatures) for general transition process

across various BC lay-

g 2
gan (2022) (33 o

security

al. (2023) [32 mitigation strategies rithms ransition _ stages; lacks  post- | with limited post-migration | %o~ specific.
migration analysis guidance
Swathi & Dra- | Survey of the impact oputing on BC B Analyzes vulnerabilities Mentions the need for quantum- - Briefly mentions hybrid approaches related

resistant cryptography without spe-
cific solutions

to cryptographic compatibility, not focused
on migration

A Examines BC security in a quan-
Faridi et al. . - -
tum context with emphasis on post-

‘Analyzes vulnerabilitics
at different BC layers

Broad analysis across multi- - -

Highlights post-quantum cryptog-
raphy techniques as mitigation, but

quantum communication nerabilities

(2022) 34 quantum cryptography against quantum threats | P'S BC 1avers lacks post-migration analysis
Nz & Kumar | Surveying Quantum-Proof BC Secu- - Analysis of vulnerabil- Highlights post-quantum_cryptog- - Briefly mentions hybrid approaches in the
Ve h o ities of exotic post- raphy techniques as mitigation, but context of signature compatibility but does
(2022) 35 rity: The Era of Exotic Signatures ) phy techmiques : ! A "
quantum signatures lacks post-migration analysis not focus on BC migration strategies
Presents a conceptual frame-
Yang et al. | Theoretical analysis of quantum BC - - - work for quantum-based de- -
(2022) [36 for decentralized identity management centralized  identity; limited
practical guidance
| Survey of quantum technologies with General discussion on Explores basic posi-quantum cryp-
Rumar et al. | oyohasis on drone networks and - otential quantum vul- tographic techniques for _drones - -
(2021) 37 P s P 9 and networks; lacks post-migration

analysis

Detailed  vulnerability
analysis of
cryptographic protocols
in selected BCs

Kearey et a1, | Yulnerability analysis of specific BCs B
@021) )"1 * | (Bitcoin, Ethereum, etc.) against quan-

tum threats

Analysis of different plat-
forms, including  Bitcoin,
Ethereum, etc.

Limited mention of hybrid approach; lacks
detailed migration strategy

Review of quantum and hybrid quan-
Edwards et al, | m/classical BC protocols (quantum _ _
protocols use quantum cryptography,

Proposes analysis of possible hybrid ap-
proaches for combining classical and
quantum cryptography in BCs (not using

Mentions quantum  cryptography
but lacks specific mitigation strate-

ies for quantum-resistant BCs .
B a analyzing threats, vulnera-

bilities, and assessing risks

BC components

(2020) {38 not PQC, which is currently being gies PQC, which is currently being standard-
standardized by NIST) ized by NIST)

Comprehensive risk assess- i":ﬂl‘ﬂ‘e‘:Z‘";heu::;dmf‘r’;ﬂ’t‘;‘;‘i"x Proposes comprehensive analysis of possi-

Risk assessment & migration strate. | M€Nt @pproach for funda- | Through analysis of | Vulnerability analysis of | [Wse 4 UUANLEFIESSAN S0° | Equips stakeholders with ac- | ble hybrid approaches for combination of

Our Work SK assess 2 4 mental BC components via | vulnerabilities in core | specific (Bitcoin, " gation 5 tionable insights for navigat- | classic and post quantum BC and provide a

Ethereum etc.)

gies and proactive measures for all
stages of the transition path (pre,
throughout, and post).

ing the quantum era way to have smooth transition from classic

BC to post-quantum one




D. Organization

The rest of the paper is organized into the following
sections: Section [[I] describes the approach used to conduct a
comprehensive risk assessment, focusing on quantum-specific
threats and vulnerabilities that arise during the migration of
BC systems. Section discusses cryptographic standards
and QC’s potential cyber impact and risk assessment. Sec-
tion [[V] explores the quantum impact on the components of
the BC technology, covering the BC network, mining pools,
transaction verification mechanisms, smart contracts, and user
wallets. Section [V] analyzes the security implications of QC
in different BC roles, presenting strategies for quantum-safe
migration. Section [VI] addresses the challenges of mitigating
QC impacts and transitioning to quantum-secure BC systems.
Section [VII] details a groundbreaking approach using hybrid
BCs to facilitate a smooth transition to quantum-resistant cryp-
tography in BCs. Section analyzes the security posture
of major BC platforms such as Bitcoin, Ethereum, Ripple,
Litecoin and Zcash in the context of QC threats. Section [[X]
examines the current landscape of post-quantum BCs, their
cryptographic underpinnings, associated security concerns, and
the challenges of achieving quantum-resilient interoperability.
Section |X] explores future research directions to address QC
challenges facing BC, particularly as the integration with
emerging technologies like Web3 and quantum Al intensifies
these issues. Section [XI] summarizes key findings, emphasizes
proactive security measures and collaboration, and calls for
ongoing efforts to protect BC systems from QC threats.

II. QUANTUM-SAFE MIGRATION RISK ASSESSMENT
APPROACH

This study utilizes a comprehensive risk assessment method-
ology to evaluate the security risks associated with BC migra-
tion towards quantum-safe systems. We employ a four-stage
risk assessment methodology (preparation, assessment, com-
munication, maintenance), following NIST guidelines [40].
The focus is on the assessment stage, prioritizing threat,
vulnerability, likelihood, impact, and risk. Figure [I] provides
an overview of this risk assessment approach.

A. Prepare for Risk Assessment

Aligned with NIST guidelines [40], this risk assessment
framework prepares for BC migration to quantum-safe systems
by defining the purpose, scope, assumptions, and a tailored
risk model. The primary goal is to identify and prioritize
quantum-related threats at all migration stages (pre-, during,
and post-migration) across BC components such as consensus
mechanisms, cryptographic algorithms, and network protocols.
While this analysis assumes both the emergence of quantum
threats within the migration timeframe and the availability of
PQC solutions, the current limitations in PQC efficiency and
interoperability present substantial challenges. This research
leverages a qualitative, STRIDE-based risk model [26]], [41] to
categorize threats identified in academic literature and industry
reports on known BC vulnerabilities. Evaluation criteria (Low,
Medium, High) are defined for likelihood and impact to
effectively prioritize risks. This structured approach provides a

comprehensive understanding of the quantum threat landscape,
supporting the development of robust mitigation strategies.

B. Conduct Assessment

Conducting the assessment involves five key tasks: (1)
identifying potential threat sources and events; (2) identifying
vulnerabilities within the system; (3) determining the like-
lihood of each identified vulnerability; (4) determining the
impact of each vulnerability; and (5) aggregating these factors
to assess the overall risk. Figure [[| summarizes the assessment
process.

Task 1. Identify Threat Sources and Events: To identify po-
tential threats, we consider quantum-specific risks such as
quantum algorithm attacks (e.g., Shor’s and Grover’s algo-
rithms), quantum side-channel attacks (exploiting timing or
power differences), and quantum hardware attacks (malicious
quantum devices). These threats can compromise BC systems
at various levels, including cryptographic algorithms, consen-
sus mechanisms, and smart contracts. By understanding these
risks, we can develop effective mitigation strategies to protect
BC systems in the quantum era.

Task 2. Identify Vulnerabilities and Predisposing Conditions:
We conduct a comprehensive review of BC components to
identify vulnerabilities that could be exploited by quantum
attacks. Key focus areas include quantum-resistant crypto-
graphic algorithms (lattice-based, code-based, and multivari-
ate), BC protocols (consensus mechanisms, smart contracts,
and network protocols), and quantum-safe key management
(key generation, distribution, and storage).

TABLE III: Evaluation Criteria for Likelihood Levels

« High likelihood of exploitation due to critical vul-
nerabilities or weak cryptographic protections.
Broad network exposure, making exploitation acces-
sible to adversaries with quantum capabilities.
High probability of intent and capability from quan-
tum threat actors.

Known vulnerabilities, but partial mitigations limit
ease of exploitation.

Moderate network exposure; some access restric-
tions, but feasible for a skilled quantum adversary.
Exploitation possible with moderate quantum re-
sources and expertise.

Likelihood | Medium

No significant vulnerabilities for quantum exploita-
tion; strong quantum-resistant cryptography in place.
Minimal network exposure; attacks require highly
specialized access and resources.

Unlikely exploitation due to high barriers and limited
feasibility.

Low

Task 3. Determine Likelihood of Occurrence: Using a qual-
itative risk assessment approach, we evaluate the likelihood
of vulnerabilities being exploited by a quantum attacker.
We establish a set of qualitative criteria and categorize the
likelihood into three levels: Low (L), Medium (M), and High
(H). The criteria used for this assessment are detailed in
Table [l To assess cyber risks associated with PQC algo-
rithms, we evaluate factors such as exploitability, availability
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Likelihood { Medium Medium

Low
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Medium

Risk = Liklihood x Impact

Fig. 1: Quantum-Safe Migration Risk Assessment Approach

of countermeasures, and criteria from NIST-SP 800-30 Ap-
pendix G [42]. Likelihood levels are categorized based on
exploitability, attack complexity, attacker motivation, and the
effectiveness of countermeasures.

TABLE IV: Evaluation Criteria for Impact Levels

o Severe compromise, including exposure of critical

data or loss of cryptographic integrity.

Extensive operational downtime or significant dis-

ruptions to BC consensus mechanisms.

« High financial, regulatory, and reputational risks with
long-term effects.

Partial compromise of data integrity or limited oper-
ational impact.

Moderate data or service disruption with manageable
recovery time.

Moderate financial or reputational consequences; po-
tential regulatory concerns.

Impact | Medium

Minimal operational disruption or data exposure;
negligible security implications.

Temporary disruptions without lasting effects on BC
integrity or user trust.

Limited financial or reputational risk.

Low

Task 4. Determine Magnitude of Impact: The impact levels,
defined as Low (L), Medium (M), and High (H), reflect the
potential severity of a quantum threat event (see Table [[V] for
evaluation criteria). These criteria, based on NIST-SP 800-30
Appendix H [42], consider the possible harm to BC assets,
system stability, user satisfaction, data confidentiality, and
organizational reputation.

Task 5. Assess Risk: Risk is determined by combining likeli-

hood and impact levels, visualized in a risk matrix (see Fig-
ure [2). Risk levels—High, Medium, and Low—help prioritize
vulnerabilities and guide mitigation strategies.

Impact
Low Medium High
Low Low Low Medium
Likelihood { Medium Low Medium
High Medium

Fig. 2: Qualitative Risk Assessment based on Likelihood and
Impact Levels

III. CRYPTOGRAPHIC STANDARDS AND QUANTUM
COMPUTING: CYBER IMPACT AND RISK ASSESSMENT

This paper proposes a security framework to safeguard BC
technology from QC threats. The framework prioritizes secur-
ing critical components for robust BC protection. However, to
effectively mitigate these risks, we must understand the threat
QC poses to classical cryptographic algorithms, the foundation
of BC security. This section assesses the impact on both
traditional and post-quantum cryptographic algorithms stan-
dardized by the NIST. This risk assessment prioritizes threats
based on their potential impact and exploitability. Advances
in QC significantly threaten both public-key and symmetric-
key cryptography, necessitating a thorough risk assessment
that accounts for emerging quantum-resistant solutions under
development by NIST.



A. Classic Cryptographic Standards and Quantum Comput-
ing: Cyber Impact and Risk Assessment

Widely used classical cryptographic algorithms—both
symmetric and asymmetric—are increasingly vulnerable
to QC. Quantum algorithms such as Shor’s, Grover’s and
Brassard et al’s algorithm [7] can compromise the hard
problems underlying modern cryptography, threatening the
security of diverse applications and communications.
This section analyzes the vulnerabilities of existing
cryptographic systems to motivate the need for quantum-
resistant alternatives.

A.l. Risk Assessment

Understanding the risks of migrating to quantum-resistant
cryptography requires predicting the arrival of powerful quan-
tum computers and their impact on classical cryptosystems.
This analysis examines the timeline for the potential emer-
gence of such computers within the next 5 to 30 years. We
assess the cumulative likelihood of significant quantum threats
to classical cryptosystems over this timeframe. Figure [3] sum-
marizes this progression, incorporating insights from various
quantum experts on the “quantum threat” timeline [43]. Here,
“quantum threat” specifically refers to the ability to break
RSA-2048 encryption within 24 hours using a quantum com-
puter. However, this threat also applies to other cryptosystems,
notably ECC, which is widely used in BC and may be more
vulnerable to attack by Shor’s algorithm than RSA at equiv-
alent security levels. A thorough risk assessment therefore
requires comparing algorithms’ “quantum strength” relative to
this RSA benchmark, considering their susceptibility to Shor’s,
Grover’s, and Brassard et al.’s algorithms.

Likelihood
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Medium (L<0.30)
Low (L<0.05)
=Low (L<0.01)

Expert Opinions

10 years 15 years 20 years 30 years

Fig. 3: Cumulative Expert Opinions Related to Quantum
Threat to Classic Cryptography

A.1.1. Expected Likelihood of Quantum Threat To assess the
“expected likelihood of the quantum threat for classical cryp-
tosystems” over different periods (5, 10, 15, 20, and 30 years),
we analyze predictions made by experts in Figure [3] For each
period (e.g., 5 years), the expected likelihood is calculated
by multiplying the agreed-upon likelihoods of predictions for
that period by the probability of those predictions, and then

summing them up:

Eperiod; [likelihood] = Z likelihoodperiodj (a)i)xPrperiodj (wy),
w;C [0, 1 ]

where, w; represents subsets of [0, 1], with their union equal-
ing [0, 1]. Prperiodj(a)i) for each period j is determined by the
fraction of expert opinions that agreed on prediction w; for
that period, relative to the total number of predictions. Our
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Fig. 4: Expected Likelihood of Quantum Threat for Classic
Cryptography Within 30 Years

likelihood assessment categorizes quantum threat likelihood
into three levels: low, medium, and high. As depicted in
Figure [ the expected likelihood of a quantum threat within
10 years is low, within 15 years is medium, and beyond 20
years is high.
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Fig. 5: Expected Impact of Quantum Threat for Classic
Cryptography

A.1.2. Quantum Impact Assessment

To assess the impact of quantum threats on different
classical cryptographic algorithms, we evaluate their quantum
security strength, which quantifies their resilience against
attacks from quantum computers [44]. This measure is crucial
for understanding the vulnerabilities of existing systems
and prioritizing mitigation efforts. The impact of QC on a
cryptographic algorithm is considered high if the algorithm’s
quantum strength is less than 64 bits, low if it is greater than
or equal to 128 bits, and medium for values between these



TABLE V: Classic Cryptographic Standards and Quantum Computing: Cyber Impact and Risk Assessment

Crypto Type | Algorithms | Variants Key Length (bits) Slr'en:'ths (bits) Vulnerabilities STRIDE threats L |I R | QC-Resistant Alternatives
Classic | Quantum
ECC 256 256 128 0 For digital signature: M
ECC 45 ECC 384 384 256 0 * Spoofing: Shor’s Algorithm allows forging of digital signatures. M
ECC 521 521 256 0 « Tampering: Integrity checks can be bypassed due to signature forgery. | M
) DHE 2048 | 2048 112 0 Broken by Shor’s Al- | * Repudiation: Valid signatures can be forged, denying the origin of the | M o A
Asymetric FFDHE (46 DHE 3072 | 3072 5 o corithm {3]. message. o Algorithms presented in Table[VT]
RSA 1024 | 1024 80 0 For Key E ism/Encryption (KEM/ENC): M
RSA [47 RSA 2048 | 2048 112 0 « Info. Disclosure: KEM/ENC algorithms can be broken, revealing en- | M
RSA 3072 | 3072 128 0 crypted data. M
AES 128 128 128 64 N n 5 M M| M
AES {48 AES 192 | 192 192 % ened by Grover's | '+ Info. Disclosure: Grover's algorithm reduces the effective key length, | M M | M | Larger key sizes are needed.
AES 256 | 236 356 8 Algorithm [5]. making brute-force attacks feasible. N
SHA 256 - 128 85 M M| M
Symmetric SHA2 [49 SHA 384 192 128 M L |L
SHA 512 256 170 Weakened by Brassard | * Spoofing: Fake hash values can be created. M L | L
3 . : . . . - s Larger hash values are needed.
SHA3 256 128 85 et al’s Algorithm |7]. * Tampering: Data integrity can be compromised by finding collisions. M M| M
SHA3 [49 SHA3 384 | - 192 128 M|L | L
SHA3 512 256 170 M|L | L

(see Figure [3).

A.1.3. Evaluating Risk

The overall Risk (R) associated with a cryptographic al-
gorithm is evaluated based on both the Likelihood (L) of a
successful exploit and the potential Impact (I) of such an
attack. This evaluation is visualized using a risk matrix, as
depicted in Figure [2| By analyzing both likelihood and impact,
we can effectively assess the security posture of existing al-
gorithms and develop appropriate mitigation strategies for the
transition to quantum-resistant cryptography. Table [V] provides
a detailed analysis of conventional cryptographic algorithms
before transitioning to quantum-safe solutions. This analysis
considers classical and quantum security strength, inherent
vulnerabilities, emerging quantum threats, potential quantum-
resistant remedies, and associated risks. For our evaluation,
we consider a 15-year timeline during which the likelihood
of quantum threats to classical cryptosystems is assessed as
medium (see Figured). This assumption can be easily changed
for other periods.

B. Selected Quantum-Resistant Cryptographic Standards: Cy-
ber Impact and Risk Assessment

The threat of QC necessitates a transition to post-quantum
cryptography (PQC). NIST has led a standardization effort
and PQC algorithms are designed to safeguard public-key
cryptography (key encapsulation/encryption and digital
signatures) against quantum attacks. Several promising PQC
categories have emerged, including lattice-based [S0]—[52],
code-based [53]-[55]], hash-based [56]], and isogeny-based [57]]
approaches. However, ongoing research remains vital to ensure
their long-term security. NIST announced the first four PQC
candidates for standardization in 2022, along with candidates
for a fourth round of analysis [58]]. Additionally, NIST
has solicited comments on the initial public drafts of three
Federal Information Processing Standards: FIPS 203 [59],
FIPS 204 [60]], and FIPS 205 [61]. These drafts outline
quantum-resistant key establishment and digital signature
schemes to safeguard against future quantum attacks [62].

B.1. Security Evaluation and Vulnerability Analysis
Recent discoveries of side-channel vulnerabilities in some
NIST-standardized PQC algorithms highlight the critical need
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Fig. 6: Taxonomy of Attacks for NIST-Standardized Crypto-
graphic Algorithms
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Timing Attacks

—
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for ongoing security assessments (see Figure [6). This section
delves into these security challenges, examining the nature of
attacks, potential mitigation strategies, and associated risks.
Quantum attackers primarily aim to recover secret keys or
forge digital signatures, exploiting information leakage during
cryptographic operations, such as power consumption, electro-
magnetic radiation, or timing data, to potentially extract sensi-
tive information like private keys. Table [V provides a specific
overview of vulnerabilities in PQC algorithms, highlighting
potential exploits and associated risks. This information is
invaluable for ongoing NIST standardization efforts and the
development of robust security measures against quantum
threats.

B.2. Risk Assessment

To assess cyber risks associated with PQC algorithms, we
evaluate factors such as exploitability (e.g., requirements for
physical access, network or internet accessibility), availability
of countermeasures (as detailed in Table [VI), and criteria
from NIST-SP 800-30 Appendix G [42]. Likelihood levels are
categorized based on exploitability, attack complexity, attacker
motivation, and the effectiveness of countermeasures:

a) High: Known vulnerabilities that can be exploited remotely
(e.g., over the internet or network) without effective coun-
termeasures, or that require minimal attacker sophistication
or resources.

b) Medium: Known vulnerabilities that require physical access
or specific conditions, or lack robust countermeasures when
exploited remotely. Moderate attack complexity or skill



TABLE VI: NIST-Standardized Quantum-Resistant Cryptographic Algorithms: Cyber Impact and Risk Assessment

Algorithms Description FIPS Compliance | Attacks Possible Countermeasures STRIDE Threats ‘ L
* Masking decryption process by splitting secret key [64], [65], . ’ .
Fault Attacks [63]-165] ¢ Checking the secret and error components of the LWE Info. Disclosure (by recovery of message and key [631-{65)). M
instances for known trivial weaknesses [63].
« Masking of input [66],
Simple Power | * Randomizing the order of executed operations within an NTT |,y pyicetoure (by recovery of key [66)). M
‘Analysis [66 computation or by inserting random dummy operations inside
. the NTT [66].
Key encapsulation
mechanism based * Masking the Number Theoretic Transform (NTT), which is
on the Module Pendin, FIPS Advanced Power Analy- an integral part of efficient implementations of many lattice- « Info. Disclosure (recovery of the transmitted symmetric
Kyber [50 Learning with rtifi e sis [671-(69 based schemes [67]. key [67)).
yber Errors (M-LWE) (“;II;SC;(‘J‘;";SQ) « No counter for the attack d in {69].
problem, in = « Masking the ECC procedures, including masking the decryp-
conjunction  with tion/decapsulation operations [64], {70], masking to protect
cyclotomic rings the FO transform operations in the CCA setting [70], masking
. to protect the secret key [71]. « Info. Disclosure (by full key extraction [70], [7T] or by
Electromagnetic « Discardi cinh s with 2 al - I disclosing bits of th . z] IL
Attacks 651, {701, {71 lsudrl;;.; ciphertexts with a special structure or low en- isclosing bits of the secret message [65]).
’ P tropy s
+ Splitting the secret into random shares and thereafter ran-
domizing the entire decryption or decapsulation [71].
Template Attacks [72] * No counter for the attack in |72]. « Info. Disclosure (by message recovery [72]). M
Cold-Boot Attacks |73 : gg:::i (‘h703sccrcl in the time domain instead of the frequency |, ¢, pisclosure (recovery of the secret key [73]). L
* Spoofing and Tampering (by recovery of key [63], [74]),
¢ Checking the secret and error components of the LWE « Tampering and Repudiation (by forging a signature on any
. e ~ instances for known trivial weaknesses [63]. given message [74]),
Fault Attacks (63}, {74, « Generic counter i i Double « Elevation of Privilege (by elevating the privileges and gain- Wl
Lattice-based Verification-after-sign, and Additional rand s [74]. ing access to restricted systems or data via forged signa-
digital ~ signature tures [72)-
scheme that uses « Spoofing, Tampering, and Repudiation (by forging signa-
Lyubashevsky’s Y Mackine t T, wre {76)),
Fiat-Shamir with Masking using linear secret sharing scheme (75, = « Elevation of Privilege (by elevating the privileges and gaining
. Advanced Power Analy- * Boolean and arithmetic masking by leveraging splitting and . o e M
Aborts  technique Pendi FIPS sis 731, [76] sharing sensitive variable [76] hd access to restricted systems or data via forged signature [76]).
Dilithi 1511 and rejection en_f;n"g . I 2 " * Spoofing, Tampering, Repudiation and Elevation of Privilege
Hithium samplin; gertiication, (by disclosing secret variables {73]).
pling (FIPS 204 60])
to ensure + Re-ordering of operations within the signing procedure and | oo e S S e info. about
compactness embedding the vulnerable addition operation deep enough Spooling, pering (by SIng S -
and  relies on ) om e 2 secret key [78]),
the hardness of Electromagnetic inside the signing procedure /7], « Tampering, Repudiation and Elevation of Privilege (by forg- [
¢ hardness o Attacks [77], [78 « Bit-slicing design for NTT, the most critical sub-block, to ampering, Rep . ge (by forg
module lattice . Lo . N ing a signature on any given message |771).
provide a spatial intra-instruction redundancy [78].
problems
« Spoofing and Tampering (by revealing information on the
- . signer’s secret key [79]).
9 . ¢
Template Attacks [79] Shuffling and Secret sharing [79]. * Repudiation and Elevation of Privilege (by forging signature il
via revealed signer’s secret key [79]).
* Making the signature computation redundant (801,
« Computing the index of the few-time signatures (FTS) from
public values instead of secret ones (80,
* Linking the different layers of the hyper-tree (o detect faults |, g 610 4nd Tampering (by recovering parts of the secret
in the computation of the tree, which results in a non-valid P 5 3 &
signature [80 key [80] or universal signature forgery [81]),
Stateless  hash- Fault Attacks [80], 81  Detecting faults by recomputing of sub-trees with swapped * Tampenpg and Rspuqmllon (l?y tol‘gl?g any message signa- -y
based  sienature . I e o b " o ture [80] or by creating a universal forgery with a voltage
g Pending FIPS nodes, as well as an enhanced hash function that inherently litch injection on the tareeted platform and collecting fault
SPHINCS+ |56 scheme  relying | certification prote gainst faults [81], giﬂnaluris 0 create [§1 )g P g Y
on the hardness of | (FIPS 205 [61]) + Computing and storing one-time signatures to reuse the © 4
finding collisions results whenever needed (81},
in hash functions « Recomputing the vulnerable instructions on different hard-
ware modules to detect mismatches [81].
« Spoofing and Tampering (by recovering secret key [S2]).,
Advanced Power Analy- * Hiding the order of the Mix procedures [82]. « Tampering, Repudiation and Elevation of Privilege (by gen- M
sis [82] erating signature on arbitrary messages [821).
* Double computation of signature (83], « Spoofing and Tampering (by retrieving the private-key [83]),
Fault Attacks [83] + Immediate verification after signing (83, « Repudiation and Elevation of Privilege (by forging signature M
* Zero checking of the sampled vector [83]. via retrieved private key [83]).
. 4 di  Blind-Vector algorithm extended the use of the Fisher-Yates
_Laije-base dig- shuffling procedure to enhance random shuffles for side- + Spoofing and Tampering (by retrieving the private-key [83]),
ital signature al- Timing Attacks 83 channel protection [83],  Repudiation and Elevation of Privilege (by forging signature M
gorithm based on ) ‘ - « Sample discard performing extra cache read from random via retrieved private key [S3]).
Falcon 52 the hardness of | Pending FIPS cer- addresses to distort statistics [83].
the shortest vector | tification - — - —
problem in struc- Simple Power | * Practically lower the Hamming weight gap [34]. * Spoofing, Tampering, Repudiation and Elevation of Privilege g
tured NTRU lat- ‘Anaiyeis [E (by complete recovery of the secret keys [84]).
tices
foes o . . * Spoofing and Tampering (by extracting the secret signing
Blectromagnetic ¢ Hiding by making power consumpton consant, @), | kews @S,
Attacks [85] * Masking using randomizing the intermediates values [85]). « Tampering, Repudiation and Elevation of Privilege(by forging
N signatures on arbitrary messages [85]).

* We perform risk evaluation with the presumption of considering the countermeasures mentioned in the table.

level may also contribute to a medium likelihood rating.
¢) Low: No known vulnerabilities, or only highly complex

attacks that require administrative or physical privileges

and have effective countermeasures in place, with limited
attacker motivation.

The impact assessment, grounded in NIST-SP 800-30 Ap-
pendix H [42]], evaluates the potential consequences of quan-
tum attacks on user satisfaction, data confidentiality, and
organizational reputation. According to the criteria outlined
in Table [[V] PQC attacks are assessed as having a Medium
Impact. This assessment indicates that such attacks could lead
to partial data compromise, limited operational disruption, and
manageable recovery times, with moderate financial and rep-
utational consequences. Risk evaluation integrates likelihood

and impact, as summarized in the risk matrix (Figure [2).
Table [VI| provides algorithm-specific risk insights essential
for developing robust PQC transition strategies to mitigate
quantum threats and enhance cybersecurity resilience.

IV. QUANTUM IMPACT ON BC TECHNOLOGY
COMPONENTS

Quantum attacks pose a significant threat to various com-
ponents of BC technology, including (a) BC network, (b)
mining pools, (c) transaction verification mechanisms, (d)
smart contracts, and (e) user wallets. These attacks can com-
promise the trust and immutability that BC technology aims to
provide. Understanding these vulnerabilities and implementing
effective mitigation strategies is crucial for safeguarding the
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Fig. 7: Quantum Impact on BC Technology Components

integrity and security of BC ecosystems. This section will
delve deeper into each of these components and explore
potential solutions to safeguard their integrity and security in
the quantum age.

A. BC Network and Quantum Computing Threats

QC poses a significant threat to BC networks by poten-
tially exploiting weaknesses in core functionalities. Here is a
breakdown of some key vulnerabilities along with mitigation
strategies.

A.l. Cryptographic Hashing Vulnerabilities
BC networks rely heavily on cryptographic hashing func-

tions to ensure data integrity and immutability. However,
advancements in QC present a potential challenge to the
security of hash functions, including widely used algorithms
like SHA 256. These vulnerabilities, as highlighted in Ta-
ble [Vl can weaken the security strength of hash functions
and introduce risks such as transaction forgery or alteration
of ledger history []1]], [86]. Effective mitigation strategies to
address these vulnerabilities include:

« Standardization of Quantum-Resistant Hashing: Pro-
mote and support the standardization of quantum-resistant
hashing algorithms, ensuring they meet the required security
levels for BC applications as outlined in NIST’s post-
quantum cryptography transition strategies [87].

« Increased Hash Output Length: Increase the output length
of the hash function. While Grover’s algorithm speeds up
collision finding, a longer hash output length increases the
computational resources (and time) required for successful
attacks. This mitigates the threat but doesn’t eliminate it.

o Migration Plans: Develop clear migration plans for
transitioning from vulnerable hashing algorithms to
quantum-resistant alternatives with minimal disruption to

the network [8]], [88]].

A.2. False Message Attacks
Quantum algorithms can compromise the security of digital

signatures and hash functions, enabling attackers to forge

signatures or manipulate data within the network. This could
allow the injection of false information or the spread of mis-

information, undermining the integrity of the BC system [89].

Additionally, quantum computational power, including guan-

tum parallelism and exponential speedup (via algorithms like

Shor’s and Grover’s), could facilitate Sybil attacks, where at-

tackers deploy numerous fake nodes to manipulate identities or

votes. This threat is particularly concerning for BCs utilizing

Proof of Work (PoW) consensus mechanisms, where quantum

acceleration could make it easier to create and manage fake

nodes, potentially disrupting network operations [1]]. However,
the risks are not exclusive to PoW-based systems, as QC could
also affect cryptographic vulnerabilities in Proof of Stake

(PoS) or Byzantine Fault Tolerance (BFT) systems, potentially

undermining consensus or enabling false message injection

by compromising digital signatures or private keys. Effective
mitigation strategies for these quantum threats include:

« PQC Algorithms: Implementing PQC algorithms, such
as lattice-based cryptography, is essential to secure digital
signatures and other cryptographic primitives in a post-
quantum world [90], [91].

« Network Reputation Systems: Developing and enhancing
network reputation systems can help nodes identify and
filter out messages originating from unreliable sources,
preventing the spread of misinformation. These systems
must be adapted to address quantum-specific vulnerabilities,
ensuring resilience in a post-quantum world [92].

« Incentivize Honest Behavior: Designing incentive
mechanisms that reward nodes for verifying the validity



of information and penalize those spreading false data
is crucial. These mechanisms, although effective in
current systems, need to be adapted to account for
QC vulnerabilities to ensure their effectiveness in the
future [93]].

A.3. 51% Attacks

A significant concern for PoW-based BCs is the possibil-
ity of a 51% attack. In this scenario, a malicious actor or
group could control more than half of the network’s mining
hash rate, allowing them to manipulate transaction confirma-
tions, potentially double-spend cryptocurrency, and ultimately
compromise the network’s integrity. While achieving a 51%
attack with traditional computers is already computationally
expensive, quantum computers could significantly reduce the
resources needed, making it a more realistic threat for some
BCs [94], [95]. Mitigation strategies to proactively defend
against 51% attacks on BC networks include:

« Transition to Alternative Consensus Mechanisms: Ex-
ploring alternative consensus mechanisms like PoS that
are less susceptible to 51% attacks, as they rely on coin
ownership for validation, not raw computational power [96].
Quantum-resistant consensus mechanisms beyond those dis-
cussed above include QRL’s proof-of-stake (QPoS) [97] and
quantum PoW (QPoW) [98] algorithms.

o Enhanced Difficulty Adjustment Algorithms: Implement-
ing dynamic difficulty adjustment algorithms that automati-
cally adjust the mining difficulty based on the network hash
rate can make it more expensive for attackers to acquire a
controlling stake, thereby enhancing the network’s resilience
against 51% attacks [99].

o Merged Mining: While merged mining can provide
security benefits by leveraging the hash power of
larger networks, it introduces additional complexities.
If a malicious actor gains control over a significant
portion of the hash rate in a merged mining setup, they
could potentially launch 51% attacks on multiple BCs
simultaneously. Therefore, although merged mining may
strengthen smaller BCs by sharing computational resources,
it also poses a risk by potentially affecting multiple BCs
at once. Careful consideration is required to manage these
risks and ensure that the security of all participating
networks is maintained [[100].

A.4. DoS Attacks
QC significantly amplifies the threat of DoS attacks on BC
networks. By leveraging their immense computational power,
quantum attackers could overwhelm nodes or critical network
infrastructure with a deluge of traffic, disrupting transac-
tion processing, delaying block confirmations, and potentially
centralizing control. Quantum-accelerated attacks can exploit
network vulnerabilities more efficiently, leading to more severe
and prolonged disruptions. Mitigation strategies for quantum-
enhanced DoS attacks on BC networks include:
o Resource Reservation and Rate Limiting: Implement
mechanisms to reserve resources and impose rate limits
to prevent malicious actors from monopolizing network

resources [101]], [102]].

« Distributed Network Architecture: Maintain a distributed
network architecture to minimize the impact of DoS attacks
on any single node [103]].

+ Redundancy and Fault Tolerance: Design systems with
redundancy and fault tolerance to ensure network operability
even during DoS attacks [[104], [105].

« Network Optimization Techniques: Explore network op-
timization techniques such as efficient data compression,
sharding, traffic filtering, or congestion control mechanisms
to mitigate bandwidth and processing bottlenecks [106].

« PQC and Quantum-Safe Consensus Protocols: Transition
to quantum-resistant cryptographic protocols and consensus
mechanisms to prevent quantum-enhanced DoS attacks
that could exploit vulnerabilities in classical cryptographic
systems [[90].

A.5. Data Privacy and Obfuscation Vulnerabilities

The transparency and anonymity inherent in BC transactions
can be compromised by quantum attacks. Quantum computers
could potentially intercept and manipulate transaction data,
exposing sensitive information such as transaction amounts
and participant identities. Additionally, quantum attacks could
compromise the pseudonymity of BC addresses, linking them
to real-world identities and undermining privacy [[107].

Privacy-centric BCs like Monero and Zcash employ ad-
vanced cryptographic protocols such as Bulletproofs and zk-
SNARKSs to protect transaction details. However, both of
these protocols rely on ECC, which is vulnerable to Shor’s
algorithm. Additionally, the cryptographic hash functions used
in these BCs (such as Keccak in Monero and BLAKE2b in
Zcash) could be affected by Grover’s algorithm, potentially
reducing their security strength. These quantum threats could
expose sensitive transaction metadata, including amounts and
participant identities [[1]], [108], [109]. To mitigate the risk of
data privacy and obfuscation vulnerabilities, several strategies
can be adopted:

« PQC: Implement quantum-resistant cryptographic algo-
rithms to safeguard transaction data from quantum manip-
ulation [90], [91]].

o ZKPs: ZKPs allow for the verification of transactions
without revealing underlying data. To maintain security in
a post-quantum world, ZKPs should be based on quantum-
resistant cryptographic primitives such as lattice-based cryp-
tography [[110].

« Layered Security Approach: Combining techniques such
as ring signatures with quantum-resistant zero-knowledge
proofs, like zk-STARKS, can offer an additional layer of
protection. Ring signatures help obfuscate transaction initia-
tors, while zk-STARKSs validate transaction amounts with-
out revealing sensitive details, providing a robust defense
against quantum attacks [[111].

« Adoption of Quantum-Resistant Obfuscation Protocols:
Transitioning to quantum-resistant cryptographic protocols,
such as lattice-based cryptography and the Dilithium sig-
nature algorithm, is essential for preserving transaction
confidentiality in the quantum era. Privacy-focused BCs like



TABLE VII: Analysis of BC Network Component Vulnerabilities to Quantum Computing Threats with Likelihood, Impact,

and Risk Assessment

Layer Exploited Vulnerabilities Attack Vector Potential Impacts STRIDE Threats Mitigation Strategies Actionable Parties
* Tampering: Potential modifica- | ¢ Standardization of Quantum-
Cryptographic Hashing Vul- | Exploiting hashing | * Transaction Malleability o, of transaction details or | Resistant Hashing - Developers
nerabilities algorithms « Ledger history alteration blocks ) ) * Migration Plans * ymers
; * | * Spoofing: Forging or bypassing | * Increasing Hash Output Length * Auditors
digital signatures. + PQC Standards Development.
* Tampering: Manipulation  of
Injecting false information . Iransagliqn data or blnclfs  Developers
" . « Disrupted Consensus Pro- | * Repudiation: Forged signatures | « PQC
False Mess Attack: through forging signatures . allow attackers Pl spon- | « N X Reputati e * Node Operators
alse Message Attacks . cess allow attackers to deny respon etwork Reputation Systems .
and Compromising the se- . . o N N N  Governance Partic-
. . « Invalid Transactions sibility or implicate others * Incentivize Honest Behavior . .
curity of hash functions . ) . ipants
+ Info. Disclosure: Exposure of
sensitive transaction data
* Spoofing: False confirmations of | * Transition to Alternative Consen-
transactions sus Mechanisms * Miners
3 « Double Spending * DoS: Potential for network | ¢ Enhanced Difficulty Adjustment | * Developers
BC Network | 31% Attacks Control of network hash rate | | Network Disruption downtime or congestion due to Algorithms « Community Partic-
malicious control of the mining | ¢ Merged Mining (with careful risk ipants
hash rate management)
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DoS Attacks Service Outages.

.

.
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SNARKSs) and ECC-based

cryptography

Loss of privacy and trust.
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Layered Security with Quantum-
Resistant Techniques

Monero and Zcash can enhance their obfuscation mecha-
nisms by adopting such quantum-resistant protocols [108],
[112].

o Off-Chain Data Storage: Storing non-essential transaction
data off-chain, possibly using decentralized storage
solutions, can reduce the quantum attack surface. However,
this approach requires careful security evaluation to avoid
introducing new vulnerabilities [113]).

By implementing the proactive mitigation strategies
outlined above, BC networks can significantly strengthen
their resilience against the emerging threats posed by QC.
These measures collectively address critical vulnerabilities in
BC networks, including cryptographic weaknesses, network
disruptions, and privacy concerns, ensuring the continued
security, integrity, and privacy of transactions in a post-
quantum world.

A.6. Risk Assessment for Quantum Threat to BC Network
Component

To assess the risks posed by QC threats to BC networks, we
evaluate vulnerabilities based on the likelihood of occurrence
and their potential impact, using the established criteria in
Tables [T and [TV] Then, based on the evaluated level of
likelihood and impact, overall risk is determined using the
risk matrix in Figure [2]

The likelihood levels for quantum threats to BC networks
are assessed based on the availability of QCﬂ the nature of
the vulnerability, and the resources required to exploit it. The
levels are categorized as High, Medium, or Low, reflecting
both the probability of occurrence and feasibility of an attack.

IThe likelihood evaluations presented for all components—blockchain
networks, mining pools, transaction verification mechanisms, smart contracts,
and user wallets—assume the availability of large-scale quantum computers
capable of breaking or weakening current cryptographic primitives. Projected
timelines for QC availability are critical factors that may alter these assess-
ments (refer to Figure E for potential adjustments).

Below is a more precise breakdown:

a) High: DoS attacks are highly likely because they rely on
computational power to overwhelm network resources rather
than cryptographic weaknesses. These attacks could exploit
quantum parallelism to amplify their scale, leading to net-
work destabilization and significant disruption of operations.
Similarly, false message attacks pose a high risk, as quantum
systems can break digital signature schemes (e.g., ECDSA)
using Shor’s algorithm. This enables attackers to forge sig-
natures, inject false messages, and compromise consensus.
Furthermore, data privacy and obfuscation vulnerabilities
are also highly likely, given that quantum computers could
exploit weaknesses in zk-SNARKSs or elliptic curve cryp-
tography to expose sensitive transaction data.

b) Medium: 51% attacks present a medium likelihood due
to the potential of quantum acceleration to reduce the
computational resources required to control the majority of
network hash power. While such an attack would still de-
mand substantial quantum hardware, ongoing developments
elevate the feasibility of this threat. Achieving quantum
dominance sufficient to compromise PoW consensus mecha-
nisms remains a concern as quantum technologies progress.

¢) Low: Cryptographic hashing vulnerabilities remain unlikely
in the near term. Breaking robust hash functions like SHA-
256 using Grover’s algorithm provides only a quadratic
speedup, which is insufficient to pose a significant threat
to adequately designed systems with sufficiently long hash
outputs. Additionally, the requirement for large-scale, fault-
tolerant quantum computers to execute such attacks remains
speculative, keeping this threat at a low likelihood.

Impact reflects the potential severity of a successful attack.
This encompasses critical consequences for BC users, such as
loss of privacy, service disruption, data manipulation, financial
losses, and damage to the trust and reputation of the BC
network. Given the critical nature of BC systems, all vulnera-
bilities within the BC network are categorized as High impact



due to their potential to cause significant and potentially
irreversible consequences. The overall risk is determined by
combining likelihood and impact assessments using the risk
matrix (Figure [2). Table provides a detailed analysis of
BC network vulnerabilities to QC threats, including likelihood,
impact, and risk assessments for each vulnerability, alongside
potential mitigation strategies. This information serves as a
guide for developers and BC communities to understand and
address these emerging threats. By proactively implementing
appropriate mitigation strategies, BC communities can ensure
the continued security and stability of these decentralized
networks.

B. Mining Pool and Quantum Computing Threats

Mining pools are pivotal in upholding the security of
PoW BCs by dedicating computational resources to solve
cryptographic puzzles and validate transactions. However,
QC introduces unique threats to mining pools, potentially
undermining the decentralized nature of these networks. Here
is a breakdown of some key concerns:

B.1. Disruption of Consensus Mechanisms via Malicious

Nodes
QC introduces significant risks to mining pools by en-

hancing attackers’ ability to infiltrate with malicious nodes
masquerading as legitimate participants. These attacks disrupt
the consensus process through methods such as Pool Flooding
and Selfish Mining. In pool flooding, attackers leverage QC’s
immense computational power and parallelism to overwhelm
the pool’s infrastructure. By rapidly generating and injecting
a large number of malicious nodes (Sybil nodes), attackers
hinder transaction processing and disrupt consensus proce-
dures [[114]. In selfish mining, using quantum-enhanced com-
putational efficiency, attackers exploit vulnerabilities in reward
distribution algorithms. They strategically withhold computa-
tional power or selectively participate in block validation to
maximize personal rewards, disrupting fair reward distribution
and reducing pool security [115], [116]]. These disruptions
can result in delayed block confirmations, inconsistent trans-
actions, or even forks in the BC [116]. QC amplifies the scale
and efficiency of these attacks, necessitating tailored mitigation
strategies:

« Voting-Based Consensus Protocols: Implement voting-
based consensus mechanisms like BFT protocols, which
are designed to tolerate a certain percentage of Byzantine
(malicious) nodes without compromising the network [[117]],
[118]]. These protocols ensure consensus even under large-
scale attacks facilitated by QC.

« Stake-Based Admission: Require miners to stake a certain
amount of cryptocurrency to participate in the pool. This
increases the cost of entry for attackers, making it more
difficult to introduce numerous malicious nodes, even with
quantum capabilities [[119].

o Decentralized Reputation Systems: Develop reputation
systems to identify and exclude nodes with suspicious
behavior patterns. These systems help detect and mitigate
the presence of malicious nodes, including those generated

rapidly by quantum-enhanced attackers [[120]].

B.2. Disruption of Consensus Mechanisms via Reward Distri-
bution Manipulation

By leveraging QC’s computational power, attackers can
manipulate reward distribution mechanisms to gain an unfair
advantage in receiving block rewards. Quantum-enhanced op-
timization and parallel processing enable them to exploit vul-
nerabilities in deterministic reward algorithms more efficiently,
centralizing mining power and compromising network secu-
rity [116]]. Mitigation strategies to protect mining pools from
disruption of consensus mechanisms via reward distribution
manipulation include:

« Transparent Reward Distribution Mechanisms: Imple-
ment transparent and verifiable reward distribution mech-
anisms that are publicly auditable to deter manipulation
attempts [[121], [[122].

« Verifiable Random Functions (VRFs): Utilize VRFs to
generate unpredictable and verifiable randomness for block
selection and reward distribution, making it harder for
attackers to predict outcomes and manipulate rewards [[123|].

« Pool Diversification: Encourage users to distribute their
mining power across multiple pools to reduce the impact
of a single pool being compromised [[124].

B.3. Disruption of Consensus Mechanisms via PoW

QC poses significant threats to PoW systems by exploiting
vulnerabilities in public-key cryptography and hashing func-
tions, which are critical to maintaining BC integrity and trust.
PoW systems use public-key cryptography to secure commu-
nications and validate transactions. However, quantum com-
puters, leveraging Shor’s algorithm, could potentially break
asymmetric cryptographic keys, enabling attackers to forge
digital signatures, manipulate transactions, double-spend, dis-
rupt consensus, and execute Sybil attacks. Although classical
systems remain secure against these threats today, quantum
advancements threaten to compromise current cryptographic
protocols.

In addition to cryptographic signatures, PoW relies on
hashing functions like SHA 256 to secure mining operations.
Quantum computers, using Grover’s algorithm, could signifi-
cantly reduce the computational effort required to solve these
cryptographic puzzles, enabling attackers to generate blocks
faster than legitimate miners. While this does not directly
affect digital signatures, it exposes mining pools that rely on
outdated hashing algorithms to quantum-enabled disruptions,
jeopardizing the fairness and security of the BC [94], [116].
Mitigation strategies to proactively defend against disruption
of consensus mechanisms via PoW include:

« Transition to PQC: Implementing PQC algorithms is es-
sential to safeguard transaction data and digital signatures
from manipulation by quantum computers. Standardization
efforts are ongoing [90], [91].

« Hybrid Mining Models: Investigating hybrid models that
combine PoW with alternative consensus mechanisms like
PoS could offer increased resilience against quantum at-
tacks. PoS relies on coin ownership for validation, making



TABLE VIII: Analysis of Mining Pool Component Vulnerabilities to Quantum Computing Threats with Likelihood, Impact,

Risk Assessment, and Potential Impacts

Layer Exploited Vulnerabilities Attack Vector Potential Impacts STRIDE Threats Strategies Actionable Parties L|TI|R
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algorithms tions) . I ; . « Community Partic-
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it less susceptible to computational power manipulation, a
potential vulnerability in PoW [125]].

e Quantum-Safe = Communication Protocols: While
primarily a concern beyond mining pools, adopting
quantum-safe communication protocols within the broader
BC ecosystem (including wallets and exchanges) can
further mitigate the risk of eavesdropping and data
manipulation by attackers wielding quantum computers [2],
[126].

By adopting the proactive mitigation strategies outlined
above, mining pools can significantly enhance their resilience
against the amplified threats posed by QC. These strategies
address the infrastructural and systemic vulnerabilities that
QC exploits, including malicious node infiltration, reward
manipulation, and weaknesses in PoW, thereby ensuring the
ongoing security and stability of BC networks in the face of
emerging quantum challenges.

B.4. Risk Assessment for Quantum Threats to Mining Pool
Component

QC advancements pose significant risks to mining pools,
potentially impacting both BC users and overall network
stability. These risks are evaluated based on their likelihood
and impact, following the criteria outlined in Tables [Tl and [TV}
The likelihood of each threat is assessed by considering factors
such as the availability of QC advancements, the specific
vulnerability being targeted, and the existence of effective mit-
igation strategies. Here is the categorization of the likelihood
of QC threats to mining pools:

a) High: Disruption of consensus mechanisms due to mali-
cious nodes and reward distribution manipulation is highly
probable with the emergence of QC. Quantum computers,
leveraging their immense computational power, can facili-
tate Sybil attacks by rapidly generating numerous malicious
nodes or exploiting selfish mining tactics. These actions
disrupt consensus, delay block confirmations, and threaten
mining pool stability. Additionally, quantum algorithms en-
able efficient exploitation of deterministic reward systems,
centralizing mining power and undermining fair reward
distribution. These vulnerabilities underscore the critical

need for mitigation strategies such as BFT protocols, stake-
based admission, VRFs, and pool diversification to ensure
mining pool security.

b) Medium: The disruption of consensus mechanisms via PoW
is moderately likely. QC using Grover’s algorithm can
accelerate the solving of cryptographic puzzles, enabling
attackers to potentially generate blocks faster than legiti-
mate miners. However, the high computational resources
currently required for such attacks limit their immediate
feasibility. As quantum technology progresses, this risk
could increase, emphasizing the importance of transitioning
to hybrid models or alternative consensus mechanisms, such
as PoS, to mitigate potential threats effectively.

As with the BC networks component mentioned earlier, a
successful attack has a High impact, causing disruptions like
loss of network integrity, denial-of-service attacks, double-
spending vulnerabilities, reduced miner participation, and cen-
tralization of mining power. These issues can significantly
harm the security and stability of the entire network. The
overall risk is determined based on likelihood and impact
levels using the risk matrix in Figure 2} The comprehensive
analysis, including likelihood, impact, risk assessments, and
mitigation strategies, for each vulnerability is detailed in

Table [VIIT

C. Transaction Verification Mechanism and Quantum Com-
puting

The process of verifying transactions on a BC ensures the
integrity of the network and prevents fraudulent activities.
However, QC poses a significant threat to these verification
mechanisms, which can lead to manipulated transactions and
compromised network security. Here is a detailed breakdown
of potential vulnerabilities:

C.1. Double-Spending Vulnerabilities

QC threatens BC security by accelerating attacks such
as double-spending. Grover’s algorithm [5] can expedite the
search for valid transaction signatures, enabling attackers to
manipulate the BC and fraudulently spend the same digital
currency multiple times [1]]. Consequently, existing double-
spending attacks, such as race conditions (exploiting the



confirmation time gap for multiple transactions [127]]) and
Finney attacks (pre-mining a conflicting transaction [128]),
could become more efficient in the future. Mitigating future
double-spending vulnerabilities due to QC requires a proactive
approach. Here are some potential mitigation strategies:

o Transition to Quantum-Resistant Signatures: Current
digital signatures may be susceptible to quantum attacks.
Implementing quantum-resistant signature schemes, as rec-
ommended by NIST [[129], is vital for enduring security.

« Enhanced Consensus Mechanisms: Traditional consensus
mechanisms like PoW are vulnerable to quantum attacks,
which can significantly accelerate hash computations and
compromise the system’s integrity. Transitioning to alterna-
tive mechanisms, such as PoS or BFT, enhances security
by reducing reliance on computational power and instead
leveraging economic incentives or fault-tolerant principles
to maintain network robustness [[130].

« Sharding and Directed Acyclic Graphs (DAGs): Scala-
bility solutions like sharding and DAGs can reduce trans-
action confirmation times, mitigating the risk of quantum-
accelerated double-spending. By enabling faster validations,
these techniques limit the time window available for such
attacks [[131].

« Verifiable Delay Functions (VDFs): Use VDFs to create a
time-based computational barrier, ensuring that transaction
processing involves a provable delay. This makes it more
challenging for quantum systems to exploit double-spending
vulnerabilities by extending the time needed to validate or
manipulate transactions [[132].

o Quantum-Resistant Sidechains: Establish quantum-
resistant sidechains for high-value transactions requiring
enhanced security. By confining critical transactions to
quantum-secure environments, the risk of exploitation is
minimized while maintaining compatibility with the main
BC [2], [133].

C.2. Transaction Malleability
The potential to exploit transaction malleability is one of

the significant threats posed by QC to the security of BC.
This vulnerability allows attackers to manipulate weaknesses
in transaction formatting to alter specific details (e.g., trans-
action fees or recipient addresses) without invalidating the
signature [134]], [135]. By accelerating the identification of
cryptographic vulnerabilities, quantum computers could enable
attackers to modify transaction details, potentially leading
to double-spending, altered transaction amounts, or other
fraudulent activities [[136]]. To address transaction malleability
in the quantum era, the following mitigation strategies are
recommended:

o Adoption of Quantum-Resistant Cryptography: Given
the increased exploitability of malleability vulnerabilities
using quantum attacks, the transition to quantum-resistant
digital signature algorithms is a critical priority. [90], [91].

o Strict Transaction Format Enforcement: Implement
stricter rules for transaction formatting to ensure all required
information is included and standardized. This reduces the
likelihood of exploiting malleability vulnerabilities arising

from inconsistent or incomplete transaction data [[134].

« Transaction Standardization Protocols: Explore the use
of protocols that define a canonical transaction format. A
standardized approach ensures that transactions are consis-
tent across the network, mitigating opportunities for mal-
leability attacks [[135].

« Use of Segregated Witness (SegWit): Adopt protocol
upgrades like SegWit, which separate signature data
from the transaction ID calculation. By decoupling
these elements, SegWit directly addresses transaction
malleability and enhances the overall robustness of legacy
BC systems [137].

C.3. Transaction Reordering Attacks

Transaction reordering attacks pose a significant threat to
the security and integrity of BC networks, especially those
reliant on precise transaction order, such as Decentralized Fi-
nance (DeFi) protocols or auction-based systems. QC, with its
exponential computational power, can exacerbate these threats
by breaking cryptographic primitives (e.g., RSA, ECC) and
accelerating the identification of vulnerabilities in consensus
mechanisms. By exploiting compromised digital signatures or
manipulating consensus processes, quantum attackers could
reorder transactions within blocks, leading to malicious activi-
ties such as double-spending, front-running, and smart contract
manipulation [22]]. To mitigate these threats, BC systems must
adopt a layered and quantum-resistant approach that addresses
both the computational and structural aspects of transaction
reordering:

« Sequence Numbers: Use cryptographically secured se-
quence numbers or timestamps to explicitly define transac-
tion order. These numbers create a tamper-proof sequence,
reducing opportunities for reordering attacks and ensuring
transaction consistency [138].

« Unspendable Inputs: Introduce transaction outputs specif-
ically marked as unusable in future transactions. By invali-
dating attempts to reuse outputs, unspendable inputs prevent
order manipulation and add a layer of protection against
double-spending [139].

« Partially Ordered Sets (POSets): Implement POSets in
consensus mechanisms to define partial ordering relation-
ships within blocks. POSets provide flexibility in trans-
action ordering while maintaining overall consistency and
resilience against tampering, particularly in asynchronous
or distributed environments [140], [[141]].

« VDFs: Use VDFs to enforce provable computation de-
lays, creating time-based barriers that make it infeasi-
ble for quantum attackers to rapidly reorder transactions.
VDFs ensure that transaction validation involves a verifiable
and computationally expensive process, adding resilience
against quantum-accelerated attacks targeting transaction
ordering [[132].

« Enhanced Consensus Mechanisms: Quantum-resistant
consensus protocols, such as those based on voting
or staking, should be prioritized. These mechanisms
reduce reliance on computationally intensive operations
vulnerable to quantum acceleration and enhance block



validation security by leveraging economic incentives or
fault-tolerance principles [130].

C.4. Transaction Timestamp Manipulation

Quantum attacks can exploit vulnerabilities in BC times-
tamp generation, leading to inconsistencies in transaction
history and potential disruptions in the consensus process.
Quantum computers can undermine the cryptographic algo-
rithms that secure timestamp data, allowing attackers to alter
transaction times and sequences. This manipulation can result
in out-of-order transactions, enabling malicious activities such
as double-spending and hindering the network’s ability to
reach consensus [31]. The following mitigation strategies are
technically sound and effectively address these concerns:

o VRFs: Utilizing VRFs to generate unpredictable and veri-
fiable timestamps enhances security by introducing crypto-
graphic randomness. This approach preserves the integrity
of transaction ordering and makes it significantly harder for
attackers to alter timestamp data [[123]], [[132].

o Synchronized Clocks: Implement synchronized clocks
across validating nodes to ensure uniform timestamp gen-
eration. This strategy prevents discrepancies that could
otherwise be exploited for manipulation and ensures the
accurate sequencing of transactions [[142].

o« BFT Protocols: Leverage BFT protocols to tolerate
malicious or faulty nodes attempting to manipulate
timestamps. By maintaining consensus even in the presence
of adversarial behavior, BFT protocols safeguard the
network’s reliability [[118]].

C.5. Transaction ID Collisions

Transaction IDs, critical for ensuring the uniqueness and
integrity of BC transactions, may become vulnerable to quan-
tum attacks. These identifiers are fundamental to maintaining
consensus and preventing fraud within the network. Quantum
algorithms like Grover’s can significantly reduce the com-
putational complexity of finding hash collisions, potentially
enabling malicious actors to create multiple transactions with
the same ID. Such collisions can lead to network confusion,
disruption of consensus mechanisms, and exploitation sce-
narios, including double-spending or interference with smart
contract execution [[143[]. The following mitigation strategies
are proposed to address these challenges:

o Migration to Quantum-Resistant Hashing: Transition to
quantum-resistant hashing algorithms specifically designed
to resist attacks from quantum computers. While NIST
has been actively standardizing post-quantum public-key
cryptographic algorithms, it has not yet established specific
standards for quantum-resistant hash functions. Active in-
volvement in the development and future standardization
of these algorithms is essential to maintain cryptographic
security in a post-quantum world [144], [[145].

o Extended Transaction IDs: Increase the length of
transaction IDs to make collisions statistically less likely,
even under the computational advantage provided by
Grover’s algorithm. While this approach enhances security,
it may introduce trade-offs, such as increased storage and

processing requirements [[144]], [[145].

C.6. Classic Signature Vulnerabilities

Classic digital signature algorithms, such as the ECDSA
and RSA, are foundational to BC transaction verification and
are widely used for signing transactions and ensuring au-
thenticity. However, these algorithms are vulnerable to Shor’s
Algorithm [3]. A successful quantum attack would allow
adversaries to forge digital signatures, inject unauthorized
transactions, and compromise the integrity and trust of the
BC network [1]. This vulnerability is especially critical for
major BC platforms like Bitcoin and Ethereum, which rely on
ECDSA for transaction security. The mitigate strategies for
this type of vulnerabilities, includes:

« Migration to Quantum-Resistant Signatures: Transition
to quantum-resistant signature algorithms mentioned in
Table These algorithms are specifically designed to
withstand attacks from quantum computers and are being
standardized through initiatives like NIST PQC [90].

C.7. Quantum-Resistant Oracles

In the world of BC, smart contracts rely on oracles to bridge
the gap between their internal logic and external data sources.
These oracles fetch crucial information from the outside world,
feeding it into the smart contract for transaction verification.
However, traditional oracles pose a significant vulnerability
to quantum attacks, as quantum computers could potentially
manipulate the data they provide, compromising transaction
verification integrity. Key strategies to mitigate this challenge
and proactively enhance security include the following:

« Decentralized Oracles: Leveraging decentralized oracles
that distribute data retrieval across a network of independent
nodes significantly reduces the risk of a single point of
failure. This redundancy makes it considerably more dif-
ficult for attackers to manipulate data streams and disrupt
transaction verification [146], [147].

« Quantum-Secure Data Providers: Collaborating with data
providers that utilize quantum-resistant solutions for data
storage and transmission ensures the integrity of data feed-
ing into smart contracts. Integrating such data providers
strengthens the overall resilience of BC networks against
potential quantum threats [148].

« Data Validation Mechanisms: Implementing robust data
validation mechanisms in smart contracts is essential. These
mechanisms ensure that the data received from oracles is
thoroughly authenticated and verified before being used
for transaction verification. This significantly mitigates
the risk of attackers tampering with data and influencing
transaction outcomes [[149].

To protect transaction verification mechanisms, various
stakeholders—including BC developers, node operators,
auditors, service providers, and community members—should
work together to create a quantum-resistant ecosystem. It
is important to Migrate to quantum-resistant algorithms to
defend against potential quantum attacks. Improving validation
processes with stricter transaction formats, additional checks,



TABLE IX: Analysis of Transaction Verification Mechanism Component Vulnerabilities to QC Threats with Likelihood, Impact,
Risk Assessment, and Potential Impacts
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and decentralized oracles can help reduce manipulation risks.
Formal verification of smart contracts will also enhance
security against quantum threats. However, we must carefully
consider the scalability and integration of these strategies, as
some, like VDFs, may affect transaction speed, and others,
like POSets, might require major protocol changes. Ongoing
surveillance and alignment with evolving post-quantum
standards are vital for maintaining the resilience of BC
systems.

matting inconsistencies to alter transaction data or sequence.
Classic signature vulnerabilities are particularly pressing,
with Shor’s algorithm capable of breaking elliptic curve
cryptography, exposing digital signatures to forgery and
manipulation. Similarly, oracles, which serve as external
data providers for BC systems, are vulnerable to quantum-
enabled manipulation, further amplifying these risks.

b) Medium: This category includes transaction ID collisions,
where Grover’s algorithm reduces the effort required to
find hash collisions. While these attacks are not yet practi-
cal under current conditions, employing quantum-resistant
hashing algorithms and sufficiently long hash functions
can effectively mitigate this risk. Nonetheless, proactive
adoption of quantum-resistant measures is necessary to
safeguard against future exploitation as QC evolves.

¢) Low: Transaction timestamp manipulation falls under this
category. Advanced defenses such as VRFs, synchronized
clocks across nodes, and BFT protocols significantly miti-
gate this threat. These measures ensure accuracy and consis-
tency in transaction timestamps, making such attacks highly
infeasible, even as quantum technologies mature.

C.8. Risk Assessment for Quantum Threats to Transaction
Verification Mechanism Component

To assess the risks posed by QC threats to BC transaction
verification mechanisms, we evaluate their likelihood and
impact based on the criteria established in Tables [II] and [[V]
The likelihood of a successful attack hinges on the availability
of QC and the specific vulnerability targeted. Here is a
breakdown of likelihood categories for transaction verification
vulnerabilities:

a) High: This category includes double-spending attacks,
transaction malleability, transaction reordering attacks, clas-
sic signature vulnerabilities, and quantum-resistant oracles.
Double-spending represents one of the most critical threats,
as Grover’s algorithm enables attackers to expedite the
search for valid transaction signatures, especially affecting
BCs with slow confirmation times. Transaction malleability
and reordering attacks are highly susceptible to quantum
systems, which can exploit cryptographic weaknesses or for-

All transaction verification vulnerabilities carry a High
impact rating, mirroring the assessments for BC networks
and mining pools. This reflects the critical role transaction
verification plays in safeguarding BC transactions. A success-
ful attack could wreak havoc, causing financial losses from
double-spending or compromised integrity, network instabil-
ity due to disrupted consensus mechanisms or manipulated



transaction ordering, and even a complete compromise of the
BC'’s security, shattering user trust and confidence.

Table provides a detailed analysis of potential vulnera-
bilities, their likelihood and impact assessments, and potential
mitigation strategies for transaction verification mechanisms.
This information empowers the community to ensure the
continued security and stability of these critical components
in the quantum era.

D. Smart Contract Attacks and Quantum Computing Threats

Smart contracts, self-executing programs stored on the
BC, offer immense potential for automating agreements and
facilitating trustless interactions. However, the emergence
of QC introduces significant vulnerabilities that could
compromise the security of these crucial components. Here
is a deeper look at the potential threats posed by quantum
computers to smart contracts:

D.1. Cryptographic Algorithm Vulnerabilities
Cryptographic algorithms like ECDSA and RSA, vital for

smart contract security, are vulnerable to QC. Shor’s algorithm

allows attackers to forge signatures, steal funds, alter contract
logic, and introduce malicious code, jeopardizing the integrity
and trust of BC systems [2]], [86]. These vulnerabilities not
only threaten financial stability by enabling fund theft but
also compromise the functionality of BC systems by allowing
tampering with contract logic, leading to unintended behavior,
malicious code execution, and disrupted contract execution.

To mitigate these threats and ensure the long-term security of

smart contracts, several strategies can be employed:

e Quantum-Resistant Code Audits: Conduct code audits
specifically focusing on the cryptographic primitives used
within smart contracts. Identify potential vulnerabilities that
could be exploited by quantum computers and prioritize
their remediation [150]], [151]].

o Formal Verification with Quantum-Safe Assumptions:
Utilize formal verification techniques along with assump-
tions about the security of quantum-resistant algorithms to
ensure the correctness and security of smart contracts in the
quantum era [[152], [[153].

« Phased Migration to Quantum-Resistant Cryptography:
Develop a phased migration plan to transition smart
contracts from vulnerable algorithms to quantum-resistant
alternatives as they become standardized and widely
adopted [[13]].

D.2. Integer Overflow and Underflow Vulnerabilities

Integer overflow and underflow vulnerabilities are common
programming errors that can lead to unexpected behavior
in smart contracts. These occur when arithmetic operations
exceed the maximum or minimum storage capacity of a vari-
able, causing unpredictable outcomes. Quantum computers,
with their ability to perform calculations significantly faster,
could accelerate the identification and exploitation of such vul-
nerabilities, making traditional detection methods less effec-
tive [35]]. For instance, a poorly designed smart contract may
allow a large number to overflow the intended variable size,

resulting in unintended behavior or even enabling malicious
actors to manipulate funds. Exploitation of such vulnerabilities
could destabilize not only individual smart contracts but also
broader BC ecosystems, leading to cascading failures across
interconnected decentralized applications. To mitigate these
threats and enhance resilience against quantum-accelerated
attacks, the following strategies are recommended:

« Static Code Analysis Tools: Utilize advanced static code
analysis tools specifically designed to identify potential
integer overflow and underflow vulnerabilities within smart
contracts. These tools provide proactive vulnerability detec-
tion during the development phase [[154], [[155].

« Safe Math Libraries: Integrate safe math libraries into
smart contract development. These libraries offer secure
arithmetic operations by enforcing strict checks, effectively
preventing overflows and underflows even when handling
large numbers [156]], [[157].

« Formal Verification with Bounded Arithmetic: Employ
formal verification techniques that use bounded arithmetic
assumptions to mathematically prove the absence of integer
overflow and underflow vulnerabilities in the code. This
method ensures robust security guarantees against such
issues [158].

« Proactive Development Practices: Encourage secure
coding practices during smart contract development, such
as testing boundary conditions and adhering to strict
validation rules, to minimize the risk of introducing
arithmetic vulnerabilities from the outset.

D.3. DoS Attacks on Smart Contracts

DoS attacks target smart contracts by overwhelming them
with a high volume of requests, far exceeding normal traffic,
and impeding legitimate user access. While QC does not
directly enable DoS attacks, its immense computational power
could accelerate aspects such as attack generation and execu-
tion, enabling attackers to overwhelm smart contracts more
rapidly and efficiently [[159]]. This surge in malicious traffic
disrupts contract operations, causing delays in transactions or
even preventing their processing entirely. To enhance smart
contract security against DoS attacks and improve the overall
resilience of the BC ecosystem, the following mitigation
strategies are recommended:

« Resource Limits: Implement resource limits within smart
contracts to restrict the number of transactions or com-
putational operations a single user can perform within
a specific timeframe. This helps prevent abuse, resource
exhaustion, and overload, maintaining the overall integrity
of the system [[101]], [[102].

« Circuit Breaker Patterns: Integrate circuit breaker patterns
that automatically halt contract execution when a surge in
requests is detected. This prevents system overload and
allows for recovery after a predefined downtime, minimizing
the impact of a DoS attack [[160].

« Rate Limiting Mechanisms: Implement rate-limiting pro-
tocols to control the frequency of interactions with smart
contracts. These mechanisms ensure fair access for all users
and prevent the system from becoming overwhelmed by



excessive requests. Rate limiting can be further enhanced by
integrating transaction or gas fee mechanisms, which help
regulate network load and provide additional deterrents to
malicious actors [[103[], [161].

o Network Optimization Techniques: Explore various net-
work optimization techniques to reduce the on-chain com-
putational load and mitigate the effects of DoS attacks.
Methods such as off-chain computation, transaction batch-
ing, and caching can help minimize delays and alleviate
congestion during periods of high activity [162]-[164].

« Gas Optimization and Batching: Optimize gas usage by
grouping multiple operations into a single transaction or
offloading non-essential tasks to off-chain computations.
Batching transactions reduces the overall load on the BC,
minimizing resource consumption and enhancing system
resilience during DoS attacks [163].

D.4. Inter-Contract Communication Vulnerabilities

In the intricate network of smart contracts, the pathways
facilitating communication between these digital entities serve
as critical conduits for data exchange and the execution of
complex workflows. However, these channels are susceptible
to vulnerabilities, offering potential entry points for exploita-
tion by quantum attackers. These vulnerabilities may manifest
in various forms, including the interception of sensitive data
transmitted between contracts, the injection of malicious data
into communication streams, or the disruption of interaction
flows among contracts. Such actions could lead to severe
consequences, ranging from the exposure of confidential in-
formation to the manipulation of data flows and the disruption
of essential contract [[166], [[167]]. Consequently, implementing
robust mitigation strategies becomes paramount to safeguard-
ing against these risks. Mitigation strategies and proactive
measures to immunize against inter-contract communication
vulnerabilities include:

« Standardized Communication Protocols: Develop and
adopt standardized communication protocols for inter-
contract interactions that prioritize security and offer built-in
mechanisms for data integrity verification [S], [[168].

o Access Control Mechanisms: Implement robust access
control mechanisms within smart contracts to restrict unau-
thorized access to sensitive data and functionalities during
inter-contract communication [[169]—[|171].

o Quantum-Resistant Serialization Mechanisms: Utilize
quantum-resistant  serialization mechanisms for data
exchange between smart contracts, ensuring the integrity
of data even if intercepted by attackers with quantum
computers [172f], [[173].

D.5. Front-Running Attacks

In some BC networks, transaction fees are used to prioritize
transaction processing. Quantum computers could potentially
exploit this mechanism by analyzing pending transactions
and strategically placing their own transactions before others
(front-running). This could give attackers an unfair advantage
in scenarios where transaction order is crucial. To effectively
mitigate front-running attacks, especially in the context of

potential quantum threats, the following migration strategies
for can be implemented:

+ Quantum-Resistant Encryption for Transaction Con-
cealment: Utilize post-quantum cryptographic algorithms to
encrypt transaction details, ensuring that even with quantum
computational capabilities, attackers cannot access sensi-
tive information before transactions are confirmed. This
approach maintains the confidentiality of transaction data,
thwarting front-running attempts [129].

« Commit-Reveal Schemes with Post-Quantum Security:
Adopt commit-reveal protocols enhanced with quantum-
resistant cryptographic techniques. In this approach, trans-
action details are committed to the BC in an encrypted
form and revealed only after a certain condition is met,
such as the inclusion of the transaction in a block. This
process minimizes the risk of front-running by delaying the
disclosure of transaction specifics [95]].

o Threshold Cryptography for Transaction Processing:
Implement threshold cryptography, where transaction de-
cryption requires collaboration among multiple network
nodes. This method ensures that no single entity can prema-
turely access transaction details, thereby preventing front-
running [[174].

« Implementation of Fair Transaction Ordering Protocols:
Introduce protocols that enforce fair ordering of transac-
tions, such as First In, First Out (FIFO) queues, combined
with quantum-resistant verification methods to ensure that
transactions are processed in the order they are received,
regardless of fee amounts [174].

« Delayed Execution Mechanisms: Implement delayed
execution mechanisms to delay transaction execution
until mining or validation is complete. By withholding
transaction details from public access during the interim
period, this strategy ensures that attackers cannot exploit
pending transactions in real time [175].

By adopting these mitigation strategies, developers can
create more secure and quantum-resistant smart contracts.
Additionally, promoting awareness and best practices within
the smart contract development community is crucial for
building a more robust BC ecosystem prepared for the
challenges of QC. Key mitigation strategies include rigorous
testing and formal verification of smart contracts before
deployment to detect and rectify vulnerabilities, particularly
those vulnerable to quantum attacks. Additionally, leveraging
programming languages engineered to withstand QC threats
enhances the security of smart contracts. Regular audits
and adherence to robust security practices further bolster
resilience against potential exploits. Furthermore, designing
smart contracts with upgradable features enables developers to
swiftly address vulnerabilities and integrate quantum-resistant
solutions as they emerge.

D.6. Risk Assessment for Quantum Threats to Smart Contract
Component

To assess the risks posed by QC advancements to smart
contracts, we evaluate their likelihood and impact based on



TABLE X: Analysis of Smart Contract Component Vulnerabilities to Quantum Computing Threats with Likelihood, Impact,

and Risk Assessment

Layer Exploited Vulnerabilities Attack Vector Potential Impacts STRIDE Threats Mitigation Strategies Actionable Parties L|I|R
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Inter-Contract Communica-
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tion flows.

.
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.

Strategically placing trans- Financial Loss
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.

Front-Running Attacks

Elevation of Privilege: Attack-
ers exploit quantum efficiency for
prioritization.

Information Disclosure: Attack-
ers analyze pending transactions
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Quantum-Resistant ~ Encryption
for Transaction Concealment,
Commit-Reveal ~ with  Post-
Quantum Security,

Threshold  Cryptography  for
Transaction Processing,

« Fair Transaction Ordering,

+ Delayed Execution Mechanisms.

Service Providers,
Node Operators.

the criteria established in Tables [[IIl and [Vl The likelihood
of a successful attack depends on the availability of QC
technology and the specific vulnerabilities being exploited.
As QC technology progresses, certain vulnerabilities become
more feasible to exploit, necessitating proactive mitigation
strategies.

a) High: Vulnerabilities include cryptographic algorithm weak-
nesses, inter-contract communication vulnerabilities, and
front-running attacks. Cryptographic algorithm vulnerabil-
ities are the most critical due to the susceptibility of widely
used schemes like ECDSA and RSA to Shor’s algorithm.
If compromised, these algorithms would allow attackers to
forge digital signatures, alter contract logic, or steal funds.
Inter-contract communication vulnerabilities also pose a sig-
nificant risk, as QC could intercept or manipulate sensitive
data exchanged between contracts, leading to unauthorized
access or disruption of workflows. Similarly, front-running
attacks gain feasibility as quantum systems can analyze
pending transactions more quickly, enabling attackers to
exploit priority mechanisms and gain unfair advantages in
financial or auction-based systems.

b) Medium: Vulnerabilities include integer overflow and un-
derflow issues and DoS attacks on smart contracts. Integer
overflow and underflow vulnerabilities depend on specific
coding flaws within the smart contract, which QC could
exploit more efficiently by accelerating vulnerability detec-
tion. However, these are less likely than cryptographic issues
due to the specific conditions required for exploitation. DoS
attacks, while potentially amplified by quantum computa-
tional power, are application-layer threats reliant on specific
design flaws in contract execution or resource management
rather than systemic cryptographic weaknesses.

A successful attack on any smart contract vulnerability
carries a High impact rating across the board. This highlights
the potential for catastrophic consequences. Exploiting these

vulnerabilities could lead to financial ruin for users and busi-
nesses through stolen funds, disrupted transactions, or manip-
ulated contract logic. Furthermore, attackers could gain access
to sensitive data or inject malicious content through inter-
contract communication breaches. Additionally, DoS attacks
and communication vulnerabilities can cripple smart contract
functionality, disrupting workflows and causing widespread
disruptions. Even seemingly less severe attacks like front-
running can manipulate markets by giving attackers an unfair
advantage. This High impact rating reflects the critical role
smart contracts play in BC ecosystems. A compromised smart
contract can destroy trust and security, posing significant risks
to all participants.

The overall risk associated with each vulnerability is deter-
mined by combining the likelihood and impact assessments.
Proactive understanding of these risks and implementing ap-
propriate mitigation strategies is crucial for developers and BC
communities. Table [X] provides a detailed analysis of potential
vulnerabilities, their likelihood and impact assessments, and
potential mitigation strategies for smart contract components.

E. User Wallet Attacks and Quantum Computing Threats

The security of user wallets is paramount for ensuring trust
and confidence in BC technology. However, the emergence
of QC poses a significant threat to user wallets, potentially
leading to stolen cryptocurrency and compromised financial
security [2]], [176]]. Here is a breakdown of the vulnerabilities
user wallets face in the quantum era:

E.1. Private Key Exposure

User wallets rely on robust cryptographic algorithms to
protect private keys, which grant access to the funds within the
wallet. Popular algorithms like ECDSA are currently used for
key generation and signing transactions. However, vulnerablity
of these schemes to Shor’s Algorithm could potentially render



the wallet susceptible to theft, allowing attackers to gain unau-
thorized access, derive the private key from the public key, and
siphon off associated funds. Furthermore, it could facilitate the
forging of seemingly legitimate transactions without the user’s
knowledge or consent, resulting in unauthorized transfers.
To mitigate such threats, several migration strategies can be
adopted:

o Quantum-Resistant Key  Generation: Implement
quantum-resistant algorithms for private key generation
within user wallets. Research on these algorithms is
ongoing, and some promising options are already emerging
[L77].

o Multi-Party Computation (MPC) Wallets with PQC:
Explore MPC-based wallets where private key generation
and transaction signing occur in a distributed manner
without revealing the actual key material. To defend
against quantum threats, integrate MPC protocols with
quantum-resistant cryptographic primitives. This approach
ensures the benefits of distributed trust while safeguarding
against quantum attacks on underlying cryptography [178]],
[179].

E.2. Random Number Generators (RNGs) Manipulation

Many wallets rely on RNGs to create strong cryptographic
keys. While traditional RNGs might suffice currently, they
could be vulnerable to manipulation by quantum comput-
ers [180], [[181]]. Attackers could exploit weaknesses in RNGs
to generate predictable keys, compromising the security of user
wallets. To mitigate quantum-specific attacks on RNGs, the
following strategies can be employed:

» Device-Independent Quantum Random Number Gener-
ators (DI-QRNGs): Implement DI-QRNGs that leverage
quantum nonlocality to certify randomness without assump-
tions about the trustworthiness of the devices. This ensures
secure and unpredictable randomness even under quantum
adversarial conditions [|182].

o Post-Processing with Quantum-Proof Extractors: Uti-
lize quantum-resistant randomness extractors to refine raw
random data into uniformly random outputs. This step
eliminates potential biases or partial predictability, ensuring
robustness against quantum computational attacks [[133].

o Adoption of Entropy Sources Resistant to Quantum
Tampering: Rely on entropy sources based on quantum
physical processes, such as photon measurements or nu-
clear decay. These sources provide inherent resistance to
quantum manipulation and ensure secure randomness gen-
eration [|184].

o Continuous Entropy Monitoring: Deploy real-time
entropy monitoring systems to detect anomalies or
patterns that could indicate quantum interference or RNGs
manipulation. This proactive approach helps maintain the
integrity of randomness outputs under potential quantum
threats [[185]].

E.3. Password Hashing Vulnerabilities
User accounts are typically protected with passwords, which
are hashed (one-way encrypted) for secure storage. Popu-
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lar hashing algorithms like SHA 256 are currently used in
password storage. However, some quantum algorithms could
potentially accelerate brute-force attacks, making it easier for
attackers to guess passwords by trying a large number of
combinations [186]], [[187]. To address these vulnerabilities,
the following mitigation strategies are recommended:

« Use Cryptographic Hash Functions with Adequate Bit
Security: Transition to cryptographic hash functions with a
sufficiently large output size to withstand quantum attacks
(e.g., SHA 3 or SHA 512) to withstand Grover’s algorithm.
This ensures that even with the quantum speed-up, the hash
function remains computationally infeasible to attack [87].

« Implementation of Memory-Hard Functions: Utilize
password hashing algorithms like Argon2, which are com-
putationally expensive and memory-intensive. These algo-
rithms significantly increase the resource requirements for
each brute-force attempt, reducing the practicality of large-
scale password guessing by both classical and quantum
adversaries [188].

« Increased Hash Iterations with Adaptive Difficulty:
Use password hashing algorithms that allow for adjustable
iteration counts. By increasing the number of iterations,
the computational cost per guess is raised, countering the
speedup advantage provided by QC. Adaptive difficulty
can ensure that the hashing cost remains proportional to
current computational capabilities, including quantum ad-
vancements [[187].

« Password Policies with Enhanced Complexity: Enforce
policies that require longer, more complex passwords to
increase entropy. This strategy mitigates quantum threats
by increasing the effective search space for brute-force
attacks, aligning with both classical and quantum security
practices [[189].

E.4. Transaction Interception
Quantum attackers leveraging advanced quantum compu-

tational capabilities could exploit vulnerabilities in traditional
cryptographic protocols to intercept or tamper with transaction
data during transmission. This poses significant risks, includ-
ing theft or redirection of funds, unauthorized modifications,
and exposure of sensitive transactional details. Quantum-
specific attacks focus on breaking encryption or exploiting
flaws in transaction validation mechanisms. To mitigate these
threats, the following strategies are recommended:

« Quantum-Resistant Encryption Protocols: Adopt post-
quantum cryptographic algorithms for securing data-in-
transit, ensuring that intercepted data cannot be decrypted or
altered even with quantum computational capabilities [[190].

« Enhanced BC Integrity Measures: Strengthen BC proto-
cols by incorporating cryptographic techniques like Merkle
trees, secure MPC, or threshold cryptography to ensure the
authenticity and integrity of transactions. These measures
make it computationally infeasible for quantum adversaries
to tamper with BC data [191].

« Quantum-Resistant Transaction Verification: Develop
and deploy verification methods resilient to quantum at-
tacks, such as hash-based digital signatures or quantum-
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Risk Assessment
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Password Hashing Vulnera-
bilities

Accelerated brute-force at-
tacks on hashed passwords

Data Breach
Unauthorized
Transactions

* Repudiation: Attackers or users could deny
responsibility for compromised accounts, espe-
cially in cases of weak password policies.
Information  Disclosure:  Quantum-powered
brute-force attacks could reveal hashed
passwords, granting unauthorized access.

Cryptographic Hash
Functions with Adequate
Bit Security,
Memory-Hard Functions,
Increased Hash Iterations
with Adaptive Difficulty,
Password Policies with
Enhanced Complexity.

Layer Exploited Vulnerabilities Attack Vector Potential Impacts STRIDE Threats with Reasoning Miti Strategies Actionable Parties
* Spoofing: Impersonation of legitimate users by
Deriving private keys from . Loss.of Funds denvmg. private keys and signing unauthorized | * Quanlum-Reslslanl Key | Deve.l()pers )
Private Key Exposure public keys using Shor’s al- * Identity Thefl transactions. - ) ) Generation . « Service Providers
orithm e + Compromised « Tampering: Forging transactions using compro- | « MPC Wallets with Post- | * End Users
& Transactions mised private keys allows attackers to manipu- Quantum Cryptography * Auditors
late the ledger.
« DI-QRNGs
« Tampering: Alter or manipulation of RNGs pro- : P(_)st-Processmg
. . L with Quantum-Proof
* Compromised Se- cess to produce predictable keys, compromising Extractors « Developers
RNGs Manipulation Manipulation of RNGs to curity wallet security. . Ado lionl of Entrof « Service Providers
P! generate predictable keys * Unauthorized Ac- | ¢ Information Disclosure: Weak RNGs could re- Sourlc):es Resistant l:(); ¢ Auditors
cess veal key generation patterns, exposing crypto- - —_— * Regulators
raphic material to attackers, Quantum Tampering
erap! ¢ > « Continuous Entropy Mon-
itoring
User Wallet

Developers
Service Providers
End Users
Auditors

Transaction Interception

Altering transaction
data leading to theft or
redirection of funds

Financial Loss
« Data Manipulation

e Tampering: Quantum attackers could alter
transaction data in transit, redirecting funds or
changing transaction details.

« Information Disclosure: Intercepted transac-
tions could expose sensitive data, such as re-

Quantum-Resistant
Encryption Protocols
Enhanced Transaction Se-
curity

BC Integrity Measures
Quantum-Resistant Trans-
action Verification

Developers
Service Providers
Auditors

Node Operators
Regulators

cipient addresses and transaction amounts.

* Secure Transmission
Channels

resistant zero-knowledge proofs. These mechanisms ensure
that transactions remain valid and untampered even under
quantum adversarial conditions [2].

o Secure Transmission Channels: Implement secure
communication channels between users and BC nodes
using post-quantum Transport Layer Security (TLS)
protocols to prevent eavesdropping or data interception
during transaction propagation [192].

By implementing these mitigation strategies, user wallet
systems can significantly enhance resilience against password
hashing vulnerabilities in the quantum era.

E.5. Risk Assessment for Quantum Threats to User Wallet

Component
To assess the risks posed by QC advancements to user wal-

lets, we evaluate the likelihood and impact of potential attacks
using criteria established in Tables [[II| and [IV] The likelihood
of a successful attack is influenced by the availability of QC
technology and the nature of the specific vulnerability. The
following breakdown summarizes the likelihood categories for
user wallet vulnerabilities:

a) High: Private key exposure represents a critical vulnerability
with a high likelihood of exploitation as QC advancements
progress. Shor’s algorithm makes it feasible to derive private
keys from public keys, posing a severe threat to wallet
security. Additionally, transaction interception could also
fall into the high-likelihood category. Advanced quantum
systems might compromise encryption protocols, allowing
attackers to intercept or alter transaction data. While current
secure communication protocols mitigate this risk, insuffi-
ciently updated encryption methods will be vulnerable to
future quantum threats.

b) Medium: RNGs manipulation is a potential threat, with
quantum systems capable of exploiting weaknesses in tradi-

tional RNGs to generate predictable keys. Although robust
quantum-resistant random number generation techniques
significantly reduce this risk, poorly implemented RNGs
remain vulnerable. Password hashing vulnerabilities are also
categorized as medium likelihood, as Grover’s algorithm
could accelerate brute-force attacks, making it easier for
attackers to exploit weak password hashing implemen-
tations. However, the adoption of strong password poli-
cies, memory-hard hashing algorithms, and cryptographic
schemes with higher security margins can help mitigate this
threat.

A successful attack on a user wallet vulnerability carries a
High impact rating. Exploiting these vulnerabilities could lead
to catastrophic consequences for users. This includes loss of
funds, identity theft, and compromised transactions. Attackers
could gain unauthorized access to user accounts, steal funds,
or manipulate transaction data for personal gain.

The overall risk associated with each vulnerability is deter-
mined by combining the likelihood and impact assessments.
Proactive understanding of these risks and implementing ap-
propriate mitigation strategies, such as quantum-resistant cryp-
tography, strong password hashing, and regular key rotation,
is crucial for wallet providers to ensure user security. Table [X]|
provides a detailed analysis of potential vulnerabilities, their
likelihood and impact assessments, and potential mitigation
strategies.

V. ROLES AND RESPONSIBILITIES IN MITIGATING
QUANTUM COMPUTING IMPACTS ON BC

BC technology relies on cryptographic techniques to en-
sure security and integrity. Each role within the ecosys-
tem—miners, service providers, end users, developers, reg-
ulators, auditors, and community participants—faces unique
quantum-related challenges, necessitating tailored strategies to
address potential vulnerabilities and ensure resilience.
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TABLE XII: Roles and Responsibilities in Mitigating Quantum Computing Impacts on BC

Role Attack Vector STRIDE Threats Quantum Implications Possible Vulnerabilities Quantum-Resistance Measures
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+ Repudiation: Attackers may deny malicious actions within contracts. | Quantum threats could compromise | Increased risk of smart comtract | g ion of quantum-resistant cryptographic
Smart  Contract U . N N contract integrity, allowing unau- | exploitation due to compromised o
. P « Info. Disclosure: Quantum attacks could expose confidential contract : . . P protocols, formal verification, and regular au-
Service Vulnerabilities da thorized control or data manipula- tographic  primitives diting
Providers « Elevation of Privilege: Quantum bypasses enable unauthorized access tion '
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h « Info. Disclosure: Quantum attacks reveal private keys. curity security ,
Compromise)
* Tampering: Quantum attacks enable unauthorized transaction modifica-
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Vulnerabilities S . . — rendere re by quantum at- | node authorization in consensus PR - -
+ Info. Disclosure: Exposure of private keys due to quantum decryption. ) ular validation of security mechanisms |2
tacks . protocols.
Developers
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Quantum Hash- action history. tive security of hashing algorithms | data, weakening of POW consensus | gorithms, such as sponge constructions and
ing Attacks « Spoofing: Impersonation of valid nodes or miners using quantum- | (e.g., SHA 256), reducing resistance | mechanisms, and potential double- based designs, and updates to PoW sys-
assisted hash manipulation. to brute-force attacks E] spending risks.
. . lnfo. Disclosure: Breaking encryption exposes sensitive data, including | Quantum attacks on encl‘yp}ion (e.g., Risks to private key sccurity, data | Adoption of lattice-based and hash-based
Data — Integrity private keys. RSA, ECC) can compromise stored confidentiality, and historical trans- | cryptography for encryption, secure key m:
Risks « Tampering: Quantum attacks enable unauthorized di ions to BC | and itted BC data, risking con- . Y yptography ry}) y © Xey.
N N . N action accuracy. agement, and data storage protections
Node Opera- or node data. fidentiality and integrity .
tors

DoS Attacks

* DoS: Quantum-assisted attacks enable large-scale traffic flooding or
resource exhaustion.

Spoofing: Exploitation of compromised authentication to launch coor-
dinated attacks.

QC enhances the scalability and so-
phistication of DoS attacks by ac-
celerating resource exhaustion tech-
niques

Disruption of node operations, re-
duced service availability, and po-
tential node isolation.

Adoption of decentralized DoS mitiga-
tion systems, quantum-resistant authentica-
tion protocols, and enhanced network-layer
protections

Unauthorized
Access

* Elevation of Privilege: Breaking cryptographic protections to gain
unauthorized access to nodes.

Tampering: Compromised nodes enable manipulation of network data
and configurations.

Quantum decryption of private keys
or authentication data may allow at-
tackers to bypass security measures
and gain control of node infrastruc-
ture

Risks of unauthorized access, data
breaches, manipulation of network
state, and disruption of node oper-
ations.

ion of quant sistant authen-
tication protocols, multi-factor authentication,
regular security audits, and proactive infras-
tructure monitoring
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TABLE XII: (Cont.) Roles and Responsibilities in Mitigating Quantum Computing Impacts on BC

Role

Attack Vector

STRIDE Threats

Quantum Implications

Possible Vulnerabilities

Quantum-Resistance Measures

Encryption Vul-
nerabilities

+ Info. Disclosure: Quantum attacks expose encrypted communications

between regulators and stakeholders.

Tampering: Compromised encryption allows alteration of regulatory

data or directives.

* Repudiation: Attackers deny responsibility for breaches or altered
communications.

Quantum computers can break crypto-
graphic standards like RSA and ECC,
requiring regulators to transition to
quantum-resistant encryption

Risks to secure communications,

Adoption of post-quantum encryption stan-

data integrity, and
of cryptographic compliance stan-
dards.

dards, L with global standardiza-
tion bodies, and secure cryptographic au-
dits

Info. Disclosure: Breaking encryption exposes sensitive regulatory and
compliance data, including Know Your Customer (KYC) records.

Quantum attacks compromise encryp-

Breaches of KYC records, manipu-

ion of quantum-resistant encryp-

Data  Security | * Tampering: Quantum attacks enable unauthorized modification of stored | * N TS lation of compliance records, and | . . P
Risks or transmitted data. tion, creating vulnerabilities in regula- impersonation of regulatory enti tion, secure storage mechanisms, and periodic
- - . tory systems and sensitive data N N - .- | audits of regulatory systems
Regulators & * Spoofing: Impersonation of regulatory authorities to issue fraudulent Y sy ties, leading to compliance failures. & sy m
Compliance compliance directives.
Authorities N 3 N 3 T F——
* Spoofing: Impersonation of to issue fi directives or Quantum threats necessitate updates
olicies. | - . Outdated legal frameworks that fail | Regular updates to legal frameworks.
Legal . E;'ampering' Unauthorized changes to compliance or legal frameworks to ity and data p to mandalegquamum-resislanl sys- phfsed and for %* tum-resistant
Framework . y laws to address cryptographic obsoles- . . 2
X ; hanced tools yptograpl d enfc 1 h d
d using quantum-enhanced tools. d ; Iner. | tems and enforce compliance stan- | cryptographic systems, and  post-quantum
Updates ; g L cence and emerging quantum vulner- . .
« Elevation of Privilege: Exploiting outdated regulatory frameworks to P dards. readiness audits
bypass enforcement mechanisms. abilities '
. . : ntum iliti caken pri - . -
« Info. Disclosure: Quantum attacks expose anonymized or privacy- Quas tur capabi ities weaken privacy Non-compliance of privacy tools . .
Privacy Mecha- rotected data, preserving mechanisms, such as zero- with regulatory standards. exposure Enhanced oversight of privacy mecha-
. y : p . y N C - . knowledge proofs and mixers, poten- g J - EXp nisms, integration of quantum-resistant pri-
nism Vulnerabil- | « Spoofing: Impersonation of entities to exploit privacy-preserving tools. 5 L . of sensitive user data, and chal- . .
L 5 B, . tially undermining Anti-Money Laun- . N vacy tools, and regular technical audits to
ities * Repudiation: Attackers deny responsibility for breaches of privacy- . . lenges balancing privacy and AML N
N dering (AML) and KYC compli- N ensure compliance
preserving systems. ance [216] requirements.
Quantum « Tampering: Manipulation of BC protocols or audit processes using | Quantum computers can break crypto- | Ineffective detection of crypto- | Development of quantum-aware audit frame-
Accelerated quantum decryption. graphic primitives (e.g., RSA, ECC), | graphic vulnerabilities and outdated | works, adoption of NIST post-quantum stan-
.  Info. Disclosure: Exposure of cryptographic weaknesses and sensitive | requiring auditors to assess quantum- | audit practices that fail to address | dards, and regular audits for cryptographic
Cryptanalysis P yptograpl quiring q P 2 yptograpl
yptanalysis audit findings. resistant solutions . quantum risks. resilience
* Spoofing: Impersonation of auditors to exploit migration vulnerabilities. . . . . . -
d . L L Auditors guide BC projects through . . . N h 1 of transition

- « Info. Disclosure: Quantum decryption exposes sensitive transition tors g proj €Y | Flawed migration plans, Pre aton
Transition Plan- strategies, transitions  to - quantum-resistant || gt Sy compatibile | STALEEIES. phased migration plans, and
ning gies. — . . cryptography, mitigating migration- updates, emporary comp; adoption of hybrid cryptographic systems to

« Tampering: Exploitation of unpatched or legacy systems during migra- ific risk. ity issues during transitions. h o
tion phases. specific risks ensure smooth transitions
« Tampering: Exploitation of improperly deployed quantum-resistant im-
. plementations. . . Improperly deployed quantum- | Simulating quantum-based attacks, validat-
Auditors Post-Quantum Auditors test quantum-resistant solu:

h * Spoofing: Impersonation of auditors during readiness testing or com- | . K . resistant systems and inadequate | ing system alignment with regulatory frame-
Readiness liance audits. tions for effectiveness and compliance alignment  with ost-quantum | works, and conducting ongoing compliance
Assessments p audits. - ) with evolving standards e postq e e ongoing comp

+ Info. Disclosure: E: f vulnerabilities d o dard dits {217
‘“0.1 [1;0 r[)[surke. xposure of vulnerabilities during assessments or standards. audits .
simulated attacks.
+ Tampering: Misaligned collaboration leaves vulnerabilities unaddressed. . . . .
. " 4 L " . N Collaboration ensures robust . | Joint reviews with developers, cryptogra-
Collaborative « Info. Disclosure: Exposure of sensitive findings during collaborative . . C N
Securit rocesses, quantum-resistant designs and standards. or incomplete reviews phers, and regulators to validate quantum-
i(eview); . processes. el den ibility for . alignment  with  technical ~ and lcan weai(’en System r§<ilience " | resistant designs and enforce global stan-
) quz;n(um—recislanl solutions, Y B regulatory standards i ) ’ dards
. . PP . Auditors must acquire expertise in . . . . .

Skill + Inadequate training leads to ineffective audits and overlooked vulnera- . cryptc(l)graphy P o Insufficient expertise c ses | C s skill through work-
Development bilities. . - ) audits and weakens assessments of | shops, certifications, and training in quantum-
pmi - ) specific auditing tools, and advanced ; P ] g g

and Training « Exploitation of outdated tools and methodologies by attackers. secuity frameworks 'ml post-quantum readiness. resistant practices
. . P . C undermines cryptographic protec- | Risk of unauthorized governance . . -
Quantum- + Spoofing: Forgery of governance participant identities to disrupt | & nes cryptographic p k of unautho g Adoption of quantum-resistant identity ver-
Supported decision-making tions, enabling identity forgery and | decisions, identity spoofing, and ification. secure quorum mechanisms. and
PP . . 2. . PP ale manipulation of decision-making pro- | governance manipulation affecting N d
Manipulation * Tampering: Manipulation of governance decisions or proposals. tamper-proof governance protocols
cesses |220 . system trust.
« Spoofing: Quantum attackers forge participant identities to influence . . . . .
Decentralized dgcisiong-mgkin & p P Quantum threats could compromise | Risk of governance manipulation, . ion of " istant crypto-
S e decentralized governance | unauthorized access, and reduced . o i P
Governance « Tampering: Alteration of governance-related data, outcomes, or rules. . . - . . graphic protocols, tamper-proof governance
A Lo e . systems,  disrupting  transparency, | confidence in decentralized sys- . Lo
Systems « Repudiation: Denial of responsibility for fraudulent governance actions. o . . mechanisms, and enhanced audit trails
accountability, and trust tems.
« Info. Disclosure: Quantum attacks expose confidential votes or voter . . . . .
identiti Q P . - o Privacy breaches, vote manipula- | Adoption of quantum-resistant cryptographic
Governance Voti identities. QC compromises vote confidentiality s i . hni d ad . " .
loting . N . . . . . . . tion, vote-buying, coercion, and | techniques and advanced privacy-preserving
Participants .  Tampering: Unauthorized alteration of cast votes or voting outcomes. | and integrity, enabling p of . -3 N . . f
Mechanisms Fo . N - loss of in governance like quant resistant  zero-
* Spoofing: Impersonation of voters to skew results or gov- | governance )
outcomes. knowledge proofs
ernance.
. . . uantum threats compromise o . .
+ Tampering: Quantum attackers disrupt governance-related transactions | P ) ) . . jon of quantum-resistant smart
Smart  Contract or smart contract execution. governance-related smart contracts, | Risk of disrupted "¢ | contracts, formal verification practices
. y s . . . enabling transaction manipulation, | processes, treasury manipulation, g p .
Execution « Elevation of Privilege: Unauthorized execution of governance-related . . . B and  secure  governance  transaction
. unauthorized actions, or financial | and governance system failures.
actions. tampering 773] frameworks @
uorum * Spoofing: Forged identities disrupt quorum formation, enabling Sybil . . . . I Adoption of quantum-resistant identity verifi-
l?ormalion al[l)ack: 8 8 pLa 8 5y QC enables identity forgery and tam- | Loss of governance integrity, fraud- calior; s slcn?s {amper-proof. pro 055 mech-
oL . N pering, undermining quorum legiti ulent proposals, and weakened trust N ¥ y per-p proposat 1
and Proposal | * Tampering: Quantum attacks alter governance proposals or their veri- e . L N anisms, and decentralized governance frame-
e o macy and proposal verification in decision-making structures.
Verification fication. works
. . . . uantum attacks compromise crypto- | Risk of corrupted or falsified data | Adoption of quantum-resistant cryptographic
* Tampering: Manipulation of external data feeds from multiple sources. Q . N promn P ptec N P a yptograp!
" o - s . PR graphic protections, enabling manipu- | feeds, compromised multi-oracle | protocols, tamper-proof data verification
Quantum + Info. Disclosure: Interception of sensitive oracle communications. 5 A N N - N N
N . s . lation or interception of oracle data, | systems, and disrupted decision- | mechanisms, and secure multi-source aggre-
Tampering * Spoofing: Impersonation of legitimate oracles to deliver fraudulent data. L s P N . N R N .
undermining trust in smart contract | making in oracle-driven applica- | gation to prevent single-point failures @,
operations [22], [220]. tions. X
Secure communication channels be- N .
. . . . tween oracles and BC systems are Exposure of confidential data, lenc}- Transition to quantum-safe communication
Quantum Eaves- | * Info. Disclosure: Quantum-enabled interception of data during trans- N . ing to breaches of contract logic N P
droppin: mission. vulnerable to quantum interception, and manipulation of BC processes protocols and continuous monitoring of data
. pping S exposing sensitive data or disrupting " P . Processes | fow integrity @
Oracles workflows 'ﬂ-l reliant on oracle inputs.
Quantum attacks undermine the cryp- . . ¢ liabili Implementing quantum-resistant smart con-
. . . ipulation of oracle-dri . ic foundati ; " | Disruption of contract reliability, diti . )
Quantum Tampering: Manipulation of oracle-driven smart contract executions. tographic foundations of smart con- | == 0L fers, and | acts, regularly auditing oracle integrations,
Compromised « Elevation of Privilege: Unauthorized execution of high-priority actions | tracts that depend on oracle inputs, B ion of y "ka incorporating fail-safe mechanisms for data
Lo N . . ion - ! N .
Smart Contracts through compromised inputs. disrupting contract and fi- fl : le-dri integrity, and fostering collaborative develop-
R . ows in oracle-driven systems. A
nancial operations [95], [211]. ment with BC stakeholders [211].
. . Advocacy for the adoption of quantum-
Loss of trust in BC systems, com- . .
. . . . . . . . Quantum attacks on cryptography h . C. A y resistant cryptography by developers, active
Cryptographic « Tampering: Manipulation of transactions or digital signatures. s . promised digital signatures, and e 3 .
N L : s could enable identity forgery and s . f .| participation in governance discussions, and
Breaks * Spoofing: Forgery of participant identities. gt . . stolen participant identities or pri- . c o . s s .
transaction manipulation vate keys promotion of secure digital identity sys-
ys- tems | 2).
. . . Promotion of privacy-preserving technologies
Privac; « Info. Disclosure: Exposure of transaction data and identities. Quantum-enabled decryption threat- | Loss of user anonymily, exposure like /cro—knor\,nlcd }(’:P roofs, ZCCurc mﬁlli—
Y - Disclosure: BXposure | i N o ens confidentiality of BC transac- | of sensitive data, and reduced trust - cage P MR N
Breaches « Spoofing: Impersonation of users or community members. . : - . party computation, and community-driven
Community tions in public BCs. . o . v
awareness campaigns on privacy risks |225 .
Participants Erosi T— e - — =
. . . . . . S . rosion of trust, spread of incor- | Transparent communication, fact-checking
« Tampering: Manipulation of educational materials or BC narratives. Misinformation about quantum vul- . P ransp: . ; =
S . N . oo L NN N . rect security measures, and delayed | initiatives, collaboration with trusted ex-
Misinformation * Spoofing: Creation of false sources to spread quantum-related misin- | nerabilities can cause panic and dis- N 4 U N N . N .
N N " o A adoption of quantum-safe technolo- | perts, and leveraging social media to dispel
formation. trust in BC ecosystems .
gies. myths |226 .
« Info. Disclosure: Lack of knowledge delays the adoption of protective Limited awarcness of quantum risks Vulnerabilities due to delayed | Community-led educational initiatives like
Educational measures. . . adoption of quantum-safe practices, | webinars, forums, outreach programs, and
res: . . ) . leaves the community unprepared for ption ot q practices, " programs,
Gaps * Repudiation: Failure to provide accurate and accessible educational especially among non-technical | collaborative workshops to spread aware-

resources.

emerging threats .

participants.

ness.




Miners need to adapt their mining algorithms to incor-
porate quantum-resistant designs, effectively addressing the
risks posed by quantum-accelerated mining and the potential
for centralization. Service providers play a critical role in
implementing quantum-resistant cryptography, securing smart
contracts, and ensuring data confidentiality and integrity.
End users should enhance wallet security, rigorously verify
transactions, and adopt measures to mitigate quantum-assisted
phishing attacks. Developers bear the responsibility of transi-
tioning BC protocols and smart contracts to quantum-resistant
cryptographic algorithms. They must conduct rigorous testing
of these solutions and collaborate with cryptographic experts
to ensure scalability, security, and resilience. Regulators need
to update legal frameworks to address the implications of
QC, enforce quantum-resistant standards, and monitor BC
ecosystems for emerging vulnerabilities. Auditors play a vi-
tal role in assessing BC systems for quantum readiness.
By evolving audit methodologies, conducting post-quantum
readiness assessments, and guiding the transition to secure
solutions, auditors help maintain system integrity. Community
participants contribute by raising awareness, advocating for
quantum-resistant practices, educating users, and supporting
open-source development, conducting security audits, and pro-
moting the adoption of best practices.

Table [XTI] details the challenges and mitigation strategies as-
sociated with each role, emphasizing the necessity of quantum-
resistant cryptography, advanced security protocols, and proac-
tive risk management. By addressing these challenges and
collaborating with standardization bodies such as NIST, the
BC ecosystem can maintain its security and resilience in the
face of QC advancements.

VI. CHALLENGES AND STRATEGIES AFTER
TRANSITIONING TO QUANTUM-RESISTANT BC SYSTEMS

While the integration of quantum-resistant algorithms seems
like a natural solution, the transition itself introduces a
new wave of challenges [228]]. This section delves into the
complexities organizations face after transitioning their BC
systems to a quantum-resistant future. We will explore the
multifaceted attack vectors that extend beyond just encryption
vulnerabilities, and the strategic considerations required to
navigate this critical shift. By examining key components like
the BC network, mining pools, and user wallets, we will iden-
tify the challenges associated with adapting each element to
quantum-resistant cryptography. We will also explore potential
solutions that organizations can implement to ensure a smooth
and secure transition, safeguarding the long-term viability of
their BC deployments in the face of this evolving technological
landscape.

A. BC Network

The emergence of QC necessitates a paradigm shift in
securing BC networks. While the integration of quantum-
resistant algorithms offers a solution, it demands a
comprehensive re-evaluation of the underlying network
architecture. ~ Unlike a  straightforward cryptographic
substitution, these new algorithms often necessitate larger
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key sizes and impose significantly higher computational
workloads. Consequently, adjustments to existing protocols,
data structures, and even the fundamental infrastructure of
the network become paramount [229]. Additionally, these
changes can affect network latency and transaction throughput,
further complicating the transition. This section explores the
multifaceted challenges associated with this crucial transition,
including potential incompatibilities with current systems, the
need to accommodate larger keys and increased workloads,
the imperative for network infrastructure upgrades, and the
critical task of maintaining seamless interoperability during
the migration process. By addressing these challenges and
implementing effective solutions, organizations can ensure
a smooth migration to a quantum-resistant BC network,
safeguarding its long-term security and scalability within this
evolving technological landscape. Here is a breakdown of the
key challenges and potential solutions for BC networks in
this context:

A.l. Compatibility with Existing Protocols and Data Struc-
tures
New cryptographic algorithms might not be readily com-
patible with existing BC protocols and data structures [230].
This could lead to issues with data validation, consensus mech-
anisms, and overall network functionality. Potential solutions
include:
« Develop adaptations to existing protocols to accommodate
the specific requirements of quantum-resistant algorithms.
« Explore alternative data structures inherently compatible
with the new cryptography.
o Implement a phased migration approach, where certain
functionalities transition to quantum-resistant algorithms
first, followed by others.

A.2. Accommodating Larger Key Sizes and Increased Compu-

tational Demands
Post-quantum algorithms typically rely on larger key sizes

compared to classical cryptography [8], [[168], [231]. This
can lead to increased storage requirements and computational
demands for tasks like transaction verification and block vali-
dation, potentially impacting network latency and throughput.

Potential solutions include:

« Analyze the trade-off between security level and key size,
adopting a balance that ensures security without overly
compromising efficiency.

o Upgrade hardware for BC nodes to handle the increased
computational workload.

o Explore alternative consensus mechanisms with lower
computational requirements that remain secure in a QC
environment.

A.3. Network Infrastructure Upgrades

Upgrading the underlying infrastructure of the BC network
is crucial for seamless operation with quantum-resistant al-
gorithms. This includes software updates, hardware replace-
ments, and ensuring compatibility with existing tools [232]-
[234]. Potential solutions include:
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Fig. 8: Challenges of Transitioning BC Components to Quantum-Resistant Cryptography

« Develop clear upgrade paths for BC nodes, providing de-
tailed instructions and compatibility testing tools.

» Foster collaboration within the BC ecosystem to ensure
smooth integration of new software versions across different
network participants.

o Consider backward compatibility features during a
transition period to minimize disruptions for users and
applications reliant on older infrastructure.

A.4. Maintaining Interoperability
During the transition, some nodes might operate with old

cryptography while others adopt new quantum-resistant algo-

rithms [27]], [31]], [38]. This can potentially lead to network
disruptions if interoperability is not maintained. Potential
solutions include:

o Develop and implement robust communication protocols
allowing nodes using different cryptographic schemes to
interact seamlessly.

o Design a staged migration process with clear milestones
and well-defined rollback mechanisms in case of unforeseen
issues.

« Promote collaboration and communication within the BC
community to ensure a smooth and coordinated transition
for all participants.

By addressing these challenges and implementing effec-
tive solutions, organizations can successfully transition their
BC networks to quantum-resistant algorithms. This ensures
long-term security, scalability, and resilience against potential
threats posed by quantum computers.

B. Mining Pool

Mining pools face significant challenges during the transi-
tion to quantum-secure cryptography. Increased computational

overheads associated with post-quantum algorithms can strain
resources and potentially exacerbate centralization risks. Fur-
thermore, new attack vectors, such as quantum-based DoS
attacks or cryptanalysis of quantum-secure primitives, may
emerge. To ensure continued success, mining pools must
implement robust security measures, optimize resource uti-
lization, and actively mitigate centralization risks [235]. The
following explores these challenges and proposes strategies for
successful operation in a quantum-secure environment.

B.1. Enhanced Security Measures

The transition to quantum-resistant algorithms introduces
new attack vectors, such as quantum cryptanalysis and side-
channel vulnerabilities, which can compromise mining oper-
ations. Robust security protocols are essential for mitigating
these threats. Potential defense strategies include:

« Design and implement a key management system that oper-
ates with both current and quantum-resistant cryptographic
keys for critical sectors.

o Deploy intrusion detection and prevention systems
(IDS/IPS) to monitor for suspicious activities within the
mining pool infrastructure [236].

o Conduct regular security audits to identify and address
vulnerabilities in pool software, configurations, and network
interfaces [217]], [218].

o Implement stricter access controls and multi-factor
authentication mechanisms to secure user accounts, mining
resources, and administrative tools [237].

B.2. Resource Optimization
Quantum-resistant algorithms necessitate larger key sizes
and increased computational power, significantly impacting

energy consumption and resource demands [27]], [31]], [38].
Effective optimization strategies include:

« Utilize specialized hardware accelerators, such as GPUs,



FPGAs, or ASICs, designed for efficient execution of
quantum-resistant cryptographic tasks.

o Implement dynamic resource allocation systems leveraging
cloud computing to handle fluctuating mining demands.

« Investigate energy-efficient mining algorithms tailored to
quantum-resistant cryptography and invest in renewable
energy sources to mitigate environmental impacts.

o Quantify resource overheads, such as the percentage
increase in energy consumption per transaction due to
larger key sizes, and address thermal challenges with
innovative cooling systems.

B.3. Maintaining Competitiveness and Fairness
Increased hardware and operational costs may exacerbate

centralization risks, as only well-funded mining pools can

afford the necessary infrastructure [2], [8]], [168]. To promote
fairness and competitiveness:

o Encourage collaboration between mining pools to share
computational resources and collectively strengthen network
security.

o Advocate for the development of resource-efficient
quantum-resistant algorithms to lower entry barriers for
smaller participants.

« Foster transparency and fair competition within the mining
ecosystem, ensuring equitable access to advanced technolo-
gies and software.

« Engage with policymakers to incentivize equitable mining
practices and renewable energy adoption through subsidies,
tax credits, or grants.

B.4. Phased Transition and Continuous Adaptation
A phased roadmap ensures a smooth transition while main-

taining security and functionality [8]], [238]. Key considera-

tions include:

 Short-Term: Conduct readiness assessments, upgrade criti-
cal hardware components, and implement baseline quantum-
resistant algorithms for low-impact operations. Perform
pilot testing to identify vulnerabilities.

o Medium-Term: Deploy advanced quantum-resistant algo-
rithms for key-intensive processes, refine mining software
for efficiency, and optimize energy consumption. Enhance
interoperability with legacy BC nodes.

o Long-Term: Achieve full quantum resistance by adopting
industry-standard post-quantum cryptographic mechanisms,
aligning with emerging consensus protocols, and continu-
ously adapting to advancements in QC.

o Use predictive analytics to anticipate and respond to
changes in computational demand and environmental
factors.

B.5. Governance and Economic Considerations
The transition to quantum secure BC requires coordination
and financial support to prevent smaller mining pools from
being marginalized [239], [240].
« Establish a decentralized governance structure to coordinate
upgrades across mining pools and ensure compliance with
quantum-resistant standards.
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« Implement shared resource models, such as pooled access
to quantum-resistant hardware or cloud services, to reduce
costs for smaller participants.

« Engage policymakers to provide financial incentives, such
as grants or tax credits, for adopting quantum-resistant
technologies and renewable energy sources.

By addressing these challenges and implementing robust so-
lutions, mining pools can effectively navigate the complexities
of operating in a quantum-secure environment. This ensures
their continued contribution to the BC ecosystem’s resilience,
scalability, and security in the QC era.

C. Transaction Verification Mechanism

The transition to quantum-resistant algorithms presents
significant challenges for verifying transactions within BC
networks. Careful consideration and adaptation are crucial
to maintain network integrity and security. By proactively
addressing these challenges, organizations can ensure a
smooth transition and safeguard the enduring security and
efficiency of their BC networks.

C.1. Consensus Protocol Adaptation

Existing consensus mechanisms, which ensure network in-
tegrity by verifying transactions and reaching agreement on
the BC state, might require adjustments to mitigate the risk
of unauthorized control after the switch to quantum-resistant
cryptography. Quantum-resistant algorithms can alter the com-
putational power dynamics within the network (e.g., some
algorithms might be more efficient for specific hardware),
potentially creating vulnerabilities for malicious actors [[197]],
[241]. Potential proactive approaches include:

« Analyze consensus mechanisms for potential vulnerabilities
arising from the adoption of quantum-resistant algorithms.

o Modify parameters related to block validation, voting power,
and dispute resolution mechanisms to address these vulner-
abilities and maintain network security.

o Explore alternative consensus mechanisms specifically
designed for quantum-resistant environments that offer
inherent resistance to unauthorized control. Some existing
proposals include post-quantum voting-based variants.

C.2. Increased Computational Overheads

The complex nature of quantum-resistant cryptographic
operations might introduce performance slowdowns [8], [168],
[231] due to increased computational demands for transaction
verification. This could lead to longer processing times and
potentially affect the scalability of the BC network. Potential
proactive strategies to mitigate this challenge include:

¢ Optimize the implementation of quantum-resistant algo-
rithms within the transaction verification process. This could
involve code refactoring and leveraging hardware accelera-
tion techniques.

« Explore alternative cryptographic schemes that offer a bal-
ance between security and computational efficiency in the
context of transaction verification.



« Consider sharding, increasing block size or other scalability
solutions to distribute the workload of transaction verifica-
tion across multiple nodes within the network.

o Leveraging interoperability protocols facilitating network
communication between different BCs, allowing load dis-
tribution.

o Utilize quantum-resistant off-chain
encompassing methodologies such as state channels,
sidechains, Plasma, and rollups, which facilitate the
execution and processing of transactions externally to
the primary BC. This approach augments scalability by
ensuring that only crucial state changes are finalized
on-chain. Additionally, this necessitates the development
of efficient and quantum-resistant ZKPs.

scaling solutions,

C.3. Implementation Complexity

Integrating quantum-resistant cryptography adds complexity
to existing systems, potentially introducing new security vul-
nerabilities [[11]], [228]]. This complexity can affect transaction
verification mechanisms within the BC. Potential proactive
measures include:

» Ensure thorough analysis and testing of the integration pro-
cess to identify and address potential security vulnerabilities
introduced by implementation complexity.

« Implement secure coding practices and adhere to established
cryptographic standards to mitigate the risk of exploitation
due to implementation complexity.

« Provide specialized training and resources for developers to
effectively manage the intricacies of integrating PQC into
transaction verification mechanisms.

« Collaborate with experts in quantum-resistant cryptography
to ensure the robustness and integrity of the embedded
solutions.

C.4. Maintaining Decentralization
The increased computational demands of quantum-resistant

algorithms might inadvertently lead to centralization within the

network. Only entities with access to powerful hardware might

be able to efficiently participate in transaction verification [36].

Potential Solutions include:

o Encourage the development of more resource-efficient
quantum-resistant algorithms that are accessible to a wider
range of hardware capabilities.

« Explore alternative consensus mechanisms that promote
decentralization and participation even with computationally
intensive verification processes.

o Implement incentive structures that
verification and  participation, regardless of
computational resources available to individual nodes.

reward efficient
the

By addressing these challenges and implementing appropriate
solutions, organizations can ensure a smooth transition for
transaction verification mechanisms in BC networks. This
will maintain network integrity, efficiency, and decentralization
even in the face of potential threats from quantum computers.
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D. Smart Contract

The shift to quantum-resistant algorithms within BC net-
works introduces a unique set of challenges for smart con-
tracts. These challenges include potential security vulnera-
bilities arising from interactions with new algorithms, com-
patibility issues with existing smart contracts, and the need
for user education regarding the transition. Addressing these
challenges is crucial for ensuring the seamless integration and
continued functionality of smart contracts in a quantum-secure
environment.

D.1. Compatibility with Existing Smart Contracts

Upgrading existing smart contracts to utilize quantum-
resistant algorithms might not be straightforward. This could
lead to a situation where some contracts operate with the old
cryptography while others adopt the new, potentially hindering
interoperability and causing disruptions. Potential mitigation
strategies include:

o Develop migration tools and frameworks to facilitate a
smooth transition of existing smart contracts to utilize
quantum-resistant algorithms [242].

« Explore the creation of standardized wrappers or compat-
ibility layers that allow older smart contracts to interact
seamlessly with newer ones using quantum-resistant cryp-
tography (consider potential overhead of wrappers) [243|.

« Encourage developers to design smart contracts with
modularity and future-proofing in mind, making them
easier to adapt to evolving cryptographic standards [95]].

D.2. User Education and Awareness

Users interacting with smart contracts need to be aware of
the transition to quantum-resistant algorithms and the potential
risks involved if they do not upgrade their tools and interact
with outdated, vulnerable smart contracts. Proactive strategies
include:

o Develop educational resources and awareness campaigns
to inform users about the importance of upgrading their
wallets and tools to interact with quantum-resistant smart
contracts [|35].

« Implement clear warnings and notifications within BC ap-
plications to highlight the risks of interacting with outdated
smart contracts [35]].

« Promote best practices for secure smart contract interaction,
including proper key management and verification of
contract details before execution [244].

D.3. Unforeseen Vulnerabilities

The interaction between existing smart contract code and
the new quantum-resistant cryptography might introduce un-
foreseen vulnerabilities. These vulnerabilities could potentially
allow unauthorized access to funds or manipulation of smart
contract execution [245]], [246]. Possible mitigation strategies
for these vulnerabilities include:

« Conduct thorough audits and validation processes specifi-
cally designed to identify vulnerabilities arising from the
interaction between smart contracts and quantum-resistant
algorithms.



« Encourage the development and use of formal verification
techniques to mathematically prove the security of smart
contracts in a quantum-resistant environment.

o Promote best practices for smart contract development
that prioritize security and minimize potential attack
vectors, especially when interacting with quantum-resistant

cryptography.

D.4. Performance Implications

Integrating quantum-resistant algorithms may impact the
performance of smart contracts due to increased computa-
tional requirements. This can lead to higher execution costs
and longer processing times [247]], [248|]. Potential solutions
include:

« Review and optimize the smart contract code to reduce
complexity and enhance execution efficiency. This may
involve minimizing redundant computations and optimizing
data structures.

o Aggregate multiple transactions into a single batch to
minimize the number of on-chain operations and reduce
congestion.

» Optimize quantum-resistant algorithms to reduce computa-
tional overhead and improve efficiency.

o Implement off-chain computations where feasible to mini-
mize on-chain processing demands.

« Explore mechanisms for modular implementation and asyn-
chronous execution of smart contracts, allowing certain
tasks to run independently, thus improving throughput.

o Regularly benchmark and monitor smart contract
performance to identify and address bottlenecks.

D.5. Regulatory Considerations

The transition to quantum-resistant cryptography may be
subject to regulatory requirements and standards. Organiza-
tions must ensure compliance with evolving guidelines to
avoid legal and operational risks [243], [249]]. Steps to con-
sider:

» Stay informed about regulatory developments related to
quantum-resistant cryptography and BC technologies.

« Engage with policymakers and industry groups to contribute
to the development of practical and effective regulations.

o Implement compliance frameworks that align with current
and anticipated regulatory standards.

By addressing these challenges and implementing effective
solutions, organizations can ensure the continued security and
functionality of smart contracts in a quantum-resistant future.

E. User Wallet

The transition to quantum-resistant BC presents specific
challenges for user wallets, which are critical interfaces for
users to access and manage their digital assets. Ensuring a
seamless and secure transition is paramount to maintain user
trust and the integrity of the BC ecosystem. In the following,
we examine the primary challenges and propose solutions to
facilitate this transition.

28

E.1. Wallet Compatibility and Security Upgrades

Existing user wallets might not be compatible with the new
quantum-resistant cryptography. This leaves users vulnerable
to potential attacks that exploit weaknesses in older crypto-
graphic algorithms [1]], [2]], [197]]. Potential Solutions include:

« Develop and disseminate clear upgrade paths and compre-
hensive instructions to assist users in transitioning to wallet
versions that implement quantum-resistant algorithms.

« Implement backward-compatible solutions where feasible to
ensure continuity of service during the transition period.

« Encourage wallet developers to adopt standardized
quantum-resistant cryptographic protocols to maintain
interoperability across the BC network.

o Implement multi-signature wallets to enhance security. This
requires multiple keys to authorize a transaction, adding
another layer of protection.

E.2. User Education and Awareness
In the context of user adoption [250], individuals might

be hesitant or unaware of the need to upgrade their wallets,

potentially leaving them vulnerable even after the transition to
quantum-resistant algorithms. Potential Solutions include:

¢ Launch educational campaigns to inform users about the
importance of upgrading to quantum-resistant wallets and
the associated security benefits.

« Integrate intuitive prompts and automated update features
within wallet applications to facilitate seamless user transi-
tions.

« Provide accessible resources, such as tutorials and FAQs,
to assist users in understanding and navigating the upgrade
process.

E.3. Maintaining User Experience
Upgrading wallets and potentially adopting new functionali-

ties related to quantum-resistant cryptography might introduce

complexities that could hinder user experience [251]]. Potential

Solutions include:

o Design wallet interfaces that incorporate new secu-
rity features without compromising simplicity and user-
friendliness.

« Conduct user testing to identify and address potential usabil-
ity issues arising from the integration of quantum-resistant
features.

« Ensure that security enhancements are implemented in a
manner that is transparent to users, minimizing disruptions
to their typical interactions with the wallet.

By proactively addressing these challenges through strategic
upgrades, user education, and thoughtful design, organizations
can ensure that user wallets remain secure and user-friendly
in the quantum-resistant era of BC technology.

VII. HYBRID BC ARCHITECTURES

Given the limitations of quantum-resistant BC, developing
effective transition strategies is crucial for mitigating quantum
threats to a BC system. A comprehensive security approach



requires a hybrid strategy that integrates PQC with metic-
ulous system design and continuous monitoring [|11[]—[/13]].
This hybrid approach combines classical and post-quantum
cryptography, ensuring a smoother transition while maintain-
ing operational integrity and reducing risks during and after
migration [1]], [2]. Key advantages of this approach include: (a)
interoperability between classical and post-quantum BCs, (b)
backward compatibility with existing systems, (c) enhanced
security during the transition, (d) layered cryptographic pro-
tection against both classical and quantum threats, and (e)
scalability through selective application of post-quantum algo-
rithms. Additionally, it addresses challenges such as increased
key sizes, network fragmentation, and performance overheads
associated with a full PQC transition [[17]-[19]].

To address these challenges and facilitate a smooth tran-
sition, two primary hybrid BC architectures are proposed:
Non-Composite and Composite. These architectures integrate
classical cryptography (for backward compatibility) and post-
quantum cryptography (for future security), enabling BC sys-
tems to gradually adopt quantum-resistant algorithms while
maintaining uninterrupted operations. By combining classi-
cal and quantum-resistant cryptographic approaches, these
architectures establish a multi-layered security framework to
mitigate quantum-related vulnerabilities [252].

A. Non-Composite Architecture

The Non-Composite BC Architecture adopts a dual-ledger
strategy, maintaining separate ledgers with distinct crypto-
graphic functionalities. A public ledger secured with classical
cryptography handles routine transactions, while a private
ledger secured with post-quantum cryptography is used for
high-security transactions. This separation provides a clear
migration path to quantum resistance. Figure [9] illustrates this
architecture.

« Public Ledger (Classical Cryptography): Handles rou-
tine transactions using existing cryptographic standards,
offering compatibility with current systems but becoming
vulnerable to quantum attacks as QC advances.

o Permissioned Private Ledger (Post-Quantum Cryp-
tography): Dedicated to highly sensitive transactions,
leveraging post-quantum cryptographic algorithms with
stricter access controls to resist quantum threats.

While this architecture provides robust security for sensitive
transactions, it faces several challenges:

« Integration Complexity: Managing separate ledgers
within one BC ecosystem introduces significant imple-
mentation and operational complexity.

« Interoperability Issues: Seamless interaction between
ledgers secured with different cryptographic frameworks
is difficult to achieve.

o Infrastructure Overhead: Maintaining two parallel
ledgers requires additional computational and storage
resources, increasing operational costs.

B. Composite Architecture

The Composite BC Architecture integrates classical and
post-quantum cryptographic functionalities within a single
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Fig. 9: Non-Composite BC Architecture

ledger. Each block contains sections dedicated to both crypto-
graphic approaches, facilitating gradual migration and main-
taining a unified ledger structure. Figure [I0] illustrates this
architecture.

« Integrated Sections: Each block includes sections for
classical and post-quantum cryptography, enabling a
seamless transition to quantum resistance without main-
taining separate ledgers.

« Dual Cryptographic Operations: Transactions requir-
ing high security use post-quantum cryptography, while
less critical operations utilize classical cryptography for
performance optimization.

Overal System Security

Fig. 10: Composite BC Architecture

The Composite Architecture simplifies integration but intro-
duces its own challenges:

« Increased Block Size: Dual cryptographic operations
increase block size, potentially affecting scalability and
transaction throughput [[15].

« Reliance on Standardization: Dependence on standard-
ized post-quantum cryptographic algorithms, which are
still under development, adds uncertainty [58].

« Protocol Modifications: Significant changes to existing
BC protocols are needed to support dual cryptographic
functionalities [253]].

C. Choosing the Right Architecture

The selection of an appropriate architecture depends on the
specific needs of the BC application, with the following key
considerations:



« Security Needs: The Non-Composite approach is ideal
for applications requiring stringent security for sensitive
transactions.

« Integration Simplicity: The Composite approach min-
imizes structural changes, making it more suitable for
general use cases.

o Performance Optimization: The Composite Architec-
ture balances security and scalability, enabling efficient
handling of less critical transactions.

Table [XIII] provides a detailed comparison of the two archi-
tectures, highlighting their strengths and weaknesses across

various dimensions.

TABLE XIII: Comparison of Composite and Non-Composite

BC Architectures

transaction requirements.

Feature Composite BC Architecture Non-Composite BC Architecture

S BOII:' c!assmal anfl P"S‘.‘f’“?"‘“m LTyp- Separate ledgers: one with classical
Cryptographic tographic methods coexist in the same cryptography. another with post-quantum
Strategy block, enabling selective use based on Typtograpny, post-q

cryptography.

Transition Ap-
proach

Gradual migration to post-quantum cryp-
tography, allowing classical cryptography
to remain for less critical transactions.

Clear separation of classical and post-
quantum  cryptography with distinct
ledgers for different purposes. Classical
transactions must migrate to the post-
quantum ledger for full security.

Compatibility

Maintains compatibility with existing BC
infrastructure and participants, minimiz-
ing disruption.

Requires  significant  infrastructure
changes, potentially disrupting existing
systems.

Performance
Impact

Minimizes performance issues by using
classical cryptography for less critical
transactions. The increased block size
may affect scalability.

Post-quantum cryptography is only used
in the permissioned private ledger, po-
tentially offering better performance for
routine transactions.

Security

Security relies on the most robust cryp-
tographic primitive (post-quantum) in the
block. Redundancy ensures that if clas-
sical cryptography is compromised, the
post-quantum layer maintains security.

Ensures maximum security for sensitive
transactions, as they are fully isolated on
a post-quantum secured ledger. Routine
transactions on the classical ledger re-
main vulnerable to quantum attacks.

Scalability

Potential increase in block size due to
the inclusion of both classical and post-
quantum cryptographic methods.

Scalability is less impacted for rou-
tine transactions, but managing separate
ledgers adds complexity and operational
overhead.

Implementation
Complexity

Moderate complexity, as existing blocks
need to accommodate both cryptographic
methods within a unified ledger.

High complexity due to the need
for maintaining and managing separate
ledgers with distinct cryptographic frame-
works.

Flexibility

High flexibility: Allows different crypto-
graphic sections for different transaction
needs within a single ledger.

Limited flexibility: Transactions are
strictly assigned to either the classical or
post-quantum ledger, restricting dynamic
use.

Integration
Complexity

Requires protocol modifications to sup-
port dual cryptographic functionalities but
maintains a unified structure.

Managing two separate ledgers introduces
significant operational and implementa-
tion challenges, including interoperability
issues.

Security Tran-
sition

Enables a gradual and seamless transi-
tion to quantum-resistant cryptography,
providing time for testing post-quantum
algorithms in the ecosystem.

More disruptive transition: ~Classical
transactions must migrate to the post-
quantum ledger, increasing risk during
the migration period.

Risk
Mitigation

Redundancy ensures that if classical
cryptography is compromised, the post-
quantum cryptography within the same
block can still ensure security.

Risk mitigation depends on isolating
sensitive transactions within the post-
quantum secured private ledger. Routine
transactions remain vulnerable.

Ease of Adop-
tion

Easier adoption for existing BC networks,
as it minimizes changes to core infras-
tructure and ensures backward compati-
bility.

Harder to adopt, requiring more signifi-
cant changes and careful management of
two distinct ledgers.

Future-
Proofing

Allows for future adjustments and the in-
troduction of more efficient post-quantum
algorithms as standards evolve (e.g.,
NIST PQC).

Ensures the highest security for critical
transactions but may face challenges in
upgrading cryptographic standards due to
the segregated ledger design.

Use Case Suit-
ability

Suitable for a phased transition with min-
imal disruption to regular operations.

Best suited for use cases requiring
isolated, high-security transactions with
clear cryptographic separation.

Standardization
Reliance

Relies on the development and standard-
ization of post-quantum cryptographic al-
gorithms (e.g., NIST PQC).

Similarly relies on standardized post-
quantum cryptography but within a sepa-
rate, more secure ledger structure.

D. Hybrid Strategies for Cryptographic Primitives of BC

Hybrid BC architectures rely on robust cryptographic prim-
itives to secure key functionalities such as key exchange,
encryption, and digital signatures. These hybrid strategies
combine classical and post-quantum cryptography to facilitate
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a secure transition to quantum-resistant systems. By enabling
“crypto-agility,” hybrid strategies allow BC systems to adapt
seamlessly to evolving cryptographic standards [88]], [254].

Two critical approaches are integral to these strategies: the
Hybrid KEM/ENC Strategy and the Hybrid Signature Strategy.
Both play a pivotal role in enhancing the robustness of Non-
Composite and Composite BC architectures.

TABLE XIV: Hybrid KEM/ENC Strategy

Combiners Pros Cons

* Requires inclusion of PQ key, potentially
altering FIPS 140 validation.
Lack of integrity protection for concate-

Concatenation | * Supports lightweight operations, simple

1255] logic, and easy implementation. nated shared secret key components.
« Limited security proofs to classical adver-
saries [256.
Concat- * Combines key exchange outputs through . Requlr.es mclus}on of PQ key n ‘.:Ods’
: . - potentially altering FIPS 140 validation.
KDF [253], a single KDF, reducing brute-force effec- ity d d h del d
P571-12601 tiveness  Security depends on the models and as-
- : sumptions about KEM/ENC and KDF.
¢ Produces shared secret using cascade of . Requ".es mclus}on of PQ key m ‘.:Ods’
Cascade- N . P . potentially altering FIPS 140 validation.
. KDF iterations, maintaining efficiency. . .
KDF [253 S * Security guaranteed only under specific
* Reduces brute-force effectiveness. .
models and assumptions about KDF.
¢ Maintains IND-CCA security if one
Dual- KEM/ENC and Pseudorandom Function | | Requires extra preprocessing for the first
PRF  [I5], (PRF) components are secure. keq preprocessing
1261 * Provides security proofs for classical and Y

quantum adversaries.

Preserves IND-CCA security with secure
Nested-Dual- KEM/ENC and PRF components.

PRF [15]  Offers security proofs for classical and
quantum adversaries.

Requires additional preprocessing for the
first key.

Maintains IND-CCA security with split-

Split-key- key pseudorandom combiner. * Provides security proofs only for classical
PRF [262] * Trade-off between security and efficiency adversaries.
in parallel combiners.
¢ XOR'’s reversibility can compromise sub-
keys, leading to potential master key re-
covery and vulnerability to related-key
attacks, compromising cipher security. It
maintains solely IND-CPA security as dis-
XOR [262]- * Supports lightweight operations and easy cussed in [262], supports one-way au-
1264] implementation. thenticated key exchange (IW-AKE) as
per [263], and offers breakdown-resilient
authenticated key exchange (AKE) as out-
lined in [264]. Security proofs are pro-
vided only for classical adversaries [262],
[263].
* Prevents mix-and-match attacks, main-
tains IND-CCA security, and provides se-
curity against classical, partial, and fully
XOR-then- quantum adversaries, while also protect- | ;0o rable 1o message content modifica-
ing ciphertext from modification and re- . . o
MAC [15] vi . . . tion depending on MAC security.
ying on the security of one combined
KEM/ENC and the Message Authentica-
tion Code (MAC) scheme’s unforgeabil-
ity.
« Vulnerable to intentional message content
modification and related-key attacks due
XOR-then- ¢ Simply replaces XOR for providing in- to PRF security issues.
PRF [262] tegrity protection on ciphertexts. ¢ Does not retain CCA security and pro-

vides security proofs only for classical
adversaries.

1) Hybrid KEM/ENC Strategy: Although BC systems pri-
marily depend on digital signatures for transaction authen-
tication and verification, Hybrid KEM/ENC strategies are
highly relevant in the broader BC ecosystem. These strategies
play a vital role in several contexts, including secure off-
chain communication, wallet security, Layer-2 and cross-
chain applications, confidential transactions, and key man-
agement in IoT and smart contract ecosystems. By integrat-
ing Hybrid KEM/ENC strategies, BC systems can address
quantum-related vulnerabilities comprehensively, ensuring se-
curity across all layers of the ecosystem and preparing for
emerging use cases requiring secure, quantum-resistant key

exchange.
In the realm of KEM/ENC, the hybrid approach
amalgamates multiple KEM/ENC algorithms by using

specific combiners. This process yields hybrid algorithms
whose security levels match those of their strongest



components. Combiners such as Concatenation [255],
Concat-Key Derivation Function (KDF) [253]], [257]-[259],
Cascade-KDF [253]], Dual-PRF [15], [261]], Nested-Dual-
PRF [15]], Split-key-PRF [262], XOR [262]-[264], XOR-
then-MAC [15]], and XOR-then-PRF [262] offer distinctive
advantages ranging from simplicity and resilience against
brute-force attacks to seamless integration with existing
infrastructure. Careful consideration of the advantages and
disadvantages of each combiner is essential to wisely choose
the best strategy for managing the migration of BC systems.

TABLE XV: Hybrid Signature Strategy

Combiners Pros Cons

« Supports lightweight operations, simple

Concatenation
1265

logic, and easy implementation.

¢ Retains unforgeability when both signa-

ture algorithms are unforgeable.

* Does not support non-separability prop-

erty for both signature algorithms.

* Preserves unforgeability when the first

« Unforgeability of weak nesting depends

- g
Weak Nest signature algorithm 1s ?mforgcablc. crucially on the unforgeability of the first
ing [265 * Supports non-separability property for the .
R . signature scheme.
second signature algorithm.
Strong Retains u_nforg:dblhly when both signa « Caution needed with Strong Nesting due
. ; ture algorithms are unforgeable. S
Nesting |16}, o - to potential signature leaks from one of
4 * Preserves non-separability property for . .
1265 X ) . its underlying schemes.
the second signature algorithm.
 Preserves unforgeability of each message
under its corresponding signature scheme. « Not designed to provide the unforgeability
Dual  Nest- RS o A N N o . S
ing [265 ¢ Retains unforgeability of both messages of both messages under either signature
g [265]

when the outer signature scheme is un- scheme.

forgeable.

2) Hybrid Signature Strategy: Similarly, the hybrid sig-
nature strategy endeavors to amalgamate multiple indepen-
dent signatures, ensuring the integrity and unforgeability of
resultant signatures against chosen message attack scenarios.
Embracing a diverse range of combiners including Concate-
nation [265]], Weak Nesting [265]], Strong Nesting [16]], [265]],
and Dual Nesting [265], this strategy equips organizations with
a comprehensive array of cryptographic tools meticulously
designed to counteract potential adversaries, while safeguard-
ing the integrity of signatory intent. A thorough evaluation
of each combiner’s strengths, weaknesses, and susceptibility
to quantum vulnerabilities is essential for crafting a resilient
cryptographic framework capable of withstanding the chal-
lenges of the quantum era.

3) Integration with BC Architectures: Both the KEM/ENC
and Signature strategies align seamlessly with Non-Composite
and Composite BC architectures. In Non-Composite architec-
tures, they provide tailored cryptographic solutions for each
ledger, ensuring security based on sensitivity. In Composite
architectures, they enable dual cryptographic sections within
each block, allowing transactions to select the most appropriate
mechanism based on security and performance requirements.

The integration of hybrid strategies for cryptographic prim-
itives fortifies BC architectures against emerging quantum
threats. By leveraging robust combiners for KEM/ENC and
digital signatures, BC systems can achieve a high degree of
security, flexibility, and resilience. These strategies lay the
foundation for a secure and scalable transition to quantum-
resistant systems.

E. Advantages of Hybrid BCs

Hybrid BCs represent a strategic response to the dynamic
landscape of cryptography and the impending challenges
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posed by QC, providing a synthesis of security, adaptability,
and future readiness tailored to the varied requirements of BC
participants. They offer numerous compelling advantages:

o Smooth Transition and Future-Proofing: Enables a
phased approach to transitioning to quantum-resistant
cryptography while mitigating risks and ensuring ongoing
security.

o Reduced Fragmentation and Enhanced Ecosystem
Compatibility: Minimizes potential fragmentation within
the BC ecosystem by combining classical and quantum-
resistant functionalities, fostering interoperability.

« Ongoing Research and Continuous Improvement:
Facilitates seamless integration of evolving quantum-
resistant cryptography, ensuring continued resilience
against potential QC threats.

F. Risk Assessment and Security Posture

The hybrid approach leverages the strength of its most ro-
bust cryptographic primitive to safeguard the overall system’s
security even if other algorithms are rendered vulnerable by
future quantum attacks (see Figure [TI). This selective focus
ensures minimal disruption during migration by maintaining a
well-defined security baseline built upon the strongest primi-
tive. By adopting this strategy, BC stakeholders can proactively
address the challenges of QC and achieve a seamless transition
to quantum-resistant cryptography with confidence.

The security posture differs slightly between the two hybrid
approaches:

o Non-Composite Approach: Here, the permissioned pri-
vate ledger, which is secured with quantum-resistant al-
gorithms, acts as the primary shield. Even if the classical
cryptography on the public ledger gets compromised, the
system can still function securely for highly sensitive
transactions as long as the private ledger remains secure.

o Composite Approach: This approach integrates classi-
cal and quantum-resistant algorithms within the same
ledger structure. However, the overall security hinges on
the strength of the most robust primitive (ideally the
quantum-resistant one). If this remains secure, it protects
the entire system.

Risk (Primitive 2)

Low Medium  High
Low Low Low Low
Risk (Primitive 1) { Medium Low Medium | Medium
High Low Medium !

Fig. 11: Combined Risk of Hybrid Approach from Underlying
Primitives

G. Final Discussion: Adapting Hybrid BCs for Quantum
Resistance

Hybrid BC architectures balance security, scalability, and
compatibility, offering a strategic response to QC threats.
While challenges in integration and infrastructure remain, the
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TABLE XVI: Impact of Quantum Computing on Different BC Platforms

Strategies

Transition to quantum-resistant signature
schemes

Transition to a stronger hash function

Develop quantum-resistant PoW or use alter-
native approaches such as proof-of-space or
memory-hard PoW to mitigate quantum mining
advantages.

Migration to quantum-resistant —signature
schemes

Replace ECIES with a post-quantum KEM
Use a higher-security hash function in block
hashing

Formal verification of smart contracts to elim-
inate vulnerabilities

Develop quantum-resistant smart contract li-
braries and frameworks

Similar mitigation strategies as Bitcoin and
Ethereum

Explore alternative consensus mechanisms less
vulnerable to quantum attacks (e.g., voting-
based consensus algorithms)

Strengthen validator key management to pre-
vent privilege escalation.

Research on memory-hard hashing functions
secure against classical and quantum attacks
Adopt sistant si
replace ECDSA.

Explore quantum resistant alternative for PoW
mechanisms such as proof-of-space or memory-
hard PoW models to enhance resistance.
Evaluate Scrypt’s quantum resilience and im-
prove hashing where necessary.

chemes to

Transition from ECDSA to post-quantum sig-
nature schemes (e.g., lattice-based cryptogra-
phy)

Replace SHA-256 with SHA-512 or alterna-
tives such as SHA-3

Platform | Vulnerable Components Potential Impacts STRIDE Threats
. . . * Spoofing: Impersonation through compromised signatures
* ECDSA: Used for digital signa- Egﬁiin;ﬂu%i‘ rliazlef:llgsnzl;lcll—ie: e, Tampering: Alteration of transaction data or blocks
Bitcoin tures. . Breal?in collision rel:islancil of | © Repudiation: Disputes arising from forged transactions
¢ SHA-256: Used for hashing SHA-25g6 di\‘l";l tin m;nin and | DoS: Mining and consensus disruption
blocks. block venzﬁc:;liol; e e + Elevation of Privilege: Unauthorized network control through
: compromised keys
. c . . - + Spoofing: Identity impersonation via ECDSA compromise
: El(‘_:e[:SA’ Used for digital signa- | « gilsgrt\a[:;en ?;g:;ﬁ:::igpi:}‘:z;:} + Tampering: Block manipulation by breaking Keccak-256
. ch;:.:ik—256' Used for hashing ni;mp R * Repudiation: Disputes from forged or altered transactions
Ethereum transactions and blocks. * Breach of encrypted communica- ° i‘:}iﬁ;‘;ﬁzgn Disclosure: Leaked data through broken ECIES
« Elliptic Curve Integrated Encryp- tion. . T 1 o e
tion Scheme (ECIES): Encrypts | * Tampering with smart contract DOS: Qudnlum. d.nde_b de'grddmg ne%v{c‘)rlfvopevrdtfons. e
communication (less common). states or inputs. + Elevation of Privilege: Unauthorized access to smart contracts
¢ Unauthorized manipulation of | ¢ Spoofing: Forged transactions through signature compromise
« ECDSA: Used for digital signa- transactions and account bal- | ¢ Tampering: Manipulation of transaction data
Ripple tures. ances. * Repudiation: Disputes arising from altered balances
PP ¢ SHA-256: Used for hashing | ¢ Limited relevance for Informa- | ¢ DoS: Attacks exploiting consensus mechanisms
transactions. tion Disclosure due to Ripple’s | * Elevation of Privilege: Misuse of validator roles via key
simpler metadata structure. compromise
: :ﬁ{ygcp;g:g:saio:e resistance, | Spoofing: Identity theft through signature compromise
* Scrypt: Memory-intensive PoW | | ECDSA is vulneraﬁle t© siena- | ° Tampering: Block alterations exploiting quantum vulnerabil-
hashing algorithm (more ASIC- ture foreer 8! ities
Litecoin resistant than SHA-256). . Enhancfd y;rmtum minine could | Repudiation: Forged transactions leading to disputes
« ECDSA: Used for digital signa- enable 5]; ;\ttackq e * DoS: Mining disruption due to compromised algorithms
tures. + Mining di:ruplim';q. may cause + Elevation of Privilege: Unauthorized control of mining re-
DoS on the network. sources
* Standard Transactions: * Spoofing: Signature forgery enabling identity theft
o ECDSA/SHA-256: Used for | ¢ Vulnerable to signature forgery | ¢ Tampering: Modification of transaction data
signatures and hashing, simi- and block tampering. * Repudiation: Disputes from altered or forged transactions
lar to Bitcoin. * DoS: Disruption of standard transaction processing
Zcash
(Pr_ivacy * Shielded Transactions: « Loss of anonymity if Groth16 is | ¢ Information Disclosure: Loss of privacy due to ZKP compro-
Coin) o Groth16 zk-SNARKs* (Ellip- broken by quantum attacks. mise
tic curve and pairing-based | * Potential manipulation of | ¢ Tampering: Unauthorized modification of shielded transac-
cryptography): Used for pri- shielded transactions if proofs or tions
vate transactions. keys are compromised. * Repudiation: Disputes from forged proofs
o ECC-based key generation: | * Disruption of shielded transac- | ¢ DoS: Disruption of shielded transaction processing
Supports Groth16 and transac- tion validation due to computa- | ¢ Elevation of Privilege: Exploiting ZKP weaknesses to gain
tion privacy. tional overload. unauthorized control

Research and implement post-quantum zk-
SNARKSs (e.g., Virgo [266], Ligero and
Aurora [268]) and post-quantum signatures.
Develop fallback mechanisms to handle com-
putational overload or proof failures

Enhance network-wide transition plans to
quantum-resistant cryptography

*In May 2022, Zcash introduced the Orchard shielded payment protocol with Network Upgrade 5 (NUS5), using the Halo 2 zero-knowledge proving system. Halo 2 removes the
trusted setup and supports scalable private payments. While it improves efficiency over previous zk-SNARKSs like Grothl6, its security depends on assumptions not proven secure

against quantum attacks.

long-term benefits of enhanced security and future-proof de-
sign make these architectures a critical step towards quantum-
resistant BCs.

VIII. SECURITY EVALUATION OF MAJOR BC PLATFORMS

This section presents a detailed analysis of the poten-
tial impact of QC on major BC platforms, including Bit-
coin [269], Ethereum [270]], Ripple [271]], Litecoin [272], and
Zcash [273]], a privacy-focused cryptocurrency. The analysis
examines their vulnerable components, assesses potential im-
pacts, analyzes associated STRIDE threats, and provides an
evaluation of likelihood, impact, and overall risk levels under
the assumption of a sufficiently advanced QC environment.
Table offers a consolidated reference for understanding
these implications.

It is important to emphasize that the likelihood ratings
assigned in theTable represent a scenario in which large-scale
quantum computers are available and capable of breaking
or weakening current cryptographic primitives. Our earlier
analysis (Figure [) indicates that the expected likelihood of
such powerful quantum threats remains relatively low in the
short term (within the next 10 years), increases to a medium
level by around 15 years, and becomes high beyond a 20-year
horizon. Thus, the High likelihood ratings in Table [XVI|should
be interpreted as long-term projections rather than immediate

certainties. In the near term, due to the limited maturity of
QC, these threats are far less likely to materialize.

The evaluation reveals that all these BC platforms, de-
spite architectural differences, could face severe consequences
once quantum attacks become feasible. Bitcoin and Ethereum,
heavily reliant on ECDSA signatures and their respective
cryptographic hash functions, would be susceptible to unau-
thorized transactions and mining disruptions. Ripple, while
somewhat centralized, still depends on ECDSA and SHA-
256, making it vulnerable to signature forgery and ledger
manipulation. Litecoin’s use of Scrypt may provide partial
near-term mitigation, but as quantum capabilities advance, its
reliance on ECDSA remains a critical vulnerability. Despite
Zcash’s use of complex privacy mechanisms like Groth16 zk-
SNARKSs or Halo 2 recursive proofs, which enable fast, pri-
vate transactions through elliptic curve cryptography, it could
still suffer anonymity breaches and compromised transaction
integrity under a quantum-capable adversary.

While the immediate risks remain low, given the current
state of quantum technology, the potential long-term im-
pact is undeniably high. Unauthorized spending, tampering
with transaction data, erosion of trust, and systemic collapse
are all plausible outcomes once robust quantum machines
emerge. This underscores the crucial importance of transi-
tioning to post-quantum cryptographic primitives well before
the threats mature. Adopting quantum-resistant signatures,
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TABLE XVII: Post-Quantum BC Platforms: Features, Applications, and STRIDE Threats with Corrected Risk Assessment

Platform Structure | BC Type C Mect Crypto Type | Signature Alg. | Application STRIDE Threats ‘ L
« Spoofing: Strong resistance via XMSS but risks arise
Permissionless Digital asset from weak supporting infrastructure.
QRL ‘ BC Public PoS (QRL PoS) Hash XMSS safety * DoS: Resource exhaustion from computational over-
head of PQC algorithms.
* Spoofing: Challenges in integrating Dilithium signa-
Permissionless . R Multi-chain tures may introduce vulnerabilities.
Komodo ‘ BC Public PoW Lattice Dilithium smart contracts ¢ Tampering: Risks during cryptographic transitions.
* DoS: Overhead of PQC algorithms.
. .  Tampering: Integrity risks due to decentralized routing.
Nexus [276 BC Permissionless | pow pos Lattice FALCON Decentralized |, 18 Overhead from FALCON scheme may lead to
Public routing
overload.
 Spoofing: FALCON-512 integration challenges may
lead to vulnerabilities.
Tidecoin ﬂ BC Pem}lssmnless PoW Lattice FALCON-512 Cryptocurrency . Tamp.ermg:l Cr)fptographlc update processes may ex-
Public pose integrity risks.
¢ DoS: Performance constraints from PQC implementa-
tions.
Permissionless Privacy-focused ¢ Information Disclosure: Potential for privacy leaks
Abelian W BC Publi:: . PoW Lattice Dilithium ¢ v loiurrezc during PQC transitions.
P Y * DoS: High resource demand may be exploited.
 Repudiation: Insufficient cryptographic logging during
- . - key exchanges may arise.
LACChain BC Pern‘.uisnoned Proof —of  Authority Lattice FALCON-512 Latm' American | | DoS: Medium likelihood due to potential insider
Public (PoA) adoption i .
threats and governance vulnerabilities, despite a con-
trolled environment.
¢ Tampering: Cryptographic transition risks during hy-
. Proof of Randomness . ST Smart contracts, brid operations.
QAN ‘ BC Hybrid (PoR) Lattice Dilithium DApps « Elevation of Privilege: Weak hybrid integration could
enable unauthorized access.
« Information Disclosure: Vulnerabilities in data flow
. . Cross-ecosystem I 1ent across ecosystems.
HCASH ‘ BC, DAG | Public PoW, PoS Lattice BLISS data flow « DoS: High likelihood from resource-intensive dual
structures.
¢ Spoofing: Transition to EdDSA signatures may in-
L . crease impersonation risks.
10TA {282 DAG Permissionless | PoS - OTV (On-Tangle- | W-OTS™ IoT ~  micro- | | rinering: Vulnerabilities in the Tangle’s data in-
Public Voting) transactions . .
tegrity mechanisms.
¢ DoS: Scalability features may be targeted.

*Permissioned Public: Publicly accessible for reading/interacting, but validator roles require authorization by a governing body.

** In April 2021, they transitioned to using EdDSA as their digital signature, replacing W-OTS.

exploring new hashing schemes, and developing post-quantum
zero-knowledge proofs will be essential strategies for ensuring
the long-term security and viability of these BC platforms in
the quantum era.

IX. POST-QUANTUM BCS: CURRENT AVAILABILITY AND
THEIR ROLE

As the threat of QC grows, BC projects have begun inte-
grating PQC to future-proof their systems. These platforms
aim to address challenges such as quantum-safe cryptographic
integration, performance trade-offs, and interoperability with
existing systems, aligning with the broader themes discussed
in this section.

Post-quantum BCs employ cryptographic algorithms
deemed secure against quantum attacks, including lattice-
based, hash-based, multivariate polynomial, and isogeny-based
cryptography. As the threat of QC intensifies, BC projects
have initiated the integration of PQC to enhance the
future resilience of their systems. These platforms aim to
achieve quantum-safe cryptographic integration, manage
performance trade-offs, and ensure interoperability with
existing frameworks. These platforms and their respective
features, applications, and risk evaluations are summarized in
Table [XVII] Examples include QRL [274], Komodo [275],
Nexus [276]], Tidecoin [277], Abelian [278]], LACChain [279],
QAN [280]], HCASH [281]], and IOTA [282]. QRL employs
the XMSS hash-based signature scheme to ensure the security
of digital assets, offering forward secrecy but with a trade-off
in larger signature sizes (e.g., approximately 2 KB compared

to 64 bytes for ECDSA). Komodo leverages the Dilithium
lattice-based cryptographic approach for secure multi-chain
smart contracts, balancing efficiency and post-quantum
security. Nexus utilizes the FALCON signature scheme
for decentralized routing, noted for its smaller signature
sizes (e.g., 666 bytes for FALCON-512) but requiring
robust key management. Tidecoin integrates FALCON-512
signatures with a CPU-friendly PoW consensus mechanism to
ensure compatibility with existing devices while addressing
quantum threats. Abelian employs the Dilithium signature
scheme to enhance privacy in its cryptocurrency platform.
LACChain, as shown in Table leverages post-quantum
X.509 certificates and quantum-secure TLS protocols for
secure communication in a permissioned-public framework,
allowing public read access while restricting validator roles
to authorized entities. Platforms such as QAN, a hybrid
BC, combine lattice-based Dilithium signatures with PoR
consensus for smart contracts and DApps, introducing
flexibility but also risks during transitions between classical
and post-quantum mechanisms. HCASH, which combines BC
and DAG architectures, integrates the BLISS Ilattice-based
signature scheme to facilitate cross-ecosystem data flow.
For IOTA, the initial implementation utilized a probabilistic
consensus algorithm involving random walks on a DAGs
and W-OTS, a hash-based signature scheme, tailored for
micro-transactions within IoT environments. However, as
indicated in Table their shift to EADSA in April 2021
presents significant vulnerabilities considering the impending
advent of QC.



Despite these advancements, the adoption of post-quantum
BCs faces significant challenges. Performance overheads are
a primary concern, as larger key sizes and signatures in
PQC algorithms (e.g., XMSS, BLISS) increase computa-
tional demands, affecting transaction throughput and straining
resource-constrained devices. For instance, XMSS signatures
can exceed 2 KB, significantly larger than classical alter-
natives. Interoperability is another major challenge, as hy-
brid cryptographic systems combining classical and quantum-
resistant methods introduce complexity and potential vul-
nerabilities during transitions. Platforms like QAN highlight
the need for robust synchronization mechanisms to address
conflicting cryptographic assumptions. Regulatory uncertainty
further compounds these issues, as formal guidelines for
integrating PQC into BC applications remain underdeveloped,
even as NIST progresses with standardization efforts for
algorithms like CRYSTALS-Dilithium and FALCON.

The likelihood and impact of security threats vary sig-
nificantly across post-quantum BC platforms. For the post-
quantum platforms analyzed in Table QRL, Komodo,
Nexus, Tidecoin, Abelian, LACChain, QAN, and HCASH
exhibit a "Medium” likelihood of attack, reflecting partial
but not trivial vulnerabilities. More specifically, QRL and
Tidecoin use resource-intensive PQC algorithms (XMSS and
FALCON-512), which can enable DoS attacks but are miti-
gated by rate-limiting and smaller user bases. Nexus’s multi-
layer consensus and decentralized routing add complexity yet
provide partial resilience. Komodo employs multi-chain smart
contracts, introducing bridging and transition risks, though
its mature codebase and network segmentation help contain
these threats. Abelian’s Dilithium-based privacy features may
expose metadata if parameters are mishandled, but robust
privacy protocols mitigate simple exploits. LACChain’s per-
missioned model reduces external threats but remains vul-
nerable to insider attacks and governance flaws. QAN’s hy-
brid classical and post-quantum approach can face tamper-
ing during cryptographic transitions, yet its niche adoption
limits widespread exploitation. HCASH integrates BC and
DAG elements, complicating data flow but benefiting from a
modest user base and ecosystem isolation. Collectively, these
factors place these platforms in a medium likelihood category,
recognizing known vulnerabilities while acknowledging partial
protections. In contrast, IOTA’s transition from W-OTS to
EdDSA enhances practical aspects like efficiency and usability,
but the reliance on elliptic curve cryptography makes EADSA
inherently vulnerable to quantum attacks. This vulnerability,
combined with IOTA’s wide deployment in IoT environments,
places it at a “High” likelihood of future exploitation by
quantum adversaries.

Regarding impact (as per criteria mentioned in Table [[V)),
Komodo and LACChain face a “Medium” level of disruption
because their multi-chain design (Komodo) or controlled,
permissioned environment (LACChain) helps contain or re-
cover from breaches more readily. Meanwhile, for other post-
quantum BC platforms mentioned in Table [XVTI| (i.e., QRL,
Tidecoin, Nexus, and IOTA) successful exploits can yield a
“High” impact, encompassing severe operational downtime,
compromised cryptographic integrity, and significant repu-
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tational harm. Ultimately, risk emerges from the interplay
of these factors: even a moderately likely exploit can have
dire consequences if its impact is sufficiently severe. These
scenarios underscore the importance of continuous audits, ro-
bust governance, and proactive security measures to safeguard
quantum-safe BC ecosystems against evolving threats.

X. CHALLENGES AND FUTURE RESEARCH DIRECTIONS

The convergence of BC technology with emerging fields
such as Web3, quantum Artificial Intelligence (AI), and Ma-
chine Learning (ML) represents a paradigm shift, offering
opportunities to enhance transparency, security, and scalability
in decentralized systems. However, the rapid advancement of
QC has introduced existential threats to the cryptographic
foundations of BC, necessitating urgent adaptations to preserve
the integrity and resilience of these systems. While progress
has been made in post-quantum cryptography and hybrid BC
architectures, critical challenges remain unresolved, requiring
focused research and innovation to ensure BC ecosystems’
long-term sustainability.

One critical area is the development of quantum-resilient Al
models. As current ML systems often rely on encryption meth-
ods vulnerable to quantum attacks, adapting Al algorithms to
utilize quantum-resistant cryptographic techniques is neces-
sary to ensure data integrity and confidentiality. Additionally,
enhanced security protocols must be implemented as Al inte-
grates into BC systems. The potential for adversarial attacks,
where Al models can be manipulated to produce erroneous
results, increases in a quantum context. Therefore, research
should aim to develop safeguards against both traditional
adversarial threats and those posed by quantum capabilities.
Interoperability challenges also arise with the integration of Al
into DApps on Web3, particularly as transitions to quantum-
safe systems occur. Establishing frameworks for seamless
interaction between AI models, blockchain networks, and
quantum-resistant protocols is vital to prevent fragmentation
and ensure comprehensive functionality. Moreover, leveraging
Al for real-time monitoring and threat detection within BC en-
vironments can enhance security. Al algorithms can be trained
to identify unusual patterns and potential vulnerabilities, yet
they must also adapt to the evolving landscape of quantum
threats. Research should focus on creating Al systems that
can dynamically update their threat assessment mechanisms
in response to emerging quantum capabilities.

Governance and decision-making processes in decentralized
networks may be impacted by the integration of Al tech-
nologies. Ensuring secure and transparent governance requires
exploration of the implications of QC on consensus mech-
anisms. Enhanced Al-driven governance frameworks could
facilitate more robust decision-making while mitigating risks
related to quantum vulnerabilities. Ethical considerations and
trust also need to be emphasized. As Al and BC converge,
issues surrounding data privacy, bias, and transparency gain
importance. The complexities brought forth by the quantum
era necessitate the development of comprehensive ethical
guidelines and regulatory frameworks tailored to Al in Web3.

Finally, the evolution of advanced ZKPs and other privacy-
preserving mechanisms is crucial. As quantum capabilities



advance, research into quantum-resistant ZKPs that integrate
with Al applications will be essential for securing privacy-
centric platforms within the blockchain ecosystem.

In summary, the convergence of Al, Web3, and BC offers
transformative opportunities but also presents unique threats
in QC landscape. Targeted research and innovation are vital
for developing resilient and secure systems that can thrive in
this new era.

XI. CONCLUSION

The convergence of BC technology and QC presents both
unprecedented challenges and remarkable opportunities. While
the emergence of QC poses a significant threat to BC security,
proactive measures and strategic risk assessment can effec-
tively mitigate these risks and ensure the continued evolution
of BC technology in the quantum era.

Across various components of the BC ecosystem — en-
compassing the network, mining pools, transaction verifica-
tion mechanisms, smart contracts, and user wallets — the
need for quantum-resistant solutions is paramount. Major BC
platforms, including Bitcoin, Ethereum, Ripple, Litecoin, and
Zcash, require a multifaceted approach to address their vul-
nerabilities. This involves transitioning to quantum-resistant
signature schemes, leveraging formal verification methodolo-
gies for smart contracts, and exploring consensus mechanisms
inherently resistant to quantum attacks, all essential for bol-
stering platform resilience.

Safeguarding BC systems from quantum threats necessi-
tates a collaborative effort from all stakeholders within the
ecosystem — developers, wallet providers, researchers, and
users alike. Maintaining vigilance regarding advancements in
QC and proactively implementing robust security measures
are crucial for preserving trust, integrity, and resilience in BC
technology amidst evolving threats. By fostering collaboration,
innovating in the development of quantum-resistant solutions,
and adopting a proactive mindset, we can effectively navigate
the complex landscape of BC security in the quantum era.

In conclusion, while the challenges posed by QC are
formidable, they also catalyze innovation and collaboration.
Continued research and development in quantum-resistant
cryptography are vital for staying ahead of emerging threats
and ensuring the long-term viability of BC technology in an
increasingly quantum world. Through proactive risk assess-
ment and strategic defense measures, we can pave the way
for a secure and resilient BC ecosystem that thrives in the
quantum era.
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