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 Abstract 

As significant advances are being made in quantum computing, existing 
cryptographic protocols for cloud security such as RSA ECC and AES are under 
thread from powerful quantum computing capabilities like such as Shor’s and 
Grover’s algorithm. The study, "Quantum-Safe Encryption for Cloud Services: A 
New Era of Data Privacy" examines the threats associated with existing 
limitations of encryption protocols at the advent of quantum years. This study 
analyzes the various methods of Post-Quantum Cryptography (PQC) that are 
available to protect against attacks from quantum threats including lattice-based, 
code-based, hash-based, multivariate polynomial, and isogeny-based methods. This 
paper also examines the framework for Quantum Key Distribution (QKD) 
protocols such as BB84 and E91 and the proposed umbrella methodology for 
cloud data protection by utilizing both PQC and traditional encryption. It 
provides examine a framework for the implementation of their methodology along 
with potential future directions including Blockchain-Based frameworks, 
integration of AI and standards-based protocols. This study emphasizes the urgent 
and immediate need for quantum-safe encryption, which is vital for the long-term 
confidentiality and privacy of cloud-based data services in future. 
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INTRODUCTION
The increase in the use of cloud computing for data 
storage, processing, and management is directly linked 
with the digital transformation of modern enterprises. 
As a result, ensuring the confidentiality, integrity, and 
availability of data held in the cloud has become 
critical. The use of well-established and historical 
cryptographic standards, such as RSA, Elliptic Curve 
Cryptography (ECC), and Advanced Encryption 
Standard (AES) [1], to name a few. Historically, these 
three cryptographic standards have been proven 
ineffective with the challenging evolution of 

Quantum Computing [2], [3]. Essentially, today's 
security model may become obsolete when confronted 
with quantum algorithms, such as Shor's algorithm 
for factoring integers and Grover's algorithm for 
searching an unsorted database [2], [4]. Shor’s 
algorithm is capable to attack all the common public 
key implementations using RSA, ECC and AES and 
with much greater success when compared to classical 
computing [2]. This leveraged threat from quantum 
evolution requires a paradigm shift in post-quantum 
cryptography (PQC), as a subset of cryptographic 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
mailto:1iqrafazilat2000@gmail.com
mailto:2kamran2142755@gmail.com
mailto:mahnoorqureshi7799@gmail.com
mailto:4jawaid.iqbal@riphah.edu.pk


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://sesjournal.com                | Fazilat et al., 2025 | Page 167 

algorithms suited for purpose against quantum attacks 
[3], [6] Quantum Key Distribution (QKD), provide an 
innovative and practical approach to secure key-
exchange using a physics-based approach [7] . This 
dissertation review, illustrates the limitations of 
classical cryptography in the quantum age [2], [3], 
explores various PQC and QKD approaches [1], [4], 
[11], and proposes a unique hybrid encryption 
paradigm to enable cloud-based systems that can 
utilize quantum resistant algorithms simultaneously 
with existing security models [1], [3], [8]. This study 
aims to help develop solid, long-lasting data privacy 
solutions for cloud services, by considering present 
issues and future directions [4], [5], [9].  
 
2. Background and Literature Review 
2.1. Traditional Cryptographic Techniques in 
Cloud Security 
Cryptographic procedures are necessary for preserving 
confidentiality, integrity, and safe access control of 
data in today's cloud security environment. 
Traditional cryptographic procedures can be broken 
down into two main categories – symmetric 
encryption schemes and asymmetric encryption 
schemes [1], [2]. 
 
• Symmetric encryption 
Data is encrypted and decrypted using the same secret 
key in symmetric encryption, like the Advanced 
Encryption Standard (AES). It typically processes and 
secures data more quickly and efficiently than other 
encryption methods, which is why it is often used in 
cloud environments where the amount of data is 
massive [1]. The safe distribution of keys is the largest 
difficulty to symmetric encryption, particularly in 
distributed and multi-tenant cloud infrastructures [3]. 
 
• Asymmetric encryption 
An encryption key and a decryption key are the two 
keys used in asymmetric encryption. Asymmetric 
encryption encrypts data using a public key and 
decrypts it using a private key. Two popular 
asymmetric encryption techniques are Rivest-Shamir-
Adleman (RSA) and Elliptic Curve Cryptography 
(ECC) [3]. Their use is common in implementing 
digital signatures and executing secure key exchanges 
and cloud system authentications [4], [6]. The most 
significant advantages of asymmetric encryption are 

the mathematics upon which the encryption methods 
are based: for RSA, the mathematical problem is the 
intractability of factoring large integers; for ECC, it is 
intractability of solving discrete logarithm problems 
among elliptic curves [7]. 
 
• Limitations in the Quantum Era 
Although traditional encryption methods are 
successful against the traditional computer threats of 
the past, they are threatened in the era of quantum 
computing. The advancement of quantum algorithms 
poses existential threats to the underlying issues that 
plague the encryption methods utilized today [2], [3], 
[8]. For example, Shor's method can solve discrete 
logarithms and factor large integers efficiently to 
reveal RSA and ECC based systems [7]. For this 
reason, public key cryptography is particularly 
vulnerable [2], [10]. 
 
2.2. Quantum Computing Threats 
Since quantum computing represents a fundamental 
shift in processing power, it poses serious risk to the 
cryptographic foundations that currently protect 
cloud services [2], [3]. Classical computers work with 
binary bits (0 or 1) to process and encrypt 
information. Quantum computers work on quantum 
bits (qubits), which can exist in multiple states at once 
due to the principles of entanglement and 
superposition. This capability allows quantum 
computers to solve some mathematical problems ten 
time more quicker making them potentially powerful 
enough to break commonly used encryption methods 
[3], [8]. 
 
• Shor’s Algorithm and Its Impact on RSA and 

ECC 
Shor's algorithm is a quantum algorithm, which 
factors large integers and computes discrete 
logarithms efficiently. Both of these operations are 
critical components of many asymmetric encryption 
algorithms. Elliptic Curve Cryptography (ECC) relies 
on the difficulty of the discrete logarithm problem for 
elliptic curve, and RSA relies on the difficulty of 
integer factorization for the product of two large 
prime integers [2], [4], [9]. Strong security exist in the 
fact that these problems are computationally 
impossible to solve for large key sizes in the classical 
computing world, but with Shor’s algorithm they can 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://sesjournal.com                | Fazilat et al., 2025 | Page 168 

be solved in polynomial time, which exposes RSA and 
ECC to the possibility of decryption by a strong 
enough quantum computer [3], [9]. In other words, if 
encrypted cloud data—particularly long-term archived 
data—is gathered and stored today, it may someday be 
decrypted. This is known as "harvest now, decrypt 
later" hazard [8], [11]. 
 
• Grover’s Algorithm and Its Effect on 

Symmetric Cryptography 
Quantum computers cannot completely crack 
symmetric encryption methods like AES, but they can 
still weaken them [2], [3], [9]. A quantum computer 
can perform brute-force searches in O(√N) time 
instead of the O(N) time needed for traditional brute 
force by using Grover's algorithm, another quantum 
technique. In fact, this weakens symmetric algorithms' 
security strength approximately half. A 128-bit AES 
key, for instance, would require 2¹²⁴ operations to 
brute-force using classical computing [4], [9], but 
Grover's approach would only require 2⁶⁴ operations, 

substantially decreasing the key's resistance to attack 
[2]. It reinforces the significance of quantum-aware 
security planning, specifically for data stored in the 
cloud where long-term confidentiality is crucial, even 
though raising the key size (e.g., to 256 bits) can 
mitigate this effect [10] . 
 
• Comparative Analysis: Shor’s vs. Grover’s 

Algorithms 
Figure 1 presents a direct comparison between Shor's 
and Grover's algorithms to improve understanding of 
how quantum algorithms affect conventional 
cryptographic systems. While Shor's algorithm directly 
challenges asymmetric encryption techniques like 
RSA and ECC by effectively solving their underlying 
challenging problems, Grover's algorithm reduces the 
security of symmetric encryption by making brute-
force searches less complex [2], [9]. This visual 
overview helps in understanding the real-world effects 
of quantum progress on existing cloud security 
systems [1], [3], [12].  

 

 
Figure 1: Visual Comparison of Shor's and Grover's Algorithms in Breaking Classical Cryptography 

 
2.3. Post-Quantum Cryptography (PQC) 
PQC, or post-quantum cryptography, is a class of 
cryptographic algorithms that are being developed 
and standardized to ensure future-proof security for 
cloud services and digital communications. In 
contrast to classic public-key cryptosystems like RSA 
and ECC, which are vulnerable to quantum assaults 
like Shor's algorithm, these algorithms are based on 
mathematical difficulties that are considered to be 
challenging even for quantum computers.[2], [3], [5]. 

The five main families of PQC algorithms shown in 
the figure 2 are as follows: 
 
• Lattice-Based Cryptography 
Lattice-based cryptography is a very promising and 
flexible method in post-quantum cryptography 
(PQC). The framework is established on the 
toughness of problems such as the Learning With 
Errors (LWE) and Shortest Vector Problem (SVP) 
within high-dimensional lattices—problems for such 
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which no efficient quantum or classical algorithms 
have been identified [3], [6], [12]. Lattice-based 
schemes provide extensive cryptographic 
functionalities, encompassing public-key encryption, 
digital signatures, and completely homomorphic 
encryption (FHE), which allows computations on 
encrypted data without the need for decryption. The 
NIST PQC standardization process has identified 
lattice-based systems as CRYSTALS-Kyber and 
CRYSTALS-Dilithium for standardization, as a result 
to their optimal balance of security and performance 
metrics [3], [4], [12]. 
 
• Code-Based Cryptography 
This method is based on the challenge of decoding a 
universal linear error-correcting code. Since its launch 
in 1978, the McEliece cryptosystem—the most well-
known code-based scheme—has fended off 
cryptanalytic attacks. The difficulty of recognizing a 
randomly produced code from one with an encoded 
structure is what makes it secure [3], [5]. Code-based 
cryptography is very effective at encryption and 
decryption, despite frequently resulting in huge public 
key sizes. Its long-standing resistance to assaults, both 
classical and quantum gives it a solid choice for 
applications where memory and bandwidth are not 
the main limitations [3]. 
• Hash-Based Cryptography 
Hash-based cryptography takes advantage of the 
security of cryptographic hash functions, which are 
thought to be impervious to quantum assaults such as 
Grover's technique when the output size is doubled 
[2], [6]. Hash-based digital signatures, especially 
Merkle Signature Schemes (MSS), which are ideal for 
applications that need digital message signing, offer 
strong security assurances. Due to newer schemes such 
as SPHINCS+, stateless and reusable hash-based 
signatures are now possible, as these new schemes 

have mitigated the biggest drawback to the older hash-
based signatures, which was their one-time or very few-
time use. They are being explored for standardization 
due to their usability and security [3], [12]. 
 
• Multivariate Polynomial Cryptography 
Nonlinear multivariate polynomial equation systems 
over finite fields are explicitly NP-hard problems, 
which gives rise to multivariate cryptography. With 
respect to digital signatures, both Rainbow and UOV 
(Unbalanced Oil and Vinegar) are extremely useful 
schemes that may require larger public keys, yet they 
provide small signature sizes and fast verification 
times [3], [6], [11]. Although we have seen structural 
attacks on some multivariate schemes, research 
continues on advancing and enhancing these 
schemes, meaning that they remain viable options for 
specific applications in quantum-resistant cloud 
settings [12]. 
 
• Isogeny-Based Cryptography 
Identifying isogenies, or mappings, between elliptic 
curves is very complicated, which is the basis of 
isogeny-based cryptography. SIKE (Supersingular 
Isogeny Key Encapsulation) and SIDH (Supersingular 
Isogeny Diffie-Hellman) are two of the simplest 
systems of this type. Although they have extremely 
small key sizes, they are appropriate for applications 
that with constrained resources such as mobile devices 
or the Internet of Things [3], [6], [10]. However, the 
cryptographic community is still contemplating the 
long-term future of such systems. Recent advances in 
cryptanalytics have raised many ethical about whether 
or not such a system is secure long-term. Isogeny-based 
encryption is also still being explores for quantum 
applications that are lightweight and resistant to error 
[12]. 
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Figure 2:  Classification of Post-Quantum Cryptography (PQC) Algorithm Families 

 
2.4. Quantum Key Distribution (QKD) 
Quantum Key Distribution (QKD) is a new method 
for secure communication that uses simple principles 
of quantum physics to enable two parties to create and 
share a secure, verifiable cryptographic key. QKD can 
also provide information-theoretic security, meaning 
the security of the key relies on the laws of physics, nor 
computational assumptions, and is resistant to 
quantum attacks, and operationally unbreakable [2], 
[5]. Hence, QKD is a crucial part of enabling 
quantum-safe encryption for cloud services [3], [7]. 
The two most used QKD methods are E91 and BB84 
[2]. 
 
2.4.1 BB84 Protocol 
The first and most well-known QKD protocol was the 
BB84 protocol, which is widely used in quantum-safe 
communication because of its relative simplicity 
and dependence on quantum mechanics 
for protection. It transfers important information 
between Alice, the transmitter, and Bob, the recipient, 
using polarized photons [3], [6]. The no-cloning 
theorem and the fact that any effort to eavesdrop (by 
an opponent, Eve) will generate identifiable 
anomalies because of quantum measurement 

disruption are the main sources of BB84's security [6], 
[9]. The flow diagram of the BB84 protocol is 
illustrated in Figure 3. 
 
Important attributes:  
• Bits are encoded using four polarization states 

(e.g., vertical, horizontal, +45°, -45°).  
• Alice sends photons by choosing polarization 

bases at random. 
• Additionally, Bob selects a basis at random for 

each photon measurement. 
• Alice and Bob compare their bases via a public 

channel after the broadcast. 
• The raw key is made up of the bits measured 

using matching bases [4]. 
• To create a final secret key, privacy amplification 

and error checking are used [3]. 
 

Security Benefit:  
Alice and Bob can detect any attempt to eavesdrop 
because it will disrupt the quantum states and raise 
the error rate, enabling them to stop the key exchange 
if needed [3], [6]. 
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Figure 3:  Flow Diagram of the BB84 Quantum Key Distribution Protocol. 

 
2.4.2. E91 Protocol 
By relying on quantum entanglement, the E91 
protocol adopts another approach. It is predicated on 
the correlations of entangled photon pairs and the 
breach of Bell's inequality, which guarantees that an 
outside observer cannot find the shared key [2], [4]. 
The flow diagram of the E91 protocol is illustrated in 
Figure 4. 
 
Important attributes:  
• Alice receives one photon of each pair from an 

entangled photon source, whereas Bob receives 
the other. 

• Each party selects the measuring parameters on 
their own and records the results. 

• They compare their measurement parameters 
publicly after transmission, retaining only data 
where the settings match. 

• Entanglement is confirmed and an eavesdropper 
has obtained no information if the Bell 
inequality is broken [2], [4]. 

 
Security Benefit: 
As long as Bell violation is noted, the protocol is 
relatively device-independent and does not rely on the 
inner workings of the quantum devices. This provides 
an additional layer of resilience [3], [8]. 

 
Figure 4:  Flow Diagram of the E91 Quantum Key Distribution Protocol. 
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2.5. Hybrid Cryptographic Systems 
Hybrid cryptographic systems offer an effective and 
secure method of preserving cloud services while 
organizations transition from classical models into 
models that are entirely quantum-resilient. Hybrid 
cryptographic systems benefit from a layered 
framework that utilizes a Post-Quantum Cryptography 
(PQC) method that can resistant to attacks from 
quantum computing, as well as a conventional 
encryption algorithm both of which are conventional, 
established and large in use today. This layered 
approach allows legacy systems to be preserved while 
providing an immediate elevation in confidentiality 
for the data [2], [3], [4]. This framework will continue 
to be necessary to maintain the confidentiality, 
integrity, and authenticity of data, while organizations 
migrate to more quantum-safe infrastructures [1], [7]. 
Hybrid cryptographic models act as a security bridge 
with forward secrecy and backward compatibility; they 
help to ensure that (even the underlying cryptographic 
element is breached or compromised in any way), if 
the data has been encrypted, it remains secured [2], 
[10]. NIST and ETSI are specifically researching and 
developing these systems that are relevant for high-
value applications such as secure remote access, secure 
cloud storage, and inter-distributed communication 
[2], [5], [12]. 
 
PQC Combined with Classical Encryption 
PQC and classical encryption can be integrated 
together, usually through a hybrid digital signature 
scheme or a hybrid key exchange with classical and 
quantum-resistant algorithms both being used, in a 
dual-layer manner that maintains the total security of 
the system even if one of the algorithm is solvable 
using classical or quantum methods [4] , [6] , [8] . 
 
Key Approaches to Integration: Important 
Methods for Integration: 
• Hybrid Key Exchange: 
Hybrid key exchange methods feature a PQC key 
exchange algorithm (examples: Kyber, NTRU) with a 
conventional key exchange method (examples: RSA, 
ECC). The session key ultimately comes from both 
schemes, which means, if either scheme were 
compromised, the attacker could not reveal the entire 
key [1], [6]. 
• Hybrid digital signatures:  

Use both a classical signature (like ECDSA) and a 
post-quantum signature (like Dilithium or Falcon) for 
the same communication. This increases quantum 
resistance while still ensuring the compatibility to the 
existing system [3], [8]. 
 
Layered Encryption 
Layered encryption uses a PQC-based technique to 
encrypt some data, and then a traditional encryption 
algorithm (like AES) to encrypt the encrypted data. 
This principle strengthens the protection of data, 
while not disrupting existing cryptographic phases [1], 
[5]. 
 
Advantages of Integration:  
• Instant Security Improvement: PQC can be 

progressively implemented by organizations 
without requiring a complete infrastructure 
redesign [2], [10]. 

• Resilience against Unknown Threats: Provides 
defense even in a situation that classical or 
quantum-resistant algorithms have unidentified 
flaws [4], [7]. 

• Support for Standardization: Enhances NIST's 
ongoing initiatives to create transition guidelines 
and standardized hybrid algorithms [2], [5]. 

 
Use in Cloud Services:  
Hybrid cryptography allows for secure storage and 
transfer in cloud environments along with integration 
with legacy systems. By offering quantum-resilient 
security, which does not interfere with existing user 
experience or performance, hybrid cryptography will 
be highly beneficial to applications such as secure 
multi-tenant cloud services, VPNs and end-to-end 
encrypted communication [3], [6], [12]. 
 
2.6. Comparative Summary of Related Research 
The following table summarizes the 12 significant 
research papers that provided important 
contributions to furthering quantum-safe encryption 
methods, particularly within cloud computing. The 
summaries outline each paper's scope, the methods 
used, and the key contributions, all of which report to 
the direction of the proposed framework in this 
investigation. 
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Table 1: Summary of Reviewed Papers on Quantum-Safe Encryption and Cloud Security 
Paper 
No. 

Title Focus Area Techniques/Technologies Key Contributions 

1 A Hybrid Double 
Encryption Approach 
for Enhanced Cloud 
Data Security in Post-
Quantum 
Cryptography 

Cloud 
encryption in 
post-quantum 
era 

NTRUEncrypt + AES, 
QASFE Framework 

Hybrid encryption to 
enhance entropy and 
throughput in secure 
cloud storage 

2 Cloud Security in the 
Age of Quantum 
Computing: Risks and 
Countermeasures 

Risk assessment 
and migration 
strategies 

Shor’s & Grover’s 
algorithms, QKD, PQC, 
Hybrid Crypto 

Comprehensive 
discussion of 
quantum threats and 
layered defense 
strategies 

3 Post-Quantum 
Cryptographic 
Algorithms for Secure 
Communication in 
Decentralized 
Blockchain and Cloud 
Infrastructure 

PQC in 
Blockchain and 
cloud 

Lattice, Code, Multivariate, 
Hash, Isogeny 

Comparative analysis 
of PQC algorithms, 
implementation tips 

4 The Role of Quantum 
Computing in 
Enhancing Encryption 
Security: A Review 

Review of 
quantum 
impact on 
encryption 

Shor’s, Grover’s, QKD, 
PQC 

Detailed breakdown 
of quantum 
principles, classical 
vulnerabilities, and 
PQC approaches 

5 AI and Quantum 
Computing: 
Transforming 
Information Security 
Protocols for the 
Future 

AI + Quantum 
in security 

Quantum Machine 
Learning (QML), PQC, 
QKD 

AI and quantum 
synergy for next-gen 
cybersecurity with 
case studies 

6 Cloud Computing: 
Enhancing Security, 
Driving Innovation, 
and Shaping the 
Future 

Cloud 
transformation 
and security 

IAM, Data encryption, 
Threat detection 

Highlights evolving 
security practices, 
innovation via cloud 

7 Quantum-Resistant 
Cryptography in Zero 
Trust Architecture: A 
Necessary Change in 
Cloud Computing 

ZTA integration 
with PQC 

ZTA principles, Lattice, 
Code, Hash, Isogeny 
Crypto 

Practical roadmap for 
ZTA-PQC integration 
and secure 
communication 

8 Post-Quantum 
Cryptography for AI-

AI + PQC in 
cloud security 

PQC (NIST algorithms), AI-
IDS, Secure AI Pipelines 

Combines PQC with 
AI-based IDS and 
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Driven Cloud Security 
Solutions 

secure AI model 
training 

9 Quantum Computing 
and the Future of 
Encryption: How to 
Safeguard Data in a 
Post-Quantum World 

Post-quantum 
encryption 
strategy 

ZTA, PQC (Lattice, Hash, 
etc.) 

Similar to Paper 7, 
focuses on 
implementation 
challenges and 
government use 

10 Integrating PQC and 
AES to Safeguard 
Sensitive Financial 
Records 

Financial data 
encryption 

PQC + AES Hybrid, 
Homomorphic Encryption 

Dynamic crypto 
agility framework for 
finance industry 

11 Post-Quantum Security 
for Internet-of-Things 
(IoT) in the Cloud Era 

IoT and cloud 
in quantum age 

Lightweight PQC 
algorithms 

PQC-based secure 
model for IoT-cloud 
integration 

12 Design and Evaluation 
of Quantum-Safe 
Cloud Storage using 
Lattice-Based 
Encryption 

Secure cloud 
storage 

Lattice-based encryption Evaluates storage 
performance, security, 
and resource cost 

3. Problem Statement 
Although considerable work has been done to 
advance cloud data security, current cryptographic 
solutions are based on classical encryption approaches 
such as RSA, ECC, or AES. These algorithms, while 
effective against older threats, have no quantum-
resistance and are still in danger to attacks from 
quantum algorithms identified in resources such as 
Shor's algorithm, Grover's algorithm, and others [6], 
[7]. Finally, as many projects related to these cloud 
security studies show, they propose a hybrid security 
model [6], based on lattices in cryptography [7], and 
use symmetric/asymmetric encryption as layers of 
security [5]. While these could work, they mostly lack 
integrity of encryption in regards to real-time access to 
information, the effectiveness of key management, or 
the basis of ingesting those encryption layers in an 
already existing cloud infrastructure [11]. While some 
of these studies include post-quantum algorithms or 
hybrids of post-quantum algorithms with QKD [2], 
[4], [5] and included Quantum Key Distribution with 
cloud security paradigms [7] to date has not combined 
those technologies into a continuum or unified 
framework that is scalable for the cloud and overall 
implements confidentiality and latency of data [1], [2], 
[3]. As identified there is also, limited as there is not 

any systematic mechanism to automatically upgrade 
down to the end user or client licensing and 
dynamically adjust their encryption strength based on 
any type of cloud architecture that assesses their data 
sensitivity and identifies and shares a low quantum 
threat level with other low quantum threat level 
structures [5]. To fill the identified gaps, this study 
proposes a new Quantum-Safe Encryption Framework 
Methodology for use by cloud environments. All 
while ensuring some basis of acceptable risk in a 
managed service provider environment that 
implements Post-Quantum Cryptography (PQC) to 
quantum encryption using a Hybrid layered 
architecture that implements both QKD and PQC 
mechanisms and continues to provide quantum 
resistance without significantly impacting 
performance of an architectural framework. Lastly, 
Quantum Adaptive Stream Flow Encryption 
(QASFE) will be described, which will include real-
time accessible technology where security adjustments 
and key management and security parameters will be 
adjusted to provide end-to-end encryption and 
communication and provide some efficiency in 
communication and recording of communication to 
reduce more effective interference [1], [6], [7]. 
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4. Proposed Methodology 
This study proposes a Quantum-Safe Encryption 
Framework for cloud environments to meet the new 
security challenges brought about by quantum 
computing. Figure 6 illustrates how Quantum Key 
Distribution (QKD) and Post-Quantum Cryptography 
(PQC) are combined into a robust architectural 
paradigm designed to protect data accessibility, 
confidentiality, and integrity in a scalable and effective 
manner [1], [2]. 
 
4.1. Design of Quantum-Safe Encryption 
Framework 
• Integration of PQC Algorithms in Cloud 

Infrastructure 
The PQC algorithms include hash-based schemes 
(SPHINCS+) and lattice-based schemes (Kyber, 
NTRU) embedded in the encryption and digital 
signature schemes used by cloud services [1], [3], [4]. 
This provides protection against quantum decryption 
through a mitigation or alternative form of RSA and 
ECC, which are largely destroyed to Shor's algorithm 
[2], [5]. To allow staged deployment across existing 
cloud services and for backwards compatibility, the 
framework employs a hybrid cryptography approach 
that combines conventional and quantum-safe 
cryptography [1], [2]. The hybrid aspect of the design 
will protect strong encryption of data in use, in transit, 
and at rest [3], [7]. 
 
• Implementation of QKD for Secure Key 

Exchange 
The framework suggests using Quantum Key 
Distribution (QKD) protocols such as BB84 and E91 
to assure that the key distribution process is secure [2], 
[8]. QKD protocols rely on quantum physics to detect 
eavesdropping or trusted routing and, therefore assure 
perfect security with a quantum malicious adversary to 
the key for cloud communication. This protocols 
guarantee that session keys, used for symmetric 
encryption that protects the communication between 
the all cloud nodes or between client and cloud, 
remain secure [5], [8]. QKD is recommended in cases 
that have high security requirements, such as mission-
critical cloud-hosted applications or between two 
datacenters, [3], [6]. 

 
4.2. Architecture of the Proposed System 
The Figure 5 presents a multi-layer security 
architecture that works with both Post-Quantum 
Cryptographic (PQC) and Quantum Key Distribution 
(QKD) methods [1], [2]. It comprises of client-side 
encrypted data using hybrid schemes (e.g., Kyber + 
AES), key exchange using QKD channels, Quantum-
Safe Key Management Systems (QSKMS) with digital 
signatures and Role Based Access Control (RBAC) 
that imposes authenticated decryption at the server 
side [1], [4]. 
 
• Data Encryption and Decryption Processes 
The architecture of depicted above is a multi-layered 
encryption model. The data is protected with a hybrid 
model using PQC KEMs to protect symmetric 
encryption (e.g. AES) [1], [7]. After encryption is 
actioned on the client side, the encrypted data is 
uploaded to the cloud. The server side then checks 
credentials to ensure that only authorized users have 
access to the (decryption) of the data [6], [9]. 
 
• Key Management and Distribution 
Key management is an essential aspect of the 
architecture as the system adopts Quantum-Safe Key 
Management Systems (QSKMS), using PQC digital 
signatures to store, identify, rotate and revoke keys [4], 
[9]. Clients and cloud service providers can use QKD 
channels to share session keys [2], [4]. Utilizing secure 
APIs is a recommended option for accessing the keys 
and ensuring proper tenant isolation in multi-client 
environments [6], [11]. 
 
• Access Control Mechanisms 
The architecture has a role-based access control 
(RBAC) system and establishes quantum-safe 
authentication measures via hash-based or lattice-
based signature methods [1], [10]. This ensures that 
sensitive data can only be requested from and 
decrypted by authenticated users, or authenticated 
systems. Attempts to access are logged and 
cryptographically signed for provide tamper evident 
access control [10], [12]. 
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Figure 5:  Architecture of the Proposed Quantum-Safe Encryption System 

 
4.3. A Comparison of Quantum-Safe encryption 
with Classical Cryptography 
Below is a comparative summary contrasting classical 
cryptography and the proposed Quantum-Safe 

Encryption Framework. It highlights the advantages 
in key exchange, data protection, scalability, and 
quantum attack resilience: 

 
Table 2: Comparison between classical Cryptography and Quantum-Safe encryption framework 

Feature Classical Cryptography 
(RSA, ECC) 

Proposed Quantum-Safe Framework (PQC + 
QKD) 

Security Against 
Quantum Attacks 

Vulnerable (e.g., to 
Shor’s Algorithm) 

Resistant (PQC and QKD secure against quantum 
decryption) 

Encryption Algorithms RSA, ECC, AES Lattice-based (Kyber, NTRU), Hash-based 
(SPHINCS+), Hybrid AES 

Key Exchange Protocol Diffie-Hellman, RSA-
based 

Quantum Key Distribution (BB84, E91) 

Key Management Conventional KMS Quantum-Safe KMS with PQC-based digital 
signatures and rotation 

Authentication 
Methods 

Passwords, RSA 
signatures 

PQC-based Signatures (Hash/Lattice), Quantum-
safe authentication 

Access Control Basic RBAC or ABAC Role-Based Access Control with quantum-safe 
signatures 

Data at Rest Security AES + RSA key wrap AES + PQC KEM (e.g., Kyber + AES) 
Data in Transit 
Security 

TLS/SSL using RSA or 
ECC 

TLS with hybrid PQC support + QKD-based key 
exchange 

Integrity Verification SHA + RSA/ECC 
Signatures 

PQC Digital Signatures (SPHINCS+, Dilithium) 

Tamper Evidence Basic logs Cryptographically signed access logs 
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Scalability Scalable, but depends 
on key size 

Containerized, parallel PQC ops, hardware-
accelerated 

Performance Optimized for classical 
chips 

Requires optimization, can leverage PQC-ready 
hardware 

Deployment 
Compatibility 

Legacy systems Hybrid-compatible with existing systems 

Latency Overhead Low Moderate (QKD initialization + PQC operations) 
Best Use Cases General-purpose legacy 

systems 
High-security cloud apps, inter-data center 
communication 

 

 
Figure 6:  Post-Quantum Cryptographic (PQC) Integration into Cloud Environments 

 
4.4. Security Features 
• Resistance to Quantum Attacks 
The framework is designed to withstand quantum 
threats, both now and into the future. By using PQC 
to protect data and QKD to protect key exchange, the 
system guarantees that encrypted data cannot be 
decrypted in the future, even if an adversary intercepts 
and stores the data [1], [2], [3], [4]. 
 
• Data Confidentiality and Integrity 
Data authenticity and integrity are provided with 
digital signatures based on PQC schemes and 
confidentiality with encryption techniques. The 
system protects against replay and man-in-the-middle 
attacks with proofs verifying that stored or transmitted 
data were not changed [1], [3], [6], [10]. 
 

• Scalability and Performance Considerations 
The architecture has been designed to support low-
latency encryption and decryption, support for 
parallel processing in PQC operations, support for 
hardware acceleration opportunities (for example, 
PQC-ready security chips) for scalability in multi-
tenant cloud systems to support more potential users. 
The nature of "scale" allows for a containerized 
deployment method that allows the systems to grow as 
needed with demand while maintaining capability [1], 
[3], [5], [7], [11].  
 
5. Conceptual Results and Analysis 
We can describe some theoretical results about the 
security, scale, and practicality of deploying post-
quantum cryptographic systems in cloud 
environments after conducting a thorough literature 
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study and developing the suggested Quantum-Safe 
Encryption Framework. 
 
5.1. Increased Quantum Resilience 
The proposed hybrid system, which uses Post-
Quantum Cryptography (PQC) and Quantum Key 
Distribution (QKD), is predicted to provide 
significant resistance to quantum computing threats. 
Classical cryptographic systems, such as RSA and 
ECC, are vulnerable to Shor's algorithm. The use of 
lattice-based (Kyber, NTRU) and hash-based 
(SPHINCS+) algorithms provides theoretical 
resistance to known-attack quantum decryption 
methods. The inclusion of QKD protocols such as 
BB84 and E91 in our proposed framework allows for 
physical key exchange, which prevents eavesdropping 
and future decryption under known-attack quantum 
attack scenarios. 
 
5.2. Compatibility with Current Cloud 
Infrastructure 
The proposed dual-layer cryptographic systems 
framework, comprising PQC and QKD, supports 
backward compatibility to a traditional setup and 
allows cloud clients and providers to gradually adopt 
quantum-safe mechanisms. This means both 
providers and clients can still utilize existing 
infrastructures without sacrificing security when 
transitioning to post-quantum standards. 
 
5.3. Scalable and Flexible Design 
The modular style of the proposed system is capable 
of multiple containerization implementations and 
concurrent cryptographic processing, as well as an 
approach that stands ready to incorporate PQC-ready 
hardware in the future. The QASFE (Quantum 
Adaptive Stream Flow Encryption) technique 
dynamically modifies the encryption strength 
according to the threat level and data sensitivity, 
theoretically adding flexibility to the adaptable and 
adjustable encryption. Therefore, this flexibility is well 
suited for secure, dynamic and multi-tenant cloud 
deployment. 
 
5.4. Enhanced Key and Access Control 
Quantum-Safe Key Management Systems (QSKMS) 
feature in the framework providing key life cycle 
operations—generation, rotation, and revocation—

using PQC digital signatures. Coupled with role-based 
access control (RBAC) and quantum-safe 
authentication methods the framework provides 
strong confidentiality and accountability in access 
control even in distributed or federated cloud 
environments. 
 
5.5. Theoretical Comparisons 
The theoretical comparisons of the framework to 
classical forms of encryption summarized in Table 2 
of this paper point out the theoretical advantages in 
key exchange security, integrity verification and 
tamper-evident logging. While practical concerns will 
be encountered in the implementation due to QKD 
initialization time and PQC computation overhead, 
the theoretical performance raise enormous potential 
for advancing quantum threat mitigation methods. 
 
6. Future Work 
As quantum-safe encryption grows and develops, 
there are several thought-provoking and exciting areas 
for further work. Future work could examine Post-
Quantum Cryptographic (PQC) schemes that are 
more robust, distributed, and economically feasible 
(such as lattice-based and multivariate schemes) [3], 
[4], [7] which can meet the immediacy demands of 
cloud computing systems and architecture [1], [6]. 
There is also potential for PQC to integrate with 
newer technology, such as using Blockchain to 
perform decentralized and immutable data 
verification in cloud environments [3] and artificial 
intelligence (AI) algorithms that automatically detect 
threats or malicious activity [5], [8]. Additionally, 
there is a need for some somewhat globally acceptable 
standardization protocols for practices related to 
crypto-operations across platforms or providers that 
guarantee interoperability to support compliance and 
promote acceptance and use [2], [4]. Facilitating a 
transition to quantum-resilient security measures and 
solutions will take an amalgamation of government, 
business, and academia research cooperation and 
collaboration [2], [9]. 
 
7. Conclusion 
This study highlights the upcoming risks of 
quantum computing on traditional cryptographic 
systems and provides a thorough review of several 
kinds of quantum-safe encryption techniques 
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relevant to cloud services. Fundamental 
cryptographic processes, the advent of quantum 
threats employing Grover's and Shor's 
algorithms, and the developing fields of post-
quantum cryptography and quantum key 
distribution have all been covered. We suggested 
a unique architecture that combines QKD and 
PQC algorithms to improve cloud data security. 
To increase cloud data security we proposed a 
new architecture, which combines PQC 
algorithms with QKD. The composition 
presented here can offer protection against 
quantum attacks while maintaining efficiency 
and scale. It is impossible to overemphasize the 
importance of quantum-safe encryption as cloud 
computing becomes more embedded in the 
sophisticated digital ecosystem. In the quantum-
age, ensuring data privacy, secrecy, and integrity 
is no longer an aspirational goal; it is a pragmatic 
necessity for safe digital transformation. This 
research, along with the recommendations 
provided creates a basis for advancements we can 
expect influence cloud security. 
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