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Abstract

Quantum computing has emerged as a transformative technology capable of solving complex computational problems
beyond the capabilities of classical systems. However, severe hardware limitations, qubit decoherence, and high
implementation costs prevent it from replacing classical cloud infrastructure. Instead, cloud and quantum computing
are evolving as complementary technologies. Through Quantum-as-a-Service (QaaS) and hybrid cloud-quantum
architectures, cloud platforms provide scalable infrastructure, data management, and resource orchestration, while
quantum processors accelerate specialized computational tasks. This review systematically examines the relationship
between cloud computing and quantum computing by analyzing their technical differences, capabilities, application
areas, current challenges, limitations, and future research directions. The findings indicate that cloud computing will
continue to serve as the backbone of modern digital infrastructure, while quantum computing will enhance its
capabilities for solving complex computational problems. Together, these technologies are expected to drive the next
generation of intelligent, scalable, and high-performance computing systems.
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1. Introduction

Cloud computing has become the backbone of modern digital infrastructure by providing scalable, on-
demand, and cost-effective computing resources. Its flexibility, accessibility, and service models have enabled
widespread adoption across industries, supporting data storage, application deployment, and large-scale
computing [1], [3].

Quantum computing has emerged as a promising technology capable of solving computational problems
beyond the capabilities of classical systems by utilizing quantum principles such as superposition and
entanglement [2], [8]. However, challenges including qubit instability, decoherence, limited scalability, and
high implementation costs currently restrict its practical deployment [6], [7], [11].

Recent studies indicate that quantum computing is unlikely to replace cloud computing. Instead, cloud
platforms provide the infrastructure required to access and manage quantum resources through Quantum-
as-a-Service (Qaas), while hybrid cloud-quantum architectures combine the strengths of both technologies
to improve computational efficiency [1], [4], [5], [9].
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This review examines the evolving relationship between cloud and quantum computing by analyzing recent
research on hybrid architectures, QaaS, current challenges, and future directions. It highlights that cloud
computing will continue to serve as the foundation of modern computing, while quantum computing
enhances its capabilities for specialized computational tasks [1]-[11].

1.1. Evolution of cloud computing and Quantum Computing

The evolution of computing has progressed from traditional centralized systems to distributed, cloud-based,
and now quantum-enabled computing. Cloud computing emerged as a solution to the growing demand for
scalable, on-demand, and cost-effective computing resources. Through virtualization, resource pooling, and
service models such as Infrastructure as a Service (laaS), Platform as a Service (PaaS), and Software as a
Service (SaaS), cloud computing transformed the way individuals and organizations access computing
infrastructure [1], [3].

As computational problems became increasingly complex, the limitations of classical computing motivated
the development of quantum computing. Unlike classical computers that process information using binary
bits, quantum computers utilize qubits and quantum mechanical principles such as superposition and
entanglement to solve optimization, simulation, cryptography, and machine learning problems more
efficiently [2], [8]. However, practical quantum computing remains in its early stages due to challenges
including qubit instability, decoherence, error correction, limited scalability, and high implementation costs
(61, [71, [11].

Recent research shows that the evolution of cloud computing and quantum computing is converging rather
than diverging. Instead of replacing cloud computing, quantum computing is being integrated into cloud
environments through Quantum-as-a-Service (Qaa$), enabling users to remotely access quantum processors
using cloud platforms [1], [5], [7]. This integration has led to the emergence of hybrid cloud-quantum
architectures, distributed quantum computing, and cloud-native quantum platforms that combine the
strengths of classical cloud infrastructure with quantum computational capabilities [4], [6], [9].

The current evolution of computing is therefore characterized by collaboration between cloud and quantum
technologies. Cloud computing continues to provide scalable infrastructure, storage, networking, security,
and resource management, while quantum computing accelerates specialized computational tasks.
According to recent studies, this complementary relationship is expected to define the next generation of
computing and drive future innovations across scientific, industrial, and commercial applications [4], [7], [10],
[11].

1.2. Motivation and Scope of the Review

The rapid advancement of quantum computing has raised questions about the future role of cloud
computing. While quantum computing offers significant computational advantages for specialized
applications, its practical adoption is limited by hardware complexity, qubit instability, scalability issues, and
high implementation costs [6], [7], [11]. Consequently, cloud computing continues to provide the scalable
infrastructure, storage, networking, and resource management required to support quantum technologies
through hybrid cloud-quantum environments and Quantum-as-a-Service (Qaas) [1], [4], [5].

The motivation for this review is to provide a comprehensive understanding of the complementary
relationship between cloud computing and quantum computing. This paper reviews recent developments,
compares the capabilities and limitations of both paradigms, examines hybrid cloud-quantum architectures
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and Qaas, discusses current challenges, and highlights future research directions. The scope of this review is
based on recent literature to demonstrate that cloud computing remains the backbone of modern computing
while quantum computing serves as a specialized technology for solving complex computational problems
[1]-[11].2
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This graph demonstrates cloud computing remains important even as quantum computing grows

2. Literature Review

Cloud computing has become the foundation of modern computing by providing scalable, on-demand, and
cost-effective computing resources. Although quantum computing has emerged as a revolutionary
technology capable of solving complex computational problems, recent studies consistently conclude that it
is unlikely to replace cloud computing. Instead, cloud and quantum computing are evolving as
complementary technologies, with cloud platforms providing the infrastructure, accessibility, and
orchestration required for practical quantum computing deployment [1], [3], [7], [11].

Early research established that cloud computing would remain essential in the quantum era by enabling
remote access to quantum processors while managing classical computation, data storage, networking, and
resource allocation. This concept has evolved into Quantum-as-a-Service (Qaas), allowing users to execute
quantum algorithms through cloud platforms without investing in expensive quantum hardware [1], [2], [7].

Researchers have emphasized that the current limitations of quantum computing, including qubit instability,
decoherence, limited scalability, error correction, and high implementation costs, prevent it from replacing
classical cloud infrastructure. Consequently, cloud computing continues to perform large-scale data
processing, virtualization, storage, and security, while quantum processors accelerate specialized
applications such as optimization, cryptography, molecular simulation, and machine learning [3], [6], [8], [11].
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Recent studies highlight hybrid cloud-quantum architectures as the most practical computing model. These
architectures integrate classical cloud resources with quantum processors, enabling efficient execution of
hybrid workloads while improving accessibility, scalability, and computational performance. Cloud-native
platforms, serverless quantum computing, and distributed quantum computing further demonstrate the
growing role of cloud infrastructure in coordinating quantum resources and managing complex
computational tasks [4], [5], [6], [9].

The literature also identifies several challenges that must be addressed before large-scale quantum adoption
becomes practical. These include hardware instability, scheduling latency, interoperability, cybersecurity
risks, and the need for post-quantum cryptography. Researchers agree that cloud computing will continue to
provide secure infrastructure, resource management, and service orchestration while quantum technologies
continue to mature [6], [7], [9], [11].

Overall, the reviewed literature demonstrates a clear consensus that cloud computing and quantum
computing are complementary rather than competing technologies. Cloud computing remains the backbone
of modern computing by providing scalability, storage, networking, security, and global accessibility, whereas
quantum computing enhances computational capabilities for specialized problems. Together, they are
expected to shape the next generation of computing through integrated hybrid cloud-quantum ecosystems
[1]-[11].

3. Advanced Cloud-Quantum Computing Architectures

Advanced cloud-quantum computing architectures integrate cloud computing with quantum processors to
create efficient hybrid computing environments. Instead of replacing cloud computing, quantum computing
complements it by performing specialized computational tasks, while cloud platforms provide infrastructure,
storage, networking, security, and resource management [1], [3], [7].

The most common architecture is the hybrid cloud-quantum architecture, where classical cloud systems
manage data processing and application orchestration, while quantum processors handle complex tasks such
as optimization, cryptography, simulation, and machine learning [4], [7], [11]. This integration improves
computational efficiency and enables practical use of quantum technologies.

A major advancement is Quantum-as-a-Service (QaaS), which allows users to remotely access quantum
hardware through cloud platforms without investing in expensive infrastructure. Cloud-based development
tools and software frameworks have made quantum computing more accessible for researchers and
industries [1], [2], [7].

Recent research also highlights serverless cloud-quantum platforms and distributed quantum computing,
where cloud infrastructure automatically manages workloads and coordinates multiple quantum processors
to improve scalability and performance [4], [6]. In addition, quantum-science gateway architectures provide a
unified interface for accessing different quantum resources, improving interoperability and collaboration [5].

Although challenges such as qubit instability, interoperability, scheduling, and security remain, advanced
cloud-quantum architectures demonstrate that cloud computing will continue to serve as the backbone of
guantum computing by enabling scalable, secure, and accessible quantum services [7], [9], [11].
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Cloud-Based Quantum Computing and Quantum-as-a-Service (Qaas)

Cloud-based quantum computing enables users to access quantum processors remotely through cloud
platforms without investing in expensive quantum hardware. This approach has led to the emergence of
Quantum-as-a-Service (QaaS), which provides on-demand access to quantum computers, simulators,
software development kits (SDKs), and programming frameworks through web interfaces and APls. By
reducing infrastructure costs and improving accessibility, QaaS enables researchers, businesses, and
educational institutions to develop, test, and execute quantum algorithms efficiently [1], [2], [7], [11].

Cloud platforms play a vital role in supporting hybrid quantum-classical computing by managing data storage,
networking, security, resource allocation, and application orchestration, while quantum processors perform
computationally intensive tasks such as optimization, cryptography, molecular simulation, and machine
learning. Although challenges such as limited hardware availability, scheduling delays, interoperability, and
quantum error correction remain, recent studies conclude that Qaa$ is the most practical approach for
delivering quantum computing services and will continue to strengthen the integration of cloud and quantum
computing in future computing environments [4], [5], [6], [7], [9], [11].

Hybrid Classical-Quantum Computing Architectures

Hybrid classical-quantum computing architectures combine the strengths of classical cloud computing with
guantum processors to solve computational problems more efficiently. Instead of replacing cloud computing,
quantum computing is integrated into cloud environments, where classical systems manage data processing,
storage, networking, scheduling, and application orchestration, while quantum processors execute
specialized tasks such as optimization, simulation, cryptography, and machine learning [1], [4], [5], [7], [11].

The most common implementation is based on Quantum-as-a-Service (Qaa$s), which allows users to access
remote quantum hardware through cloud platforms without investing in expensive quantum infrastructure.
Cloud providers offer software development kits (SDKs), programming frameworks, simulators, and
application programming interfaces (APIs) that enable developers to build and execute hybrid applications
using familiar cloud environments [1], [2], [5], [7], [11].

Recent studies also propose advanced hybrid architectures, including serverless cloud-quantum platforms,
distributed quantum computing, and quantum-science gateways. These architectures improve resource
utilization by dynamically allocating classical and quantum resources, reducing operational complexity, and
enabling multiple users to share limited quantum hardware efficiently. Distributed quantum computing
further enhances scalability by connecting multiple quantum processing units (QPUs) to solve larger
computational problems collaboratively [4], [5], [6], [11].

Although hybrid architectures provide improved computational performance and wider accessibility, several
challenges remain, including communication latency, interoperability among different quantum platforms,
scheduling overhead, hardware instability, and security concerns. Nevertheless, the literature consistently
concludes that hybrid classical-quantum computing represents the most practical approach for near-term
quantum adoption, with cloud computing continuing to provide the scalable infrastructure required for
future quantum applications [4], [5], [7], [9], [11].

4. Applications of Cloud-Quantum Integration

Cloud-quantum integration has enabled the use of quantum computing across various scientific and
industrial applications by combining the scalability of cloud computing with the computational power of
quantum processors. Through cloud platforms, users can remotely access quantum resources to solve
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complex optimization problems, perform molecular simulations, enhance cryptographic techniques, and
accelerate artificial intelligence and machine learning applications. This integration also supports research in
finance, healthcare, logistics, material science, and drug discovery by providing cost-effective access to
advanced quantum computing capabilities [2], [3], [7], [8], [11].

In addition to application development, cloud-quantum integration facilitates collaborative research,
education, and innovation through Quantum-as-a-Service (QaaS$), cloud-based development environments,
and hybrid computing platforms. Cloud infrastructure enables efficient resource management, data storage,
and application orchestration, while quantum processors execute specialized computational tasks. Although
practical deployment is still limited by current hardware challenges, recent studies indicate that cloud-
quantum integration will play a significant role in advancing next-generation intelligent computing across
multiple domains [4], [5], [6], [9], [11].

5. Challenges

Despite the rapid growth of cloud-quantum computing, several challenges still limit its practical adoption.
One of the biggest challenges is the limited capability of current quantum hardware. Existing quantum
computers have a small number of stable qubits and are affected by noise and decoherence, which reduce
accuracy and increase computational errors. Although quantum error correction is improving, it still requires
significant resources and is not yet practical for large-scale systems [4], [6], [8], [11].

Another major challenge is integrating classical cloud systems with quantum computers. Hybrid cloud-
quantum applications require constant communication between classical processors and remote quantum
hardware, leading to communication delays, synchronization issues, and reduced overall performance [4],
(5], [9], [11].

Scalability and resource management are also important concerns. Since quantum hardware is expensive and
limited, cloud providers must efficiently allocate quantum resources to many users while reducing waiting
time and improving system utilization. Building scalable Quantum-as-a-Service (QaaS) platforms remains an
active research challenge [1], [5], [7], [11].

Security and privacy are additional challenges. Accessing quantum computers through the cloud requires
secure data transmission, user authentication, and protection of sensitive information. In addition, quantum
computing can break some existing cryptographic algorithms, creating the need for post-quantum
cryptography to secure cloud systems [1], [7], [9], [11].

Interoperability and standardization also remain challenging. Different cloud providers and quantum
platforms use different hardware, software frameworks, and programming languages, making it difficult to
develop portable and compatible applications across multiple platforms [5], [8], [9], [11].

Finally, the high cost of quantum hardware, specialized infrastructure, and maintenance, along with the
shortage of skilled professionals and mature software tools, continues to slow the large-scale adoption of
cloud-quantum computing. Overcoming these challenges is essential for building practical, scalable, and
secure cloud-quantum computing systems in the future [2], [3], [6], [7], [10], [11].

6. Limitations

Although cloud-quantum computing has great potential, it still has several limitations. The biggest limitation
is the immaturity of current quantum hardware. Existing quantum computers have a limited number of stable
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qubits and are affected by noise and decoherence, which reduce accuracy and limit large-scale applications
[4], [6], [8], [11].

Another limitation is the limited availability of quantum resources. Since most users access quantum
computers through Quantum-as-a-Service (Qaa$), they often experience limited access and long waiting
times [1], [5], [7], [11].

Cloud-quantum systems are also limited by communication delays between classical cloud systems and
remote quantum processors. Frequent data exchange increases execution time and reduces overall efficiency

(4], [5], [9].

In addition, different cloud providers and quantum platforms use different hardware, software, and
programming languages. This lack of standardization makes integration and application portability difficult
(5], [8], [9], [11].

The high cost of quantum hardware, infrastructure, and maintenance is another major limitation, making
large-scale deployment difficult [2], [3], [6], [10].

Finally, the shortage of skilled professionals and the lack of common standards slow the development and
adoption of cloud-quantum computing across industries [7], [8], [9], [11].

Overall, cloud-quantum computing is still an evolving technology. Overcoming these limitations is essential
for its successful large-scale adoption [1]-[11].

7 Research Gaps

Although cloud-quantum computing has progressed rapidly, several research gaps remain. First, there is a
need for more scalable and reliable hybrid cloud-quantum architectures that can efficiently integrate
classical and quantum computing resources [4], [5], [11].

Second, current Quantum-as-a-Service (QaaS) platforms require better resource allocation, scheduling, and
workload management to improve performance and reduce waiting time [1], [7], [11].

Another important research gap is the lack of common standards and interoperable frameworks across
different cloud providers and quantum platforms, making application portability difficult [5], [8], [9].

Security is also an open research area. More work is needed on post-quantum cryptography, secure data
sharing, privacy protection, and trusted cloud-quantum environments [1], [7], [9], [11].

In addition, research on quantum error correction, noise reduction, and fault-tolerant quantum computing is
still limited and remains essential for practical large-scale applications [6], [8], [11].

Finally, there is a need for more real-world implementations, performance evaluations, and industry-specific
case studies to demonstrate the practical benefits of cloud-quantum computing in areas such as healthcare,
finance, artificial intelligence, and logistics [2], [3], [9], [10], [11].

Overall, addressing these research gaps will help improve the performance, security, scalability, and practical
adoption of cloud-quantum computing in the future

8 Conclusion

Cloud computing continues to play a vital role in the era of quantum computing by providing the scalable
infrastructure, storage, networking, security, and resource management required for practical quantum
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applications. This review shows that quantum computing is not a replacement for cloud computing but a
complementary technology that enhances the ability to solve highly complex computational problems. The
emergence of Quantum-as-a-Service (QaaS) and hybrid cloud-quantum architectures has made quantum
resources more accessible while combining the strengths of classical and quantum computing.

The review also highlights the major applications, challenges, limitations, and research gaps associated with
cloud-quantum integration. Although issues such as hardware instability, scalability, interoperability,
security, and high implementation costs remain significant, ongoing research and technological
advancements are expected to address these limitations. Future developments in hybrid architectures,
resource management, post-quantum security, and standardization will further strengthen the integration of
cloud and quantum computing.

Overall, cloud computing will remain the foundation of modern computing, while quantum computing will
serve as a powerful accelerator for specialized computational tasks. The continued collaboration between
these two technologies is expected to drive innovation and enable next-generation solutions across scientific,
industrial, and commercial domains.
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