
 

14 III March 2026

https://doi.org/10.22214/ijraset.2026.79072



International Journal for Research in Applied Science & Engineering Technology (IJRASET) 
                                                                                           ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538 

                                                                                                                Volume 14 Issue III Mar 2026- Available at www.ijraset.com 
     

 
4734 ©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 | 

Reimagining Sustainable Supply Chains with 
Quantum Intelligence 

 
Ketki Bansode1, Rupsa Das2, Anshika Jindal3, Rupali Khade4, Prof. Savita Mohurle5 

Dept. of Computer Application Sri Balaji University, Pune, Maharashtra, India 
 

Abstract: Sustainable supply chains are becoming increasingly important as businesses strive to reduce environmental impact 
while maintaining efficiency and profitability. One emerging solution is Quantum Intelligence (Quantum AI)—a powerful 
combination of quantum computing and artificial intelligence that can handle highly complex and data-intensive supply chain 
problems. 
Quantum AI leverages unique quantum principles such as superposition and entanglement to explore a vast number of possible 
solutions simultaneously. This enables better decision-making in areas like production scheduling, inventory management, and 
emissions forecasting. As a result, organizations can optimize delivery routes, reduce operational costs, and significantly lower 
carbon emissions, contributing to more sustainable and environmentally responsible supply chains. 
A key approach in this field is the hybrid quantum-classical model, which combines the data-processing strengths of classical 
computing with the advanced computational capabilities of quantum systems. This hybrid approach helps overcome current 
limitations in quantum hardware, such as noise, limited qubits, and high error rates, making Quantum AI more practical for 
real-world applications. 
In addition, integrating technologies like the Internet of Things (IoT), blockchain, and digital twins further enhances supply 
chain performance. IoT devices provide real-time data from sensors, blockchain ensures transparency and traceability, and 
digital twins allow simulation of supply chain operations to predict environmental impacts and test different scenarios. 
Overall, Quantum AI represents a promising step toward building smarter, more efficient, and sustainable supply chains that 
can adapt to modern challenges while supporting global environmental goals. 
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I.   INTRODUCTION 
In the 21st century, rapid technological advancements have significantly reshaped industries and global economies. Among these 
innovations, artificial intelligence and quantum computing are emerging as transformative forces. When combined as Quantum AI, 
they offer the ability to solve highly complex, data-driven problems that traditional systems struggle to manage. 
Modern supply chains are no longer simple linear systems. They are highly interconnected, global networks that must handle 
massive amounts of data while adapting to changing market conditions. At the same time, there is growing pressure to make these 
systems more sustainable by reducing environmental impact and aligning with global standards such as climate agreements and 
ESG (Environmental, Social, and Governance) goals. 
Sustainable Supply Chain Management (SSCM) focuses on balancing economic performance with environmental and social 
responsibility. However, achieving this balance is challenging due to the complexity of supply chain operations, which involve 
multiple stakeholders, uncertain demand, and dynamic conditions. 
Quantum AI offers a new approach by combining AI’s learning and prediction capabilities with quantum computing’s ability to 
process vast solution spaces. This makes it possible to optimize supply chain decisions in real time, improve efficiency, and reduce 
environmental impact. 
 

II.   BACKGROUND AND MOTIVATION 
A. Why Quantum AI? 
Quantum AI brings together two powerful technologies: quantum computing and artificial intelligence. While AI excels at pattern 
recognition and learning from data, quantum computing provides significant computational advantages for solving complex 
optimization problems. 
This combination is particularly useful in supply chain management, where decisions often involve multiple constraints such as 
cost, time, and sustainability. 
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Some key applications include: 
 Carbon-efficient logistics: Quantum AI can optimize transportation routes by considering multiple factors simultaneously, 

reducing fuel consumption and emissions.  
 Real-time demand forecasting: It can analyze dynamic and uncertain data to predict demand more accurately.  
 Circular economy support: Quantum AI helps design systems that promote recycling, reuse, and waste reduction.  
 Sustainable supplier selection: It enables better evaluation of suppliers based on environmental and ethical criteria.  
 
B. Motivation 
Today’s supply chains face increasing pressure to remain profitable while also being environmentally and socially responsible. 
Traditional methods often fall short in handling the complexity of these requirements. 
Quantum AI offers a promising solution by improving efficiency, resilience, and sustainability simultaneously. The growing need 
for smarter, greener supply chains is a key driver behind research in this area. 
 

III.   KEY FUTURE TRENDS         
A. Hybrid Quantum-Classical AI Models     
Hybrid quantum-classical neural nets (HQCNN) combine quantum and classical computing strengths [Kannan et al. (2022)]. They 
leverage quantum computers for feature extraction and classical neural networks for tasks like regression and classification. This 
mix enables: Processing complex, high-dimensional data ,Improved accuracy in AI tasks , Practical deployment with current NISQ 
technology ,Faster computing for complex problems ,Better risk management, time, and cost efficiency [Vudugula et al. (2025)] 
,Enhanced optimization in finance, drug discovery, and materials science ,Robustness to noise and errors in quantum hardware , 
Scalability with classical computing's maturity. 
HQCNNs are a step towards scalable quantum AI, using variational algorithms like VQE [Peruzzo et al. (2014)] and QAOA [Farhi 
et al. (2014)]. They're applicable in: 
- Finance: portfolio optimization, risk analysis 
- Healthcare: drug discovery, predictive modeling 
- Energy: optimization, predictive maintenance 
- Logistics: supply chain optimization, routing 
These hybrid systems overcome current quantum hardware limitations, making quantum AI more accessible Figure 3.1 Describes 
hybrid quantum classical AI model 

 
Figure 3.1. Architecture of hybrid quantum classical AI model 
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The three major components of the hybrid classical-quantum neural network architecture represented in the diagram are the input 
layer, hidden layer and output layer.  To accomplish a calculation, every section entangles classical and quantum computation. There 
are three classical input variables (a1, a2, a3) in the input layer (classical).  The fractions are linked together with the weighted 
connections to produce two intermediate terms, ℎ 1 h 1.  
Then The h2 These parameters serve as quantum operations necessities on the preceding quantum operations and are the linear 
expressions of the inputs [Wang et al. (2021)]. 
 
B. Quantum Machine Learning (QML)    
Quantum Machine Learning (QML) brings together the advantages of both quantum computing and classical machine learning to 
solve certain computationally hard problems that can’t efficiently be solved by classical computers. Quantum computing uses 
qubits, which can be in superposition and entangled, allowing them to represent and process large numbers of states concurrently. 
This enables QML algorithms to have a more efficient search in a huge solution space and to harness complex correlations in the 
data. Classical data in a standard QML pipeline is first mapped into quantum states through the use of quantum feature maps or 
embedding methods. These states are subsequently processed with parameterised quantum circuits, which are sequences of quantum 
gates that operate on the data. The quantum system’s measurements are input to classical optimisers, which may be based on 
gradients or heuristics, that iteratively adjust the parameters in the quantum circuit in order to reduce some specified loss function . 
The Variational Quantum Eigensolver algorithm [Peruzzo et al. (2014)], Quantum Approximate Optimisation Algorithm [Farhi et al. 
(2014)], and quantum kernel methods are prominent QML algorithms. Among these are drug discovery, more efficient modelling of 
molecular interactions; financial modelling, such as enhanced risk analysis and portfolio optimisation; materials science, predicting 
material properties; and logistics, optimising supply chain operations. QML holds significant promise but comes with a number of 
challenges, such as the presence of noise in quantum processors, small numbers of qubits, and complex encoding of data. These 
problems, though, are progressively resolved by developments in error correction, quantum algorithm implementation, and the fact 
that NISQ devices are progressively improving [Eren et al. (2025)]. 
 
C. Blockchain-Quantum Integration for Traceability 
Combining blockchain with quantum technologies can provide a disruptive solution to provide verifiability in today’s supply chains. 
Blockchain can act as a decentralized, unchangeable record of each transaction and where the product has gone, thereby allowing 
transparency and traceability from source to user.  
Blockchain and quantum technologies implies that all transactions can be only permanent and traceable from the sourcing of raw 
materials to the delivery of the final product. Quantum computing brings both threats and opportunities. On the one hand, quantum 
algorithms have the potential to deliver a transformative impulse to supply chain optimization with quantum machine learning on 
routing, demand forecasting, anomaly detection, etc. Data security is ensured over time by implementing post-quantum 
cryptography and QKD as a default feature of the blockchain infrastructure to mitigate this. In addition to the trust and information 
integrity, efficiency is also synonymous with adaptive and sustainable supply chain [Wu et al. (2018)]. 
 
D. Quantum Optimization for Green Logistics 
Quantum optimization transforms green logistics, tackling complex problems like vehicle routing and multimodal planning. It 
reduces emissions, energy consumption, and costs, supporting sustainability goals. By leveraging quantum-classical hybrid 
approaches, logistics can achieve dynamic rerouting, enhanced cargo balancing, and reduced energy consumption. This leads to: 
- Faster and more efficient optimization 
- Improved supply chain resiliency 
- Reduced operational costs and fuel expenditures 
- Support for Paris Agreement and UN SDGs 
As quantum hardware and algorithms advance, logistics will become greener, more adaptive, and future-ready. 
Figure 3.4. describes how the model of quantum computing optimization works for green logistics in SSCM 
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Figure 3.4. model of quantum computing optimization engine 

 
IV.   QUANTUM AI APPLICATIONS IN SUSTAINABLE SUPPLY CHAINS 

Table 4.1 describes different applications arears of quantum ai solutions and its sustainability impact such as – Green 
Transportation, Ethical Sourcing, Smart Inventory Management, Waste Management, Energy Usage Optimization. 

Application Area Quantum AI Solution Sustainability Impact 
Green Transportation Quantum AI transforms mobility with 

sustainable, energy-efficient transportation. 
Optimizes traffic flow, EV charging, and 
urban mobility for reduced congestion and 
emissions. 

Quantum algorithms optimize traffic flow, 
reducing congestion and emissions. 
Benefits include reduced fuel waste, real-
time rerouting, and eco-friendly routing for 
freight and passengers. 

Smart Inventory Management Quantum AI transforms inventory 
management with precise demand 
forecasting, reducing shortages and 
excesses. 

Quantum AI forecasting optimizes 
inventory, reducing waste and costs. Real-
time coordination cuts spoilage, 
obsolescence, and carbon footprint 

Waste Management Quantum clustering revolutionizes waste 
management, enhancing classification and 
resource recovery. 

 Quantum tech enhances waste management 
with geospatial intelligence and data 
analytics, predicting waste patterns and 
optimizing recycling. 

Energy Usage Optimization Quantum scheduling and energy modelling 
optimize energy use, reducing consumption 
and boosting efficiency in complex 
systems. 

Quantum AI optimizes energy distribution, 
processing complex data for accurate load 
fitting and on-demand dispatch. 
Applications include smart grids, industrial 
scheduling, and data centre cooling, 
reducing costs and carbon footprint. 

Table 4.1. Different applications areas of quantum ai solutions 
 

V.   QUANTUM AI'S DRAWBACKS AND DIFFICULTIES IN SUPPLY CHAIN MANAGEMENT 
Quantum AI was the ability to structurally transform supply chain dynamics due to its essential ability to analyze datasets and 
challenges with increased efficiency. 
1) Quantum AI computer server as the foundation for quantum AI, which is still in its growing stage and exhibits some delicacy. 

They operate using qubits that are highly sensitive and allowing to errors, known as noise. This situation underlines the current 
lack of reliability [ Whig et al. (2024)]. 
Quantam computing systems currently display the ability to deal with basics problems due to the rapid ideas of computational 
errors combine the insufficient of strength of qubits. It is typically not capable of handling the lots of workloads face in supply 
chains, specify by huge datasets and complex problems. 

2) The deficiency of experts with supply chain management system and quantum computing skills are a significant challenge. It 
only focuses on the essential trait on logistics, analytic and operational processes, and contains advanced principles of quantum 
computing physics and mathematics. 
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A group faced fair difficulties to identify suitable candidates to lead and look after quantum AI capability because of the limited 
number of individuals. The process of upgrading this specialization that is time- consuming, and both firm and academic 
institutions are in the process to filled the gap. 

3) Raw data from various sources are produced in real volumes by supply chain systems. This data is often identifying by disorder 
stored in varied systems and present challenges when attempting to unite it. In orders to operate efficiently, this data demand 
integration, cleansing and convert into a format that is understandable to quantum computational systems. There is a newly lack 
of defined protocols for developing supply chain data for quantum algorithms, resulting in delays [Gartner et al. (2001)]. 

4) The cost of creating quantum AI system is very high. Quantum computers want specific hardware and software layout as well 
as the ultra-cold cooling systems. Besides businesses frequently need to hire experts and make an investment in cloud-based 
quantum services, which can link up very fast. These costs are simply high for many companies, specifically the smaller ones, 
to prove this time. 

5) Quantum computing can also wave up by cybersecurity. Some of the encryption methods used to save data that could be broken 
by quantum algorithms. This means supply chains will need to recall how they give the protection for their delicate information. 
Converting to the new, quantum-resistant encryption is complex and requires adjust among all the partners in supply chain. 
Until or unless this is sorted out, data security remains a big trouble for adopting capability of Quantum AI in supply chain 
operations [ Tsiotsou et al. (2010)]. 

 
VI.   CONCLUSION 

Quantum AI offers a transformative solution to the increasingly complex sustainability challenges facing modern supply chains. 
Contemporary supply chains face significant pressure to strike a balance between environmental stewardship and economic progress 
as they are vast, interconnected networks that span multiple continents.  
Essentially, Quantum AI amalgamates the intelligent, adaptive characteristics of AI with the revolutionary computational 
capabilities of quantum computing. Quantum computers can perform complex computations faster compared to classical computers. 
This created a new paradigm when combined with AI's capability to learn through data, incorporate patterns, and forecast. Both the 
technologies together can efficiently address various crucial aspects to the security of contemporary supply chains. 
Quantum AI can reform supply chain operations in various ways. For instance, quantum-assisted algorithms can plan to reduce the 
consumption of fuel and emissions without ignoring speed of delivery or reliability. It denotes that increased routing of aircraft, 
vessels, and trucks reduces unnecessary travel thus mitigating the carbon footprint. In a world where international trade 
relationships and climatic changes cause various challenges and threats, this kind of foresight nimbleness is called for. The noise 
and errors into NISQ processors, have not yet disturb their application. Supply chain issues will demand noise-resilient algorithms 
to fulfil the demand. Moreover, to measure the progress in a definite manner, control quantum assessment processes need to be 
controlled which is very important. Thus, actual advantages of quantum-enhanced solutions will reach above their theoretical 
potential. 
To fully implement quantum AI potential, academia, industry and government institutions must ensure a plan to execute. 
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