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Abstract

Purpose: The vaccine cold supply chain, as a quality-sensitive service—operational system, plays a critical role in
ensuring timely delivery, maintaining vaccine efficacy, and minimizing wastage. The occurrence of operational and
disruption risks intensifies process variability, undermines system reliability, and degrades service quality. The
objective of this study is to develop a quality-oriented framework for the modeling and optimization of the
COVID-19 vaccine cold supply chain, with a particular emphasis on quality-related performance indicators under
conditions of uncertainty.

Methodology: In this study, a novel multi-period and multi-product simulation—optimization framework is
developed to support decision-making in vaccine inventory management, allocation, and distribution under
operational and disruption risks. The proposed approach integrates agent-based simulation with optimization
techniques. The simulations are configured based on scenatios involving transportation disruptions and vaccine
supply disruptions and are benchmarked against a disruption-free case.

Findings: The results are evaluated using several key performance indicators, including the expected vaccine
delivery time, service level, vaccine wastage due to vehicle failures, and financial metrics. The simulation results
indicate that the disruption-free scenario achieves the highest service level (0.82) and greatest degree of
petformance robustness, whereas transportation disruptions result in the spoilage of 8.9 million vaccine doses, and
vaccine supply disruptions lead to the lowest service level (0.76). Statistical validation using the paired sign test
further confirms the significance of these differences at the 95% confidence level.

Originality/Value: The present study adopts a quality engineeting petspective to analyze the vaccine supply chain
as a service system sensitive to process variability and proposes a quality-driven risk management framework. The
findings provide practical insights for policymakers to enhance system reliability, reduce quality-related costs, and
improve the resilience of vaccine distribution systems under crisis conditions.

Keywords: COVID-19 vaccine cold supply chain, Simulation-optimization, Operational and disruption risks,
Quality engineering.
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Table 1-Review of related studies to vaccine supply chain.
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Figure 1- Research structure.
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Table 2- ""Agent' components in the agent based approach.
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Table 4- Attributes of "distribution center agent.
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Table 5- Attributes of ""health center'" agent.
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Table 6- Attributes of "'vehicle' agent.
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Table 8- Specifications of distribution centers.
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Table 9- Demand of health centers based on the population.
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Table 10- Tran’s multi-phase COVID-19 immunization plan.
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Table 11- Input data used in the simulation model.
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Table 12- Sources of data and model assumptions.
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eVaccine supply leadtime for health centers
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Figure 3- KPI’s value (dehc, vhe, uvhe, Ithek, tvm, tvb, thv, tsv) in scenario without risk of disruption.

Table 13- Comparison of simulation results with different scenarios.
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Figure 4- KPI’s value (tidc, thedc, tscdc, tihc, thehce, tsche) in scenario without risk of disruption.
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Figure 5- KPI’s value (dehc, vhc, uvhc, Ithck, tvm, tvb, thv, tsv) in vehicle disruption risk scenario.
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Figure 6- KPI’s value (tide, thedc, tsedc, tihe, thehe, tsche) in vehicle disruption risk scenario.
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Figure 7- KPI’s value (dehc, vhc, uvhc, Ithcw, tvm, tvb, thy, tsv) in supply-side disruption risk scenario.
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Figure 8- KPI’s value (tidc, thedc, tsedc, tihe, thehe, tsche) in supply-side disruption risk scenario.
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Table 14- Optimization results.
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Figure 9-Impact of vehicle disruption risk rate on vaccine spoilage and impact of supply shortage on service level.
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Figure 10- Impact of delivery time and vehicle disruption risk rate on vaccine spoilage.
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