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Abstract

Under the background of high-frequency fulfillment of fresh products and the high-quality develop-
ment of cold chain logistics, optimizing multi-vehicle collaborative distribution routes while
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meeting timeliness and temperature-control requirements has become a critical challenge for cold
chain enterprises. This study focuses on key variables and scheduling logic in multi-vehicle distri-
bution route optimization, constructing a multi-objective optimization model that balances trans-
portation costs, delivery timeliness, and spoilage control. The model comprehensively integrates
the heterogeneous characteristics of vehicles, including load capacity, energy consumption levels,
and temperature-control capabilities, and introduces a time-temperature coupled spoilage func-
tion and a hierarchical time window penalty mechanism to characterize the dynamic fulfillment
constraints of fresh product orders. To enhance solution efficiency and solution set quality, an im-
proved NSGA-II algorithm is designed and applied to path planning optimization using simulated
order data. Experimental results show that, compared to traditional solutions, the optimized ap-
proach achieves a 22.4% reduction in costs, a 66.1% decrease in delivery delays, and a 58.1% re-
duction in spoilage rates. The research demonstrates that the proposed model exhibits strong prac-
ticality and promotion value in multi-objective scheduling and intelligent allocation, providing the-
oretical support and technical solutions for fresh product logistics enterprises to formulate efficient
and sustainable distribution strategies.
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Figure 1. Distribution route map
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Figure 2. Pareto frontier diagram
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Table 1. The experimental results of the algorithm comparison
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Figure 3. The performance comparison diagram of the improved NSGA-II and the traditional NSGA-II algorithms
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