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CrossMark

One of the modern strategies in inventory management throughout the supply chain is
the cross-docking warehousing approach. The objective of this study is to optimize the
supply chain in a cross-docking warehouse within the steel industry. For this purpose,
the design and development of a mathematical model for optimizing product
transportation in the cross-docking supply chain of Mobarakeh Steel Company is
presented. The developed model is a multi-objective and multi-period model capable
of examining conflicting objectives across different periods. In addition, it considers
environmental requirements arising from carbon emissions in decision-making related
to the distribution of incoming and outgoing goods in the cross-docking warehouse.
According to the proposed model, optimization techniques were employed to identify
the best optimal allocation of resources. To solve the proposed model, the simulated
annealing metaheuristic method was utilized. Based on the obtained results, it was
demonstrated that implementing the designed model and using cross-docking
warehouses as key points in the supply chain contribute to improving material flow
and reducing product delivery time. Furthermore, the non-dominated points obtained
from the simulated annealing method for the considered multi-objective problem were
examined under 10%, 20%, and 30% increases in the quantity of goods entering and
leaving the docks. Considering the generated Pareto frontier, the convergence of
responses for each change was evident. The solutions obtained under a 10% increase
generated 15 non-dominated solutions for the problem. Under a 20% increase, 19 non-
dominated solutions were generated. Under a 30% increase, 86 non-dominated
solutions were generated. Moreover, the quality of the solutions provided under the
30% demand increase scenario was found to be more appropriate than in the other two
scenarios. Finally, this research can serve as a practical tool for managers and decision-
makers in Mobarakeh Steel Company and, while contributing to the optimization of
transportation and supply chain processes, can lead to the development of more
advanced and efficient models in other similar industries.
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Extended Abstract
Introduction

Supply chain management has become one of the most critical factors influencing organizational
competitiveness, operational efficiency, and customer satisfaction in manufacturing industries,
particularly in the steel sector. The increasing complexity of logistics operations, the diversification of
products, and the growing expectations for timely deliveries have intensified the need for advanced
transportation and inventory management systems. Among the innovative logistics strategies developed
in recent decades, cross-docking has emerged as an effective approach for reducing inventory holding
costs, minimizing storage time, and accelerating product flows throughout the supply chain. Cross-
docking systems enable products to move directly from inbound transportation vehicles to outbound
vehicles with little or no storage, thereby improving operational responsiveness and reducing unnecessary
warehousing activities. This strategy has gained significant attention in modern supply chain management
because it contributes to enhancing material flow efficiency, reducing transportation costs, and improving
financial performance within organizations (Rajabzadeh & Mousavi, 2023; Essghaier et al., 2023). In
large-scale industries such as steel manufacturing, where the volume of production and distribution
activities is extremely high, optimizing cross-docking operations can substantially improve supply chain
performance and increase organizational competitiveness. The supply chain of Mobarakeh Steel Company
represents a highly complex logistics network characterized by multiple suppliers, numerous
transportation vehicles, large quantities of raw materials and finished products, and extensive customer
demand. Managing transportation and warehousing operations efficiently in such an environment requires
the use of sophisticated mathematical optimization models capable of handling operational complexities
and conflicting objectives simultaneously. Previous studies have demonstrated the importance of
mathematical modeling in improving supply chain efficiency and logistics management. Darvish Motevali
and Motamedi (2020) developed a dynamic modeling framework for evaluating the efficiency of
multilevel supply chain networks, while Poornaser et al. (2022) proposed a multi-objective optimization
model for humanitarian supply chain vehicle routing. Similarly, Faghih-Mohammadi et al. (2023)
designed a green closed-loop supply chain model for cross-docking systems with environmental
considerations, and Amani and Nasiri (2023) investigated carbon-emission reduction policies in cross-
docking systems using nonlinear mathematical programming. More recent studies such as Asgharyar et
al. (2025) and Kurt and Gumus (2025) emphasized the growing importance of integrating vehicle routing,
dynamic freight planning, and environmental sustainability into cross-docking optimization frameworks.
Despite these contributions, many existing models remain limited to single-objective optimization and fail
to capture the simultaneous effects of operational efficiency and environmental sustainability.
Furthermore, most previous studies have focused on specific operational aspects without incorporating
multi-period planning and greenhouse gas emission control simultaneously. Therefore, the present study
aims to develop a multi-objective and multi-period mathematical model for optimizing transportation
management in cross-docking supply chains in the steel industry while simultaneously minimizing
operational delays and greenhouse gas emissions.

Methods and Materials

This study was applied in terms of objective and operational research-based in terms of
methodology. A quantitative and cross-sectional research design was adopted to develop and evaluate the
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proposed optimization framework. The research focused on designing a multi-objective mathematical
model for optimizing transportation and cross-docking operations within the supply chain of Mobarakeh
Steel Company. The proposed supply chain structure included inbound docks, outbound docks,
transportation vehicles, operators, loading and unloading processes, and temporary logistics platforms.
The cross-docking platform was designed to facilitate rapid transfer of goods from inbound trucks to
outbound trucks while minimizing storage duration and operational delays. The model considered multiple
categories of inbound and outbound trucks, several types of products, and multiple time periods. Decision
variables included continuous variables representing product transfer quantities and operational timing, as
well as binary variables representing truck allocations to docks and operational sequencing. The
mathematical model was formulated as a mixed-integer linear programming (MILP) problem with two
primary objective functions. The first objective minimized the total operational time, including loading,
unloading, transportation, and delay times. The second objective minimized greenhouse gas emissions
generated by inbound and outbound transportation vehicles. To convert the multi-objective problem into
a solvable single-objective framework, the weighted sum method was employed, assigning equal
importance to operational efficiency and environmental sustainability objectives. Several operational
constraints were incorporated into the model, including vehicle allocation constraints, loading and
unloading sequencing constraints, capacity constraints, timing synchronization constraints, and product
flow balance constraints. Data required for model implementation were extracted from archived
operational records, electronic data interchange systems, warehouse management systems, and customer
order databases within the company. Parameters such as product quantities, transportation times, loading
and unloading durations, arrival delays, and greenhouse gas emission levels were generated using
statistical distributions based on real operational conditions. Small-, medium-, and large-scale problem
instances were generated for computational evaluation. Due to the NP-hard nature of cross-docking
optimization problems, exact optimization methods become computationally inefficient for large-scale
instances. Therefore, the simulated annealing metaheuristic algorithm was employed to solve the proposed
model efficiently. The algorithm was initialized with predefined temperature, cooling rate, and iteration
parameters, and neighborhood search operators including swap and insertion mechanisms were utilized to
generate improved solutions iteratively. The computational experiments were conducted using GAMS
software for exact optimization and simulated annealing for heuristic optimization.

Findings

The computational results demonstrated the effectiveness and applicability of the proposed multi-
objective mathematical model in optimizing cross-docking operations within the steel supply chain. The
experimental results obtained from small-scale problem instances showed that the proposed model
successfully minimized operational delays while simultaneously controlling greenhouse gas emissions
generated by transportation vehicles. The optimization results indicated that the total loading and
unloading transfer times between inbound and outbound docks were significantly reduced through
efficient truck allocation and operational scheduling. The product transfer analysis revealed optimized
product flows between inbound and outbound docks, ensuring balanced logistics operations and
minimizing unnecessary handling activities. Binary allocation programming results confirmed the
efficient assignment of inbound and outbound trucks to available docks, thereby improving operational
synchronization and reducing waiting times. Sensitivity analysis was conducted using different objective



function weights to evaluate the behavior of the proposed model under varying operational priorities. The
results showed that the objective function value was highly sensitive to the weight assigned to operational
efficiency. As the weight of the first objective function increased, the overall objective function value
increased considerably, whereas increasing the weight associated with greenhouse gas emission reduction
led to lower objective function values. Comparative analysis between the exact GAMS optimization
results and the simulated annealing algorithm demonstrated that the proposed metaheuristic method
achieved highly competitive results, particularly for medium- and large-scale problem instances. For
small-scale problems, the optimization gap between the exact and heuristic solutions was reported as zero
percent, indicating excellent performance of the simulated annealing algorithm. Although the
computational gap increased slightly for larger instances, the obtained solutions remained within
acceptable ranges while significantly reducing computational time. The sensitivity analysis of demand
fluctuations further demonstrated the robustness of the proposed optimization framework. When the
quantities of inbound and outbound goods increased by 10%, the simulated annealing algorithm generated
15 non-dominated Pareto solutions. Under a 20% increase scenario, 19 non-dominated solutions were
generated, while a 30% increase produced 86 non-dominated solutions. The Pareto frontier analysis
revealed clear convergence behavior across all scenarios, indicating the stability and reliability of the
optimization process. Moreover, the quality of the solutions obtained under the 30% demand increase
scenario was identified as superior to the other scenarios due to increased solution diversity and improved
trade-offs between operational and environmental objectives. Similarly, under demand reduction
scenarios of 10%, 20%, and 30%, the algorithm generated 24, 27, and 35 non-dominated solutions,
respectively, all demonstrating acceptable convergence properties. These findings indicate that the
proposed model is highly adaptable to dynamic demand conditions and capable of generating high-quality
optimization solutions under varying operational environments.

Discussion and Conclusion

The results of this study demonstrate that integrating cross-docking strategies with multi-objective
mathematical optimization can substantially improve supply chain performance in the steel industry. The
proposed optimization framework successfully reduced operational delays, improved material flow
efficiency, minimized greenhouse gas emissions, and enhanced transportation coordination across the
supply chain network. The implementation of cross-docking as a key logistics strategy enabled faster
movement of products through the supply chain while minimizing unnecessary storage and handling
operations. The findings also confirmed that considering environmental sustainability objectives
alongside operational efficiency can significantly improve overall supply chain performance and support
sustainable logistics management practices. The simulated annealing metaheuristic algorithm proved
highly effective for solving large-scale NP-hard optimization problems, particularly in environments
characterized by operational complexity and multiple conflicting objectives. The generated Pareto-optimal
solutions provided decision-makers with multiple strategic alternatives for balancing operational
efficiency and environmental sustainability. Furthermore, the sensitivity analysis demonstrated that the
proposed optimization framework remains robust under fluctuating demand conditions, making it suitable
for dynamic industrial environments. Compared with previous studies, the present research contributes to
the literature by simultaneously integrating multi-objective optimization, multi-period planning, cross-
docking operations, greenhouse gas emission control, and metaheuristic solution approaches within a
unified mathematical framework. Another important contribution of this study is the consideration of
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product diversity and heterogeneous transportation vehicles, which reflects real operational conditions
more accurately than many previous models. The practical implications of the study are particularly
important for the steel industry, where logistics costs and operational delays can significantly affect
competitiveness and profitability. The proposed model can assist managers and decision-makers in
optimizing resource allocation, improving transportation planning, reducing environmental impacts, and
increasing customer satisfaction. Despite these contributions, some limitations should be acknowledged.
The proposed model relied on deterministic parameters and assumed stable operational conditions,
whereas real-world supply chains often experience uncertainty and disruptions. Moreover, metaheuristic
optimization methods may require substantial computational resources for extremely large-scale
problems. Future research may focus on developing robust and stochastic optimization models capable of
handling uncertainty in demand, transportation times, and operational disruptions. Integrating advanced
technologies such as artificial intelligence, machine learning, and Internet of Things systems into cross-
docking optimization frameworks may also improve real-time decision-making and operational
adaptability. Overall, this study provides a comprehensive and practical optimization framework that can
support sustainable and efficient supply chain management not only in the steel industry but also in other
large-scale manufacturing sectors.
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