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HIGHLIGHTS

GRAPHICAL ABSTRACT

® Design of a novel multi-objective
mathematical model for cross-docking
management.

® Incorporating real-world  system
dynamics within the steel industry
supply chain.

® Development and implementation of
an efficient hybrid metaheuristic
algorithm.

® Verification of  the model's
performance stability against minor
parameter variations.
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This study addresses eco-economic multi-objective modeling to optimize
cross-docking operations in the steel supply chain. Moving beyond
conventional literature that often relies on homogeneous fleets and single-
product assumptions, a key innovation here is the incorporation of product
and vehicle diversity through specific indexed modeling, which captures
complex, real-world industrial constraints. The model is solved using an
efficient hybrid metaheuristic approach, where NSGA-II performs global
exploration while Simulated Annealing (SA) is embedded as a local search
operator to refine solutions within each generation. Computational
experiments demonstrate a zero percent optimality gap in small
dimensions, with the hybrid approach maintaining high efficiency for large-
scale industrial cases. Furthermore, sensitivity analysis using real data from
the Isfahan Mobarakeh Steel Company provides actionable insights for
managers: it identifies critical operational bottlenecks (loading, unloading,
and internal transfer durations) and enables data-driven trade-offs between
logistical makes pan and greenhouse gas emissions, establishing the model
as a robust decision-support tool for sustainable heavy industry operations.

2538-2195/© 2027 The Authors. Published by University of Eyvanekey. This is an open-access article under the

terms and conditions of the Creative Commons Attribution (CC BY 4.0) license.



https://creativecommons.org/licenses/by/4.0/deed.en
https://creativecommons.org/licenses/by/4.0/deed.en
https://systems.eyc.ac.ir/
https://doi.org/10.22034/sep.2026.2092560.1518
mailto:mhd.darvish@iau.ac.ir
https://orcid.org/0009-0008-7486-6284
https://orcid.org/0000-0002-3048-1744
https://orcid.org/0000-0002-9650-8751
https://orcid.org/0000-0003-1880-6574

Eco-Economic Multi-Objective Modeling for Optimizing Cross-Docking Operations in the Isfahan Steel Supply Chain \ald

1. Introduction

In today’s dynamic and competitive industrial
landscape, supply chain optimization plays a pivotal
role in reducing logistics costs and increasing
operational efficiency while addressing urgent
environmental concerns. In heavy industries like
steel manufacturing, traditional warehousing often
leads to prolonged storage, higher inventory holding
costs, and increased delivery times. Cross-docking
has emerged as a prominent logistics strategy where
goods are directly transferred from inbound trucks to
outbound trucks with minimal or no intermediate
storage, significantly reducing warehousing spatial
requirements and lead times. As highlighted by
Algam et al. (2024), management of material flow is
crucial for gaining competitive advantages. However,
integrating operational scheduling with
environmental preservation—specifically
minimizing greenhouse gas emissions—presents
conflicting objectives that demand advanced
mathematical modeling. This study introduces a
multi-objective, multi-period mathematical model
tailored for the Isfahan Mobarakeh Steel Company to
balance makespan minimization with environmental
sustainability under product and vehicle diversity.
Recent literature highlights significant
advancements in supply chain and cross-docking
optimization. Darvish Motevali and Motamedi
(2020) evaluated the efficiency of sequential
multilevel supply networks using dynamic modeling,
proving that dynamic frameworks offer more
realistic evaluations than static ones. For
humanitarian logistics, Poornaser et al. (2022)
developed a multi-objective optimization model for
routing disaster relief vehicles to reduce costs and
repair times. In the context of green operations,
Faghih-Mohammadi et al. (2023) designed a green
closed-loop supply chain for cross-dock facilities
using queuing systems to reduce fleet energy
consumption.

Despite these developments, key gaps remain in the
existing literature:

e Most cross-docking scheduling models
focus heavily on single economic objectives,
neglecting integrated eco-economic trade-
offs.

e Practical industrial traits, such as high
product diversity and heterogeneous
vehicle configurations, are frequently
omitted in standard theoretical
frameworks.

Many models remain entirely deterministic or static,
ignoring operational delays and the benefits of
hybrid metaheuristic solution methods in complex
industrial contexts.

2. Methodology

This study adopts a quantitative, applied Operations
Research approach formulated as a Multi-Objective
Mixed-Integer Linear Programming model. The

physical framework comprises a cross-docking
terminal with inbound and outbound docks
operating over a discrete planning horizon. The
proposed model simultaneously handles two
conflicting objective functions:

e Operational Efficiency: Minimizing the
maximum operational makespan to ensure
rapid material throughput, reduce terminal
congestion, and maintain high customer
service levels.

¢ Environmental Impact: Minimizing the
total greenhouse gas emissions generated
by inbound and outbound transportation
operations at the terminal gates.

The core constraints ensure rigorous mass balance
for diverse products, strict single-truck allocation to
dock doors per time period, truck processing
sequence priorities, and logical bounds governing
loading, unloading, internal transfer times, and
arrival delays. To solve the multi-objective problem
simultaneously, the weighted-sum method is
implemented, distributing weights evenly or
adjusting them dynamically to capture the trade-off
frontier between logistics performance and carbon
footprint reduction.

3. Results and Discussion

Because cross-docking scheduling and location-
allocation problems belong to the NP-hard class of
computational complexity, exact optimization
engines fail to provide solutions for large-scale
industrial scenarios within practical time limits. To
solve this, a hybrid metaheuristic approach
combining  Non-dominated  Sorting  Genetic
Algorithm II (NSGA-II) and Simulated Annealing
(SA) was developed. The NSGA-II framework
maintains population diversity and handles multi-
objective sorting based on Pareto dominance,
utilizing custom multi-point crossover and inversion
mutation operators. Concurrently, the Simulated
Annealing engine applies local search movements to
fine-tune the generated solutions and avoid
premature convergence in local optima, operating
under a controlled exponential cooling schedule.

The mathematical model was validated using real
operational data from the archives of the Isfahan
Mobarakeh  Steel = Company. Computational
experiments were evaluated across small, medium,
and large dimensions, comparing the exact solutions
from GAMS against the proposed hybrid
metaheuristic algorithm:

e Small and Medium Problems: The
mathematical model demonstrated
exceptional solvability, maintaining a zero
percent optimality gap between GAMS and
the hybrid metaheuristic approach in
smaller test cases, validating the
algorithm's reliability.

Y o los [V 0 90 NFeF JL“"/G)S"J‘Q‘.’W@“W



Y

Mahallati et al.

e Large Problems: As complexity scales,
GAMS failed to find optimal solutions
within the designated time limit, whereas
the hybrid NSGA-II/SA metaheuristic
successfully yielded high-quality near-
optimal solutions in highly reasonable
computational times.

e  Sensitivity Analysis: The analysis revealed
that total operational time is exceptionally
sensitive to internal handling variations,
including loading, unloading, and cross-
dock transfer durations. Conversely,
altering the environmental objective weight
explicitly mapped out the conflicting
economic-environmental trade-offs. The
system proved robust against minor
perturbations but exhibited noticeable
performance degradation under extreme
conditions, such as severe terminal capacity
drops or excessive vehicle arrival delays.

4. Conclusions

This research successfully develops an eco-economic
mathematical framework that optimizes cross-
docking operations within the steel supply chain. By
incorporating vehicle and product diversity
alongside environmental emission restrictions, the
model bridges the gap between theoretical
operations research and practical logistical
execution. The proposed hybrid NSGA-II/SA
algorithm provides managers at Isfahan Mobarakeh
Steel with a reliable, practical decision-support tool
to reduce delivery lead times and lower carbon
footprints. Future research directions include the
integration of real-time tracking data via the Internet
of Things (I1oT) and the implementation of robust
optimization models to handle stochastic
parameters effectively.
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Figure 1. Structure of the proposed cross-docking supply chain.
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Figure 2. Flowchart of algorithm execution
(AghaJafar Mahalati et al., 2025).
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pass
# Crossover operation
def crossover (parentl, parent2):
# Implement crossover logic
pass
# Mutation operation
def mutate (solution):
# Implement mutation logic
pass
# Simulated Annealing process
def simulated annealing(solution):
current solution = solution
current energy =
evaluate solution(current solution)
temperature = initial temperature
while temperature > final temperature:
new solution =
generate neighbor solution (current solution
)
new_energy =
evaluate solution (new_solution)
if
acceptance probability(current energy,
new_energy, temperature) > random() :
current solution = new solution
current energy = new_energy
temperature *= cooling rate
return current solution
# Main Hybrid Algorithm
def hybrid algorithm(pop size,
generations) :
population =
tialize population (pop size)
for generation in range (generations) :
evaluate population (population)
fronts =
non_dominated sort (population)
# Apply crossover and mutation to
create new population
new population = []
while len(new_population) <
pop_size:
parentl, parent2 =
select parents (fronts)
offspring = crossover (parentl,
parent?2)
mutate (offspring)

new_population.append(offspring)
# Apply Simulated Annealing to
improve solutions
for solution in new population:
improved solution =
simulated annealing(solution)

population.append (improved solution)
population = new population
return population
# Run the hybrid algorithm
final population =
hybrid algorithm(pop size=100,
generations=50)
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Define objective functions
def objective function 1 (solution):
# Calculate first objective
pass
def objective function 2 (solution):
# Calculate second objective
pass
# Initialize population for NSGA-II
def initialize population (pop_size):
population = []
for in range (pop size):
solution =
generate random solution ()
population.append (solution)
return population
# Evaluate population
def evaluate population (population) :
for solution in population:
solution.objectives
=[objective function 1 (solution),
objective function 2 (solution)]
# Selection process for NSGA-II
def non dominated sort (population) :
# Implement non-dominated sorting
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Table 1. Defined sets for the problem in small
dimensions (Source: Current research)
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Table 2. Random distributions of value generation for problem parameters (Source: existing documents in

Mobarakeh Steel)
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Table 3. Optimal value of the first objective function (minutes) (Source: Current research)
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Table 4. The amount of transfer for each type of commodity from the input pier to the output pier (first and

second types) (Source: Current research)
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Table 7. Examination of the objective function
value for different weights (Source: Current
research)
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Table 5. Allocation of cargo transfer to incoming
trucks for unloading at the entrance dock (Source:
Current research)
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Table 6. Allocation of cargo transfer to outbound
trucks for loading at outbound docks (Source:
Current research)
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Figure 3. Settings related to the crossover operator in the NSGA-II algorithm (Source: Current research).
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Figure 4. Settings related to the mutation operator in the NSGA-II algorithm (Source: Current research).
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Table 8. Results of solving sample problems with GAMS and the hybrid Simulated Annealing and NSGA-II
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Table 9. Evaluation of model stability and resilience under different scenarios
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