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Closed-loop supply chain (CLSC) management has become an essential approach
for improving economic performance and reducing environmental impacts in
modern industries. By integrating forward and reverse logistics activities, CLSC
systems enable firms to optimize the flow of raw materials, finished products,
returned items, and recyclable waste. In the paper and cardboard industry,
where production, recovery, recycling, and remanufacturing are highly
interconnected, effective supply chain design can play a critical role in
minimizing operational costs and enhancing sustainability.

This study aims to optimize supply chain costs through the vertical integration of
paper and cardboard production centers using advanced optimization
techniques. A comprehensive closed-loop supply chain model is developed to
represent the relationships among production, distribution, collection, recycling,
and remanufacturing processes. To solve the proposed model, two metaheuristic
algorithms, namely the Genetic Algorithm (GA) and the Harmony Search
Algorithm (HSA), are applied and compared. Their performance is evaluated
through areal case study in the packaging industry using empirical data.

The findings reveal that the Harmony Search Algorithm performs better than the
Genetic Algorithm in minimizing total supply chain costs, particularly in terms of
inventory and transportation expenses. The results also show that vertical
integration can significantly improve supply chain efficiency while contributing
to environmental sustainability. These findings highlight the practical value of
combining CLSC design with metaheuristic optimization methods in the
packaging industry.
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EXTENDED ABSTRACT

Introduction

Closed-loop supply chain (CLSC) management plays a pivotal role in reducing
environmental impacts and minimizing costs throughout the life cycle of products, from
raw material acquisition to production, recycling, and remanufacturing. The packaging
industry, particularly the paper sector, stands out as a significant player in addressing
sustainability challenges, given the extensive use of paper and cardboard for packaging
and the potential for recycling. However, despite the environmental benefits, paper
recycling in the packaging sector faces several challenges, such as high operational costs,
the degradation of product quality in recycled materials, and inefficiencies within the
recycling process itself.

In an increasingly competitive and resource-constrained world, the need for optimizing
the recycling process in a cost-effective manner is more critical than ever. The integration
of production centers, especially between paper and cardboard manufacturers, provides
a promising approach for enhancing efficiency and reducing costs. This research aims to
develop a vertically integrated model using two advanced optimization algorithms—
Genetic Algorithm (GA) and Harmony Search Algorithm (HSA)—to optimize the recycling
process, reduce supply chain costs, and improve overall system performance. The goal is
not only to streamline operations but also to explore how these algorithms can be used to
handle the complexities of closed-loop supply chains in dynamic environments.

Methodology

The study proposes a model of vertical integration within the CLSC, specifically between
paper production and cardboard manufacturing centers. This integration seeks to optimize
the cost structure of the supply chain, reduce bottlenecks, and improve the coordination
between the various stages of production and recycling. The proposed model addresses
several key parameters, including production capacities, transportation costs, inventory
holding costs, and penalties for shortages. The integration aims to eliminate redundancies
and improve collaboration between production entities, ultimately driving down costs and
improving sustainability.

Two metaheuristic algorithms were employed to solve this optimization problem:
Genetic Algorithm (GA) and Harmony Search Algorithm (HSA). Both algorithms are
renowned for their efficacy in solving multi-objective and complex optimization problems.
The GA operates by simulating the process of natural selection, allowing it to efficiently
search through large solution spaces to find the optimal configurations for reducing costs.
On the other hand, HSA mimics the improvisation process of musicians, exploring various
combinations to arrive at the most harmonious solution.

To test the effectiveness of these algorithms, the research utilized a set of real-world data
from the paper packaging industry, including cost data related to production,
transportation, recycling, and customer demand. A comprehensive set of cost components,
including fixed costs for establishing production centers, transportation costs between
different supply chain nodes, and costs associated with inventory management and
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shortages, was included in the analysis. The model was tested under several scenarios to
evaluate the performance of the two algorithms in optimizing the vertically integrated
supply chain.

Results and discussion

The results of the study demonstrated the superiority of the vertically integrated model
in reducing supply chain costs compared to traditional non-integrated approaches. By
integrating the production processes of paper and cardboard, the model achieved
significant cost savings, particularly in the areas of transportation and inventory
management. The application of HSA proved to be more effective than GA, offering a
reduction of 11% in overall supply chain costs, compared to a 10% reduction achieved by
GA.
The performance of both algorithms was evaluated based on several criteria, including the
total cost savings, the time taken to converge to an optimal solution, and the uniformity and
stability of the solutions. HSA outperformed GA in all of these areas, demonstrating faster
convergence and more consistent results across different scenarios. The key advantage of
HSA lay in its ability to explore the solution space more thoroughly, leading to better overall
outcomes in terms of cost reduction and process efficiency.
Moreover, the integration of production centers led to improved coordination across the
supply chain, reducing inefficiencies and streamlining the flow of materials from production
to recycling. This not only resulted in cost savings but also enhanced the sustainability of the
process by reducing the need for raw material extraction and minimizing waste generation.
Both algorithms showed significant improvements in reducing inventory holding costs and
shortage penalties, thus improving the responsiveness of the supply chain to fluctuations in
demand.
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Figure 1. Cost Reduction and Comparison Chart Between Harmony Search Algorithm and Genetic
Algorithm
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Conclusion

This research investigates the optimization of the paper and cardboard supply chain
through the vertical integration of production centers. Vertical integration was employed as
a strategic approach to reduce costs, enhance operational efficiency, and improve
coordination within the supply chain. Optimization was conducted using two metaheuristic
algorithms: the Harmony Search Algorithm (HSA) and the Genetic Algorithm (GA). The
findings demonstrate that the Harmony Search Algorithm achieved an 11% reduction in
overall supply chain costs, outperforming the Genetic Algorithm and exhibiting superior
efficiency in reducing transportation, inventory, and total supply chain expenses. These
results underscore the effectiveness of combining optimization algorithms with vertical
integration strategies to enhance performance and minimize costs. Comparison with
Previous Studies:

Prior research has largely focused on optimizing supply chains using metaheuristic
algorithms without considering the effects of vertical integration. The results of this study
indicate that integrating advanced optimization algorithms with vertical integration
strategies can result in significant cost reductions and improved sustainability within the
supply chain. Notably, the Harmony Search Algorithm demonstrated superior performance
due to its faster convergence and greater cost reduction capabilities compared to
conventional optimization methods. Future Directions and Generalizability:

This study proposes that future research should examine the influence of uncertainty
parameters, such as demand fluctuations, changes in operational costs, and varying
environmental conditions, to further enhance the performance and applicability of the
proposed models. Furthermore, the utilization of other metaheuristic algorithms, such as
Particle Swarm Optimization, Ant Colony Optimization, or hybrid approaches, could further
refine optimization models and improve the efficiency of supply chain systems. This
research trajectory has the potential to generalize the findings to similar industries and
diverse applications, thereby enhancing the sustainability and overall performance of
closed-loop supply chains.
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