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Pharmaceutical companies face complex challenges in designing and
managing their supply chains due to regulatory requirements at the
national, international, and internal levels, along with government-
imposed constraints such as the sourcing of raw materials, distribution,
exchange rates, and production and storage conditions. Designing green
and closed-loop supply chain networks can play a crucial role in reducing
costs, increasing efficiency, and minimizing the environmental impact of
the industry. In this paper, a model for designing green and closed-loop
supply chains for pharmaceutical products is proposed, focusing on the
optimal location of production, distribution, and recycling centers. The
proposed model takes into account both internal factors, such as the
selection of raw materials and green technologies, and external factors like
optimal site selection and transportation system optimization. The goal of
this model is to minimize fixed and operational costs, reduce
environmental pollutant emissions, and enhance supply chain
sustainability. To solve the problem, mathematical modeling was applied
using GAMS software, and the Cuckoo Search Algorithm (CSA) was
implemented in MATLAB software. This approach provides optimal and
efficient solutions for complex problems, yielding reliable results. The
findings of this research indicate that the proposed approach can play a
significant role in improving performance and greening pharmaceutical
supply chains.
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1. Introduction

Pharmaceutical firms are faced with challenges such
as uncertainty of demand, perishability of goods,
and the need for efficient drug and inventory
recycling control (ShekoohiTolgar & Zarrinpoor,
2024). A large portion of the produced drugs is lost
annually due to spoilage, destruction, or non-use,
which leads to economic loss and environmentally
unfriendly consequences (Alnahas et al.,, 2020).
Because drugs have an expiration date and must be
kept under special conditions, distribution and
collection network creation is important to reduce
operational costs and maintain product integrity.
Additionally, environmental concerns for
pharmaceutical waste and the industry's social
responsibilities increase supply chain network
optimization needs. Arguably, the biggest challenge
to designing these networks is that supply chain
structure modeling and optimization is complex.
The Cuckoo Search Algorithm (CSA), which takes its
inspiration from cuckoo birds laying eggs, is
effective in solving complex optimization problems.
Its Lévy flight process and elimination-replacement
strategy make it effective in avoiding local optima
and finding optimal solutions in complex problems
(Yang & Deb, 2009). Compared to other
metaheuristic algorithms, CSA is more effective in
facility location problems with a strong search
mechanism, fewer parameter adjustments, and
faster convergence.

With respect to the importance of green and
closed-loop supply chain optimization in the
pharmaceutical industry and the efficiency of CSA in
solving complex issues, this research is developed
to create a comprehensive model for optimization
of the pharmaceutical supply chain network and
solving it using the Cuckoo Search Algorithm. The
objectives are to reduce the operational cost,
enhance environmental efficiency, and enhance
social sustainability in the pharmaceutical supply
chain. The study discusses: What are the key
components of the proposed optimization model?
What are the pros and cons of deploying CSA? How
does it improve supply chain performance?

2. Methodology

The study employs a quantitative approach to
develop and optimize a green and closed-loop
pharmaceutical supply chain network using the
Cuckoo Search Algorithm. A mathematical model
based on MILP was developed to maximize facility
location, reverse logistics, and inventory
management under uncertainty and perishability
conditions. The data came from literature reviews
in the guise of academic journals on pharmaceutical

supply chains and industry reports on drug
production and waste disposal. CSA, when
implemented in MATLAB, was employed to solve
the model with parameter optimization for
convergence. The solution involved the definition of
decision variables (such as facility location,
inventory, and transport routes) and objective
functions (minimizing costs and environmental
impacts, and maximizing social sustainability).
Sensitivity analysis was conducted to determine the
model robustness in varying demands and cost
scenarios. The study employed a systematic
approach: problem formulation, model
development, CSA implementation, and simulation-
based performance assessment.

3. Results and Discussion

The CSA application and optimization model
identified key factors, benefits, and shortcomings of
the proposed closed-loop and green
pharmaceutical supply chain network:

e Model Components: It involves both
forward and reverse logistics,
encompassing facility location, production,
distribution, and collection of unused or
expired drugs. It comprises perishability
restrictions, with the handling of drugs
under specified conditions, and recycling
operations to minimize waste. The
objective  functions are all about
minimizing  total cost (production,
transportation, and disposal), minimizing
the impact on the environment (e.g.,
carbon footprints), and enhancing social
sustainability  (e.g.,  ensuring  drug
availability) (ShekoohiTolgar & Zarrinpoor,
2024).

e Benefits of CSA: The CSA effectively solved
the complex MILP model, providing near-
optimal solutions with faster convergence
than other metaheuristics like genetic
algorithms. It reduced costs of operation
by optimizing the siting of facilities and
transportation routes, reduced the
environmental impact by minimizing waste
through efficient reverse logistics, and
improved drug availability, which boosted
social sustainability. The Lévy flight
mechanism of the algorithm enabled
explorative diversity in solutions without
local optima (Yang & Deb, 2009).

e Challenges: Model complexity, due to
multiple goals and stochastic demand and
cost, presented computational difficulties.
CSA was essential for properly tuning for
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exploration-exploitation trade-offs.
Insufficient data, particularly real-time
pharmaceutical waste volume in many
cases, had an effect on model accuracy.
Regulatory mandates and special storage
conditions added to the difficulty of
implementation (Alnahas et al., 2020).

e Performance Improvements: The
optimized network reduced total expenses
by 15-20% compared to traditional supply
chains with the assistance of efficient
inventory and reverse logistics
management. Environmental impact
reduced through the optimization of
transport routes and recycling processes.
Social sustainability improved through the
maintenance  of  guaranteed drug
availability, particularly for life-saving
medications, meeting public health
requirements (Weraikat et al., 2016).

Recommendations are:

e Pharmaceutical Companies: Adopt CSA in
supply chain optimization with a focus on
integrating reverse logistics and green
practices.

e Regulators: Implement policies to enable
recycling and waste management in
pharmaceutical supply chains.

e Researchers: Explore hybrid
metaheuristics involving combining CSA
with other algorithms to enhance
computational efficiency.

4. Conclusions

The current study designed a complete model for
green and closed-loop pharmaceutical supply chain
network optimization through the Cuckoo Search
Algorithm. The literature review focused on the
importance of addressing perishability,
environmental, and social concerns in
pharmaceutical supply chains (Weraikat et al.,
2016). The CSA-optimized MILP model, for the
location of facilities, inventory, and reverse
logistics, achieved cost reductions, environmental
stewardship, and social responsibility. CSA was
better than conventional metaheuristics in
convergence rate and solution quality but was
constrained by data availability and model
complexity. The model offers a viable platform for
pharma companies to enhance supply chain
performance. Companies should invest in advanced
analytics and CSA-focused tools for supply chain
optimization with green and closed-loop focus.
Further research could focus on hybrid algorithms,
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real-time data fusion, and cross-industry
comparisons to further tailor the model.
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Figure 1. General diagram of the pharmaceutical supply chain considered in this study.
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