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With the rapid rise in the use of glass containers in the food and
pharmaceutical industries, demand for a sustainable and efficient packaging
supply has increased significantly. At the same time, environmental
concerns and regulatory requirements regarding waste recycling have
turned the design of glass-container supply chains into a strategic challenge
in industrial management. In response, this study proposes a three-phase
hybrid approach for designing a closed-loop supply chain for glass
containers under transportation-infrastructure disruption risks and
uncertainty. In Phase 1, a system dynamics approach is employed to forecast
customer demand. In Phase 2, suppliers are ranked using the Combined
Compromise Solution (COCOSO) multi-criteria decision-making method.
Building upon the outcomes of these phases, Phase 3 develops a multi-
product, multi-period stochastic programming model that minimizes the
total cost of the glass-container supply chain while determining decisions
such as supplier selection, production quantities, transportation flows
across echelons, lateral transshipments among distribution centers,
recycling, disposal, and shortage management. The proposed model is
implemented on three numerical examples, and the results of the sensitivity
analysis on the key parameters of the problem are presented.
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1. Introduction

Glass containers are among the most common and
reliable types of packaging, playing a vital role in
preserving the quality, safety, and shelf life of food,
beverages, and pharmaceutical products (Pourjavad
& Mayorga, 2019; Baptista et al., 2019). Their unique
physical and chemical properties make glass a safe
and dependable alternative to other packaging
materials. Moreover, glass containers are naturally
non-toxic, odorless, impermeable, and 100%
recyclable without degradation in quality, which not
only conserves natural resources but also reduces
long-term production costs (Jabbarzadeh et al,
2018). Consequently, glass packaging is widely
recognized as a core component of optimized
packaging systems in highly sensitive industries.
With the growing demand for glass containers across
various sectors, the efficient design and management
of their supply chains have become increasingly
important (Malekpour Kalbadinejad & Bagherinejad,
2023). The supply chain of this product encompasses
the procurement of raw materials, production,
distribution, collection, recycling, and disposal—
each of which requires careful coordination and
informed decision-making at different operational
levels.

Given the dependence of glass container production
on specific raw materials and high energy
consumption, adopting a closed-loop supply chain
approach can significantly reduce the use of virgin
materials, optimize energy consumption, and
reintegrate waste into the production cycle, thereby
generating considerable economic and
environmental benefits (Guide & Van Wassenhove,
2009). This approach integrates both forward and
reverse flows and enables a comprehensive
management of the product life cycle. Nonetheless,
the multi-stage nature of the glass supply chain and
its reliance on specialized resources and
infrastructure expose it to various types of
disruptions (Hassanpour et al., 2023). Challenges
such as fluctuations in the supply and price of raw
materials, production constraints, and
transportation disruptions may increase costs and
reduce service quality. Therefore, designing a
resilient and flexible supply chain capable of
withstanding such disruptions is of paramount
importance (Sadjady Naeeni & Sabbaghi, 2022).
Disruptions occurring in one part of the chain often
propagate downstream, causing instability in
production and distribution planning. Accordingly,
identifying, characterizing, and analyzing potential
disruptions is essential for improving efficiency and
mitigating the costs associated with uncertainties
(Motavalli et al., 2024).

To address these challenges, this study proposes a
three-phase hybrid framework to design a closed-
loop supply chain for glass containers:

e  First, using the system dynamics approach,
a conceptual model of demand behavior is
simulated and forecasted.

e Secondly, the CoCoSo multi-criteria
decision-making method is applied to
evaluate and rank suppliers based on key
performance criteria.

e Thirdly, leveraging the outputs of the first
two phases, a mixed-integer programming
model is developed in the third phase to
design the glass container supply chain
under disruption risks and uncertainty.

The objective of the model is to minimize total
supply chain cost by determining strategic and
tactical decisions such as supplier selection,
production quantities, transportation flows at
different stages, lateral transshipment between
distribution centers, recycling, disposal, and unmet
demand management.

2. Problem Description

The supply chain examined in this research consists
of two main flows: a forward flow that begins with
raw material procurement and continues through
production until the final product is delivered to
customers, and a reverse flow that moves from the
production stage toward recycling or waste disposal.
The network includes raw material suppliers,
manufacturers, sorting centers, recycling facilities,
disposal sites, distribution centers, and customers. In
the forward flow, raw materials are delivered from
suppliers to manufacturers; after production, intact
products are shipped to distribution centers and
subsequently to end users. At the same time, a
portion of the produced items may be defective and
is therefore sent to sorting centers, where recyclable
and non-recyclable waste streams are separated.
Recyclable waste is processed and returned to the
production cycle, while non-recyclable waste is
directed to disposal facilities.

One of the critical dimensions of this supply chain is
the impact of transportation disruptions on the
distribution of intact products to customers. These
disruptions are modeled wusing a two-stage
stochastic programming approach. In the face of
such disruptions, if proper infrastructure for rapid
response is not available, the fulfillment of customer
demand is interrupted, and the overall efficiency of
the supply chain is adversely affected. To manage
these disruptions, the model incorporates a lateral
transshipment strategy between distribution
centers. This mechanism enables the system to
redirect products from other distribution centers to
the affected customer whenever a problem occurs in
a particular center or route, thereby mitigating the
impact of the aforementioned supply chain
disruptions. The objective of the proposed model is
to minimize the total cost of the glass supply chain
while determining decisions such as supplier
selection, production quantities, transportation

Y oylos /7 0,90 1F+0 Ju/6)3°)@5www



Y4

Yazdi et al.

flows at different levels of the supply chain, lateral
transshipment, recycling, disposal, and unmet
demand management.

3. Methodology

The proposed methodology consists of three
integrated phases to design a closed-loop supply
chain for glass containers under disruptions.

e Phase 1: Demand Forecasting Using System
Dynamics

In the first phase, a system dynamics approach is
employed to simulate and forecast customer demand
over the planning horizon. A causal loop diagram is
developed to represent the feedback-driven
relationships among key factors such as product
quality, advertising, customer acquisition, and
customer churn. This conceptual model is then
translated into a stock—flow structure in which
“current demand” acts as the main state variable
influenced by the inflow of demand rate and the
outflow of customer churn. Auxiliary variables—
including advertising, product quality, churn rate,
and customer acquisition—capture nonlinear,
delayed, and accumulative behavioral patterns
within the system. The SD model is implemented to
generate realistic demand patterns that serve as
inputs to the optimization phase.

e  Phase 2: Supplier Ranking Using the CoCoSo
Method

In the second phase, raw-material suppliers are
evaluated using the CoCoSo multi-criteria decision-
making method. Since supplier performance affects
product quality, recyclability, defect rates, and
overall supply chain cost, multiple quantitative and
qualitative criteria are incorporated, such as price,
delivery time, location, accessibility, quality,
serviceability, communication, reputation, and
flexibility. The decision matrix is constructed and
normalized according to cost- and benefit-type
criteria. Three CoCoSo scoring strategies—linear
weighted  aggregation, exponential weighted
aggregation, and a compromise formulation—are
applied, and the final supplier scores are computed
by integrating these strategies. The top-ranked
suppliers identified in this phase are used as input
candidates for the optimization model.

e Phase 3: Two-Stage Stochastic Optimization
Model

In the third phase, a multi-product, multi-period,
two-stage stochastic programming model is
developed to design the closed-loop supply chain
under transportation disruption scenarios. The first
stage determines strategic decisions such as supplier
selection, while the second stage addresses tactical
decisions  including  production  quantities,
transportation flows, defective product flows,
recycling, disposal, lateral transshipment between
distribution centers, and unmet demand. The
objective function minimizes total costs across all
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scenarios. The model incorporates capacity
constraints, material balance equations, quality-
based production ratios, recycling and disposal
relationships, and disruption-adjusted demand
satisfaction constraints. Lateral transshipment is
explicitly included as a resilience mechanism to
mitigate the effects of transportation infrastructure
disruptions.

4. Results

The simulation results demonstrate that dynamic
demand behavior is highly sensitive to product
quality, and even modest improvements in quality
generate nonlinear increases in customer attraction
and retention. Moreover, cumulative improvements
in product quality positively influence overall market
growth. High-quality products directly enhance
customer loyalty, helping to retain existing
customers and reduce churn. Also, by incorporating
the CoCoSo method into the modeling pipeline, the
study ensures that selected suppliers—ranked based
on quality, serviceability, flexibility, cost, and
logistical accessibility—serve as reliable inputs to
the optimization model.

Sensitivity analyses of the production rate of defect-
free products (a) and the recyclable-scrap separation
rate ([3) reveal that both parameters exert strong yet
asymmetric influences on total system cost.
Improvements in «a generate substantial cost
reductions due to decreased reliance on virgin
materials and lower defect-related handling
requirements, while increases in 3 yield additional
but comparatively smaller efficiency gains. The
interaction between these parameters is particularly
noteworthy: when a is low, enhancing  plays a
compensatory role by recovering more material into
the production loop; whereas at higher a levels, the
marginal benefit of recycling diminishes. These
insights suggest that cost-effective decision-making
requires a coordinated policy that simultaneously
targets quality enhancement and recycling efficiency
instead of optimizing either dimension in isolation.
Such integrated strategies not only minimize
operational costs but also strengthen the long-term
viability of the closed-loop system.

5. Conclusion

In this study, a hybrid framework was developed for
designing a closed-loop supply chain for glass
containers under uncertainty and disruption. In the
first phase, customer demand over the planning
horizon was forecasted using a system dynamics
approach. In the second phase, the CoCoSo multi-
criteria decision-making method was employed to
evaluate and rank suppliers based on key indicators
such as price, flexibility, and delivery time. In the
third phase, the outcomes of the first two phases
were used as input parameters for a multi-product,
multi-period stochastic optimization model. The
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objective of this model was to minimize the total
supply chain cost under various disruption scenarios.
The results obtained from three numerical examples
show that the proposed framework effectively
integrates demand forecasting, optimal supplier
selection, and lateral transshipment as a resilience
strategy, thereby reducing total costs while
enhancing the flexibility and adaptability of the
supply chain in the face of disruptions. The findings
also indicate that supply capacity, the rate of
producing intact products, and the consideration of
lateral transshipment have the greatest influence on
supply chain performance.

Managerial insights can be summarized as follows:

e Lateral transshipment between distribution
centers can reduce total costs under
transportation disruptions; therefore,
managers should consider alternative routing
strategies when designing the glass container
supply chain.

e Employing multiple sourcing options
enhances supply chain flexibility in situations
involving reduced capacity or disruptions,
making it essential to ensure supply
continuity during critical conditions.

e Demand is influenced by product quality and
consumer behavior. By using system
dynamics, managers can assess the impact of
marketing policies or quality improvements
before implementation, helping to avoid
sudden fluctuations in production or
inventory.

e Increasing the proportion of intact products
lowers total supply chain costs; thus,
investing in quality improvement enhances
both cost-efficiency and system performance.

Future research directions include:

e Integrating the proposed model with
operational decisions such as vehicle routing
and scheduling to obtain more realistic
estimates of cost and performance.

e Applying data-driven approaches to cluster
customers based on demand patterns,
geographic location, and disruption risk to
design more effective production and
distribution policies.

e  Considering multiple types of disruptions in
facilities and transportation links and
developing resilience strategies such as

alternative routing, pre-positioned
emergency inventory, and backup supplier
contracts.
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Table 2. Mathematical Relationships of the Stock-Flow Model
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Figure 4. The impact of different disruption scenarios on the total supply chain cost
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Figure 6. Trend of demand rate with respect to
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Figure 9. The impact of the production rate of defect-free products and the separation rate of recyclable scrap on
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