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The aim of this paper is to investigate and propose a novel mathematical
model to enhance the performance of production systems in the
petrochemical industry by utilizing a closed-loop supply chain approach.
The mathematical model is designed to optimize material flow,
procurement, and product distribution within petrochemical systems, and is
capable of accommodating uncertain demand. The objective functions
considered include transportation and inventory costs (as the first objective
function) and the level of pollution at treatment and distribution centers (as
the second objective function). The primary goal of this research is to
develop a mathematical model that simultaneously manages production
costs and environmental pollution within the closed-loop supply chain of
petrochemical products. The model seeks to find an optimal balance
between costs and the environmental impacts arising from the production
and distribution of petrochemical products. The proposed model is solved
using the weighted sum method and the NSGA-II metaheuristic algorithm.
According to the results obtained for the objective function, it is observed
that the value of the objective function is highly sensitive to the weight
assigned to the first objective. Increasing this weight leads to an increase in
the objective function value, whereas a higher weight for the second
objective results in a decrease in the objective function value. The findings
indicate that the minimum value of the objective function is 35,996.988.
Additionally, the results of the metaheuristic approach demonstrate that as
the problem size increases, its computational complexity increases as well.
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1. Introduction

Most enterprise architectures have traditionally
adopted a linear approach, adhering to the value
chain  model, which involves production,
consumption, and disposal, consequently depleting
the Earth's natural resources (Hejazi, 2025).
Consequently, sustainable development guidelines
increasingly advocate for a transition from linear to
closed-loop supply chain models, incorporating
circular principles such as reuse, refurbishment, and
recycling in innovative ways (Bahrami et al., 2025).
Therefore, the integration of closed loops within
supply chains has garnered significant attention
from researchers, practitioners, and policymakers as
a strategy to enhance sustainability outcomes in
businesses (Alghababsheh & Gallear, 2022).
Numerous companies are actively seeking solutions
to accelerate comprehensive initiatives and
transition toward more circular supply chains (Iji et
al., 2025). This shift necessitates not only innovation
in products, processes, and technologies but also in
business models, which must incorporate novel
recycling systems to facilitate the return of used
products (Mozafari & Savari, 2025). Moreover,
establishing a closed-loop supply chain is not
feasible for a single organization, as it requires
collaboration among various supply chain entities
and other stakeholders from similar or diverse
sectors (Safaie et al., 2025).

In general, a transformation in an organization’s
business model impacts the operations of other
entities involved in its supply chain. Thus, a systemic
approach to managing the efficient use of materials,
energy, and other valuable resources through higher
rates of recycling, reuse, and regeneration is essential
for success. However, there remains limited
theoretical and empirical knowledge regarding this
phenomenon (Yang et al,, 2018). The need to meet
global demand sustainably, which continues to
grow, underscores the importance of effective and
efficient supply chain management. Specific sectors,
such as the automotive industry, operate within
complex supply chain networks that contribute to
environmental degradation along their value chains.
To enhance operational, economic, and social
performance through improved sustainability, many
companies have begun integrating new or recycled
materials, cleaner technologies, and innovative
organizational and logistical practices (Gonzdlez-
Sanchez et al., 2020).

Sustainability has sparked extensive discourse
within academic literature, particularly in supply
chain management (SCM). Nevertheless, global
patterns of production, consumption, and trade
remain  perilously  unsustainable. =~ Without
transformative changes in sourcing, production,
delivery, use, recovery, and regeneration of products,
the world will continue to deplete significant natural
resources  at  current consumption levels
(Abolghasemian et al., 2024). A pivotal philosophy

that may facilitate such transformation is the
circular economy (CE). This paradigm is increasingly
recognized as a viable alternative to the conventional
economic model. The CE framework is emerging as a
significant driver of sustainability in both theory and
practice, offering substantial potential to support
organizations in achieving sustainable performance
outcomes (Farooque et al., 2019).

Circular supply chains have evolved into a strategic
variable for organizations, extending beyond
environmental considerations. Furthermore, there is
a critical research trajectory that emphasizes the
broader socio-economic implications affecting
various  stakeholders, contributing to the
development of studies on transitioning toward
more sustainable production systems. Defining a
new scope of specific practices to effectively
implement circular economy principles in supply
chains is essential, necessitating the adoption of
systemic innovations (Govindan et al., 2023).

2. Methodology

In this section of the article, a mathematical model is
proposed for the transportation and distribution of
condensates as a production system aimed at
reducing costs and investments while mitigating the
adverse effects of greenhouse gas emissions.
Generally, the objective functions considered in the
mathematical modeling include: transportation
costs (A), inventory costs (B), environmental
pollution at processing centers (C), and
environmental pollution at distribution centers (D).
To address the limitations of methods when the
number of objectives exceeds two, and considering
that some objectives, such as A and B, as well as C
and D, share the same units, the sum of objectives
with identical units is taken as the final objective,
transforming the problem into a bi-objective
optimization. Thus, the objectives considered in the
modeling are formulated as follows: 1) min (F1) = A +
B;2) min (F2) =C +D.

3. Results and Discussion

This section presents the numerical results of the
proposed mathematical model for optimizing the
transportation and distribution of condensates in a
circular supply chain within the petrochemical
industry. The model, formulated as a linear
programming problem, aims to minimize costs and
environmental pollution, with objective functions
combining transportation and inventory costs (F1 = A
+ B) and environmental pollution from processing
and distribution centers (F2 = C + D). The problem
was solved using the weighted sum method,
transforming the multi-objective problem into a
single-objective one, with weights assigned to each
objective (w1 for F1 and w2 for F2, where w1 + w2 =1).
The results indicate that the objective function value
is highly sensitive to the weight of the first objective
(w1), increasing as w1 increases and decreasing as w2
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(weight of the second objective) increases. The
minimum objective function value of 988.35996 was
achieved when w1 =0.1and w2=0.9.

The model was implemented in GAMS software for a
small-scale problem, with calculations based on
predefined sets and parameters. Key findings include
zero condensate transfers from certain fields to
processing centers in specific periods and a
maximum transfer of 106.080 units in the third
period from the first field to the first processing
center. Inventory levels at processing centers were
also zero in the first two periods, peaking at 20.749
units in the third period. The NSGA-II metaheuristic
algorithm was employed to solve the model, with
parameters tuned using the Taguchi L9 design. The
algorithm’s performance was compared to exact
methods across small, medium, and large problem
sizes, demonstrating that NSGA-II significantly
reduces solution time while maintaining accuracy,
with errors below 0.05 deemed negligible. This
validates NSGA-II's effectiveness for large-scale
problems.

A sensitivity analysis was conducted on field
capacity, a critical parameter affecting the objective
function. Increasing capacity by 100 units raised
transportation costs due to higher production, while
decreasing capacity by 100 units reduced costs but
led to lost sales opportunities from exports. Overall,
the results confirm the model’s ability to optimize
production and distribution decisions, supporting
cost reduction and environmental sustainability in
the petrochemical supply chain.

4. Conclusions

This article addresses the integration of two critical
decision-making domains in the petrochemical
products sector, namely production planning and
distribution planning. In this regard, it is noteworthy
that decisions in production planning have a direct
impact on distribution planning. If products are not
prepared and made available according to a proper
schedule, the distribution unit will also be unable to
fulfill customer requirements in a timely manner. For
this reason, it is essential and necessary to study
production planning and distribution planning in an
integrated manner. To this end, a mathematical
model is first proposed to optimize the decision
variables related to production and distribution.
Therefore, through the precise execution of this
research, we can achieve enhanced collaboration
among organizations in the petrochemical supply
chain, leading to increased efficiency, reduced costs,
and improved environmental performance. For
instance, the establishment of digital platforms and
shared information systems that provide all supply
chain stakeholders with access to relevant data and
information can facilitate improved communication
and coordination. The development of collaboration
contracts that encompass shared objectives,
responsibilities, and commitments for each
organization can foster motivation for cooperation
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and mitigate tensions. Identifying and establishing
common goals for all supply chain stakeholders,
such as cost reduction, quality improvement, and
pollution minimization, can further incentivize
greater collaboration. By implementing these
strategies, organizations in the petrochemical supply
chain can enhance their cooperative efforts and
attain superior outcomes in economic and
environmental domains. This article, which pursues
the objectives of integrating production planning
and distribution planning in the petrochemical and
refining industries, as well as simultaneous
production and distribution planning to meet the
requirements  for  petrochemical derivatives,
accomplishes this through the presentation of a
mathematical programming model. Based on the
obtained results for the objective function, it is
observed that the value of the objective function is
highly dependent on the weight of the first objective.
As this weight increases, the objective function value
rises, whereas a higher weight for the second
objective leads to a lower objective function value.
According to the results, in the scenario where the
weight of the first objective (w1 = 0.1) and the weight
of the second objective (w2 = 0.9), the objective
function attains its minimum value of 988.35996.
Furthermore, the metaheuristic method results
indicate that as the problem dimensions expand,
computational complexity increases. This is because
the solution time varies and escalates from one
problem instance to another. However, the solution
time using the NSGA-II metaheuristic algorithm is
considerably shorter compared to the exact method.
Therefore, for solving large-scale problems, reliance
on the NSGA-II algorithm can be justified, with
expectations of satisfactory performance.

This research exhibits similarities and differences
when compared to similar studies, such as those by
(Govindan et al., 2023) and (Jabarzadeh et al., 2020).
Firstly, all three studies present a mathematical
model for closed-loop supply chains. In the study by
(Jabarzadeh et al, 2020; Govindan et al., 2023),
minimizing carbon dioxide emissions is addressed,
while evaluate greenhouse gas emissions from
vehicles. Additionally, the current research, akin to
(Govindan et al, 2023) examines uncertainty in
demand rates to better approximate real-world
conditions. Unlike previous studies that solely
employed exact solution methods such as epsilon-
constraint, this research also utilizes a metaheuristic
algorithm. Moreover, greenhouse gas pollution levels
are calculated specifically and more precisely in
distinct segments, such as distribution. Many
petrochemical companies may withhold accurate
data related to production and distribution due to
confidentiality concerns. This issue can result in
inaccuracies and imprecision in the model's input
data. Furthermore, for future research, it is
recommended to extend the proposed model by
incorporating pollution emissions at production
centers alongside those at distribution centers.
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Additionally, categorizing pollution types by solids,
liquids, and gases can enable the determination of
which wastes exert greater influence on emission
levels. Moreover, incorporating social aspects, such
as employment and employee health, could be
considered for model development and future
investigations. Finally, to account for uncertainty,
parameters beyond demand rates—such as costs and
capacities—should also be examined.
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execution method.
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Figure 2. Executive flowchart of the NSGA-II algorithm.
Step 4: Create offspring using a crossover operator //[Start:
Step 5: Introduce genetic variation in the offspring Step 1: Generate an initial population
using a mutation operator Begin loop /* Loop until a termination condition is
Step 6: Replace some of the least fit individuals in met*/
the current population with the new offspring Step 2: Evaluate the fitness of a subset of
End loop individuals from the population
Finish//. Step 3: Select pairs of the fittest individuals for
reproduction
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Figure 3. Minitab output for Taguchi method in
NSGA-II algorithm.
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Table 16. Maximum capacity of fields
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Table 15. Comparative results of the solution in
small and medium dimensions
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Table 17. Field capacity with the addition of 100
units
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Table 18. Field capacity minus 100 units
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Figure 4. Sensitivity analysis on the capacity of the
fields and its impact on the objective function.
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