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In recent years, waste management has become a serious challenge due
to the increase in population, urbanization, and waste production.
Improper waste management not only damages the environment and
increases pollution, but also increases economic costs and has negative
effects on human health and quality of life. Therefore, designing a
sustainable supply chain that simultaneously considers economic,
environmental, and social dimensions is very important. Also, due to
the existence of uncertainties such as changes in the volume of waste
produced and supply chain costs, it is essential to consider these
factors in waste management. The aim of this research is to develop a
mathematical model of a sustainable reverse supply chain network for
municipal solid waste management. In this model, the parameters of
transportation costs between centers are considered as uncertain
parameters. Also, the robust optimization approach and the Bertsims-
Wasim method have been used to consider uncertainty. Finally, to
verify the validity of the model, a numerical example has been solved,
which, due to the multi-objective nature of the model, has been solved
using the epsilon constraint method. Based on the results, the designed
model can reduce waste management costs, including waste
transportation costs and operational costs such as collection,
separation, processing, and recycling.
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Introduction

In recent years, the advancement of societies and their industrialization have had negative
impacts on the environment, and serious actions must be taken to address these problems. In this
regard, attention to the principles of sustainability is considered a strategic necessity to ensure
survival and resilience against future crises. Developed countries are moving faster along this
path, while developing countries face numerous challenges due to limited resources, lack of
effective government support, and shortage of skilled labor. Under such circumstances,
businesses often prioritize their economic growth and overlook environmental aspects, thereby
causing harm to the environment.

Waste management, as one of the most important pillars of sustainable development, holds
significant importance. According to the 2021 report of the Research Center of the Islamic
Consultative Assembly of Iran, approximately 20 million tons of municipal waste were
generated in the country, of which more than 83 percent was produced by urban residents and
over 16 percent by rural residents. Given the large volume of waste generation, this issue has
become one of the most complex challenges faced by governments in protecting the
environment and controlling pollution. Proper waste management can prevent its negative
consequences on human health and the environment. Essential actions in this field include
raising public awareness, increasing investment, and developing practical programs.

For the effective management of municipal solid waste, it is essential to develop an efficient
reverse supply chain that considers all three dimensions of sustainability—economic,
environmental, and social.

The design of a sustainable supply chain network is a complex process that involves decision-
making related to the location of facilities, waste disposal and recycling centers, transportation
routing, and inventory management. These decisions can influence environmental, social, and
economic impacts. To achieve sustainability, factors such as reducing carbon emissions and
pollution (environmental), minimizing costs or increasing profits (economic), and addressing
ethical issues, social responsibility, and enhancing citizen satisfaction or job creation (social)
must be taken into account. Concepts such as reverse logistics have been developed to create a
balance among these dimensions.

One of the major challenges in achieving sustainability is the consideration of uncertainties.
Factors such as demand fluctuations, market dynamics, changes in laws and regulations, and the
availability of resources—such as those affected by natural disasters or climate change—can
have negative impacts on supply chain management and its sustainability. These uncertainties

may lead to increased costs or waste generation. One possible solution to address these
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challenges is the development of mathematical optimization models that are capable of
incorporating the unpredictability of the supply chain.

Studies conducted in the field of sustainable supply chain design for waste management have
shown that there are relatively few studies that simultaneously consider all three dimensions of
sustainability—economic, environmental, and social—along with parameter uncertainty, using a
robust optimization approach [6]. In some studies, limited attention has been paid to social
aspects, which prevents the achievement of a truly sustainable and efficient supply chain.
Moreover, this negligence may lead to negative impacts within the supply chain, such as
violations of labor rights, human rights, or ethical principles. Therefore, it is essential to take all
three dimensions of sustainability into account.

In addition, previous research on waste management and recycling has mostly been based on
deterministic parameters in decision-making, whereas, as mentioned earlier, in real-world
situations, many parameters are uncertain—such as the amount of collected waste or
transportation costs—and these uncertainties can have significant effects on economic and
environmental aspects, which must be considered.

Considering the aforementioned research gaps and the need to obtain reliable solutions under
uncertainty, the objective of this study is to develop a multi-objective mathematical model for
designing a sustainable reverse supply chain network for municipal solid waste management. In
this model, all three dimensions of sustainability are incorporated, and uncertainty is addressed
through the application of robust optimization. To achieve this goal, the research seeks to answer
the following questions:

How can the economic, environmental, and social dimensions of sustainability be incorporated
into the mathematical modeling of waste management? And what is the structure of a robust
optimization-based sustainable reverse supply chain model for municipal solid waste

management?
Methodology

In this study, to optimize the sustainable reverse supply chain of municipal solid waste, a multi-
objective, multi-echelon, and single-period mathematical network model with a linear
programming approach is proposed. First, the mathematical model is developed under
deterministic conditions, and then, to account for uncertainty in non-deterministic parameters, a
robust counterpart of the model is formulated using the Bertsimas and Sim robust optimization
approach. In the robust model, the transportation cost parameters for each unit of waste

transported to different locations are considered as uncertain parameters.
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The starting point of the supply chain, denoted by 1, represents the sources of waste generation,

including households, companies, and organizations, as well as the collection of waste from

bins. Subsequently, the generated waste is transported by vehicles to collection centers, and then

to sorting centers, where different types of waste are separated. In the next stage, the waste is

transferred to processing centers so that recyclable waste can be sent to recycling centers, while

non-recyclable waste is transported to disposal centers.

The assumptions of the proposed mathematical model are as follows:

e The designed sustainable supply chain model is multi-objective, simultaneously addressing
three goals: economic, environmental, and social.

eThe locations of various facilities in the supply chain—including collection, sorting,
processing, recycling, and disposal centers—are predetermined.

e The transportation routes for transferring waste between facilities are also predetermined.

e The model is multi-echelon, consisting of collection, sorting and separation, processing,
recycling, and disposal centers.

e The designed supply chain model is single-period and developed for one planning period.
Findings

The multi-objective model was solved using the e-constraint method. The economic objectives,
namely minimizing system costs, and the environmental objectives, which include reducing
pollution, align with each other but are in conflict with the social objective. Sensitivity analysis
of operational costs indicates that when the initial value of these parameters decreases, the
objective function value also decreases; conversely, when they increase, the economic objective
value rises under both deterministic and uncertain conditions, since the economic function is
directly related to these parameters. However, the environmental and social objective functions
remain unchanged when this parameter varies. When the operational cost parameter changes by
20 percent, the economic objective changes by 12.28 percent under the deterministic case and
by 12.06 percent under uncertainty. Similarly, when this uncertain parameter changes by 40
percent, the economic objective changes by 24.54 percent under the deterministic condition and
by 24.13 percent under uncertainty.

Furthermore, the sensitivity analysis of the vehicle capacity parameter shows that when this
parameter changes by 10 percent, the total costs change by 9.99 percent under both deterministic
and uncertain conditions. A 20 percent change in this parameter leads to a 19.98 percent change
in costs, while a 10 percent change in vehicle capacity results in a 6.86 percent variation in the

environmental objective function and a 10 percent variation in the social objective function.
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Conclusion

In this study, a multi-objective, multi-echelon, single-period mathematical model was developed
to design a sustainable reverse supply chain network, encompassing three objectives: economic,
environmental, and social. The economic objective function includes the costs of the supply
chain, such as transportation, operational, and facility establishment costs. The environmental
objective function focuses on reducing pollution caused by transportation and operational
processes at various facilities. Finally, the social objective function is developed with the goal of
increasing employment opportunities. The different echelons of this supply chain include
collection, sorting, processing, recycling, and disposal centers.

In the robust model, transportation costs of waste are considered as uncertain parameters due to
their dependence on route conditions, fuel prices, and traffic, and the model was reformulated
using the Bertsimas and Sim approach to ensure robustness against parameter fluctuations. The
e-constraint method was used to obtain Pareto-optimal solutions.

The results indicate that environmental pollution can be optimized by controlling waste
transportation, the number of vehicles, and supply chain costs. Reducing pollution also
contributes to lowering supply chain costs. Furthermore, increasing the ratio of recycled to
disposed waste not only helps reduce pollution and costs but also decreases the consumption of
primary resources, thereby supporting environmental preservation. Ultimately, the model, with
its focus on increasing employment opportunities, improves the economic status of the
community and enhances societal satisfaction. Considering uncertainty and applying the robust
optimization approach allows for obtaining optimal and reliable solutions under varying
economic conditions and cost fluctuations, making the model suitable for real-world

applications.
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