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Abstract

The competitive environment of the present age has focused the attention of
organizations on meeting the requirements of quality and socially responsible, because
organizations that adhere to the quality management framework achieve a higher level
of customer satisfaction. In addition, the shorter product life due to the development of
technology and changing customer needs reveals the need to pay attention to the
concepts of sustainability and reliability in the design of the supply chain network. In
this paper, the convergence of sustainability and reliability in supply chains is
considered and a model of economic, responsible, and reliable supply chain is
comprehensively and efficiently modeled. For this purpose, a nonlinear mixed-integer
programming model for the supply chain network design problem is considered as
three-objective, multi-product, multi-level, multi-source, multi-capacity, and multi-
stage. In this study, the normalized normal constraint (NNC) method is used to solve
the proposed multi-objective optimization problem and find Pareto optimal solutions.
In addition, numerical examples with random data in different dimensions have been
considered to measure the accuracy and overall performance of the proposed model and
by changing the various parameters of the model, the sensitivity analysis of target
functions has been performed to analyze the model behavior.

Keywords: sustainability, reliability, multi-objective optimization, NNC method,
closed loop supply chain network

1- Introduction

Supply chain network design is an interdisciplinary knowledge rooted in sciences such as management,
strategy, procurement, and operations research. The supply chain network design issue is a strategic
decision that refers to supply chain configuration and as a supply chain management infrastructure issue, it
has long-lasting effects on other tactical and operational decisions (Govindan et al., 2017). The highest
operating costs of organizations, which are usually not noticeable, are related to wrong decisions in the
design and establishment of facilities. To ensure efficient and effective supply chain network design,
strategic, tactical, and operational decisions must be optimized in an integrated manner (Shen, 2007).
Supply chain integration is recognized as the most important source of competitive advantage (Gulati et al.,
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2012). With increasing competition in the business world and the emergence and development of new
technologies, many companies have turned to integration. The need for flexibility, cost reduction, and close
and extensive communication between suppliers, manufacturers, and distributors, has led companies to gain
a competitive advantage by surviving today in a highly competitive environment by integrating their
systems and organization (Chopra and Meindl, 2007).

A supply chain includes all the stages (members of the chain) that are directly or indirectly involved in
meeting customer demand. In other words, a product goes through different stages of the chain to reach the
consumer. In some of these stages, the product is stored and in others, it is transported, that is, it is a supply
chain of a set of warehouses and shipments (Ballou, 2004). Coordinated management and control of supply
chain activities can provide quality and reliable products and services to customers quickly and at a minimal
cost. Most of the integrated supply chain models presented in previous studies can be categorized as
follows: Integrated Buyer-Seller, Integrated production-distribution Planning, Integrated Production-
Inventory Planning, Location-Allocation Models (Rizk et al., 2006). These issues are interdependent, so
they must be used simultaneously in an integrated manner to minimize costs or benefits in the chain (Chen
and Lee, 2004). On the one hand, forward and reverse networks are interdependent due to their
interconnection in some parts (for example, recycled materials may re-enter the forward chain). On the
other hand, by considering inverse logistics, achieving sustainable production (meaning resource protection
and environmental compatibility) is facilitated (Hamidieh et al., 2017). Thus, the integration of forward and
reverse flows in the supply chain with the aim of profitability and re-create value of returned products (Gaur
et al., 2017; Taleizadeh et al., 2019) and avoiding the sub-optimizations resulting from the separate design
of these two networks (Pishvaee & Razmi, 2012; Nurjanni et al., 2017), Highlights the importance of
closed-loop supply chain network design (Altmann & Bogaschewsky, 2014).

Today, companies are aware of the role of return materials in reducing production costs, trying to protect
the environment by accepting the responsibility of collecting return products. Transportation networks are
environmentally friendly by decrease emitting greenhouse gases, especially CO2, Therefore, they play an
important role in designing a green supply chain (Pan et al., 2013). The social aspect of supply chains is
related to social justice and the rights of stakeholders including employees, customers, and local
communities (Eskanderpour et al., 2015). Attention to social and environmental issues has led to the
creation of a new concept in business called corporate social responsibility. Recently, governments have
paid close attention to community participation and development as a key aspect of social responsibility,
especially in developing countries (Lakin & Scheubel, 2017). For example, according to the "Fifth
Development Plan of the Islamic Republic of Iran", issues related to job creation and balanced economic
development have been significantly welcomed.

The trend of globalization and the tendency to outsource, increasing financial pressures and the intensity
of competition, shortening product life and increasing customer expectations, rapid change and
technological progress, are the factors leading to integrated logistics and a closed-loop supply chain. The
issues of globalization, outsourcing of key activities, stakeholder cooperation, reverse logistics,
development of organizational socially responsible, development of advanced technologies, have become
more important at the beginning of the 21st century. Hence, most organizations have found that they need
to have an overview of business activities, especially in the supply chain and its management (Dakov &
Novkov, 2008). The concept of sustainable supply chain and the concept of reliable supply chain are two
of these concepts. Traditionally, economic optimization (higher profitability or lower cost) has been a
competitive advantage in supply chain network design. Recently, the ability of supply chain continuity as
one of the new paradigms in supply chain network design has become more important. Therefore,
simultaneous attention to the aspects of sustainability and reliability in supply chain network design, in
addition to gaining a long-term competitive advantage, will also have the ability to maintain supply chain.
In this research we try to answer the below questions;

1. How can sustainability and reliability considerations be added to a closed loop supply chain
network?

2. How can the method of normalized normal constraint (NNC) be applied to solve the mathematical
model of CLSC network?
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3. How can three objective functions be balanced simultaneously?
4. How can we maximize the profit, maximize the social responsibility and minimize the CO2
emissions?

The aim of the present study is to design a closed-loop supply chain network that is reliable and
inexpensive, while emphasizing socially responsible and customer satisfaction. Supply chains can use this
model at strategic (determining locations of production, distribution, collection and recycling) and tactical
(flow of materials and products in the network) decisions to achieve greater of profitability, socially
responsible and reliability. The proposed multi-objective integer complex linear programming optimization
model includes flow balance, production, operating capacity, weight and volume constraints of
transportation, and demand constraints. Maximizing profits by taking into account environmental impacts
as well as maximizing job opportunities created as well as maximizing system reliability, Considers the
issue of supply chain sustainability in the form of economic, environmental and social objective functions.

2- Review of research literature

Pishvaei et al. (2014) designed a sustainable drug supply chain network with three economic,
environmental, and social objective functions in the medical needle and syringe supply chain under
uncertainty. Four factors of socially responsible including local development, job creation, consumer risk,
and damage to workers, have been considered in their model. Khalifehzadeh et al. (2015) designed a four-
tier supply chain network with the aim of minimizing the operating costs of all elements of the supply chain
and maximizing system reliability and addressing deficiencies. A complex integer linear programming
model formulates the problem. Pasandideh et al. (2015) presented a linear two-objective mathematical
model for a multi-level, multi-product forward supply chain network. In this model, considering cost and
reliability as goals, a framework was presented in which warehouses are prone to stochastic breakage due
to various environmental factors. Fahimnia and Jabbarzadeh (2016) considered an optimization model
including a sustainability performance scoring method and a stochastic fuzzy multi-objective programming
approach. Zhalehchian et al. (2016) proposed a model for location routing inventory in a sustainable closed-
loop supply chain despite combined uncertainty. Environmental effects include greenhouse gas emissions,
fuel consumption, and energy consumption. Job opportunities and economic development as social factors
were considered. The uncertain nature of the network was also considered using a possibility programming
approach.

Rahmani and Mahoudian (2017) proposed a model for a supply chain network design problem with
respect to CO2 emissions and the reliability factor. CO2 emissions were examined from two aspects: carbon
emission costs along with fixed and variable costs of location and production (strategic decisions) and CO2
emissions related to transportation and production methods (operational planning). A robust approach has
been used to consider uncertain parameters. Yousefi Babadi et al. (2017) for a petrochemical supply chain
in uncertain environments, ie despite sabotage risks and less knowledge of parameters, proposed a multi-
objective nonlinear programming model. The goal is to minimize total cost and shipping costs by reducing
product production. In addition, the developed model identifies the optimal locations for a new distribution
center (DC), the central collection and disposal center, as well as the optimal allocation of customer areas
to each DC. Zahiri et al (2017), was designed a drug supply chain network under the uncertainty of a
sustainable and flexible integer linear programming model with the aim of minimizing the total cost,
maximizing social impacts other than building facilities, and minimizing bioremediation measures. A fuzzy
random possibility programming approach was used to deal with the uncertainty aspect of the model.

Jabbarzadeh et al (2018), in designing a sustainable and resilient supply chain, used a fuzzy c-means
clustering method to evaluate the performance of each supplier. This model was implemented in the plastic
pipe industry. Tsao et al. (2018) used a multi-objective mathematical programming model to design a
supply chain network in conditions of uncertainty to maximize social benefits and reduce economic costs
and environmental impacts. Customer demand uncertainty was assessed using stochastic variables, while
overall costs, carbon emissions, job opportunities, and adverse effects were considered using fuzzy
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numbers. Fattahi and Govindan (2018) examined the design and planning of a biofuel supply chain network
by considering the difference in facility capacity due to probable disruptions.

Fakhrzad and Goodarzian (2019) developed a fuzzy multi-objective mixed-integer programming model
for a green closed-loop, multi-product, multi-period, multi-level SCND problem. Objective functions
include minimizing the total cost, minimizing the gas emission costs caused by the movement of vehicles
between centers, and maximizing the reliability of delivery demand based on the reliability of suppliers. To
solve the model and show efficiency, they used the famous imperialist competitive algorithm and its new
modifications. Li et al. (2019) establish a sustainable and reliable hybrid renewable energy system with
reverse osmosis, taking into account different operating scenarios with fluctuations in renewable energy
supply and variable water demand designed. Initially, was predicted using recurrent neural networks, future
energy supply from renewable sources and water demand to deal with the random behavior of several
variables including freshwater demand, ambient temperature, solar radiation, and wind speed. Then, to
minimize the total annual costs and greenhouse gas emissions, the multi-criteria optimization method using
extended mathematical programming is used. Finally, potential loss of power supply probability was
introduced as a tool to measure the stability of the proposed scenarios. The results showed that the potential
power drop in the designed system was reduced compared to the base system.

Fazli-Khalaf et al. (2020) considered sustainability and reliability in designing a forward hydrogen supply
chain network with three levels of manufacturer, warehouse and customer. To deal with the compositional
uncertainty included in the model, a flexible mixed possibility programming method is proposed. A case
study has been conducted to implement and analyze the results of the proposed model. Kabadurmus and
Erdogan (2020), in a study of a multi-state, multi-level supply chain network design problem with multiple
products and components, considered economic, environmental and risk factors. Problem modeled as a
mixed linear programming model utilizing a carbon trading plan with limited risk threshold. Supply chain
network designed depicts the simultaneous attention to sustainability and reliability. The results of
modeling showed that the use of multi-mode transport reduces supply chain costs and carbon emissions. In
addition, if the decision maker is risk-averse, the total cost of the supply chain and carbon emissions will
increase.

Hosseini-Motlagh et al. (2020) designed a resilient and sustainable power supply chain network in the
presence of uncertainty. To this end, they developed a multi-objective optimization model including cost
minimization, minimizing resilience measures, and maximizing some aspects of corporate social
responsibility. Successive establishment, congestion on electrical lines, distributed generators inadequacy
and energy dissatisfaction level were among the flexibility measures. They used a new robust approach to
deal with power demand uncertainty based on robust optimization and possibility theory in fuzzy logic. The
results of using the proposed model by examining a real case in Iran showed that decision-makers could
increase corporate social responsibility and flexibility by 50% and 20%, respectively, by increasing the
total cost by 50%. Ahranjani et al. (2020) presented a complex integer linear programming model to design
and program bioethanol supply chain networks with several raw materials. In order to create flexibility in
the face of existing epistemic uncertainties and the risks of disrupting the supply chain, a stochastic-
possibility-based hybrid planning approach has been used. The proposed model minimizes the total
expected cost of the supply chain relative to non-disruption and disruption scenarios by setting a limit for
greenhouse gas emissions. The performance of the model has been evaluated through a real case study
prepared in Iran.

Tirkolaee et al. (2020), in designing a three-tier supply chain including suppliers, central warehouses, and
wholesalers, In the first step to select a sustainable supplier, first by ranking the criteria and sub-criteria
according to the Fuzzy Analytic Network Process (FANP) method, the relationships between the main
criteria with Fuzzy Decision-Making Trial and Evaluation Laboratory (FDEMATEL) are identified and
finally suppliers prioritized by Technique for Order Preference by Similarity to Ideal Solution (TOPSIS).
In the second stage, the weights obtained from supplier prioritization are considered as the input of a three-
objective model for the design of the proposed supply chain. The goals are to minimize the cost of the entire
chain, maximize the weight value of the products by taking into account the priorities of the suppliers, and
maximize the reliability of the supply chain. Finally, the model was solved in a case study of the lamp
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supply chain using the Weighted Goal Programming (WGP) method. Nosrati and Arshadi Khamseh (2020),
considered a two-stage random scheduling model for supply chain network design with two objectives of
maximizing reliability based on structural reliability theory and cost minimization with respect to the cost
of unauthorized carbon emissions in the entire supply chain. They to optimize the flow between different
sectors and the number of orders, the location of factories, warehouses, and recycling centers, despite the
stochastic conditions for demand and carbon price, and also, the complexity of the nonlinear integer model,
using the Non-dominated Sorting Genetic Algorithm 1l (NSGAII) to solve the proposed model.

Moradi et al. (2021) studied the issue of supply chain network design of multi-period, multi-product, and
multi-level. Judges of retailers, production capacity and transportation costs, and operating costs of
distribution centers are considered uncertain parameters. A definite complex integer programming model
was proposed with the aim of reducing fixed costs, transportation, and outsourcing costs. In order to control
the uncertainties, a robust optimization model was presented. A set of numerical experiments was analyzed
using nominal data and realistic data. Results confirm that the proposed robust model performs better than
its definitive counterpart does. Ding et al. (2021) examined the design of a supply chain network involving
a foreign vendor, several distribution centers, and several retailers, in which a foreign vendor-provided
commercial credit distribution centers. In this paper, credit-financing Commercial has reduced the total
cost.

Lotfi et al. (2022) proposed a study on a robust optimization model to project the Covid -19 epidemic in
Iran and predicted the number of patients from this course. Their study has two main stages. First, they
assess the dynamics of the COVID-19. In the second stage, they provide practical suggestions to measure
the required resources. They applied convex RO and Mean Absolute Deviation (MAD) to investigate the
presented problem. Also, Lotfi et al. (2021a) proposed and designed a viable medical waste chain with risk
(CVaR) and robustness considerations. Their network includes health center, waste segregation, waste
purchase contractor and landfills. They tried to locate health centers to reduce waste and ship them to the
waste purchase contractors, and solve the problem by GAMS CPLEX. To design the location problem for
renewable energy centers, they also proposed a research on robust mathematical bi-level programming
(Lotfi et al., 2021b). In addition, Pourghader Chobar et al. (2021) presented a problem on a novel multi-
objective optimization mathematical model to locate hub centers with dynamic demand and environmental
considerations.

Ignorance of responsibility, as well as the inefficiency of different layers of the supply chain, are issues
that can impose high costs on the supply chain. Facility malfunctions, for example, may lead to additional
transportation costs due to longer distances by customers (Schneider and Daskin, 2005). Given the
breakdown of facilities, which is inevitable, the goals of the systems, in addition to the economic dimension,
must include accountability and reliability under conditions of uncertainty. Because the supply chain must
have responsible, reliable, and cheap facilities. Therefore, the importance of responsibility and reliability
in supply chain network design can be clearly explained. A review of the existing literature also reveals a
research gap in the implementation of accountability and reliability in supply chain network design. Today,
supply chain network design decisions must survive long enough to operate for years or decades under
complex and uncertain business environment conditions. Therefore, it is essential that these decisions be
made in the presence of uncertainty.

Some previous research have studied the design of supply chain and logistics networks with disruptions
in facilities and transportation links separately. However, in some manufacturing industries, there are some
supply chain and logistics systems in which all kinds of disruptions can occur. Examples include water and
gas pipelines, air and rail network infrastructure, and service delivery systems, including health care and
education. Unlike previous works, this study examines the issue of supply chain network design consisting
of different facilities as well as transportation routes between them. Some of them are potential, it is
necessary to decide which nodes, and potential links should be made. Obviously, modifying the design of
the supply chain network and related procurement will be very difficult and costly. Therefore, designing a
reliable supply chain network despite several types of disruptions is important.

The models proposed for closed-loop supply chain network design in previous studies are usually
modeled as one-objective problems, for a period of time, and considering a product. Table 1 shows the gap
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in the literature by listing the characteristics of related studies, while providing a more accurate
classification of the subject. The contributions and innovations of this research compared to previous studies
are as follows:

1)

)

©)

(4)

()

(6)

Introduce a new model for the design of multi-objective, multi-level, multi-product, and multi-
period closed-loop supply chain networks with strategic planning (e.g., location decision of
facilities and their allocation pattern), and Tactical planning (i.e. product flow between facilities of
different categories and optimal inventory policy in each distribution center) simultaneous.
Assessment the environmental dimension of the model by including the cost of CO2 emissions
from all sources (construction of facilities, energy consumption in operational processes and fuel
consumed in the transportation network) in the economic objective function (profitability) and
constraint allowable carbon emission based on the roof and exchange mechanism.

Measuring the social dimension in the objective function of socially responsible to meet the
requirements of ISO 26000, taking into account the number of created job opportunities and
balanced economic development on both fixed (resulting from the construction of facilities) and
variable (per hour of operational activity).

Measuring the accuracy of model performance in the objective function of reliability by sending
products to customers in sufficient quantities and at the appropriate time, in the form of reliability
of selected suppliers and facilities, as well as traveled network routes in the suitable time.
Enabling the selection of the efficient best solution from the Pareto optimal set, as well as the
possibility of determining the degree of optimality and the importance of different goals for the
decision-maker based on the proposed optimization.

Reducing the design space and effective coverage of the target space through the uniform
distribution of Pareto points on a level using the NNC approach.
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Table 1. Comparative analysis of related papers

Multi Configuration  Problem Conditions Sustainability = Reliability
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I 7] _8 5 o E 2 % 8 E N < = | =
L L
20 2015 CL M M S S MIP D Profit  Score - Max PQ P Max
14 2016 OL M M S M MILP S,F Cost  Score Score - DR S SB
24 2017 CL M M S S MILP F.R Cost - DR - DT D Min
53 2017 OL S M S M MILP R Cost E - Cap DR M.,D SB
66 2017 OL M M M M MILP S,F Cost EC JC C&T TD M FR
16 2018 OL S S M M MILP S,F Cost EC ATJCSA Cap CD w FR
29 2018 OL M S S S MILP S,F Cost  Score Score - CD S\M FR
15 2019 CL M M M M MILP F Cost E - Min DD S Max
35 2019 OL M S S S MILP D Cost E - Min PD S FR
38 2019 OL S S S S MILP D Cost EC - Tax DI,MB M FR
46 2020 OL S M M M MILP SFR Cost E - Cap DR S SB
18 2020 OL M M M M MILP F.R Cost E JC,SD Min DD MW FR
26 2020 OL M S M S MILP F.R Cost EC EG,JC Min DeR M,D,R  Min
30 2020 OL S M S M MILP D Cost E - C&T DR S FR
61 2020 oL M M M S MILP F Cost  Score Score Max DD SW FR
63 2020 OL S S M M MILP D Cost E - Min DD S.C SB
S,M,D,
This Study CL M M M M MINLP F.R Profit  EC JC,SD C&T DD CC,RE, FR
R,V

Table guide

Network Structure (OL: Opened-Loop, CL: Closed-Loop)

Configuration (S: Single, M: Multi)

Problem Conditions Uncertainty Type (D: Deterministic, F: Fuzzy, R: Robust, S: Stochastic)

Sustainability Environmental (E: GHG Emission, EC: Emission Cost)

Sustainability Social (AT: Annual Turnover, RD: Responsiveness to Demand, EG: Economic Growth, JC: Job Creation, SA: Social Acceptance,
SD: Sick Leaves)

Reliability Index (DR: Disruption Risk/Risk Value, DeR: De-Resiliency, DI: Defective Items, DT: Delivery Time, TD: Technology Disruption,
CD: Capacity Disruption, DD: Delivery Demand/Order, PD: Potential Downtime, PQ: Products Quality, MB: Machine Breakdown)

Reliability Entity (S: Supplier, M: Manufacture/Power Plant/Production Process, D: Distribution/Pole Center/Distributed
Generators, W: Warehouse/Storage Center, C: Customer/Demand Zone, CC: Collection Center, P: Product/Parts, RE: Recycling
Center, R: Route/Line, V: Vehicle)

Reliability Model (SB: Scenario Based, FR: Failure Rate)

3- Problem definition

The main purpose of this research is to provide an efficient model for designing a stable and reliable
integrated supply chain network that implements horizontal integration (simultaneous design of direct and
reverse networks) and vertical integration (simultaneous strategic and operational decision making) with
decision variables. The main ones are choosing the supplier to get the raw material supply contract, finding
the best place to establish the potential facility, the flow of materials and products between the facilities
and choosing the best vehicle to transport the goods between the routes in the network. The supplier, the
optimal location of the facility and the optimal allocation of customers to the facility activated in the supply
chain are selected in a way that not only maximizes the profitability of the network but also ensures the
system with maximum stability and reliability.

In the intended supply chain, suppliers and recycling centers supply raw materials and delivered to
factories. Factories produce the final products and send them to the distribution centers. Distribution centers
are also established in the next level in order to store and transfer the products to the final customers, at this
level of the chain, it is possible to maintain the products with the condition of leaving the warehouse for
maximum a period before the end of life. Customers sell used products to collection centers. Returned
products are divided into three categories: valuable, low value and worthless according to their quality
status (depending on the time used). Valuable quantities are transferred to recycling centers for recycling,
low-value batches are sold to energy recovery centers, and finally, non-valuable quantities are transferred
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to landfills for safe disposal as waste. Raw materials from recycling of returned products According to the
guality of materials used in the recycling process are divided into two parts: raw materials suitable for
production and raw materials suitable for sale in the market of recycled raw materials. Figure 1 shows a
view of the described supply chain.

Fig 1. Schematic of a closed-loop supply chain network

Deciding on the type of facilities and products in the design of the supply chain network is of particular
importance. This is doubly important for short-lived, perishable products. Perishable products can include
drugs or food, and so on. In the present study, a comprehensive model has been attempted by considering
all the facilities and the flow between them.

In the proposed model for the research problem, the issue of supply chain sustainability in the form of
maximizing profitability by considering environmental impacts along with social responsibility has been
considered. Supply chain reliability has been followed by maximizing the collection of reliability of raw
material supply, establishing more reliable facilities, and reliability of travel time. Supply chains using this
model can make decisions at strategic (determining the places of production, distribution, collection and
recycling) and tactical (flow of materials and products in the network). In this section, the research problem
is explained as a mathematical model.

Problem modeling

According to the problem statement, modeling the problem of designing a stable and reliable supply chain
network as an integer linear mathematical programming model is shown below, which includes the
objective functions of maximizing economic profitability and environmental protection (identifying the
sustainability of the problem), maximizing responsibility. It is social (represents sustainability) as well as
maximizing reliability (represents quality).
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Problem assumptions
The assumptions of the problem are as follows.

v" The model is multi-level, multi-product, multi-objective and multi-period.

v There is no connection between facilities at one level of the chain.

v Customers are divided into two groups’ direct chain (Applicants of final products) and reverse

chain (Applicants of recycled raw materials).

Demand’s lack (Missing) is allowed and unsatisfied demand will be penalized.

Not collecting returned products will result in fines for the chain.

Only one capacity level is selectable to establish potential centers.

Only one type of production technology is implementable for each of the established production

centers.

Only one type of material is useable to recycle raw materials in each of the established recycling

centers.

v ltis possible to use heterogeneous vehicles with limited capacity in road transport between network
facilities.

v The total cost of motivation, collection, and recycling is less than the cost of purchasing new raw
materials.

v' Warehouse management system in distribution centers is FIFO.

ANANEA NN

\

Mathematical modeling
Before mathematical formulation, it is necessary to defined sets, parameters and decision variables of the
problem. However, due to their large size, their full description is given in appendix table 1.

Objective functions

First Objective Function (Profit Maximization): The first objective function of the model (EP) is to
maximize supply chain profit, which is the result of the difference between total revenue and total supply
chain costs (equation 1). The term TR in the objective function represents the total revenue of the supply
chain, which is equal to the revenue from the sale of final products to customers, products returned to the
energy recovery center, and recycled materials to other supply chains (equation 2). The term TC stands for
supply chain costs, which include fixed costs, operating costs, transportation costs, and costs due to
excessive carbon dioxide emissions (equation 3).

Maximize Z1 = Economic Profit (EP) = Total Revenue (TR) — Total Cost (TC) (1)

TR=D1 > D PRG-Qhyrt ) > PRE.Qhy+ Y > PRE.Qly @

teT | (x,y)EWs TER (x,y)EWg TER (x,y)EW¥3 acA

TC = Fixed Cost (FC) + Operation Cost (OC) + Shipping Cost (5C)

+ Emission Cost (EC) (3)

Fixed costs are denoted by the term FC and include the cost of establishing potential facilities, the cost of
contracting with suppliers, and the cost of reopening the route and using vehicles (equation 4).

41



FC = z z Z ES". 09" + Z E*.0% + Z E*.0% + z z Elv glv
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Raw material purchase cost, production cost, distribution cost, inspection and separation cost, recycling
cost, and disposal cost components of the main costs in the implementation of supply chain operations are.
of course, incentive costs (the cost of purchasing and collecting returned products of customers at the end
of life), inventory costs (the cost of storing the final products in the warehouse’s distribution centers), and
fines (fines for not estimating customer demand and penalty for non-collection of returned products) are
the components of operating expenses that are included in the term OC. In addition, the cost of providing
recycled raw materials to production centers with a negative sign has been reduced from operating costs
(equation 5).

oczz Z ZBcsfa.Q;;ya— Z ZRCt Qxya+ZZZcht

teT | (x,y)EW, acA (x,y)E¥Y, acA PEPTER gEG
£ Y Y KCh Qe+ Y Y HC Iy
(x,y)E¥s reR veV KEK TER (5)
£ N (BCl.- Sty + OECL QNS+ ) ) (CC + 0CCY). Oy
e€EE T€ER (x,y)EWg TER
£ Y Y MC Qb+ Y D FCh 0l
(x,y)EW¥; reR lEL (x,y)EWg TER

The term SC indicates the transportation costs (fuel consumption and vehicle use costs) of the supply
chain network (equation 6). The cost of fuel will vary depending on the type of vehicle, the amount of cargo
transported, and the distance traveled. The cost of using the vehicle is also defined in terms of driving time.
Driving time is a function of the average speed of the vehicle and the distance traveled by it.

SC = Z Z Z Z Dyt ( M (FUL, + (FUZy. Wa. Qya)) ) + (V'”/V”))

VEV teT | (x,y)eW’ a€A (6)
| 3 S s (ons s om0
(xy)EVY' reR

The cost of over-limit CO2 emissions in the supply chain is expressed in terms of EC, which is the product
of the multiplication of the CO2 emission factor in the difference between the current CO2 emissions and
the allowed limit for the CO2 emissions of the supply chain (equation 7). The amount of CO2 emissions in
the supply chain will be obtained from the total emissions constant amount due to the establishment of
potential facilities (equation 9) and the emissions variable amount due to energy consumed in operational
processes and transportation between levels of the chain (equation 10).
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EC = 0(CO5YR — c05°) @)

COSYR = Fixed Emission CO,(FEC) + Variable Emission CO,(VEC) (8)
FEC:Z ZZEgu.93u+ZE,§‘.9,?+ZEg‘.92‘+ZZE},?.B}# (9)
ueuU | peP geaG keEK cec meM lEeL

VEC = €J.[Consumption Energy Operation (CE0)]
+ €l. [Consumption Energy Shipping (CES)]

CEO = zz z z ERY.QY;

TER tET | pEP gEG

+ Z EKr-Q;éyr'i' Z ECr-Qiyr'l' Z ZZEMtlx-par-Q;yr (1)

(10)

(x,y)e¥s (x.y)E¥s (x,y)EW, a€A I€L
+ ) EBQhyt ) FR.Qhy
(xy)E¥s (x,y)e¥s

CES = Z Z Z Z Dyy- 1% (FUL, + (FU2, W, Q) )

VEV teT | (x,y)EWP’ a€A (12)

+ Z 2 Dyy- 125 (FUL, + (FU2, W, Q%) )
(x,y)eW®'' reR
Measuring the amount of carbon dioxide emissions due to transportation is complex and depends on
various factors such as the method of transportation, type of fuel consumed, total product weight and
distance traveled (Sundarakani et al., 2010). However, usually in the literature, the calculation of fuel
consumption or greenhouse gas emissions has been modeled in a simple and far from reality way. For
example, a number of studies (Kim et al., 2009; Hoen et al., 2010; Alkawaleet et al., 2014; and Mirzapour
Al-e-hashem and Rekik, 2014) fuel consumption and greenhouse gas emissions in the transport sector of
the supply chain only by considering the travel distance have calculated. In a number of studies, fuel
consumption and carbon dioxide emissions have been modeled as a function of vehicle speed, freight, and
distance traveled (Kuo, 2010; Bektas and Laporte, 2011; Jabali et al., 2012; Aksoy et al., 2014; Liu et al.,
2018).

The second objective function (CSR) pursues the maximization of supply chain social responsibility
(equation 13). For this purpose, two criteria of job opportunities are created and the average number of days
of sick leave of the personnel is used according to their importance. Both criteria are evaluated from both
fixed and variable aspects. The model seeks to establish potential facilities in areas with higher
unemployment rates, which in turn creates employment in more deprived areas.

In the expression JC, n,, and job,, are the factors influencing the choice of node node locations. n,
unemployment rate of potential centers, which is the coefficient of the nth region, ie the region with the
highest unemployment rate, has a better chance of opening. job,, is also the number of people working in
the nth node if it opens, the more it is, the increased possibility of selection nth potential center (equation
14). The term LD also refers to the number of days of sick leave used by employees, which is measured in
both fixed and variable forms (equation 15).

Corporate Social Responsibility (CSR) = 0o, X [Jobs Created (JC)] — 0y,

X [Lost Days (LD)] (13)
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JC = Z z z np.jobgu.ez;qu + Z Ni-joby. OF

u€eU \p€EP gec keK
+ ch.job}‘.eé‘ + Z an.job#l‘.e}# + jt
cecC meM lEeL (14)
zzz ZZTP Qpr ZZTK - Qpker ZZTC Qer
TER u€U teT \pEP geG Cap DEP keK Capy e€E ceC Cape
+Z Z ZZTMé Par- Qémr
CEC MEM a€A lEL Capm
LD = Z Z Z ltc]".6." +Z ltcl. 0} +thcc o Z thcl“ ol |+ 1t
ueuU \p€eP gea k€K cec meM LeL
T[T e Yt
capy* Capy Cap¢

TER UEU teT \p€eP geG

+Z Z EZTMé Par- Qcmr

ceEC mMEM a€A leL

PEP kEK e€E ceC

The term Reliability is an objective function of maximizing supply chain reliability (equation 16). The
term CR indicates the reliability of the supplier in meeting the needs of the manufacturer (equation 17). The
term FR indicates the reliability of potential direct chain facilities if established (equation 18). Network
travel time reliability is expressed in the TR term (equation 19).

Maximize Z3 = Reliability
= A4 X [Contract Reliability (CR)] + A, X [Facility Reliability (FR)] + A5 (16)
X [Travel time Reliability (TR)]

CR = z Z Z SRy, 6L, (17)

NeES a€A teT

FR=|1- nnn(l — RRJ67%)| * [1 - 1_“_[(1 ~ REx6r)

neP geG ueu neK ueu

Z Z Z[Wl(l — Trangeyy ) + wy(Tratioy, )| n2% (19)

(x,y)E¥ vEV tET

(18)
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Constraints:

The constraints of the problem are described below. To make the model easier to read, similar constraints
are first categorized and then an explanation of each category is provided. This method simplifies the study
of the model.

Constraint carbon dioxide emissions:

Co5Uk = Z ZZEQ” 99”+2Ek 9k+ZE” 9u+ZZElu o5

U€U | peEP gEG keK cec meM lEL

oSy (T3 mean

TER tET \p€EP geEG

+ Z EKT.Qiyr-l- Z ECr-Q;';yr‘F Z ZZEMa Par- Qytcyr

(xy)EVs (x.y)€EYs (x,y)EP7 a€A lEL
+ ) EBQhyt ) ER.Qby 20)
(x.y)EWs (x.y)EWo

ol ZZ Z Zuynxy (FUL, + (FUZ,W,Q%y0) )

VEV teT \ (x,y)EW’ a€A

+ Z Zuxynxy (FUL, + (FUZ,W, Qb))
(x,y)EW'' reER

Constraint (20) determines the amount of carbon dioxide emissions across the planning horizon. It is
noteworthy that the construction of potential facilities, operational activities and transportation cause carbon
dioxide emissions.

Budget constraints:

Z Z Z 9. 09" + Z FE.0% + z EX. 0% + z Z E g| < Budget 1)

u€ev | peP gea keK cecC meM lEL
Constraint (21) indicates that the available budget can be invested in the establishment of potential new
facilities.

Demand constraints:

Sty =Demly = ) Qfer, Ver,t (22)
keK

Z Qfer < Demt,, Ve,r,t (23)

keK
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The amount of underestimated demand (shortage) of a product is as much as the difference between the
actual amount of demand and the amount delivered to customers (response demand) in that period, which
is represented by constraint (22). Constraint (23) indicates that the amount of sales may be less than or
equal to the amount of actual demand. Unpredicted demand in a period is considered lost.

Allocation constraints:

Z Z Ggu <1, Vp (24)

geG uel

z Bl<1, vk (25)

ueu

Z Bl <1, Vc (26)

ueu

z Z oli <1, vm 27)

leL ueU

Constraints (24) to (27) is related to establishment conditions of potential facilities. Therefore, there is
maximum of one capacity level and one type of production technology for production center (24),
maximum of one capacity level for distribution (25) and collection centers (26), maximum of one capacity
level and one type of material for recycling center (27).

Facility capacity constraints:

Z Qlpa = bsq. 0%, Vs,a,t (28)
pEP
D Qe < Capge. 6, Vsat 29)
pEP
Z TPY. Qgrt < Z Cappgu. ng, vp, g,t (30)
TER ueu
Z Z TK,.Q%,, < Z Capl. 0¥, vkt 31)
e€EE reR ueu
Z v IE, < z VCap}.0}, Vk,t (32)
TER uev

Z TC,.QLr < Z Cap¥.0¥, Vc,t (33)
e€EE reR ueu
DD M par Ol < Y Y Capl. 08, vt (34)
cEC aEATER IEL lEL ueu

Constraints (28) to (34) relate to the capacity of the facility. The minimum amount of raw material supply
in case of selecting and obtaining a contract with the supplier is determined according to the limit (28) and
the maximum capacity of the supplier is determined by the constraint (29). Constraint (30) with the impact
of production technology used in production centers, expresses their maximum production capacity. The
maximum operating capacity and storage capacity of distribution centers are shown in constraints (31) and
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(32), respectively. The maximum operating capacity of collection centers is also constraint (33). The
maximum recycling capacity of raw materials in recycling centers is expressed by constraint (34) according
to the role of materials used in recycling operations.

Flow balance constraints:

Z Qpr = Z Qs VDT, (35)

geG keK

Z Qspa + Z Qmpa Z Z dar- Qpr' Vp, a, t (36)

SES meM TER gEG

Ikr = Ikr1 + Z kar Z ler' Vk,r,t (37)
pPEP eEeE

It, =0, Vknrtt=1 (38)

min(t+D,—1,T)

Z Z Q,‘fer—ZEQ;;kr>O vk,r,t,t =T (39)

e€eE PEP teET
z Qmpa Z Z Og-Par- Qcmr: Vm at (40)
PEP CEC TER
Z Qrtnha = Z Z(l - O_a)-par- ngr; Vm,a,t (41)
heH CECTER
= Z wd.(Deml;4 — S5, Ve,r,t,t =D, (42)
_0 Ve,r,t,t <D, (43)
Z Qber <QRE,, Verrt (44)
cec
QNG = QR = ) Qler, Vet 45)
cec
D BrQier =) Qlr Vet (46)
eEeE beEB
Z Yr- Qécr = z thmr: Ve,r,t 47
eEeE meM
Z Qgcr = Z ngr + Z ngr + Z ngr' Ve,r,t (48)
eEE meM beEB fEF

According to constraint (35), all production products are transferred to distribution centers, in fact, it is
not possible to store the product in production centers. Constraint (36) states that the raw materials required
for the production of products are supplied through suppliers or recycling centers. The inventory of final
products in the warehouse of distribution centers is constraint to (37), and the constraint (38) is the amount
of this inventory in the first planning period is considered zero. Constraint (39) states that products delivered
to the distribution center must reach the customer no later than one period before the end of their service
life, so that they can be used at the appropriate time (before expiration). In other words, the maximum
storage time of inventory in the distribution center warehouse is one period less than the end of its life.
Constraints (40) and (41) indicate at what rate the raw materials from the recycling of returned products are
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transported to the production centers and the market for recycled raw materials, respectively. Constraint
(42) indicates that expired products are returned at different rates depending on the service life (uptrend).
The important point is that the maximum total rate of return in years of use is one. Under constraint (43),
products will not be returned before the end of their life. According to constraint (44), the reverse chain
may not be able to collect all returned products from customers. The amount of uncollected returned
products is shown in constraint (45). Constraints (46), (47) and (48) specify the amount of products
collected that have energy recovery, recyclable and waste value, respectively.

Transport capacity constraints:

Z Vg. Qxya S veap®.myy, V(x,y) €W, v,t (49)
A

i Uy Qyr S veap?.myy, V(x,y) €V, vt (50)
R

Ti Wq.Qtyq < weap®.myh, V(x,y) €V, v,t (51)
A

i Wy Q%yr < weap¥.myy, V(x,y) €Y, v,t (52)

TER

Transport capacity constraints ensure that when using a particular vehicle, the amount of material and
product transport must be less than the maximum volumetric capacity (49 and 50) and the maximum weight
capacity (51 and 52) of the vehicle.

Travel time constraints:

w05 = (Lyy + Uyy)/2, V(x,y) €¥,v,t (53)
Tmax,, — Tmin
Trangey, = ( ;frj;l e a4 ) V(x,y) ey¥ (54)
xy
. Tmidy,
Tratloxy = W, V(X, y) R'4 (55)
xy
Dyy
Tmaxy,, = T V(x,y) E¥ (56)
xy
. ny
Tminy, = T V(x,y) ¥ (57)
xy
Tmax,, + Tmin
Tmid,, = ( s xy) V(x,y) ey (58)

2 )

Constraint (53) indicates the average speed of a vehicle of type v on the route between origin x and
destination y in period t. Respectively, ratio of the difference between the maximum and minimum travel
time to the maximum travel time between facilities in constraint (54), ratio of the average travel time to the

maximum travel time between facilities in constraint (55), maximum and minimum travel time in
constraints (56 and 57), and the average travel time in constraint (58) has been shown.
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Logical constraints:

0La, 05", 61,6, 01, m¥s € (0,1} (59)
Y QY Qoy It QRL,, QN Ly, COSUR > 0 (60)

Relationships (59) and (60) indicate the necessary logical constraints on discrete and continuous decision
variables, respectively.

4- Solution method

In a multi-objective optimization problem, there is no single optimal solution, and several different
optimal solutions can be generated so that each combined solution is implemented between the objective
functions. These optimal answers are called Pareto answers. The Pareto Front Cloud for a multi-objective
optimization problem with three objective functions is shown in figure (2). In this case, the 3D target space
becomes a single-page cloud.

% B
Fig 2. NNC method for a three-objective optimization problem

Often, the NNC method reports a set of Pareto optimal solutions rather than a single optimal solution
(Ahmadigorji et al., 2017). The NNC method is one of the methods for obtaining efficient solutions with
uniform distribution on the Pareto boundary in multi-objective problems, which was proposed in 2003 by
Messac et al (Messac and Mattson, 2004). This method produces less localized non-Pareto and Pareto points
than the Normal Boundary Intersection (NBI) method. Hence, it is more stable (Das and Dennis, 1998).
The NNC method, despite its structural similarity to the NBI method, also benefits from the features of the
epsilon constraint method (Mavrotas, 2009). The difference is that first, the objectives become normal, and
then by applying new constraints in each step, the optimal solution is followed. The ability of this method
to provide a well-distributed set of all Pareto solutions in the multi-objective supply chain network design
literature certified in several studies (Wang et al., 2011; Sahraeian et al., 2013; Cascini et al., 2014; Gong
et al., 2017; Tao et al., 2020). By uniformly distributing the solutions at the Pareto boundary, it becomes
easier for the decision-maker to choose the optimal solution. Unfortunately, the Pareto solutions presented
in most methods are not well-distributed (Das and Dennis, 1998; Ismail-Yahaya and Messac, 2002; Messac
and Mattson, 2002). In addition, the NNC method does not require an initial weight for each objective
(Wang et al., 2011). Overall, these capabilities provide the proposed approach to finding more preferred
multi-objective solutions over other multi-objective optimization methods, such as sum weighted,
conventional epsilon constraint, and enhanced epsilon constraint.

The process of the NNC approach to solving multi-objective optimization problems can be summarized
as follows (Rahmani and Amjadi, 2018):
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Step 1: The optimality of each objective function is denoted by u®*, which is obtained by solving a single-
objective problem according to equation (61).

ut* = argmin f;(u)
p(w)=0i=12,..,n (61)
Yu) <0

Using the solutionsu®*, the anchor points £** are generated as relation (62).

subject to: {

For= [ e £ i= 12 n = [AW) W) . L@, i=12,..,n (62)

By connecting the anchor points in the target space, a super plan is created, which is called the ideal super
plan.

Step 2: To avoid affecting the optimization process, the objective functions of the problem must be
normalized. For this normalization, the NNC method uses the best and worst designs of objective functions

under the headings of utopia point and pseudo-nadir point. The utopia point is denoted by f* and is the
point in the answer space that contains the best results of the objective function (see equation 63).

fr=0 2 R =AY L0 o @] (63)

The pseudo-nadir is denoted by £, which has the worst answer for the objective function, and is defined
as equation (64).

fN = [f1N sz an]T N = [f1N sz an]T (64)

So that

Y = max{f,(u') fiw?®) .. @™}, i=12,..,n (65)
In this way, each objective function is normalized based on the formula in equation (66).

- iy

fi=—7—, i=12,..,n (66)
AR

So that f_l is the normalized form of f;. In figure 3, for a three-objective optimization problem, the

normalized objective functions f;, f>, and f3 coordinate the target space and £*, 2*, and £3* anchors are
normalized.

Step 3: The normalized ideal plane cloud vectors, denoted by N, are calculated according to equation (67).
Ny=f™—fk k=12,..,n—1 (67)

Each vector N,, shows the direct direction from the normalized anchor point k (f k*) to the normalized
anchor point n (f™*). Figure 1 shows the direction of the vector N; from £1* to £3* and the direction N,
from f2* to f3*.

Step 4: A normalized distance (&) is defined for a certain number of divisions (my) in the vector N,
(equation 68).

In the NNC method, each m;, corresponding to m, be calculated as equation (69).
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1
O = k=12.m—1 (68)

my my
INeIl NINS I

k=12, ..,n—1 (69)

Step 5: The points of the ideal super high, denoted by )?j, are in the normalized ideal super high as equation
(70).

n

k=1
Sothat 0 < ay; < 1and Yj_; ay; = 1.

Step 6: The Pareto optimal solution for each point of the ideal super plan is obtained by solving the problem
of single-objective optimization in equation (71).

min £, (u)
6w =0, pw) <0
Ne.(f—X)<0, k=12,..,n—1

F= AW, AW, .. W]

(71)

5- Problem solving and numerical results

To solve the mathematical model presented in the previous step, first for the problem of optimizing the
mathematical model, the problem of designing a closed-loop supply chain network, considering the stability
and reliability, we consider 10 numerical samples that have different dimensions. Then we solve numerical
problems using Gomez software and NNC normalized constraint method.

As can be seen, with the increase in the size of the problem, the number of suppliers, the number of
factories, distribution centers and other problem sets gradually increases and the complexity and difficulty
of solving the problem increases.

Table 2. Dimensions of numerical problems

Facilities
No. Problem S P KECMT
1 2 2 2 4 2 2 2
2 3 3 2 5 2 3 3
3 4 4 3 6 3 3 3
4 4 4 3 7 3 5 4
5 5 5 4 7 3 6 4
6 5 6 4 8 4 6 4
7 6 7 5 9 5 7 4
8 6 7 6 10 5 7 5
9 7 9 8 11 6 8 5
10 8 10 8 12 6 9 6

Other parameters of experimental problems are generated randomly through uniform distributions. After
reporting the initial data of the problems and the results obtained, the next section presents mathematical
model validation and sensitivity analysis.
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5-1- Problem solving

To solve the present problem, 10 numerical problems with different dimensions have been designed
using Gomez software in Table 4. In this table, the second column shows the optimal supply chain profit
values. The third column also shows the level of social responsibility and the fourth column shows the
objective function of supply chain reliability. The purpose of the problem, which is to maximize the three
objective functions mentioned in the planning horizon, for the different levels of numerical problems is
shown in Table 4 below. In Problem 1, the number of suppliers, factories, customers, collection centers and
periods is less than in other problems, so the amount of objective functions in Problem 1 is less than in
other problems with higher dimensions. The same is true of other numerical problems. Because increasing
the number of production centers and suppliers helps to increase the production of products and
consequently the profit from revenues. In addition, as the dimensions of the problem increase, the values
of social responsibility and reliability increase.

Table 3. Optimal values of objective functions for numerical problems
Objective Functions

No. Problem .\ omicProfit (first) Social Responsibility (second) Reliability (third)
1 9246070.47 449.2 2.06
2 9733520.18 815.6 253
3 10162336.98 1089.66 272
4 10841225.33 1093.79 277
5 1128594743 1169.33 2.95
6 11636521.79 1257.97 3.14
7 12265364.89 1396.76 3.66
8 12896348.38 1451.23 3.98
9 13366985.29 1499.77 4.24
10 13969553.72 1525.43 472

In the following, the rate of change of each of the objective functions in numerical problems is shown in
the form of relevant graphs. According to the following figure, it can be seen that the supply function profit
function of the supply chain increases with increasing dimensions of numerical problems at a fixed rate.
The reason is the increase of some problem parameters and the growth of the value of the objective function.
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Fig 4. Value of supply chain profit target function in numerical problems
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According to the following figure, it is shown that the objective function of social responsibility initially
increases at a higher rate, and in larger dimensions, the value of this objective function almost reaches a
certain value and has not increased significantly.
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Fig 5. The value of the objective function of social responsibility in numerical issues

As shown below for the reliability objective function, it can be seen that the value of this objective
function grows at a lower rate for smaller dimensions, while it increases at a higher rate for larger
dimensions. In medium-sized problems, the value of this objective function is almost constant.
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Fig 6. Value of the reliability objective function in numerical problems

Also shown below is the time to solve each of the numerical problems. Since the dimensions of numerical
problems increase and problems have three objective functions and also the method of solving the
normalized constraint in Gomez software has complexities, solving problems in Gomez software requires
considerable time.
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Table 4. Execution time of numerical problems
1 2 3 4 5 6 7 8 9 10

No.
Problem
Execution
time 22360 23580 26335 28954 33651 36227 38996 41259 43653 45789
(seconds)

6- Numerical sensitivity analysis

In this section, we intend to validate the model and examine the model behavior in more detail by
changing the model parameters such as first-hand customer demand e of product r in period t, penalty of
uncollected product r returned from customer e in period t, supplier capacity s In the supply of raw material
a in each period, and the amount of carbon dioxide emissions by vehicle v per liter of fuel consumption to
examine the behavior of the first, second and third objective function of the model, namely supply chain
profit, social responsibility and reliability. The following diagram shows the results of the analysis of the
sensitivity of the supply chain profit target function to changes in the demand parameter and it can be
concluded that with increasing demand in the problem, the value of the supply chain profit function
increases.
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Fig 7. Sensitivity analysis chart of supply chain profit target function to demand changes

In the following, the analysis of the sensitivity of the objective function of social responsibility to changes
in the demand parameter is shown and it can be concluded that with increasing demand in the problem, the
value of this objective function decreases.
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Fig 8. Diagram of sensitivity analysis of the objective function of social responsibility to changes in demand

In the following, we examine the behavior of the demand function of reliability to demand. Figure 8
shows the value of the reliability objective function for different amounts of demand. From the diagram in
figure 9, it can be inferred that the value of the reliability objective decreases with increasing demand.
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Fig 9. Sensitivity analysis diagram of the objective function of reliability to changes in demand

Figure 10 shows the value of the supply chain profit target function for different amounts of fines. From
the diagram in figure 10, it can be inferred that by increasing the penalty, the value of the supply chain
profit target decreases at a declining rate.
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Fig 10. Sensitivity analysis chart of supply chain profit target function to penalty changes

The chart below shows the value of the objective function of social responsibility in exchange for different
amounts of fines. From the diagram in figure 11, it can be inferred that with increasing fines, the amount
of the objective function of social responsibility decreases.
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Fig 11. Sensitivity analysis diagram of the objective function of social responsibility towards penalty changes

In the following, we examine the behavior of the reliability objective functions in relation to the penalty
parameter. Figure 12 shows the value of the objective function of reliability for different amounts of fines.
From the diagram in figure 11, it can be inferred that the amount of reliability decreases with increasing
fines.
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Fig 12. Sensitivity analysis chart of the reliability objective function for penalty changes

Figure 13 shows the value of the supply chain profit target function for different amounts of supplier
capacity. From the diagram in figure 13, it can be inferred that as the supply capacity increases, the value
of the supply chain profit function increases.
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Fig 13. Sensitivity analysis diagram of supply chain profit target function to changes in supplier capacity

Figure 14 shows the value of the objective function of social responsibility in exchange for different
amounts of supplier capacity. From the diagram in figure 14, it can be inferred that as the capacity of the
supplier increases, the value of the social responsibility function remains almost constant.

57



o]
o
o

(]
o
o

o
o
o

300

200

Social responsibility

100

1450 1750 2200 2750 3050 3300
Supplier capacity

Fig 14. Sensitivity analysis diagram of the objective function of social responsibility towards changes in supplier
capacity

Figure 15 shows the value of the reliability objective function for different values of supplier capacity.
From the diagram in figure 15 it can be inferred that as the supply capacity increases, the value of the
reliability objective function increases with the ascending rate.
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Fig 15. Sensitivity analysis diagram of the reliability objective function in response to changes in supplier capacity

Figure 16 shows the sensitivity analysis of the value of the supply chain profit target function for different
values of the carbon dioxide emission parameter. From the diagram in figure 16, it can be inferred that by
increasing the carbon dioxide emission parameter, the value of the supply chain profit target function
decreases.
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Fig 16. Sensitivity analysis diagram of supply chain profit target function to changes in carbon dioxide emissions

Figure 17 shows the sensitivity analysis of the value of the social responsibility objective function for
different values of the carbon dioxide emission parameter. From the diagram in figure 17, it can be inferred
that by increasing the carbon dioxide emission parameter, the value of the objective function of social
responsibility decreases.
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Fig 17. Sensitivity analysis diagram of the objective function of social responsibility for changes in carbon dioxide
emissions

Figure 18 shows the sensitivity analysis of the value of the reliability objective function for different
values of the carbon dioxide emission parameter. From the diagram in figure 18 it can be inferred that by
increasing the carbon dioxide emission parameter, the value of the reliability objective function remains
almost constant.
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Fig 18. Sensitivity analysis diagram of the reliability objective function for changes in carbon dioxide emissions

7- Conclusions and suggestions for future research

In this research, we have designed and presented a mathematical model of closed-loop supply chain
network design, which includes considerations of sustainability and reliability, social responsibility and
economic benefits. A nonlinear mixed-integer mathematical programming model was designed for the
supply chain network design problem in three objectives: multi-product, multi-level, multi-source, multi-
capacity and multi-stage. Since the mathematical model is a multi-objective optimization model, it is
necessary to use appropriate multi-objective optimization methods to solve it. For this reason, the
Normalized Normal (NNC) constraint method was used and Gomez software was used to solve the
mathematical model. Also, numerical examples with random data in different dimensions to measure the
accuracy and overall performance of the proposed model are considered and by changing the various
parameters of the model, sensitivity analysis of target functions is performed to model behavior and all
three-supply chain profit target functions. Social and reliability to be analyzed. Because the mathematical
model and the NNC solution method have complexities, solving it in Gomez software took considerable
time. The values of the execution time of the problem were reported for different dimensions, and as the
dimensions of the problem increase, the execution time also increases. Be. For different dimensions of
numerical problems, the values of objective functions were also reported and it was observed that with
increasing dimensions of numerical problems, the values of supply chain profit, reliability and social
responsibility also increase.

To validate the designed optimization model, we analyzed the numerical sensitivity of various parameters
of demand, fines, greenhouse gas emissions and supplier capacity, and the results were presented. It was
observed that with increasing the demand parameter, the amount of profit of the issue also increases while
reliability and social responsibility decrease. By increasing the penalty parameter, the amount of profit
target function, reliability and social responsibility decreases. When the supplier capacity parameter
increases, the problem profit and reliability increase while social responsibility remains constant. Finally,
as the emission parameter increases, the value of the target function decreases profit and social
responsibility, while the value of the target function of reliability remains almost constant.

For future research, suggestions can be made to improve the present study. For example, strong meta-
heuristic approaches such as particle swarm optimization and multi-objective colonial competition can be
used to solve the designed problem, and the results of problem solving with different methods can be
compared. In addition, the issue of vehicle routing or forklifts in production centers can be modeled on the
issue. In addition, data uncertainty can be used on parameters such as demand to bring the situation closer
to the real world.
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Appendix A

Nomenclature Icon Description
Sets
S Set of raw materials suppliers, s € S
P Set of potential production centers, p € P
K Set of potential distribution centers, k € K
E Set of customer fixed points, e € E
C Set of potential collection centers, ¢ € C
M Set of potential recycling centers, m € M
H Set of fixed points of recycled raw materials market, h € H
Main Sets F Set of safe disposal centers, f € F
B Set of energy recovery centers, b € B
A Set of raw materials, a € A
R Set of products, r € R
L Set of materials used to recycle products, 1 € L
G Set of technologies in production centers, g € G
U Set of capacity level u e U
\Y Set of vehicles, v e V
T Set of period, t €T
N Set of network nodes, N € {s,p,k,e,c,m,b, f, h}
b g Set of Network arcs,
. Y(x,y)
Hybrid Sets € [W,: (s, p), W,: (p, m), Wa: (m, ), W, (p, k), Ws: (I, €), We: (e, €), Wt (c, m), W (c, b, Wo: (¢, F)}
y’ Set of carrying raw materials arcs, ¥' c ¥; ¥’ € {¥,,¥,, ¥;}
y Set of carrying products arcs, ¥’ c ¥; ¥" € {¥,, Ws, ¥s, V7, ¥y, ¥o}
Parameters
PR, Selling price of one unit product r for first-hand customer e in time period t
Selling Prices PR}, Selling price of one unit returned product r at the energy recovery center b in time period t
PR}, Selling price of one unit raw material a at market of recycled raw materials h in time period t
Fpg“ Fixed cost of establishing one production center p with technology g and capacity level u
Fp Fixed cost of establishing one distribution center k with capacity level u
F* Fixed cost of establishing one collection center ¢ with a capacity level u
Fixed Costs i Fixed cost of establishing one recycling center m using materials | and capacity level u
FL Fixed cost to make one contract with supplier s for prepare raw material a in time period t
Ef Fixed cost of using vehicle v in time period t
0 Fixed cost for one unit carbon dioxide emissions over of allowable limit
BC!, Purchasing cost of one unit new raw material a from supplier s in time period t
RCE Savings cost of one unit recycled raw material a in time period t
pcgf Producing cost of one unit product r at the production center p with technology g in time period t
KCE, Distributing cost of one unit product r at the distribution center k in time period t
HCE, Holding cost of one unit product r at the distribution center k in time period t
ECE. Penalty cost of not satisfy one unit customer demand e of product r in time period t
Unit Costs OEC, Penalty cost for non-collection of one unit returned product r from customer e in time period t
cct. Separating and packing cost of one unit returned product r at the collection center c in time period t
0ocCct. Incentive cost to purchase and collect of one unit returned product r at the collection center ¢ in time period
t
Mck, Recycling cost of one unit returned product r at the recycling center m with materials | in time period t
FCE, Safe disposal cost of one unit returned product r at the disposal center f in time period t
|43 Cost of per one fuel liter consumed by vehicle v in time period t
F! Driver's wages per hour of driving in time period t
Caps, Capacity of supplier s for supply raw material a
Cap;’“ Capacity of production center p with technology g and capacity level u
Capy Capacity of distribution center k with capacity level u
Capacities VCap} Storage capacity of distribution center k with capacity level u
Cap¥ Capacity of collection center ¢ with capacity level u
Capt* Capacity of recycling center m using materials | and capacity level u
wceap® Weight capacity of vehicle v
vcap’ Volume capacity of vehicle v
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cosov Determine of amount allowable of carbon dioxide emissions in supply chain network by government
Eé’“ Fixed amount of carbon dioxide emissions due to establishing one production center p with technology g
and capacity level u
E} Fixed amount of carbon dioxide emissions due to establishing one distribution center k with capacity level
u
C0o2 E¥ Fixed amount of carbon dioxide emissions due to establishing one collection center ¢ with a capacity level
u
El Fixed amount of carbon dioxide emissions due to establishing one recycling center m using materials | and
capacity level u
€/ Carbon dioxide emissions per one unit of energy consumed (gkwh)
€l Carbon dioxide emission rate at per one liter fuel consumed (g/L)
EP? Energy consumed to produce one unit of product r with technology g (kwh)
EK, Energy consumed to distribute one unit of product r (kwh)
EC, Energy consumed to collect one unit of returned product r (kwh)
EM} Energy consumed to produce one unit of recycled raw material a with using of materials | (kwh)
Energy & Fuel a .
EB, Energy consumed to recover energy from one unit of returned product r (kwh)
EE, Energy consumed to dispose one unit of returned product r (kwh)
FU1, Fuel consumed per one unit distance for vehicle v without load
FU2, Extra fuel consumption per unit of distance traveled by vehicle v with one unit load
Bop Importance coefficient of creating job opportunities
jobg“ Number of created fixed job opportunities due to establishing one production center p with technology g
and capacity level u
job} Number of created fixed job opportunities due to establishing one distribution center k with capacity level
u
job¥ Number of created fixed job opportunities due to establishing one collection center ¢ with capacity level u
Employment jobl Number of created fixed job opportunities due to establishing one recycling center m using materials | and
capacity level u
My Unemployment ratio at the production center p
Mk Unemployment ratio at the distribution center k
Ne Unemployment rate at the collection center ¢
Nm Unemployment ratio at the recycling center m
jt Variable rate of creating job opportunities per hour of operational activity
01tc Importance coefficient of sick leaves
lte)" Number of sick leaves due to job damage with establishing one production center p with technology g and
capacity level u
. ltc Number of sick leaves due to job damage with establishing one distribution center k with capacity level u
Sick Leave . . . L - . -
ltc? Number of sick leaves due to job damage with establishing one collection center ¢ with capacity level u
leck Number of sick leaves due to job damage with establishing one recycling center m with using materials |
and capacity level u
It Variable rate of sick leaves per one hour of operational activity
A Importance coefficient of supplier’s reliability
A, Importance coefficient of reliability for the establishment of potential facilities in forward chain; N € {p, k}
As Importance coefficient of reliability of travel time for supply chain network; W(x,y)
SR, Reliability of supplier s in supplying raw material a
RP,;"“ Reliability of production center p with technology g and capacity level u
Reliability RK} Reliability of distribution center k with capacity level u
Trange,, Ratio of the difference between the maximum and minimum travel time to the maximum travel time for
supply chain network; ¥(x,y)
Tratio,, Ratio of average travel time to maximum travel time for supply chain network; W(x,y)
wy Weight factor Trange,,,
w, Weight factor Tratio,,
Dyy The distance between each pair of nodes in the supply chain
D, Maximum life of product r
TP Time required for produce one unit of product r using technology g
Coefficients of TK, Time required for distributed one unit of product r
Distance, Time, TC, Time required for collected one unit of product r
Weight and TM. Time required for recycled one unit of raw material a
Volume W, Weight of one unit raw material a
w, Weight of one unit product r
Vg, Volume of one unit raw material a
v, Volume of one unit product r
b, Minimum amount supply of raw material a by supplier s in time period t
- DEME, Demand of primary market e for product r in time period t
Other Coefficients DEM}, Demand for raw material a in the secondary market h in time period t
Qar Required amount of raw material a in produce one unit product r; Yse4qar =1, Vr €R
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Par Recycled amount raw material a per one unit of returned product r; Y ecapar =1, V7 €ER
B Percentage of returned and collected product r with energy recovery value
Yy Percentage of returned and collected product r with recycling value; 8, + vy, <1, vr
o, Percentage of recycled raw material a with able to reuse at the production of products
wd Return rate for end of life product r after d years of used;
DT
Z wl<1
d=0
Lyy The lower limit of velocity in the path between x and y
Uy The upper limit of velocity in the path between x and y
Thy The average speed of vehicle v in the route x to y; 7%, = (L, + ny)/z
Budget  Total budget available for establishing of potential facilities
Decision Variables
0%, Binary variable; If concluded a supplying contract for raw material a with the supplier s in period t equal
to 1, otherwise 0
9,;,"“ Binary variable; If established a production center p with technology g and capacity level u equal to 1,
otherwise 0
Binary Variables oy Binary variable; If established a distribution center k with capacity level u equal to 1, otherwise 0
6 Binary variable; If established a collection center ¢ with capacity level u equal to 1, otherwise 0
o Binary variable; If established a recycling center m using materials | and capacity level u equal to 1,
otherwise 0
Yy Binary variable; If traveled route x to y by vehicle v in period t equal to 1, otherwise 0
vva Quantity of raw material a shipped between two facility (x, y) € W'in time period t
- Quantity of product r shipped between two facility (x,y) € ¥"in time period t
grf Quantity of product r is produced in the production center p with technology g in time period t
Continuous I, Inventory quantity of product r that maintained in distribution center k in time period t
Variables QRL, Quantity of returned product r by customer e in time period t
QN{, Quantity of product r that by customer e in period t returned but not collected
Sér Lack quantity of product r for customer e in time period t
COSUR Quantity of carbon dioxide emissions in the supply chain (tons)
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