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Abstract: Background: The growing concern for environmental and social issues has led to a focus
on designing sustainable supply chains and increasing industrial responsibility towards society.
In this paper, a multi-objective mixed-integer programming model is presented for designing a
sustainable closed-loop supply chain. The model is aimed at the minimization of the total cost with
the total used facilities, the negative environmental impacts, and the maximization of the positive
social impacts. Methods: The epsilon-constraint method is utilized for solving the model and further
extracting the Pareto solutions. Results: The result of the research clearly shows an optimal trade-off
between the conflicting objectives, where, by paying more attention to the social and environmental
aspects of sustainability, the total costs are increased or by optimizing the number of facilities, a
better balance between the dynamics associated with the short-term and long-term goals is reached.
The results of the sensitivity analysis also show that increasing the demand of the supply chain has
the greatest impact on the supply chain costs compared to other objectives. Conclusions: Consequently,
investigating such comprehensive sustainable objectives provides better insights into the impact of
design variables on the expectations of stakeholders.

Keywords: closed-loop supply chain; sustainable design; epsilon-constraint method

1. Introduction

The increase in customer pressure for timely and quality products, as well as the
increase in global competition, has forced the organizations involved in the production
of products and services to have an integrated and coordinated supply chain network.
However, with the increase in the negative effects of industrial activities on the environment
and the increase in awareness of its impacts, as well as the pressure of legislator institutions,
the traditional supply chain has been pushed towards the green supply chain (GSC). In fact,
the GSC concentrates on eco-friendly aspects of the supply chain operations to bring
the greenness concept to all processes throughout the supply chain including product
design, raw material sourcing, manufacturing and distribution processes, etc. It can be
seen recently that corporate pressures on organizations, such as the need to assess the
viability of vendors and employees, has put forward a broader concept of the supply
chain as sustainable supply chain management (SSCM). SSCM amounts to the economic,
environmental, and social consequences of the supply chain operation, known as the triple
bottom of sustainability. SSCM measures make the supply chain accountable to public and
social concerns such as the social and ethical issues around strategic procurement.

Today, due to the increasing attention to social and environmental issues, reverse logis-
tics has become an important strategy to increase customer satisfaction. Reverse logistics
originates from the perspective of waste management. However, its implementation is
complicated by the presence of uncertainty, conflicting objectives, and difficulty of measur-
ing environmental and social impacts [1]. However, recently, reverse logistics has attracted
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the attention of many manufacturers through activities related to the process of collecting
and retrieving products with a life cycle span [2,3] and of customers through collection
centers for the purpose of reconstruction, recycling, and green disposal [4]. In this regard,
many companies have begun to use integrated environmental strategies to improve their
business models and obtain a competitive advantage through reuse and product recovery
operations. Accordingly, governments have enacted laws to address the pollution problems
and the ways by which factories deal with recycled products [5]. On the other hand, the
concept of reverse logistics has been used for the entire product life cycle, from design
to consumption, return to the factory, and the collection and transportation processes [6].
Moreover, researchers have proposed some classifications for reverse logistic processes
such as “collection, separation, reproduction, disposal, and redistribution”, “reuse, service,
reproduction, and recycling”, and “remanufacturing, recycling, and disposal” [7]. In this
paper, the last classification is considered for forward and reverse logistics or, equivalently,
the closed-loop supply chain.

It is to be noted that the lack of environmental resources and the growing rate of
environmental pollutants have threatened human lives and faced them with many chal-
lenges [8]. Although the development of industries and employment growth lead to the
improvement in the economic situation of societies and provides many benefits to individ-
uals and organizations, they have also created many environmental and social problems.
These challenges have led to the emergence of the sustainability concept in recent years.
Therefore, given that every decision in the supply chain has special economic, environ-
mental, and social effects, sustainability has become more important in the design and
implementation of supply chains [9]. Furthermore, green logistics has also created a new
revolution in sustainability. In fact, the main goal of green logistics is to coordinate all
activities in an efficient way, so that a balance between economic, environmental, and social
dimensions is provided [10]. This also stimulates organizations to care to set environment
protection objectives such as reducing pollution, water usage, and waste generation while
they still pursue the economic objective of maximizing their profits [11]. This consequently
leads to increases in the organization’s effectiveness and sustainable production and sup-
ply [4]. Combining the economic and environmental problems such as environmentally
friendly design, green packaging, green design (environmental design), and sustainable
production forms the green production structure [11].

In green management, reverse logistics plays a key role. This provides opportunities
for firms to increase their rate of return on the end-of-life products and improve their perfor-
mance [12]. Moreover, the return products are remanufactured as second-hand products or
recycled to extract the raw materials required to produce new products [13]. In this regard,
there is a need for a sustainable design that integrates economic, environmental, and social
goals in all processes of the supply chain, which could ensure its growth and survival in the
long term and hence, increase its acceptability from society’s point of view. Consequently,
in this research, comprehensive objectives addressing the real-life complexities and chal-
lenging expectations of stakeholders are considered in the sustainable design of the reverse
supply chain. The developed model presents various solutions, each of which reflects one
desire of the decision makers toward the sustainable goals, so the model also provides high
flexibility for the configuration of the supply chain.

For designing sustainable logistics, a multi-objective, multi-period, and multi-product
model is proposed in this paper. For addressing the economic dimension of sustainability,
the model seeks to optimize the operation, processes, transportation, and set-up costs;
employee support schemes; as well as the number of required facilities of the supply
chain. The environmental objectives of the model also include the minimization of carbon
emission, wastewater, and energy consumption. Finally, as the social concerns of the
model, the positive effects of social programs such as employment will also be optimized.
Furthermore, given that the proposed model is a multi-objective one, the epsilon-constraint
(e-constraint) method is used to solve the model and extract the Pareto optimal solutions.



Logistics 2024, 8, 29

30f25

This method has been shown to have a great ability to explore the solution space and extract
many Pareto solutions [14].

The paper is organized as follows. The next Section is the literature review to identify
and highlight the gaps in the literature covered by the model in this paper. Section 3
presents the assumption, the notation, the objective functions, and the e-constraints of the
proposed model as well as the e-constraint method for solving the model. The numerical
results of the paper are described in Section 4. Finally, the paper’s conclusion and some
opportunities for future research are presented in the last Section.

2. Literature Review

In this section, some relevant papers that address the reverse and closed-loop sustain-
able design of supply chains are reviewed. The design of a sustainable closed-loop supply
chain was studied in [15] by minimizing costs and risks and providing additional benefits
using the conversion of the returned products to fertilizer.

In [16], the design of a green supply chain network under stochastic demand and
carbon price was investigated. To show the effects of different parameters on the logistic
results, a sensitivity analysis was also carried out, where the carbon price and budget avail-
ability had positive effects on greening the supply chain. Zohal and Soleimani suggested a
multi-objective model for designing a closed-loop supply chain with four forward material
flows and three reverse flows in the gold industry. They followed the least amount of car-
bon emission besides the minimum cost in designing the supply chain [17]. Zarbakhshnia
and Jaghdani have developed a multi-objective and multi-product model for a forward
and reverse logistics network focusing on economic and environmental goals. They used
the e-constraint method to solve their model and showed that demand changes lead to
more changes in the cost objective function than the social and environmental objective
functions [18]. Taleizadeh et al. explored a multi-objective, single-product, multi-period
closed-loop supply chain by considering pricing and discount policies on returned prod-
ucts and modeling it by exploring economic, social, and environmental objectives [9].
Tehrani and Gupta used a multi-objective mixed integer programming model to design
a sustainable green closed-loop supply chain. The sensitivity analysis conducted in their
paper indicated that if by increasing the demand rate, the number of facilities and their
capacity level are increased appropriately, further increase in the total profit of the supply
chain will be achieved [19]. In [20], the authors focused more on environmental aspects of
a closed-loop supply chain and pursued minimizing the total cost, energy consumption,
CO, emission, and waste generation of supply chains with a focus on disruption risk. They
proposed a multi-objective model to cope with these goals and used the non-dominated
sorting genetic algorithm (NSGA-II) to extract Pareto solutions. They demonstrated that by
moving from a forward supply to a closed-loop one, both cost and environment indicators
are improved.

Investigating newer and broader objective functions has been a common trend in research
in the context of sustainable supply chain management in recent years. Tirkolaee et al. added
the reliability of the supply chain and the value of products regarding the priority of the
suppliers to the most common objective function of the supply chain management, i.e., the
minimization of the cost. They first used the DEMATEL method to identify the importance
weights of the objective functions and, second, solved the proposed multi-objective model
using the GAMS/CPLEX solver [21]. They concluded that the demand and purchase prices
from suppliers are the most sensitive factors in the introduced objective functions. In [22], the
market value-added was introduced as a measure of the accumulated economic performance
and the installation of plants and distribution centers in regions with low human development
as a measure for pursuing social dimensions of sustainability. In that paper, the configuration
of the supply chain in terms of the percentages of flows between facilities was revealed to
be influenced by adding the social and environmental dimensions of sustainability. The
maximization of employees’ safety is another example of social objectives investigated in [23].
Jaigirdar et al. designated a sustainable supply chain for perishable products to lessen
the annual supply chain cost and cold storage set-up cost and enhance the freshness of
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perishables [24]. They used the weighted sum method to handle the multi-objective model
and underlined that improved distribution planning could be regarded as a strategic decision
that better aligns the supply chain toward a sustainable one. Other multi-objective functions
including minimization of the total cost and rejected and late delivery units and maximization
of the assessment score of the selected suppliers were explored in [25] to determine order
allocation and facility location of the supply chain network.

The closed-loop supply chain also was raised as an effective waste management
solution [26]. The authors proposed a comprehensive CLSC network that optimizes envi-
ronmental, economic, and social footprints through a multi-objective optimization approach
and solved their model using the weighted sum method and several improving heuristics.
Increasing the reverse logistics profits and reducing the worker salary were determined as
changes that seek more sustainable goals, while increasing uncertainty affects all objectives
inversely. It has also been shown that regulatory policies affect the configuration of the
closed-loop supply chain network when sustainability goals are considered. The effects
of such policies alongside the technical innovation of increasing the lifetime of perishable
products were researched in [27], where the latter exhibited a positive effect on the incorpo-
rated sustainable objective function. Planning facilities for eco-industrial parks [28] and
modeling wood biomass supply chains [29] are among the new applications of sustainable
design. The authors also presented the method of fuzzy analytic hierarchy process for
determining the weight of the sustainable goals in their proposed mixed integer linear
programming models.

In Table 1, the reviewed papers and the differences between them and the current
research are summarized. Regarding the conducted studies, the broader sustainable ob-
jectives of the paper outweigh the innovations of the paper. These objectives not only
cover the traditional objective function such as the cost function of supply chains, but also
introduce the cost of employee support schemes and social self-sufficiency alongside the
environmental protection goals, such as minimum carbon emission and water and energy
consumption, which together were paid less attention in the previous research. Minimizing
the number of used facilities besides the costs of the supply chain is also a recent objective
function and as will be discussed in the results section. It could explore a proper balance
between short- and long-term goals of the supply chain. Finally, the e-constraint method
employed in this study, unlike methods such as the weighted sum method, has the ability
to extract various Pareto solutions. This prepares sophisticated information to analyze the
results, shows the effectiveness of the multi-objective method in providing solutions that
pay attention to all dimensions of sustainability, asnd leads to useful managerial insight for
policy making.

Table 1. The summary of the reviewed papers and their differences from the current research.

Sustainable Dimensions

L. Energy
Source  Product Period Objective Method Total Number CO; Water Con- Employee Self-
of Facili- Emis- Support . Others
Costs . . Usage sump- Sufficiency
ties sion . Schemes
tion
[15] multi multi multi Weighted sum * * *
[17] single single multi Ant colony * *
[18] multi single multi e-constraint * * *
; . . . TH
Q * * * *

[19] multi multi multi (Torabi-Hassini)
[21] multi multi multi VIYelghted Qoal * *

rogrammmg
[22] multi multi single Heuristic *
[23] single multi multi Lagranglan * * *

relaxation

[20] multi single multi NSGA-II * * * *
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Table 1. Cont.
Sustainable Dimensions
L Energy
Source  Product Period Objective Method Total Number CO; Water Con- Employee Self-
of Facili- Emis- Support L. Others
Costs . . Usage sump- Sufficiency
ties sion . Schemes
tion

[24] multi single multi Weighted sum * *
[25] multi single multi MOPSO * *
[26] single single multi Weighted sum * * * *
[27] multi multi multi Weighted sum * * *
[28] single single multi Weighted sum * * *
This multi multi multi e-constraint * * * * * * *

paper

The notation * indicates that the topic is covered by the mentioned study.

Based on the above discussion, the main research objectives of the paper are the following:

1.  Presenting a multi-objective model to handle new and realistic sustainable goals.
2. Presenting the e-constraint method to extract various Pareto solutions.
3. Providing clear interpretations of solutions and the results of the model.

3. Model Description

In this paper, a multi-objective model is proposed for minimizing the total costs and
environmental and social effects as well as the number of facilities in a closed-loop supply
chain. For the environmental objectives, the reduction in carbon emissions, water wastages,
and energy usages are targeted. Moreover, increasing employment support schemes and
self-sufficiency are also studied as the social goals in this article. In the supply chain
network and the forward flow, the suppliers send raw materials to the manufacturing
centers, and next, the manufacturers send the finished products to the customers or keep
them properly in storage for future use. On the other hand, disposal and recycling centers
are the first centers in the reverse flow of the supply chain. In this direction, the returned
products collected in the supply chain are divided into manufacturable, recyclable, and
unusable products first, and next, they are sent in turn to remanufacturing, recycling, and
disposal centers, respectively. The repaired items in remanufacturing centers can either be
sent to the manufacturing centers to be used in new products or be sent to suppliers to be
used as spare parts, while the recycled items could be employed as raw materials in the
manufacturing centers or other suppliers.

Figure 1 shows the forward and reverse flows of the closed-loop supply chain under
consideration. In this supply chain, the distributing and collecting centers have the role of
both distributing products to local customers and collecting used returned products from
them. The used returned products are then spread between the remanufacturing, recycling,
and disposal centers based on predetermined rates. In the remanufacturing centers, limited
processes such as cleaning are performed on the used returned products to prepare them
for sending to the manufacturing plants to be further processed and converted to the final
products. However, if they exceed the capacity of the remanufacturing centers, they are
transported to the supply centers to be used as raw materials for final products. Also, some
of the used returned products do not have the competency to be transformed into the final
product after processing in remanufacturing and manufacturing centers. They might be
processed in recycling centers to extract the raw materials from them. These raw materials
are sent to the supplier centers again to be used in the final products. However, the returned
used products that do not have enough quality for recycling and remanufacturing are sent
to the disposal centers to be discarded as garbage.
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Figure 1. The forward and reverse flows in the closed-loop supply chain.

3.1. Model Assumptions
The model assumptions are the following:

The model is multi-period and multi-product.

The customer demand and the number of returned products is certain.

The quality of recycled products is different from that of new products.

The sale point of recycled and new products is the same, so the model considers only
one type of customer.

e  The shortage is not allowed.

Notably, in some real-world problems, some parameters, such as demand, are un-
certain, in which case the proposed model needs fundamental adjustments. Also, we
have assumed that all parameters have a predetermined value, but clearly, to estimate
some parameters, such as the transportation costs between facilities, strong information
sources such as geographic information systems (GIS) can be used [29]. Moreover, histori-
cal data are needed to determine the distribution rates of returned used products among
remanufacturing, recycling, and disposal centers to establish the model. These rates are
mainly influenced by the quality of such products and dependent on the consumption and
return culture of local customers and, therefore, might vary over time. Thus, in real-world
problems, adjustments are necessary to measure and update these parameters.

3.2. The Mathematical Model

Before describing the proposed model in mathematical terms, its simplified summary
is presented as Table 2:

Table 2. The overview of the proposed model.

Modeling Structure

Descriptions

Optimizing objective functions:

Minimizing the total costs: Fixed costs of facilities
Transportation costs
Operation costs
Costs of employee support schemes
Holding cost
Minimizing the negative environmental C .
. arbon emission
impacts:
Water wasted
Energy consumption
Maximizing the positive social impacts: Job creation
Self-sufficiency
Minimizing the number of facilities
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Table 2. Cont.
Modeling Structure Descriptions
Considering the supply chain constraints: Meet all customers’ demand
Operate all returned products
Flow constraints between facilities
Inventory constraints in warehouses and manufacturing centers
Capacity constraints of active facilities
Capacity constraints of transportation vehicles
Ensure at least one facility of each type will be opened
Budget constraints of employee support schemes
Furthermore, the model notations are provided below:
Indices and Sets Description
seS Index of supplier centers (s = 1,2,...,5)
me M Index of manufacturing centers (m =1,2,..., M)
dc € DC Index of distributing and collecting centers (dc = 1,2,...,DC)
Ice LC Index of local customer area (Ic = 1,2,...,LC)
rm € RM Index of remanufacturing and revival centers (rm = 1,2,...,RM)
rc € RC Index of recycling centers (rc = 1,2,...,RC)
ds € DS Index of disposal centers (ds = 1,2,...,DS)
peP Index of products (p = 1,2,...,P)
teT Index of time periods (t =1,2,...,T)
veV Index of available vehicles (v =1,2,...,V)
es € ES Index of employee support scheme (es = 1,2,...,ES)
Parameter Description
dlpC” Demand for item p in local customer area Ic in period t (units).
u p,’f’f Number of returned items p from local customer area Ic in period t (units).
ot Rate of sending item p from distributing and collecting center dc to the remanufacturing and revival centers in
Mg period ¢.
”Cf;;t Rate of sending item p from distributing and collecting center dc to the recycling centers in period ¢.
rdsgf Rate of sending item p from distributing and collecting center dc to the disposal centers in period ¢.
fch, Fixed cost of establishing distributing and collecting center dc (USD).
fet, Fixed cost of establishing remanufacturing and revival center rm (USD).
fct. Fixed cost of establishing recycling centers rc (USD).
feke Fixed cost of establishing disposal center ds (USD).
et Cost of transporting a unit of raw material from supplier center s to manufacturing center m in period ¢
sm (USD/unit).
1Pt Cost of transporting a unit of item p from manufacturing center m to distributing and collecting center dc in
Cim,de period t (USD/unit).
tcfr[,tm Cost of transporting a unit of item p from manufacturing center m to its warehouse m in period t (USD/unit).
it Cost of transporting a unit of item p from distributing and collecting center dc to local customer area Ic in period ¢
FCe,tc (USD/unit).
1P Cost of transporting a unit of item p from manufacturing center’s warehouse m to distributing and collecting
Cm,de center dc in period t (USD/unit).
1P Cost of transporting a unit of returned item p from local customer area Ic to distributing and collecting center dc in
€le,dc period t (USD/unit).
1Pt Cost of transporting a unit of returned item p from distributing and collecting center dc to remanufacturing and
Cdc,rm revival center rm in period f (USD/unit).
1Pt Cost of transporting a unit of returned item p from distributing and collecting center dc to recycling center rc in
Cac,re period ¢ (USD/unit).
it Cost of transporting a unit of returned item p from distributing and collecting center dc to disposal center ds in
FCe,ds period f (USD/unit).
.t Cost of transporting a unit of recovered item p from remanufacturing and revival center rm to manufacturing
term,m center m in period t (USD/unit).
1P Cost of transporting a unit of recovered item p from remanufacturing and revival center rm to supplier center s in
Crm,s period t (USD/unit).
tcfc’fs Cost of transporting a unit of recovered item p from recycling center rc to supplier center s in period ¢ (USD/unit).
pcﬁl’t Operation cost per unit of item p in manufacturing center m in period ¢ (USD/unit).
pcgét Operation cost per unit of item p in distributing and collecting center dc in period ¢ (USD/unit).
Pt

Operation cost of a unit of returned item p in remanufacturing and revival center rm in period t (USD/unit).
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Parameter Description

pcfgr Operation cost per unit of returned item p in recycling center rc in period ¢ (USD/unit).

pch ;r Operation cost per unit of returned item p in disposal center ds in period ¢ (USD/unit).

oy, Amount of CO, emission for a unit of item p in manufacturing center m (g/unit).

cob. Amount of CO, emission for a unit of recovered item p in remanufacturing and revival center rm (g/unit).

oy, Amount of CO, emission for a unit of item p in recycling centers rc (g/unit).

cog e Amount of CO, emission for a unit of returned item p in disposal center ds (g/unit).

c02p Amount of CO, emission for using vehicle v per mile (g/mile).

nt Cost of stocking a unit of item p in warehouse of manufacturing center m (USD/unit).

cas Capacity of supplier center s (units).

cam Capacity of manufacturing center m (units).

caiy, Capacity of manufacturing center’s warehouse m (units).

cage Capacity of distributing and collecting center dc for new items (units).

carge Capacity of distributing and collecting center dc for recovered items (units).

Carm Capacity of remanufacturing and revival center rm (units).

Care Capacity of recycling center rc (units).

cags Capacity of disposal center ds (units).

cay Capacity of vehicle v (units).

Vgc Number of machines in production lines of distributing and collecting center dc (numbers).

Vrm Number of machines in production lines of remanufacturing and revival center rm (numbers).

Ve Number of machines in production lines of recycling center rc (numbers).

Vs Number of machines in production lines of disposal center ds (numbers).

csty Cost of employee support scheme es in period ¢ (USD)

mbs Maximum allocated budget for employees’ support (USD).

ncs Number of created job opportunities at supplier center s per unit of item p (numbers).

nem Number of created job opportunities at manufacturing center m per unit of item p (numbers).

NCrm Number of created job opportunities at remanufacturing and revival center rm per unit of item p (numbers).

NCre Number of created job opportunities at recycling center rc per unit of item p (numbers).

ncgs Number of created job opportunities at disposal center ds per unit of item p (numbers).

ech, Amount of used energy per unit of item p in manufacturing center m (kWh/unit).

ecsc Amount of used energy per unit of item p in distributing and collecting center dc (kWh/unit).

echy, Amount of used energy per unit of item p at remanufacturing and revival center rm (kWh/unit).

ech. Amount of used energy per unit of item p in recycling center rc (kWh/unit).

wol, Amount of used energy per unit of item p in disposal center ds (kWh/unit).

wok, Wasted volume of water per unit of item p in at remanufacturing and revival center rc (kWh/unit).

wol, Wasted volume of water per unit of item p in recycling centers rm (liters/unit).

woh) . Wasted volume of water per unit of item p in disposal center ds (liters/unit).

poF Volume of each item p unit (liters /unit).

w1 Weight of CO, emission in the environmental objective function.

wy Weight of wasted water in the environmental objective function.

w3 Weight of energy usage in the environmental objective function.

Wy Weight of created job opportunities in the social objective function.

ws Weight of self-sufficiency in the social objective function.

Variable Description

T! ,’; Quantity of raw material transported from supplier center s to manufacturing center m in period ¢ (units).
ot Quantity of product p transported from manufacturing center m to distributing and collecting center dc in
m,de period # (units).

Tt Qu'fmtity of Product p transported from distributing and collecting center dc to local customer area Ic in
de,lc period t (units).

TPt Quantity f)f retgrned use.d product p transported from local customer area Ic to distributing and collecting
le,de center dc in period f (units).

Tpt Quantity of returned Produc.t [4 transported from distributing and collecting center dc to remanufacturing
de,rm and revival center rm in period ¢ (units).

Tt Quantity of returned product p transported from distributing and collecting center dc to recycling centers
de,re rc in period f (units).

Tht .Quant.ity of retgrned product p transported from distributing and collecting center dc to disposal center ds
de,ds in period f (units).

Tt Quantity of .recovered pr.oduct.p transpprted from remanufacturing and revival center rm to
. manufacturing center m in period f (units).

TPt Quantity of reFovered Product p transported from remanufacturing and revival center rm to supplier
rms center s in period f (units).

TH L Quantity of raw material p transported from recycling centers rc to supplier center s in period ¢ (units).
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Variable
TIh
it

Tlm,dc

Jt
oM},
Qpl!
QRM%’Z

P,
QDS %,
QRCl;
NV!

v,8,1m

A%

v,m,dc

NvPA

v,dc,lc

Nv#!

v,dc,rm

pit
v,dc,rc

pit
N Vv,dc,ds

t
U

Ot

es

Description

Quantity of product p transported from manufacturing center m to its warehouse m in period ¢ (units).
Quantity of product p transported from manufacturing center’s warehouse m to distributing and
collecting center dc in period t (units).

Quantity of manufactured product p in manufacturing center m (units).

Quantity of product p in manufacturing center’s warehouse m (units).

Quantity of recovered product p in remanufacturing and revival center rm (units).

Quantity of disposed products in disposal center ds (units).

Quantity of recycled product p in recycling centers rc (units).

An integer variable representing the number of vehicles v used to transport raw material p from supplier
center s to manufacturing center m in period ¢ (numbers).

An integer variable representing the number of vehicles v used to transport product p from
manufacturing center m to distributing and collecting center dc in period f (numbers).

An integer variable representing the number of vehicles v used to transport product p from distributing
and collecting center dc to local customer area Ic in period t (numbers).

An integer variable representing the number of vehicles v used to transport product p from distributing
and collecting center dc to remanufacturing and revival center rm in period ¢ (numbers).

An integer variable representing the number of vehicles v used to transport product p from distributing
and collecting center dc to recycling center rc in period t (numbers).

An integer variable representing the number of vehicles v used to transport product p from distributing
and collecting center dc to disposal center ds in period f (numbers).

1 = if the inflow to the warehouse m for product p is activated in period t.

0 = if otherwise the outflow from the warehouse m for product p is activated in period t.

1 = if distributing and collecting center ds is established.

0 = otherwise.

1 = if remanufacturing and revival center rm is established.

0 = otherwise.

1 = if recycling centers rc is established.

0 = otherwise.

1 = if disposal center ds is established.

0 = otherwise.

1 = if employee support scheme es is chosen in period t.

0 = otherwise.

Taking into account the notations of this paper, the proposed model is introduced in
the following. In doing so, first, the objective functions of the model are presented and
then, the model constraints are explained. As mentioned, the model objective functions
include the cost function, environment function, social function, and function related to the
number of facilities and machines.

3.2.1. The Cost Functions

The total cost of the model is equal to the fixed costs of facilities + the transportation
costs + the processes and operation costs + the costs of employee support schemes + the
holding costs.

e  The fixed costs of facilities (FC)

The fixed costs of facilities including distributing and collecting centers, remanufactur-
ing and revival centers, recycling centers, and disposal centers are as Equation (1):

DC T RM T RC T DS T
FC=Y Y fehXoe+ Y Y formXem+ Y Y foreXee+ Y Y fchoXas (1)
de=1t=1 rm=1t=1 re=1t=1 ds=1t=1

e  The transportation costs (TC)

The transportation cost between different facilities in the supply chain network is
calculated as Equation (2).
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TC =
S M T ; P M DC T P DC LC T tp tp
YL Y ETutem+t L ¥ L LTh t0h + 3 ¥ ¥ ZTdclc CacieT
s=1m=1t=1 p=1m=1dc=1t=1 p=1ldc= llc 1t
P DC DS T p tp P M DC T tp tp
Y T +Y Y L X TI"? + Z Z ): Tl m tom
el Pt e L Cacas p=m—lde1i=1 "™Ae mdc s=1m=1t=1 2)
P LC DC T tp P DC RC T p tp P DC RM T tp tp
Z Z Z Z Tlc dc* tclc de + Z Z Z Z Tdc rc tcdc,rc + Z Z Z Z Tlc dc tcdc,rm+
p=1lc=1dc=1t=1 p=ldc=1rc=1t=1 p=1ldc=1rm=1t=1
P RM M T P RM S T P RC S T
Y L L LThwtommt L L L L Tistchs+ & ¥ L ¥ T tords
p=lrm=1m=1t=1 p=1rm=1s=1t=1 p=lrc=1s=1t=1

e  The operation costs (OC)

The operation cost comprises the production cost and the processing costs in the
distributing and collecting centers, remanufacturing and revival centers, recycling centers,
and disposal centers. This cost is shown in Equation (3).

OC_
M

LY L opdloMi 4y v 2pc f.opcl, b Y Y Y pelorcl

t= 1p 1m=1 t= 1p 1dc 1 t=1p=1rc=1 (3)
RM

ZZ Y. pchn-QRMEy, +ZZ ZPCdsQDS

t=1p=1rm=1 t=1p=1ds=1

e  The costs of employee support schemes (SC)

According to the Global Reporting Initiative Standard (GRI), employee support
schemes can include payment of facilities with low or free wages, overtime pay, hous-
ing, educational and training grants, and so on. Given that the cost of scheme es in period ¢
is SCes 1, the total cost of support schemes is according to Equation (4).

ES T

SC= Y Y scl.Ok (4)

es=1t=1

e  The holding cost (HC)

Considering that the inventories could only be stored in the manufacturing centers,
the total holding cost is determined as Equation (5).

T P M

HC=Y Y} Zh’” Py (5)

t=1p=1m=1

Therefore, taking into account Equations (1)—(4), the first objective function Z, i.e., the
minimization of the total cost, is specified by Equation (6):

Min Z; = FEC + TC + OC + SC + HC (6)

3.2.2. Environmental Function

The three environmental destructive effects studied in the present study include (1)
the carbon emissions, (2) the water wasted, and (3) the energy consumption.

e  The carbon emissions (CE)

According to the GRI guidelines, toxic greenhouse gases have a significant effect
on air temperature and climate change. Through the supply chain, carbon could be
generated by two resources. The first resource is the processes of the supply chain, including
the production processes, the distribution and collection processes, the remanufacturing
processes, the recycling processes, and the disposal processes. The carbon emissions
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of these processes, denoted by QCO2, is shown in Equation (7). The second source of
carbon emissions is transportation between the supply chain facilities. For this purpose,
the transportation of raw material to the manufacturing centers, finished products to the
distribution centers and from there to the customers, the returned products to the collecting
centers, and then transferring of them to the remanufacturing, recycling, and disposal
centers are included. Equation (8) represents the carbon emissions stemming from the
transportation activities (NvCO2).

QCO; =
PpoMo nt P pt P nt
L L €0y, Z QM | + L Z cohe Z QDG )+ X Z c05,, Z QRMp | +
p=1m=1 t= p=1ldc= 1 p=1rm=1 (7)
P RC
r X c02m<2 QRCE: >+ x Z COZdS(Z QDS )
p=1rc=1 t=1 p=1ds=1
NVCO, = Z Z dgsm Z Z Co2vNVvsm+ Z Z dtdeZ Z coxyN vmdc
s=1m=1 v=1p=1 slml vlpl
LC
Y ¥ drele ¥ copN 5 dsern - copN 8
de=11c=1 U= 1p 1 ’ vdclc dc 1rm 1 U= 1p 1 ’ vdcrm ®)
DC RC ded
LY ey Z coyN vder Z Z dpteds y° Z 02NV} o 4
de=1rc=1 v=1p=1 de=1ds=1 v=1p=1
e  The water wasted (WW)
The generated wastewater as a result of manufacturing, remanufacturing, recycling,
and disposing processes is stipulated by Equation (9).
Ww= 3 % wvm(z QM‘”> Yy wvrm(z QRMF; )
p=1m=1 p 1rm=1 9
b » ©)
L Z wvrc<2 QRCy >+ )» Z wvdS(Z QDS )
p=1rc=1 p=1ds=1
e  The energy consumption (EC)

Energy consumption is another environmental indicator indicating the efficiency of
energy usage according to GRI standards. In this paper, the sum of all the energy consumed
on all products in all supply chain activities is considered as an energy indicator and is
calculated using Equation (10).

P M pt P

=Yy X 6Cm(2 QM )+ D Z 6%(2 QDCyy )

p 1m=1 t p 1dc=1 10)
P p (T » Pt P (
)y Z ecrc(z QRCVC’) + E Z ecrm(Z QRM;; ) + X Z ECdS(Z QDS )
p=1rc=1 t=1 p=1rm=1 t=1 p=1ds=1

Now, regarding the above effects and considering the importance weights wq, wy, and
w3 for the carbon emissions, wastewater, and energy consumption, respectively, the second
objective of the proposed model (Z5) is expressed by Equation (11).

minZ; = ZU1.(QCOZ+NVCOZ) + wy WW + w3.EC (11)

3.2.3. The Social Function

In this paper, the social effects of the closed-loop supply chain are considered on job
creation and self-sufficiency.

o  Thejob creation (JC)

One of the positive effects of manufacturing, distributing, collecting, remanufacturing,
recycling, and disposing of processes is the creation of job opportunities. Job creation will
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also have positive effects on society, such as satisfaction and the reduction in migration. In
this paper, job creation is determined with respect to the number of products processed
throughout the supply chain in all periods. Hence, Equation (12) is used to describe the job
creation of the supply chain.

T DC P T RC P T
) QML’f) + ¥ ncdc( Y Qchgt) + ¥ ncm.( Y QRCfét>
=1 —=

1t de=1 p=1t=1 re=1 p=1t=1 (12)
P T it DS P T it
L Y QRMyy | + Y negs-| XL QDSy
p=1t=1 ds=1 p=1t=1

e  The self-sufficiency (5S)

As the number of domestically manufactured products is increased, the self-efficiency
increases, and this has positive effects on the other social concerns such as reduced inflation
and exchange rate. The self-sufficiency impact can be specified by Equation (13).

T P M
ss=6.Y Y oMy (13)
t=1p=1m=1

Accordingly, the social function of the model (Z3) is characterized by considering
the weights of w4 and wy for the job creation and self-sufficiency objectives, respectively,
according to Equation (14):

minZz = —wy .JC — w5 .SS (14)

3.2.4. The Number of Facilities

The final objective of the model is the minimization of the facilities used in the supply
chain. Due to the fact that the useful life of the facilities might be different with the
number of periods in the planning horizon, the cost of facilities itself does not appropriately
reflect the effective cost of employing facilities. Instead, minimizing the number of facilities
separately does not disturb the planning horizon used for measuring other cost components
and helps pursue one of the considered goals of supply chain management. Given the
notation of the paper, this objective function can be quantified by Equation (15).

DC RM RC DS
minZs = Y 04 Xge+ Y Orm Xem+ Y Orc Xrc+ Y Vg5 -Xas (15)
de=1 rm=1 rce=1 ds=1
3.2.5. The Model Constraints

After describing the objectives, the model constraints are described. The first constraint
set is shown in Equations (16) and (17).

DC

Yy Th =dl ViceLC,peP,teT (16)
de=1 ’

DC ; ;

Y, T =upy ViceLC,peP,teT (17)
de=1

Equations (16) and (17), respectively, ensure that all customers” demands are answered
in the forward logistics and all returned products are collected by the collecting centers
in the reverse logistics. Therefore, customers’ demands and returned products should be
equal to the product flows from distributing and collecting centers to the customers and
product flows from the customers to the distributing and collecting centers. However, as
shown in Equations (18) and (19), the incoming flows to the remanufacturing centers and
recycling centers should be equal to their outgoing flows.
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DC ; M ; S ¢
Y T =Y Thim+ Y This VrmeRM,peP, teT (18)
de=1 m=1 s=1
DC ; S ;
Y Ti.=) Tl VrceRC, peP, teT (19)
dc=1 s=1

In addition to the demand constraints, flow balance constraints should also be satisfied.
These constraints state that the sum of the inflows to each node in the logistics network
is equal to the sum of the outflows from that node. These constraints for the remanufac-
tured products in the distributing and collecting centers, for the recycled products in the
distributing and collecting centers, for the disposed of products in the distributing and
collecting centers, for the finished products transferred from the manufacturing centers
and their warehouses to the distributing and collecting centers, for the finished products
in the manufacturing centers, and for the raw materials in the supplier centers are shown
in Equations (20)—(25), respectively. Also, as explained, the distribution rates of returned
products to the remanufacturing, recycling, and disposal centers are practical rates based
on historical data. For example, if in the distributing and collecting center dc, it has been
experienced that 50% of the returned products p are prone to remanufacturing, while

30% of them have a lower quality and are only suitable for recycling, then RRMsét = 0.5,

RRC(’;; = 0.3, and RDSZ; = 0.2 for all t. Another point is that the set of warehouses is
included in the manufacturing centers, so the inventory constraints are just added for them.

RM LC
Yy ch’frm =Y rrmly! .T[;:;C Vdce DC,pe P, teT (20)
rm=1 le=1
DC LC
Y. Tfé,trc =Y rrch.TIi’;C Vdce DC,pe P, teT 1)
de=1 le=1
DC LC
y. T{fc’fds =Y rdst.Tl’;’;C Vdce DC,pe P, teT (22)
de=1 le=1
M Pt Pt - LC ot
Z (Thage ¥ Thy g = 2 Tjee Vdc€DC, peP teT (23)
m=1 le=1
S RM DC
YT+ Y Thaw= Y TV 4TI YmeM peP teT (24)
s=1 rm=1 de=1
RC RM M
YT+ Y Thie< Y Ty VseS, peP teT (25)
re=1 rm=1 m=1

We also need constraints that establish the relationship between the production and
the storage. Equations (26)—(29) are used for this purpose.

DC
oMb = Y T 4TI, YmeM,peP, teT (26)
de=1
pt_ oppi-1 VI Sy
QP} = QP + Tl — Y TI, YmeM,peP, teT 27)
de=1
TI), < BigM.Ul' YmeM,peP,teT (28)
DC ; ;
Y. TIV, <BigM.(1-Uj) VmeM,peP,teT (29)

de=1

Equation (26) indicates that the manufactured products in each period are sent to the
distributing and collecting centers or stored in the warehouses. On the other hand, the
inventory level of warehouses in each period is equal to the remaining inventory level
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from the previous period plus the transferred products from the related manufacturing
center to the warehouse in that period minus the sum of the products that are sent from
the warehouse to the distributing and collecting centers (as shown in Equation (27)).
Equations (28) and (29) do not allow the products to be transported from the manufacturing
centers to their warehouse and simultaneously, to be sent from their warehouse to the
customers. In other words, the products will only be allowed to be transferred to the
warehouse if the manufactured products in each period exceed the demanded products of
the distributing and collecting centers in that period.

Equations (30)—(40) confirm that the flow of products is only allowed between the active
facilities, the outflows from a facility are less than the processed products in that facility,
and the processed products in each facility cannot exceed the capacity of the facility. We
denote such constraints as capacity constraints. Therefore, the capacity constraints of facilities
are Equations (30) and (31) for the manufacturing centers, Equations (32) and (33) for the
distributing and collecting centers, Equations (34) and (35) for the remanufacturing centers,
Equations (36) and (37) for the disposal centers, Equations (38) and (39) for the recycling
centers, and Equation (40) for the capacity of warehouses in the manufacturing centers.

DC
Y 10 <QMi VYmeM,peP teT (30)
de=1
P t
Y oM} <cay VmeM,teT (31)
p=1
LC ; ;
Y Th < QDCI VdceDC,peP, teT (32)
le=1
P t
QDCfi’é < (caj. +crag.) X4 Vdce DC,teT (33)
p=1
DC ; ;
Y T, <QRMp, VrmeRM,peP, teT (34)
de=1
P t
Y QRM}y < capy Xem Vrm € RM,t€T (35)
p=1
DC ; ;
Y T <QDSL VdseDS peP, teT (36)
de=1
P t
Y QDS < cags Xy Vds € DS, teT (37)
p=1
DC ; ;
Y T .<QRC{ VrceRC,pePteT (38)
de=1
P t
QRCI < caye X, VrceRC,teT (39)
p=1
P t
Y QP <caiy, YmeM,teT (40)
p=1

Furthermore, the number of employed vehicles in the supply chain should be identi-
fied and the amounts of products transported through the supply chain should be limited to
their capacity. For this purpose, Equations (41)—(46) have been introduced, which describe,
respectively, the transportable products between the suppliers and the manufacturers, the
manufacturers and the distributing and collecting centers, the distributing and collecting
centers and the customers, the customers and the distributing and collecting centers, the
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distributing and collecting centers and the recycling centers, and the distributing and
collecting centers and the remanufacturing centers.

|4
poP Ty < Y cal NVYL, VseS,meM peP, teT (41)

v=1

pof T < icag NV . YmeM,dceDC peP teT (42)
o Th' < 2 cal) NV . Vdc€DC,Ic€ LC,p€EP, teT (43)

pof TP < Z cal) NV! ;. Vlc€LC,dce DC,peP, teT (44)
of T < 2 cal) NV, = Vdce DC,rc € RC,p P, t€T (45)

pof TH' < 2 caly NV, . Vdce DC,rm € RM,p € P, t€T (46)

According to Equation (47), the maximum employee support schemes that should be
selected for increasing the abilities of employees in the supply chain are restricted to the
budget considered for this purpose.

ES
Y CSi, O, <MBS VteT (47)

es=1

Equations (48)—(51) imply that for the completion of the closed-loop supply chain
functions in both the forward and reverse directions, at least one facility of each distributing
and collecting center, remanufacturing center, recycling center, and disposing center should
be established. pe

Y Xge>1 (48)
de=1

RM
Y Xem>1 (49)

rm=1

RC
Y Xee>1 (50)

re=1

DS
Y Xus>1 (51)
ds=1

Finally, Equations (52)-(54) represent the type of variables used in the proposed model.

t p.t p.t pt pt p.t +
NVU,SJW Nvadc’ vadclc’ NVvdcrm’ NVvdcrc’NVvdcds €Z" Voe v,

seS, meM,dceDC, lce LC, rme RM, rce RC, dse DS, pe P, teT
ot pt .t p.c Pt .t p.t .t .t .t

Tm dc’ Tlm/m’ Tdclc’ TImdc’ Tlcdc’ Tdcrm’ Tcds’ Tcrc’ Trm,mr Trc,s,

T, Pl QMI!, TIPY, QRMEL, QDS QRCI > 0vo e v, (53)
seS, meM,dceDC, Ice LC, rme RM, rc € RC, ds€ DS, pe P, teT

(52)

Xdc/ er/ ch/ de € {0' 1} (54)

3.3. The Solution Approach

In multi-objective problems, a desired solution should have good performance in
the achievement of all objective functions. However, the considered objective functions
usually conflict with each other, and optimizing one objective function does not lead to
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the optimization of other objective functions. Indeed, if all the objectives were in line with
each other, it would no longer be necessary to study the problem using a multi-objective
model, and it would be enough to just optimize one of the objective functions to achieve
the optimal solution. Hence, most of the solution approaches proposed for multi-objective
problems try to obtain a balance for different objective functions, and in this regard, Pareto
solutions have been introduced. A Pareto solution is a solution against which there is
no other feasible solution with better values for all the objective functions. The set of all
Pareto solutions form the Pareto front in the solution space. Each of the Pareto solutions
can be considered as the optimal solution because they are definitely better than other
non-Pareto solutions. However, the selection among the Pareto-optimal solutions is left to
the ultimate decision maker to choose the most desirable solution among them [30]. Given
the importance of the Pareto solutions in multi-objective problems, any solution approach
that can extract more and more diverse solutions is more efficient.

One of the most efficient solution approaches in the context of the multi-objective
problems is the e-constraint method [31]. Some of the advantages of this method over some
other widely used approaches in solving multi-objective problems such as the weighting
method are as follows [31]:

1.  Find the non-extreme points in the Pareto front in addition to the extreme points
(Utopia points) in that front.

2. The different scales of the objective functions have no effects on exploring the solution
space in this method.

3. This method can detect Pareto points when there are several Pareto fronts in the
solution space.

To explain the e-constraint method, the following multi-objective model that aims to
minimizing the objective functions Z;(x), Z(x), ..., and Z,(x) is considered:

Min (Z1(x), Za(x), ..., Zu(x))
s.t. (55)
XeS

where x is the vector of decision variables and S denotes the solution space. The e-constraint
method finds the Pareto solutions in successive iterations. In each iteration, one of the
objective functions is considered as the objective function of a single-objective model
wherein other objective functions are passed to the constraints by considering an upper
bound for them. In an iteration of the e-constraint method where Z;(x) has been chosen as
the single objective, the following model should be solved:

min Z;(x)
s.t.
Zi(x) < &
Ziq(x) <& (56)
Zii1(x) < €41
Zn(x) < ey
xes

Indeed, the term ¢ in this method indicates that in each iteration, each objective
function, except the one that is intended to be optimized, is allowed to deviate from its
ideal value by a certain amount, namely,¢, and as proven [31], this yields Pareto solutions.
Also, to find proper values for ¢;, first, the ideal solution of objective function Z;(x) is
introduced as the vector x7. x; indicates the vector of solutions that optimizes the objective
function Z;(x). In other words, x satisfies the relationship Z;(x}) < Z;(x) for all x € S.

Furthermore, Z7 and Z;" are defined by Equations (57) and (58).
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Z; = Zi(x}) (57)
Z: = Max(Z;(x7), Zi(x3), ..., Zi(x})) (58)

Taking into account the definitions of Z7 and Z;”, the values of ¢; could be specified
using Equation (59): ;
si:Z;‘—l—;(Zi_—Zi*) t=1,2,...,r (59)

It is also notable that the higher the value for f, the more Pareto points are expected to
be explored and identified by the e-constraint method.

4. The Numerical Results

To examine the performance and efficiency of the model, three examples of the forward
and reverse supply chain in the context of automobile battery products are considered. In
Tables 3 and 4, a description of the examples, including the number of facilities and the
parameters’ values, is presented.

Table 3. The dimensions of the case studies.

Examples P 14 ES LC DS RC RM DC M S T
The small-size problem 2 3 2 2 2 1 1 2 1 2 2
The medium-size problem 5 5 4 5 3 3 2 3 2 3 4
The large-size problem 10 10 6 8 4 6 5 4 6 5 5
Table 4. The parameter values in the examples.
Parameter Description Parameter Description Parameter Description
art Uniform (200, 500) Vgs 2 pckt! Uniform (0.7, 1.5)
upl” Uniform (5, 8) cst Uniform (10, 27) peh! Uniform (0.7, 1.5)
rrmdp’t Uniform (0.2, 0.8) desm Uniform (7, 15) cag 1000
rrchy Uniform (0.2, 0.8) dpmAe Uniform (7, 15) Cm 1100
rdsgj Uniform (0.2, 0.8) dpdele Uniform (7, 15) caiy 1000
feh Uniform (1000, 3500) dgderm Uniform (7, 15) cage 1200
fet., Uniform (1000, 3500) dpdere Uniform (7, 15) car e 1000
fet. Uniform (1000, 3500) dpdcds Uniform (7, 15) Crm 1300
fel, Uniform (1000, 3500) mbs 10000 caye 1300
tcl Uniform (0.1, 0.2) ncs 0.01 cags 800
tci’tdc Uniform (0.1, 0.2) ney, 0.014 cay 2000
gt Uniform (0.1, 0.2) NCrm 0.012 poP 2
el Uniform (0.1, 0.2) Cre 0.01 w, 0.4
teh Uniform (0.1, 0.2) nC4e 0.02 wy 0.6
tel Uniform (0.1, 0.2) ncgs 0.01 w3 0.3
tcgjm Uniform (0.1, 0.2) ech, Uniform (15, 20) Wy 0.3
tcg;' , Uniform (0.1, 0.2) ech. Uniform (15, 20) ws 0.4
tcgf i Uniform (0.1, 0.2) echy, Uniform (15, 20) cob . Uniform (2, 5)
tcf,’,f,m Uniform (0.1, 0.2) ecZ s Uniform (15, 20) cogym Uniform (2, 5)
tcf,’,ﬁrs Uniform (0.1, 0.2) wol, Uniform (5, 15) co.. Uniform (5, 9)
tehrs Uniform (0.1, 0.2) wok, Uniform (5, 15) cob,. Uniform (7, 15)
peht Uniform (0.7, 1.5) wok, Uniform (5, 15) 02 2
Ve 4 wol Uniform (5, 15) nit Uniform (0.5, 1.5)
Orm 3 peh Uniform (0.7, 1.5)
Ure 5 pcby Uniform (0.7, 1.5)

It should be also pointed out that for implementing the model on the examples and
extracting the Pareto solutions, the e-constraint method is run on the GAMS software V.23.0
and on a computer with a Core i5 CPU and 4.0 GB RAM.

The number of embodied variables in the small-, medium-, and large-size problems are
1036, 8478, and 105,303, respectively. Also, it is mentioned that the CPU times for running
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the small-, medium-, and large-size problems were 160, 760, and 3500 s, respectively, on
average. In the following, the results of the implementation are interpreted step by step.

4.1. Objective Function Evaluations and Model Complexity

As explained, to implement the e-constraint method, the value of the objective func-
tions for the ideal solution of each objective function should be determined first. Then, the
values of Z and Z7* for all objective functions characterized by index i are calculated using
Equations (57) and (58), respectively, and are shown in Table 5. It should also be noted that
for each case problem, the model in (56) should be solved many times depending on the
value of r in Equation (59). Hence, to stand for the model complexity, the average time of
running the model for each case problem is taken into account. The last column of Table 5
shows the solving times of the case problems.

Table 5. The values of Zi* and Z; for the case problems.

*

* * *

Z; z; z, z, Z; Z; Z, Z, Solving Time (s)
Example 1 14,016 165,320 43918 384,146 —3735 -112 10 16 135
Example 2 83,549 493,640 130,690 941,240 —10,490 —450 10 27 592
Example 3 506,381 1,630,951 639,500 2,013,510 —34,050 —1884 21 45 2623
Next, taking into account the values in Table 5 and choosing » = 10, Equation (59)
is employed to derive the values of ¢; for each objective function. Doing so and using
the e-constraint model in Equation (57), the Pareto solutions are extracted, as shown in
Table 6. It is notable that in this table, the duplicate values for different values of ¢; have
been removed. Also, Figures 2—4 include triple combinations of the objective functions to
make it possible to display them in 3D spaces.
Table 6. The Pareto solutions for the case problems.
The Small-Size Problem The Medium-Size Problem The Large-Size Problem
Objective
Functi
;::etgn Z; z, VA z, Z; z, Z; z, Z; z, VA z,
Solution
1 165320 43918 3735 10 493640 130,690 10,490 11 1,630,951 639,500 34,050 21
2 140540 81725 3333 10 418140 220,750 9377 13 1474490 826440 30,030 24
3 122,160 119,528 2930 11 367,310 310,810 8261 15 1,328,780 1013400 26010 27
4 104510 157,337 2529 12 281,765 490,919 6029 18 1,183,165 1200300 21,980 30
5 89,297 195,136 2125 11 240,850 580,990 4913 20 1,036,904 1387300 17,960 33
6 74089 232,945 1723 13 83549 941240 450 27 897,926 1574200 13,930 36
7 58902 270,749 1318 14 - - - - 762711 1761210 9909 39
8 44,060 308,554 917 14 - - - - 506,381 2013510 1884 45
9 29219 346,359 513 15 - - - - - - - -
10 14016 384,146 112 16 - - - - - - - -
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Zs -4000 o0 i

Figure 2. The Pareto solutions for the small-size problem in 3D space.
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Figure 3. The Pareto solutions for the medium-size problem in 3D space.
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Figure 4. The Pareto solutions for the large-size problem in 3D space.

Table 6 and Figures 2—4 clearly demonstrate the ability of the e-constraint method to
extract various Pareto points and to properly explore the solution space and, therefore, the
validity of the method. Another point is the conflict between the objective functions, as indi-
cated by the trend of Pareto solutions in Table 6 and Figures 2—4. To this end, the minimization
of cost is in contrast with the minimization of the environmental goals. The cost and the social
objective functions of the supply chain are also in opposite directions. This means that caring
about the social aspects of the supply chain entails paying more, though the effects of these
measures on the supply chain profitability may appear in the long term. Also, the Pareto
solution that represents the ideal solution for the cost function is alone evident for claiming
the supply chain seeking solely the minimization of costs has disappointing performances in
the environmental and social dimensions. Thus, a sustainable approach could provide a better
alignment of the supply chain with social and national concerns, as observed in other Pareto
solutions. The final note in this regard and in line with the model assumptions is that minimiz-
ing the costs does not necessarily mean using fewer facilities. That is, sometimes increasing
the facilities reduces the transportation and material flow costs on the planned horizon, which
in turn can offset the investment costs of the facilities. However, as this cost has to be paid at
the beginning of the supply chain, sometimes it is not desirable for the stakeholders or even
affordable for them. Overall, the results of this section show that the objective functions are in
conflict with each other, and this shows the need to use a multi-objective model for designing
a closed-loop supply chain.

4.2. Trend in Aggregate Variables

Another remarkable result of this section is the trends observed in the aggregate
variables instead of reporting all variables separately. To do this, variables are categorized
into three groups representing, respectively, the total number of established facilities (TF),
the total number of processed products (produced, remanufactured, recycled, and disposed)
in the planning horizon (TP), and the total transportation in the planning horizon (TV).
Table 7 shows the results of case problems with respect to the mentioned variables.
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Table 7. The aggregate variables of Pareto solutions in the case problems.
The Small-Size Problem The Medium-Size Problem The Large-Size Problem
Aggregate Variable TF TP vV TF TP vV TF TP TV
Pareto Solution
1 3 4216 2326 3 19,846 9364 5 69,902 37,772
2 3 3763 2077 3 17,763 8683 5 63,605 36,327
3 3 3310 1851 3 16,074 8603 6 57,225 34,794
4 3 2857 1624 3 12,485 7763 6 50,957 32,438
5 3 2404 1398 3 10,824 6903 7 44,603 29,667
6 3 1951 1171 8 7157 4136 8 38,430 26,879
7 3 1497 945 - - - 8 32,211 25,384
8 3 1044 718 - - - 11 25,994 23,066
9 3 591 491 - - - - - -
10 4 166 210 - - - - - -

The results in Table 7 indicate that by reducing the supply chain costs, the level of
operation is also reduced. However, sometimes increasing the facilities of the supply chain
decreases the supply chain’s overall costs and this will be due to the reduction in other
supply chain costs, such as transportation between facilities.

4.3. Sensitivity Analysis

We also carry out a sensitivity analysis on the demand and the number of returned
products. For this purpose, three levels are considered; (1) the parameters in the ini-
tial values, (2) the parameters multiplied by 1.5, and (3) the parameters multiplied by 2.
Figure 5 shows the effects of objective functions versus the changes in the parameters rep-
resented by the demand and returned products of the supply chain. The trends of changes
indicate the positive and direct effects of demand on all objective functions. However,
the effects are more severe on the cost objective function than others. Nevertheless, n
an uncertain business environment, the effects of changes in the demand and returned
products could be of practical value. That is, if the supply chain and the business context
do not have the necessary flexibility to change facilities when these parameters fluctuate,
other sustainability goals are diminished inevitably. Therefore, agility and flexibility are
strategies that strengthen the supply chain toward sustainability.

a) The parameters in the initial values
800,000 The parameters multiplied by 1.5
The parameters multiplied by 2
600,000
N400,000
200,000
0
0 2 4 6 8 10 12
PARETO SOLUTION
b) The parameters in the initial values
1,000,000 The parameters multiplied by 1.5
Y The parameters multiplied by 2
800,000
600,000
N
400,000
200,000
0
0 2 4 6 8 10 12
PARETO SOLUTION

Figure 5. Cont.
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c) The parameters in the initial values
9000 The parameters multiplied by 1.5
The parameters multiplied by 2

7500
6000
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1500
0
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d The parameters in the initial values
) The parameters multiplied by 1.5
30 The parameters multiplied by 2
20
N
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0

0 2 4 6 8 10 12
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Figure 5. The effects of demand changes on the objective functions, where sub-figures (a—d) show
those effects on the objective functions Z1, Z2, Z3, and Z4, respectively.

5. Discussion

In designing a closed-supply chain, there are various objectives that influence its
strategic and operational decisions. Each of these goals addresses a particular aspect of
interest to managers, although they can be contradictory to each other. Also, it should
balance between long-term and short-term goals because short-term goals target the use of
limited resources in order to gain profit in the short term, while long-term goals aim at the
possibility of developing the supply chain in the future and flexibility against uncertain
events along with equipping the supply chain to earn stable and continuous profits. In this
regard, a sustainable perspective provides such a viewpoint to all short- and long-term
objectives as well as protecting the rights of future generations with an emphasis on the
environment and the development of human societies. In this paper, such a perspective
was studied in the design of a closed-loop supply chain, and in this context, new goals
were introduced against the conventional goals in supply chain design issues.

As discussed, social and environmental goals, although they have general acceptance,
require paying more costs in the supply chain. Nevertheless, paying attention to these
dimensions of the supply chain will increase the credibility of the business in the future and
somehow guarantee its survival in the future. This is in line with other supply chain design
studies that attempt to benefit the sustainable perspective [15,18,20]. Another point is the
number of facilities in the supply chain. In a short-term perspective, a smaller number
of facilities will cost the investors less and may be favorable for them at the start of their
business, but in a long-term perspective, more facilities will reduce costs and release of
pollutants in the entire supply chain. Therefore, considering this objective along with
other sustainability goals provides a better balance in long-term and short-term decisions
and makes sustainability research in the field of the supply chain more aligned with the
long-term goals of managers.

The current research could guide managers in policy making and strategic planning in
several directions. In line with many scholars, the environmental and social dimensions of
the supply chain affect the configuration of the closed-loop supply chain [22]. Improving
the distribution planning by including the sustainable goals stemming from the proposed
model is also cited as a strategic decision for enhancing the corporate social responsibility
of the supply chain [24]. Moreover, the results of the research showed that in strategic
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thinking, a proper balance between long-term and short-term goals should be created.
In this regard, if managers are able to finance more in the initial stages of the business
to extend the supply chain facilities, they exhibit high performance in all sustainability
goals. Meanwhile, if the supply chain is equipped with appropriate flexibility and agility
strategies, it will have a better response to business changes such as demand fluctuations,
but otherwise, it will be forced to sacrifice some sustainability indicators for others.

The results of this research clearly showed that the objectives studied in the supply
chain design are in contradiction with each other. On the other hand, the e-constraint
method extracted Pareto points with high ability, and each point paid more attention to
one of the goals. The nature of the contradiction in supply chain design goals was evident
even in the sensitivity analysis of the parameters, in that changing the parameters that had
a positive effect on one objective function had an adverse effect on some other objective
functions. But in any case, one should choose a solution from the Pareto points that reflects
the subjective preferences of the decision makers well. In this regard, the fuzzy analytic
hierarchy process proposed in [28,29] is beneficial for weighting the objective functions and
choosing the most desired solution from the Pareto solution set. The proposed method in
this paper only extracted Pareto’s dominant points but did not provide a framework for
trade-offs between different solutions that were ultimately preferred by decision makers.
Therefore, a supplementary study that can help to choose the final answer correctly and in
accordance with the assumptions of the research community is necessary.

6. Conclusions

In this paper, a multi-period, multi-product, and multi-objective function model
was presented that aimed to design and optimize a closed-loop supply chain. To do so,
two economic objective functions of logistic costs and the number of facilities as well
as one environmental and one social objective function were considered. The cost ob-
jective functions intended to be minimized included the establishment cost of facilities,
the transportation costs between facilities, the processing cost of products, the holding
costs of products, and the cost associated with the employee support schemes. In the
environmental objective function, the minimization of CO; emissions, water usage, and
energy consumption was investigated. Moreover, the enhancement of job creation and
self-sufficiency throughout the activities of the supply chain were pursued by the social
objective function of the paper. Indeed, the main goal of sustainable development is to
consider as much as possible objectives that affect human life on a long-term horizon
and in coordination with the concerns of future generations. Thus, the proposed paper
made contributions to introducing new objective functions in the mentioned dimensions
of a sustainable design of the supply chain. To extract the Pareto solutions of the model,
the e-constrained method was utilized. The results of the paper in this regard illustrated
the conflicts between the objective functions and more emphasis on one of the objective
functions in each of the Pareto solutions. We also interpreted the different trends in the
solutions, such as the fact that we could not address all design concerns of the supply chain
by just emphasizing the total cost of the supply chain. It was shown that this objective
function is unable to even address the economic objectives, such as the number of facilities
employed in the supply chain. Furthermore, the sensitivity analysis of the demands of the
supply chain revealed that these parameters mainly affect the supply chain cost and their
effects on the objective functions are slight.

For future research, it is suggested to propose the coordination mechanism within
the studied supply chain to provide necessary incentives for cooperation. Also, the use of
other multi-objective methods such as compromise and goal programming are suggested.
Considering the uncertainty in each of the mentioned parameters of the model could make
the model more realistic and increase the capability of the supply chain in response to
different changes in the real world and is left as another suggestion for future studies.
The closed-loop supply chain is undoubtedly affected by the policies and laws of social and
national institutions. Therefore, in line with many emerging investigations, it is worthwhile
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to study the effect of these measures on supply chain design issues and scrutinize the
interventions of the government and other external institutions in future research.

Author Contributions: Conceptualization, M.A.M., V.J. and M.B.; methodology, M.A.M.; software,
M.A.M,; validation, M.A.M., V.J. and M.B.; formal analysis, M.A.M. and V.J.; investigation, M.A.M.
and M.B.; resources, M.A.M. and M.B.; data curation, M.A.M. and V.J.; writing—original draft
preparation, M.A.M. and M.B.; writing—review and editing, M.A.M. and VJ].; visualization, M.A.M.;
supervision, M.A.M. and V.J.; project administration, V.J.; funding acquisition, V.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The authors confirm that all data generated during this study are
included in this published paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shi, J.; Liu, Z; Tang, L.; Xiong, J. Multi-objective optimization for a closed-loop network design problem using an improved
genetic algorithm. Appl. Math. Model. 2017, 45, 14-30. [CrossRef]

2. Govindan, K.; Soleimani, H.; Kannan, D. Reverse logistics and closed-loop supply chain: A comprehensive review to explore the
future. Eur. J. Oper. Res. 2015, 240, 603-626. [CrossRef]

3.  Govindan, K.; Soleimani, H. A review of reverse logistics and closed-loop supply chains: A Journal of Cleaner Production focus.
J. Clean. Prod. 2017, 142, 371-384. [CrossRef]

4. Zarbakhshnia, N.; Jaghdani, T.J. Sustainable supplier evaluation and selection with a novel two-stage DEA model in the presence
of uncontrollable inputs and undesirable outputs: A plastic case study. Int. ]. Adv. Manuf. Technol. 2018, 97, 2933-2945. [CrossRef]

5. Giri, B.C.; Chakraborty, A.; Maiti, T. Pricing and return product collection decisions in a closed-loop supply chain with dual-
channel in both forward and reverse logistics. J. Manuf. Syst. 2017, 42, 104-123. [CrossRef]

6.  Guarnieri, P; e Silva, L.C.; Levino, N.A. Analysis of electronic waste reverse logistics decisions using Strategic Options Develop-
ment Analysis methodology: A Brazilian case. J. Clean. Prod. 2016, 133, 1105-1117. [CrossRef]

7.  Meade, L.; Sarkis, J. A conceptual model for selecting and evaluating third-party reverse logistics providers. Supply Chain Manag.
Int. J. 2002, 7, 283-295. [CrossRef]

8. Pourghader Chobar, A.; Adibi, M.A.; Kazemi, A. A novel multi-objective model for hub location problem considering dynamic
demand and environmental issues. |. Ind. Eng. Manag. Stud. 2021, 8, 1-31.

9.  Taleizadeh, A.A.; Haghighi, F; Niaki, S.T.A. Modeling and solving a sustainable closed loop supply chain problem with pricing
decisions and discounts on returned products. J. Clean. Prod. 2019, 207, 163-181. [CrossRef]

10.  El-Berishy, N.; Riigge, I.; Scholz-Reiter, B. The interrelation between sustainability and green logistics. IFAC Proc. Vol. 2014, 46, 527-531.
[CrossRef]

11.  Van Tilburg, M.; Krikke, H.; Lambrechts, W. Supply Chain Relationships in Circular Business Models: Supplier Tactics at Royal
Smit Transformers. Logistics 2022, 6, 77. [CrossRef]

12. Guo, S.; Shen, B.; Choi, T.M.; Jung, S. A review on supply chain contracts in reverse logistics: Supply chain structures and channel
leaderships. J. Clean. Prod. 2017, 144, 387—402. [CrossRef]

13.  Mavi, RK,; Goh, M.; Zarbakhshnia, N. Sustainable third-party reverse logistic provider selection with fuzzy SWARA and fuzzy
MOORA in plastic industry. Int. J. Adv. Manuf. Technol. 2017, 91, 2401-2418. [CrossRef]

14. Hosseini, S.M.H. A bi-objective model for the assembly flow shop scheduling problem with sequence dependent setup times and
considering energy consumption. J. Ind. Eng. Manag. Stud. 2019, 6, 44-64.

15.  Gholipour, A.; Sadegheih, A.; Mostafaeipour, A.; Fakhrzad, M.B. Designing an optimal multi-objective model for a sustainable
closed-loop supply chain: A case study of pomegranate in Iran. Environ. Dev. Sustain. 2024, 26, 3993-4027. [CrossRef]

16. Rezaee, A.; Dehghanian, F.; Fahimnia, B.; Beamon, B. Green supply chain network design with stochastic demand and carbon
price. Ann. Oper. Res. 2017, 250, 463—485. [CrossRef]

17.  Zohal, M; Soleimani, H. Developing an ant colony approach for green closed-loop supply chain network design: A case study in
gold industry. J. Clean. Prod. 2016, 133, 314-337. [CrossRef]

18. Zarbakhshnia, N.; Soleimani, H.; Goh, M.; Razavi, S.S. A novel multi-objective model for green forward and reverse logistics
network design. J. Clean. Prod. 2019, 208, 1304-1316. [CrossRef]

19. Tehrani, M.; Gupta, S.M. Designing a sustainable green closed-loop supply chain under uncertainty and various capacity levels.
Logistics 2021, 5, 20. [CrossRef]

20. Hasan, KW.; Ali, S.M.; Paul, S.K.; Kabir, G. Multi-objective closed-loop green supply chain model with disruption risk. Appl. Soft

Comput. 2023, 136, 110074. [CrossRef]


https://doi.org/10.1016/j.apm.2016.11.004
https://doi.org/10.1016/j.ejor.2014.07.012
https://doi.org/10.1016/j.jclepro.2016.03.126
https://doi.org/10.1007/s00170-018-2138-z
https://doi.org/10.1016/j.jmsy.2016.11.007
https://doi.org/10.1016/j.jclepro.2016.06.025
https://doi.org/10.1108/13598540210447728
https://doi.org/10.1016/j.jclepro.2018.09.198
https://doi.org/10.3182/20130911-3-BR-3021.00067
https://doi.org/10.3390/logistics6040077
https://doi.org/10.1016/j.jclepro.2016.12.112
https://doi.org/10.1007/s00170-016-9880-x
https://doi.org/10.1007/s10668-022-02868-5
https://doi.org/10.1007/s10479-015-1936-z
https://doi.org/10.1016/j.jclepro.2016.05.091
https://doi.org/10.1016/j.jclepro.2018.10.138
https://doi.org/10.3390/logistics5020020
https://doi.org/10.1016/j.asoc.2023.110074

Logistics 2024, 8, 29 25 of 25

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

Tirkolaee, E.B.; Mardani, A.; Dashtian, Z.; Soltani, M.; Weber, G.W. A novel hybrid method using fuzzy decision making and
multi-objective programming for sustainable-reliable supplier selection in two-echelon supply chain design. J. Clean. Prod. 2020,
250, 119517. [CrossRef]

Sabogal-De La Pava, M.L.; Vidal-Holguin, C.J.; Manotas-Duque, D.F.; Bravo-Bastidas, J.J. Sustainable supply chain design
considering indicators of value creation. Comput. Ind. Eng. 2021, 157, 107294. [CrossRef]

Khorshidvand, B.; Soleimani, H.; Seyyed Esfahani, M.M.; Sibdari, S. Sustainable closed-loop supply chain network: Mathematical
modeling and Lagrangian relaxation. J. Ind. Eng. Manag. Stud. 2021, 8, 240-260.

Jaigirdar, S.M.; Das, S.; Chowdhury, A.R.; Ahmed, S.; Chakrabortty, R.K. Multi-objective multi-echelon distribution planning for
perishable goods supply chain: A case study. Int. |. Syst. Sci. Oper. Logist. 2023, 10, 2020367. [CrossRef]

Amin-Tahmasbi, H.; Sadafi, S.; Ekren, B.Y.; Kumar, V. A multi-objective integrated optimisation model for facility location and
order allocation problem in a two-level supply chain network. Ann. Oper. Res. 2023, 324, 993-1022. [CrossRef]

Ali, S.M.; Fathollahi-Fard, A.M.; Ahnaf, R.; Wong, K.Y. A multi-objective closed-loop supply chain under uncertainty: An efficient
Lagrangian relaxation reformulation using a neighborhood-based algorithm. J. Clean. Prod. 2023, 423, 138702. [CrossRef]
Esmaeilian, S.; Mohamadji, D.; Esmaelian, M.; Ebrahimpour, M. A multi-objective model for sustainable closed-loop supply chain
of perishable products under two carbon emission regulations. J. Model. Manag. 2023, 18, 285-317. [CrossRef]

Wattanasaeng, N.; Ransikarbum, K. Sustainable planning and design for eco-industrial parks using integrated multi-objective
optimization and fuzzy analytic hierarchy process. J. Ind. Prod. Eng. 2024, 41, 256-275. [CrossRef]

Ransikarbum, K.; Pitakaso, R. Multi-objective optimization design of sustainable biofuel network with integrated fuzzy analytic
hierarchy process. Expert Syst. Appl. 2024, 240, 122586. [CrossRef]

Gunantara, N. A review of multi-objective optimization: Methods and its applications. Cogent Eng. 2018, 5, 1502242. [CrossRef]
Lahri, V.; Shaw, K.; Ishizaka, A. Sustainable supply chain network design problem: Using the integrated BWM, TOPSIS,
possibilistic programming, and e-constrained methods. Expert Syst. Appl. 2021, 168, 114373. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jclepro.2019.119517
https://doi.org/10.1016/j.cie.2021.107294
https://doi.org/10.1080/23302674.2021.2020367
https://doi.org/10.1007/s10479-022-04635-1
https://doi.org/10.1016/j.jclepro.2023.138702
https://doi.org/10.1108/JM2-11-2020-0299
https://doi.org/10.1080/21681015.2023.2292106
https://doi.org/10.1016/j.eswa.2023.122586
https://doi.org/10.1080/23311916.2018.1502242
https://doi.org/10.1016/j.eswa.2020.114373

	Introduction 
	Literature Review 
	Model Description 
	Model Assumptions 
	The Mathematical Model 
	The Cost Functions 
	Environmental Function 
	The Social Function 
	The Number of Facilities 
	The Model Constraints 

	The Solution Approach 

	The Numerical Results 
	Objective Function Evaluations and Model Complexity 
	Trend in Aggregate Variables 
	Sensitivity Analysis 

	Discussion 
	Conclusions 
	References

