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Abstract — In this study a scenario-based multi-objective fuzzy model was provided in the SCLSC , which in
addition to three aspects of sustainability including, social impact such as the creation of job opportunities,
customer satisfaction, and so on, environmental impact such as reducing air pollution, and so on, economic
impact such as reducing cost, increasing the reliability of the SC and product routing have been modeled. Two
algorithms, including MOPSO and NSGA-11 Algorithms, were applied to solve the proposed model. After tuning
their parameters by the Taguchi method, their performance in problems with different dimensions were tested
followed by evaluating them by powerful criteria. The proposed model was implemented on Chipboard Pooya
Company in Iran in two scenarios of economic recession and prosperity aimed at evaluating its accuracy. A
sensitivity analysis was eventually performed on the proposed model followed by making some suggestions to
develop the model.

Keywords— Sustainability, CLSC Network, Reliability, Mixed-Integer Nonlinear Programming, Metaheuristic
Algorithms

I. INTRODUCTION

Globalization, increasing number of rules of official and non- official organizations, and customer pressure and needs
regarding environmental problems have led organizations to investigate the required measures to apply SCLSC
management in order to improve environmental and economic performance (Rabbani et al., 2020). The problem of vehicle
routing in the SC distribution network is recognized as one of the sub-problems of SC management, which involves
selecting and allocating possible routes to available vehicles for distribution and delivery of goods to distribution stations
or customers designated to minimize the relevant costs. The optimal solving of this problem will lead to timely delivery
of goods, reduce the need for warehousing and maintenance of goods, and increase customer satisfaction meanwhile
reducing the distribution costs (Biuki et al., 2020). One may also claim that vehicle routing is one of the most challenging
issues in the context of transportation and support of the SC (Mamaghani et al., 2020). A variety of products have to be
made available to the customers at their request in today's global competitions. The customers’ demand for high quality
and fast service-providing has led to enhanced pressures that have not been faced before (Peng et al., 2020). In today's
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economic and industrial environment and given the growing trend of industries followed by the rise in the environmental
pollution in contrast, and most importantly, the use of limited resources, the need to recycle resources from manufactured
products as well as informing the consumers about the need for a change in attitude seem to be a priority not only in the
production of goods but in all stages of production (Alzoubi et al., 2020). ). Many measures have been taken in this
direction, including recycling waste in the production cycle, the reuse of consumer goods, returning the quality control
returned goods to the production line, recycling, etc. The set of these activities accompanied by applying environmental
and social considerations form the concept of the SCLSC (Dindar et al., 2020). On the other hand, aimed at accurate
management and preventing the waste of resources, the management units currently have no choice other than to adopt
and employ new scientific approaches, models, processes, and techniques tailored to the current conditions to provide
proper performance regarding the resources used (Abdel et al., 2020). It is usually assumed in SC network design studies
that active utilities (facilities) are able to provide service continuously for a long period of time without any breakdown
and will continue to operate without interruption (Jabbarzadeh et al., 2018). In the real world, utilities may suffer from
disruptions and failures with possible causes of human error, natural disasters, etc. (Gaur et al., 2020). Thus, the failure
of one component of the SC network may disrupt the functioning of the entire SC, or in the best case, reduce the efficiency
of the chain. Hence, it seems essential to consider the factor of reliability in the design of the closed-loop SC, especially
in its direct components (Forward logistic stage). However, this issue has been less addressed in recent studies. Therefore,
it was decided to provide a new multi-objective, multi-period, multi-product, and scenario-based fuzzy mathematical
model in this research for locating, routing, and distributing goods for a sustainable CLSC. In addition to sustainability
components, this model considers the SC reliability, quality of returned products, and the routing of the flow of goods as
well.

II. LITERATURE REVIEW

The relevant literature that contributes to identifying the general framework of this article is reviewed in this section.
D.G. Mogale (2022) provided a CLSCs network, in which, the demand was considered sensitive to the price, consumer
motivation, and the quality level. The core goal of the proposed model is to reduce the total cost and carbon emissions
produced by the activities resulting from production, distribution, transportation, and disposal. They employed an NSGAII
algorithm and a Co-Kriging approach to solving the model. The study results revealed the positive effects of motivational
pricing on the returned goods. Y. Kazancoglu (2022) presented an MILP model for designing the green D-C and CLSCs.
In this presentation purpose is optimally select echelons and and obtaining alternative modes of transportation according
to the conditions. The proposed model is supported by a case study in the home appliance industry in this study. Keshmiry
Zadeh et al. (2021) presented a multi-objective mathematical model for the GCLS with the possibility of disruption. The
results of the model showed that the proposed model has a good performance.. H. Gitinavar et al. (2021) proposed a
possibilistic programming to estimate the hesitant fuzzy membership function. They also provided a mathematical model
for a biomass. The results obtained from the computational experiment indicated the validity. Agahgolnezhad Gerdrodbari
et al. (2021) designed a two-objective model for the CLSC of perishable products by considering economic and
environmental dimensions. The results of sensitivity analysis showed that the economic dimension is more sensitive to
the change in demand. Nasr et al. (2021) presented a new approach based on the MOMLIP method to design a CLSC
with LIR problem. To solve the proposed model, they used a fuzzy multi-objective solution, which showed the high
efficiency of the model solution. Sadeghi Ahangar et al. (2021) presented a mathematical model for the design of SCLSC
for urban waste management based on the fuzzy mathematical programming approach. In this model, they minimized
work cost and the level of CO2 emissions. Gitinavard et al. (2020) presented an adaptive framework based on the
weighting method and preferential demand adaptation under the DHFS method. Kalantari Khali et al. (2020) designed a
CLSC , which was considered in its reverse flow to increase the efficiency of the chain of regeneration and recycling
stations. Transportation methods between stations are considered according to their cost and the amount of greenhouse
gas emissions in the target functions. Vakili et al. (2020) presented location-routing model considering the dimensions of

stability. Due to the uncertain nature of the presented model, a robust stochastic planning approach was used.

Gitinavard et al. (2019) presented a mathematical model for a SCLSC for perishable products under the condition of
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demand uncertainty. The proposed model was implemented on a real case and its efficiency was confirmed148 .Goli et
al. (2020) examined a multi-objective, multi-period, and multi-product CLSC (CLSC) model with uncertain parameters
aimed at combining the financial cash flow as cash flow and debt constraints and employment. The objectives of the
proposed mathematical model in their study included increasing the cash flow, maximizing the jobs created and
maximizing the reliability of raw materials consumed. They developed and used MOSA, MOIW, and MOGW meta-
heuristic algorithms to solve the model at a large scale. Ali et al. (2020) provided a novel mathematical model for reverse
SC management of air conditioning products. Their considered SC was sustainable with fuzzy demand uncertainty.
Locating hubs and recycling stations were among the most important goals of their research. The case study covered the
industries of Saudi Arabia and India. In their research, identified places were prioritized with a hierarchical process
analysis approach after solving the mathematical model. Reyhani et al. (2020) provided a multi-objective and multi-period
mathematical model for inventory management for the SCLSC. The most important decisions made in their model
included determining the amount of flow at each level and locating the hubs. The main objectives of the study contained
minimizing transportation costs and the costs of CO2 emissions and maximizing social responsibility. The case study
was focused on agricultural products. Rabbani et al. (2020) presented a sustainable multi-objective and multi-level
mathematical model to locate distribution hubs and allocate warehouses to distribution stations. The proposed innovation
included a variety of technologies for cars, which causes the release of different amounts of CO2 from different vehicles.
They used the Epsilon constraint approach to solve the model in small and medium dimensions. Wang et al. (2020)
provided a mathematical model for the green inverse SC. One of their innovations was to consider the pricing of goods
using the game theory. They considered three different prices for different types of goods in this article to price goods.
Minimizing costs in the SC, including manufacturers, distributors, customers, and collection stations were some of the
objectives of this study. According to their results, the chain costs were minimized to the desired level. Mohtashami et al.
(2020) proposed a green SCs to environmental effects. They used the GA to solve the proposed model in large dimensions.
Rad et al. (2018) provided a mathematical model, which included four layers in the forward and three layers in
(backward). The production and inspection stations were integrated into the proposed model to reduce transportation
costs. Besides economic goals, environmental aspects such as green production, technology, and transportation modes
were also considered in this model. Also, the amount of raw materials purchased and the volume of greenhouse gases
produced in the production process were considered dependent on the level of technology. Haji Aghaei et al. (2019)
provided a nonlinear mixed-integer mathematical program model to formulate a SCLSC with consideration of discounts
on shipping costs. They suggested three hybrid RDSA, KAGA, and ICTS algorithms to solve the model, which were
compared by four evaluation criteria by Pareto analysis. The comparison result indicated that the proposed new hybrid
KAGA algorithm brings better solutions compared to other algorithms but needs more time for solving. They finally
introduced a real example in the glass industry to confirm the proposed model and the algorithms provided. Ghomi et al.
(2018) presented a multi-objective model in the green CLSC by considering the failure of downtime of stations. Pricing
of products with a collaborative approach to game theory was one of the innovations of this research. The problem was
fuzzily modeled due to the fuzzy nature of the data, which most important goal was set to minimize the amount of pollutant
gases released in the proposed chain. Rahimi and Ghezavati (2018) presented a mathematical model for managing
inventory and the flow of goods in a SCLSC. Considering discounts for customers associated with uncertainty in demand
were among the innovations in their research. The main purpose of the model was to minimize transportation costs and
environmental costs. The results revealed an 11% reduction in costs after implementing the model. Wang et al. (2017)
provided a CLSC where three competitive scenarios implemented by the manufacturer were studied. They used
Stackelberg’s game theory for studying this model. According to their conclusion, a producer is more inclined to perform
the recycling and reproduction processes by himself and refrains from outsourcing

A. Research gap
The research gap can be summarized as follows according to the subject literature:
1- Insufficient attention to the inherent uncertainty of SC issues together with their elements

2- Lack of attention to statistical reliability and various errors in the proposed mathematical models
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3- Insufficient attention to a real study and limiting the solution of the model just with numerical examples

B. Research innovations

1- In this model, increasing the SC reliability, the quality of the products returned by the customers and the
routing of the goods are also considered besides the three aspects of sustainability, namely, the social effect
such as job creation, customer satisfaction, and distributors, the environmental effect such as reducing air
pollution, and the economic effect such as reducing the SC costs.

2- In the real world, all the components of a CLSC like production stations, etc. may not fully operate and are
likely to stop working due to events such as human errors, weather conditions, terrorist attacks, etc. in period
t. Thus, this limitation has been considered in the form of using statistical reliability to approach the real
situation.

3- Considering a real case study for customizing the proposed model .

III. PROBLEM STATEMENT

The SC network provided in this study is a closed-loop, multi-objective and multi-period scenario-based network,
which encompasses suppliers, manufacturers, distributors, customers, hubs, repair, recycling, landfill, and demolition
stations. It should be noted that the hubs, distribution stations, recycling stations, and repair and burial stations are
equipped with the capability to be reopened. In the reopening process, some places are selected as candidate points and
the model chooses the optimal place from them. In the SC functioning process, suppliers provide raw materials to
manufacturers. The manufacturers and the warehouses under their supervision send the products to distributors. The
breakdown and failure of raw materials supply stations, warehouses, and production stations are some of the issues and
problems addressed in this study. This focus makes the issue closer and more similar to the real world. Distributors send
products to customers. There are hubs, recycling, landfill, and repair stations in the backward direction. The important
point is how to determine the flow of returned products is their quality. The hubs send the returned products to repair,
landfill, or production stations depending on their quality. After repairing, the repair stations send the products to
distributors. The recycling stations also send products to manufacturers. It should be noted that some of the returned goods
from customers can be sent directly to the reproduction stations located in the production station and do not need recycling
in the recycling stations. Figure 1 shows the proposed SC structure.
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Fig 1. The structure of the proposed model

Maximizing the social responsibility dimension is one of the goals of the proposed model, in which, the employment
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rate, customer satisfaction, and distribution stations are maximized by sending maximum products from raw materials
supply and production stations to them. Minimizing the economic and environmental costs of the SC is set to be another
goal of this model. This parameter is considered to be fuzzy due to the inherent uncertainty of demand. Locating,
examining the flow rate between components, and the routing of goods are other decisions that are supposed to be made
in this research.

IV. FORMULATING THE MODEL

A. Model assumptions
1. The capacity of the stations is limited.

2. The distances between stations are assumed to be fixed and definite.
3. Every producer has a warehouse to store the produced goods.
4. There is a reproduction station in each production station.

5. The produced goods are sent both from production stations and from their warehouses to the distribution
stations.

6. The locations of supplier stations, producers, and their warehouses are fixed and predetermined and already
known.

7. Any production station and its warehouse and supply stations cannot be rehabilitated and reconstructed in
the case of being destroyed by an accident.

B. Indices
R: Routes reR

L: Customers [ € L

J: Manufacturers je]j

Q : The set of quality levels QlQ Z’Q 3Q4, Q :Q1UQ2uQ3UQ4

Ql: Quality level of products that are sent from hub stations to repair stations.

Q, - Quality level of products that are sent directly from the hub stations to the production stations.
Q3: Quality level of products that are sent from hub stations to recycling stations.

Q : Quality level of products that are sent from hub stations to disposal stations,
(where Q, > Q, > Qs > Q, ~is the quality level of the comparison operator).
I: Suppliers i€l

O: The set of raw materials 0€O0
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P: Candidate points for recycling stations p € P

M: Candidate points for hubs m e M

W: Candidate points for repair stations w € W

V' The set of means of transportation v eV

C: Products setindex c € C

N: Candidate points for landfill and disposal stations neN

K: Candidate points of distribution stations keK

S : Setof scenarios s €S

T: Period index teT

C. Parameters

aqjj - Distance of the production station j from its own warehouse in scenario s
am s- Distance from the customer station | to the hub m in scenario s

aj - Distance of the hub station m from the production station j in scenario s

ay, s: Distance of the distribution station k from the customer station | in scenario s
a;j s - Distance of the supplier i from the production station of j in scenario s

a;i - Distance of the production station j from the distribution station k in scenario s
amn s- Distance of the hub m from the landfill canter n in scenario s

a,j s Distance of the recycling station p from the production station j in scenario s
Amp,s- Distance of the hub m from the recycling station p in scenario s

amw,s- Distance of the hub m from the repair station w in scenario s

Qo s : Distance of the repair station w from the distribution station k in scenario s
dqjy s Distance of the producer warehouse j from the distribution station k in scenario s
EM,: CO2 emitted during the construction of the recycling station p

EM,;: CO2 emitted during the construction of the distribution station k

EM,,: CO2 emitted during the construction of the hub m

EM,,: The CO2 emitted during the construction of the landfill and disposal station n
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EM,,: CO2 emitted during the construction of the repair station w

EMS,: CO2 emitted from the shipment of a product unit by a type v vehicle over one kilometer
y: CO2 emitted from transporting a unit of product from the production station j to its own warehouse
uy,: Valency of the recycling station p in the period t

ul: Valency of the landfill and disposal station n in the period t

uk: Valency of the distribution station k in the period t

uf: Valency of the supply station i in the period t

ul,: Valency of the repair station w in the period t

u;j: Valency of the producer’s j warehouse in the period t

u}: Valency of the production station j in the period t

ul,: Valency of the hub m in the period t

crf: Valency to remanufacturing products in the production station j in the period t

EL: Fixed cost of constructing the landfill and disposal (demolition) station n in the period t
EL,: Fixed cost of constructing the hub station m in the period t

E£: Fixed cost of constructing the distribution station k in the period t

E?: Fixed cost of constructing the recycling station p in the period t

EL: Fixed cost of constructing the repair station w in the period t

ct
s : Amount of demand for the product c by the customer | in the period t in scenario s

T’sz,si Return rate of the product ¢ with the quality q from the customer station | in the period t in scenario s
rbf,fj: Return rate of the product ¢ from the hub station m to the production station j in the period t

rbgt,: Return rate of the product ¢ from the hub station m to the landfill and disposal station n in the period t
rbyy,: Return rate of the product ¢ from the hub station m to the recycling station p in the period t

rbst,: Return rate of the product ¢ from the hub station m to the repair station w in the period t

fpf,flqys: Return cost of each unit of the returned product ¢ with quality g from the customer station I to the hub station

m in the period t in scenario s

}Cst : Maintenance cost of each unit of the product ¢ in the producer’s warehouse at location j in the period t in scenarios

Ciang,s- Transfer fee per unit of the returned product ¢ with quality g from the hub station m to the landfill station n
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in scenario s
U%,s- Transfer fee per unit of the product ¢ from the distribution station k to the customer station | in scenario s
f;s - Transfer fee per unit of the raw materials o from the supply station i to the production station j in scenario s
ik.s- Transfer fee per unit of the product ¢ from the production station j to the distribution station k in scenario s

[e .. o Transfer fee per unit of the comebacked product ¢ with quality g from the hub station m to the production

mjq.s*

station j in scenario s

Uimpq,s. Transfer fee per unit of the comebacked product ¢ with quality g from the hub station m to the recycling

station p in scenario s

Upjs- Transfer fee per unit of the comebacked product ¢ from the recycling station p to the production station j in
scenario s

Uimwaq,s- Transfer fee per unit of the comebacked product ¢ with quality g from the hub station m to the repair station
w in scenario s

Uwi,s- Transfer fee per unit of the product ¢ from the repair station w to the distribution station Kk in scenario s

Qi s+ Transfer fee per unit of the product c from the warehouse of the producer j to the distribution station k in
scenario s

cqj; s+ Transfer fee per unit of the product ¢ from the production station j to its own warehouse in scenario s
Ufmg,s- Transfer fee per unit of the returned product ¢ from the customer | to the hub station m in scenario s
Cjee st Transfer fee per unit of the product c in the production station j in the period t in scenario s

rcje s Transfer fee per unit of the product c in the reproduction station j in the period t in scenario s

cngs. Transfer fee per unit of the product c at the demolition station n in the period t in scenario s

cmy, . Cost of collecting and sending a unit of the product ¢ to the hub station m in the period t in scenario s
cP.t,s: Cost of recycling a unit of the product c at the recycling station p in the period t in scenario s

cw. 5. Cost of repairing a unit of the product c in the repair station w in the period t in scenario s

ck, . Cost of distributing a unit of the product c in the distribution station k in the period t in scenario s
@jm s Fixed number of permanent job founded if established the hub station m in scenario s

ajp,s- Fixed number of permanent job founded if established the recycling station p in scenario s

ajy, s Fixed number of permanent job founded if established the repair station w in scenario s

ajn s: Fixed number of permanent job founded if established the demolition station n in scenario s

ajy s: Fixed number of permanent job founded if established the distribution station k in scenario s
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BJjm,s: Variable number of permanent job founded if established the hub station m in scenario s

BJp,s Variable number of permanent job founded if established the recycling station p in scenario s
Bjw.s: Variable number of permanent job founded if established the repair station w in scenario s
Bjns: Variable number of permanent job founded the demolition station n in scenario s

Bji s Variable number of permanent job founded if established the distribution station k in scenario s
the distribution station k in scenario s

dl}: Missed working days due to work injury in the production station j in the period t

D. Variables

ro,ff]-,S: Equivalent to 1 if the vehicle of type v goes from the supplier i to the manufacturer j from the route r in the

period t in scenario s, otherwise 0

ro,ff-k‘sz Equivalent to 1 if the vehicle of type v goes from the manufacturer j to the distributor k from the route r in the

period t in scenario s, otherwise 0

Rog%, < Equivalent to 1 if the vehicle of type v goes from the warehouse of the manufacturer j to the distributor k of

the route r in the period t in scenario s, otherwise 0

ropr. - Equivalent to 1 if the vehicle of type v goes from the distributor k to the customer | from the route r in the
period t in scenario s, otherwise 0

TOﬁfm,si Equivalent to 1 if the vehicle of type v goes from the customer | to the hub m from the route r in the period t

in scenario s, otherwise 0

Toﬂfnp,si Equivalent to 1 if the vehicle of type v goes from the hub m to the recycling station p from the route r in the
period t in scenario s, otherwise 0

ro,f; ;.- Equivalent to 1 if the vehicle of type v goes from the recycling station p to the manufacturer j from the route

r in the period t in scenario s, otherwise 0

ro,ffnjys: Equivalent to 1 if the vehicle of type v goes from the hub m to the manufacturer j from the route r in the

period t in scenario s, otherwise 0

rojmns: Equivalent to 1 if the vehicle of type v goes from the hub m to the demolition station n from the route r in
the period t in scenario s, otherwise 0

rojmw,.s: Equivalent to 1 if the vehicle type v goes from the hub m to the repair station w from the route r in the period
tin scenario s, otherwise 0

roy.s: Equivalent to 1 if the vehicle type v goes from the repair station w to the distributor k from the route r in the

period t in scenario s, otherwise 0

zf,flqysz Flow amount of the returned product ¢ with the quality of the type g from the customer | to the hub m in the
period t in scenario s
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Ziipaq,s: Flow amount of the returned product ¢ with the quality of the type g from the hub m to the recycling station p
in the period t in scenario s

zj ot Flow amount of the raw materials o from the supply station i to the production station j in the period t in scenarios

ms : Flow amount of the reused product ¢ from the recycling station p to the production station j in the period t in
scenario s

Ziing,s: Flow amount of the returned product ¢ with the quality of the type g from the hub m to the demolition station
n in the period t in scenario s

Zm]q 5+ Flow amount of the returned product ¢ with the quality of the type g from the hub m to the production station

j in the period t in scenario s

zqu s Flow amount of the returned product ¢ with the quality of the type g from the hub m to the repair station w in
the period t in scenario s

Wks : Flow amount of the product ¢ from the repair station w to the distribution station k in the period t in scenario s
]k - Flow amount of the product ¢ from the production station j to the distribution station k in the period t in scenarios

ct
kLS - Flow amount of the product ¢ from the distribution station k to the customer I in the period t in scenario s

Q]ks Flow amount of the product ¢ from the warehouse of the producer j to the distribution station k in the period t

in scenario s
¢1 s- Flow amount of the product ¢ from the production station j to its own warehouse in the period t in scenario s

xi: If the distribution station is established at the location k in the period t, its value would be equal to 1, and
otherwise0.

x{,: If the recycling station is established at the location p in the period t, its value would be equal to 1, and otherwise0.
xt,: If the hub is established at the location m in the period t, its value would be equal to 1, and otherwise 0.

x5 : If the landfill and demolition station is established at the location n in the period t, its value would be equal to 1,
and otherwise 0.

xt, If the repair station is established at the location w in the period t, its value would be equal to 1, and otherwise 0.
Invfé: The residual inventory of the product c¢ in the warehouse of the producer j in the period t in scenario s

E. Objective functions
We know that the time it takes for the warehouse of the production station j to break down over the period T; follows

an exponential distribution with a mean value of Ajt. Thus, the reliability of the warehouse of the production station j in
sending products to the distribution station k in the period t is equal to:

Ry =p(T; >1)) = f )l‘te_)‘;'ff}dt = oM 1)
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Therefore, the mean value of the products sent from the warehouse of the production stations to distribution stations
is equal to:

ZteT ZCEC ZSES Z]E] ZkEK Q}ks jtT (2)

Therefore, the mean value of the products sent from production stations and their warehouses to distribution stations
is equal to:

Yter Dcec Dses(Xjey Xkek Q]ks At + Yjes Zkek chktse_ajtrj) (3)

Similarly, the average of raw materials sent from supplier stations to production stations is equal to:

Yter Doeo Dises Diel Zje] lejtse_aitri 4)
maxz, =J;+J,+R—1In (5)
]1 = ZtET ZseS(ZmeM ajm,s X'En + ZpeP ajp,s Xlt) + ZWEW ajw,s X\t,v + ZnEN ajn,s ng + ZkeN ajk,s XIL; ) (6)

Bjk Bj Bj
]2 = ZtET ZCEC ZSES (Zkek ZZEL t Zﬁs + ZlEL ZmEM ZqEQ - lcrslq S + ZmEM ZnEN ZqEQ4 u: Zrcrfnq,s +

w BJ
ZmEM ZWEW quQl ﬁ]t Zrcrqu S + ZmEM ZpEP quQg, tp Zmpq s) (7)
R = Yier Yeec Lses(Bjes Zkek Qfkse e + Yjey ek Zjise e t) + Yier Yoo Tses el Yje Z?jtse_lit (8)
In = Yier Yses Yjey Leec A (Qf s + Zkek (Zfis) O %)

The first objective function represents the social responsibility dimension of the SC network, where:
J1: The number of fixed jobs created
J>: The number of variable jobs created

R: The average amount of product flow sent from suppliers, production stations, and their warehouses (as the R value
increases, the satisfaction level of distribution stations and customers will increase.)

In: The work injury rate due to jobs created in the production stations and their warehouses
Min Zz = C1+C2+C3 (10)

C, = ZteT(ZmeM Epxi, + Ynen Enxy + ZpEP E;foa + Ywew EwXly + Yex Ef{xf{) (11)

Yier Zmem Lvev 2qeo Ming sZimg sT0pim,s + Lmem ZpEP ZVEV quqg hpa.sZmpa,sTOvmp s +

Ykek DieL Zvev M sZki sT 0%k + Xpep Djeg Dvev Ry sZ5; 570 s + Dimem Znen Lvev 2qeos Mnng sZing.sT0bmn,s +
YmeM Ljej Lvev 2qeQ; Mo qu sZmjqsTOpmjs T LmeM Zwew Lvev 2qe0; Minwg,sZmwa,sTO0mw,s +

Ywew Zkek Zwev ik sZuksTO0wis + Leee Zje fisInvis (12)

CB - ZtET ZSES ZCEC(ZIEL ZmEM ZqEQ Zlmq sfplmq s + ZmEM ZpEP ZqEQg Z%pq,scpct,s +
ZleL ZmeM ZqEQ xlmq,s CMeys + ZkeK ZlEL Zkl,kact,s + ZmeM ZneN ZqEQ4 Z%nq,scnct,s +

ZmeM ZWEW quQl Zrcﬁwq,scwct,s + ZmEM Zje] ZqEQz Z%jq,srcjct,s + Zje](cjct,s (Q]C]ts + ZkEK Z;Ii,s) ) (13)
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The second objective function encompasses the SC costs as follows:

C;: The costs of establishing hub, repair, distribution, demolition, landfill, and recycling stations

C,: The costs of production and maintenance of products in the production sector

C5: The costs of recycling, demolition, etc.

Min z3; =F,+F, (14)

Fi = Tier(Tnen EMpxh + Yomem EMopxly + Ypep EMpxt + Toew EM x5, + Yyex EMyx})
(15)

Fy = Yses Xrer Lter 2vev EMS, (Zje] Ykek Ajk,s ]k srov;ks + Z;e} 2kek dqji s Q]ks ;;k,s +
Ykek Diel Akts 21 sTOpir s+ L qeo Diel Lmem X, sZi Imq,s T0im s + Yqeos LmeM LpeP Amp sZimpgs TOpmp,s +
2qeQq LmeM LineN amn,szmnq,s TO, s + 2qe0, 2mem Dje) Amyj,s Zrcntjq,srozrtnj st
quql Ymem Zwew Amw.s Zrcntwq s ro;rtnw s T Xwew Lkex Awk, sznf/tk s "0k s) + ZpEP Z]E] Apj, Sij s 055;,5 +

ZSESZOEOZrERZtETZvEVZ Z] EMS aljSZI.]S Ul.]S+ZfETZSESZCECZ]E]yaq]]SQ]jS (16)

The third objective function includes environmental effects and the amount of CO2 emitted due to the establishment
of potential stations (F;) and transportation in the SC (F,).

F. Constraints

thk >1 vt eT 17)
keK

D> Xy =1 vt eT (18)
dxt>1 vt T (19)
meM

ZXZ >1 vt eT (20)
peP

dxi>1 vt eT (21)
neN

Z ijs+2R ijs_zx Vied,reRveV,teT,seS (22)
k eK

Z im,s = ZX; VleL,reRveV,teT,seS (23)
meM meM

Zr vmps—zxtp vmeM,reR,veV,teT,seS (24)
peP peP

Zrov’,ﬁm,s SZ:XT1 vmeM,reR,veV,teT,seS (25)

neN neN
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Dot < DX, VmeM,reRy eV teT,seS  (26)
wew wew
szls = VlelL,ceC,teT,seS 27)
k eK
Zzzm]qs Zlb Z(ZZ"“QS VmeM,ceC,teT,seS (29)
qeQ; jeJ jel
Zzzmpqs Zrb Z(Zzlmqs vVmeM,ceC,teT,seS (30)
qeQ; peP peP geQ leL
Zzzmnqs Zrb Z(sznqs) vmeM,ceC,teT,seS (31)
gqeQ, neN neN
Zzzqus Zrb Z(zzlmqs) vymeM,ceC,t T ,seS (32)
qeQuw eV qeQ leL
Z szpqs Zzpjs VpeP,ceCiteT,seS (34)
qeQ; meM
Z Zzﬁwq,s = zzﬁk’s Yw eW ,ceC,teT,seS (35)
qeQ, meM keK
Z”s+; ZMZ”““”ZPZES kZK:kaS Inv e, Vjed,ceC,0eO,teT,seS  (36)
le qeQ, me pel S

Zzzrmqs+Zzzmpqs+Zzzﬁwlnq,s+zzzrcntqu Zzzlmq vmeM,ceC,teT,seS @7

i {5 i b 4 e i i
> rof  + > Raj =1 Vied,keK,veV,teT,seS (38)
= =

Zr Vlms_ vVmeM,lelL,veV,teT,seS (39)
reR

> ol >1 vmeM,peP,veV,teT,seS  (40)
=

> o >1 vmeM,neN,veV,teT,seS (41
=

Do =1 Viel,jelveV teT,ses (42)
reR

Z \,k|s— vk eK,leLv eV, ,teT ,seS (43)

reR
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PICHIES
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Z vas >1

reR
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reR

Z mws—l

reR
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Invis = u-.s—Z ik.s
keK
ZlnvJ <

ct t
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k eK
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220 Fs t 22D Pt 20D s+ 0, 0D Zmas SUX,

qeQ,ceC jel qeQ;ceC peP qeQ,ceCneN
(54)

Z(Z szqu +ZZ bl s)+ZZZ s —Cr
ceC qeQ, meM peP iel 00
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qeQ,ceC meM
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qeQ;ceCmeM

M3z sutx!
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reR reR reR

VpeP,jelyVveV,tel,seS (44)

vmeM,jelyv eV, ,teT,seS (45)

Yw eW ,keKyv eV ,teT,seS (46)

vymeMweW )y eV, tel,seS (47)

Vjeld,vVceC,teT,VseS (48)
Vield,teT,VseS (49)
Vied,ceC,teT,seS (50)
VteT,iel,seS (51)
Vield,teT,seS (52)
vkeK,teT,VseS (53)

VmeM,teT,seS

Vjed,teT,seS (55)
VneN,teT,VseS (56)
VpeP,teT,seS (57)
Yw eW t €T ,seS (58)

Vjeldjiel,keK,veV,teT,seS (59)
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> rofy <> roj, . Vield,leLkeK,veV,teT,seS (60)
reR reR

Zr im.s _Zrovkls vmeM,leLkeK,veV,teT,seS (61)
reR reR

Z Vsz—Z \mp s Vield,peP,meMy eV teT,seS (62
reR reR

Do, s <D ok YW eW k eK,meM v eV ,t €T ,s €S (63)
reR reR
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reR reR
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The constraints (17-21) suggest that at least one of the potential distribution, repair, hub, recycling, and disposal
stations in the SC is established. The constraints (22-26) suggest that a potential station should first be established to
subsequently create a route (path) to this potential station. The constraint (27) indicates the satisfaction of customers’
demands. The constraint (28) shows the balance between distributing, customer, and hub stations. The constraint (29)
indicates the balance between customer, hub, and production stations. The constraint (30) shows the balance between
customer, hub, and recycling stations. The constraint (31) indicates the balance between customer, hub, and landfill and
disposal stations. The constraint (32) shows the balance between customer, hub, and repair stations. The constraint (33)
indicates the balance between manufacturer, distributor, customer, and repair stations. The constraint (34) shows the
balance between hub, recycling, and manufacturing stations. The constraint (35) shows the balance between hub, repair,
and distributor stations. The constraints (36-37) determine the product flows in terms of its quality. The constraints (38-
47) suggest that there is at least one path between the SC elements. The constraints (48-49) indicate the amount of
inventory and the final capacity of the manufacturer. The constraint (50) determines the amount of the producer's
inventory in its warehouse. The constraints (51-58) indicate the capacity of the fixed and potential stations. The constraints
(59-64) explain the limitations of vehicle routing. Finally, the constraint (65) represents the decision variables of the
proposed model.

G. Converting the indefinite demand constraint to its equivalent definite constraint

A fuzzy number is a certain type of the normalized convex real line fuzzy set (Hanss et al., 2005). There are several
patterns such as triangular, trapezoidal, bell-shaped patterns, etc. to describe fuzzy numbers. This paper used the TFN in
this article to represent the fuzzy demand parameter. TFN can accurately represent the uncertainty of the parameter and
is close to the actual situation. Thus, the demand fuzzy parameter was defined as((df5)?, (dfH)™, (dfE)°), in which, the
upper indices o, m, and p represent the most pessimistic, most possible, and the most optimistic values for the parameter,
respectively. Therefore, the demand membership function would be as follows:

% c ctym
. _ ( lt) —l(dlcst)p (dlst)p S X S (dl;)
ﬂdct(x) = (66)
ls (d °_x

(dlt) (dct) (dlt)m Sx< (dCt)o

This paper utilized the weighted-average method in this paper to convert the fuzzy demand parameter to the equivalent
definite parameter. Therefore, the fuzzy constraint (27) is determined based on Equation (67).
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ek ZEts = wy (dfsﬁﬁ)p + wz(df;ﬁ)m + w3(df;ﬁ)° VIELCECtET,sES (67)

In Equation (67), w; + w, + w3 = 1 and § are the minimum acceptable likelihood in converting the fuzzy parameter
to an equivalent real number. The symbols w3, w, ,w; show the most pessimistic, most possible, and the most optimistic

weight of fuzzy demand values, respectively. In this study, these weights were considered based on the proposed values

of Lai and Hwang and other conducted studies (Liang et al., 2006; Wang etal., 2005)as 8 = 0.5, w; = w; = % w, = S.

V. SOLVING APPROACHES

A. Epsilon constraint

This method is based on turning a multi-objective optimization problem into a single-objective optimization problem.
Thus, one of the objectives of the problem is optimized as the main objective regarding other objectives as a constraint in
this method (Laumanns et al., 2006). It is assumed that the decision to minimize the objective functions (68) is associated
with the constraints (69).

Min F(o) = {AG) ,ons fu(0)} (68)
st 90 = (69)

One of the objective functions is selected as the main objective function according to Equation (70) based on this
approach. Other objective functions are considered as the constraint (71), and each time, the problem is solved according
to one of the objective functions and optimal and corresponding values of each objective function are calculated (Fakhrzad
etal., 2013).

Min F(x) (70)
filx) < ¢
f
st: j (71)
minmex =0 i1 n 1
J g(x)=0
B. MOPSO algorithm

MOPSO is a metaheuristic algorithm based on the intelligence group introduced by Coello (Coello et al., 2004) for
the first time. In this algorithm, each solution is considered as a particle that tries to update its velocity v, and its position

x, at iteration t based on two categories of information, namely its previous best experience x,, and the best global
experience throughout the whole swarm x,,. Equations (71) and (72) show the mathematical formulation of the updating
procedure (Rabbani et al, 2022).

vp(8) =w v, (t—1) + ¢ 11 (pp (8) — 2, (D)) + 575 (g (£) — %, (1)) (71)
x,(8) = x,(t— 1) + v, (t) (72)

w denotes the inertia factor that affects the global and local ability of the particle. c; is the cognitive coefficient that
influences the impact of x,,,, whereas c, is the social learning coefficient that is responsible for controlling influences the
effect of x,,.
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C. NSGA II algorithm

NSGA-II was introduced by Deb et al. (2002) for the first time. This algorithm can be considered as an extension of
the Genetic Algorithm (GA) with the same operators (crossover and mutation) that can handle mathematical models with
multiple contradicting objective functions. Based on the flowchart (Rabbani et al, 2022), the algorithm starts with the Nyop
number of individuals as the initial population that is randomly generated. Next, non-dominated sorting is used to divide
the initial population into several Pareto fronts. Each front consists of non-dominated individuals that need to be sorted
according to the crowding distance operator. This operator is responsible for measuring the density of possible solutions
along with a particular solution approximately. Then, roulette wheel selection is employed to choose a number of parents
that undertake crossover and mutation for forming an offspring population. In this type of selection, individuals with a
better rank and more crowding distance have a higher chance of being chosen. The next generation consists of the best
population members among the previous generation members and offspring, considering the non-dominated sorting and
crowding distance in each front. The algorithm stops when the maximum number of iterations is met. First-ranked
individuals among the last generation form the Pareto optimal solution of the proposed algorithm.

D. Chromosome structure
Figure 2 shows the multi-segment chromosome presented in this study. For example, the figure on the right shows the
chromosome related to the Invfvariable. The value within each gene represents the amount of residual inventory of

product ¢ in the warehouse of the production station j in the period t in scenario s. The figure on the left also shows the
chromosome corresponding to the variable x{,. If the value within each gene is equal to 1, the recycling station at location

p is established in period t.

S1
t1 t2
[ 1 T 1
¢, ¢, ¢, C, C. C; C, C, C; C, C Cq PR P, P, P,
e s e e e T s
a3 22 1] s]2]a]a]3]1]2] t{o]2|1]0
i3] 2]1]1 3] 4 1]2 1| tff1]o]1f1

Fig 2. The proposed chromosome structure

Figure 3 illustrates the intersection operator. As seen in the figure, the single-point intersection has been used in this
research. In this type of intersection, the two sides of the chromosome will be displaced together.

55 75 120 81 95 63 39 1 55 75 120 81 95 63 39 11

80 201 | 461 | 123 31 59 78 67 | | e 201 | 461 | 123 31 59 78 67

55 126 | @ 200 82 50 | 502 54 82 50 | so2 54 55 126 | « 200

45 91 31 14 73 81 77 93 _ 73 81 77 93 45 91 31 14

56 58 6 314 56 46 64 47 56 58 46 314 56 46 64 47

99 24 45 124 99 37 77 500 99 24 45 124 99 37 77 500
Parents Children

Fig 3. The intersection operator

As shown in Figure 4, the mutation operator considered in this study is a reverse mutation type. In this type of
mutation, a row of chromosomes is selected and will be then reversed.
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E. Tuning the parameters

Fig 4. The mutation operator

Since the output of the problems strongly depends on the parameters of the proposed algorithms, thus, the Taguchi
method was used to tune their parameters. The advantage of the Taguchi method over other test design methods in addition
to cost is to obtain the optimal levels of parameters in less time (Fraley et al., 2006). Choosing an orthogonal array appears
to be one of the most important steps, which estimates the effects of factors on the mean values of the solution and
variations. The most appropriate test design in this research was found to be the three-level experiments at three low,
moderate, and high levels. Then, the arrays Lo and L,, were chosen as the suitable test design to tune the parameter of the
proposed algorithms due to the Taguchi standard orthogonal arrays. The levels of the parameters of NSGA Il and MOPSO

algorithms are given in Table | for their tuning.

Table I . The algorithm parameters

MOPSO algorithm parameters

NSGA 1I algorithm parameters

Level Level Level Level Level Level
Parameter 7 2 3 Parameter 7 2 3
Number of iterations (Maxit) 100 150 200 Number of |_terat|ons 100 130 150
(Maxit)
Population size (npop) 50 80 100 Population size (hpop) 50 100 150
Repository size (nRep) 60 85 100 Mutation rate (pm) 0.8 0.85 0.9
Inertia coefficient (w) 0.3 0.5 0.8 Crossover rate (pc) 0.1 0.15 0.2
inertia weight damping ratio 08 0.9 0.99 ) ) ) )
(wdamp) ' ' '
Number of grids per dimension 3 5 7 ) ) ) )
(nGride)

Grid increase rate (alpha) 0.1 0.2 0.3 - - - -
Leader selection pressure (beta) 2 4 5 - - - -
Leader removal pressure (gama) 2 4 5 - - - -

Mutation rate (mu) 0.1 0.15 0.2 - - - -

Individual learning coefficient 1 5 4 } ) } }
(c1)

Collective learning coefficient 2 3 5 ) ) ) )
(c2)

A statistical index of efficiency, known as the signal to noise ratio (S/N) is considered in the Taguchi method to tune
the optimal parameters. This ratio encompasses mean values and variations, and it would be more desirable at higher
levels. The solution variable considered in this study is the ratio of the two indices of the Mean Ideal Distance (MID,
Equation 74) and the Diversification Metric (DM, Equation 75) .

v =—10log (*1,¥?)

(73)
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Fig 5. The S/N ratios of the parameters of the proposed algorithms

VI. COMPUTATIONAL RESULTS

A.Validation and comparison of employed algorithms

In this section, the model is first solved in small and medium dimensions aimed at evaluating the accuracy and
precision of the proposed model. Table Il shows the problems with small dimensions (samples 1 to 5) and medium
dimensions (samples 6 to 10). For example, there is a customer, a manufacturer, a supplier, a recycling station, a hub, a
repair station, a distributor, and a landfill station in sample number 1.

Table II. The dimensions of the problem

Number of
the problem
1

Recycling Repair Distribution Burial
., Hub , , g

stations stations stations stations
1 1 1 1

Customers Manufacturers Suppliers

[N
[N
[EEN

OO NO O WN

OO WWW N -
QOB WINWNININ
oUW WEF NP
OOabhlw b wWwWwwiN
OO BRWWNNEFLE-
QOO B (WWWw NN
OB WWN -
QOB B WWN RN

[ERN
o

Figure 6 shows the model solution time for NSGA Il, MOPSO algorithms, and the Epsilon constraint method. As can
be seen, the solution time by the Epsilon constraint method is increasing exponentially as the dimension of the problem
increases. Thus, MOPSO and NSGA Il meta-heuristic algorithms had to be used to solve the problem on larger scales. It
should be noted that the computations were performed by an Intel Core i3, 3.3 GH, 4GB RAM computer.
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Fig 6. The model solution time in terms of increasing the problem dimension

The efficiency of the algorithm used to solve the proposed model was evaluated by the following criteria, which are
described below.

e MID

This criterion measures the degree of closeness between the solutions found on the Pareto front and the ideal points
(fibest, fhest, fhesty which is calculated by Equation 74. The lower the value of this criterion for an algorithm, the better
the performance of that algorithm would be.

2 2
FaorROt T (£ 30t N[ raimrBest
f‘iladir_fllyest f‘éladir_flznest f‘éladir_flg)est
MID =

n

2

(74)

In Equation 74, nis the number of non-dominated answers, while £,?¢tand f£**%" are the best and worst values of the
i- objective function, respectively (Habibi et al., 2017).

e DM

This criterion measures the scattering of the Pareto solutions, which is calculated by Equation 75.

flnadir_flbest fznadir_fzbest f?’nadir_fsbest

DM = \/(max{fu}—min{fu})z n (max{fzi}—min{fzi})z n (max{fsi}—min{fsi}>2 (75)

According to Equation 75, a higher value of DM indicates a better performance of the algorithm (Habibi et al., 2017).

e SM

This criterion measures the scattering pattern of the non-dominated solutions, which is calculated by Equation 77.

_ S ldid]
SM === (76)
In Equation 76, the d;determines the Euclidean distance between successive solutions in the set of the non-dominated
solutions obtained by the algorithm. According to the definition of SM, the lower the value of this index, the better the
algorithm would be (Habibi et al., 2017).
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For compare the results of the used algorithms, two meta-heuristics are applied to solve 10 problems in various
dimensions and the obtained results are reported in Table I1l. The NSGA-II algorithm offered higher-diversity solutions
than the MOPSO algorithm. Based on the two final columns of this table can be found that NSGA-I1 is the finest in terms
of DM, SM, and MID. For more results analysis, the expected value chart along with an interval plot has been presented
for the two proposed algorithms in Fig 7 according to the DM, SM, and MID criteria. For a closer look at the results of
the two algorithms, the following hypothesis was tested according to DM, SM, and MID. T-test was used by spss. Three

hypotheses are considered as follows:

Hypothesis 1. upn >0 # pupr
Hypothesis 2. paip 0 # Maiip
Hypothesis 3. s 0 # pgt !

(77)
(78)

(79)

The results of three hypotheses are shown in Table IV. This table showed the p-value of 0.13, 0.48, and 0.36 for the
metrics of diversity, ideal distance, and spacing (higher than 0.05); The research hypotheses were not confirmed
statistically That is, there is no significant difference between the efficiency indices of the two proposed algorithms.

Table II1. The computational results of comparison measurement criteria of MOPSO and NSGAII algorithms

Problem No ! 4 r £ o 4 14 A 9 1o Sum  Ave

SM . . SV Y a0 Y G Ye WA LYY LYY 146 0.146
S
§ MID T1,&1 1,49 1,19 LA LYY 11 LYA LYt TL,Ae LAE 66.96 6.696
< DM 129 106 128 18 151 138 243 224 229 32 1848 1.848
Q SM . ~,~°t ~,\Y ~,\-L ~,*Y .,\Q ~,Y‘ ~,Yi ',VT ~,V0 183 0183
% MID 1,49 1,49 T,VY O T,ve LYT LYo LAY LAY LAY LAY 67.4 6.74
= pm 047 068 074 093 112 127 145 182 22 279 41347 1347

Table IV.The results of the Student’s T-Test
. . . 95% confidence level
Average differences SD. Sig. DoF. t-statistics Lower level higher level

DM 0.5 0.31 0.13 18 1.58 -0.16 1.61

MID -0.04 0.06 048 18 -0.17 -0.17 0.08

SM -0.03 0.03 0.36 18 -0.92 -0.12 0.04

In general, according to Figure 8, the NSGAII algorithm shows superior performance compared to the MOPSO

algorithm in solving the proposed model.
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B. Case study

In this section, an Iranian company is investigated as a real case study to validate the performance of the proposed
MINLP model. Pooya Industrial Group is one of the largest chipboard manufacturing and distribution companies in Iran
with different branches in the cities of Tehran, Isfahan, Mazandaran, Gilan, etc. At present, more than 40% of the Iranian
market share is held by this industrial group. With a daily production capacity of 1400 m? of chipboard in accordance
with international standards, this factory has the largest production capacity of chipboard in the Middle East and has the
capability to produce all types of raw chipboard with the amount of formaldehyde released at the standard level of
developed European countries. Two types of chipboard products with different dimensions and 6 wholesale customers
were considered in this research. Also, 5 landfill stations, 8 recycling stations, 7 repair stations, 8 distribution stations,
and hubs were considered for Pooya Industrial Group. Table V shows the amount of customers’ demand in each period:

Table V. The fuzzy product demand amount in terms of tons

Recession scenario Prosperity scenario
Customer/product Demand of period  Demand of period Customer/product  Demand of period  Demand of period
1 2 1 2
Product Product
Customer 1 (2920,3420,3920)  (215026503150) . .y (794384438943) (6306,6806,7306)
. P”’g“"t (2650,3150,3650)  (2250,2750,3250) 1 Prog“"t (8087,8587,9087)  (6135,6635,7135)
Product Product
Customer 1 (3000,3500,4000) (26503150,3650) . o .y (54305930,6430) (7987,8487,8987)
2 P”’g“"t (2605,3105,3605)  (2350,2850,3350) 2 Prog“"t (7607,8107,8607)  (5514,6014,6514)
Product Product
customer U (2450,3105,3605)  (2140,26403140) - PN (8495,8995,9495)  (6371,6871,7371)
3 ng“Ct (1500,2000,2500)  (2400,2900,3400) 3 pmg“"t (8157,8657,9157)  (6855,7355,7855)
Product Product
Customer 1 (8750,42504750)  (1600,21002600) . . -} (78598350,8859) (4586,5086,5586)
4 ng“Ct (2180,2680,3180)  (2000,2500,3000) 4 pmg“"t (4669,5169,5669) (7891,8391,8891)
Product Product
Customer 1 (3600,4100,4600) (3040,3540,4040) . . ..~ 1  (59756475,6975) (7940,8440,8940)
> Pt (315036504150) (314036404140)  ° PO (72107710,8219) (5695,6195,6695)
Product Product
customer 1 (2750,3250,3750) (2500,3000,3500) . o 4 (4503,50035503) (5921,6421,6921)
6 P“’g“Ct (3000,3500,4000)  (2910,3410,3910) 6 ng““ (4875,5375,5875)  (5766,6266,6766)

Table VI shows the cost of producing one unit of products in each period.

Table VI. The cost of producing one unit of the product c in the period t

Recession Scenario Prosperity Scenario
Products  Production cost of period Production cost of period Production cost of period Production cost of period
1 2 1 2
Product ¥ouee FAL e T AT
1
Proguct OTauan TR TEaaas A

Table VII shows the cost of constructing the hub stations in the case study.
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Table VII. The cost of constructing the hub station on the site m

Collection Station Rec‘ession Scenario Prosperity Scenario
Cost of Period I Cost of Period 2 Cost of Period 1 ~ Cost of Period 2
Station 1 Vouvuannn Vivevaaan Vouiawaan YVevaraoan
Station 2 AOvavvnan Avennvnan Y- Avvorenan
Station 3 SRRREREN) UN-TII LRI ASvanvuan
Station 4 S Y-SUNNNIN Vouusunan TO s 7T
Station 5 TVere v Yivavaaas YN Thrvearans
Station 6 Teraanaas Yevaooanan Tevnaaaans Yevarooan
Station 7 INSRRREEE Yévaranan INERREREE AREEREEE
Station 8 AREERERE S L SN AR AREEREEE

Table VI1II shows the capacity of recycling stations.

Table VIII. The capacity of the recycling station at site p

Recycling Station  Capacity in Period 1  Capacity in Period 2

Station 1 Youuan Yovaans
Station 2 Yoouon Yoeaons
Station 3 Yoo Yeaaes
Station 4 AR Youees
Station 5 Yevoon YO v
Station 6 Y1+000 Y2000
Station 7 Y1000 YY0000
Station 8 vY.000 Y50000

C. The case study results

The results of solving the case study for one of the Pareto points are given in Table IX. It should be noted that according
to the priority of the cost objective function for the studied company, the Pareto point with the best cost compared to other
Pareto points was chosen. Table 1X shows ten Pareto points for the case study. Given that the values of SM and MID
indices are close to zero, one can say that the proposed solution approach has shown a suitable and acceptable
performance.

Table IX. The results of solving the case study

NSGAIT
MID  SM
oYY w00 \
SYE T Y
LYo a,v0A Y
oYY «,01 ¢
oY v,e09 o
I A 1
SYA e N4
oYY w00 A
SLYE w0l !

Yo V,e 0N \K)
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Fig 9. The Pareto points derived from the proposed mathematical model. Each dimension of the graph represents an
objective function.

Table X shows the number of established stations in each scenario. As seen, the number of established stations in the
prosperity scenario has been far greater than in the recession scenario. For example, in the recession scenario, 4 landfill
stations, and 3 distribution stations have been established, while 5 landfill stations and 7 distribution stations have been
established in the prosperity scenario. Figure 11 indicates that the number of established stations is greater in the
prosperity scenario than in the recession scenario. According to this figure, the minimum difference is related to landfill
stations; i.e., the number of active landfills is not much different in both recession and prosperity scenarios, which can be
due to the lack of quality raw materials or the dispersion of these stations. The highest difference belongs to recycling
stations; i.e., much more recycling stations are active in the prosperity scenario, which can be caused by inefficiency or
aging of the production system.

Table X. The location values of stations

Recession Scenario

Prosperity Scenario

Station Landfill Recycling

Repair Distribution

No.

station

station

station

station

Hub

Station Landfill Recycling

Repair Distribution

No.

station

station

station

station

Hub

\

.

.

\

\ \

\

> <L A O | | | =~
_
.
_
_
> <| ~| of | 4| «| —
5% I (Y I IS Y I (%

\
\
\
\
\
\
\

| | | —| -

Table XI shows the amount of product flow from supply stations to production stations in kilograms. For example,
supplier No. 1 respectively sends 85 kg and 110 kg of types 1 and 2 raw materials to manufacturer No. 1 in the recession
scenario.

According to Figure 10, the amount of raw material flow to the production stations has been higher in the prosperity
scenario than in the recession scenario, which seems a normal condition. The figure suggests the flow of raw materials to
the stations is higher in the second period than in the first period in both prosperity and recession scenarios. This may be
the result of factors such as eliminating some bureaucracies over time and establishing relative trust between the buyer
and the seller of raw materials.
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Table XI. The product flow values from supply stations to production stations in kilograms
Recession scenario Prosperity scenario
(L.J)/(scenario, Period 1 Period 2 Period 1 Period 2
Z Raw Raw Raw Raw Raw Raw Raw Raw
material 1 material2 material 1 material2 material 1 material2 material 1 material 2
(i1,j1) Ao YV 1o, ¢Ao V1Y Y. 97y on¢
(i1,j2) - - 1Y, o Yo ¥ Ad VY.
(i1,j4) Yoo 9. 1o, 1o, YUt A 9.9 Ato
(i2,j2) Yao Y. - - yie YAo Y4 Yy
(i2,j3) - - €Y £y, TRy ). oq¢ v
(i3,j4) iYo £4 £0. ¢ £9. 014 MY VA
(i3,j5) - - - - YA Yvo you ‘o,
(i4,j1) Yo Y1t 1o, V.o YaA Y. Mg AT
(|4,J4) S A £Y o). O oY. T4 Va. AYY
(i5,j1) ¥4o ¥1o £ €Y. £V oY 14, ooy
(i5,j3) - - T vy, £ $10 IAY AEs
(i5,j4) Yve YY. o1, o £Yo YAq 14 Ve
== Raw material 1 E=====m Raw material 2

Linear (Raw material 1) = « = Linear (Raw material 2)

1200
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Period 1 Period 2 Period 1 Period 2
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8l Recession Scenario M Prosperity Scenario
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Fig 11. The number of established stations in each scenario
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Table XII shows the flow amount of the returned products with different qualities. For example, hub number 1, in
recession conditions, sends 368 kg of product 1 with quality 3 to the recycling station 1 and 141 kg to the recycling station
6. Based on the last row of this table, the highest rate of sending products from the hub stations has been to repair station
6 with a grade 1 quality. This may be due to the high sensitivity of quality control processes in hub stations. The lowest
amount of products sent from hub stations belongs to production station 3 with a grade 2 quality.

Table XII. The flow amount of the returned product in the recession conditions

Hub 1-Product 1 368 141 319 277 142 224 293 - 206 185 -
Hub 1-Product 2 437 - 232 388 439 - 370 130 155 433 109
Hub 2-Product 1 249 360 319 206 - 398 187 94 - 332 327
Hub 2-Product 2 - 153 213 378 - 310 402 291 - 108 171
Hub 3-Product 1 187 - 252 340 160 172 415 253 110 179 -
Hub 3-Product 2 96 438 140 348 - 355 341 372 384 225 371
Hub 4-Product 1 393 235 352 96 - 168 316 - 94 443 383
Hub 4-Product 2 - 261 411 365 160 323 177 251 143 295 367
Hub 5-Product 1 200 198 232 120 251 191 156 121 374 361 327
Hub 5-Product 2 188 396 125 236 - 121 333 310 230 204 387
Hub 6-Product 1 136 147 390 316 409 - 175 419 162 - 205
Hub 6-Product 2 418 368 - 226 110 340 401 - 405 97 406
Hub 7-Product 1 443 149 299 391 - 445 325 381 340 411 276
Hub 7-Product 2 146 163 343 306 443 301 343 347 182 94 377
Hub 8-Product 1 98 - 174 211 92 167 93 - 189 202 250
Hub 8-Product 2 317 - 169 277 - 352 374 98 450 122 -
sum 3676 3009 3970 4481 2206 3867 4701 3067 3424 3691 3956

Table XIII shows the results of the vehicle routing variable. As can be seen, there are 8 distributors and 6 customers
associated with 20 vehicles in the case study. The numbers listed in Table XIII indicate the number of vehicles used. For
example, vehicle No. 11 delivers the considered goods from distributor 1 to customer 1. According to Figure 12 and Table
X111, the number of vehicles allocated from distribution stations to customer stations is higher in the prosperity scenario.
Also, according to the same figure, the number of vehicles allocated to distribution stations is more uniform in the
prosperity scenario, which may result from employing more manpower in these stations in the prosperity scenario.
According to Figure 13, the distribution of equipment brought into the customer stations is more uniform during the
recession period, probably due to the cultural context of customer stations.
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Table XIII. The routing of vehicles

\ 11 14 8 12 9 - 5 5 10 - 8 5 - 4
Y 19 2 18 15 5 18 6 - - 19 9 - 12 3
v 14 11 3 12 13 1 6 9 8 - 1 11 - 4
¢ 10 13 12 20 18 14 6 - 7 4 12 13 9 5
° 20 4 15 1 15 10 6 15 1 10 - 9 6 5
1 16 3 10 5 7 5 6 - - 6 - 2 2 3
v 6 13 18 10 12 8 6 4 11 16 6 9 4 6
A 12 16 17 6 4 6 - 14 12 - 3
Count 8 7 8 8 7 7 Count 5 5 6 6 6 5

Count

O P N W b 01 O N

Recession Prosperity

Scenario

8 K
7
6
cs
S 4
3
2
1
0
Yy Y ¥ F O P Y Y Y Y O %
Recession Prosperity
Scenario

Fig 13. The number of vehicles arrived at each customer station in each scenario
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D. The sensitivity analysis of the results of the case study

Impact of sensitive parameters of the model on objective functions is investigated in this section. Figure Y ¥ shows
the changes in the demand rate versus the first objective function in the recession and prosperity scenarios. As observed,
the job creation rate, customer satisfaction levels, and the number of production stations rise with the increased demand
rate. According to this figure, in general, the growth rates of job creation, customer satisfaction, and production stations
follow a faster trend in the prosperity conditions than in the recession conditions. This implies that the social dimension
is more sensitive to changes in demand in the recession state and the rise in the demand rate leads to the growth and
strengthening of this dimension after sustainability. According to Figure )&, the SC costs also increase with increasing
the demand rate. The SC costs have been higher in the prosperity scenario than in the recession conditions as well. As the
demand rate increases, so does environmental damage. A glance at Figure 15 reveals that the rise in demand rate has a
lower effect on the SC costs in the prosperity conditions. However, in general, the economic dimension (SC stability)
shows less sensitivity to changes in the demand rate during the recession period. According to Figure 16, the increased
demand rate leads to further environmental damages in both scenarios. These damages are more in the prosperity state
than in the recession state. Also, according to this figure, with increasing demand, these damages grow with a higher
slope in the prosperity conditions, suggesting that the environmental dimension is more sensitive to changes in demand
during the prosperity period. Figure YV displays the effect of increasing and decreasing the capacity rate of all the
established stations on the first objective function. As shown by this figure, as the rate of capacity increases, the rate of
created jobs, customer satisfaction, and the number of production stations will increase. Accordingly, the control and
transportation mostly occur between the established stations. Also, the growth rate of the first objective function is found
to be faster in the prosperity mode than in the recession mode. For example, a 30% increase in the capacity of the stations
will increase the employment rate to 10982 units in a prosperity state and up to 8910 units in a recession mode. According
to Figure YA, as the capacity rate of established stations increases, so do the costs and this increase follows a faster trend
in the recession mode. Moreover, as this rate rises, the costs gradually remain constant. This occurs due to the fact that
the number of established stations decreases with the increased capacity rate of other stations, which minimizes the costs
of establishment. According to Figure ) 4, the environmental pollution level increases with the increased capacity rate of
the established stations. This pollution is more in the prosperity mode than in the recession mode.

o—Progperity = Recesion

-30 -20 -10 0 10 20 30
% Demand Change

Fig \ ¢. The effect of changes in demand rates on the first objective function
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Fig 21.The effect of changes in demand rates on the all objective functions in prosperity mode

The normalized values have been used for the sensitivity analysis of the objective functions. According to Table XIV
and Figure 20, in general, the dimension of social responsibility (Z1) shows the highest rate of sensitivity to changes in
demand rate in the recession conditions. According to this figure, the cost dimension (Z2) follows a decreasing trend the
environmental dimension (Z3) is on the rise. In the Prosperity conditions, according to Table X1V and Figure 21, the cost
dimension (Z2) has the lowest sensitivity to changes in demand, and social responsibility (Z1) and environmental
responsibility dimensions (Z3) are on the rise.

Table XIV. The values of normalized objective functions based on the percentage of changes in demand

Demand change
30 20 -10 0 10 20 30
Recession 0.48 0.38 0.48 054 0.75 0.78 1.00

Objective  Scenario

2 Prosperity 0.27 0.36 044 054 060 0.72 1.00
7 Recession 0.56 0.57 0.69 082 092 0.95 1.00

Prosperity 0.52 0.60 0.80 0.89 0.94 098 1.00
73 Recession 0.17 0.25 0.36 043 053 0.72 1.00

Prosperity 0.20 0.30 0.35 047 0.67 0.78 1.00

VII. MANAGERIAL IMPLICATIONS

The Outputs provide multiple and different insights to managers to make the right decisions and help them make
future decisions. The most important influential parameter is the market situation. Whether the market is in a state of
stagnation or boom would dramatically affect the type of strategy and decision-making by decision-makers. For example,
the figure and table indicate that, in general, the cost and environmental effects dimensions are less sensitive to changes

in demand than the responsibility dimension in the recession scenario.

VIII. CONCLUSION AND FUTURE DIRECTIONS

A. Conclusion

In this paper, a novel multi-objective, multi-period, multi-product scenario-based fuzzy mathematical model was first
developed for the CLSC, in which direct logistics elements were subject to random failures. These failures were assumed
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to occur due to natural disasters, terrorist attacks, ownership change, labor mistakes, weather conditions, and so on. The
quality of the products returned by the customers and routing of the flow of goods in the SC were considered in the
proposed model in addition to the three aspects of sustainability, namely the social, economic, and environmental impacts.
The social responsibility dimension includes job creation rate, customer satisfaction, and distribution stations. The
economic dimension encompasses the cost of the SC, and the environmental dimension includes the amount of CO2
emissions. The demand parameter was considered fuzzy in this network. The proposed model was solved in small and
medium scales using the Epsilon constraint approach and NSGAII and MOPSO algorithms. Since the problem was NP-
Hard, the duration of solving the problem by the Epsilon constraint approach increased exponentially by increasing its
dimensions. Three criteria of MIS, DM, and SM were used in this study to compare the two proposed metaheuristic
algorithms after tuning their parameters by the Taguchi method aimed at evaluating their performance. All three criteria
showed the superiority of the NSGAII algorithm. In order to evaluate the performance of the model, the model was
implemented on Pooya Chipboard Company in Iran in two recession and prosperity scenarios, which results demonstrated
the efficiency and usefulness of the proposed model. The results of the sensitivity analysis of the change in the demand
rate on the objective functions revealed that their values will also enhance with increasing the demand rate. By increasing
the capacity rate of all the stations that could be established, the rates of jobs created, customer satisfaction, and
distributive stations increased with a relatively steep slope, which also increased the environmental pollution.

B. Limitations and future research directions of the study

The model proposed in this paper can be developed in future research by considering several decision-makers in the
network and the use of the concept of the game. The robust planning approach can be also used to deal with the SC
uncertainty, making the model more powerful and flexible in the face of uncertainty. the financial risk can be added to
the model. In order to make the proposed model more reliable, it can be established so that changes in uncertain parameters
have less effect on the answers obtained from the model output. Also, instead of the exponential distribution assumed to
model the reliability of the direct logistics elements, other probability distributions such as Erlang or Weibull can be
considered. Multiple financial, environmental, and social goals combined with dynamic constraints can provide more
effective and practical solutions.
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