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ABSTRACT

Given the importance of supply chain and environmental issues, this paper presents a new mathematical
model for a green closed-loop supply chain (GCLSC) network with the objectives of maximizing profits,
maximizing the number of jobs created, and maximizing reliability. Due to the uncertainty on some
parameters such as demand and transportation costs, the new method of robust fuzzy programming
model was utilized. Multi-objective Grey Wolf Optimizer (MOGWO) and Non-dominated Sorting
Genetic Algorithm 1 (NSGA 1) were used to tackle the problems for larger sizes. A number of instances
of the problem in larger sizes were solved. The results from comparing the algorithms considering some
criteria including means of objective functions, spacing index, distance index from ideal point, maximum
amplitude index, Pareto response number index and computational time showed the fast convergence
and high efficiency of MOGWO algorithm for this problem. Finally, the implementation of the model
for a real case study in Iranian engine oil industry, showed the efficiency of the obtained solutions for

this network.

doi: 10.5829/ije.2021.34.12¢.03

1. INTRODUCTION

In today's world, economic and industrial change is
happening faster than ever before. The goal of
organizations and companies is to maintain and increase
profits as well as greater survival and durability in the
market. The globalization of economic activities, along
with the rapid growth of technology as well as limited
resources, has put companies in an intense competition.
One of the competitive advantages for companies is to
make activities such as supply chain more efficient and
effective. The term supply chain management (SCM)
was coined in the late 1980s and became more widely
used in 1990s. In this view, in order to survive in
competitive markets, organizations must not only
manage and optimize their organizational units, but must
integrate all the organizational units in the network,
including the suppliers and the customers. However, in
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recent years, increasing competition in the global market
to quickly meet customer needs and provide quality
products has led to negative environmental effects,
including an increase in greenhouse gas emission.
Government laws, environmental pressures, and growing
public awareness have forced companies to collect
discarded products and goods and to consider more
environmental factors in future products. This has led to
the creation of a new management concept called green
supply chain, which is actually a new paradigm for
environmental protection along with SCM [1].

Supply chain is an attitude that has been considered
by organizations and companies in recent years. In this
approach, all components and circles that are together to
provide a product or service to the customer, are
considered and try to make strategic, tactical, and
operational decisions in such a way that the entire supply
chain is more efficient and effective against competing
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chains. A supply chain is not limited to components and
places of production, but includes all components of
production and services from the initial suppliers to the
final customers [2]. Lack of coordination and integration
between different parts of the supply chain result in to an
increase in the cost of goods and consequently an
increase in price, failure to deliver products on time, etc.,
which ultimately cause to an increase in consumer
dissatisfaction. A supply chain is a flow of materials and
information between different levels of a manufacturing
or service network that includes suppliers,
manufacturers, distributors, wholesalers, retailers, and
end customers. In recent years, organizations and
companies have taken responsibility for waste products
based on the nature of the products, legal and
environmental requirements, as well as the re-acquisition
of value. In view of the above, the supply chain network
is broader and includes product collection, inspection,
repair, recycling and destruction centers [3].

Since the introduction of the first supply chain design
ideas in the late 1970s, nothing has attracted the attention
of governments, corporate executives and the public as
much as green supply chain design, which is the most
important tool for organizations to adapt their activities
to the environment. It should be noted that the concept of
green supply chain is not just a general slogan for
idealistic people, but in many countries, organizations
have made every effort to implement it. Today, some of
the leading companies are already actively implementing
green projects, for example IKEA, the world's largest
furniture maker, has set up a train network emphasizing
green train operations. In addition, General Electric,
IBM, and HP have all considered green products with the
adoption of new energy-saving technologies, and in
addition to product design, they have considered SCM to
relieve environmental concerns [4].

On the other hand, government regulations and
increasing customer awareness of the environment have
made environmental aspects important in the work of
researchers, building models and working frameworks
for the effectiveness of the ecosystem in the supply chain
networks. China, for example, has set a target of reducing
carbon emissions by 10% in the Ninth Eleventh
Development Plan, and the central government is
studying and preparing for environmental protection
oversight policies which are expected to play a positive
role in solving the environmental problems. To
implement a green supply chain network, it is not just
enough to pay attention to being green; on the other hand,
it is important to implement the green factors when
designing the physical facilities and operating the supply
chain. Furthermore, a good design can reduce CO;
emissions all over the supply chain network.

Due to the importance of the GCLSC (which is a
combination of forward and reverse supply chain), this
paper presents a new model of multi-objective GCLSC

which incorporates some real-world features. The
importance of implementing new models to reduce
operational costs as well as pollution has been
emphasized in this article by addressing a three-objective
model including maximizing network  profits,
recruitment rates and reliability. Considering the
governmental restrictions and laws on the amount of
greenhouse gas emissions, the addressed restrictions
have implemented in the given mathematical model.
Uncertainty on demand and some other cost parameters
has also led to the use of the new fuzzy robust method.
Finally, for the assessment of the model performance in
the real world, a real case study in the Iranian engine oil
industry has been studied.

The structure of the paper is as follows: In section 2,
the literature review is given and the research gap is
presented. In section 3, the initial version of the uncertain
multi-objective GCLSC model is proposed and then its
converted version is given. In this section, a solid fuzzy
optimization method is used to control the uncertainty of
the model. In section 4, the solution algorithms, the
design of the primary chromosome, as well as the
comparison indicators of the algorithms are presented. In
section 5, the results from model implementation in an
Iranian engine oil industry are discussed. Finally, in
section 6, the conclusions from this research together
with further research ideas are presented.

2. LITERATURE REVIEW

In this section, some of the most important researches in
the field of closed-loop supply chain (CLSC) network
design are reviewed. Kim et al. [5] established a multi-
cycle CLSC with the objective of maximizing factory
profit. The network was designed to start with the return
of used products and return by the customer and then
accumulated and dismantled in the collection center.
Some of the returned products were sent to the
reproduction department and the usable parts were
transferred to the renovation department and repaired.
Finally, the parts were assembled, reproduced and
classified for sale to foreign suppliers as new products
[5]. Ahmadi-javid and Hoseinpour [6] modeled a
distribution network considering location-inventory
decisions and pricing with limited inventory capacity.
They used Lagrange release algorithm to solve their
problem [6]. Kaya and Urek [2] developed a definitive
CLSC network model with simultaneous location-
inventory and pricing decisions. They used the
refrigeration and forbidden search simulation algorithm
to tackle the problem [2]. Ahmadzadeh and Vahdani [7]
presented a model for integrated location-inventory and
pricing decisions in the CLSC network. Their main
purpose was to decide on the optimal locations of
facilities, taking into account inventory costs and product
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pricing. They used genetic algorithms, firewalls and
colonial competition algorithms to solve their problem
[7]. Amin et al. [4] in their research, designed and
optimized a CLSC network with tire remanufacturing
based on tire retrieval options, with the objective of
maximization of the total profit. The application of this
model based on a realistic network in Toronto, Canada
has been discussed using a geographical map. In this
model, he uses a new decision tree-based method to
calculate the net present value of the income over several
periods under various sources of uncertainty, such as
demand and return. In addition, discount cash flow in this
method was considered as a new innovative approach.
This method can be used to compare the profitability of
different design options for a CLSC [4]. In a study,
Hajiaghaei-Keshteli and Fard [8] developed a new
mixed-integer programming model to create a multi-
purpose stable CLSC network scheme for the first time,
assuming a reduction in transportation costs. To address
the problem, not only traditional and recent metaphors
are used, but also algorithms are combined according to
their strengths, especially in intensification and
diversification. To evaluate the efficiency and
effectiveness of these algorithms, they are compared with
four evaluation criteria for optimal Pareto analysis [8].
Mardan et al. [9] provided a comprehensive
mathematical model for the multi-cycle, multi-product,
multi-model, and two-objective GCLSC. The purpose of
this model was to minimize the total cost and emission of
ambient gases by deciding on the locations of the
facilities, the amount of transportation and the inventory
balance. The results showed that the proposed solution
approach reduced the total cost by more than 13 percent
and can even be used for larger and more complex
industrial applications in the real world [9]. Yadegari et
al. [10] developed a memetic algorithm (MA) with
priority-based coding/decoding method based on a
flexible neighborhood search (NS) strategy to improve
strategies for simultaneous configuration of the chains. In
addition, to avoid the time-consuming repair process in
the discrete solution dealership, it provided a way to
convert the discrete dealership to a continuous method,
and finally, to accelerate the proposed algorithm, the
multi-stage simulation (MSA) re-embedding was
embedded into the MA [10]. In a study, Yavari and Zaker
[11] examined the design of a GCLSC network for
biodegradable products under uncertain conditions.
Demand, rate of return and quality of returned products
were considered as uncertain parameters of the model
[11]. Saedinia et al. [12] proposed a nonlinear mixed-
integer programming model to consider the price and
position of facilities in a CLSC in the information and
communication technology (ICT) industry to obtain the
total profit generated by the sale of new ICT products.
The structure of this network included suppliers,
collection and distribution centers (C-D centers),

disassembly centers and customer areas. In C-D centers,
an inventory policy of continuous review was applied and
it was assumed that the ordering time is random.
Numerical results showed how to allocate facilities to
each other, inventory management and pricing of ICT
products; therefore, the proposed models and methods
could help ICT companies in determining their policies
for maximum profit [12]. In a research, Nayeri et al. [13]
presented a robust multi-objective fuzzy optimization
model in the design of a stable CLSC network. In this
study, they considered parameters such as demand and
transportation costs to be uncertain [13]. Prakash et al.
[14] presented a model of a CLSC network in which
parameters such as risk and demand were considered.
They optimized the developed model using the combined
robust method [14]. Fatollahi fard et al.[15] presented a
model for CLSC network system in case of uncertainty
for water reverse purification and developed a multi-
objective stochastic optimization model with triple
bottom line optimization. Fazli-Khalaf and Hamidieh
[16] designed a reliable multi-echelon CLSC network
model which maximized the social responsibility while
minimized the fixed establishing and variable processing
costs of the network. To cope with the uncertainty of
parameters, stochastic programming was applied and an
effective reliable modelling method was employed to
appropriately control unpleasant economic impacts of
disruptions. On the uncertainty in supply chain,
Hamidieh et al. [17] proposed a robust reliable bi-
objective supply chain network design model which was
capable of controlling different kinds of uncertainties,
concurrently.  Stochastic  bi-level scenario based
programming approach was used to model various
scenarios related to strike of disruptions. Tables 1 and 2
give some abbreviated forms of employed terms and
comparison of the GCLSC researches.

TABLE 1. Abbreviated forms of employed terms

Abbreviation Term

SPR Single Product
MPR Multi Product
SPE Single Period
MPE Multi Period

QN Quantitative

QA Qualitative

FS Forward Supply Chain
RS Reverse Supply Chain
CSs Closed-Loop Supply Chain
L Location

A Allocation

R Routing

SH Shortage
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SS Supplier Selection MRE Max Reliability
Discount MQL Min Queue Length

Queueing System MSC Max Supply Chain Responsiveness
FP Fuzzy Programming MNV Max Net Value
SP Stochastic Programming MPR Max Profit
RP Robust Programming MSL Max Service Level
RFP Robust-Fuzzy Programming MDL Min Number of Days Lost
RSP Robust-Stochastic Programming MDT Min Delivery Time
FSP Fuzzy-Stochastic Programming MCO Min Cost
RFSP Robust-Fuzzy-Stochastic Programming MLR Min Loss of Raw Materials
DE Deterministic MNV Min Number of vehicles
CS GAMS-Lingo MCE Min Co2 Emission
MO Multi Objective Decision Method MSH Min Shortage
MH Meta-Heuristics Algorithm MNJ Max Number of Jobs
FO Fuzzy Optimization Method MRI Min Risk

TABLE 2. Comparison of the GCLSC researches

Research Year Model Objective Variable Uncertainty  Solution S(iﬁtsjey
Alshamsi and Diabat [18] 2018 SPR, SPE, QN MPR L, A, DE CS
Rad and Nahavandi [19] 2018 MPR, MPE, QN MCO, MCE L, A, SH, D DE MO *
Fakhrzad et al. [20] 2018 MPR, MPE, QN Mco, I\IC/IDR-II—E MCE, L, AR, SS DE MH
Pourjavad and Mayorga [21]  2019a MPR, MPE, QN MCO L, A, SH DE CS *
Yadegari et al. [10] 2019  SPR, MPE, QN MCO L, A DE CS *
Polo et al. [22] 2019 SPR, MPE, QN MPR L, A, SH RP CS
Ghahremani Nahr et al. [23] 2019 MPR, MPE, QN MCO L, A SH, SS, D RFP MH
Pourjavad and Mayorga [24] 2019  MPR, MPE, QN MCO, MCE, MNJ L, A, SS FP MO
Darestani and Hemmati [25] 2019 MPR, MPE, ON MCO, MCE L, A SH,SS, D, Q RP MO
Zhang et al. [26] 2019 SPR, SPE, QN MDT, MDL L, A RFP MO
Fazli khalaf et al. [27] 2019 MPR, MPE, QN MCO, MDT, MRE L, A, SH, R RFP FO *
Alkhayyal [28] 2019  MPR, SPE, QN MCO, MCE L, A DE MO *
Mardan et al. [9] 2019 MPR, MPE, QN MCO, MCE L, A R,SS DE CS
Ghahremani- Nahretal. [29] 2020b MPR, MPE, QN MCO, MCE L, A, SH, D RP MO
Jiang et al. [30] 2020  SPR, SPE, QN MPR, MSL L, A DE MO
Gholizadeh et al. [31] 2020 MPR, MPE, QN MPR AR RP MH
Prakhash et al. [14] 2020 SPR, SPE, QN MCO L, A RP CS *
Pourmehdi et al. [32] 2020 SPR, SPE, QN MCE, MPR, MSL L, A SP FO *
Mohtashemi et al. [33] 2020 SPR, SPE, QN MCO, MCE L, A SS Q DE MH
Liu et al. [34] 2021 MPR, MPE, QN MCO, MCE L, A RFP CS *
Zahedi et al. [35] 2021 MPR, MPE, QN MNV, MSL L,A R DE MH *
Boronoos et al. [36] 2021 MPR, MPE, QN MCO, MCE L, A RFP MO *
Habib et al. [37] 2021 SPR, MPE, QN MCO L, A RFP CS *
This paper MPR,MPE,QN  MPR, MRE, MNJ - A R/ SH, SS,D, RFP MO *

Q




2589 S. M. S. Moosavi et and M. Seifbarghy / I[JE TRANSACTIONS C: Aspects Vol. 34, No. 12, (December 2021) 2585-2603

As a research gap, according to the given literature, a
comprehensive uncertain model which includes three
aspects of economic, social and environmental with
uncertainty on some key parameters of the model has not
been studied. Furthermore, the application of the model
in engine oil industry has not been studied. The major
novelties and features of this paper are:

- Developing a three-objective model for CLSC design of
engine oil industry

- Using robust fuzzy programming to tackle with the
uncertainties in demand, transportation costs and
capacity levels of facilities

- Development of two meta-heuristic algorithms in order
to solve the problem for large sizes

- Solving the model for small and large sizes of the
problem

- Solving the model utilizing the real data of engine oil
industry

3. PROBLEM DESCRIPTION AND MODELING

In this paper, a GCLSC network is modeled under the
uncertainty of some of the most important parameters of
the problem (i.e. demand and transportation costs).
Figure 1 shows the under-study GCLSC network in
which the main purpose is to supply engine oil products
to customers in the primary market and to increase the
energy recovery and to meet the secondary market
demand of returned products. In this case, the suppliers,
who are actually in charge of supplying the raw materials,
send the raw materials to the manufacturers who produce
the final products. Manufacturers produce the final
products using a combination of some predetermined
materials and send them to distributors. Distributors
distribute the final products according to the uncertain
demand of customers for each product, taking into
account the shortage. In the given model, the reverse
supply chain is also considered. The main purpose of
designing such a network is to properly manage and reuse

Suppliers  Manufacturers Distributors

~ -~ )
Ak — 5

Landfill \

Recycle Customers
.“ i (3.1
(X S B | |
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- ‘ r\ L JI
~ ] ,

II ~
. . »
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V o« gy collection &

market recovery
(113 L/
2w 0.A

Figure 1. The under-study GCLSC network

returned products from customers. In this network,
according to various issues, a percentage of products are
collected at the collection center and after inspection are
sent to one of the specified centers for energy recovery,
recycling or disposal in the landfill. Recycled products
can be reused in the primary market or sold to the
secondary market as lower level quality product by
adding some raw materials or changing the structure of
the product. In the meantime, some returned products
may no longer be reusable, even after recycling because
of the poor quality; In this case, they are sent to the
landfill for disposal.

There are three types of strategic, tactical and
operational decisions in this model. At the strategic level,
the problem is to determine the number and capacities of
potential network facilities including production,
distribution, recycling and collection centers. At the
tactical level, the optimal flows of materials, products
and returned items are determined between different
facilities of the network. At the operational level, the
appropriate vehicles between facilities are selected.
According to the following assumptions, the model of the
problem can be formulated.

1. The objective functions of the problem include
maximizing the profit of the entire supply chain
network, maximizing the number of created jobs and
maximizing the reliability of the CLSC network.

2. Demand, supply capacities, transportation costs and

some operating costs are considered to be uncertain.

Shortage is permitted.

The transport fleet is considered heterogeneous.

The cost of greenhouse gas emissions is considered

as part of the first objective function.

6. Establishment of facility capacity at different levels
has different costs.

According to the mentioned assumptions, the
set, parameters and decision variables of the model are as
follows:

a ks~ w

3.1.Sets
A Set of customers fixed points a = {1,2, ..., A}
K setof potential distribution centers k = {1,2, ..., K}
] set of potential manufacturing centers j =

{1,2,...]}

I set of raw material supply centersi = {1,2, ..., I}

L set of disposal centers [ = {1,2, ..., L}

N set of potential recycling centersn = {1,2, ..., N}

M setof potential collection centersm = {1,2, ..., M}

E set of energy recovery centerse = {1,2, ..., E}

B Set of secondary market fixed pointsh =
{1,2,...,B}

G Set of potential facility capacity levelsg =
{1,2,...,G}

P Product range (i.e. engine oil and its products in the
case study) p = {1,2, ..., P}

set of raw materials h = {1,2, ..., H}

set of vehicles v = {1,2, ..., V}

<=



S. M. S. Moosavi et and M. Seifbarghy / IJE TRANSACTIONS C: Aspects Vol. 34, No. 12, (December 2021) 2585-2603 2590

3. 2. Parameters

Demy,,

CapJjpg
CapKy,,
CapM,,
CapNyy,
Caplin
CapLyy

Capw,
Capv,

Demand of customer a for product p

The amount of raw material h required to produce
one unit of product p

Percentage of product p returned by customer a
Percentage of product p transferable to energy
recovery center by collection center m

Percentage of product p transferable to recycling
center by collection center m, B, + Vimp <
1, Ym,p

Percentage of product p transferred to disposal
center by recycling center n

Percentage of product p transferred to production
center by recycling center n 8, + 0y <
1, Vn,p

Capacity for producing product p at Manufacturer
center j at capacity level g

Capacity allocated by distributor k to product p at
capacity level g

Capacity allocated by collection center m to
product p at capacity level g

Capacity allocated by recycling center n to product
p at capacity level g

Capacity of supplier i for replenishment of raw
material h

Capacity allocated by disposal center | to product
p

Weight capacity of vehicle v

Volume capacity of vehicle v

Weight of one unit of raw material h

Weight of one unit of product p

Volume of one unit of raw material h

Volume of one unit of product unit p

Selling price of one unit of product p to customer
a

Selling price of one unit of product p to energy
recovery center e

Selling price of one unit of product p to secondary
market b

Fixed cost of constructing manufacturing center j
at capacity level g

Fixed cost of constructing distribution center k
with capacity level g

Fixed cost of constructing collection center m with
capacity level g

Fixed cost of constructing recycling center n with
capacity level g

Fixed cost of utilizing vehicle v

The variable cost of vehicle v per unit distance
between two facilities

Distance of distribution center k from customer a
Distance of production center j from distribution
center k

Distance of supplier i from manufacturing center j
Distance of recycling center n from manufacturing
center j

Distance of customer a from collection center m
Distance of the collection center m from energy
recovery center e

Distance of collection center m from recycling
center n

Pejp

Cemp

Rey,

Lelp

RPe]-p

JOB;,

JOByg

JOByy

Distance of collection center m from disposal
center |

Distance of recycling center n from disposal center
|

Distance of recycling center n from secondary
market b

Shortage cost of product p at customer a
Production cost of product p in manufacturing
center j

Cost of supplying raw material h by supplier i
Shipping Cost of one unit of product p from
distribution center k

Cost of collecting one unit of product p at
collection center m

Cost of recycling one unit of product p in recycling
center n

Disposal cost of one unit of product p at disposal
center |

Cost of remanufacturing
remanufacturing center j
Amount of carbon dioxide emission by vehicle v
per unit distance

The acceptable amount of carbon dioxide
emissions in the supply chain network determined
by government

Amount of carbon dioxide emissions due to
construction of manufacturing center j with
capacity level g

Amount of carbon dioxide emission due to
construction of distribution center k with capacity
level g

Amount of carbon dioxide emission due to
construction of collection center m with capacity
level g

Amount of carbon dioxide emission due to
construction of recycling center n with a capacity
level g

Amount of carbon dioxide emission due to
producing one unit of product p in the production
center j

Amount of carbon dioxide emission due to
collection of one unit of product p in collection
center m

Amount of carbon dioxide emission due to
recycling one unit of product p at recycling center
n

Amount of carbon dioxide emission due to
disposal of one unit of product p at disposal center
|

Amount of carbon dioxide emission due to
remanufacturing product p in manufacturing
center j

Fixed cost of excess carbon dioxide emission
Number of job opportunities created by
constructing manufacturing center j with capacity
level g

Number of job opportunities created by
constructing distribution center k with a capacity
level g

Number of job opportunities created by
constructing collection center m with capacity
level g

product p in
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Number of job opportunities created by
constructing recycling center n with capacity level
g

Average number of days lost because of work
injuries due to construction of manufacturing
center j with capacity level g

Average number of days lost because of work
injuries due to construction of distribution center k
with capacity level g

Average number of days lost because of work
injuries due to construction of collection center m
with capacity level g

Average number of days lost because of work
injuries due to construction of recycling center n
with capacity level g

Significance factor of the total number of lost days
due to injuries in the workplace

Significance factor of the number of job
opportunities created

Reliability of shipping raw material h from
supplier i to manufacturing center j

Reliability of shipping product p from
manufacturing center j to distribution center k
Reliability of shipping product p from distribution
center k to customer a

3. 3. Decision Variables

Qkap
Q Jjkp
Qijn
anp
Qamp
Qmep
anp
lep
inp
anp

Sap

Uj

The amount of product p shipped from distribution
center k to customer a

The amount of product p shipped from
manufacturing center j to distribution center k

The amount of raw material h shipped from
supplier i to manufacturing center j

The amount of product p returned from the
recycling center n to production center j

The amount of product p returned from customer a
to collection center m

The amount of product p returned from collection
center m to energy recovery center e

The amount of product p returned from collection
center m to recycling center n

The amount of product p returned from collection
center m to disposal center |

The amount of product p returned from recycling
center n to disposal center |

The amount of product p returned from recycling
center n to secondary market b

The amount of shortage of product p at customer a
If manufacturing center j is established with
capacity level of g, it takes 1 and otherwise it takes
0.

If distribution center k is established with capacity
level of g, it takes 1, otherwise it takes 0.

If collection center m is established with capacity
level of g, it takes 1, otherwise it takes 0.

If recycling center n is established with capacity
level of g, it takes 1, otherwise it takes 0.

If vehicle v is assigned for shipping to customer a
from distribution center k, it takes 1, otherwise it
takes 0.

Yijv

Ynjv

Yamv

Ymev

Ymnv

lev

Ynlv

anv

If wvehicle v is assigned to the rout from
manufacturing center j to distribution center k, it
takes 1, otherwise it takes 0.

If vehicle v is assigned to the rout from supplier i to
manufacturing center j, it takes 1 and otherwise 0.
If vehicle v is assigned to the rout from recycling
center n to manufacturing center j, it takes 1 and
otherwise 0.

If vehicle v is assigned to the rout from customer a
to collection center m, it takes 1 and otherwise 0.
If vehicle v is assigned to the rout from collection
center m to energy recovery center e, it takes 1,
otherwise it takes 0.

If vehicle v is assigned to the rout from collection
center m to recycling center n, it takes 1, otherwise
it takes 0.

If vehicle v is assigned to the rout from collection
center m to disposal center |, it takes 1, otherwise it
takes 0.

If vehicle v is assigned to the rout from recycling
center n to disposal center |, it takes 1, otherwise it
takes 0.

If vehicle v is assigned to the rout from recycling
center n to secondary market b, it takes 1, otherwise

it takes 0.

3. 4. Proposed Model
maxZy = Yy g Xp PrapQrap +
Yom 2ie 2p PrepQumep + 2n 2b 2p PopQnpp —
Zi Zg FigUjg = Yk Zg FigUyg = Lm Zg FingUmg
—2n2g FagUng — Li Xj 20 FCyYijy —
2 Lk 2o FCYjky — X 2o Zw FCoViean —
Yo Lom 2w FCYamp — Xom X1 20 FCo Yoy —
YmLe Lv FCo¥Ymey — Xom X Lov FCoYimmny —
Y 21 2w FC Yoy — Xon Xp Lo FCoYnpy —
Yn X Yo FCoYnjy — Xi X Yo FV, Dy Y0 —
Y Xk X FV, DYy — 2k Xa Xo FVy DieaYieaw —
Yo Xm Zo FVyDamYamo — Zm X1 Xo FVy Dyt Yoy —
YmZe Xv FVyDmeYmey = Zm Zn Lo FVy Dy Yinnw
=20 20 X0 FV, DYy = B 2o Xo FVy Dy Yo
=202 X0 FU, Dy Yy — X 2 X5 SinQujn —
Y 2k 2p PCipQiip — Xk La Zp DCip Quap —
Y0 Ym Xp CompQamp — Zm X Xp Renp Qurnp —
Y 21 Zp L1y Qmip — Zon X1 Xp L1y Quip —
Y X Xp PRy Qnjp — 9 X 2 Xy C02,Dy;Yi
—0 3 X X €02, Dy Yieyy
=9 X Xoa X €024, Dy Yieaw

@
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=09 Xa Zm 2w €024 DgmYamy

=0 X 21 2 €02, Dy Yoty

=9 Ym Le Ly C02,DmeYmey

=9 Xn Zp 2w €024 Dy Ynpy

=9 Xn X1 2y €02, Dy Vg

=0 Xom Ln 2w €024 Dy Yiny

=0 X Xj Xy €02y D ¥njp — 9 X X g EjgUsg
0k XgExgUkg — 9 Xm2g EmgUmg —

9 ¥n XgEngUng — 9 2 Xk Xp PejpQjkp

=9 Za Zm Zp Cemp Qamp -
9 Zm Zn Zp Renp anp

=9 Zm Zl Zp Lepomlp -9 Zn Zl Zp Leponlp -

9%n XYY, RPejpQnjp + 9C05°
—XaXpTapSap
maxZ, =

9, {ZJ' ZQJOBJQLIJ!) + 2k ZQJOBngkg +}
TP \Zm ZgJOBrmgUmg + X XgJOBngUng

~ {zj Ny ALD;yUjy + Y4 3y ALDy Uy g +
PaLD S 3 g ALD g Upg + Sin g ALDygUpg

maxZs =1—-[I;[l.] 1 -

1 —
RegjnYijy *
[T MR I I | 1 -

Rejip Yiky *
Rekap ykav

s.t.:

Yk Qkap + Sap = Demapr va,p

2a Qkap = Zj ijp; Vk,p

2i2n OnpQijn + 20 Qujp = 2k Qjkp,  ViiD

Xap 2k Qkap =2m Qampr va,p
ﬁmp Ya Qamp =Y Qmepr vm,p
Ymp 2a Qamp =2n anpr vm,p

2a Qamp =2 lep +2n anp +
Ye Qmep, VYM,p

}

@

®

4)
®)
(6)
U]
®)
©)

(10)

6np Zm anp = Zl inpr vn,p

Onp Xm anp = Zj anpr vn,p

Zm anp = Zl inp + Zj anp + Zb anp'

Zk ijp < Zg Cap]jpg Ujg: erp

Za Qkap < Zg CapKkpg ng: Vk: p
Za Qamp = Zg CapMmpg Umgr vm, p
Zm anp < Zg Capang Ungr vn, p

¥ Qijn < Caplip, Vi,h

Ym Qumuip + X Qrup < CapLy,, Vip
YgUng <1, Vn

YgUmg <1, Vm

YgUg <1, Vj

YoUg <1, Vk

2 Qijnwh < Xy Capwy, Yijy, Vi j,v

Yp QirpWp < Xy Capwy, Yy, Vi kv
2p QkapWp < Xy Capwy, Yiaw, Yk, a,v
Yy QumpWp < X Capwy, Yoy,  Va,m,v
2p QuupWp < 2o Capwy Yoy, VM, Lv
2p QmnpWp < Xy Capwy, Vi,  VM,m,v
Yp OmepWp < Xy Capwy, Ve,  Ym,e,v
Yp QuipWp < Xy Capwy, Yoy, Y, v
2p QnjpWp < Xy Capwy Yojy, Vv
2p QnopWp < Xy Capw, Yopy, VN, b,v
Yh Qijrvn < Xy Capv, Yijpy,  Vi,j,v

2p QjkpVp < 2o Capvy Yy, Vi, kv

2p QrapVp < Xy Capvy Vg,  Vk,a,v
2p QampVp < Yo Capvy, Yomy,  Va,m,v

vn,p

2592

(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)
(34)
(35)
(36)

37)
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Yp QmipVp < Xy Capv, Yoy, VM, Lv (38)
2p QmnpVp < 20 Capvy Yipny,  VM,n,v (39)
Yp QmepVp < X Capvy, Yiey, VM, e, v (40)
2p QupVp < Xy Capvy Yoy, Y, Lv (41)
2p QnjpVp < X Capvy Ynjp, Vv (42)
Y0 QnopVp < Xy Capv, Yopy,  Vn,b,v 43)
Qkap Qjikp Qijns Onjpr Qamp, Qmepr @mnp» Qmips “4)
Qnip» QnbprSap = 0

Ujg» Ukg» Umg» Ung: Yiavs Yiiews Yijor Ynjur Yamus Ymev, (45)

Ymnvr lew Ynlvr anv € {0,1}

Equation (1) gives the first objective function of the
model which maximizes the profit of the supply chain.
The income part of the addressed profit is composed of
the total sale amount of final products to the customers in
the primary markets, the total sale amount of lower
quality recycled products in the secondary market and the
energy from lower quality returned products. The cost
part of the addressed profit is composed of fixed
construction costs, fixed and variable costs of using the
vehicle, costs of producing excess carbon dioxide greater
that the accepted amount, and operating costs of
producing the final products. Equation (2) gives the
second objective function which maximizes the number
of jobs created by the establishment of new potential
centers. In this regard, the average number of lost days
because of work injuries is also included. Equation (3)
gives the third objective function which maximizes the
reliabilities of the routes of the final products from the
supplier to the customers of the primary markets.
Equation (4) shows how to meet the customers’ demands
at the primary markets considering the possible
shortages. Equation (5) guarantees the equality of input
to and output from each distribution center for each
product. Equation (6) shows the equality of input to and
output from each manufacturing center. Equation (7)
calculates the fraction of products which are discarded by
customers due to lower quality. Equation (8) gives the
fraction of low quality products which are converted into
energy and new products. Equation (9) gives the fraction
of low quality products which are remanufacture or sold.
Equation (10) gives the equality relation of collecting
returned products in the collection center. Equation (11)
gives the fraction of low quality returned products which
cannot be used in any way and should be disposed.
Equation (12) shows the percentage of returned products
which can be remanufactured at the manufacturing
centers. Equation (13) gives the equality relation at the

recycling center. Inequalities (14) to (19) give the
capacity constraints and ensure that if any potential
center is opened with a specific capacity level, the
corresponding capacity level is observed. Equations (20)
to (23) ensure that a maximum capacity level for each
potential center can be used. Inequalities (24) to (33) are
related to weight capacity constraint of vehicles for
shipping raw materials and products. Inequalities (34) to
(43) are related to volume capacity constraint of vehicles
for shipping raw materials and products. Constraints (44)
and (45) give the status of the decision variables of the
model.

3. 5. Possibilistic Fuzzy Programming Method for
Uncertain Numbers Suppose that a parameter
a;jis an uncertain parameter with mean of u;;and
standard deviation of g;;. It is also assumed that all
considered uncertain parameters are independent from
each other; therefore, the mean and standard deviation of
the estimated set of possible random numbers can be
shown as follows [38]:

Sij = {xk|x € assumed dustribution; k =

1,..,N} (46)

In the above relation x;is a possible random data
value. Value of N is a sufficient number of random sets
that state all the conditions necessary to generate a
possible random data. Also, for accurate estimation of the
probabilistic data, the fuzzy constraint coefficient of the
numbers T = A = (A~,A°, A") is defined. As a result,
the function of the triangular fuzzy distribution is as
follows:

Represents the most reliable
value of set S;;. When a value of

1is assigned to it as membership

A° A0 = Z?’:1xi
degree of a fuzzy number, then N
it is equal to mean of S;; random
distribution function.
4- Represents the minimum value 4= inf (x;)
of set S;; “i=1,..,N
4+ Represents the maximum value A4+ = Sup (xi)
of set S;; i=1,...,,N

As a result, according to the above-mentioned
definitions, the following equation is used to control the
possible parameter of a;jwith mean u;; and standard
deviation of g;;.

max CTX

s.t.

a0 47

AT+4A +A+XS (47)
6

X>0

3. 6. Probabilistic Planning Method Consider
the following linear programming model given in
Equation (48):
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minE =cx + fy

s.t.

Ax Zf d

Bx =0 (48)

Sx <f Ny

Ty <1

y€{0,1},x=0

In the above model, the fixed cost of constructing new

centers and the variable costs of transportation and
operation are represented by f and c. Parameters related
to constraint coefficients are represented by h 4, B, S and
T. N and d represent the capacity of the facility and the
customer demand for the products, respectively.
Furthermore, x and y represent the continuous and binary
variables, respectively. Capacity and demand parameters

are assumed to be possibly fuzzy. Therefore, the model
can be stated as in Equation (49):

minE =cx+ fy

s.t.:

Ax >d—-t(1—-a)

Bx =0 (49)

Sx < Ny + [f(1 = B)]y

Ty<1

y€{0,1}, x>0

In which, £ and 7 are two fuzzy numbers representing

to deal with the given soft constraints. In the above
model, o and P represent the minimum level of
satisfaction index of flexible constraints. It is also
assumed that £ and # are considered as triangular fuzzy
numbers shown as £ = (tP,t™,t°) and # = (r?,r™, r°).
Consider that a and g are parameters between zero and
one; i.e. 0 < a, B < 1. To ensure that the considered
constraints with uncertain parameters are feasible, it is
necessary to control them using the flexible robust

programming method. Thus, we use the penalty
technique to prevent from non-feasibility as follows:

minE =cx+ fy+0[t(1 —a)] + Alr(1 — B)]y

s.t.

Ax=z2d—-t(1—a)

Bx=0 (50)
Sx<Ny+[r(1-Bly

Ty<1

y€{01}, x>0

where A and 6 are the penalty coefficients. The final
model of the problem is given as in Equations (51)-(95):

maxZy = Y Ya Xp PrapQkap +

Ym2e p PrepQmep + 20 2b Zp PropQnpp —

Z] Zg Jjg Jg z:k Zg Fkg ng z:m Zg Fmg Umg
=X 2g FagUng = Xi 2j Xv FCpYijw —

22k 2w FCoYjry — Xk Xa 20 FCoYyq —

Ya Xm 2w FCo¥amy — Xom 21 2o FCo Yoy —

Yim Xe 2w FCo¥mey — Xom Xn Yoo FCoYomnw —

2n 21 2w FCo Yoy = Xon X Xv FCoYopw —

Y2 2w FCoYnj —

Fvy +4Fvd+Fvg
Xi2j 2y (%) DYy —

% B By (P b

Zm Ze Zv Fv, +4F1i,, +Fv,, ) Dme Ymev _
i Ta o (2 +4Fvv v DyaYrav —
Za Zm Zv (F +4FUV+FU ) DamYamv _
EXmZiZy
Xn2p 2y

Fvy +4Fv3+Fvf
ZanZv( . . . D Ynjv_

Fv, +4Fvy +Fv,
Zm Zn Zv (%) DmnYmnv -

Fv, +4Fv,, +Fv}
m lev -

l
nb anv
(51)

()
(F o +4FVg +Fw)
)

Fv, +4Fvi+Fv}
Zn Zl Zv (%) DnlYnlv -

Scip+4ScS+Sct,
ZiZth (M) Qijn —

6

Pc;,+4Pc? +Pc},

Zj Zk Zp ( ip 6110 JP) ijp —
Za Zm Zp (Ccmp+4Ccmp+Ccmp) Qamp _

Rcpp+4Rchy+RC
Zm Zn Zp ( =2 - np) anp -

Lclp+4-Lclp+Lclp>

Zm Zl Zp

lep

Qkap -

(e
2 ZaZp

Dckp+4Dckp+Dckp)

Ley, +4Lcl +Lcy
Zn ZlZp ( £ - p) inp -

Prcy,+4PTC, +Prc

YnZiZp ( p ) Qnjp —
-9 %2y C02,D;;Yj,

=03 X X C02, Dy iy,

=9 X Xa 20 €024 Dy Yieaw
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—9 Y0 2im 2w C02, D Y,
asmew vramtamy 6np Zm anp = Zl inpr vn,p (61)
=9 Zm Zl Zv Coszml lev
=9 Zm Ze Zv Co2,DmeYmer Inp Zm anp = Zj anp' vnp (62)
-9 Zn Zb ZV Cozanb anu Zm anp = Zl inp + Zj anp + Zb anp ’ vn, p (63)
=9 Zn Zl Zv CosznlYnlv
< . . i
=9 Zm Zn Ev C02yDinYimny Zk Q]kp B Zg Cap]}pg U]g' v (64)
9% Zj h Coszannjv -V Zj Zg Ejg Ujg Ya Qkap < Zg CapKkpg Ukg vk, p (65)
-9 Zk Zg Engkg -V Zm Zg EmgUmg -
9 Xn Zg EngUng — v Zf 2k ZP Pej, Qikp Ya Qamp = Zg CapMmpg Umgr vm,p (66)
=9 Za Zm Zp Cemp Qamp -
9 YmZn Zp Renp anp Zom anp s Zg Capang Ung' vn,p (67)
=0 Yo Xy 2p Ly Quup — 9 Xn Xy Xp Leyy Quuip — % Qijn < (Caplfy + [Caply; (1 - BD]),  Vi,h (68)
I%n XYY, RPejpQnjp + 9C05°
neler penp 2 Zm lep + Zn inp < Calepr VI:p (69)
- Za Zp Tfapsap - Za Zp B[Dem;p(l - al)] -
Zi Zh A[Capl;l(l - Bl)] Zg Ung =< 1' vn (70)
maxZ, = YgUnmg <1, Vm (1)
Zj Zg]OngUjg + Zk ZgJOBngkg +
0100 15 50 JOBmgUng + S 5.0 JOBrgU. -
mlg mgUmg n g ngYng (52) Zg Ug=<1 vj (72)
Z}- Zg ALD;, Uy + Yk Zg ALDy Uy +}
PaLp {Zm Zg ALDmg Umg + Zn Zg ALDny Uny Zg ng <1, vk (73)
Xh Qijpwi < 2y Capw, Yijp,  Vij,v (74)
maxZs; =1—-[[;Il,| 1— Zp ijpr < Y, Capw, ijw vj, k,v (75)
(53) Zp QrapWp < Xy Capwy Yiqy,  Vk,a,v (76)
Reijh Yij,] * Zp Qampr = Zv Capw,, Yamv, va,m,v (77)
1= ke p [T | 1= | RejrpYiiw *
Rekapykav Zp lepr < ¥, Capw, Yo, vm,l,v (78)
. Zp QmnpWp < Yo Capwy Yingy, VMM, 0 (719)
S.t.:
> w, < Y, Capwy, Yey, VM, e, v 80
o Qkap + Sap = (Demgp + [Demz{p(l _ - » QmepWp v LAPWy Iimey (80)
al)])' va,p Zp Quipwp < Xy Capwy, Yy, YR LY (81)
YaQxap = XjQjkp» VK, (55) 2p QnjpWp < Xy Capw, Yy, V1, j,v (82)
220 OnpQijn + X Qnjp = Lk Qjkp, VD (56) Yo QuppWp < Xy Capw, Yopy, Vb, v (83)
Xap Yk Qkap = Xm Qamp, Va,p (57) >h Qijnvn < Y., Capv, Yijpr  Vijv (84)
ﬁmp 2a Qamp = Ye Qmep, YmM,p (58) Zp QjkpVp < 2 Capyy, Yikwr V), k,v (85)
Ymp Ya Qamp =2%n anp' vm,p (59) Zp Qkapvp < Xy Capvy, Vi, Vk,a,v (86)
ZaQamp = 2t Cmip + 2 Qrnp + (60) 5 QampVp < o Capvy Yoy, Va,m, v (87)

Ze Qmep ’ vm,p
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Yp QmipVp < Xy Capv, Yoy, VM, Lv (88)
2p QmnpVp < 20 Capvy Yipny,  VM,n,v (89)
Yp QmepVp < X Capvy, Yiey, VM, e, v (90)
2p QupVp < Xy Capvy Yoy, Y, Lv (91)
2p QnjpVp < X Capvy Ynjp, Vv (92)
2p QubpVp < X Capvy, Yopy, VM, b,v (93)
Qkap Qjikp Qijns Onjpr Qamp, Qmepr @mnp» Qmips @)
Qnip» QnbprSap = 0

Uig» Ukg» Umgs Ung: Yiavs Yiiev: Yijor Y jvr Yamo, (95)

ymeur Ymnvr lew Ynlvr anv € {Orl}

4.SOLUTION ALGORITHM

In this section, the solution representation and the major
solution algorithm are presented.

4. 1. Designing Solution Representation The
complexity of supply chain network models has been
demonstrated in many researches. The CLSC network
models are studied to tackle the two problems of facility
location and flow optimization [39]. The complexity of
these models can be reduced to the complexity of the
location problems; on the other hand, Np-Hard nature of
these problems has been proven by many researchers
[40]. As a result, meta-heuristic algorithms such as
NSGA 1l and MOGWO can be used to tackle them. The
first step is to design solution representation, which is the
same in both algorithms. This coding is known as
priority-based encryption, introduced by Gen et al. [41].
In this encoding, the supply chain network is divided into
its constituent levels, and each level is considered in the
design of the solution structure according to the capacity,
demand, type of vehicle, and etc. Figure 2 shows an
example of a two-tier supply chain network with three
sources and four depots. In this structure, sources have
been selected and replenish the demand of depots

Figure 3 shows a sample of the original solution and
its decoding. The priority-based decoding modified in
Figure 3 is in accordance with the following four steps:

Step 1. First, the largest priority (number) is selected
from the chromosomes related to the sources. If the
source is able to supply all the depots, the priority of other
sources reduces to zero. In this case, location is done for
sources which do not have zero priority.

Step 2. The highest priority (humber) from the whole
chromosome is selected as the first level of allocation

Source Depot

Transportation cost

4 3 1 6
(2 5 3 1)
3 7 5 2

Figure 2. An example of a two-level supply chain network
structure

Sources Depots
node 1 2 3 1 2 3 4
v+ [ 1 ‘ 7 | 2 ‘ 5 ‘ 3 | 6 | 1 ‘ Source

node

v(K+])

Transportation cost

Update solution 4 3 1 6
node 1 2 3 1 2 3 4 (2 5 3 1)

LJ(’\’+J)- ;‘2 3 3‘6‘1 ‘ 3 7 5 2
Figure 3. How priority-based encoding and decoding
Modified

Step 3. Based on the shipping cost, the lowest
shipping cost is obtained from the allocation level
selected from step 2 (source/depot), with the new
allocable level (depot/source), and the second allocation
level is determined.

Step 4. After determining the source and depot, the
minimum amount of depot demand and source capacity
is considered as the optimal amount of allocation. After
the allocation operation, the amount of depot demand as
well as the capacity of the source is updated.

4. 2. Performance of Mogwo Gray wolves are
predators at the top of the food pyramid or the food chain.
Gray wolves mostly prefer to live in groups. The average
group size is 5-12 wolves. Wolves have a very precise
and orderly social dominant hierarchy shown in Figure 4
[42].

Leaders consist of a male and a female called Alpha.
Alpha is primarily responsible for decisions about
hunting, where to sleep, when to wake up, and so on.
Alpha decisions are communicated to the group;
however, some democratic behaviors have also been
observed in which an Alpha follows the other wolves in
the group. In communities, the entire herd endorses
Alpha. Alpha Wolf is also known as the dominant wolf,
because the commands must be executed by the group.
Alpha wolves are only allowed to mate in the herd.
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N

Bata

AT AN
AT

Figure 4. Gray wolf social hierarchy

It is important to note that Alpha is not necessarily the
strongest member of the herd, but the best member in
terms of management in the herd. The second level in the
gray wolf hierarchy is Beta. Beta is the wolf that help
Alpha make decisions or other herd decisions. The Beta
wolf can be male or female, and he is the best
replacement for Alpha in the event of his death or aging.
Beta executes Alpha commands across the herd and gives
feedback to Alpha. Omega wolf is the foot of the lowest
class in the gray wolf hierarchy. Omega wolves usually
have to follow all the high-level and dominant wolves.
They are the last wolves allowed to eat. If the wolf is not
an Alpha or Omega, it is called a Delta. Delta wolves
must be subject to Alpha and Beta. However, they
dominate Omega. In this paper, the behavior of gray wolf
hunting is applied to solve the problem of CLSC. When
designing the gray wolf algorithm, in order to
mathematically model the social wolf hierarchy, Alpha
(o) is considered as the most appropriate solution.
Subsequently Beta (B) and Delta (8) are the second and
third most suitable solutions. The rest of the candidate
solutions are assumed to be Omega (X). Gray wolves
must find and surround their prey in order to hunt.
Therefore, the following equations (96)-(97) update the
positions of the wolves around the prey.

D = |C.X,(®) — X (1) (96)

X(t+1)=X(@)-AD (97)

In the above equations, Cand A are the coefficient
vectors. XT, represents the hunting position vector and X
is the gray wolf position vector. This is an equilibrium
equation between siege and hunting. Therefore, the
search radius must be optimized during the process; for
this purpose, the equations for the two coefficients used
in the above equations are as (98)-(99).

T —d (98)

u

A=2

C =271 (99)

As a result, the following equations (100)-(102) are
used to perform the hunting.

Dy = |Cy. Xy — X|, Dg = |C,. Xg — X|, Ds = (100)
|Cy. X5 — X|

f= = Aoy =Ky - A By o= K= 0
A3.Ds

X(t+1) =4h (102)

3

5. COMPUTATIONAL RESULTS

In this section, initially, some numerical examples in
different sizes are designed and solved. Due to the NP-
Hard nature of the problem, the two algorithms of
MOGWO and NSGA Il were used in order to tackle the
problem. At the end, we will implement the model for a
real case study in Iranian engine oil industry.

5. 1. Solving the Problem for Small Sizes In this
section, small sized numerical examples are designed as
the given structure in Table 3. Furthermore, the required
data are randomly generated as in Table 4.

All parameters generated in Tables 4 are randomly
based on uniform distribution.

TABLE 3. The structure of the designed numerical examples
for small size

St & I N L PV H B E M J] K A
3 3 2 3 3 3 3 3 3 3 4

Values 3 3

TABLE 4. Limits of problem parameter intervals based
on uniform distribution

Approximate range Parameter
~U(0.03,0.05) Wy
~U(0.08,0.1) Wp
~U(0.3,0.5) Uy
~U(0.5,0.8) Up

~U(10000,12000) Fig: Figs Fngs Frg

~U(1000,1200) FC,
~U(10,100) Dias Djk» Dij, Dyjy Dagn
~U(10,100) Dies Dinns Dyt Dty Dy
~U(5,8) Co2,
~U(50,100) Ejg, Exgr Emgr Eng
0.5 Y

1 Parps Bjon
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~U(0.1,0.4) Re;jn, Rejip, Reyqyp
~U(1,2) Onyp
~U(0.1,0.2) ®ap
~U(0.3,0.4) Bnps Ymp
~U(0.2,0.3) Onps Onp
~U(1000,1200) Ptap, PTep, Py, CapLyy,
~U(5000,6000) CapJjpg, CapKypg
~U(2000,3000) CapM,ppg, CapNyp g
~U(500,700) Capw,, Capv,
~U(50,80) Tap

10000 Co§%"
~U(1,3) Pejp, Cepmp, Repy,
~U(1,3) Ley,, RPej,

~U(500,1000)

JOB;4,]OByg,]OByg,JOByg

~U(10,20) ALD; 4, ALDyg, ALDyy 5, ALD,,
Level 3 Level 2 Level 1 Parameter
~U(2000,3000) ./(1500,2000) ~U(1000,1500) Demg,
~U(8000,9000) ~1(7000,8000) ~U(6000,700) Capl;,
~U(8,10) ~U(7,8) ~U(5,7) ,
~U(3,4) ~U(2,3) ~U(1,2) Rcy,, Leyy, RPcy,
~U(3,4) ~U(2,3) ~U(1,2) PCjp, Scip, Dy, Cpy

After generating the values for the small size sample,
the three-objective problem is solved utilizing
optimization package of GAMS. For this purpose, the
comprehensive criterion method has been used.
Therefore, the optimal value of the first objective
function turns out to be 18838690, the optimal value of
the second objective function turns out to be 9683 and the
optimal value of the third objective function turns out to
be 1. As a result, with the same weight for all three
objective functions, the efficient solution obtained from
solving the problem includes the value of 18266820.14
for the first objective function, 9683 for the second
objective function and 0.998 for the third objective
function. Table 5 gives the optimal location of the
facilities resulting from the addressed solution.

A set of efficient solutions using the comprehensive
criterion method is given as in Table 6.

According to the results from Table 6, by increasing
the number of facilities, including suppliers and
manufacturing centers, the amount of total costs
increases and at the same time the number of jobs created
and the reliability rates increases due to increasing the
number of facilities.

In the following, the sensitivity analysis of the CLSC
network model is given under the parameters of the solid
fuzzy optimization method. Figure 5 shows the changes
of the values of the objective functions for different
parameters ol and 1, assuming that the values of 6 and
A are constant and equal to 1.

TABLE 5. Optimal location of selected facilities along with
capacity level

Selected location

Selected location

Facilities along with Facilities along with
capacity level capacity level
Center 1 with Center 1 with
capacity level 2 capacity level 2
Production Center 2 with Collectio Center 2 with
center capacity level 1 n center capacity level 3
Center 3 with Center 3 with
capacity level 3 capacity level 3
Center 1 with Center 1 with
capacity level 3 capacity level 3
Distribution Center 2 with Recyclin Center 2 with
center capacity level 2 g Center capacity level 3
Center 3 with Center 3 with

capacity level 1 capacity level 2

TABLE 6. A set of efficient solutions obtained from solving
the small size instances

Efficient Objective Objective Objective
solution function 1 function 2 function 3
1 18081104.67 9455 0.986
2 18135294.68 9459 0.988
3 18223710.81 9501 0.990
4 18266820.14 9683 0.998
5 18329116.28 9726 0.992
6 18338314.06 9737 0.994
7 18364072.99 9772 1.000
8 18369916.05 9784 1.000
9 18440417.30 9847 1.000

Figure 5. Changes in the values of the first objective
function for stable fuzzy optimization parameters
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According to the results of sensitivity analysis, by
increasing the values of al and B1, the first and third
objective functions increases. This indicates that the
amount of demand increases as the uncertainty increases
and as a result, shipping costs increase and reliability to
meet customer demand decreases. On the other hand, by
increasing the uncertainty rate, the amount of supplier
capacity decreases and therefore the amount of
transportation costs increases. As transportation costs
increase, the profit of the chain decreases.

5. 2. Comparing Solution for Small Size Problem
In order to evaluate the performances of NSGA Il and
MOGWO algorithms, some indicators are considered for
comparing the Pareto front solutions Table 7 shows the
indicators obtained from NSGA Il and MOGWO
algorithms in comparison with the comprehensive
criterion as a benchmark method. According to the
results obtained from this table, the comprehensive
criterion method outperforms other algorithms
considering the average values of the objective
functions. NSGA 1l works better consideirng maximum
expansion index and metric distance index and finally
MOGWO outperforms other algorithms considering the
number of Pareto-optimal front (NPF) and computational
time (CPU time).

5.3.Solving The Problem for Larger Sizes The
following 15 sample problems are designed according to
the data given in Table 2 for larger sizes. Each instance
of the problem is run five times using MOGWO and
NSGA 1I algorithms. The addressed indicators’ values
are given as in Table 8.

Table 9 shows the output results of the T-Test on the
means of the objective functions and comparison results.
According to Table 9 and considering the value of P test
statistics, there is no significant difference between the
means of the obtained objective functions and also the
comparison indices of meta-heuristic algorithms.

TABLE 7. Indicators obtained from solving the problem for
small size using different methods

LP Metrics

Indicator NSGA Il MOGWO

The average of
the first objective  18283196.33  18242715.39  18280678.07
function

OBF1 9662.66 9598.56 9583.89
OBF2 0.994 0.992 0.993
NPF 9 16 19
MSI 359312.84 367355.83 336298.71
MID 157221.08 204193.5 170039.61
SM 0.6272 0.495 0.684
CPU time 14.67 8.16 5.99

TABLE 8. The indicators’ values for comparing the algorithms
for large size instances

Problem O°F L 0222 or3 npE YO SV Mip CPY
NSGA Il
1 2022 170 0986 15 25 30 063 182
2 3549 305 0994 17 39 28 088 540
3 3801 381 0993 25 35 46 050 851
4 4156 632 0991 12 30 53 064 1212
5 6032 729 0994 23 31 33 055 1677
6 7675 729 0993 20 39 51 079 217.2
7 8214 812 0984 16 28 47 084 272.8
8 8564 865 0983 13 45 20 077 3345
9 8806 1118 1000 16 41 44 071 4098
10 10266 1318 0983 17 49 35 082 4798
11 11736 1527 0981 11 49 46 082 5200
12 15242 1546 0991 19 47 20 084 6629
13 17290 1806 0998 13 26 38 082 7636
14 18009 2022 0993 16 27 36 097 905.1
15 18249 2329 0984 19 36 38 06 13381
MOGWO
1 2003 169 0982 14 48 43 085 1123
2 3534 312 0987 14 51 29 062 12.99
3 3770 406 0984 19 45 43 056 1688
4 4139 635 099 14 55 34 080 3145
5 6006 735 0987 23 52 21 073 4346
6 7688 752 0999 25 59 25 073 9188
7 8580 824 0998 21 48 41 083 11871
8 8651 875 0981 15 43 34 089 16512
9 8744 1093 0995 19 37 24 068 24144
10 10711 1330 0985 11 50 30 083 32588
11 12306 157.6 0989 24 54 38 071 442.66
12 15405 1585 0991 24 45 25 092 618.78
13 17079 1768 0999 23 37 42 092 77456
14 17974 2017 0988 14 41 27 063 993.45
15 18407 2488 1000 19 38 47 081 13344

Therefore, other multi-criteria decision making methods
should be used to select the most efficient algorithm in
terms of comparable indicators.

5. 4. Selecting the Most Efficient Algorithm
using TOPSIS Method In the previous section,
significant comparisons were made to determine the
significant difference between the averages of the
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computational index obtained by solving the problems
using NSGA 1l and MOGWO algorithms. The results
showed that there was no significant difference between
the results. In this section, TOPSIS multi-criteria
decision making method has been used in order to select
the most efficient algorithm. Table 10 shows the total
averages obtained from the solved 75 instances of the
problem.

After scaling the results of Table 10, the result shows
the efficiency of MOGWO algorithm with an obtained
weight of 0.9675.

5. 5. Implementation of the Model for a Real Case

problem for a real case study in Iranian engine oil
industry. The system of raw material supply, distribution
as well as product recycling and disposal has been
studied. 31 provinces of Iran are considered as suppliers,
manufacturers, distribution centers and also the final
consumers of the products. The main goal in solving such
a problem is to select each province of the country as the
main center of manufacturing, distribution, collection
center, etc. The data used are estimated from the
consensus of experts in the engine oil industry.
According to the results, the efficient solutions obtained
from problem solving are shown as in Table 11. The
Pareto front is shown in Figure 6.

Study MOGWO algorithm is used to solve the
TABLE 9. T-Test results on the means of the objective functions
Indicator Algorithm Number of Average Stand§1rd 95%_ confidence T Fes_t P Fes_t
instances deviation interval statistics statistics
Mean of Object NSGA Il 75 96345248 13904657 (-41422359 005 0061
Function 1 MOGWO 75 97320641 13966932 39453573)
: NSGA I 75 10864 1681
Mean of 2“9“ (-5136 4766) 0.08 0.939
Function MOGWO 75 11049 1731
- NSGA Il 75 0.989 0.0015
';"ea’:.(’f Cg’bJeCt (-0.0051 .00417) 0.21 0.838
unction MOGWO 75 0.990 0.0017
NSGA Il 75 16.80
Number of (-5.02 1.42) 115 0.261
efficient answers MOGWO 75 18.60 1.2
- NSGA I 75 37002 2202
Maximum (-16087 4529) 1.24 0.197
Expansion MOGWO 75 47310 1748
- NSGA Il 75 38805 2896
!?;Stf‘”ce. bl (-2526 12347) 1.36 0.186
1deal point MOGWO 75 33895 2157
NSGA Il 75 0.751 0.032
Metric distance (-0.1045 0.0725) 0.37 0.714
MOGWO 75 0.767 0.029
- NSGA I 75 423 95
Somp“ta“"”a' (217 367) 053 0.601
Ime MOGWO 75 348 106

TABLE 10. Average values of the indicators for the two algorithms

Algorithm Objective function 1 Objective function 2 Objective function 3 NPF MsI MID SM CPU-Time

NSGA 11 96345248 10864 0.989 16.80 37002 38805 0.751 423

MOGWO 97329641 11049 0.990 18.60 47310 33895 0.767 348
TABLE 11. Efficient solutions from the case study in Iranian 3 7857645842071.79 22921 0.84
engine oil industry

Efficient Obijective function Objective Objective 4 7881325572261.93 28900 087

solutions 1 function 2 function 3 5 7999451000125.68 29678 0.87

1 7387708657310.84 20873 0.81 6 8256810244200.38 30959 0.89

2 7439665190205.53 22619 0.83 7 8351376182362.55 31184 0.90
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2601
8 8446676226610.35 36302 0.92
9 8773999647463.98 37314 0.95
10 8796633076821.11 37407 0.96
11 8953631688404.11 39097 0.96
12 9145413649915.65 41468 0.97
13 9415968260535.70 42790 0.98
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Figure 6. Pareto front solutions from solving the problem in
Iranian engine oil industry

® Manufacturing centers
® Distribution centers
) Collection and destruction centers

Figure 7. Provincial centers selected for the case study of
Iranian engine oil industry

Based on the obtained results, the implementation of
such a network in Iran has a profit of 8362023479869.43,
which can lead to job creation for 32424 people.
Furthermore, the reliability of implementing such a
system is equal to 90%. Figure 7 shows the provincial
centers for selecting the manufacturing, distribution and
collection centers.

6. CONCLUSIONS AND FURTHER RESEARCH IDEAS

Global economic conditions and environmental issues
importance leads to excessive attention of governments

to the design of CLSC networks. In this paper, by
presenting a mathematical model, an attempt was made
to design a comprehensive network of supply,
manufacturing, refining and supply of products to
customers in which social, economic and environmental
issues were observed. Due to the uncertainty of some
parameters such as demand and cost factors, the robust
fuzzy optimization method was used to tackle the existed
uncertainty. The results showed an increase in total costs
of the chain and decrease in reliability when the
uncertainty rate increases. MOGWO and NSGA I
algorithms were used to solve the problem. The results of
solving the problem for larger sizes showed the
performance of the MOGWO algorithm against the
NSGA Il algorithm. In order to compare the two
algorithms, some indicators including means of objective
functions, distance index, distance index from ideal
point, maximum amplitude index, Pareto solution
number index and computational time were applied.

As further research, it is suggested to consider a
competitive chain for the problem under study. Other
methods of uncertainty can also make the model closer to
the real world situations. The results help the managers
of the engine oil industry to analyze the results of the
designed network for the most pessimistic and optimistic
situations in product demand, and to be able to properly
manage the construction of different facilities in the
supply chain. Managers can also make good decisions
about social and environmental issues which have
become so much important in industries like engine oil
from the viewpoint of international and national norms.
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