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In this research, a novel mathematical model for sustainable supply chain network design is proposed.�emain contribution and
novelty of this research are considering environmentally friendly facilities and several thresholds for emitted pollution, which
bring this research closer to real-world conditions. Since the amount of pollution produced by di�erent supply chain facilities is
not the same, it is better to make di�erent decisions regarding each repair and renovation measure, i.e., environmental decisions
should be considered step-by-step. In addition, the proposed model was optimized by the whale optimization algorithm (WOA)
to �nd the best solution in large-scale instances in a short and reasonable time. Finally, the performance of the proposed model
and the reduction of environmental impacts to improve the stability of logistics systems are reviewed in a case study.�e results of
the computational analysis show the e�ciency of the proposed model.

1. Introduction

�e growing global environmental awareness and the in-
crease of laws and regulations have made the approach to
sustainability. Most companies are moving to sustainable
supply chain management, addressing environmental issues
throughout the supply chain. As Govindan et al. [1] state,
about half of the logistics articles have been designed for the
green supply chain network, and those interested have been
suggested to study this important issue. Eco-friendly facil-
ities can operate in the supply chain network, and others
need to be repaired [1].

If their environmental impacts exceed the initial al-
lowable, repairs should be made to reduce pollution to some

extent. However, general repairs and possibly renovation
should be done if the amount of pollution is more than the
allowable secondary level [2]. In this regard, measuring the
level of emissions is signi�cantly essential. It can help the
supply chains for �nding the core of environmental issues
and resolve them.

In this regard, some speci�c measures can be assessed.
Measures such as overhaul, improvement of production
methods, and modernization of machinery can be applied
in di�erent supply chains. �is strategy will ensure that the
supply chain does minor damage to the environment. If this
issue is ignored, the environmental e�ects will increase and
lead to many social problems, such as citizens’ diseases. To
the best of the authors’ knowledge, the research items in the
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supply chain network design field have not focused on this
important issue. Accordingly, in order to cope with the
effect of environmental and social objectives of the supply
chains, in this study, attention to environmental effects is
presented from two aspects to reduce these effects signif-
icantly [3].

In this research, in the first aspect, each producer’s
amount of pollution is calculated and measured with two
thresholds every few years [4]. +is measure is considered to
calculate the erode of equipment and facilities over time.
Moreover, the second aspect of reducing environmental
impact is choosing the type of transportation system. An-
other aspect of this research is dealing with selecting the
transportation system to reach sustainability. In this regard,
a multiobjective mathematical model for designing a closed-
loop supply chain with environmental and social aspects is
proposed. In this model, the best transportation system is
selected based on the economic and environmental aspects
of the supply chain.

After careful consideration of the previous related works,
the main contribution of this research can be summarized as
follows:

(i) Proposing a multiobjective mathematical model for
designing a closed-loop supply chain with envi-
ronmental and social aspects

(ii) Considering several thresholds for emitted pollu-
tion and considering environmental decisions

(iii) Optimizing the proposed mathematical model with
the WOA algorithm

+e remainder of this paper is organized as follows: in
Section 2, the literature is reviewed. In Section 3, the for-
mulated model is presented. Section 4 provides the proposed
solution method. Section 5 presents our experimental re-
sults, and Section 6 offers our conclusion and future research
directions.

2. Literature Review

Research on the design of the supply chain network and
environmental protection can be divided into the following
categories: minimizing the effects of greenhouse gases
([5, 6]), implementing carbon policies ([7] and [8]), waste
reduction ([9]), attention to water ([10]), and other envi-
ronmental aspects such as fuel and energy consumption
([11]).

As previously mentioned, in this research, by consid-
ering the proposed model, it is possible to select a trans-
portation system based on both economic and
environmental objectives, which is one of the advantages of
this research.

It should also be noted that the focus on supply chain
coordination is rapidly expanding in the global market [12].
Accordingly, coordination [13] measures should focus on
transportation decisions, pricing, and inventory [14]. As can
be seen in the literature, more effective results can be
achieved by considering these tactical decisions together
([15, 16]).

Recently, researchers have focused on novel as-
sumptions for supply chain network design. Tavana et al.
[17] proposed a sustainable supply chain network design
by considering the cross-docking in the distribution
throughout the supply chain. Moreover, location-inven-
tory-routing, time window, supplier selection, order al-
location, transportation modes with simultaneous pickup,
and delivery under uncertainty were of concern in this
research. Delfani et al. [18] proposed a robust fuzzy
mathematical model for a pharmaceutical supply chain
network design problem. +ey considered reliability and
delivery time. +ey solved this problem using the red deer
algorithm (RDA). Foroozesh et al. [19] optimized a
closed-loop supply chain for perishable products by
considering route risk and horizontal collaboration. +ey
applied a robust possibilistic programming approach with
credibility measures to deal with demand and cost
uncertainty.

Shekarian et al. [20] provided a comprehensive sys-
tematic review of sustainable supply chain management
with industrial practices. +ey have proposed novel in-
terpretation of the sustainable solutions addressed by
different industries and present a new and updated clas-
sification of the literature identifying future directions. Yu
et al. [21] assessed supply chain management with sus-
tainable and green technologies. In this research, reducing
waste from different levels of the supply chain using novel
technologies is emphasized. Soni et al. [22] proposed a
decision-making framework for the implementation of
Industry 4.0 in sustainable supply chains. +is research
indicates that small and median-sized enterprises can
enhance their working capital and competitiveness by
adopting Industry 4.0 technologies for sustainable supply
chain finance.

According to the content of recent research articles and
researchers’ suggestions and real-world needs, in the study,
the design of a sustainable supply chain network takes into
account economic and environmental issues along with
integrating important and effective tactical decisions which
is of concern. Moreover, the present study seeks to reduce
the destructive effects on the environment by choosing the
best transportation system. In addition, price is one of the
decision variables, and customer demand can be assumed as
a function of this variable. Accordingly, in this research, for
the first time, several thresholds for the amount of emitted
pollution are considered in order to prevent the excessive
increase of pollution and to help protect the environment,
based on which decisions are made regarding the renovation
and repair of polluting facilities. Moreover, this model is
optimized with WOA, and the performance of this algo-
rithm is investigated.

3. Research Methodology

In this section, the proposed mathematical model is pre-
sented. First, the assumptions of the model are expressed.
Next, sets, parameters, and variables are introduced. Finally,
the equations of the model are provided.+e structure of the
research methodology is as shown in Figure 1.
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In this research, a multiperiod and multiproduct supply
chain network design model is proposed, including two
levels of manufacturers and customers. In each tactical
period, product prices are determined, and inventory de-
cisions are made. To send products to customers, several
types of transportation systems are selected as the least
expensive and most environmentally friendly. +e level of
pollution of each producer is evaluated at the end of each
strategic period, and based on it, one of the following three
decisions is selected:

If the pollution level is less than the initial allowable
threshold (θ1), no action is taken.

If the amount of pollution is more than θ1 and less than
the allowable secondary threshold (θ2), the amount of
pollution will be reduced with minor repairs.

If the amount of pollution is more than thatθ2, general
repairs should be done, and the amount of pollution should
reach zero.

3.1. Assumptions

(1) +is model considers two horizons of strategic and
tactical time planning. Each strategic period includes
several tactical periods ([20, 21]).

(2) At the beginning of the program horizon, the in-
ventory is zero, and it is assumed that the inventory
of the last tactical period in each strategic period is
transferred to the first tactical period of the following
strategic period.

(3) Pollution generated in each period is considered cu-
mulatively with previous periods. If minor repairs are
made, a percentage of the previous period’s emissions
that have not been lost will be collected, and if major
repairs are made, it is assumed that all contaminants
from previous periods have been removed.

Definitions of sets, parameters, and decision variables
are provided in the following subsections.

3.2. Sets. Set of candidate points for manufacturers iϵI, I.
Customer points collection jϵJ, J.
Product Collection pϵP, P.
A set of tactical time periods tϵT, T.
A set of strategic time periods sϵS, S.
Set of price levels lϵL, L.
Collection of transportation systems rϵR, R.

3.3. Parameters. bplst Price for product p with price level l in
tactical period t and strategic period s.

djplst Customer j demand for product p with price level l

in tactical period t and strategic period s.
cijpr Cost of sending a unit of product p from the

manufacturer i to the customer j by shipping type r.
nip Production cost per unit of product p per manu-

facturer i.
fi Manufacturer i construction cost.
mip Maximum production capacity to produce product

p in manufacturer i per period.
hip Cost of keeping product p in the manufacturer i

warehouse.
g Minor repair cost in the supply chain.
k Overhaul costs.
eip Pollution rate per product p in producer i.
vijpr Pollution rate per unit of product p sent from

manufacturer i to customer j by transport type r.
θ1 +reshold for minor repairs.
θ2 +reshold for general repairs.
λ Percentage of pollution that is eliminated by minor

repairs.
BN A very large number.

3.4. Decision Variables. qis +e amount of pollution pro-
duced by the manufacturer i in the strategic period s.

wijpst Manufacturer i share to meet customer j demand
for the product p in the tactical period t and the strategic
period s.

Assumption
definiation 

Mathematical
modeling 

Model
vaildation 

Optimizing
using WOA 

Figure 1: +e research framework.
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Zijprst +e amount of product p sent from the manu-
facturer i to the customer j by transport type r in the tactical
period t and the strategic period s.

uipst +e amount of product p kept in the manufacturer i

in the tactical period t and the strategic period s.
xi 1 If the manufacturer i is constructed and 0, otherwise.
yplst 1 If the price level l for product p is selected in the

tactical period t and the strategic period s and 0, otherwise.
a1is 1 If the level of pollution in the manufacturer i is less

than the initial allowable threshold and no action is taken in
the strategic period s.

a2is 1 If the amount of pollution is more than the initial
allowable threshold and less than the secondary allowable
threshold and minor repairs are made in the manufacturer i

and strategic period s.
a3is 1 If the amount of pollution is more than the al-

lowable secondary threshold and is done in the manufac-
turer i and strategic period s.

3.5. Mathematical Formulation
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qis ≤ θ1a1is + θ2a2is + BNa3is ∀i, s, (10)
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qis ≥ 0 ∀i, s, (12)
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xi, yplst, alis, a2is, a3isϵ 0, 1{ } ∀i, p, l, s, t. (14)

+e objective function (1) seeks to maximize income and
minimize the costs of the supply chain. In other words, Z1
demonstrates the net profit of the supply chain. +e first
term is the total income of the supply chain. +e rest terms
are the cost of construction, production, transportation,
product maintenance, minor repairs, and overhauls,
respectively.

Based on the objective function (2), the transportation
system is selected that causes less damage to the envi-
ronment. Constraint (3) is to balance the number of goods
produced and customer demand. Based on Constraint (4),
only one price level is selected for each product in each
period. Capacity Constraint (5) limits the amount of
production of each factory. Constraints (6) and (7) indi-
cate the inventory balance constraints in the factory and
equalize the amount of inventory of the previous period
plus the goods produced in this period with the amount of
inventory and goods sent in the same period. Constraint
(8) shows the amount of pollution in the first strategic
period, and Constraint (9) shows the amount of pollution
in other strategic periods. Based on Constraints (10) and
(11) corresponding to the pollution created and the pol-
lution thresholds, the optimal decision is made.+e type of
decision variables is determined by Constraints (12) to
(14).

It should be noted that the proposed model contains
several nonlinear expressions. After linearizing the model, it
is used to integrate the two objective functions of the
proposed method of Allaoui et al. [10] and then is optimized
using GAMS optimization software and the whale optimi-
zation algorithm.

4. Whale Optimization Algorithm (WOA)

Whales, like many animals, have a collective lifestyle.Whales
hunt deep-sea fish for food. In this regard, studies such as
[23] have [24] modeled [25] an approximate [26] optimi-
zation method bymodeling the group lifestyle of whales.+e
WOA algorithm is performed in three steps such as hunting,
exploitation, and exploration.
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4.1. Hunting inWOA. Whales can identify hunting grounds
and surround them. Once the best search engine is iden-
tified, other search agents try to update their location relative
to the best search engine. +is behavior is expressed through
equation (15) and equation (16) which are mentioned as
follows:

D
→

� C.X
∗
(t) − X(t)


, (15)

X(t + 1) � X
∗
(t) − A

→
.D
→

, (16)

where t denotes the current iteration, A and C are the co-
efficient vectors, X∗ is the best solution obtained at present,
and X is the location vector. A and C are calculated as (17)
and (18) shown as follows:

A
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→

. r
→

− a
→

, (17)

C
→
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4.2. Exploitation and Exploration. Two methods have been
designed for the mathematical modeling of exploration and
exploitation.

(a) Mechanism of contractile blockade: this behavior is
achieved by increasing the value of a in (17).

(b) Spiral updating location: this method first calculates
the distance between the whale located in the X and
Y coordinates of the bait in X∗ and Y∗ in which (19)
is used.
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��→

.e
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. cos(2πl) + X
∗
(t), (19)

where W ’refers to the distance from the first whale to the
prey, and φ is a constant for defining the shape of a loga-
rithmic helix and is a random number between 1 and -1. It
should be noted that the humpback whale swims around its
prey along a contractile circle and at the same time in a spiral
path. +is is calculated according to equation (20)shownas
follows:
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where and is a random number between 0 and 1. In addition
to the net bubble method, humpback whales randomly
search for preys. Finally, the WOA algorithm ends by sat-
isfying the termination conditions. Figure 2 shows the
pseudocode of the WOA algorithm.

5. Numerical Results

In the proposed paper, for the first time, multilevel repairs
are added to the problem of supply chain network design,
which can significantly help to protect the environment.
As mentioned earlier, since transportation is considered

the most polluting activity in the supply chain network and
has received less attention in the articles; one of the ad-
vantages of the proposed model is the reduction of pol-
lution caused by transportation.+e transportation system
is chosen to cause the least damage to the environment. In
this section, we seek to substantiate these claims for a case
study of the electrical supply chain adapted from Shuang
et al. [24].

+e proposed model is more efficient from an envi-
ronmental point of view than other previous models.
Without considering the second objective function, the least
costly type of transportation is selected, but if the amount of
environmental impacts caused by transportation is mini-
mized, 16% (100 × 165793 − 142907.142907) of environ-
mental impacts can be achieved. Moreover, because the
facilities are inspected and repaired every few years, they
have less environmental impact, which causes 170% (5568 −

20599.20599) less damage to the environment than other
models that ignore repair decisions.

In order to show the accuracy of the proposed model,
several sensitivity analyzes are performed concerning the
main advantage of the paper, namely environmental deci-
sions with step levels.

+e first sensitivity analysis is related to the performance
of two factories in 3 strategic periods with a threshold of
8000 and 15000, respectively. As shown in Figure 3, the
pollution of the first plant in strategic periods 1 and 3
exceeded the initial threshold, and with minor repairs, some
of its environmental effects have been reduced. In period 2,
due to increased pollution and exceeding the second
threshold and general repairs, a significant reduction in
environmental impact is observed. +e second factory had a
lower level of pollution than the secondary limit, and no
general repairs were made.

By increasing the permissible limits, factories create
more pollution. To show this discussion and validate the
performance of the sensitivity analysis model to the
threshold of minor repairs (in which the amount of pollution
produced is more sensitive to this parameter), and the result
is shown in Figure 4.

Initialize the whales population Xi (i = 1, 2, ..., n)
Calculate the fitness of each search agent
X*=the best search agent
while (t < maximum number of iterations)

for each search agent
Update a, A, C, l, and p

if 1 (p<0.5)
if 2 (|A|<1)

else if 2 (|A|≥1)

else if 1 (p≥0.5)

end if 1
end for

end if 2

Update the position of the current search agent by the Eq. (2.1)

Update the position of the current search agent by the Eq. (2.8)

Update the position of the current search agent by the Eq. (2.5)

Select a random search agent (Xrand)

Check if any search agent goes beyond the search space and amend it
Calculate the fitness of each search agent
Update X* if there is a better solution
t=t+1

end while
return X*

Figure 2: +e structure of the whale optimization algorithm [20].
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5.1. Evaluating the Performance of the WOA. In order to
design experiments in the WOA algorithm, three different
levels are first defined for their parameters. +en, predefined
experiments are performed in this algorithm. +e proposed
values for the parameters of this algorithm are shown in
Table 1. +e parameters are stopping criteria, the number of
whales, and the change rate.

Next, with the Taguchi L9 design, different experiments
were created, and the WOA algorithm was implemented for
each of them. +e implementation results are presented in
Table 2.

Next, by presenting these outputs to MINITAB software,
the S/N ratio is obtained and presented in Figure 5.

Finally, based on the output presented in Figure 4, the
optimal value of the stopping criteria, number of whales, and
position controlling parameter is equal to 130, 80, and 0.1,
respectively. To compare the methods based on the studied
indicators, 10 test problems in different dimensions were
generated. It should be noted that for each of the methods of
solving, the time limit of 3600 seconds is considered, and the
limits of the problems produced are presented in Table 3.

+ese test problems are implemented using the WOA
method in MATLAB software as well as the Epsilon re-
striction method (EPC) in GAMS software. +e two
methods of solving the value of quality indicators are the
solution to the problem and are reported in Tables 4 and 5.

In order to compare the methods based on the MID
index, the average for the Epsilon constraint was 18.60 and
for the WOA algorithm was 23.25. In a similar way, for the
max-spread index, the average for the Epsilon constraint was
22.26 and for theWOA algorithm was 29.65. Figures 6 and 7
show the trend of MID and max-spread, respectively.

+e mid and max-spread index results show that the
WOA algorithm has better values than EPC in all cases.
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Figure 3: Total pollution produced by the first and second factories in strategic periods.
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Figure 4: Effect of the initial allowable threshold on pollution.

Table 1: Parameters and their levels for the WOA.

Parameters
Levels

Level 1 Level 2 Level 3
Stopping criteria 70 90 130
Number of whales 70 80 90
Position controlling parameter 0.1 0.2 0.3
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Table 3: Information on numerical test problems.

Test
problem

Number of
manufacturers

Number of
customers

Number of
products

Number of
price levels

Number of
transportation systems

Number of
tactical periods

Number of
strategic
periods

1 5 8 1 1 1 7 1
2 7 10 2 2 1 7 2
3 9 12 3 3 1 9 3
4 11 15 4 4 2 9 4
5 13 20 5 5 2 12 5
6 15 25 7 6 2 12 7
7 17 30 9 7 3 15 9
8 19 35 11 8 3 15 11
9 21 40 30 9 3 20 13
10 23 45 15 10 4 20 15

Max_iter N_S

3.4

3.2

3.0

3.4

3.2

3.0

1 2 3 1 2 3

1 2 3

Main Effects Plot for SN ratios
Data Means

M
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n 
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s

PR

Signal-to-noise: Smaller is better

Figure 5: Taguchi results for the WOA parameters.

Table 2: Details of implementing the Taguchi method for the WOA.

Implement number
Parameters

Output index
Max_iter N_S PR

1 1 1 1 0.679
2 1 2 2 0.712
3 1 3 3 0.682
4 2 1 2 0.663
5 2 2 3 0.702
6 2 3 1 0.681
7 3 1 3 0.647
8 3 2 1 0.739
9 3 3 2 0.739

Table 4: Epsilon constraint output for solved examples.

Test problem MID Max-spread CPU time
1 14.434 10.821 6.65
2 15.393 11.330 13.28
3 16.023 13.924 84.47
4 16.828 14.454 458.80
5 18.037 15.564 1065.23
6 20.162 22.265 1381.91
7 21.523 28.920 2707.90
8 22.113 40.798 3600.00
9 22.915 42.313 3600.00
10 0.000 0.000 Not solved
Average 18.603 22.265 1435.360

Table 5: WOA output for solved examples.

Test problem MID Max-spread CPU time
1 20.029 9.146 14.93184
2 19.086 17.428 16.58137
3 17.291 15.282 35.45572
4 18.770 20.291 59.27535
5 25.826 20.021 79.87993
6 19.700 28.746 103.0917
7 29.528 35.436 134.1118
8 31.792 48.660 135.7111
9 25.729 46.795 170.0785
10 24.839 54.691 171.0802
Average 23.259 29.650 92.01974
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Moreover, according to Figures 6 and 7, when comparing
the method based on the max-spread index, the EPCmethod
was only able to provide a better solution in comparison to
WOA in the first test problem.

6. Conclusion

In the present study, a new model for designing a multi-
product-multiperiod supply chain network is proposed and
analyzed. Considering criteria such as paying attention to
the environment, choosing the type of transportation sys-
tem, addressing tactical decisions, and so on make the
models more efficient and closer to the real world, so in this
research, they have been addressed. To improve the network
from an environmental point of view, the choice of the type
of transportation system is considered, and it is shown that
this policy can reduce costs and further protect the envi-
ronment. Moreover, in this research, for the first time,
several thresholds for the amount of emitted pollution are
considered to prevent the excessive increase of pollution and
help to protect the environment, based on which decisions

are made to renovate and repair polluting facilities. It is clear
that the benefits of reducing environmental impacts, in
addition to supply chain stakeholders, will also have ben-
eficial effects on society. Solving a real case study and
performing various sensitivity analyses show that the pro-
posed supply chain network design model is less costly, leads
to keeping the environment clean, and can promote sus-
tainable development.

Moreover, the WOA algorithm was used to solve the
proposed large-scale mathematical model in this research.
+e results of using this meta-heuristic algorithm show that
this method can obtain Pareto solutions with very little time
compared to the EPC method. Moreover, the quality of this
algorithm in terms of MID and max-spread indices is much
better than EPC.

In this research, in order to provide management in-
sights, an approximate approach was used to solve the
mathematical model. It should be noted that classical so-
lution methods cannot be suitable for closed-loop supply
chain network design due to their complexity and high
CPU time. For this reason, by implementing the WOA
algorithm, a set of optimal solutions can be presented to
supply chain managers, which can help make the decisions
easier.

Finally, for future research, it is suggested that a variety
of inventory control systems, as well as pricing policies, be
added to the supply chain network design problem.
Moreover, by considering the reverse logistics and closed-
loop supply chain, it is possible to help protect the envi-
ronment as much as possible. [27–34].
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