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Abstract: The growing rate of population and technological advancement have
led to an increase in natural resource consumption, which has caused
irreparable damage to the environment. The implementation of green supply
chain management is one of the most effective ways to deal with environmental
degradation. Therefore, in this paper, a bi-objective mixed integer linear
programming model is developed to design a green supply chain network. In
the proposed model, the possibility of customer storage, being faced with
shortage, locating of distribution centres, green vehicle routing problem, split
delivery, multi-depot vehicle routing problem (VRP), capacitated VRP, and
uncertainty in demands will be considered. The aim of the proposed model is to
minimise the total cost and total shortages simultaneously and, therefore, a
fuzzy solution approach is applied for this purpose. The results of
implementing this model in a production chain of automotive parts in Iran
indicate the exact and efficient performance of the proposed model.
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1 Introduction

Nowadays in competitive economic environment, organisations need strategic and
operational decisions for optimising and managing their logistic processes more
efficiently (Bafrooei et al., 2014; Mina et al., 2014; Moharamkhani et al., 2017). Design
of vehicle routes is one of the most important operational decision because it reduces the
costs and improves the service quality (Kog¢ and Karaoglan, 2016; Qazvini et al., 2016).
The problem of designing optimal routes from one or more depots to some customers
considering several side constraints is referred as vehicle routing problem (VRP)
(Qazvini et al., 2016). The vehicles that are dispatched from a depot deliver the required
goods to the customers and then return to the depot. Each vehicle carries just a limited
amount of goods and may also be restricted in the total travelled distance (Baker and
Ayechew, 2003). As a first record in the literature of VRP, Dantzig et al. (1954) studied a
relatively large scale generalisation of travelling salesman problem (TSP) and proposed a
solution method. Since then, a number of variants have been studied in the literature of
VRP by the researchers. For example, we may mention to the capacitated VRP (CVRP)
in which the customers have a demand for a good and the vehicles have finite capacity.
For detailed information refer to review paper provided by Eksioglu et al. (2009), Laporte
(2009) and Pillac et al. (2013).

The location routing problem (LRP) is a relatively new field within location analysis
with the key property of paying special attention to underlying issues of VRP
(Hassanzadeh et al., 2009). LRP aims to solve a facility location and VRPs,
simultaneously (Vincent et al., 2010). It is worth to mentioning that, traditionally, these
two problems have been taken into account separately. In the past decades, the LRP has
advanced and produced a large number of attentions by the researchers. Generally, LRP
can be categorised into un-capacitated LRP and capacitated LRP. At the beginning, most
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of the researches on this field have assumed un-capacitated depots. However, especially
in recent years, capacity constraints on depots and vehicles have been considered by
some researches such as Barreto et al. (2007). For more information about different types
of LRP refer to a comprehensive review paper presented by Prodhon and Prins (2014).
The application of LRP has been discussed in many fields such as the distribution of food
and beverages, waste collection, newspaper delivery and so on. For example, Lin et al.
(2002) studied monthly bill delivery services of a telecommunication service company in
Hong Kong as an application of LRP models. See also a survey provided by Nagy and
Salhi (2007) for more detailed information about various applications of LRP.

The focus in classical VRP and LRP is only minimising the total distance travelled by
all vehicles. However, in recent years in addition to the conventional economic goals,
some environmental, ecological and social effects have been taken into account when
logistics policies are being designed. Green VRP (GVRP) takes into account both
environmental and economic costs by implementing effective routes to meet the
environmental concerns and financial indexes (Lin et al., 2014). As a new study in this
field, Ko¢ and Karaoglan (2016) extended a simulated annealing heuristic-based exact
solution approach to solve the GVRP. GVRP has been noticed by many researches such
as Cirovié et al. (2014), Felipe et al. (2014), Montoya et al. (2016), Yin and Chuang
(2016) and Soysal et al. (2018). Interested readers are referred to the survey by Lin et al.
(2014) for more information about GVRP.

In this paper, a new mixed integer linear programming model to design a green
supply chain network considering LRP is proposed. The proposed model takes into
account fuel consumption of vehicles, storage, shortage, limited capacity of facilities,
multi-depot VRP, split delivery simultaneously. Under uncertainty case, a fuzzy approach
is utilised to solve the proposed model. In the following, the problem definition and
proposed model are introduced in the Section 2. The Section 3 is dedicated to the
implementation of the proposed model in the real world. Next section is allocated to
sensitivity analysis and the final section is dealt with the conclusion section.

2 Problem statement and proposed model

Considering the high proportion of distribution costs to the total of supply chain costs, the
design of an appropriate logistics system is very important. Two essential elements in
distribution systems are attention to the locating and routing problem where the former
appears at the strategic level and the latter emerges at the operational level. Therefore, in
this paper, a three-echelon supply chain, including supply, distribution, and customer
levels has been developed. The proposed model is a bi-objectives model whose primary
purpose is to minimise costs, including transport costs, storage costs, supply costs, and
location costs; and the secondary purpose is to minimise the total shortages. In this paper,
by providing optimal policies, the amount of pollution caused by vehicles is controlled
and programmed in the form of costs. In this regard, the criterion of vehicular fuel
consumption is used to minimise the pollutant level in the transportation process of the
said supply chain. Considering the storage assumption, the vital role of supply chain
management in the system under optimisation will be specified more than ever. The final
aim of this paper is to provide some policies in order to integrate the constituent
processes of building the said supply chain, including supply, distribution, and demand
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for the sake of achieving the lowest cost and shortage simultaneously. The assumptions
of the proposed model are presented below:

2.1 Assumptions

e The desired supply chain in this paper includes levels of supply, distribution and
customer.

e The proposed supply chain has been considered as a multi-product and multi-period
one.

o  The locating of the distribution centres and the selection of supplier are
accomplished by the model.

e  Suppliers, distribution centres, and vehicles are considered as being capacitated.
e Vehicles will be considered heterogeneous.
e Determination of the number of required vehicles is accomplished by the model.

e  The length of time required to pass a specific route by different vehicles has been
considered different.

e There is the possibility of storage at the customer level.

e The VRP is among the distribution and demand levels.

e The routing problem is considered as multi-depot.

e  The possibility of split delivery has been considered in the model.
¢ Demand has been considered to be fuzzy.

e  There is the possibility of encountering a shortage in the model.

2.2  Mathematical model

Indices

i Product 1<i<I
N Supplier 1<s<S§
d Distribution centres 1<d<D
¢,c  Customer 1<c<C
% Vehicle 1<v<V
t Time period 1<t<T
Parameters

capy? Capacity of supplier s for product i in time period ¢

capdist Capacity of distribution centre d for product i in time period ¢
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capy®"  Capacity of vehicle v
Jisa Maximum flow of transferring product i from supplier s to distribution centre
d
disg® Location distance of customer ¢ from customer ¢
tmses Time distance of customer ¢ from customer ¢ by vehicle v
dis . Location distance of distribution centre d from customer ¢
Myge Time distance of distribution centre d from customer c by vehicle v
costdst  The cost of setting up distribution centre d
costy®"  The cost of purchasing vehicle v
cost’a™  The cost of transferring each product unit i from supplier s to distribution
centre d in time period ¢
dem;,; The demand of customer ¢ for product i in time period ¢
hold; The cost of holding each product unit ; in time period ¢
v, Rate of fuel consumption per distance unit by vehicle v
pricei,  The price of purchasing per product unit i from supplier s in time period ¢
Oy The cost of ordering to supplier s in time period ¢
A The price of each unit of fuel
bigm~o0  Big number
Variables
1 If distribution centre d is set up
Yd 0 Binary  Otherwise
1 If vehicle v is purchased
Zveh Bi .
Y o mary  QOtherwise
1 If vehicle v travels from customer ¢ to customer c in time period
j'\/Ect 0 Binary t
Otherwise
1 If vehicle v is allocated to distribution centre d in time period ¢
Brai 0 Binary  Otherwise
1 If distribution centre d purchases product i from supplier s in time
Hisdt 0 Binary  period?
Otherwise
Aty Positive  Arrival time of vehicle v to customer ¢ in time period ¢
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. positive
mnv;.,

. negative
mnv;.

NV,

)(ivdct

isdr

Transportation cost
Storage cost
Supply cost

Location cost

Objective function

Positive

Positive

Free

Positive

Positive

Positive
Positive
Positive

Positive

The amount of product i in the warehouse of customer ¢ in time
period ¢

The shortage of product i for customer ¢ in time period ¢

Inventory

The amount of product i transferred from distribution centre d to
customer ¢ by vehicle v in time period ¢

The amount of product i purchased from supplier s by distribution
centre d in time period ¢

Transportation cost
Storage cost
Supply cost

Location cost

Min z€% = Transportation Cost + Storage Cost + Supply Cost + Location Cost

Min z9%reze =" iy

i,cpt

negative
ict

Subjected to:
z Wy X lvéct X dlsff” + Z Wy
Transportation Cost = ¢/ x| véc, vidc
><(jvvlct +ivclt)xﬂvdt Xdisdc (1)
+ z Qisar % Costrans + 223‘?” x Costyeh
i,5,d,t v
Storage Cost = Zhold,, x inyPesive 2)
i,c.t
Supply Cost = Z priceiy X tisar X Ciss + Z Ost X Nisd 3
i,5,d,t i,5,d,t
Location Cost = Z costds x y, )
d
Zaisdt < cap;};p vl, s, t (5)
d
Dt € i Vi, 1 (6)
s,d s,d
Za,-sd, < capist Vi, d,t @)
N
D Xitr < capl x 2" Vv, d, 1 ®)

ic
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Zaisdt 2 invdct X ﬂvdt VI, d7 t (9)
Z Xivaer < bigm x z DPoar Vv, t (10)
i,d,c d
D Bu <l v, t (11)
d
<1 Vv, c,t (12)

Z /L»Ect
D i = Ve,t (13)

atye = z atyz + tmﬁj’: X Ayt VYe>1,v (14)
VLt = Ztmvdc X Pyt X Avelt VV, c, t (15)
Z Xivaer < bigm x Z vt Vv, c,t (16)
id ¢
D e < bigmx 2y Vv, t (17
id,c
iNViey = INVie(o1y + invdct —dem;,, Vi, c,t>1 (18)
v,d
inVie = Y X1 — demy Vi, c (19)
Vi = invP&™ —jpylesame Vi, c (20)

The purposes of proposing the above model are as follows:
e The first objective function aims to minimise total costs.
e The second objective function aims to minimise the total shortages.

The cost of transportation (fuel consumption of vehicles and the cost of supplying
vehicles), the cost of maintaining the goods and products in the customer’s warehouse,
the cost of supplying the products, and the cost of establishing the distribution centre are
presented in constraints (1) to (4), respectively.

The amount of goods transferred from the supplier to the distribution centres not
exceeding the supplier’s capacity, not exceeding the flow rate transferred from the
supplier to the crossover warehouses, and not exceeding the capacity of the distribution
centres are shown in constraints (5) to (7), respectively.

Constraint (8) states that the amount of products carried by each vehicle should not
exceed its capacity.
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The total amount of products transferred from suppliers to the centres in each period
should not be less than the amount of products transferred from the centres to customers,
which has been included in constraint (9).

According to constraint (10), the condition for the delivery of products to customers
by a vehicle is that the vehicle be allocated to a distribution centre. Based on constraint
(11), each vehicle is allocated at most to one distribution centre. The possibility of a
client visit is possible at most by one vehicle, which is shown in constraint (12).

Based on constraint (13), if we enter a customer’s location, we must leave it.

Sub-tour elimination constraint and calculation of the arrival time at each customer’s
location are presented in constraints 14 and 15.

The condition for the delivery of the product to customers is that the vehicle should
visit the customer and the vehicle has been purchased, which have been presented in
constraints (16) and (17), respectively.

Constraints (18) and (19) pertain to inventory balances in customers’ warehouses.

Finally, the determination of the warchouse inventory and being faced with a shortage
have been shown in constraint (20).

2.3 Linearisation process

Although the proposed model is nonlinear, but it is convertible to linear model using the
following auxiliary variables. For this purpose, first the nonlinear expression is expressed
and then the linear equivalent is given.

1 .
iﬂVdECt {O Blnary
athice Positive
Nisar Positive
PXivder Positive
. . Nonlinear
: Z Y X doger X disg + Z W expression
Transportation Cost = ¢/ x| v vidc
X(Avter + Avete )X Boa X dis g (1)
+ Z Qisay % COSETS + 223‘?” X cost et
i,8,d,t v
. Linear
Z Yy X e X disg® + Z Yo equivalent
Transportation Cost = ¢! x| vc vidc
X(iﬁvdlct + lﬂvdclt )X disdc (21)
+ Z Qlisar X COSETMS + szve” x cost)"
i,5,d,t v
Mudeer < Prar + (1= Az ) % bigm (22)
MBrdeer < vier +(1= Brar ) % bigm (23)

/lﬂvd&‘l 21+ (A'VECI + ﬂvdt - 2) X blgm (24)
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/I,Bvdécl < (}vvécl + ﬂvdl )X blgm

Supply Cost = Z priceist X Nisdr X Qisdr + Z Ost X Nisdr
i,5,d,t i,5,d,t

Supply Cost = ) pricey xnsi + Y 0 X isa

i,8,d,t i,5,d,t
NCsar 2 Qlisay — (1 — Nisdr ) X blgm
naisdt < isdy

NClisar < bigm x ysay

Zaisdt 2 zxivdct X Pt \V/l, d: t
K v,c

zaisdt > Zﬂxivdct VZ, da t
s v,c

ﬂxivdct 2 Xivdet — (l - ﬁvdt ) X blgm
ﬂxivdct < Xivdet
BXivaer < bigmx B

atye 2 z atyy + tm‘ffg X/lvi'ct
atyy 2 Z At +tm Xllvut)

Athyser = atye — (1= Ayeer ) x bigm
Atheer < Aty
Athyeer < Digm X Ayeer
atye 2 ztmvdc X Brar X Auels
d

atvc[ > ztmvdc X/’{ﬂvdclt
d

3 Case study

Nonlinear
expression

Linear
equivalent

Nonlinear
expression

Linear
equivalent

Nonlinear
expression

Linear
equivalent

Nonlinear
expression

Linear
equivalent

(25)

)

(26)

@7
(28)
29

&)

(30)

G
(32)
(33)

(14

(34

(33)
(36)
37

(14

(3%

In this section, the validation of the proposed model will be followed by its
implementation in an automotive parts distribution company in Iran. To this end, the data
pertaining to four products, three potential distribution centres, six customers, two time
periods, six vehicles, and four suppliers will be used. Table 1 shows each customer’s

demand for each product at any time period.
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Table 1 Each customer’s demand values

dem;,, t=1 t=2
i=1 c=1 0 0
i=1 c=2 90 99
i=1 c=3 100 110
i=1 c=4 60 66
i=1 c=5 60 66
i=1 c=6 80 88
i=2 c=1 0 0
i=2 c=2 80 88
i=2 c=3 80 88
i=2 c=4 80 88
i=2 c=5 90 99
i=2 c=6 70 77
i=3 c=1 0 0
i=3 c=2 80 88
i=3 c=3 90 99
i=3 c=4 70 77
i=3 c=5 70 77
i=3 c=6 70 77
i=4 c=1 0 0
i=4 c=2 100 110
i=4 c=3 110 121
i=4 c=4 90 99
i=4 c=5 105 115
i=4 c=6 80 88

For solving fuzzy problems, an approach based on Zimmermann (1978) and Lin (2012) is
presented as follows:

Max ¢
Subject to :
& < pn ()
¢S U (x)
¢ < g (%)

These membership functions are defined as follows:
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1 Z (.X') > Z]{msmve
”
tgpn (x) = |0 24 (x) < Zlesaie
positive
f _ _“k — Zk (x) negative Z (x) < Zpositive
Hzpin ~_ positive negative k =<k = %k
z —Zz
k k
1 z ()C) > Z/postlive
"
Hzmex () = |0 z;(x) <z;®*
negative
Z/()C)—Zl negative sitive
L A S gative < positive
f zZm positive negative Z =2 (x) =2
Zi —Z

1 8 ()C) > b/
Ug (X) =10 gi1(x)<b +d,
1- x)—b
fZlmax :%, b[ Sg/(x)Sbl—i-d]
1
where the objective function z; (z;) value changes from lower bound z}“™ (z]¢“™) to

ositive ositive
SNC

upper bound z; ); Hzin (%), ft min (x) and pg, (x) represents the membership

functions of maximum, minimum, and constraints, respectively and d, is the tolerance
value.

After the determination of the upper and lower bound values and the substitution of
d; = 10%, we will have:

937,743,500 — ¢!

,uzcosz =
937,743,500
3.475— Zshortage
Hshortage = ————————
3,475
1.1x dem;., — Z Xivder + IMViey — MVie(r-1y
v,d
M =
Zdem 0 1 X dem[ct
z Xivdet — il’le —-09x demicz + invic(l—l)
/17 _vd
Fdem 0.1x dem,,

The previous bi-objective mathematical model will be changed as follows by considering
the fuzzy membership function and demand uncertainty:

The output obtained from the model implementation is presented below. The time
taken for solving the model by GAMS24.1/Cplex software has been 245.79 seconds.

Table 2 Values of the objective functions

cost shortage
z 8

§ z
0.634 343,615,700 604
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Only, distribution centre 3 has been established (y; = 1).

The vehicles numbered 1, 3, 4, and 5 have been purchased.

The routes travelled by the vehicles numbered 1, 3, 4, and 5 have been shown below
by using A :

e  For the first time period:

v=1l (c>c)ici—>cs >0 —>cs > —a
v=3 (c>c)icg>cs>cs o> >
v=4 (c—>c)ici>cy —>C >0 >0 >0 >
v=5 (c>c)icg >3 >c—>05 >0 >>cy >

e  For the second time period:

(c>c)icg >cg—>es >3 —>ey > —>a

=1
3 (c>0)iaq—>e—>es—>e >0 >c—>a

v
%
v=4 (c—>cC)ici>C3>C—>C5 > —>C4 —>C
v=>5

(c>c)icg > ey > oo

Another variable pertains to the allocation of each vehicle to the distribution centre where
all vehicles (1, 3, 4, and 5) in both periods of time have been allocated to the third
distribution centre (£,4):

Bz =Fs31=Paz1=Psz1 =1
P32 =P332 =Pazz=Pszz=1

Variable #;, has been used to determine the relationship between suppliers and
distribution centres for the dispatch of products, as shown below:

M43l =Ma32 =N2331 = Ma32 =N3431 =13432 =Has3) =1

As it has been shown, all the products are purchased only from suppliers 3 and 4.
The amount of each product purchased from each supplier by each crossover
inventory at each price level (¢;4) is given below:

M43, =390
432 =429
72331 =400
M,a32 =369
73,431 =380
13,432 =418
Naa31 =485

The amount of product transferred from each crossover inventory (x;,4,) to each customer
by each vehicle is given below:
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X133, =25
X1,4,3,51 = 60
X1,53,41 = 60

X2333,1 =30
X2,43.21 =80
X2,53,51 =90
X313,41 =70
X3335,1 =70
X35331 =90

X433,4,1 = 90

Xi43.22 =99
X1,4,3,6,1 = 80
Xi535.2 = 66
X2333,2 =88
X2,4331 =50
X2,53,60 =10
X31352 =77
x33361 =70
X413,2,1 =100

X4,43,6,1 = 80

X14331 =75
X532, =90
X153,62 =88
X23352 =99
X25322 =17
X3132,2 =36
X333, =80
X333,62 =17

X435, =105

X1,43,.4,2 = 66
Xi5332 =110
X213.42 =88
X233,62 =17
X2,53,41 =380
X31332 =99
X33342 =77
X3532,2 =52

X43331 = 110

Finally, the costs presented in detail as follows:

Transportation Cost = 219,070,000
Storage Cost =0

Supply Cost = 68,547,000
Location Cost = 56,000,000

As it is observed, a significant portion of costs, i.e., about 64% is related to transportation
costs, which indicates its high importance. Therefore, the locating-routing problem is
directly related to these costs. In this research, these costs were properly managed
through optimal routing.

4 Sensitivity analysis

To validate the proposed model, we assess the model sensitivity through two categories
of scenarios. To this end, we examine to what extent our expectations of the model are
consistent with the obtained results by applying each scenario. The first category of the
scenarios is based on demand reduction and the second category is based on demand
increase.

4.1 Demand reduction scenario

In this section, some scenarios are formed based on demand reduction. It is expected that
costs will be reduced (the value of the objective function does not deteriorate) and the
amount of shortages will be minimised (the value of the objective function does not
deteriorate) as the demands are reduced. Demand reduction scenarios and the results
obtained from its implementation are presented in Table 3.

As it can be observed, the results of the model are in accordance with our expectation
of the performance of the proposed model. For the presentation of a clearer
explanation of Table 3, the process of changing each objective function is presented in
Figures 1 and 2.
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Table 3 The results of the sensitivity analysis of demand reduction
Scenario no. Demand rate P Hhortage
1 0.7 x Demand 272,660,000 453
2 0.75 x Demand 285,239,000 514
3 0.8 x Demand 291,758,000 532
4 0.85 x Demand 305,168,100 546
5 0.9 x Demand 320,233,100 570
6 0.95 x Demand 328,760,000 590

Figure 1 Results of sensitivity analysis of demand reduction for the cost objective function
(see online version for colours)
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Figure 2 Results of sensitivity analysis of demand reduction for the shortage objective function
(see online version for colours)
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4.2 Demand increase scenario

Based on our expectations of the model in this section, it is desired that the results
will be obtained contrary to demand reduction when the demand increase scenario is
dominant. Therefore, the results of this implementation are presented in Table 4 and
Figures 3 and 4.

Figure 3 Results of sensitivity analysis of demand increase for the cost objective function
(see online version for colours)
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Figure 4 Results of sensitivity analysis of demand increase for the shortage objective function
(see online version for colours)
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Based on the results obtained from the sensitivity analysis of the model through demand
reduction and increase scenarios, it was shown that the results have been in line with our
rational expectations of the model. Therefore, it is possible to guarantee the validity of
the proposed model and its results using the two proposed scenarios and the obtained
results.
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Table 4 Results of sensitivity analysis of demand increase
Scenario no. Demand rate 2 Hhortage
1 1.05 x Demand 362,210,400 613
2 1.1 x Demand 388,273,700 623
3 1.15 x Demand 438,973,800 680
4 1.2 x Demand 445,355,800 690
5 1.25 x Demand 462,322,900 696
6 1.3 x Demand 489,168,600 782

5 Conclusions

In this paper, a bi-objective mixed integer linear programming model was developed for
designing a green supply chain network under uncertainty. The proposed model
simultaneously considers cost minimisation and shortage encounter and it uses a fuzzy
approach to take demand uncertainty into consideration and to make the proposed model
a single-objective one. Consideration of warehouse for customers, the possibility to
encounter shortages, capacity constraint for distribution centres and vehicles, split
delivery, multi-depot VRP, inventory-location-routing problem, and heterogeneity of
vehicles are among the assumptions given in the proposed mode. It is also noteworthy
that the data of a distribution chain of vehicle parts has been used to validate the proposed
model whose results indicate the accuracy and validity of the proposed model. Since the
proposed model is included in NP-hard problems, as a future research, it is suggested to
use a meta-heuristic algorithm to solve the problem in large scale and evaluate the
validity of the proposed algorithm in small and medium dimensions by exact solution
software.
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