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ABSTRACT

Compatibility with the environment is one of the important factors in designing a supply chain
system, which is also called the “green supply chain”. Similar to the supply chain, green suppliers
are very important players in the green supply chain. This paper studies both selection of suppliers
and optimal order allocation to them. Despite previous studies, we consider both strategic and
operational decisions into the problem. Firstly, we investigate the relevant criteria in selecting
suppliers, and assign appropriate weights to suppliers. Then, we apply the fuzzy TOPSIS technique
to asses and rank the suppliers. Finally, we investigate optimal allocation of order to the suppliers.
For this reason, a two-objective mathematical model is developed. To solve the model, “weighting”
and “e-constraint” methods will be investigated, followed by a sensibility analysis to study the
changes in the problem’s parameters. The proposed approach is important because it models the
strategic and operational decision simultaneously.
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1. Introduction and Problem Statement

A supply chain includes steps, i.e. parts of the chain, which play a role in customer's satisfaction,
either directly or indirectly. In a typical supply system, suppliers send the raw materials to
factories. Then, the factories send their products to intermediate stores and/or distributor sites,
and from there, the products head to retailers, and finally to customers or consumers. It has been
more than two decades that the green supply chain management has been studied. Many
companies and industries are keen to initiate a partnership with the suppliers, so they would be
able to enhance their competitiveness performance globally. Continuity and stability of the
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relationship between suppliers, companies and industries may lead to the supply chain of the
company to be a serious bottleneck to the competitors [1]. Moreover, a long-term and stable
relationship with the supplier may lead to reduction in the costs of the supplier, which in turn
may result in reducing the costs of the organization, i.e. mutual benefits. Also, a stable
relationship leads to the situation, in which suppliers follow the policies, standards and terms and
conditions of the employer, and will use the available facilities of suppliers.

Meeting customers’ demands must be considered by the producers and suppliers, as well as those
provide raw materials, manufacturing, assembly, packaging, distribution, and finally marketing.
In this regard, we are facing with many significant decisions, which have a high level of
complications.

Dickson suggested 23 different criteria to evaluate the performance of suppliers and providers
[2]. The quality, on-time delivery and the history and background have been recognized as three
important criteria. Topcu studies a multi- criteria decision model to select construction suppliers
in Turkey [3]. Bagheri and Tarokh proposed a multi-objective model, including hierarchical
planning and Fuzzy TOPSIS to select suppliers [4]. Toloo and Nalchigar presented a new model
of integrated data development analysis, which is able to identify the most effective provider by
using the qualitative and quantitative data [5].

Another important matter in the supply chain includes integrating decision making about
selecting the suppliers with the relationship among them, and the level of optimal order. In this
regard Lin in 2009 proposed two-step approach to select the suppliers [6]. The approach
combines multi-criteria and multi-objective decisions. Later, Lin in 2012 developed an integrated
Fuzzy Analytic Network Process (FANP) with a multi-objective linear program [7]. A multilevel
model of price and product has been suggested to supplier selection and their optimal allocation
order [8]. The author, in contrary to the model of Lin [6], investigated discount on the purchase
of goods and multi production ability. The author presented criteria such as minimization of total
cost, minimization of the purchase of defective products, and minimization of product delivery
time, and used a fuzzy approach to solve the proposed goal programming model. In addition, to
analyze the sensitivity of suggested model, the study applied five scenarios based on the purpose
functions. The results of the scenarios show the validity of the models. Kannan et al. presented a
combined approach based on FANP, fuzzy TOPSIS and multi-objective linear programming in
order to select suppliers in a green supply chain [9]. Shaw et al., presented an integrated approach
for selecting the appropriate supplier in the supply chain, addressing the carbon emission issue,
using fuzzy-AHP and fuzzy multi-objective linear programming; see also, [11]. Arabzad [12],
also combined multi-criteria and multi-objective decision making in order to select the suppliers,
as well as determining the optimal orders. Ware et al., presented a mixed integer nonlinear model
for supplier selection in a dynamic environment [13]. Likewise, the study by Cui looked into
supplier selection by considering production planning [14]. Razmi et al. suggested a goal
programming approach to solve multi-objective programming problems in similar environments
[15]; for other recent works see [16-20].
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The present research aims to overcome the current shortcomings, and contributes to the research
on the green supply chain selections by proposing a two-step approach to assess and select the
suppliers, considering traditional and green criteria at the same time. The first step, which is a
strategic step, assesses the eligibility of suppliers by using a set of critical criteria for
organizations. The eligible suppliers enter to the second step, which is an operational step, i.e.
decisions such as working or not working with the suppliers, optimal supply routes, etc. are made
at this step. For the first step, we proposed a multi-criteria decision-making model, and for the
second step we proposed a multi-objective mathematical program. We also discuss solving the
models.

The remaining of the paper is organized as follows. In Section 2, we discuss the two-step
approach. Section 3 details the mathematical model for selecting suppliers and allocating orders.
In Section 4, the implementation of the suggested approach will be explained, followed by an
example and discussions in Section 5. Finally, conclusions are discussed in Section 6.

2. The Proposed Approach

We developed several criteria in order to evaluate and rank suppliers. We also consulted with the
previous studies in order to further complete the set of criteria. Each criterion of the set is further
narrowed down into a set of sub-criteria. Then, experts are asked to assign weights to the sub-
criteria. Because we may encounter ambiguity in experts’ opinions, therefore, we used the fuzzy
TOPSIS technique in order to overcome this ambiguity, and to weight (rank) the suppliers. Given
the weights of suppliers, optimal allocation of orders to the suppliers can be obtained. We chose
a TOPSIS -based model because it is a well-established technique, and the method selects an
alternative, which has the shortest geometric distance from the positive ideal solution and the
longest geometric distance from the negative ideal solution.

In many organizations evaluating the performance of suppliers, and selecting them and order
allocation take place in two steps. First, the pre-eligibility of suppliers is assessed against the
minimum requirements. Those suppliers that pass the first step enter into the second step. The
second step takes into account important factors such as delivery capacity, delivery time, quality,
cost, etc., and makes operational decisions, for example, order quantity of each supplier, routing
and delivery planning, and pricing, among others.

2.1. Two-Step Approach

This study also proposes a two-step approach: Step 1 evaluates suppliers (strategic decision) by
using a fuzzy TOPSIS -based method, and Step 2 develops a two-objective mathematical model
in order to obtain optimal allocation of orders to suppliers (operational decision).
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Step 1. selecting and evaluating suppliers

In Step 1, we extract criteria and sub-criteria involved in selecting suppliers, assign weights to
the sub-criteria, and evaluate the performance of each supplier per each sub-criteria.

Assigning weights to the sub-criteria

Firstly, weights are assigned to the sub-criteria, and then weights are assigned to each metric. We
ask a group of experts to assign weights to sub-criteria. Given a group of k experts
(D4, Dy, ..., Dy), and m evaluation metrics, which will be compared against each other by using
n criteria (Cq, C,, ..., C,), the experts are asked to use Table 1 for evaluating the relative
importance of sub-criteria .and assign weights to the criteria.

Table 1. The linguistic expressions and their triangular fuzzy numbers.

Linguistic expressions Triangular fuzzy numbers
Very low (0,0.2,0.4)
Low (0.2,0.4,0.5)
Medium (0.4,0.6,0.8)
High (0.6,0.8,1.0)
Very high (0.8, 0.9, 1.0)

Then, we de-Fuzzy the triangle Fuzzy numbers by using Equation (1).

at+4b+c
P ®

where, a, b, and c are three parameters (low, middle and top) of the triangle Fuzzy number. This
results in W}, , the weight of sub-criterion j by expert t. Equation (2) calculates the weight of
each sub-criterion.

k !
W, = f=;€Wft @)
Secondly, experts are asked to use Table 2 and assign weights to each metric and per sub-
criterion. Then, we apply the Fuzzy TOPSIS, and assign weights to every sub-criterion.

Table 2. Linguistic variables and fuzzy rating indicators.

Linguistic expressions Triangular fuzzy numbers
Very weak 0,0,1)
Weak 0,1,3)
Medium-weak (1,3,5)
Medium (3,5, 7)
Medium-high (5,7,9)
High (7,9, 10)

Very high (9, 10, 10)
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Evaluating the performance of suppliers

This step ranks the suppliers by using questionnaire. In fact, experts are asked to apply Table 2
and score the factors per each supplier. Triangular Fuzzy numbers associated with these linguistic
terms are shown in Table 3.

Table 3. Linguistic terms used in evaluating supplier’s performance.

Favorable linguistic Unfavorable Equivalent The mean of
terms linguistic terms triangle fuzzy triangle fuzzy
numbers numbers
Very weak Very good (0,0,0) 0
Weak Good (0,0.167,0.333) 0.167
Medium to weak Medium to good (0.167,0.333,0.5) 0.333
Medium Medium (0.333,0.5,0.667) 05
Medium to good Medium to weak (0.5,0.667,0.833) 0.667
Good Weak (0.667,0.833,1) 0.833
Very good Very weak (1,11 1

Then, the average of experts' opinion will be calculated for each sub-criterion and every supplier.
To determine the final score of each supplier, total product of criteria weights by their values will
be calculated (we calculate the total product of weight factors and their numerical values). These
scores will be utilized as the objective function coefficients (of one of the objectives) in the
mathematical model of Section 4.

Step 2. Allocating orders

The suppliers with the highest score enter into Step 2, in which decisions on the amount of
products to be received from each supplier are made. We model this decision making problem as
a two-objective mixed integer non-linear program. This model is based on the following
assumptions:

= The supply chain only includes supply and sale levels. Moreover, the supply chain is multi-period.

= Geographic location of suppliers and sale rooms are given (they are not determined by the model).

= The number of vehicles, which transport items from suppliers to sale locations, and their capacity
are known.

= Travel times of vehicle are known, and are deterministic. Also, we assume that vehicles are not
permitted to break.

= Items may be stored at sale locations. Also, items may be transferred into future periods.

2.2. Mathematical Notations

We have five indices in the proposed model. These indices represent items(i = 1,...,N),
suppliers (s =1, ...,5), customers (c =1,...,C), vehicles (v =1,...,V), and time periods
(t =1,...,T). Table 4 shows the parameters of the model.
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The model decides upon the followings:

= Suppliers selection

= Using (or not using) a vehicle

= Amount of items transported by a vehicle
= Routing of the vehicles (sequence of picking up items)

= Amount of items to be stored

Table 4. The parameters of the model.

Parameter

Explanation

demyc;

sup
Cap;g;

Z cap;,¥ =0

it

Demand of customer ¢ for item i at time t

Capacity of supplier s in supplying item i at time t

capleh Capacity of vehicle v
cap™’ Storage capacity of customer ¢
Vol; Amount of item i
w; Weight of item i,1 <w; < 1.
dgte Distance of supplier s from customer ¢
Distance of supplier s from suppliers

dgs stl =zdls =0

N S

tmSt

Ztmsl = Ztmls =0
N N

tm5§

Distance of supplier s from customer ¢
Travelling time from supplier s to suppliers

cren Cost of acquiring vehicle v

Ci‘;’:y Cost of buying a unit of item i from supplier's s at time t

cimv Storage cost of a unit of item i at the storage of customer ¢

My Fuel consumption per unit of distance for vehicle v

Ay Fuel consumption per unit of distance for vehicle v for an additional
unit of item

cfeut Fuel cost per unit of fuel

As Score of supplier s, which is obtained in Step 1, 0 < 1, < 1

M A very large positive constant

2.3. Decision Variables

The decision variables include

Zye € {0,1}, which takes 1 if vehicle v is selected at time t, and O otherwise.
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Beve € {0,13, which takes 1 if vehicle v is allocated to customer c at time t, and 0 otherwise.
Xssve € {0,1}, which takes 1 if vehicle v leaves supplier § to reach supplier s at time t, and 0
otherwise.

Yisve € Zt, which is the number of received items i from supplier s at time t by vehicle v.
inv;.; € Z*, which is the number of item i stored at the location of customer c at time t.

a;c = 0, which is the net amount of unspoiled items i shipped to customer c at time t.

masg,: = 0, which is the weight of items in vehicle v at the time of leaving supplier s at time t.
ats,: = 0, which is the arrival time of vehicle v at the location of supplier s at time t.

pc: = 0, which is the price if purchasing items at time t.

tc, = 0, which is the price of transporting items at time ¢

hc; = 0, which is the storage cost of items at time t.

2.4. Constraints and Objective Functions

The major constraints of the model include

= Capability of a supplier in supplying items

= VVehicle capacity

= Time windows for delivery (vehicles service times)
= VVehicle routing constraint

= Demand

= Storage capacity

The objective function includes two parts: 1) minimizing the costs associated with the supply chain,
including costs of acquiring vehicles, material, transportation, and of storage, and 2) maximizing
the suppliers score.

3. A Two Objective Mathematical Model

As discussed earlier, Step 2 can be modeled as a two objective mixed integer non-linear
mathematical model, and may be presented as Model .

Model |
Min obj; = z CI™ X inv, + Z e X yigpr + Z CP"" Xz, +
l ct l s,v,t (3)
D ST (Gl + Ty X MSgu) X i X Xssue + Z PO X (Qy + fly X MGSe)
s,$v,t c,sut
X dEE€ X 1y, +X dZEC X Xq5pe X By
Max Objz = Z Yisvt As (4)

i,s,v,t
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Subject to
Z Bevt < Zveh vy, t (5)
Z Yisve <M Z Xssvt Vs, v, t (6)
i S
Z x§svt < 1 VS’ t (7)
Z xSS‘l]t - Z xSS‘l]t vS' U, t (8)
atg,: = Z(atsvt + tmgg) X Xsopr Vo, t,s > 1 (9)
S
atsye = Z tMEEE X Xqgpe X Bevt Vv, t, s (10)
mas MAaSzyr X Xegpr + X A4 1 (11)
sut = Svt $svt YVisvt X Wj v t,s >
§>1
Yisve = Capfsl;p i,s,t (12)
z Yisve X UOIi =< Cap:;]eh X Zyt Vv, t (13)
Z inve X vol; < cap™ Ve, t (14)
i,s
Ajct = Z Yisvt X Bcvt Vi, t (15)
t+1; 16
Qice + MVjcp-1) < Zf—t dem;c; Vi,c,t > 1 (16)
1+4; - 17
Aict < Z dem;.; Vi, c (17)
f=1
Ajce + INMVie(e—q) — demyee = inv;g, Vi,c,t > 1 (18)
aicl — demwl = lnvlcl Vl, (o (19)
Z, €{0,1} (20)
IBCUt € {0'1} (21)
Xssvr € {0,1} (22)
Yisvt € A (23)
invy, € Z* (24)
Hict =0 (25)
masg,: =0 (26)
ats,e =0 (27)
pce =0 (28)
he, =0 (29)

The first objective function (Equation (3)) minimizes the total cost of supply chain, and the second

objective function (Equation (4)) maximizes the suppliers’ scores. Constraints (5) ensure a vehicle
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is allocated to a customer. Constraints (6) state only those vehicles visiting customers can transport
items. Constraints (7) state that in each time period every supplier can be visited by only one
vehicle. Constraints (8) imply that if a vehicle arrives at a supplier’s location it must leave the
location, where the arrival time is modeled via Constraints (9) and (10). According to Constraints
(10), a vehicle visits a supplier only if it is available in the associated time period. Constraints (11)
models the weight of transported items by vehicles when leaving the supplier’s location. The supplier,
vehicle and storage capacities have been modeled by Constraints (12), (13) and (14). Constraints
(15), (16) and (17) satisfy the condition on «a;.;, which is the amount of delivered items to
customers (obviously, before the expiry date). Constraints (18) and (19) model inventory at the
customer storage; we call these constraints the “inventory balance” constraints. Finally, Constraints

(23) to (30) state the type of decision variables.

4. Linearization

Notice that in the proposed model (Mode I) Equations (1), (9), (10), (11), and (15) are non-linear.
Following the computational difficulty in solving non-linear models, we aim to linearize those
non-linear equations. For this reason, a set of auxiliary variables are needed. Table 5 shows those

variables.

Table 5. Variables for linearization and their definition.

Auxiliary

variables Range Auxiliary variables definition
ﬂyicsvt Non-Positive ﬁcvt X Vispt

fs%;t Non-Positive My + 1y X Masg,) X dsg X st
S

fs%:t Non-Positive Z(nv + fly X Masg,:) X dggc X Xs1vt X Bsvt
c

fs?:t Non-Positive Z Ny X dcs‘gc X Xs1vt X Bsvt
c

Let start by Constrains (9), which can be represented as linear Constraints (31):
Atspr + M X (1 — Xggpp) = Aty +tmgg VU, £, 8,5 > 1 (31)
Constraints (10) can be re-written as Constraints (32):

atsye + M X (2 — Xisvt — .Bcvt) = tmggc (32)
Constraints (11) can be replaced by linear Constraints (33):
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masg,: + M X (1 — Xsgpt) = MaSgy + Z Visvt X W; Vo, t,§>1,5s>1 (33)

We need Constraints (34), (35), and (36)‘ in order to linearize Constraints (15):

ﬁywsvt < Visvt Vi.c,s,v,t (34)
Z ﬁywsvt SMXx .Bcvt Vet (35)

i,s
Tict < z BYicsvt Vict (36)

S, v
Finally, Constraints (21) can be linearized by introducing Constraints (40) to (43).
tee = CF X Y (Fle + foe + F0 Ve 37)
S, v
1 - (38)
foor + M X (1 = Xg5¢) = (y + 1y X Masg,) X dgs Vs, vt

fs%]t + M X (2 — Xs1vt — Bcvt) = (nv + ﬁv X massvt) X dggc vs' v, t (39)
fs?)t + M X (3 — X1svt — .Bcvt) = Ny X dggc vs' v, t (40)

At the end of this process, we have a two-objective linear model, which we named it Model I1.

Model 11
Objective functions (3) and (4)

Subject to
Constraints (5)-(8), (12)-(14), (16)-(21), and (31)-(40).

Section 5 discusses the methods to solve Model 11 through an illustrative example.

5. An illustrative Example

In this section we solve a set of eight randomly generated instances to further investigate our
proposed model (Model 11). All instances include six suppliers. We considered a set of 18 sub-

criteria in order to rank suppliers.

Step 1. Selecting and Evaluating Suppliers

As discussed earlier, Step 1 identifies and extracts criteria and sub-criteria for evaluating the
suppliers, assigns weights to the sub-criteria, and evaluates the performance of suppliers. Table 6
shows those extracted criteria and sub-criteria. In total, we have three criteria of “Quality”, “On

time delivery”, and “Green”, which are further narrowed down into 18 sub-criteria.
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Table 6. The criteria and sub-criteria of evaluating the suppliers.

Notation Criteria Sub-criteria
Sl Applying quality control system
S2 Quality The previous customers satisfaction
S3 The quality of after-sales service
N1 Project control system and efficient production
N2 Program to deal with delay
N3 Mechanisms to reduce process time

On time delivery

N4 Written materials for planning system

N5 Customer orders planning system

N6 Appropriate risk analysis system

C1 Air pollution

c2 Compliance with environmental standards (such as 1SO
14000)

C3 Buy ecosystem-friendly raw materials

C4 Green Eco-partners

C5 Green packing

C6 Recovery (waste reprocessing reusable materials)

C7 Access to clean technology for reverse logistics

C8 Sustainable Design

C9 Energy consumption

Table 7 shows weighs of every sub-criterion per supplier by using the Fuzzy TOPSIS method
discussed earlier. The last row of Table 6 shows the final score of each supplier. The calculation
for obtaining the final scores was explained in Section 3.3.

Step 2. Allocating Orders

In order to validate Model 11, we generated a set of eight random instances with different sizes
and parameters, and solved Model Il. For these instances, the values of parameter A, are the final
scores of Table 6. Model Il was implemented in the modeling language GAMS version 24.1, and
was solved by using the standard solver CPLEX. Recall that because Model Il includes two
objective functions, we utilize two approaches of “weighting” and “e-constraint” methods in
order to derive a single objective optimization model. The procedure of building the eight
randomly generated instances was implemented in the computational package MATLAB
Version 2012.

The parameters of the generated instances have been illustrated in Table 8. The first column is
the name of instances. The remaining columns show the number of items (i), the number of
suppliers (s), the number of customers (C), the number of vehicles (v), and the number of time
periods (T).
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Table 7. The final score of suppliers.

L Supplier
Sub-criterion
1 2 3 4 5 6
S1 0.0115 0.0173 0.0326  0.0230 0.0268 0.0173
S2 0.0175 0.0222  0.0206 0.0206  0.0143  0.0175
S3 0.0181 0.0336  0.0259 0.0284  0.0336  0.0284
N1 0.0175 0.0154  0.0285 0.0307 0.0374 0.0154
N2 0.0073 0.0091 0.0237 0.0146  0.0219 0.0146
N3 0.0394 0.0344  0.0492 0.0492 0.0344  0.0295
N4 0.0208 0.0185 0.0300 0.0196 0.0208  0.0208
N5 0.0285 0.0338 0.0374 0.0321  0.0338 0.0321
N6 0.0356 0.0375 0.0356 0.0375 0.0431 0.0412
Cl 0.0293 0.0204 0.0191 0.0153 0.0178  0.0306
C2 0.0218 0.0232 0.0245 0.0205 0.0245 0.0273
C3 0.0279 0.0262  0.0419 0.0315 0.0349 0.0419
C4 0.0282 0.0373 0.0321  0.0447 0.0495 0.0242
C5 0.0257 0.0265 0.0502 0.0330 0.0574  0.0502
C6 0.0191 0.0151 0.0295 0.0381 0.0193  0.0244
Cc7 0.0196 0.0316  0.0265 0.0304 0.0403  0.0345
C8 0.0340 0.0400 0.0237 0.0455  0.0347  0.0455
C9 0.0115 0.0173 0.0326  0.0230 0.0268 0.0173

Final score 0.4134 0.4593 0.5637 0.5376 0.5716 0.5126

Table 8. Size and parameters of the eight randomly generated instances.

Parameters
C

Instance

P1
P2
P3
P4
P5
P6
P7
P8

A A DN W W WDN N2
~N o oo MDD~
g o0 A A A W W W
© o N N o o galL
A2 DN DD W W WwlH

[EY
o

5.1. Solving model 11 by using the weighting method

In order to optimize and solve the two-objective linear model presented in Model II, we can use the
common approach of weighting the objective function elements. Because the objective function of
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Model 11 has two elements with different scales, we need to ensure they have a similar scale. For this
reason, we apply the non-scaling method:

_f+ + _
where, w, and w, are the weights of objective functions f; and f,. The weights can be obtained from
experts and decision makers of the field. In Equation (44) f~ and f* represents the worst and the
best values for the objective function, and indices 1 and 2 refer to objective functions 1 and 2. To
obtain f~ and f* we solve Model II, however, by optimizing one of the objective functions at a
time. The outcomes can be shown by a square 2 x 2 matrix, which is shown in Equation (42)
(generally, if n objective functions exist, then the outcomes are a n X n matrix).
(f1+ fz_)
a f7

Table 9 shows the outcomes of standard solver CPLEX. It can be seen that CPLEX is quite able
to solve all eight instances, and that in a reasonable amount of time. Even for the most challenging
instances, i.e. “P8”, the solver CPLEX obtains the optimal solution within 32 minutes.

(42)

Figure 1 illustrates the performance of solver CPLEX for the first and the second objective
functions, along with the lower and upper bounds. According to Figure 1, increasing the number
of items, customers, and time periods leads to an increase in the cost (the value of the objective
function). Because when more items should be delivered, more operations are involved, e.g. more
trips by the vehicles. However, if we only increase the number of vehicles and suppliers, the total
cost should not increase. Indeed, by a closer look into instances “P1” and “P2”, and “P7” and
“P8” one may conclude this.

Table 9. Computational results of solving the eight random instances by utilizing the weighting

method, and solving by the standard solve CPLEX.

Instance T i i o fx fr z Time(s)
P1 522247 471264 431001 4052.25 3609.85 2933.34 0.418 18.21
P2 529787 427634 370069 4696.75 3717.16 292051 0.456  31.91
P3 606082 454147 402314 4746.89 3843.48 3347.11 0.450 44.15
P4 667989 609239 488957 5465.16 4094.06 3428.82 0.673 161.88
P5 795790 687404 611587 6759.12 5278.21 4515.24 0.536 419.06
P6 903234 751147 625952 6936.17 5836.59 510145 0.525 1119.99
P7 1080185 840759 702845 7802.92 6601.49 5430.65 0.436 1268.38
P8 979767 822598 699373 849481 6651.95 5853.61 0.569 1898.91
Min 522247 427634 370069 4052.25 3609.85 2920.51 0.418 18.211

Mean 760635 633024 541512 6119.26 4954.10 4191.34 0.508 620.31
Max 1080185 840759 702845 8494.81 6651.95 5853.61 0.673 1898.91
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Objective function 1
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Figure 1. Changes in the first and the second objective functions over eight instances.

5.2. Solving model 11 by using the e-constraint method

As a widely applied method in solving the multi-objective problems, this section applies the e-
constraint method to solve Model II. The €-constraint method is the inductive method. In this
method, effective answers are calculated and then be involved in the decision to select the preferred
answer. When multi-objective model is solved by this method, the user may decide on the basis of
the Pareto frontier. Then, the Pareto frontier for at least nine solutions will be shown. Again we

solved the example by using the CPLEX. These values are shown in Table 10.
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Table 10. The computational results associated with the first and second objective functions and
for non-dominated points.

Solution  The first objective function value  The second objective function value

1 402683 3785.36
2 382350 3654.11
3 392591 3740.65
4 385674 3695.94
5 403613 3788.36
6 381994 3651.80
7 414169 3819.27
8 380266 3606.88
9 424799 3829.00
10 379003 3562.12
11 447364 3851.62

Figure 2 shows the Pareto frontier for these solutions, in which the horizontal axis represents the
values of the first objective function (minimizing total costs), and the vertical axis represents the

values of the second objective function (maximizing the purchase score of suppliers).

Pareto Front
3900
3850
3800
3750
3700
3650
3600
3550

3500
360000 380000 400000 420000 440000 460000

Value for the first objective function

Value for the seocnd objective
function

Figure 2. Pareto frontier for the solutions.

As it can be seen in Figure 3 the Pareto frontier needs 10 grid points. The first and the last points of
the Pareto frontier present the extreme situations. For instance, in this example the point with the
minimum cost and minimum purchase score for the supplier means that in the opinion of supplier,
the purchase score is not very important, and only the costs are important. Moreover, the point

with the maximum cost and maximum purchase score represents the condition that the decision



231 An integrated multi-objective mathematical model to select suppliers in green supply chains

maker did not face any cost limitation, and only would like to maximize the purchase score. The
middle points of the Pareto frontier shows a balance between two objective functions, as well as
the decision makers' priorities should they select a point. Figure 4 shows the normalized Pareto
frontier by using Equation (43).

Xi = Xmin
d; =

=S Tmin 12,10 (43)

Xmax — Xmin
It worth emphasizing that the only reason for normalizing points of Figure 3 is to have an
improved visualization, which helps to perform the analysis better.

5.3. Sensitivity Analysis

As part of the model validation we perform a sensitivity analysis for both scenarios of increasing
and decreasing the value of demand. Each scenario includes the change in the Pareto frontier, the
results and the normalized Pareto frontier, as well as comparison with the primary situation. Note
that with a reasonable and logical increase in the value of demand, the values of the first objective
function increases (total costs), and the value of the second objective function decreases (service
level).

Scenario 1. A decrease in the value of demand

Assume that the value of demand has been decreased by 50%. We re-solve the model with the
inclusion of new level for demand, and obtain a new Pareto frontier, which is shown in Figure 5.
Indeed, Figure 4 compares the points from Scenario 1 with the corresponding points resulted
from the main problem (the blue points represent Scenario 1 and the red points represent the main
problem).

Normalized Pareto front

0/8
0/6
0/4

0/2

Value for the second objective
function

0 0/2 0/4 0/6 0/8 1
Value for the first objective function

Figure 3. Normalized Pareto frontier for 11 solutions of the example.
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Figure 4. Pareto frontier for Scenario 1 of the example.

Scenario 2. An increase in the value of demand

Similarly, let us assume that the value of demand has been increased by 50% (Scenario 2). We
re-solve the model with the inclusion of new increased level for demand, and obtain a new Pareto
frontier, which is shown in Figure 5.
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Figure 5. Pareto frontier for Scenario 2 of the example.

Normalized Pareto frontier is shown in Figure 6. Figure 6 compares the points from Scenario 2

with the main problem (the green points show Scenario 2 and the red points show the main
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problem). As expected, a decrease in the value of demand shifts the points of the Pareto frontier to
the top right. At the end, the points from the Pareto frontier of the main problem (the red points),
Scenario 1 (the blue points) and Scenario 2 (the green points) have been illustrated together in one
graph (Figure 6).
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Figure 6. The normalized Pareto frontier associated with Scenario 2,
and comparing this with the primary solution

5. Conclusion

An integrated approach for supplier selection in the supply chain and order policy from each of
them was investigated in this study. In order to achieve the goals of the research both multi-
criteria techniques, to select the suppliers (a strategic decision), and optimization methods,
determine the optimal order level from each supplier and optimal routing (an operational
decision) have been applied. We applied two techniques of “weighting” and “e-constraint”
methods to solve the optimization model. In addition, the sensibility analysis was conducted to
investigate the changes in the problem’s parameters and the environmental conditions.

References

[1] Beamon, B. M. (1998). Supply chain design and analysis:: Models and methods. International
journal of production economics, 55(3), 281-294.

[2] Dickson, G. W. (1966). An analysis of vendor selection systems and decisions. Journal of
purchasing, 2(1), 5-17.

[3] Topcu, Y. I. (2004). A decision model proposal for construction contractor selection in Turkey,
Building and Environment, 39(4), 469-481.

[4] Bagheri, F., Tarokh, M. J. (2010). A fuzzy approach for multi-objective supplier Selection,
International Journal of Industrial Engineering, 21(1), 1-9.



Mohammad and Kazemipoor / Int. J. Res. Ind. Eng 9(3) (2020) 216-234 234

[5] Toloo, M., & Nalchigar, S. (2011). A new DEA method for supplier selection in presence of both
cardinal and ordinal data. Expert Systems with Applications, 38(12), 14726-14731.

[6] Lin, R.H. (2009). An integrated FANP—MOLP for supplier evaluation and order allocation. Applied
Mathematical Modelling, 33(6), 2730-2736.

[7] Lin, R. H. (2012). An integrated model for supplier selection under a fuzzy situation. International
Journal of Production Economics, 138(1), 55-61.

[8] Nazari-Shirkouhi, S., Shakouri, H., Javadi, B., & Keramati, A. (2013). Supplier selection and order
allocation problem using a two-phase fuzzy multi-objective linear programming. Applied
Mathematical Modelling, 37(22), 9308-9323.

[9] Kannan, D., Khodaverdi, R., Olfat, L., Jafarian, A., & Diabat, A. (2013). Integrated fuzzy multi
criteria decision making method and multi-objective programming approach for supplier selection
and order allocation in a green supply chain. Journal of Cleaner Production, 47(1), 355-367.

[10] Shaw, K., Shankar, R., Yadav, S. S., & Thakur, L. S. (2012). Supplier selection using fuzzy AHP
and fuzzy multi-objective linear programming for developing low carbon supply chain. Expert
systems with applications, 39(9), 8182-8192.

[11] Sharma, S., & Balan, S. (2013). An integrative supplier selection model using Taguchi loss function,
TOPSIS and multi criteria goal programming. Journal of Intelligent Manufacturing, 24(6), 1123-
1130.

[12] Arabzad, S. M., Ghorbani, M., Razmi, J., & Shirouyehzad, H. (2015). Employing fuzzy TOPSIS and
SWOT for supplier selection and order allocation problem. The International Journal of Advanced
Manufacturing Technology, 76(5-8), 803-818.

[13] Ware, N. R, Singh, S. P., & Banwet, D. K. (2014). A mixed-integer non-linear program to model
dynamic supplier selection problem. Expert Systems with Applications, 41(2), 671-678.

[14] Cui, L. X. (2014). Joint optimization of production planning and supplier selection incorporating
customer flexibility: an improved genetic approach. Journal of Intelligent Manufacturing, 13(4), 1-
19.

[15] Razmi, J., & Nasrollahi, M. (2012). The green supply chain’ (design, planning, establishment and
evaluation). Qazvin Azad University Publication, First edition.
https://www.qgiau.ac.ir/PublicationCenter/publishCenter.aspx?key=book

[16] Ghahremani Nahr, J., Pasandideh, S. H. R., & Niaki, S. T. A. (2020). A robust optimization approach
for multi-objective, multi-product, multi-period, closed-loop green supply chain network designs
under uncertainty and discount. Journal of Industrial and Production Engineering, 37(1), 1-22.

[17] Nurjanni, K. P., Carvalho, M. S., & Costa, L. (2017). Green supply chain design: A mathematical
modeling approach based on a multi-objective optimization model. International Journal of
Production Economics, 183, 421-432.

[18] Allaoui, H., Guo, Y., Choudhary, A., & Bloemhof, J. (2018). Sustainable agro-food supply chain
design using two-stage hybrid multi-objective decision-making approach. Computers & Operations
Research, 89, 369-384.

[19]Rad, R. S., & Nahavandi, N. (2018). A novel multi-objective optimization model for integrated
problem of green closed loop supply chain network design and quantity discount. Journal of cleaner
production, 196, 1549-1565.

[20] Banasik, A., Bloemhof-Ruwaard, J. M., Kanellopoulos, A., Claassen, G. D. H., & van der Vorst, J.
G. (2018). Multi-criteria decision making approaches for green supply chains: a review. Flexible
Services and Manufacturing Journal, 30(3), 366-396.

©2020 by the authors. Licensee International Journal of Research in Industrial Engineering. This
article is an open access article distributed under the terms and conditions of the Creative Commons
BY

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



https://www.qiau.ac.ir/PublicationCenter/publishCenter.aspx?key=book

