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Abstract
To reduce vehicle-related environmental pollution, environmental regulations should be taken into account in differ-
ent levels of sustainable product development process. As a result of the increasingly emitted CO2 and serious energy 
shortage electrical or hybrid automobiles are one of the possible alternatives for customers. In this study, an operating 
window perspective based Taguchi-TOPSIS model is developed for the hybrid electrical automobile selection prob-
lem. Operating window is a range of attributes’ values that the operating parameters meet the specified functional 
parameters yielding the best results in economic and technological terms. The operating window’s upper and lower 
boundaries are defined as limits. More than two limit modes usually cannot be characterized by a one-dimensional 
operating window. After obtaining attribute values for the hybrid electrical automobile alternatives, the TOPSIS method 
is used for the ranking of the alternatives. The developed selection model is tested on a case study and satisfactory 
results are obtained.
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1  Introduction

The hybrid electrical automobiles are gaining accept-
ance with customers. On the other hand, their selection 
is becoming a more complex task with the increased 
number of mark and models [11]. In the literature, there 
are some methodologies developed to select hybrid 
electrical automobiles. For example, Vahdani et al. [21] 
considered the fuel buses selection problem using fuzzy 
multi-criteria decision making (MCDM) model. In their 
study, fuel cell (hydrogen), electricity, and methanol were 
considered as fuel types. For the purpose of selecting 
suitable buses, many attributes including qualitative and 
quantitative ones such as price, efficiency, and capability 
have been taken into account. Tzeng et al. [20] used an 
integrated AHP1-TOPSIS2-VIKOR3 model for alternative-
fuel buses selection for public transportation in Taiwan. 

Safaei Mohamadabadi et al. [19] proposed a PROMETHEE4 
model to select renewable fuel-based transport vehi-
cles. Yavuz et al. [24] presented a fuzzy decision making 
model that used hesitant linguistic evaluations of mul-
tiple decision makers for the vehicle selection problem. 
Yedla and Shrestha [25] examined the selection of trans-
portation options in Delhi/India. “CNG buses”, “CNG cars”, 
and “4-stroke 2-wheelers cars” were evaluated based on 
6 attribute— emission reduction potential, energy sav-
ing potential, availability of technology, cost of opera-
tion, barriers to implementation, and adaptability of the 
option. Yavaş et al. [23] examined customers’ attention in 

1  Analytic Hierarchy Process.
2  Technique for Order Preference by Similarity to Ideal Solution.
3  Vlsekriterijumska Optimizacija I Kompromisno Resenje- in Ser-
bian (Multi-criteria Optimization and Compromise Solution).
4  Preference Ranking Organization Method for Enrichment and 
Evaluations.
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buying a car by using the AHP and ANP5 methods. Kabak 
and Uyar [12] presented an integrated ANP-PROMETHEE 
model for the selection of a new vehicle. Lee et al. [13] pro-
posed a 3-level Fuzzy AHP model for the selection of elec-
tric vehicle battery technology. Wu et al. [22] presented an 
integrated model for obtaining the engineering charac-
teristics of electrical vehicle by Quality Function Deploy-
ment (QFD), DEMATEL6 technique and VIKOR method 
together under fuzzy environment. Biswas and Das [3] 
proposed a customers’ perspective based hybrid electri-
cal car selection model using MABAC7 method. They used 
vehicle cost, mileage, tail pipe emission, comfortableness 
and high tank size volume for long drive attributes of their 
MCDM model. Fenwick and Daim [5] described and ana-
lysed a decision making model for selection of a hybrid 
car. They used a hierarchical decision model. They used 
3 attributes namely seating capacity, horse power, fuel 
economy and base price. Roy et al. [15] proposed a com-
bined model for selection of automobile. The integrated 
model includes Fuzzy AHP and PROMETHEE II method-
ologies. They used cost, safety, and look criteria for their 
Fuzzy AHP-PROMETHEE II combined model. Hamurcu and 
Eren [7] proposed an integrated model using technical car 
specifications from producers’ catalogues for electrical car 
selection problem that combined AHP, TOPSIS and goal 
programming methods.

The proposed methodologies in the literature gener-
ally use catalogue values of hybrid electrical automobile. 
The values used in the approaches are taken from hybrid 
electrical automobiles manufacturers. However, some val-
ues (attributes/specification) such as cost, torque, and fuel 
consumption have upper and lower limits.

The optimum factor condition of the attributes, which 
makes the selection more ‘robust’ for the different driving 
conditions (noises), is then obtained by performing the fac-
tor design. Factor design is also commonly referred to as 
‘robust design’ [6]. The robust design proposed by Taguchi 
includes three formulations, each of which is suitable for 
different objectives and minimizes the effects of uncontrol-
lable (noise) factors by maximizing the signal to noise (S/N) 
ratios. These are; minimum is best (MinBest), nominal is best 
(NormBest), and maximum is best (MaxBest) [8].

In addition to those, there is one more metric called 
Operating Window (OpWin) which is identified by Clausing 
[4]. The operating window upper and lower boundaries (or 
limits) are defined as operational conditions. In principle 

three or even more dimensional operating windows can 
be used [1, 2, 4].

In the case of MinBest:

In the case of NormBest:

In the case of MaxBest:

In the case of OpWin:

In the above formulations, yi is the experimental result of 
the ith response, n is the total number of replications, ȳ 
is the average of observed data, and S2 is the variance of 
yi values. The steps used in applying the operating win-
dow perspective based Taguchi-TOPSIS method are given 
in Fig. 1. The application steps of the TOPSIS method are 
presented in Appendix 1 [10, 14].

Noise (i.e. the variation in driver) has a major role in the 
OW methodology to robustness and it is basis for the OW. 
The aim is to extend the OW as much as possible during 
the driving condition that will make the OW as expansive 
as possible for the hybrid automobile. Any of the types 
of noise factors/attribute can be used as the basis for the 
OW. In the hybrid automobile selection problem, the OW 
is based on a driver oriented (customer-use profile) noise, 
the fuel consumption, second hand price, and torque in 
considering the noise factor to use as the basis for the OW. 
An example for the fuel consumption is shown in Fig. 2.

To the best knowledge of the authors, an approach that 
checks the bound levels of catalogue specifications via OW 
presented by the hybrid electrical automobile manufac-
turers is not available in the literature. So, this is main the 
contribution of the paper to the literature.
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5  Analytic Network Process.
6  Decision-Making Trial and Evaluation Laboratory.
7  Multi-attributive border approximation area comparison.
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Instead of using average values, operating window, 
which is the sources of the upper and lower values in the 
catalogue specifications, can be incorporated in a multi 
attribute model. With such an approach the hybrid elec-
trical automobile alternatives are ranked according to the 
technical and economical attributes. Our study aims to 

develop such an approach using TOPSIS, which is the most 
preferred MADM approach in equipment/machine selec-
tion literature since it is simple and easy to use [9, 16, 18].

Sen and Yang [17] states that “…The selection of an appro-
priate MADM methods mainly based on what input evalu-
ation data is required and how designer’s preferences are 
acquired and represented. The rules for selecting an appropri-
ate MADM method can therefore be divided into two subsets. 
One subset of rules can be used to differentiate the ways in 
which preference information is elicited and represented in 
a MADM method. The other can be used to distinguish the 
types of input evaluation data which can be processed in a 
MADM method. Figure (see Fig. 3) illustrates some of the rules 
of choice for selecting an appropriate MADM method…”

According to the Fig. 3, a choice rule for selecting the 
TOPSIS method for hybrid automobile selection problem 
may be listed as follows:

If preferences can be elicited in terms of the relative 
weights, and
If relative weights are given beforehand or will it be 
generated, and
If the input data is available for decision matrix format, 
and
If the relative closeness to ideal and negative ideal solu-
tions are important for the alternative rankings
Then the TOPSIS method is suggested for our study.

Fig. 1   The OW-TOPSIS-Taguchi 
application steps
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automobile’s selection attribute 

Determination of hybrid electrical 
automobile’s selection attribute 
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Signal-to-noise ratio calculation

One-dimensional operating window

Determination of decision matrix

TOPSIS Scores

Weighted Normalized Decision 
Matrix 

Hybrid Electrical Automobile Selection 

Lower and Upper Bounded

        Environmental   
        Condi�on’s effect
        (noise factors)

OW Manufacturing  Tolerances

Opera�ng Time

Fuel Consump�on

   Upper bound

  Lover bound

For a new car

Fig. 2   An illustration of OW-manufacturing tolerance relationship 
[4]
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For most MADM model like hybrid automobile selection 
this assumption is acceptable. In the following sections, 
the OW based Taguchi-TOPSIS model is developed.

2 � Operating window perspective based 
Taguchi‑TOPSIS model for hybrid 
electrical automobile selection

Motor capacity, CO2 emission, Torque, Style, Price, Sec-
ond Hand Price, and Fuel/Electric Consumption are the 
main attributes that are critical in determining a suitable 
hybrid electrical automobile. Generally it is an effective 
way to determine the most critical noise, or compound 

factor of noise in OW applications. This is determined by 
considering the environmental interactions, customer-
use orientation and/or interactions with other subsys-
tems of hybrid automobile. In the hybrid automobile 
example, some consideration of the hybrid automobile 
system will give us some important hints about the noise 
factors. Therefore, fuel consumption, torque and second 
hand price are selected to determine the operating win-
dow. The selection attribute are linked together in the 
developed OW-Taguchi-TOPSIS model to obtain ranking 
of hybrid automobiles (Fig. 1). However, it is necessary to 
obtain the operating window provided by different levels 
of each attribute before calculation of the ranking scores 

Fig. 3   MADM model selection 
procedure (adapted from [17])
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of automobiles. Types of the three attributes and their 
calculated operating windows are summarized in Table 1.

As a first step in obtaining ranking scores of hybrid 
electrical automobiles using the TOPSIS model, the deci-
sion matrix are provided in Table 2. Then, the impor-
tance weights of each attribute are determined using 
the 1–10 scale according to the possible consumer 
profiles. The relative weights of these attributes can 
be directly assigned by the customer/user on the basis 
of the Hwang and Yoon’s 1–10 scale defined in Table 3. 
Once the weights are obtained, the ranking score of each 
hybrid electrical automobile can be calculated as illus-
trated in Table 4.   

3 � Comparison of OW‑based TOPSIS model

The ranking results of the OW-based TOPSIS model are 
then compared with the classical TOPSIS model and 
presented in Table 4. The differences in hybrid electric 
automobiles’ rankings are increased. For example, “X 5 
Drive 40 e” is ranked second in OW-based TOPSIS model 
whereas it is ranked tenth in classical TOPSIS model 

out of the thirteen automobiles. The results show that 
completely different rankings are provided by the two 
models for “X 5 Drive 40 e”. The OW-based TOPSIS model 
captures the special operating values of “X 5 Drive 40 
e”. The real performance of the “X 5 Drive 40 e” can be 
determined by not technical specification values but by 
its OW. This example illustrates the advantages of using 
OWs instead of single or average catalogue specifica-
tions in ranking hybrid automobiles especially when 
they will be used in special driving conditions.

It is evident from decision matrix that “X 5 Drive 40 e” 
outperforms in respect of combined fuel consumption 
(one of the most important criterion for selection model) 
in comparison to other alternatives. The performance of 
“Yaris” and “C-HR” is not significant in this criterion. But they 
are third and fourth automobiles by using the classical TOP-
SIS method (they are eightieth and twelfth automobiles by 
using the OW- TOPSIS method). Another important crite-
rion (weight scale is 10) is CO2 emission which ultimately 
increases global warming. In this respect, “X 5 Drive 40 e” 
possesses a 77 g/km emission whereas “Yaris” has an 82 g/
km emission, and “C-HR” has an 86 g/km emission. Therefore, 
in two important attribute “X 5 Drive 40 e” is performing bet-
ter than “Yaris” and “C-HR”. However, it is also observed in 
Fig. 4. For anyone looking at a low CO2 emission and also 
low fuel consumption hybrid automobile, the “X 5 Drive 
40 e” should be better for a given attribute. Although “X 5 
Drive 40 e” performs better than others in CO2 emission and 
fuel consumption, it ranks lower in the conventional TOP-
SIS method due to its high price and relatively low torque 
values. However, in the OW-TOPSIS method, especially in 
second hand price, torque and fuel consumption, has been 
able to provide a more appropriate ranking by optimizing 
the dominant values of price and torque.

Table 3   Hwang and Yoon’s 
1–10 scale [17]

Attribute evaluation Value

Extremely unimportant 0
Very unimportant 1
Unimportant 3
Average 5
Important 7
Very important 9
Extremely important 10

Table 4   TOPSIS results Mark Model OW-based TOPSIS model Classical TOPSIS model

Si* Si
− Ci Rank Si* Si- Ci Rank

TOYOTA Yaris 0.031 0.160 0.837 8 0.034 0.095 0.735 3
Auris 0.030 0.163 0.846 7 0.040 0.089 0.688 9
Auris Hybrid Touring Sports 0.145 0.096 0.397 13 0.042 0.082 0.660 11
RAV 4 0.040 0.166 0.807 10 0.060 0.072 0.545 13
Prius 0.026 0.165 0.866 5 0.034 0.082 0.706 5
C-HR 0.091 0.096 0.514 12 0.036 0.087 0.707 4

KIA CT 200 h 0.035 0.153 0.815 9 0.047 0.067 0.591 12
Niro 0.025 0.177 0.877 3 0.038 0.084 0.689 7

HYUNDAI IQNIQ 0.030 0.168 0.847 6 0.039 0.090 0.695 6
VOLVO X C 90 T8 2.0 Twin Engine 0.040 0.165 0.804 11 0.041 0.090 0.688 8
BMW X 5 Drive 40 e 0.020 0.165 0.892 2 0.030 0.059 0.667 10

İ 8 0.024 0.155 0.868 4 0.023 0.077 0.773 2
740 Le X Drive 0.013 0.153 0.922 1 0.010 0.088 0.898 1
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As a further study, the authors wanted to analyze the 
impact of the weight selection on the TOPSIS score for the 
different type automobile user (customer) as illustrated in 
Table 5. Three different weight sets (denoted as Scenarios I-III 
in Table 5) are generated and TOPSIS rankings of the auto-
mobiles are calculated and provided in Table 6.

The ranking results of the OW-based Taguchi-TOPSIS 
model for three weight scenarios are then compared with 
the classical TOPSIS model using Spearman’s rank correlation 
test and presented in Table 6 for three specific scenarios. The 
Spearman’s rank correlation test calculates the test statistics 
(Z) of the differences in the rankings which are presented in 
the last row of Table 6. If the Z value derived by Eq. (5) and 

Fig. 4   Performance com-
parison for alternative hybrid 
automobiles
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Table 5   Weight scenarios

a She is a university student. She wishes to select a hybrid car with low total cost with basic requirements. She wishes to have a new hybrid 
car for driving from her home to the university campus
b He is an engineer in his late 50 s just retired. He is environmentally conscientious and wants a low CO2 emitted hybrid automobile. He often 
goes from Ankara to İstanbul to see his son 5–6 times per year, a distance of 900 km each time. So, performance (i.e. torque) is less of an 
issue than fuel consumption and warranty
c She is a woman in her late-30 s and needs a sportive hybrid car to go trekking areas with lots of sports equipment for relaxing depending 
on her busy job

Scenarios Cubic 
motor 
capacity

Fuel con-
sump-
tion

Body type CO2 emission Number of 
service point in 
Turkey

Warranty Second 
hand 
price

Price Torque

Original 5 10 4 10 4 4 7 9 8
I: For the short term user typea 8 4 10 5 7 8 6 4 4
II: For the classical user (long-

term consumer) typeb
7 7 6 7 10 10 3 6 6

III: For the sportive user typec 3 8 10 3 3 6 10 10 10
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(6) exceeded 1.645 (α = 0.05), the null hypothesis (H0) was 
rejected. It was predicted that there is evidence of a positive 
correlation between the two sets of rankings.

where dj indicates the ranking difference of automobile j, 
K is the number of automobile and rs indicates the Spear-
man’s rank-correlation coefficient.

It can be seen that all three results (1.485,1.428,1.104, 
and 0.837) are lower than 1.645. The lower values tell us 
that there is no statistical significance between the rank-
ing results of the two approaches. These scenarios can be 
extended for similar exercises in commercial users, multi-
users segments. As the proposed OW-TOPSIS model is 
generic in nature, it can be used for different automobile 
selection problems especially electrical vehicles.

4 � Conclusion

The hybrid electrical automobile selection model provides 
an alternative approach to the selection models that use 
catalogue specifications and it is especially recommended, 
when the multi-level technical specifications will be used 
under different driving conditions for long time durations. 
It should be noted when using an OW-Taguchi-TOPSIS 
model; the success of the ranking results is sensitive to the 
correct selection of attributes and the assigning of their 
weight numbers. The attribute weight scores are assigned 
depending on customer/user; and hence their correctness 
depends on the customers’ preferences and country differ-
ences of hybrid electrical automobile usage.
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Appendix 1: TOPSIS application steps

Step 1: Developing the decision matrix

In the decision matrix, n and m represent the number of 
automobiles and the number of attribute. aij represents 
the performance value for automobile i at attribute j.

(5)rs = 1 −

�
6 ⋅

∑K

j=1
(dj)

2

K ⋅ (K2 − 1)

�

(6)Z = rs

√
(K − 1)

Step 2: Determining the weighted normalized 
decision matrix

The weighted normalized decision matrix is obtained by 
using Eq’n (8), (9), (10) respectively:

and,

where, wj; j = 1,…,m, and 
∑m

j=1
wj = 1 . In this stage we can 

use Hwang and Yoon’s 1–10 scale (Table 6). This type of 
scaling assumes that a scale value of 9 is three times as 
favorable as a scale value of 3 (Sen and Yang, 1994).

Step 3: Calculation of A* and A− ideal solutions

Ideal solutions:

where A* is the best result for each attribute. A− is the worst 
result for each attribute.

Step 4: Calculation of ( S∗
i
 ), ( S−

i
 ) and ( C∗

i
 ) for each 

automobile

Ranking scores are calculated according to Eq.  (13), 
Eq. (14), and Eq. (15) respectively.

(7)D =

⎡⎢⎢⎢⎣

a11 a12 … a1m
a21 a22 … a2m
… … … …

an1 an2 … anm

⎤⎥⎥⎥⎦

(8)
rij =

aij�∑n

i=1
a2
ij

(9)R =

⎡⎢⎢⎢⎣

r11 r12 … r1m
r21 r22 … r2m
… … … …

rn1 rn2 … rnm

⎤⎥⎥⎥⎦

(10)V =

⎡⎢⎢⎢⎣

w1r11 w2r12 … wmr1m
w1r21 w2r22 … wmr2m
… … … …

w1rn1 w2rn2 … wmrnm

⎤⎥⎥⎥⎦

(11)

A∗ =

{
(max

i
vij
||||j ∈ J), (min

i
vij
|||j ∈ J

�

}
→ A∗ =

{
v∗
1
, v∗

2
,… , v∗

m

}

(12)

A− =

{
(min

i
vij
||||j ∈ J), (max

i
vij
|||j ∈ J

�

}
→ A− =

{
v−
1
, v−

2
,… , v−

m

}
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