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Abstract Sustainable end-of-life vehicles (ELVs) manage-
ment has become a top important issue for automotive indus-
tries in many countries to tackle environmental and economic
challenges. Currently, parts of the ELVs are used in many
different ways, which often increase environmental hazards and
reduce economic benefits. The selection of the best compro-
mise ELVs management alternative (e.g., reuse, remanufac-
turing, and recycling) can bring maximum sustainability
performances for any society or organization when things are to
be settled professionally. The present paper proposes a multi-
criteria decision-making approach using Decision-Making
Trial and Evaluation Laboratory (DEMATEL) and extent
analysis method on fuzzy AHP (FEAHP) to aid the decision
maker in selecting the best compromise ELV management
alternative with respect to the sustainable criteria. Here,
DEMATEL is used to evaluate the sustainable criteria and then
FEAHP is applied to evaluate the best alternatives. A case study
is presented to demonstrate the applicability of the proposed
approach in real-world applications. The results show thatitis a
viable approach and can be used as an effective tool for criteria
and alternative evaluation. Finally, the implication of this study
and limitations are also discussed.
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1 Introduction

With growing awareness for environmental protection and
for economic and social benefits, sustainable end-of-life
vehicles (ELVs) management has become an important
issue in many countries. Sustainability is an outcome of
complex real-world phenomenon where a large number of
intriguing factors act and react in varied degree of orders
simultaneously. It is commonly defined as utilizing
resources to meet the needs of the present without com-
promising rights and abilities of future generations to meet
their expected and potential needs [1]. Most developed and
developing countries like USA, Japan, Australia, Taiwan,
Korea, and China established legislations that enforced the
original equipment manufacturers (OEMs) to accept
responsibility of the complete life cycle of vehicles [2] for
their proper management. The European Union end-of-life
(EOL) directive forced the respective countries to achieve
the recycling target of 85 % and a total recovery of 95 %
by 2015. By that time, only 5 % of a vehicle will be
admitted into a landfill and not more than 10 % will
undergo thermal recovery [3].

In recent years, Malaysian’s automotive industry has
entered a rapid development period, and Malaysia has
become the major market in auto production and sales
within the Asian region. The total vehicle production in
2012 was 569,620 in numbers as compared to 287,634
numbers in 1999. This growth of vehicles production and
motorization rate (375 vehicles per thousand people in
2011, where world average was 176) has become an
important alarming concern to think about ELVs waste in
Malaysia. According to a statistics, there are more than 22
million vehicles on roads in Malaysia with more than 5
million cars are aged between 10 and 15 years [4]. Many of
them already entered into the retired phase. Now it is an
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important concern that how to deal with those retired
vehicles to get economic benefit and preserve the envi-
ronmental issues from its bad impact. Even though the
local ELV directive or legislation has not yet established
[5], but the government is trying to manage ELVs around
the country by making different policies. However, it is the
time to make standard policies for a proper ELVs man-
agement to sustain the environment and reduce man-made
impact towards the nature. When a product reaches its
EOL, there could be a number of recovery options avail-
able such as reusing the product or its components,
remanufacturing, material recycling, incineration, and
landfill [6]. Large environmental and economic benefits
may be expected when applying an appropriate sustainable
ELVs recovery strategy. The purpose of an appropriate
ELVs recovery-alternative evaluation is to manage and
monitor corporate economic, environmental, social, and
technological activities to minimize their environmental
impacts, maintaining the minimal regulatory standards for
acceptable pollution levels and reducing the wasteful use of
natural resources.

Suitable dimensions, criteria, and alternative selections
can increase the level of sustainability during long-term
strategic decision for EOL product management. In this
research, a multi-criteria ELV management framework-
based model is proposed for evaluating sustainable alter-
natives. A multi-criteria decision-making (MCDM) method
in real-world systems very often deals with subjective
human preferences. Because human judgments and pref-
erences are often vague and complex [7] due to the
uncertainty and imprecision of the human decision-making
process [8]. The decision makers cannot estimate their
preferences with an exact scale, linguistic assessments can
only be given instead of exact assessments. Therefore,
fuzzy set theory is introduced into the proposed MCDM
framework, which is put forward to solve such uncertainty
problems [9]. Decision-Making Trial and Evaluation Lab-
oratory (DEMATEL) and extent analysis method on fuzzy
AHP (FEAHP) methods have been applied in many cases
for evaluation of criteria and alternatives that involve
imprecise data, i.e., human preferences.

A long-term strategic decision is always influenced by
multi-dimensional criteria, where some criteria are strongly
important and some criteria have less importance in deci-
sion activities. If decision makers consider all criteria
which have low influence then decision-making activities
would be more complex, time-consuming, and inappro-
priate. DEMATEL method is using worldwide to avoid
such kind of problems to identify the most important cri-
teria and alternatives. In this study, DEMATEL is used to
identify important criteria by avoiding low influences then
FEAHP-based model has been applied to evaluate the

appropriate sustainable ELV management alternative by
considering those important criteria.

2 Literature Review: End-of-life Vehicle
Management

End-of-life vehicles have become one of the major global
concerns due to large number of vehicles demand world-
wide. Those large numbers of vehicles are also increasing
hug wastes at the end of their life cycle as a result of improper
management of ELV. Increasing forces and competitions to
improve economic and environmental performance, the
OEMs require considering sustainable ELV management to
reduce environmental impacts and increase economic profit.
The previous studies on ELV management emphasized
many areas such as ELV directive implementation, legisla-
tion, recycling, environmental impact reduction, and so on.

Sakai et al. [10] had shown an international comparative
analysis of ELV recycling systems to examine the character-
istics and effectiveness of legislative systems for ELV recy-
cling in several countries and regions. Che et al. [11] had also
shown a comparative analysis of ELV recycling laws, advance
dismantling experiments, and scenario analysis of Japan,
Korea, and China to promote international cooperation. For-
slind [12] studied on implementing extended producer
responsibility in Sweden. Harraz and Galal [13] showed the
design of a sustainable recovery network for ELVs in Egypt.
Saavedraetal. [14] had presented an investigative study on the
current remanufacturing prospects and opportunities in Brazil.
Chen et al. [15] had reviewed the establishment of the ELV
recycling system, analyze the existing system and its perfor-
mance, and provide some recommendations for future
development in Taiwan. Bellmann and Khare [16] conducted
acomprehensive study on economic issues in recycling ELVs.
Simic and Dimitrijevic [17] proposed the strategic automotive
shredder residue (ASR) recycling planning model to assist
Japanese vehicle recyclers to improve their profitability and
ASR recycling efficiency. Diabat et al. [18] shown an explo-
ration of green supply chain practices and performances in an
automotive industry using Fuzzy set theory and TOPSIS.
Abdulrahman et al. [19] had used case studies to investigate
the status of remanufacturing practices, key determinants for
strategic decision-making in Chinese auto parts companies
using an analytic hierarchy process (AHP). Simic [20] had
developed Fuzzy risk explicit interval linear programing
model for ELV recycling planning in the European Union
(EU). Arsovski and Aleksi¢ [21] had provide a short summary
of different approaches of MCDM method to calculate criteria
weights of management problems in ELV recycling research
area. Tadic et al. [22] had used a Fuzzy AHP and TOPSIS
methods to determine the sequence of dismantling of ELV
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which arrive to dismantling center. Keivanpour et al. [23] had
presented a modeling approach based on fuzzy logic-based
system to analyze the economic sustainability of ELV dis-
mantlers under uncertainties. Ling [24] had used Fuzzy Multi-
attribute decision method to evaluate ELV take-back partners.

Based on literature review, it is incidental that several
researchers have attempted to solve different ELV related
problems. They also used some mathematical methods for
several applications to improve economic and environment
performances. But the usage of integrated MCDM in the
context of sustainable ELV management and best com-
promise alternatives selection is found to be scant. Evalu-
ation of the best compromise sustainable alternatives
involves complex decision variables. To select the right
dimensions, criteria, sub-criteria, and alternatives for EOL
product management decision by predicting the future
conditions are one of the most critical issues which control
the prestige of the company among its competitors. To
avoid the effect of uncertainty in decision-making stages,
the analysis methods that take the current uncertainty into
account have to be used in modeling. DEMATEL and
FEAHP methods have been widely used to incorporate
current uncertainty into the mathematical models. Chou
et al. [25] evaluated the criteria for human resource for
science and technology based on an integrated Fuzzy AHP
and fuzzy DEMATEL approach. Wu and Tsai [26] used
DEMATEL and AHP method for evaluating the causal
relations among the criteria in auto spare parts industries in
Taiwan. Chang et al. [27] used Fuzzy DEMATEL method
for developing supplier selection criteria. Ren et al. [28]
identified the critical criteria and cause—effect analysis for
enhancing the sustainability using DEMATEL method.
Wang and Chan [29] used Fuzzy extent analysis and
TOPSIS approach for evaluating remanufacturing alterna-
tives of a product design. Torfi et al. [30] used Fuzzy AHP
to determine the relative weights of evaluation criteria and
Fuzzy TOPSIS to rank the alternatives. Shaw et al. [31] and
Lee [32] applied fuzzy extent analysis for supplier selec-
tion model. Shumon et al. [33] used FEAHP to evaluate
EOL electronic products collection system in a reverse
supply chain. In this research, a multi-criteria framework-
based approach is proposed to evaluate most influencing
sustainable dimensions, criteria, and alternatives for ELV
management decision-making.

3 Methodology: DEMATEL and FEAHP

3.1 Decision-Making Trial and Evaluation
Laboratory (DEMATEL)

Decision-Making Trial and Evaluation Laboratory method
was originally developed by the Science and Human
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Affairs Program of the Battelle Memorial Institute of
Geneva to study and resolve the complicated and inter-
twined complex problems to clarify the essential issues of
the defined problems [26]. DEMATEL approach can
identify the interactions among alternative systems and
evaluation criteria because it can calculate the impacts
among the criteria consistently [34, 35]. This technique is
widely used to solve various types of complex studies that
can effectively understand the complex structure and pro-
vide various options of problem-solving [36].

Based on Wu and Tsai [26], the three major steps of
DEMATEL are summarized as follows:

Step 1 Calculate the average matrix. Each respondent was
asked to evaluate the direct influence between any two
factors by an integer score ranging from 0 to 3,
representing “no influence”, “low influence”, “medium
influence”, and “high influence”, respectively. The
notation of x; indicates the degree to which the respon-
dent believes that factor i affects factor j. For i = j, the
diagonal elements are set to zero, indicating no influence.
For each respondent, an (n x n) non-negative matrix can
be established as X* = [xf‘]} where k is the number of
respondents with 1 < k < H, and n is the number of
factors. Thus, X, Xz, X3,..., X are the matrices from H
respondents. To incorporate all opinions from H respon-
dents, the average matrix A = [a;;] can be constructed as
follows [35, 37]:

1 H
aiiZﬁkZ;xfj (1)

Step 2 Calculate the normalized initial direct-relation
matrix. Normalize initial direct-relation matrix D by
D = A x S, where

L (2)
llgza g n =1 @y

Each element in matrix D falls between zero and one [37].
Step 3 Calculate the total relation matrix 7. D™ is the
power of the normalized initial direct-relation matrix
D which is identified as a m-indirect effect and can be
used to demonstrate the effect of length m or the effect
propagated after m — 1 intermediates [38]. A continuous
reduction of the indirect effects of problems besides the
powers of matrix D, like an engrossing Markov chain
matrix, guarantees convergent solutions to the matrix
inversion. The total influence or total relation can be
obtained by summing up

D*,D?,....D>,
lim,,— (D)m: [O]nxn’ : (3)

[0],,.,, isan x nnull matrix
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The total relation matrix 7,, is achieved as follows:

> Di=D+D*+D+---+D"

m=1
=D(I+D+D*+---+D"")
:D(I_D)_I(I_D)(I+D+D2+---—|—Dm_l)
= D(I — D)il(l —Dm) — D(I o D)fl (4)

The total relation matrix 7 is defined as T = (I — D) ",
where [ is the identity matrix [35-37].

The sum of rows and sum of columns of the total rela-
tion matrix 7 are computed as

il = (Zj:%) o= (i fij) (5)

Definerandcben x Iand ! x nvectors representing the
sum of rows and sum of columns of the total relation matrix 7,
respectively [36]. Suppose r; be the sum of ith row in matrix 7,
then r; summarizes both direct and indirect effects given by
factor i to the other factors. If ¢; denotes the sum of jth column
in matrix 7, then ¢; shows both direct and indirect effects by
factor j from the other factors. When j = i, the sum (r; + ¢;)
shows the total effects given and received by factor i. Thus,
(r; + ¢;) indicates the degree of importance for factor i in the
entire system. On the contrary, the difference (r; — ¢;) rep-
resents the net effect that factor i contributes to the system.
Specifically, if (r; — ¢;)is positive, factoriis a net cause, while
factor i is a net receiver or result if (; — ;) is negative.

3.2 Extent Analysis Method on Fuzzy AHP
(FEAHP)

Zadeh [39] first introduced the fuzzy set theory to deal with
vagueness in human judgment and imprecise data in
decision-making [40, 41] through the use of linguistic
terms and degrees of membership [7]. A membership
function in fuzzy sets assigns to each object a grade of
membership in [0, 1]. A tilde ‘“~’’ is used above the
symbol that represents a fuzzy set. A triangular fuzzy
number (TFN) A is shown in Fig. 1. A TFN is denoted
simply as (I, m, u). The parameters /, m, and u denote the
smallest possible value, the most promising value, and the
largest possible value that describe a fuzzy event. When
| = m = u, it is a non-fuzzy number by convention. Each
TFN has linear representations on its left and right side
such that its membership function can be defined as [42]:

0, x<lI,
x—1
) [<x<m,
=< m=| (6)
) m<x<u,
u—m
0, X > u.

l m u

Fig. 1 A triangular fuzzy number

A fuzzy number can always be given by its corre-
sponding left and right representation of each degree of
membership

M= (M“”,M’O')) = (I+ (m = Dy, u+ (m— u)y),

ye [07 1]5 (7)

where [(y) and r(y) denote the left side representation and
the right side representation of a fuzzy number,
respectively.

The algebraic operations with two fuzzy numbers M,
and M, can be expressed as below:

M, + M, = (ll +12,m1 + mo, uy +u2),
My @ My = (i, myma, ujuy)
1®M1:(/lll,/1m1,iu1), A>0, L€ER (8)

i (1L
P\ m

The linguistic variables and their corresponding trian-
gular fuzzy numbers are shown in Table 1.

Let X = {x,x2,...,%x,) is an object set and G =
{g1,82,.-.,8m) be a goal set. According to the method of
Chang [43] extent analysis, each object is taken, and extent
analysis is done for each goal g;, respectively [7]. There-
fore, m extent analysis values for each object can be
obtained with the following signs:

1 2 m -
M M. .My, i=12...n, 9)
where all the M/ (j = 1,2,...,m) are TENs.

The steps of Chang’s extent analysis can be given as in
the following manner [7, 42]:

Step I The value of fuzzy synthetic extent with respect to
the ith object is defined as

i 3 Mé]_ (10)
1

i=1 j=

Si = zm:Mg{ ®
j=1

To obtain, 37| M perform the fuzzy addition opera-

tion of m extent analysis values for a particular matrix
such that
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Table 1 Linguistic variables

Linguistic scale Triangular fuzzy scale Triangular fuzzy reciprocal scale
and their corresponding fuzzy
numbers Equally preferred (EP) 1,1,2) 12,1, 1)

Moderately preferred (MP) (1, 2, 3) (173, 1/2, 1)

Strongly preferred (SP) 3,4,5) (1/5, 1/4, 1/3)

Very strongly preferred (VSP) 5,6,7) (1/7, 1/6, 1/5)

Absolutely preferred (AP) (7, 8,9) (1/9, 1/8, 1/7)

j=1 j=1 j=1 j=1

11
and to obtain, [27:1 Z}LMQ} perform the fuzzy

.. . j .: .
addition operation of M](j =1,2,...,m) values such R AN S
that !
n m n n E M
2> M= Snym (12) " mh @ wm "
i=1 j= i=1 i=1 i=1

) ) Fig. 2 Intersection between M1 and M2
and then compute the inverse of the vector in Eq. (12)

such that , : )
d'(A;)) =minV(S;>S8;); Fork=1,2,....,n; k#1i.

; _1_ 1 1 1 (17)
[ZZM] “(srrstms) 0 | -

Then the weight vector is given by

Step 2 The degree of possibility of My = (I, my, up) > W = (d'(A)),d(A2),....d (A))" (18)
M, = (ll,ml,ul) is defined as

Step 4 Via normalization, the normalized weight vectors
VO 2 M) = sup min(i (0, 0 0)| (1)

W = (d(A1),d(42),...d(A,))", (19)
and can be equivalently expressed as follows:

where W is a non-fuzzy number.
V(My > My) = hgt(My N M>) = 1y, (d)

L, if my >my,
i ) 15 . .
/ % if b 2w, (15) 4 A Case Study on Automobile Industries
S otherwise in Malaysia

(my — up) — (my — 1)
where d is the ordinate of the highest intersection point From an extensive literature review, four dimensions and 18
D between j,, and u, . In Fig. 2, the intersection criteria (Table 2) are identified and used in this case study.
» .2,

between M, and M5 can be seen. To compare M, and Mo, Surveys were conducted in one local automobile parts
require both the values of V(M; > M,) and V(M, > M,). manufacturing, in one local automobile remanufacturing
Step 3 The degree of possibility for a convex fuzzy  company, and in one ELVs parts recycler. In each of them,

number to be greater than k convex fuzzy numbers competent persons in managerial positions were invited to
(i=1,2 k) can be defined by answer the questionnaires. Therefore, five valid question-
(i =

naires have been received. Two learned academicians
V(IM>Mi,M,..., M) working in reputed universities in Malaysia and India were
= V[(M>M,;)and (M >M,)and...and (M > M,;)] consulted to execute all procedures for evaluating the influ-
=minV(IM>M;), i=1,2,..k encing sustainable ELVs management criteria and alterna-
(16) tives. Methodology diagraph (Fig. 3) represents the whole
workflow from the dimensions, criteria, and alternatives

Assume that selection to the final result.
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Table 2 Sustainable ELVs management dimension and criteria
Dimension Criteria Details References
Economic (D1) Resource utilization (C1) Energy use, raw material use, manpower use, and [3, 19, 34, 44]
chemical use
Operational cost (C2) Operating cost, material cost, energy cost, testing [3, 19, 45, 46]

Financial benefit (C3)
Core (ELVs) collection cost (C4)

Plant’s initial setup cost (C5)

Environmental (D2) Pollution (C6)

Global warming (C7)

Hazardous substance management (C8)
Environmental legislations’ needs (C9)

Social (D3) Occupational health and safety

management (C10)

Brand image and customer satisfaction
(C11)

Risk assessment (C12)

Employment opportunities and job
satisfaction (C13)

Employee training (C14)

Technology (D4) Technology transfer (C15)

Green technology innovation (C16)

Research and development for new
product (C17)

Expert’s decisions and skill manpower
(C18)

cost, installation cost, quality cost, marketing cost,
final recovery, and landfilling cost

Direct benefits and indirect benefits

[19, 34, 45-47]

Transportation cost, collection point cost, and [3, 33, 34]
inventory cost, etc

Initial setup costs for manufacturing plants, new [19]
facilities, and recruitment cost, etc

Water pollution, air pollution, solid waste, land [3, 46, 47]
pollution (landfill), and e-waste generation, etc

Greenhouse gas emission (CO,, CFC-12, O5) [45]

Hazardous material management and ensure [3, 19, 45, 47]
regulatory compliance

Specifics to Environmental legislations and take- [3, 19, 45]
back or recovery regulations of ELVs

Personnel occupational injury and illness [45, 47]

Corporate reputation, public acceptability, [19, 34, 47]
satisfaction, and loyalty

Ecological risk and safety risk [34]

Labor’s wages, benefits, security, and working hours [34, 45]

Education and training to improve skill and green [34, 45]
knowledge

Technological flexibility, capability, and availability [19, 34]
for ELVs management

Environmental technology innovation for ELVs [3, 34, 46, 47]

management

Capability and availability of R&D and design for
recovery

Technological decision for disassembly,
remanufacturing, recycling and energy recovery,
and availability of skilled workforce

[19]

[19]

4.1 Dimensions and Criteria Evaluation Using
DEMATEL Method

The calculation using DEMATEL method is based on the
opinion of five managers. The average matrix (A) of
DEMATEL method established in accordance with Eq. (1).
Calculation of normalized initial direct-relation matrix
(D) is done in accordance with Eq. (2). And determination
of the total relationship matrix (7) is established by the
following formula: T=D (I — D)_l, as shown below
(Tables 3, 4) .

Based on Table 5, the economic dimension (D1) is
considered to be the most important one, with the highest
(r 4+ ¢) value of 10.8408, whereas the social dimension
(D3) scores the least with 7.2114. Generally, the impor-
tance of dimensions can be ranked by the (r + ¢) values. In

contrast to the importance of each dimension, the social
dimension (D3) is the net cause towards sustainable ELV
management based on (r—c) values. The economic (D1),
environmental (D2), and technology (D4) dimensions are
net receivers or effects.

Similar calculation of 18 criteria under individual
dimension is shown in Tables 6, 7, 8, and 9.

The criterion with larger (r + c) values represents higher
importance under the same dimension. In contrast to the
importance, Table 6 shows that the financial benefit (C3),
operational cost (C2), and resource utilization (C1) criteria
are more important than the plant’s initial set-up cost (C5)
and core collection cost (C4). Based on Table 7, pollution
(C6) is the most important criterion with the highest
(r + ¢) value of 24.0454, whereas environmental legislation
requirements (C9) are the least important dimension, with a
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. . Opinion of Opinion of
Literature review ..
academician manager
Economic Environmental Social Technology
dimension dimension dimension dimension
> Define sustainable ELVs management criteria under individual dimension
v
> Establish interdependences between elements
/______________________i ______________________ AY
! DEMATEL Method |
N o /
Evaluate sustainable ELVs management influencing criteria and ranking ]
v
Combine some criteria for easy mathematical calculation by academician’s opinion
Establish interdependences between elements <
/______________________i ______________________ hY
: Extent analysis on Fuzzy AHP (FEAHP) :
N /

Result and alternative(s) section

Fig. 3 Proposed sustainable alternatives selection methodology

Table 3 Average matrix (A) of dimensions

Dimension D1 D2 D3 D4

D1 0 1.8000 1.2000 1.8000
D2 1.8000 0 1.0000 1.2000
D3 1.4000 1.0000 0 0.6000
D4 1.8000 1.2000 0.6000 0
Table 4 Direct-relation matrix (D)

Dimension D1 D2 D3 D4

D1 0 0.3750 0.2500 0.3750
D2 0.3750 0 0.2083 0.2500
D3 0.2917 0.2083 0 0.1250
D4 0.3750 0.2500 0.1250 0

value of 16.9504. Table 8 shows that personnel occupational
health and safety management (C10) has higher importance
under the sustainable social dimension, with the largest
(r + ¢) value of 25.2307. Then the remaining important
criteria are risk assessment (C12), employment opportunities
and job satisfaction (C13), employee training (C14), and
brand image and customer satisfaction (C11), respectively.
Green technology innovation (C16) and expert’s decisions

@ Springer

and skill manpower (C18) are the net causes, as shown in
Table 9, but technology transfer (C15) and research and
development for new products (C17) are net receivers.
Moreover, technology transfer (C15) might be the most
critical criterion since it affects the other three criteria.

After evaluating important criteria using DEMATEL
method, the selected 8 criteria (Table 10) are used to
evaluate the sustainable ELVs management model.
Because pairwise comparisons become a difficult and time-
consuming if there are too many criteria is considerate. It
may also lead to evaluators’ assessment bias. To overcome
these problems, some criteria are combined in such a way
that those 8 criteria will reflect reaming all criteria by the
help of experts and academicians.

4.2 Sustainable ELVs Management Alternatives
Evaluation Using FEAHP Method

The detail explanations of FEAHP method shown in
Figs. 4 and 5 represent the model and decision environ-
ment graphically for sustainable ELVs management alter-
natives selection. To decide the preferences among
decision variables, triangular fuzzy numbers (Table 1) are
used in this research.
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Table 5 Total relation matrix Dimension DI D2 D3 D4 r c r+c r—c Rank
(T) of sustainable dimensions

D1 1.3916 14717 1.0795 1.3997 5.3424 54984 10.8408 —0.1559 1

D2 1.4993  1.0600 09535 1.1964 4.7091 4.7319 9.4411 —-0.0228 2

D3 1.1874 1.0075 0.6192 0.8996 3.7136  3.4978 72114 02159 4

D4 1.4201  1.1928 0.8456 0.9364 4.3949 4.4321 8.8270 —0.0372 3

Table 6 Economic dimension criteria

r c r+c r—c Rank
Cl 5.5958 6.066 11.6618 —0.4702 3
Cc2 6.0862 5.8502 11.9364 0.2359 2
C3 6.2753 6.8522 13.1275 —0.5769 1
C4 3.9398 3.7731 7.7129 0.1668 5
C5 4.8954 4.251 9.1465 0.6444 4
Table 7 Environmental dimension criteria

r c r+c r—c Rank
(@) 10.9561 13.0893 24.0454 —2.1332 1
Cc7 9.5851 12.8136 22.3987 —3.2285 2
C8 10.2039 9.6143 19.8181 0.5896 3
c9 10.8613 6.0892 16.9504 4.7721 4
Table 8 Social dimension criteria

r c r+c r—c Rank
C10 12.1145 13.1163 25.2307 —1.0018 1
Cl11 10.1111 9.6429 19.7541 0.4682 5
Cl12 12.4223 12.5691 249913 —0.1468 2
Cl13 11.2949 12.6362 23.9311 —1.3413 3
Cl4 11.3206 9.2989 20.6195 2.0217 4
Table 9 Technology dimension criteria

r c r+c r—c Rank
Cl15 6.9038 7.3888 14.2926 —0.485 1
Cl6 6.6131 6.1679 12.781 0.4452 2
C17 5.707 5.9618 11.6688 —0.2548 3
C18 54111 5.1165 10.5276 0.2946 4

In this phase, hierarchical structure of the FEAHP model
is formulated that included the goal, dimensions, criteria,
and the pertinent alternatives. The goal is to found at the
first level of the hierarchy as shown in Fig. 5. Four
dimensions such as economic, environmental, social, and
technology are identified to achieve this goal and placed in
the second level in the decision tree. The third level con-
sists of 8 criteria, which are evaluated by DEMATEL
method (Table 10). Alternatives are placed at the lowest

level of the hierarchy, namely different sustainable ELVs
management systems to be evaluated in order to select the
appropriate alternative(s) for a particular context (only for
model assessment we used alternatives shown in Table 11).
Generally, as many as possible systems can be included as
the authority wishes to evaluate before selecting the suit-
able one.

After constructing the hierarchy, next step is to deter-
mine the priority weights of the criteria using fuzzy AHP
approach. A three-member expert panel is formed to
achieve comparison of the importance of the attributes with
the aid of the questionnaire. The experts are the most senior
persons and have more than 8 years’ experience in auto-
mobile manufacturing. The questionnaires facilitate the
answering of pair-wise comparison questions. Judgments
by linguistic variables are converted to triangular fuzzy
numbers using membership functions as shown in Table 1.
Then the judgments from the experts are combined using
operational laws for two triangular fuzzy numbers as
shown in Eq. (6). Due to the space constraints, we present
here the pairwise comparisons of the dimensions with
respect to the goal (Table 12).

Satty [48] introduced AHP methodology and provided a
consistency index to measure the inconsistencies accom-
panied by the judgments provided by the experts. For this,
first we used the defuzzification method of fuzzy triangular
numbers to convert the fuzzy comparison matrices into
crisp matrices by the Eq. (20).

M_crisp=(4m+14u)/6 (20)

The consistency index (CI) of each matrix is found using
CI = (Amax — 1)/(n — 1) and then consistency ratios (CR)

are calculated by CR = (%) in crisp-AHP once the fuzzy

comparison matrices are converted to crisp matrices.
Hence, n = order of matrix and RI = random index. We
have found that consistency ratio (CR) of this matrix is
0.0232 (which is less than 0.10), so the matrices are
acceptable for further analysis (Table 13).

After consistency test, FEAHP method is applied to
obtain the normalized weight vector (W) of each dimen-
sion. Fuzzy synthetic degree value (S;) and degree of
possibility (V) of dimension are as follows (Tables 14, 15).

The normalized weight vector (W) of main dimension
shown that the economic dimension (0.4449) occupies the
top-most weight. Then environmental (0.3095), technology
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Table 10 Summary of eighteen criteria

Dimension Criteria DEMATEL  Alternative selection criteria Remarks
rank
Economic (D1) Financial benefit (C3) 1 Financial benefit (Crl) Direct benefits and indirect benefits for
Operational cost (C2) 2 maximum economic profit
Resource utilization (C1) 3 Resource utilization (Cr2) Optimum resource utilization for maximum
Plant’s initial set-up cost (C5) 4 environmental and economic benefit
Core (ELVs) collection cost 5
()]
Environmental  Pollution (C6) 1 Pollution (Cr3) The possible reduced amount of all types of
©2) Global warming (C7) 2 waste
Hazardous substance 3 Global warming (Cr4) Global warming consideration for
management (C8) environmental conservation
Environmental legislation 4
requirements (C9)
Social (D3) Occupational health and 1 Social performance (Cr5) Public acceptability, brand image and job
safety management (C10) opportunities
Risk assessment (C12) 2
Brand image and customer 5 Occupational health and Health and safety
satisfaction (C11) safety management (Cr6)
Employment opportunities 3
and job satisfaction (C13)
Employee training (C14) 4
Technology Technology transfer (C15) 1 Technology transfer (Cr7) Technological flexibility, capability, and
(D4) Green technology innovation 2 availability for ELV management

(C16)

Research and development for 3
new products (C17)

Expert’s decisions and skill 4
manpower (C18)

Green technology innovation The innovation rate of new technology for

(Cr8)

reducing environmental impact

(0.1719), and social (0.0737) dimensions are ranked,
respectively. The same calculations are done to achieve the
global weights of each criterion which is shown in Table 16.

Based on the results from the data, the consistency of the
pairwise comparisons of each expert is examined. For
instance, the pairwise comparison matrix, fuzzy synthetic
degree value (§;), and degree of possibility (V) for the
alternative(s) under the criteria of an expert are as follows
(Tables 17, 18, 19).

A similar procedure is carried out to calculate the weight
vector (W) of the remaining alternatives. The final score
and results are shown in Table 20.

5 Result and Discussion

According to the data analysis based on experts’ opinions,
the most important criterion is financial benefit (Crl)
(Table 16), with a priority of 0.3080. The next seven
important criteria are pollution (Cr3), resource utilization
(Cr2), technology transfer (Cr7), global warming (Cr4),

@ Springer

social performance (Cr5), green technology innovation
(Cr8), and occupational health & safety management (Cr6)
with priorities of 0.2078, 0.1369, 0.1190, 0.1017, 0.0616,
0.0529, and 0.0121, respectively. As per the final scores
(Table 20), recycling (A3) is the most preferred sustainable
ELVs management alternative with a priority weight of
0.2887. The second to sixth alternatives are remanufacture
finished product (0.2537), remanufacture parts (0.1644),
recondition/repair (0.1196), resale/reuse (0.0921), and used
vehicles export (0.0815), respectively. The weighting of
the alternatives indicates their value in terms of satisfying
the maximum sustainability according to their organiza-
tional structure. Expert’s decision result shown that recy-
cling (A3) should be selected for best alternatives here. But
according to the material efficiency and energy efficiency,
resale/reuse is the best alternatives, then remanufacturing
and recycling, respectively. This is totally dependent on
organizational economic benefit. But we considered sus-
tainable dimensions for evaluating the best alternatives by
giving priority of economic, environmental, social, and
technology dimensions as well as considering the current
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Establish the triangular fuzzy numbers

Y

Pairwise comparison by manager opinion
Y

Defuzzified to crisp number

L7

Calculate the eigenvalue and eigenvector
L7

Measure consistency ratio (CR)

Y
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Fuzzy synthetic degree value (S)
Y
Degree of possibility (7)
Y
Calculate Weight vector (W)
Y
Calculate the weight of the dimensions and criteria

v
[ Apply the model to select the sustainable alternatives & Ranking ]

Fig. 4 FEAHP analysis flowchart for alternatives selection

organizational objectives. After discussion with experts
about the result of our model, it is clear that at the EOL
cycle of a vehicle, if resale/reuse is done then it is again

Dimensions

becoming a waste within a short period of time as well as it
may bring their poor brand image. Because reuse means
disassembling and reclamation of parts, components, and
modules within discarded products. On the other hand,
reconditioning/repair has less work content than remanu-
facturing but more than that of reuse. Usually, it requires
the rebuilding of major components to a working condition.
This is more profitable, and economically, environmen-
tally, and socially sustainable than resale/reuse. Remanu-
facturing is to reprocess the used products in such a manner
that the quality of the products is as good or better than
new in terms of appearance, reliability, and performance
[49]. According to the available statistics, comparing to the
new products, the remanufacturing products can save 60 %
of the energy, 70 % of the materials, and 50 % of the cost
[50]. Remanufacturing plays a key role in increasing eco-
nomic and environmental benefits including organizational
reputation and brand image. A vehicle is a complex pro-
duct consisting of a variety of materials. The estimated
composition of ferrous material is the major component of
a ELVs accounting for 68 % of a vehicle’s weight. Other
major materials included in the vehicle are plastics, non-
ferrous metals, rubber, glass, and fluids contributing to 10,
8, 2, 3, and 2 %, respectively [4]. We know that remanu-
facturing/reconditioning requires appropriate decision,
heavy technological facilities, skill operators, and ELVs
raw material’s good physical condition. Thus, according to

Financial benefit (Crl)

Sustainable

Economic (D1)

alternative (1)

Resource utilization (Cr2)

Pollution (Cr3)

Environmental (D2)

Sustainable
ELVs

Global warming (Cr4)

management

alternatives
selection

Social performance (Cr5)

Social (D3)

Occupational health &
safety management (Cr6)

Technology transfer (Cr7)
Sustainable

Technology (D4)

alternative (n)

i N s H

Green technology
innovation (Cr8)

Fig. 5 Sustainable ELVs management alternative selection
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Table 11 Sustainable ELVs management possible alternatives

Al A2 A3 A4

A5 A6

Alternatives  Used vehicles export Resale/reuse

Recycling Remanufacture parts

Remanufacture finished product Recondition/repair

Table 12 Pairwise comparison matrix of dimension

Environmental (D2)

Social (D3) Technology (D4)

Dimension Economic (D1)
Economic (D1) (1,1, 1) (1, 2, 3)
2,3,4)
(1, 2, 3)
Environmental (D2) (1/3, 1/2, 1) (1,1, 1)
(1/4, 1/3, 1/2)
173, 172, 1)
Social (D3) (1/5, 1/4, 1/3) (173, 172,
(175, 1/4, 1/3) (173, 172,
(173,172, 1) (1/3, 172,
Technology (D4) 173, 172, 1) 173, 172,
173, 172, 1) (173, 172,
173, 172, 1) 173, 172,

3,4, 5) (1,2,3)
3,4, 5) (1,2, 3)
(1,2,3) (1,2, 3)
(1,2,3) (1,2,3)
(1,2,3) (1,2,3)
(1,2,3) (1,2,3)

1 (1,1, 1 (13, 1/2, 1)

1 (1/4, 1/3, 112)

1 (1, 1,2)

1 (1,2,3) (1,1, 1)

1 (2,3, 4)

1 12,1, 1)

Table 13 Pairwise comparison average matrix of dimension

Dimension Economic (D1) Environmental (D2) Social (D3) Technology (D4)

Economic (D1) 1,1, 1) (1.3333, 2.3333, 3.3333) (2.3333, 3.3333, 4.3333) 1, 2, 3)

Environmental (D2) (0.3, 0.4286, 0.75) 1, 1, 1) 1, 2,3) 1, 2,3)

Social (D3) (0.2308, 0.3, 0.4286) (0.3333,0.5, 1) 1, 1, 1) (0.5278, 0.6111, 1.1667)

Technology (D4) (0.3333,0.5, 1) (0.3333,0.5, 1) (0.8571, 1.6364, 1.8947) 1, 1, 1)

Consistency ratio (CR) 0.0232

Table 14 Fuzzy synthetic degree value (S;) of dimension

Dimension me -1 -1

M n.m . m . nom X
P 55m] w0 |$i5m]

i=1j=1 j=1 i=1j=1

S1 (D) (5.6667, 8.6667, 11.6667) (0.0358, 0.0496, 0.0736) (0.2031, 0.4303, 0.859)

S2 (D2) (3.3, 5.4286, 7.75) (0.0358, 0.0496, 0.0736) (0.1183, 0.2695, 0.5706)

S3 (D3) (2.0919, 2.4111, 3.5952) (0.0358, 0.0496, 0.0736) (0.075, 0.1197, 0.2647)

S4 (D4) (2.5238, 3.6363, 4.8947) (0.0358, 0.0496, 0.0736) (0.0904, 0.1805, 0.3604)

their organizational objectives, recycling could be the best
alternatives to recover the valuable materials and satisfying
the environmental interest.

6 Managerial Implications
Sustainable ELV management has a great impression to

reduce the environmental impact and ensure economic and
social benefit. The OEMs or related organizations should to

@ Springer

establish an appropriate ELV management policy to reduce
pressure on the environment and the wastage of resources.
Thus, lots of qualitative and quantitative factors and cri-
teria are required to be considered during ELV manage-
ment decision-making such as economic factors,
environmental factors, legislative factors, social factors,
and the technological factors. This study will help decision
makers to identify important factors, criteria, sub-criteria,
and appropriate alternatives, and result also suggests sev-
eral managerial implications for managers. First, it will
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Table 15 Degree of pOgﬂlblllty Dimension d/(Dl) d/(Dz) d/ (D3) dl (D4)
(V) of dimension
V (S1 > S2) 1 V(S2>S1) 0.6957 V(S3>S1) 0.1656 V(S4 > S1) 0.3865
V (S1 > S3) 1 V(S2=>S3 1 V(S3>S2) 04943 V(S4=>S2) 0.7313
V (S1 > S4) 1 V(S2=>S4) 1 V(S3>S4) 07413 V(S4=>S3) 1
Weight vector (W)  0.4449 0.3095 0.0737 0.1719
Table 16 Weight summary of dimensions and criteria
Dimension Local weights Criteria Local weights Global weights Rank
Economic (D1) 0.4449 Financial benefit (Crl) 0.6923 0.3080 1
Resource utilization (Cr2) 0.3077 0.1369 3
Environmental (D2) 0.3095 Pollution (Cr3) 0.6714 0.2078 2
Global warming (Cr4) 0.3286 0.1017 5
Social (D3) 0.0737 Social performance (Cr5) 0.8355 0.0616 6
Occupational health and safety management (Cr6) 0.1645 0.0121 8
Technology (D4) 0.1719 Technology transfer (Cr7) 0.6923 0.1190 4
Green technology innovation (Cr8) 0.3077 0.0529 7
Table 17 Pairwise comparison matrix of alternatives selection (Financial benefit)
Al A2 A3 A4 A5 A6
Al 1, 1, 1) (0.2, 0.25, 0.3333) (0.1429, 0.1667, 0.2) (0.2, 0.25, 0.3333) (0.2, 0.25, 0.3333) (0.2, 0.25, 0.3333)
A2 3,4,5) 1, 1, 1) (0.2, 0.25, 0.3333) (0.3333, 0.5, 1) (0.2, 0.25, 0.3333) (0.3333, 0.5, 1)
A3 (5,6, 7) (3,4.5) 1, 1L 1 (3,4.5) (1,1,2) (1,2,3)
A4 3,4,5) 1, 2,3) (0.2, 0.25, 0.3333) 1,1, 1) (0.3333,0.5, 1) (1,1,2)
AS (3.4,5) (3,4,5) 05,1, 1) (1,2,3) (L LD (1,2,3)
A6 3,4,5) 1, 2,3) (0.3333,0.5, 1) 05,1, 1) (0.3333,0.5, 1) 1,1, 1)
Table 18 Fuzzy synthetic degree value (S;) (Financial benefit)
: : m . -1 -1
Financial benefit M na m o n
= 22 M, DMy @ |2 M,
i=1j=1 Jj=1 i=1j=1
S1 (AD) (1.9429, 2.1667, 2.5333) (0.0131, 0.0171, 0.0231) (0.0254, 0.0371, 0.0586)
S2 (A2) (5.0667, 6.5, 8.6667) (0.0131, 0.0171, 0.0231) (0.0662, 0.1113, 0.2006)
S3 (A3) (14, 18, 23) (0.0131, 0.0171, 0.0231) (0.1829, 0.3081, 0.5323)
S4 (A4) (6.5333, 8.75, 12.3333) (0.0131, 0.0171, 0.0231) (0.0854, 0.14978, 0.2854)
S5 (AS) 9.5, 14, 18) (0.0131, 0.0171, 0.0231) (0.1241, 0.2397, 0.4166)
S6 (A6) (6.1667, 9, 12) (0.0131, 0.0171, 0.0231) (0.0806, 0.1541, 0.2777)

enable the OEMs and recycling organizations to under-
stand which type of dimension and criteria is significant in
achieving organizational strategic objectives and increase
the sustainable performance in managing ELV. Second, the
manager would be able to identify most important criteria
from high and low influence criteria and cause-and-effect
relationship between or among the criteria using

DEMATEL method. Third, the manager would be able to
develop a MCDM model to evaluate best sustainable ELV
management alternative using FEAHP. Finally, this
methodology will help the researchers or related members
to evaluate the influencing factors, criteria, and sub-criteria
to solve multi-criteria decision-making problem according
to their objectives.
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Table 19 Degree of possibility (V) (Financial benefit)

Financial d'(A1) d'(A2) d'(A3) d'(A4) d'(A5) d'(A6)
benefit
V(S1>S82) 0 VS2=>S1) 1 VS3=>S1) 1 V(S4=>S1) 1 V(S5=>S1) 1 V(S6>S1) 1
V(S1=>S83) 0 V(S2 >S3) 0.0823 V(S3>1S2) 1 V(S4=>82) 1 V(S5=>82) 1 V(S6=>S82) 1
V(1 >84) 0 V(S2>S4) 0.7494 V(S3 > S4) 1 V(S4 > S3) 03930 V(S5=>S3) 0.7734 V (S6 > S3) 0.3809
V(S1=>=S85 0 V(S2=>1S5) 03732 V(S3>=S5 1 V(S4 >S5 06422 V(S5=>S4) 1 V(S6=>S4) 1
V(S1=>S6) 0 V(S2>S6) 0.7371 V(S3>S6) 1 V(S4 >S6) 09795 V(S5=>S6) 1 V (S6 > S5) 0.6421
Weight 0 0.0313 0.3803 0.1494 0.2941 0.1449
vector (W)
Table 20 Normalized finial score calculation
Criteria Global Evaluation score
weights - - — —
Used vehicles Resale/ Recycling Reman. Reman. Finished Recondition/
export (Al) reuse (A2) (A3) Parts (A4)  product (AS) repair (A6)
Financial benefit (Crl) 0.3080 0.0000 0.0313 0.3803 0.1494 0.2941 0.1449
Resource utilization (Cr2) 0.1369 0.0220 0.1346 0.2856 0.1913 0.2479 0.1186
Pollution (Cr3) 0.2078 0.1480 0.1123 0.2311 0.1998 0.2247 0.0841
Global warming (Cr4) 0.1017 0.0000 0.0402 0.3863 0.1665 0.4068 0.0002
Social performance (Cr5) 0.0616 0.0000 0.0000 0.3455 0.1790 0.3631 0.1124
Occupational health and safety 0.0121 0.0000 0.0909 0.3293 0.2138 0.3661 0.0000
management (Cr6)
Technology transfer (Cr7) 0.1190 0.2798 0.2078 0.1227 0.1052 0.0834 0.2012
Green technology innovation 0.0529 0.2717 0.2031 0.1011 0.1436 0.0838 0.1968
(Cr8)
Normalized scores 0.0815 0.0921 0.2887 0.1644 0.2537 0.1196
Rank 6 5 1 3 2 4

7 Conclusions

Determination of the best compromise sustainable option
for EOL product is an important problem faced by OEMs
or related EOL management organizations. Each EOL
alternative has its own consequences from an economic,
environmental, social, and technology point of view. This
paper proposed a model to select the sustainable dimen-
sions and criteria for evaluating best compromise ELVs
management alternative. The DEMATEL method is
applied first to select the most important dimensions and
criteria for alternative selection model. Then FEAHP
model is constructed next based on the hierarchy to
evaluate best sustainable ELVs management alternative
for an anonymous automobile manufacturer in Malaysia.
Recycling is the best compromise sustainable alternative
for this particular industry according to case study results.
Nevertheless, this implies that the selection of best
alternatives should not only consider those dimensions,
criteria, or alternatives, but also be suitable to add

@ Springer

different attributes as per organizational needs and
available facilities. The strength of the proposed model is
that the vagueness of experts’ opinions is considered in
the evaluation process, and the model is almost easy to
apply. This may be noted that manufacturers of the
related industries can use this model, or tailor the model
to meet their own needs, to evaluate their alternative or to
select the best alternatives to satisfy the organizational
goals and objectives. There are some limitations of this
research need to be documented. Firstly, this study deals
with DEMATEL and FEAHP methods only, but it would
be useful to examine by different MCDM methods to
compare the results. Secondly, this study took most
experienced three to five managerial expert’s decision due
to limited opportunities of data collection. Last but not
least, future researchers should collect data from multiple
sources in this area. Environmental impacts of ELV,
sustainable ELV collection in reverse supply chain, and
sustainable design for recovery can be the future research
direction for researches.
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