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Abstract

Remanufacturing has emerged as a competitive strategy for manufacturers to tackle
environmental and economic challenges. In this paper, an integrated fuzzy approach
is developed for the evaluation of remanufacturing alternatives. Then, importance
weights of main remanufacturing processes and evaluation criteria are obtained
through fuzzy extent analysis. Fuzzy hierarchical TOPSIS is then applied to evaluate
the alternatives. A case study is presented to demonstrate the applicability of the
proposed approach. The analysis results show that it is a viable approach and can be
used as an effective tool for design evaluation from the remanufacturing point of
view. Finally, conclusions are discussed and future research directions are suggested.

Keywords: Remanufacturing; Hierarchical model; Life cycle assessment; Fuzzy extent
analysis; TOPSIS

Background

In the last two decades, environmental concerns diffuse into almost all aspects of the
manufacturing industry and all phases of products' life cycles. This is simply because
resources consumed during the course of manufacturing and production are enor-
mously high, and hence, the amount of waste generated from those processes is also
notorious [1]. One of such key areas is the end-of-life treatment [2]. Remanufacturing
is one of many end-of-life strategies.

Remanufacturing is not a new topic but had not been considered as an important stra-
tegic area until the recent decade. In the past, remanufacturing activities focus mainly on
recapturing economical values from used products or have been driven by regulatory
pressure [3]. Typical activities include recycling of materials and reuse of parts or compo-
nents, among others, to produce close-to-new refurbished products. Figure 1 shows a
flowchart of a typical remanufacturing process. Nevertheless, the processing procedures
may vary depending on the nature of the product being remanufactured [4]. Obviously,
there are lots of uncertainties in remanufacturing [5]. With the backdrop of increasing
environmental awareness, remanufacturing is one of many ways to mitigate environmen-
tal impacts by reducing the consumptions of virgin materials, resources in primary
production and etc. This has been becoming popular in the last decade [6]. The contem-
porary school of thought considers that remanufacturing can not only (re-)gain financial
benefits, but also reduce the environmental burdens [5]. This is a typical multi-objective

problem. Remanufacturing is now referred to as a value-adding process and has emerged
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Figure 1 Remanufacturing process [4].

as part of closed-loop supply chains [7]. This trend implies the importance of developing
decision-making models when remanufacturing activities are involved.

Life cycle assessment (LCA) provides the basic modelling framework for evaluating
the environmental load and impact throughout the entire product life cycle [8]. It is an
effective, comprehensive and practical tool in assessing environmental impact of prod-
ucts [9]. For example, Chan et al. [10] adopted the concept of LCA and proposed a
comprehensive framework for the selection of green product designs. The life cycle
concept is also applicable to remanufacturing process. For instance, Schau et al. [11]
conducted an LCA study of remanufactured alternators. Three designs were considered
and the associated environmental impacts were evaluated. However, the major obstacle
is that remanufacturing activities are not well structured, so applying LCA to evaluate
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all design options would be time-consuming, if not impractical. Therefore, it is import-
ant to provide designers/engineers a more efficient ‘screening’ approach to assess the
environmental and economic performance of alternative designs.

Evaluating the environmental and economic impact of a product or process is essentially
a multi-criteria decision-making (MCDM) problem. LCA, for example, considers multiple
inputs and multiple outputs, and they are not homogenous in most cases. Saaty [12] de-
veloped a groundbreaking tool, called analytic hierarchy process (AHP), to deal with
MCDM problems. The merit of AHP is that both qualitative and quantitative factors can
be considered in a hierarchical model. Since then, applications of AHP are numerous, with
a trend to integrate with other methods [13]. One strand of such integrated approaches is
to combine the method with fuzzy theory, which was developed by Zadeh [14] and can
handle imprecise information. This characteristic supplements the pairwise comparisons
in standard AHP so that a higher degree of uncertainty can be included in the decision-
making process. The fuzzy AHP approach provides such practical solution, which is sim-
ple and less demanding upon the resources needed to make a decision by converting un-
certain variables into linguistic variables. In other words, the process can be simplified in
that sense. Nevertheless, it is still very easy to have over a hundred pairwise comparisons
in order to make a design selection decision, which relies heavily on subjective decisions
and is therefore not effective in terms of computational complexity. This research con-
fronts this challenge through integration of fuzzy extent analysis and fuzzy hierarchical
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) for conduct-
ing effective evaluation of design alternatives from the remanufacturing perspective.

Fuzzy extent analysis, developed by Chang [15], stems from the AHP method that is
used routinely to estimate comparative weights with a view in solving MCDM prob-
lems. Studies that apply fuzzy extent analysis leverage the benefits of fuzzy set theory
and make use of linguistic terms (e.g. high, very high) or a fuzzy number in lieu of a
precise numerical value when conducting pairwise comparison e.g. [16]. It has been
widely applied in different problem environments in the literature: Kahraman et al. [17]
developed an analytical selection tool to measure the customer satisfaction in catering
firms in Turkey, Celik et al. [18] developed fuzzy AHP methodology based on Chang's
extent analysis to model shipping registry selection, and Wang et al. [19] applied fuzzy
extent analysis to develop a risk assessment model that enabled a structured analysis of
aggregative risk in the food supply chain. The trends in utilizing fuzzy extent analysis
in fuzzy AHP evident in the literature have been continued in many of the operational
disciplines due to its ease of use and computational simplicity.

Fuzzy TOPSIS [20,21] is derived from the TOPSIS technique proposed by Hwang
and Yoon [22] to evaluate the performance of alternatives. TOPSIS ranks the alterna-
tives according to their distances from the ideal and the negative ideal solution. The
positive ideal solution maximizes the benefit criteria and minimizes the cost criteria,
while the negative ideal solution maximizes the cost criteria and minimizes the benefit
criteria. The most preferred alternative is then derived as the shortest distance from
the positive ideal solution and the longest distance from the negative ideal solution.
Despite its popularity and simplicity in concept, TOPSIS is often criticized for its in-
ability to deal with uncertainty and imprecision inherent in the process of mapping the
perceptions of experts [23]. To address the limitation, scholars have made use of fuzzy
TOPSIS (combination of fuzzy logic with TOPSIS) for expert systems in areas such as
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plant location selection [21], supplier selection and evaluation [20], analysis of network
uncertainty [24] and assessment of green supply chain initiatives [25]. Fuzzy hierarch-
ical TOPSIS will benefit from both the superiority of the hierarchical structure and
easiness of implementation of TOPSIS in a fuzzy environment.

In this article, a decision support model is proposed based on fuzzy synthetic extent
analysis method and hierarchical fuzzy TOPSIS method to make quick selection deci-
sions regarding remanufacturing alternatives. This is an effective modelling approach
for such evaluation, which is the major contribution of this paper. In addition, this
paper also makes practical contributions as shown in the case study which demon-
strates the operations of the proposed model. The rest of the paper is organized as fol-
lows: The ‘Methods’ section presents the details of the model. It is then followed with a
case study of a real-life example, which is obtained from a published study, in order to
demonstrate the applicability of the proposed methodology. Finally, some concluding
remarks and directions for future researches are presented in the ‘Conclusions’ section.

Methods

The proposed methodology consists of a hierarchical evaluation model, fuzzy extent
analysis and fuzzy hierarchical TOPSIS techniques. In the hierarchical model, the crit-
ical aspects for sustainable remanufacturing are first defined and the criteria under each
aspect are identified. Fuzzy extent analysis is then used to determine the relative im-
portance weights of evaluation criteria. Finally, the fuzzy hierarchical TOPSIS is applied
to assess alternative design options. Details of the proposed method are elaborated in
each of the following sections.

The hierarchical model

The proposed model can be broadly divided into four parts as illustrated in Figure 2. The
first level is a collection of main remanufacturing processes. Then, the corresponding cri-
teria within each remanufacturing process are identified and presented in the second level.
The third level includes the performance measures employed to evaluate the remanufac-
turing alternatives provided at the final level. In other words, the decision is made based
on the relative importance of each process against each performance measure, and then
an aggregated score can be computed in order to help make a decision.

The aim of identifying the first level process is to break down the whole remanufac-
turing operation into a number of processes so that the importance of each process
with respect to the remanufacturing operation of different alternatives can be evaluated.
This is analogous to the life cycle phases mentioned in the ‘Background’ section. How-
ever, the objective is not the same as life cycle assessment as only remanufacturing is
considered in this paper. Due to its unstructured nature, there is no generic process for
handling remanufacturing processes either. As a consequence, a number of common
processes are observed from the existing literature. With reference to a number of
studies [26-29], the following remanufacturing processes are identified:

e C,. Disassembly
e C,. Detoxification
e Cs3. Machine operations
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Where: i is the index of main processes (i=1,2,..., 6)
Jj is the index of criteria within each remanufacturing process
k is the index of alternative remanufacturing design (k= 1,2,..., 1)
s is the index of performance measures (s=1,2,..., 4)

Figure 2 A hierarchical model for the evaluation of product designs from the remanufacturing
perspective.
.

e C, Chemical extraction
e Cs. Repair
o Cq. Reassembly

Then, associated criteria within each remanufacturing process should be identified
and listed at the second level for further evaluation. These criteria could be generic cri-
teria associated with individual remanufacturing processes or be more specific with re-
spect to particular products. This will not undermine the usefulness of the model
because this is not a restriction to use pre-defined processes and their associated cri-
teria in the model. Construction of the hierarchical model will be varied dependent on
the actual cases, and any new processes can be added accordingly.

At the third level, the performance measures are provided to evaluate the remanufactur-
ing alternatives. Hatcher et al. [30] recently conducted a case study regarding the barriers
and challenges for remanufacturing, which can be adopted in this model. They are value
(e.g. rare metal content, competition between imitated products, environmental impacts),
cost involved, employee health and safety, and design difficulties (e.g. supplier relationship,
technological advancement which discourage the use of old components). Finally, all the
remanufacturing alternatives are presented at the fourth level for the evaluation.

Fuzzy extent analysis

Here, the fuzzy synthetic extent analysis method is introduced to calculate the synthetic
extent value of the pairwise comparison. An extent analysis adaptation to fuzzy AHP was
proposed in order to obtain a crisp priority vector from a triangular fuzzy comparison
matrix [15]. The triangular fuzzy scale of preferences is given in Table 1, M, = (m,y, m.,,
my3), where z=1, 2,..., 9. Triangular fuzzy numbers (TFNs) M;, M3, Ms, M, and M, are
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Table 1 Linguistic classification of triangular fuzzy numbers

Rating level Linguistic values TFNs

1 Equal (1,1,1)

3 Moderately more important (2,3, 4

5 Fairly more important (4,5,6)

7 Much more important 6,7,8)

9 Absolute more important 9,99

2,4,6,8 Midpoint preference values lying between above values (1,2,3,3,4,5,65,67),(7,89

used to represent the pairwise comparison of decision variables in the range from ‘Equal’
to ‘Absolute more important’, when these are employed as descriptive terms attached to
the level of importance of paired variables. M,, My, Mg and Mg represent the midpoint
preference values lying between them.

Next, let P = {py, po,..., p,.} be an object set and Q = {g1, ¢>,.-., ¢,»} be a goal set. Here,
m equals the number of criteria identified in the whole remanufacturing process multi-
plied by the number of performance measures. According to the method of extent ana-
lysis [15], each object is taken and extent analysis is performed for each goal
respectively. Therefore, the m extent analysis values for each object are obtained as fol-
lows: Méi, Méi,..., Mg, i=1,2,.,n, where all the M"éi (j=1, 2,..., m) are TFNs. The fol-
lowing is a summary of the procedures with reference to the study conducted by Chan
and Wang [16].The value of fuzzy synthetic extent with respect to the ith object is de-
fined as

m ; n m .11
Si=r e L 5] o
-1
and [Z?ZIZ;ZIMM can be calculated as

n m 171 1 1 1
. . M i| = ( ) ) ) . 2
{Zz:lZ;:l &i Z?:lmSi Z?:lmzj Z:l:lmli ( )

The degree of possibility of M; = M, is defined as

V(My 2My) = sup[min(up, (x), a2 ())]- (3)

xzy

When a pair (x, y) exists, such that x>y and up, (¥) = upn(y) = 1, then we have V
(M = M) = 1. Since M, and M, are convex fuzzy numbers, we have that
V(M1 > Mz) =1if Mo 2 Moo,

V(Ml ZMz) = hgt(MlﬂMz) = Upr, (d) (4)
where d is the ordinate of the highest intersection point D between u;;, and u;, (see
Figure 3). When M; = (myy, my,, my3) and My = (myy, ma,, my3), then the ordinate of D
is computed by

V(MZZMI) = hgt(MlﬂMz)

i1 —mis3 (5)

(m22—ng)— (Wln—mn) .

To compare M; and M,, both the values of V(M; > M,) and V(M, > M,) are required.
The degree of possibility for a convex fuzzy number to be greater than k convex fuzzy
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Figure 3 Membership functions of the set of importance ratings.

numbers M; (i =1, 2,..., k) can be defined by

V(M =My, Ma, ..., My)
= V[(M>M,) and (M >M,) and, ...,and (M = M,)] (6)
—min V(M2M,),i=1,2,...k

d(X;) = min V(S;>Sk). (7)
For k=1, 2,..., n; k = i, then the rating vector is given by
W' = (d(X1),d(Xs), ..., d(X,))" (8)

where X; (i =1, 2,..., n) are n different criteria. Via normalization, the normalized rating

vectors are
W = (R(X1),R(X3), ..., R(X,))" 9)

where W is a non-fuzzy number that provides priority weights of an evaluation criter-
ion over others.

For the accuracy of the method, the consistency measure is performed to screen out
inconsistency between responses. Since M; is a triangular number, it has to be defuzzi-
fied into a crisp number to compute the consistency ratio (CR). The centre of area
(COA) approach is used here for defuzzifying M;. TEN M;(m;1, my, m;3,) can be defuz-
zified into a crisp value by

P(Mi) = [(miz—mp) + (mip-mq)]/3 + ma. (10)

Therefore, the CR of each judgement can be calculated and checked to ensure that it
is lower than or equal to 0.1.

Fuzzy hierarchical TOPSIS

To evaluate remanufacturing alternatives, four fuzzy decision matrixes, D;, are constructed
with respect to four performance measures. Assume there are [ alternative designs A (k=1,
2,..., ) and n main remanufacturing processes. Each remanufacturing process has N; criteria

where the total number of criteria is equal to >} |N; . X4; represents the value of the jth
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criterion within ith remanufacturing process of the kth alternative, which can be crisp
data or appropriate linguistic variables which can be further represented by fuzzy num-
bers (e.g. Xy = (ak,»j, M, bk,»j) ). A hierarchical MCDM problem can be concisely

expressed in a fuzzy decision matrix as

C C,
Cll C12 C1N1 Cnl Cn2 CnN,,
Ay | X111 X112 X1IN; - X1 Xlm2 0 X1nNm
~ Ay | X211 X X e X X e X
D, = A2 [ % X . Faw, 1 Fomx o Fonkin (11)
A | Xk k12 T XkaN, o Xkl Xkn2 0 Xk

k=1,2,Li=1,2-nS=1234

where %;; is the fuzzy evaluation score of alternative A; with respect to criterion C;.
N; is the number of criteria within the remanufacturing process C. s is the number of
performance measures.

In general, the evaluation criteria can be classified into two categories: benefit and
cost. The benefit criterion means that a higher value is better, while for the cost criter-
ion, the opposite is valid. The data of the decision matrix D, comes from different
sources. Therefore, it is essential to normalize it in order to transform it into a dimen-
sionless matrix, which allows the comparison of the various criteria. Here, the normal-
ized fuzzy decision matrix is denoted by R which is shown as

R= [iki/}lxn’ (12)
k= 1727 7lvl: ]-72: ,I’l,]: 1727 '”>Ni'

The normalization process can then be performed by the following operations:

arij M biij . . o
7+1 , +’ ,—1 ,Vij,Xjjis a benefit criterion
uy o uy (13)

) ) ) ~ . . .
(—’,—’,—1>,V,-j,xij 1S a cost criterion
Akij  Migj bkij

;kij =

where u;“ and u; present the largest and the lowest value of each criterion, respectively.

The weighted fuzzy normalized decision matrix is shown as

f/:[f/kij] k=1,2, 0 i=1,2n j=1,2, N; (14)

kxn’
where V=7 ; QW .
Here, W, is the final weight score for each criterion which is the product of the main
remanufacturing process weight score and the criterion weight score with respect to

the corresponding process as follows:

Wi=we,@we, =w@ | "2 |, (i=1,2,n) (15)
WiN;

where wc, and wc; denote the weight score of the ith main remanufacturing process

and the criterion Cj, respectively. Both wc, and wc, are obtained through the fuzzy ex-

tent analysis method discussed in the ‘Fuzzy extent analysis’ section. The calculation re-

sults of Equation 14 can be summarized as
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C, c,
Cn Cpp - Cw, - Ca Cp - Cuy,
Vo_ Ay [ Vi Vi Viing 0 Vi Vi Vinw, (16)
= - - - - - -
Ay | Vour Vo e V2iN, 0 Vam Va2 " Vaun,
Ag | Vinn Veiz - VKING 0 Vil Vie2 Vi,

Subsequently, the fuzzy addition principle is used to aggregate the values within each

remanufacturing process as follows:
~ Ci ,
vkl.:zjzlvk,-j,k:1,2,-~,l;z= 1,2, (17)

The matrix V is thus converted into the final weighted normalized fuzzy decision

matrix \7',
G G ... C,
~1 ~1! ~!
A ey,
Vi= 4 Vor Vy Py, (18)
i I o
A |V Vo e Yy,

Again, the fuzzy addition principle is used to aggregate the values of performance
measures as follows:

Y=3* V.s=123/4 (19)
and
c, C, ... (C,
B Ay 3:’11 ):/12 J:’ln
Y = 42 }’21 ygz ygn . (20)
Ay 3711 5’12 5’1;1

The addition operation is important as the hierarchical structure can be reflected
only when aggregation of the weighted values within each main remanufacturing
process and four performance measures is conducted.

Now, let A" and A~ denote the fuzzy positive idea solution (FPIS) and fuzzy negative
ideal solution (FNIS), respectively. According to the aggregated fuzzy decision matrix,

we have
AT = (5’1—7 ’”75/?—7 j/:zr)

A" = (5’17 “'75/;a 5’;)

(21)

where 7/ and y; are the fuzzy numbers with the largest and the smallest generalized
mean, respectively. For each column i, the greatest generalized mean of y; and the low-
est generalized mean of y; can be obtained, respectively. Consequently, the FPIS (A”)
and the FNIS (A7) are derived. Then, the distances (d* and d") of each alternative from
A" and A” can be calculated by the area compensation method as

di =0 dudi), k=12, Li=12n (22)

‘?1; = Z?:l d(j’kiaj’;)v k=1,2,Li=1,2,n (23)

Page 9 of 19
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d(A,B) = \/; [(@1-b1)% + (a2-b)? + (a3-b3)?]. (24)

By combining the difference distances d* and d-, the relative closeness index is calcu-
lated as follows:
v d;
According the index value, the remanufacturing alternatives can be ranked from the
most preferred to the least preferred feasible options.

Case study

In this section, a case study is presented to illustrate how the proposed approach can
be applied to support decision-making for remanufacturing alternative evaluation. The
product used in the case study is an automotive alternator. The remanufactured alter-
nators can be used again in the vehicle. According to Kim et al. [31], the alternator has
the highest remanufacturing rate. Schau et al. [11] presented a case study of remanufac-
tured alternators, in which they applied life cycle sustainability assessment (LCSA) to
three different alternator designs. However, their LCSA approach and derived results
are also dependent on the underlying assumptions and data availability. In this study,
the authors make reference to the case to demonstrate how the proposed model can fa-
cilitate and simplify the evaluation process from a sustainable remanufacturing design
perspective. With reference to the case [11], the main remanufacturing processes are
defined and the associated evaluation criteria within each process are identified as illus-
trated in Table 2. The total number of remanufacturing processes for evaluation is not
necessary to be restricted to six as shown in Table 2. Since there is no generic guideline
for handling remanufacturing processes, it varies between individual products. To be
clear, relevant data, e.g. remanufacturing processes and bill of materials, has to be col-
lected to construct a similar hierarchical structure. Here, three different alternative de-
signs are examined through the proposed method. Design 1 is a conventional
alternator with belt fitting, fan and steel bearings and cast iron housing. Design 2 is a
lightweight alternator with a plastic fan and aluminium housing. Design 3 is an ultra-
lightweight alternator where also the belt fitting and bearings are replaced by light-
weight parts (aluminium and plastic, respectively).

After constructing the hierarchical model, it is essential to know how important one
process (or its associated criterion) is over another for remanufacturing purpose. In
other words, decision-makers have to determine the weights between the remanufac-
turing processes and the associated criteria. The different weights were calculated using
the fuzzy extent analysis discussed in the ‘Fuzzy extent analysis’ section. Using the main
remanufacturing processes as an example, the fuzzy comparison matrix of five phases
is constructed as described in Table 3.

The importance weights through the pairwise comparison of the five processes with
respect to the remanufacturing operation are expressed by TFNs. The different values
of fuzzy synthetic extent with respect to the five main processes are denoted by S;, Sy,
S3, Ss, and Ss, respectively. By applying Equation 2, we have
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Table 2 A hierarchical structure for the evaluation of three alternative remanufacturing

designs
Remanufacturing Criteria Performance Alternative
processes measures designs
C;. Disassembly Cy1. Number of components
Ci>. Joint type of components
Cy3. Disassembly directions
C,. Detoxification Cy1. Brushing
C5,. Washing with chemicals
Cy3. Cleaning P,. Value
Cs. Machine operations Cs;. Crushing P,. Cost Design 1 (A;)
Cs,. Separation Design 2 (Ay)
Cs3. Polishing Ps. Health and Safety Design 3 (A3)
Caq4. Surface grinding P,. Design difficulties
C4. Repair Cyy. Parts repair
Cyo. Parts replacement
Cy3. Testing of parts
Cs. Reassembly Csy. Hand tools

Cs,. Manual labour

Cs3. Testing of finished products

S;=(4.3,5.5,7.0) ® (1/39.5,1/29.3,1/21.3)
= (0.11,0.19,0.33)

S, = (6.0,10.0,14.0) ® (1/39.5,1/29.3,1/21.3)
= (0.15,0.34, 0.66)

S3=(4.3,6.5,9.0) ® (1/39.5,1/29.3,1/21.3)
= (0.11,0.22,0.42)

Sy=(3.7,4.0,5.0) ® (1/39.5,1/29.3,1/21.3)
= (0.09,0.14, 0.24)

S5=(2.9,3.3,4.5) ® (1/39.5,1/29.3,1/21.3)
= (0.07,0.11,0.21)

The degree of possibility of S; over S; (i # /) can be determined by Equations 3, 4, 5.
V(Sl > Sz) = 0.54,

V(Sl > Sg) =0.87,

Table 3 Synthetic pairwise comparison matrix for remanufacturing processes

cl (o] G Cy Cs
G 1,1 (173,172, 1) 1nmn 1,1 (1,2, 3)
G (1,2,3) (1,11 (1,2,3) (1,2,3) (2,34
G (1,11 (1/3,1/2,1) (1,11 (1,2,3) (1,2,3)
Cy 1nmn (1/3,1/2,1) (1/3,1/2,1) 1nmn (1,1,
Cs (1/3,1/2,1) (1/4,1/3,1/2) (173, 1/2,1) 1,1 (1,1,

Note: CI/RI=0.073.

Page 11 of 19
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Table 4 Summary of comparative weightings of remanufacturing processes and their
associated criteria

Remanufacturing processes w, Criteria W . Final weights

G 0.197 Cy1. Number of components 0.371 0.073
Cy. Joint type of components 0415 0.082
Cy3. Disassembly directions 0214 0.042

G 0.366 Cy1. Brushing 0.052 0.019
Ca,. Washing with chemicals 0.567 0.208
Cys3. Cleaning 0.381 0.140

G 0.255 Cs1. Crushing 0.033 0.008
Cs,. Separation 0.231 0.059
Css. Polishing 0416 0.106
Cs4. Surface grinding 0.320 0.081

Cy 0.106 Cyy. Parts repair 0409 0.043
Cyp. Parts replacement 0409 0.043
Cy3. Testing of parts 0.182 0.019

Cs 0.076 Csy. Hand tools 0.219 0017
Cs,. Manual labour 0219 0017
Cs3. Testing of finished products 0.561 0.043

V(§1284) =1,
V(§1=85) =1.
Similarly,

V(§3281) =1, V(5283) =1, -V(5284) =1,-V(§5,285) = 1;

V(S3281) =1,V (S328,) =0.69,V(S3>28,) =1,V (8§3>85) = 1;

V(S4281) =0.71,V(S42S3) =0.29, V(S4 > S3) = 0.60, V(S4>S5) = 1;

V(S5>81) =0.58,V(S52S,) =0.21, V(S5 >S3) = 0.49, V(S5 > S4) = 84;
Based on Equation 7, we obtain

d(Ll) = min V(Sl 252,53,54,55)
= min(0.54,0.87,1,1)
0.54

Table 5 Linguistic classification of performance measures and the corresponding TFNs

Rating level Linguistic values TFNs

1 Extremely high 0,0, 1/6)

2 Very high (0, 1/6, 2/6)

3 High (176, 2/6, 3/6)
4 Medium (2/6, 3/6, 4/6)
5 Low (3/6, 4/6, 5/6)
6 Very low (4/6, 5/6, 1)
7 Extremely low (5/6,1, 1)
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Table 6 The aggregated fuzzy decision matrix with respect to four performance

measures
A, A2 A3
G Py (0.07,0.10,0.13) (0.07,0.10,0.13) (0.07,0.10, 0.13)
Py (0.10, 0.14, 0.17) (0.07, 0.10, 0.13) (0.04,0.07,0.11)
Ps (0.08,0.11,0.14) (0.09,0.12, 0.15) (0.09, 0.1 15)
P4 (0.09,0.12, 0.16) (0.07,0.11,0.14) (0.05,0.09, 0.12)
G Py (0.12,0.18, 0.24) (0.12,0.18, 0.24) (0.12,0.18, 0.24)
Py (0.11,0.17,0.23) (0.15,0.21,0.27) (0.18, 0.24, 0.30)
Ps3 (0.11,0.17,0.23) (0.13,0.19, 0.25) (0.19,0.25, 0.31)
Py (0.13,0.19, 0.25) (0.12,0.18, 0.24) (0.12,0.18, 0.24)
G Py (0.11,0.15, 0.20) (0.08,0.13,0.17) (0.06, 0.10, 0.14)
Py (0.06, 0.10, 0.15) (0.08,0.13,0.17) (0.1 0.19)
Ps (0.09, 0.14, 0.18) (0.08,0.13,0.17) (0.08, 0.12, 0.16)
Py (0.14, 0.18, 0.22) (0.08,0.13,0.17) (0.03, 0.07,0.12)
Cy Py (0.04, 0.05, 0.07) (0.04, 0.06, 0.08) (0.03, 0.05, 0.06)
Py (0.06, 0.08, 0.10) (0.04, 0.05, 0.07) (0.01, 0.02, 0.04)
Ps (0.04, 0.05, 0.07) (0.04, 0.05, 0.07) (0.04, 0.05, 0.07)
P4 (0.06, 0.08, 0.10) (0.03, 0.05, 0.06) (0.02, 0.04, 0.05)
Cs Py (0.03, 0.04, 0.05) (0.03, 0.04, 0.05) (0.03, 0.04, 0.06)
Py (0.03, 0.05, 0.06) (0.03,0.04, 0.05) (0.02, 0.04, 0.05)
Ps3 (0.03, 0.04, 0.05) (0.03, 0.04, 0.05) (0.03, 0.04, 0.05)
Py (0.05, 0.06, 0.07) (0.03, 0.04, 0.05) (0.01, 0.02, 0.04)
Similarly,

d(Ly) = 1,d(L3) = 0.69,d(Ly) = 0.29,d(Ls)-0.21 .

Therefore, W’

=(0.54, 1,0.69, 0.29, 0.21) after the normalization process, so the

weight vector with respect to the five main remanufacturing processes - C;, C,, C3, Cy

and Cs - can be expressed as

W = (0.197,0.366,0.255,0.106, 0.076).

Using the same approach, the weights of identified evaluation criteria with respect to
their associated remanufacturing processes can be derived, and the results are summa-
rized in Table 4. The final weight scores for evaluation criteria were obtained by calcu-
lating the product of criteria weight scores and the weight scores of its associated

Table 7 The final aggregated fuzzy decision matrix

A, A, As
G (0.34,047, 060) (0.29, 042, 0.55) (0.25,0.38, 0.51)
G (047, 0.71, 096) (0.51, 076, 1.00) (061,085, 1.10)
G (040, 0.57, 0.74) (0.34,051, 068) (0.28,044, 061)
Cs (0.20,0.27, 0.34) (0.14,021, 0.28) (0.09, 0,16, 0.23)
Cs (0.13,0.18,023) (0.11,0.16,021) (0.09, 014, 0.19)

Page 13 of 19
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Table 8 The relative closeness index of alternative remanufacturing designs along with
the final ranking

d d "y Rank
Ay 0.138 0.369 0.727 1
Ay 0.285 0.223 0439 2
Az 0.369 0.138 0.273 3

remanufacturing process. At the same time, the consistency ratio of each judgement
was calculated and checked to ensure that it is lower than or equal to 0.1.

After that, fuzzy hierarchical TOPSIS is employed for the evaluation of three remanu-
facturing alternatives. Performance was rated to the three alternative designs with re-
spect to the four proposed remanufacturing performance measures against all the
evaluation criteria. The qualitative explanation of rating levels and its corresponding
TENs are described in Table 5. The results were then used to constitute a hierarchical
decision-making matrix D as shown in the Appendix. The hierarchical decision-making
matrix was then normalized using Equation 13. By computing the product of the nor-
malized hierarchical decision matrix D and the final weight scores for each evaluation
criterion, the weighted normalized fuzzy decision matrix V is obtained. By aggregating
the values belonging to each remanufacturing process by fuzzy addition principle, the

weighted normalized fuzzy decision matrix V' is acquired as illustrated in Table 6. By
grouping the four performance measure outputs, the final fuzzy decision matrix Y is
obtained as shown in Table 7.

The largest generalized mean and the smallest generalized mean of each main criter-
ion could then be selected constituting the FPIS (A") and the FNIS (A7). Now, the dif-
ference distances of each of the alternatives (df and di) can be calculated as in
Equations 22, 23, 24. Finally, combining the difference distances, the relative closeness
index for each alternative can be obtained. The results are presented in Table 8, to-
gether with the corresponding rankings based on the index values. Among the three al-
ternative designs, the conventional alternator design (A;) has the highest relative
closeness index and therefore should be recommended.

Using the relative closeness index, design 1 (A;) tops the ranking list among the three
remanufacturing alternatives. It is followed by design 2 (A,) and design 3 (A3). In order to

m Design 1 m Design 2 m Design 3

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10 =
0.00 -

Aggregated performance ratings

C1 C2 C3 C4 C5
Remanufacturing Processes

Figure 4 Weighted performance measures of three alternative designs with respect to main
remanufacturing processes.
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m Design 1 m Design 2 m Design 3

PMA1 PM2 PM3 PM4
Performance measures

Aggregated performance ratings

Figure 5 Performance ratings of three alternative designs with respect to different measures.

provide insights of this decision, further analysis was conducted. The analysis result dis-
played in Figure 4, shows the performance ratings of the three alternative designs with re-
spect to the main remanufacturing processes. Overall the detoxification process (C,)
contributes most to the whole remanufacturing operation followed by the machine opera-
tions process (Cs). Although design 1 (A;) has a slightly lower performance than the other
designs in the detoxification process, crucially, it performs better in the other remanufac-
turing processes compared to the other two designs. This is one of the key reasons that
design 1 stands out among the alternative remanufacturing designs. This is further proven
in the ratings of three alternative designs with respect to different performance measures
as illustrated in Figure 5. The conventional alternator design (A;) tops the list in three out
four performance measures including P; (value), P, (cost) and Pz (design difficulties).
Nevertheless, this does not underline the significance of other remanufacturing processes
or performance measures, among which, design 1 (A;) was scored lower than the other
two designs (A, and A3). In fact, it is important for designers to take a balanced approach
when evaluating design options for sustainable remanufacturing purpose.

Conclusions

Remanufacturing is increasingly playing an important role in moving towards a more
sustainable economy. The concept of remanufacturing can be deemed as a competitive
strategy for manufacturers to satisfy diverse requirements from customers as well as
policy makers. This paper proposed a hierarchical framework for evaluating alternative
designs from the remanufacturing perspective. In addition to the evaluation framework,
fuzzy extent analysis is used to calculate the importance weights of remanufacturing
processes and associated evaluation criteria, and fuzzy hierarchical TOPSIS is applied
to evaluate alternative product designs. A case study of remanufacturing an automotive
alternator was presented to validate the proposed methodology and to demonstrate its
effectiveness for remanufacturing design evaluation.

This article makes three key contributions. First, from a remanufacturing point of view,
this research specifically develops a comprehensive hierarchical model for the evaluation
of alternative designs. Key remanufacturing activities, the associated evaluation criteria
and performance measures are identified for the purpose of sustainable remanufacturing.
Second, the research advances the use of fuzzy MCDM methods as an effective and realis-
tic modelling approach for evaluating design alternatives from the remanufacturing per-
spective. Compared to other approaches, e.g. LCA, the integrated fuzzy approach
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proposed in this paper provides a practical design evaluation solution. While the analysis
result is in line with the findings from the study of Schau et al. [11], our approach is sim-
ple and less demanding upon the computational power and time needed to make a deci-
sion. In addition, the proposed approach is less constraining to rigorous data that is
required to conduct a conventional LCA. It is still tractable enough to capture the uncer-
tainty of a product remanufacturing life cycle and provides the efficiency and flexibility to
tap the subjectivity and preferences of decision-makers. Third, through the case study, it
provides some insights into how the application of the proposed integrated fuzzy ap-
proach can support a rational product design selection decision in order to achieve sus-
tainable remanufacturing.

Despite the various advantages outlined in the paper, the presented approach also has
its own limitations. For example, decision-makers have to make subjective decisions in
the pairwise comparisons in evaluating remanufacturing alternatives. Using reliable data
sources instead of subjective decision could lead to more accurate decisions. Therefore,
one future research direction is to consider a more objective method such as data en-
velopment analysis (DEA). Furthermore, the dynamic characteristics and interconnec-
tion among the evaluation criteria are not considered in the hierarchy model. The
interrelationship between these criteria may generate a different result of the import-
ance weights. Future research may need to tackle this shortcoming by using the
decision-making trial and evaluation laboratory (DEMATEL) method or analytic net-
work process (ANP).

Appendix

A hierarchical decision-making matrix D is shown in Table 9.

Table 9 Fuzzy design matrix

Al A2 A3
Cn P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
P, 4/6 5/6 1 2/6 3/6 4/6 0 1/6 2/6
Py 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
P, 3/6 4/6 5/6 2/6 3/6 4/6 1/6 2/6 3/6
Cin P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
P, 3/6 4/6 5/6 2/6 3/6 4/6 2/6 3/6 4/6
Py 3/6 4/6 5/6 3/6 4/6 5/6 3/6 4/6 5/6
P, 3/6 4/6 5/6 2/6 3/6 4/6 1/6 2/6 3/6
Cis P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
Ps 2/6 3/6 4/6 3/6 4/6 5/6 3/6 4/6 5/6
P, 2/6 3/6 4/6 3/6 4/6 5/6 4/6 5/6 1
Cor P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
Py 2/6 3/6 4/6 3/6 4/6 5/6 4/6 5/6 1
P, 3/6 4/6 5/6 2/6 3/6 4/6 1/6 2/6 3/6
Co P, 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
P, 1/6 2/6 3/6 2/6 3/6 4/6 3/6 4/6 5/6
Py 1/6 2/6 3/6 2/6 3/6 4/6 3/6 4/6 5/6

Py 2/6 3/6 4/6 2/6 3/6 4/6 2/6 3/6 4/6
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Table 9 Fuzzy design matrix (Continued)

s

Py
P
P
Py
Py
P
Ps
Ps
P
P
P
Py
Py
P
Ps
Py
Py
P
Ps
Py
Py
P2
Ps
Py
Py
P
Ps
Py
Py
P
Ps
Py
Py
P>
Ps
Py
Py
P
Ps
Py
Py
P
Ps
Ps

2/6
3/6
3/6
2/6
1/6
1/6
2/6
3/6
2/6
3/6
1/6
4/6
2/6
1/6
3/6
3/6
4/6
1/6
2/6
3/6
1/6
4/6
2/6
4/6
3/6
4/6
2/6
3/6
2/6
2/6
2/6
3/6
2/6
2/6
2/6
3/6
2/6
2/6
2/6
4/6
2/6
3/6
2/6
4/6

3/6
4/6
4/6
3/6
2/6
2/6
3/6
4/6
3/6
4/6
2/6
5/6
3/6
2/6
4/6
4/6
5/6
2/6
3/6
4/6
2/6
5/6
3/6
5/6
4/6
5/6
3/6
4/6
3/6
3/6
3/6
4/6
3/6
3/6
3/6
4/6
3/6
3/6
3/6
5/6
3/6
4/6
3/6
5/6

4/6
5/6
5/6
4/6
3/6
3/6
4/6
5/6
4/6
5/6
3/6
1
4/6
3/6
5/6
5/6
1
3/6
4/6
5/6
3/6
1
4/6

5/6

4/6
5/6
4/6
4/6
4/6
5/6
4/6
4/6
4/6
5/6
4/6
4/6
4/6
6/6
4/6
5/6
4/6
6/6

2/6
3/6
2/6
2/6
2/6
2/6
2/6

2/6
2/6
2/6
2/6
2/6
2/6
2/6
2/6
2/6
2/6
2/6
2/6
3/6
2/6
2/6
2/6
2/6
2/6
2/6

2/6
2/6
2/6
2/6
2/6
2/6
2/6
2/6
3/6
3/6
2/6
2/6
2/6
2/6
2/6
2/6

3/6
4/6
3/6
3/6
3/6
3/6
3/6
2/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
4/6
3/6
3/6
3/6
3/6
3/6
3/6
2/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
3/6
4/6
4/6
3/6
3/6
3/6
3/6
3/6
3/6

4/6
5/6
4/6
4/6
4/6
4/6
4/6
3/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
5/6
4/6
4/6
4/6
4/6
4/6
4/6
3/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
4/6
5/6
5/6
4/6
4/6
4/6
4/6
4/6
4/6

2/6
3/6
3/6
2/6
3/6
3/6
2/6
0/6
2/6
1/6
3/6
0/6
2/6
3/6
1/6
1/6
0/6
3/6
2/6
1/6
2/6
0/6
2/6
1/6
1/6
0/6
2/6
1/6
2/6
2/6
2/6
1/6
2/6
2/6
2/6
1/6
4/6
4/6
2/6

2/6
1/6
2/6
1/6

3/6
4/6
4/6
3/6
4/6
4/6
3/6

3/6
2/6
4/6

3/6
4/6
2/6
2/6

4/6
3/6
2/6
3/6

3/6
2/6
2/6

3/6
2/6
3/6
3/6
3/6
2/6
3/6
3/6
3/6
2/6
5/6
5/6
3/6

3/6
2/6
3/6
2/6

4/6
5/6
5/6
4/6
5/6
5/6
4/6
2/6
4/6
3/6
5/6
2/6
4/6
5/6
3/6
3/6
2/6
5/6
4/6
3/6
4/6
2/6
4/6
3/6
3/6
2/6
4/6
3/6
4/6
4/6
4/6
3/6
4/6
4/6
4/6
3/6

4/6
2/6
4/6
3/6
4/6
3/6
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