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Abstract

The reuse of treated wastewater from wastewater treatment plants is an internationally-used
practice with a large variety of applications, i.e. irrigation, urban and recreational uses,
groundwater recharge, aquaculture, and industrial uses, among others. For all of these, the
quality of the water should be taken into account. But it is also important to remark that the
environmental and social impact derived from treated wastewater reuse is an intrinsically
complex multidimensional process. Therefore, the final decision involves multiple criteria and
multiple actors. On many occasions uncertain information is available on social and
environmental factors so it is necessary to apply fuzzy tools to assess it. This work presents
the use of multicriteria decision through the fuzzy TOPSIS method, applied to six different
methodologies concerning the disinfection of treated wastewater prior to its reuse. For this
purpose, a set of criteria and subcriteria through a series of pair-wise comparisons have
been used with linguistic and non-linguistic information processed by the experts.

Keywords: multicriteria decision making MCDM, Fuzzy TOPSIS Method, Linguistic labels,
wastewater reuse.

1. Introduction

Water scarcity in arid and semiarid regions and the increase of its use for agricultural,
recreational, and environmental purposes have brought about an important increase in water
deficit during recent years; this fact forces us to look for new alternatives, mainly water
desalination; and wastewater reuse from wastewater treatment plants (WWTPs), from both
urban as well as industrial facilities.

WWTPs are mostly designed to reduce the biochemical oxygen demand (BOD), although
this treated water still holds an important number of pathogenic microorganisms. In this
sense, water disinfection has proved to be an important tool for the inactivation and
destruction of these organisms, in order to preserve both human health and the environment

[1]

Although different disinfection techniques can be used, chlorination has been the traditional
system employed all over the world for wastewater disinfection. However, chlorine residues
and the presence of disinfection by-products (DBPs) have promoted the development and
implementation of a number of other technologies. Amongst them, ultraviolet (UV) radiation
has come to be the most generalized alternative, with thousands of installations in all
countries. This technology also has some disadvantages: the possibility of repairing UV-
damaged DNA and the need for an extremely low turbidity in wastewater, otherwise the
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disinfection procedure would be useless [2]. The combination of both disinfection
alternatives, i.e., chlorination and UV radiation, would improve the disinfection process,
avoiding the disadvantages of each technique.

Different authors have applied the use of multicriteria decision making (MCDM)
methodologies for the resolution of water problems; Carrasquero et al. [3], about water
quality; Goémez-Limén and Berbel [4], about water demand; and Simoes et al. [5] water
reutilization in Brazil, among others. On the other hand, Abu-Taleb [6], Khalil et al. [7], and
Aragonés-Beltran [8] have used discrete MCDM techniques for water reutilization purposes;
and Gomez et al. [9], and Gémez-Lopez et al. [10] have used this tool for the decision of
different alternatives affecting the disinfection procedure.

For all these reasons, and taking into account the importance in the decision of the
disinfection procedure for wastewater reuse, we have previously dealt with this problem [10].
In that manuscript, we could confirm that the resolution of this problem with crisp numbers
could not allow us to distinguish between different alternatives selected for the first and
second place. We have tried to resolve this problem by means of fuzzy numbers, which
enable a better graduation in the judgments of technical experts. TOPSIS methodology has
been implemented with fuzzy numbers for the linguistic labels modulation.

2. Methodology
2.1 TOPSIS Method

The TOPSIS approach is an MCDM for the arrangement of preference to an ideal solution by
similarity. It was developed by Hwang and Yoon [11] in 1981, also Zeleny [12] and Lai et al.
[13], Garcia-Cascales and Lamata [14], and many others have worked on the topic.

In this study, the TOPSIS method, which is very simple and easy to implement, was used to
select the preference order of the alternatives. The MCDM that includes both numeric and
linguistic labels can be expressed in a matrix.

The TOPSIS algorithm can be expressed in a series of steps that can be seen in Chen and
Hwang [15] and which are summarized below in Figure 1.

Decision matrix construction

v
Normalized decision matrix
v
Weighted normalized decision matrix construction
Calculating the positive and negative ideal solution
Calculating the distance of each alternative to the positive and negative ideal solution
i
X
Calculating the relative proximity
B

v

Rank the alternatives according to their relative proximity

Figure 1. TOPSIS algorithm steps
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2.2. Linguistic variable and Fuzzy Sets

Most of the time, the decision-maker is not able to define the importance of the criteria or the
goodness of the alternatives with respect to each criterion in a strict way. In general, for the
decision-maker it is easier when he/she evaluates judgements by means of linguistic terms.

Since Zadeh [16] introduced the concept of fuzzy set and subsequently went on to extend
the notion via the concept of linguistic variables, the popularity and the use of fuzzy sets
have been extraordinary. We are particularly interested in the role of linguistic variables, and
their associated terms, in this case fuzzy numbers, which will be used in the MCDM.

By a linguistic variable [17, 18, 19] we mean a variable whose values are words or sentences
in a natural or artificial language. For example Age is a linguistic variable if its values are
linguistic rather than numerical, i.e., young, not young, very young, quite young, old, not very
old and not very young, etc., rather than numbers as 20, 21,22, 23,...

So, a linguistic variable is characterized by a quintuple

{X;T(X);U;G;M} (1)

in which

X is the name of the variable,

T (X) is the term set of X, that is, the collection of its linguistic values

U is a universe of discourse,

Gisa syntactic rule for generating the elements of T (X)
and M is a semantic rule for associating meaning with the linguistic values of X .

For decision makers it is generally easier to evaluate using linguistic terms in their
judgments. In these cases the concept of fuzzy number is more appropriate than a real
number.

So, we identify the linguistic variable with a fuzzy set [20,21,22]. Fuzzy set theory, introduced
by Zadeh [16] to deal with vague, imprecise and uncertain problems has been used as a
modelling tool for complex systems that can be controlled by humans but are hard to define
precisely. A collection of objects (universe of discourse) X has a fuzzy set A described by a
membership function fA with values in the interval [0,1].

fa: X—[0,1] 2)

=:f, (X);xe X , . .
Thus A can be represented as { A( ) < } , when fA is the membership function. The
basic theory of the triangular fuzzy number is described in Klir [23].

The defuzzification method used is described in [8], when:

1. (A)= 5 (&) 1= D)5 (8) < 0- 91213, (4 8
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In this way, we have defined a fuzzy number as a function of the three integrals, Se (A‘)
Su(A) and Sr (Af) when Sk (A‘) represents the upper mean value associated with the

inverse function of fAR(X), St (A‘) is the lower mean value of the 9 (x) function and Su(A)
is the area of the core of the fuzzy number, B < [0,1] is the index of modality that represents
the importance of the central value against the extreme values, and A < [0,1] is the degree of
optimism of the decision maker. We have considered the case in which the three areas have
the same weight which would correspond to the neutral decision maker, when

a=12y p=13

The calculation process which has been used in group decision making is defined by Keeney
and Raiffa [24], Chen and Hwang [15] and Triantaphyllou [25] as the process by which you
select the best alternative Ai, i=1,2,...,n with n > 2 by a series of decision-makers or experts
Ek, k=1,2,...,r with r > 2 taking into account a number of criteria Cj, j=1,2,...,m with m > 2 with
which the different alternatives are evaluated, where n, r and m, are discrete. This paper has
used a consistent decision process since the results of each expert were considered in the
same proportion in the group decision.

3. Case study

We choose an algorithm based in fuzzy number (Garcia-Cascales and Lamata, [26]) and
multicriteria decision support TOPSIS method (Hwang and Yoon [11]; Chen and Hwang [15])
to select the best of six different methodologies concerning the disinfection of treated
wastewater before reuse in irrigation. The steps taken are as follows:

1. Identification of the evaluation criteria as finite alternatives.

The decision process scheme is presented in Figure 2. For more details consult (Gomez-
Lopez et al. [10].

Level 1 Disinfection system
alternative selection

Level 2

Criteria
and
subcriteria

svstem implementation

Level 3

Figure 2. The hierarchical structure of disinfection system alternative selection for treated wastewater
reuse for irrigation use.
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2. Decision-makers must specify their judgments, using the type 1 linguistic variables
explained in Table 1 of the relative importance of each criterion’s contribution towards
achieving the overall goal.

Table 1 presents the fuzzy number associated to different linguistic labels. These were used
for the importance weight of each criterion and subcriterion (type 1) and for the ratings of the
alternatives (type 2).

Linguistic label type 1 Linguistic label type 2

Label Description  Fuzzy number Label  Description Fuzzy number
vL Very low [0, 0, 0.1] vB/vL  Very bad/Very low) [0, O, 1]

L Low [0, 0.1, 0.3] B/L) Bad/Low [0, 1, 3]

mL  Mediumlow [0.1, 0.3, 0.5] mB/mL Medium bad/Medium low  [1, 3, 5]

m Medium [0.3, 0.5, 0.7] m Medium [3, 5, 7]

mH  Medium high [0.5, 0.7, 0.9] mG/mH Medium good/Medium high [5, 7, 9]

H High [0.7, 0.9, 1.0] G/H Good/High [7, 9, 10]

vH Very high [0.9, 1.0, 1.0] vG/vH  Very good/Very high [9, 10, 10]

Table 1 - Linguistic variables for the importance weight of each criterion and subcriterion, type 1, and
for the ratings of the alternatives, type 2.

Table 2 presents the fuzzy data of the weights that each expert gave to the groups of criteria.
In the Annex the weight of qualitative subcriteria and data of quantitative subcriteria are
presented in Tables 1 and 2, respectively. The quantitative data are expressed as a
triangular fuzzy number. These are defined by the experimental average data and the
standard deviation. Thus, the triangular fuzzy number will be defined as a triplet (a, b, c) as
follow:

(ab,c)=(X-c,X,X +0,) (4)

being X the experimental arithmetic average, and o, the deviation.
C1 C2 C3 C4
E1 [0.257;0.345;0.455] [0.143;0.241;0.409] [0.086;0.172;0.318] [0.143;0.241;0.409]
E2 [0.250;0.313;0.385] [0.139;0.219;0.346] [0.083;0.156;0.269] [0.250;0.313;0.385]
E3 [0.257;0.345;0.455] [0.143;0.241;0.409] [0.086;0.172;0.318] [0.143;0.241;0.409]

Table 2. Normalised weights for each group of criterion, according to experts

3. Data obtained from the assessment made by each of the experts with regard to the
valuation of each alternative for each of the criteria considered (type 2 linguistic label,
Table 1) are presented in Table 3.

As can be seen, in this case two types of labels have been used, which are associated to the
same fuzzy number. These were chosen by a physiologic explication, in order for the expert
to understand, i.e. a high or low cost and a good or bad company image.
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A1 A2 A3 A4 A5 A6

Expert1 C11 vG G G m B mB

C21 m mH mH H mL m

C22 m mH H wvdH mL mL

C31 mG mG mB B B

C41 L m m H mH

C42 L mL m mH H

C43 L m mH H H
Expert2 C11 G G G mG mB

C21 mL m mH H L mL

C22 mL m mH H mL

C31t G G mG m mB mB

C41 L L m mL H mH

C42 vL vL L mL m mH

C43 L L mL m mH H

Expert3 C11 G G vG mB mB mG

c21 H H v vH mH mH

c22 H vH vH vH m H
C31 vG vG G G mG mG
C41 mH m L v m mL
C42 vL vL mL mL H H
C43 vL wvL L L L L

Table 3. Linguistic labels for the assessment of each criterion for each of the alternatives.

4. Construction of the matrix of decision with fuzzy numbers and construction of the
associated normalized weighted matrix.

5. Determination of the positive ideal solution and the negative ideal solution and
calculation of the separation of each alternative from that solution.
R R”,R®
6. Calculation of the relative proximity ( P ) of each alternative to the positive ideal

and negative solution by proximity index.

Figure 3 shows graphically the result obtained for the proximity index for each alternative
in the decision process for each expert separately and the final result of the group.
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Figure 3. Results on fuzzy numbers of the relative proximity F\_’i of A1 (—), A2 (----), A3 (—), Ad (),

A5 (__) and A6 () for each of the experts and for the group.

7. Defuzzification and definition of the preference ordering of alternatives in crisp

numbers.

As shown in Figure 3, the final decision with the fuzzy numbers is unclear, due to the overlap

of the graphs.

Therefore, it is necessary to use a defuzzification tool. The values obtained in this process
for the group decision are presented in Table 4.

Table 4 shows the data of the coefficients of proximity and order of the alternatives obtained
for solving the problem directly with crisp numbers (Gémez-Lopez et al. [10]) and the
resolution with fuzzy numbers using a later defuzzification.

Crisp Fuzzy
R Order R  Order

Al 046 4 204 5
A2 o052 3 258 3
A 072 2 381 2
A4 072 1 399 1
AS 033 170 6
A6 028 6 200 4

Table 4. Results of the coefficients of proximity and order of the alternatives for the group, using crisp
numbers (Gémez-Lépez et al. [10]) and fuzzy numbers with defuzzification
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It is clear from the results shown in Table 4 that the best alternative will be the fourth one, in
both cases.

It is necessary to emphasize that with the calculation using fuzzy numbers it has been
possible to distinguish more clearly between alternatives 3 and 4, while with crisp numbers
this distinction was quite imperceptible.

4. Conclusions

An analysis with fuzzy numbers has been proposed because the problem has uncertainty in
some of the suggested (proposed) criteria, and also in order to seek great accuracy in
solving the problem.

The TOPSIS method has been chosen to allow the decision to combine quantitative and
qualitative criteria; the use of fuzzy numbers; and linguistic labels. It is true that the classic
TOPSIS method (with crisp numbers) could have been used but the results did not offer
distinguishable alternatives between A3 and A4.

As happened with the calculation with crisp numbers, the alternative that has come out as
the best has been the mixed option of ultraviolet with chlorination between 0.71 and 0.87
ppm, in this case we found that the difference in the coefficient of proximity with the second
best alternative was further away.

Although the result obtained is the same, given the small difference between the best
alternative and the next, the calculation with fuzzy numbers may have caused a change in
the decision.

From the point of view of the problem it would be interesting to implement the decision with
fuzzy numbers for other water uses, such as urban or industrial.

Moreover, it would also be interesting to work with experts with different weights on the final
decision, in order to increasingly approach the realest solution. For example, in the case of
water for irrigation, it would have been interesting to have experts with farmers and
representatives of government organs with decision powers.
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Annex

C11 C21 C22 C31 C41 C42 C43

E1 [0.029;0.055;0.099] [0.050;0.114;0.256] [0.064;0.127;0.256] [0.086;0.172;0.318] [0.042;0.114;0.315] [0.018;0.064;0.220] [0.018;0.064,0.220]
E2 [0.028;0.050;0.084] [0.049;0.104;0.216] [0.063;0.115;0.216] [0.083;0.156;0.269] [0.073;0.148;0.296] [0.031;0.082;0.207] [0.031;0.082;0.207]
E3 [0.029;0.055;0.099] [0.050;0.114;0.256] [0.064;0.127;0.256] [0.086;0.172;0.318] [0.042;0.114;0.315] [0.018;0.064;0.220] [0.018;0.064,0.220]

Table 1anx: Normalised weights for each qualitative subcriterion assigned by each expert

Subcriterion Alternatives

A1 A2 A3 A4 A5 A6
C12: Conductivity (uS/cm) 2647+299 2592+115 2458+190 2490+107 2296+164  2210+280
C13: Turbidity (NTU) 1.3+0.5 1.8+0.7 2.0+0.6 2.8+0.3 5.7+0.9 4.9+0.8
C14: DODs (% reduction) 49.748.0 44.449.7 25.0+4.2 27.1+5.7 77.5+5.9 87.0+3.2
C15: Chlorides (mg/L) 533.8+96.7 522.3+20.4 463.0+12.8 455.2+26.5 309.4+7.2 299.3+16.8
C16: Total coliforms (% reduction) 96.2+9.0 99.4+5.2 94.5+2.3 91.4+6.2 99.6+7.1 100.0+8.3
C17: CF (% reduction) 97.8+7.1 100.0+6.0 95.0+7.3 95.0+9.2 99.2+5.4 82.6+8.1

Table 2 anx: Numerical values of quantitative criteria, obtained experimentally in the laboratory concerned with its standard deviation
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