Asian Journal of Water, Environment and Pollution

Volume2 Number 1 January — June, 2005

Contents

On Hydrodynamics of a Density Current on an Incline
Amir Hamzeh Haghiabi, Mehdi Ghomeshi and Seyed Mahmoud Kashefipour

An Approach in Modelling the Physiological Effects of Waste Disposal on Human Health
C.1. Udeorji, S.A. Oke and W.0. Adedeji

Oceanographic Records of Microorganisms in the Surface Sediments from the Bering
and Chukchi Seas
Chen Ronghua, Meng Yi, Wang Rujian, Hua Di and Xu Jian

Municipal Sludges as Landfill Barrier Material
Peng Zhang and Zhichao Wu

Acute Toxicity Study of Heavy Metal Chromium and Tannery Effluent Water in
Water Flea, Daphnia magna Straus by Bioassay Method
S.N. Talapatra and S.K. Banerjee

Deforestation and Geo-environmental Degradation in the Baner Khad Watershed,
Himachal Pradesh, India
Rajwant, A.K. Mahajan and U.K. Sharma

Hydrogeochemical Study of Ground Water Fluoride Contamination: A case study
from Guwabhati city, India
Ratnesh Sharma, Sumit Shah and Chandan Mahanta

A Study of Air Pollution on Kharg Island in the South of Iran
S. Tasharrofi, A. Dahaghin, H. Kazemi and M. Farhadynya

Copper based Fenton’s System for the Decolourization of Synthetic Dyes and
Dye Industry Effluents
Vishal Shah, Manish Bhatt, Pavel Stopka and Frantisek Nerud

Concentrations of Cd, Cu and Zn in the Fish Tilapia Oreochromis mossambicus Caught
from a Kelana Jaya Pond
CK. Yap, A. Ismail and P.K. Chiu

A Statistical Interpretation for the Source Identification of Trace Elements in
Surface Soils of Danang-Hoian Area, Vietnam
Hoang Thi Thanh Thuy, Heinz Jiirgen Tobschall and Pham Van An

Behaviour and Distribution Pattern of Nutrients in River-Estuarine Waters of Mahanadi,
Orissa, India
Sanjay Kumar Sundaray, Unmesh Chandra Panda,
Binod Bihari Nayak and Dinabandhu Bhatta

Spatial Assessment of Impacts on Water Quality due to Highway Development Project
M.L. Agrawal, B. Maitra and M.K. Ghose
A Computer Programme for Recycled Quantity Estimation of Solid Wastes
L.O. Popoola and S.A. Oke

Book Review: Plan B: Rescuing a Planet under Stress and a Civilization in Trouble
by Lester Brown
Claudio O. Delang

19

27

33

39

47

55

61

65

71

77

85

93

103




Asian Journal of Water, Environment and Pollution, Vol. 3, No. 1, pp. 13-19.

Minimization of Freshwater Extraction by Using Treated
Wastewater: A Fuzzy-Based Approach

Shakhawat Chowdhury* and Tahir Husain

Faculty of Engineering
Memorial University of Newfoundland
St. John’s, NL, Canada A1B 3X5
D<) shossain@engr.mun.ca

Received August 10, 2005, revised and accepted October 10, 2005

Abstract: The rapid growth of population, insufficient recharges of fresh water to the underground aquifers and
increased agricultural and landscaping activities have stressed on the natural water systems in the Middle East
countries. One of the available freshwater supply sources is the underground water system, which is commonly
known as non-renewable water source. A large portion of domestic wastewater is currently discharged into the
natural water bodies without primary treatment. Being contaminated by domestic use, discharged wastewater may
cause serious environmental effects to the aquatic biota. Reuse of this water has dual benefit: reduction of fresh
water extraction from stressed non-renewable sources and minimization of environmental effects. This study has
introduced a fuzzy evaluation of treated wastewater reuse for agricultural and landscaping purposes. Fuzzy hierarchy
structure has been developed to conduct this study. Fuzzy triangular membership functions have been employed to
capture relevant uncertainties. The analytic hierarchy process has been incorporated to develop priority matrices for
different hierarchy level attributes. The uncertainty in developing priority matrices was minimized through
incorporating different experts’ judgments from relevant field. Finally, a hypothetical case study was performed

and future research directions were outlined.

Key words: Wastewater reuse, uncertainty, priority matrix and analytic hierarchy process.

Introduction

The population growth and expansion of agricultural and
landscaping activities in the Middle East countries have
increased in the recent years, so is the fresh water
requirement. As a result, the authority has to mount
pressure on the available sources of fresh water. The
available sources for water supplies are surface and
renewable water sources, underground and non-
renewable water sources, harvesting of rainwater and
desalination of seawater. Harvesting of rainwater is
currently practiced in some countries including India.
The feasibility of rainwater harvesting depends on
amount of rain, which is quite low in these countries
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throughout the year. Desalination of seawater involves
high cost and is used for supplying drinking water. Use
of desalinated water for agricultural and landscaping
purposes may not be economically feasible because of
its high cost. In Middle East, most of the fresh water
demand is supplied from underground and other non-
renewable water sources (Alhumoud et al., 2003). The
major portion of the fresh water is used for agricultural
and landscaping purposes in the Middle East (Alhumoud
et al., 2003). Use of treated wastewater for agricultural
and landscaping purposes can reduce fresh water
extraction from non-renewable sources and consequently
the greater environmental problems can be reduced or
delayed. In using treated wastewater, many factors
including treatment and distribution cost, health risk,
public perception and effects on agricultural products
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are involved. The information on such criteria is
associated with uncertainties due to lack of proper
knowledge and/or natural variability. To incorporate
uncertainties of different parameter values, Monte Carlo
simulation is widely used; but imprecisely informative
data cannot be analyzed by Monte Carlo calculation. In
Monte Carlo simulation, the less probability parameter
values have fewer chances to be randomly selected; thus
a portion of possibility may be ignored. On the contrary,
fuzzy logic considers all possible parameter values
through membership functions; thus provides better
environmental protection (Guyonnet et al., 1999). Fuzzy
logic can characterize the imprecisely informative data
and provides rational solutions to the real life problems
(Bonissone, 1977). Fuzzy logic and its application
procedure are described in the following sections.

Fuzzy Evaluation Process

To analyze imprecisely informative data, Zadeh (1965)
introduced fuzzy set theory. In a traditional set theory,
an element is identified by Boolean logic. If the element
is in set 4, the membership grade is unity, otherwise
zero. A fuzzy set is an extension of the traditional set
theory in which an element has certain degree of
membership p in set 4. A fuzzy set establishes
relationship between uncertain data (x) and membership
function p, which ranges from 0 to 1. The membership
function, p,(x), is defined as the fuzzy subset a in the
universe of discourse x. The triangular membership
function (TFNs) for Figure 1 can be shown as

x—a b-a asx<b

w()=Ox-¢ b-c bsxsc (1)
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&
=
=
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Figure 1: Construction of membership function.

The TFN is defined by (a, b, ¢), where a, b and ¢
represent the minimum, most likely and maximum values
(Figure 1). Although any shape of fuzzy data can be used,

the triangular fuzzy numbers and trapezoidal fuzzy
numbers are mostly used to represent linguistic scales
(high, medium, low) of the managers, professionals and
stakeholders (Lee, 1996; Sadiq et al., 2004).

For two fuzzy number p(a, b) and ¢(d, e), the
arithmetic operations are shown as

ptq=(atd,bte)

p-q=(a—e b-d

p. g = (min(ad, ae, bd, be), max(ad, ae, bd, be))

plq = (min(a/d, ale, b/d, ble), max(a/d, ale, b/d, b/e))

if 0¢de

The fuzzy assessment of risk-cost trade-off is a step-
by-step procedure described in the following sections.

Step 1. Identification of Basic Attributes and
Development of Hierarchy Structure

In treated wastewater reuse, the system index (SI) has
two components: cost (a;) and risk (a,). Cost is divided
into two attributes: fixed cost (a,,) and operation and
maintenance cost (a;,) as shown in Figure 2. Operation
and maintenance (O & M) cost (a,,) has been divided
into two basic attributes: secondary treatment (a;,;) and
tertiary treatment (a,,,). The risk attribute (a,), has three
sub attributes: social acceptance (a,,), human health risk
(ayy) and crop growth (a,3). The social acceptance
depends on many parameters including religious belief
and traditional culture. The potential scopes of using
treated wastewater are: agriculture and landscaping. The
social acceptance attribute (a,,), is divided into two
categories: agricultural (a,,,) and landscaping (a,,,) use.
The human health risk is associated with handling treated
wastewater (a,,,) and ingestion of crop produced by
applying treated wastewater (a,,,). For both handling
and crop ingestion, there are possibilities of health risk
from microbial infection (ayy1; Or @yyy1) or chemical
ingestion (a,,;, O @,5,,) as shown in Figure 2.

Step 2. Defining Linguistic Variables

In risk assessment studies, most of the information is
imprecisely defined due to unquantifiable nature of data
or lack of proper knowledge. The experts (managers,
stakeholders and researchers) often use linguistic scales
(very good, good and bad) to express the existing
scenarios. Generally 5 to 11 linguistic scales are used to
incorporate the experts’ judgments (Saaty, 1988). Too
many scales make the evaluation process complex (Lee,
1996). In this study, five linguistic scales—bad (B), poor
(P), fair (F), good (G) and excellent (E)—have been
considered to capture experts’ judgments. The respective
spreads for the linguistic scales are shown in Figure 3.
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Figure 2: Hierarchy structure of wastewater treatment evaluation.
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Figure 3: Membership spreads of the linguistic variables (B: (0,0,0.3), P: (0,0.3,0.5),
F: (0.3,0.5,0.7), G: (0.5,0.7,1.0), E: (0.7,1,1)).

Step 3. Obtaining Fuzzy Data and Membership
Functions

The different attributes like social acceptance, risk from
contaminated crop ingestion and operation and
maintenance cost are ambiguous or imprecise in nature;
thus obtaining data for those attributes is very difficult.
To overcome these difficulties, the experts in the relevant
field are generally requested to provide their judgments

(Chow and Liang, 2001). In case of more than one expert,
the average of all judgments on any particular attribute
is considered (Chow and Liang, 2001). Similar approach
has been undertaken in this study. Initially, three experts
were requested to provide their judgments on different
basic attributes and are shown in Table 1. The average
values of the three experts’ judgments are also shown in
Table 1. These fuzzy data were mapped on Figure 3 to
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Table 1: Experts Judgments for Different Attributes of
Wastewater Treatment Evaluation

Sub criteria Expert Average fuzzy data
El  E2 E3

Fixed cost G F G 0.433, 0.633, 0.9

S. Treatment F F F 0.3,0.5,0.7

T. Treatment P F P 0.1, 0.367, 0.567

Agricultural use F F F 0.3,0.5,0.7

of water

Landscaping use F E 0.433, 0.667, 0.8

of water

Microbial risk- P F P 0.1, 0.367, 0.567

handling

Chemical risk- P P F 0.1, 0.367, 0.567

handling

Microbial risk- G F G 0.433, 0.633, 0.9

crop ingestion

Chemical risk- G G G 0.5,0.7, 1.0

crop ingestion

Crop growth F E F 0.433, 0.667, 0.8

obtain the membership functions. The membership
functions are shown in Table 2. The details about
obtaining membership functions from fuzzy data can be
found elsewhere (Chowdhury and Husain, 2005; Lee,
1996). For the more generalized attributes in subsequent
hierarchy level, the membership functions were
evaluated based on the membership functions of the basic
attributes and priority matrix following hierarchy
aggregation.

Table 2: Membership Functions of the Basic Attributes
of Wastewater Treatment Evaluation

Sub criteria Membership functions
Fixed cost 0, 0.19, 0.66, 0.83, 0.32
S. Treatment 0,0.5,1.0,0.5,0
T. Treatment 0.32, 0.81, 0.69, 0.19, 0
Agricultural use of water 0,0.5,1.0,0.5,0

Landscaping use of water
Microbial risk-handling
Chemical risk-handling
Microbial risk-crop ingestion
Chemical risk-crop ingestion
Crop growth

0, 0.19, 0.66, 0.80, 0.21

0.43, 0.94, 0.52, 0.13, 0

0.43, 0.94, 0.52, 0.13, 0

0, 0.19, 0.66, 0.83, 0.32
0,0,0.5,1.0,0.5

0, 0.19, 0.66, 0.80, 0.21

Step 4. Developing Priority Matrix

Fuzzy evaluation requires the relative weights of different
attributes at each hierarchy level. The analytic hierarchy
process (AHP) is a popular process to define the relative
importance of each attribute. Saaty (1988) developed

fundamental scales of importance ranging from 1 to 9 to
construct priority matrix for different attributes through
pairwise comparison. The comparative scales of
importance are shown in Table 3. These are then
normalized and the relative matrix is formed in such a
way that

Table 3: Fundamental Scales of Importance
(Source: Saaty, 1988)

Scales Definition Description

1 Equal importance Both alternative are equal

3 Weakly important ~ Experience and judgment
weakly tend to prefer one
alternative

5 Strongly important ~ Experience and judgment
strongly tend to prefer one
alternative

7 Demonstratively Experience and judgment

important demonstratively tend to

prefer one alternative

9 Absolutely important Experience and judgment
absolutely tend to prefer one
alternative

2,4,6,8 Intermediate values Need to judge/compromise

between two

n -1
AN

A simple example to establish the priority matrix is
illustrated as: Consider the level 2 attribute: Risk (a,). It
has three sub attributes: social acceptance (a,,), human
health risk (a,,) and crop growth (a,;). From pairwise
comparison, the experts’ judgments are as follows:
attribute a,, is less important than attribute a,, at a ratio
3 : 4 and attribute a,, is more important than attribute
a,; at aratio 4: 3. In the priority matrix, each element of
the lower triangle in the matrix is reciprocal to the upper
triangle (/; = 1/I;). The priority matrix becomes

Ay Gy Gy
a,, 1 075 1
133 1 1.3

I 075 1

W=
)

a3

The matrix / can be formed by taking rowwise
geometric mean (Saaty, 1988) of elements and
normalization to unity as

0 O 0o
O O 0
0 0 O

W 3)

oo™
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The weighting schemes at different hierarchy level
are shown in Table 4.

Table 4: Priority Assignment of Different Hierarchy
Level Attributes

ajr Wy Wi  Trial 1 (T1) Trial 2 (T2) Trial 3 (T3)

W, wm W,

ay

ap 0.4 0.5
ajp 0.5

ajng 0.4 0.6 0.5
[250%) 0.6

a

04 03

ar

ary 0.55 0.3 0.4
[123¥) 0.45

a

(25031 0.5

anrii 0.6 0.6

annin 0.4 0.4 0.4
a2

anny 0.6 0.4

any 0.4

[25%} 0.3 0.2

0.6 0.7

Step 5. Aggregation through Hierarchy Structure
Fuzzy aggregation is a systematic approach starting from
the basic attributes following the hierarchy structure. The
aggregation is performed systematically through
combinations of priority matrix and fuzzy assessment
matrices formed by the membership functions. The
different level calculation for evaluating treated
wastewater reuse is presented as:

Level 4 (L4) calculations

The fuzzy subsets for basic attributes of human health
risk associate with handling of treated wastewater (a,,,)
and ingestion of crops (a,,,). The assessment matrices
for risk from handling of treated wastewater (a,,,) and
ingestion of crops (ay;) are developed as

_ 0043 094 052 013 00
21~ Ho43 094 052 013 of *"

0000 019 066 083 0320
“2 = Hoo0 000 050 100 050H

The weighting schemes for a,,, and a,,, are obtained
from Table 4 as

Wi =10.6

Wi =[0.6

0.4] and
0.4] respectively

The evaluation matrix 45, and 45, for handling and
crop ingestion are evaluated as
Ay =10.6 0.4] x

0043 094 052 013 00O
Ho43 094 052 013 0fH
=043 0.94 0.52 0.13 0.00] and
Ay, =[0.6 0.4] ¥
0000 0.19 066 083
Hooo 000 050 1.00
= [0.00 0.114 0.596 0.898 0.392]

0.32 0
0.50 B

Level 3 (L3) calculations

The assessment matrix for human health risk (a,,), social
acceptance (a,,) and operation and maintenance cost
(a,,) are developed as

. _ 0043 0940 0520 0.130 0.00 [0
27 Hoo0 0.114 0.596 0.898 0.392H

_ 0000 050 100 050 0000
17 Hooo 019 066 080 0218
. 0000 050 100 050 0000
127 Ho32 081 069 0.19 0008

The weighting schemes have been developed as
Wi, =10.6 0.4]
Wy, =1[0.55 0.45] and
W31, =[0.4 0.6] respectively
The assessment matrix 4,,, 4,; and 4, were
developed as
A,,=10.6 0.4] x

J043 0940 0.520 0.130 0.00 O
H000 0.114 0.596 0.898 0.3925

= [0.258 0.610 0.550 0.437 0.157]
Ay, = [0.55 0.45] x

0000 050 100 050 0000

Ho00 0.19 066 080 021FH

= [0.00 0.361 0.847 0.635 0.095] and
A,=[04 0.6]

0000 050 100 050 0000

Ho32 081 069 0.9 000H

=10.192 0.686 0.814 0.314 0.00]

Level 2 (L2) calculations
The assessment matrix for level two attributes, cost (a;)
and risk (a,), are developed as
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066 083 0320
0814 0314 0.00 H

0000 0.19
9= H0.192 0.686

0.847 0.635 0.095 U
= 8 0550 0437 0.157 O
00.00 0.190 0.660 0.800 0210
The weighting schemes have been developed as
W, =104 0.6]
w,=10.3 0.4 0.3]
The assessment matrix 4, and 4, were developed as
A4,=10.4 0.6] x
0000 0.19 066 083 0320
H0.192 0686 0814 0.314 0.008

=1[0.115 0.488 0.752 0.520 0.128]
4,=103 04 03] x

00.000 0361
a = J0.258 0610

0.000 0361 0847 0.635 0.095 O
Uo.258 0610 0550 0.437 0.157 U
0.00 0190 0660 0.800 0210

=10.103 0.409 0.672 0.605 0.154]
Level 1 (L1) calculations
The assessment matrix for level one is developed as

4= 00.115 0488 0.752 0.520 0.128 O
H0.103 0409 0672 0.605 0.154 B

The weighting schemes for level 1 calculation are
developed as

04 -

0.3

0.2

o

(.1

Possibility mass function--

Bad Poor

w=10.5 0.5]
The level 1 evaluation matrix was developed as
A=10.5 0.5]
00.115 0.488 0.752 0520 0.1280
H0.103 0.409 0672 0605 0.154H
=[0.1092 0.448 0.712 0.563 0.141]

The final fuzzy set for treated wastewater reuse can
be expressed after normalizing to unity as

a= s s s s

The possibility mass functions for the final fuzzy sets
are presented in Figure 4. The status of treated wastewater
reuse is somewhere between ‘Fair’ and ‘Good’ as shown
by the possibility mass function (Figure 4).

Step 6. Defuzzification

The evaluation of fuzzy sets results in fuzzy data.
Comparison of fuzzy data is not straightforward. The
crisp value of a fuzzy set can be obtained by many
methods including Chen and Hwang (1992) and Yager
(1980). The centroidal method (Yager, 1980) is one of
the most widely used approaches for defuzzification. The
method can be expressed as

b AN 7
J’xA x dx

R(x)=5—— (4)
J‘A X dx

Excellent

Good

Fair

Linguistic Scale

Figure 4: Possibility mass functions for wastewater treatment.
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where a and b are the intervals of integration. The details
of the procedure can be found elsewhere (Cheng and
Hwang, 1992; Yager, 1980).

The centroid was determined as 0.522, which indicates
the final status within ‘Fair’ and ‘Good’.

Summary and Discussions

The evaluation of treated wastewater reuse has been
performed through a systematic approach using fuzzy
aggregation. This approach includes (1) identification
of the attributes at different hierarchy level associated
to treated wastewater reuse (Figure 2); (2) evaluation of
fuzzy data for each of the basic attributes and
fuzzification using linguistic variables (Figure 3); (3)
determination of relative importance for basic attribute
through pairwise comparison using analytic hierarchy
process; (4) aggregation of the basic attributes using
hierarchy structure in Figure 2 to obtain final fuzzy sets;
and (5) defuzzification of the final fuzzy sets to evaluate
the final status of treated wastewater reuse.

The annual rainfall is insufficient to satisfy the basic
needs in Middle East countries (Alhumoud et al., 2003).
To cope with this deficiency, the authority is extracting
huge amount of fresh water from the non-renewable
sources, which may induce severe environmental
problems in the near future. To avoid or minimize these
effects, there is a need to think about using treated
wastewater for agricultural and landscaping purposes.
Throughout the Middle East countries, small-scale use
of treated wastewater has begun; but the amount is very
small in comparison to the wastewater produced.
Approximately, 1800 million cubic metres domestic
wastewater is generated in Saudi Arabia while only 180
million cubic metres is treated for reuse. Use of treated
wastewater reduces contaminated water discharge into
the sea; thus a better environmental scenario is expected
in the marine environment. At the same time, stress on
non-renewable water sources can be reduced;
consequently, greater environmental consequences may
be delayed or avoided.

The weighting scheme for each level attributes was
performed through pairwise comparisons. The human
health risk was given equal and higher importance than
cost (Table 4). The centroid values were determined as
0.522, 0.530 and 0.528 for trial 1, trial 2 and trial 3
respectively. The status was evaluated between ‘Fair’
and ‘Good’ in all trials (Figure 3).

This study presents a framework for assessment of
using treated wastewater. This technique captures

uncertainties by assigning triangular membership
functions to the basic attributes. This study includes
transformation of linguistic scales (bad, poor, fair, good
and excellent in this study) into numerical quantities with
ranges, so that the biases and imprecision from different
experts in defining linguistic scales can be minimized.
The generic nature of the framework may be extended
to evaluate other environmental scenario.

The basic attributes need to be investigated in case of
site-specific study. The future research will focus on

e determination of unit cost for secondary and tertiary
treatments of wastewater,

e cvaluation of social acceptance of using treated
wastewater for agricultural and landscaping purposes,

e development of human health risk assessment models
from handling of treated wastewater and crop
ingestion, and

e development of models for typical effects on yields
of crops produced by using treated wastewater.
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