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a b s t r a c t

The optimal design of multicontaminant industrial water networks according to several objectives is

carried out in this paper. The general formulation of the water allocation problem (WAP) is given as a set

of nonlinear equations with binary variables representing the presence of interconnections in the

network. For optimization purposes, three antagonist objectives are considered: F1, the freshwater flow-

rate at the network entrance, F2, the water flow-rate at inlet of regeneration units, and F3, the number of

interconnections in the network. The multiobjective problem is solved via a lexicographic strategy,

where a mixed-integer nonlinear programming (MINLP) procedure is used at each step. The approach is

illustrated by a numerical example taken from the literature involving five processes, one regeneration

unit and three contaminants. The set of potential network solutions is provided in the form of a Pareto

front. Finally, the strategy for choosing the best network solution among those given by Pareto fronts is

presented. This Multiple Criteria Decision Making (MCDM) problem is tackled by means of two

approaches: a classical TOPSIS analysis is first implemented and then an innovative strategy based on the

global equivalent cost (GEC) in freshwater that turns out to be more efficient for choosing a good

network according to a practical point of view.

1. Introduction

The interactions between industry and environment were

practically nonexistent, or regarded as a secondary concern a few

years ago. Nowadays, the environmental preservation became yet

an imperative for all human activities, involving namely industries.

Consequently, there is a real industrial challenge for insuring good

production levels while polluting and consuming natural resources

as less as possible. In particular, industrial development is always

linked to the use of high volumes of freshwater. The terrestrial

freshwater reserves have been known to be finite and widely

affected by human activities for several decades. According to

a recent environmental outlook (OECD, 2008), the number of

people living in areas of severe water stress will increase from 1

billion to over 3.9 billion by 2030.

The total freshwater consumption has been recently estimated

at 4000 km3 a year and the part of industries accounts for 20 per

cent of this consumption (UNESCO, 2009). However, in a lot of

industrialized countries, this industrial water consumption widely

exceeds fifty percent. Hence, it becomes urgent to propose feasible

solutions which can be easily implemented in the industrial world,

while respecting reasonable costs that do not weaken productivity.

By developing cleaner and more economic water networks, the

freshwater consumption as well as waste water can be reduced by

far. Furthermore, most of the industries involve a lot of contami-

nants in the processing chain that have also to be minimized in the

waste flows. The resulting problem is typically multiobjective with

several conflicting objectives to be simultaneously optimized.

In previous works, water allocation problems (WAP) have been

tackled by threemain approaches including graphical methodology

(Linnhoff and Vredeveld, 1984; Dunn and El-Halwagi, 2003; Jacob

et al., 2002; Manan et al., 2006), mathematical programming

(Bagajewicz and Savelski, 2001; Feng et al., 2008; Huang et al.,

1999; Savelski and Bagajewicz, 2003) and synthesis of mass

exchange networks (El-Halwagi, 1997; Hallale and Fraser, 2000;

Shafiei et al., 2004).

On the one hand, although easy to understand, the main

drawback of graphical technologies is the difficulty of dealing with

multicontaminant and complex water network. It is mainly for this

purpose that design methods have been recently more developed

with multiobjective evolutionary algorithms (Deb, 2001; Coello

Coello et al., 2002). They are of several types including genetic
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programming, evolutionary strategies (Maier et al., 2003) or

genetic algorithms (GA). The latter is the most used in water

network problems (Prakotpol and Srinophakun, 2004; Lavric et al.,

2005; Keedwell and Khu, 2005; Cao et al., 2007). In these studies,

the use of a GA is often based on pinch technology needing

preliminary simplifications. Furthermore, most of GA encounters

difficulties when dealing with problems involving Mixed Integer

Programming’s (MIP’s) equality constraints, as it is the case in this

study (the balance equations must be satisfied with a tolerance less

than 10"15). Another main drawback of these methods is that they

consume a large computation time (Keedwell and Khu, 2005).

On the other hand, due to the recent development of efficient

numerical toolboxes, the graphical methods pinch-based tech-

niques have been competed by mixed-integer programming

approaches either linear (MILP) or nonlinear (MINLP). The linear

case is generally restricted to simple water networks involving only

one contaminant, while the nonlinear one can theoretically be

applied to more complex networks.

Huang et al. (1999) defined a superstructure of a complex

network involving processes using both water and regenerating

units for water with a given output concentration of contaminants.

The first linear formulations implemented for maximizing the

water regeneration and reuse into industrial processes are due to

Bagajewicz and Savelski (2001), El-Halwagi et al. (2003) and Wang

and Smith (1994). Quesada and Grossmann (1995) and, later, Galan

and Grossmann (1998) developed a MINLP strategy based on the

relaxation of the bilinear terms involved in the balance equations.

Indeed, the maximization of the water recovery implies the mini-

mization of freshwater consumption as well as of the effluent

emissions. Recently, Feng et al. (2008) and Ahmetovic and

Grossmann (2010) have studied multicontaminant water

networks with a sequential multiobjective optimization. Very few

studies take into account several objectives simultaneously. It is

more common to choose a cost objective function to minimize.

However, it does not guarantee a simple topology for the network

and it proposes only one network instead of several suitable solu-

tions. Various techniques can tackle with more than one objective

such as genetic algorithms (Tamaki et al., 1996), or weighted-sum

(Zadeh, 1963; Kim and de Weck, 2005) and epsilon-constraint

methods (Marglin, 1967). The former is not used because of the

previous comments on the use of GA and the second presents two

main drawbacks. The first one is the distribution of theweight upon

objectives that cannot be representative of real cases and the

second is that this method is not able to find solutions to non-

convex problems which is the case here (Kim and de Weck, 2005).

In a lot of published works, it is generally admitted that the

study of a multicontaminant water network may be simplified by

using the commonly called “key parameter” (Bagajewicz et al.,

2000; Savelski and Bagajewicz, 2003; Wang et al., 2005; Walczyk

and Jezowski, 2008). According to Bagajewicz et al. (2000), the

key component can be defined following these rules: « if a solution

is optimal, then at every process, the outlet concentration of a key

component is not lower than the concentration of the combined

wastewater stream coming from all the precursors. The key

component of a process is obtained as follows: the minimum

freshwater flow-rate needed to pick up the load of each component

in the process is calculated. The key component is the one corre-

sponding to the largest of these flow-rates.” This approach allows

solving a multicontaminant WAP with only one objective function

that can be either the freshwater consumption or a cost objective

function. However, the multiobjective aspect will be kept in this

paper to preserve the problem generality. Inwhat follows, we show

that the key contaminant may change in function of the freshwater

flow-rate used in the network. So a study based on the key

Nomenclature

Cdi Discharged concentration of contaminant i (ppm)

Cmaxii;j Maximum inlet concentration of contaminant i for

process j (ppm)

Cmaxoi;j Maximum outlet concentration of contaminant i for

process j (ppm)

Crmaxoi;l User-fixed outlet concentration of contaminant i for

regeneration unit l (ppm)

Cpii;j Inlet concentration of contaminant i for process j

(ppm)

Cpoi;j Outlet concentration of contaminant i for process j

(ppm)

Crii;l Inlet concentration of contaminant i for regeneration

unit l (ppm)

Croi;l Outlet concentration of contaminant i for regeneration

unit l (ppm)

Ei;l Efficiency of regeneration unit l regarding contaminant

i

F1 Freshwater flow-rate at the network entrance (T h"1)

F2 Water flow-rate at inlet of regeneration units (T h"1)

F3 Number of interconnections into the network

GA Genetic Algorithm

GEC Global Equivalent Cost (T h"1)

MCDM Multiple Criteria Decision Making

Mi,j Mass load of contaminant i generated by process

j (g h"1)

MINLP Mixed Integer NonLinear Programming

NLP NonLinear Programming

TOPSIS Technique for Order Preference by Similarity to Ideal

Solution

WAP Water Allocation Problem

wdj Discharged water flow-rate from process j (T h"1)

Wpj/k Water flow-rate between two processes j and k (T h"1)

Wprj/l Water flow-rate going from process j to regeneration

unit l (T h"1)

Wrl/m Water flow-rate between two regeneration units l and

m (T.h"1)

Wrdl Discharged water flow-rate from regeneration unit l

(T h"1)

Wrpl/j Water flow-rate going from regeneration unit l to

process j (T h"1)

W j
1 Freshwater flow-rate used by a process (T h"1); index 1

represents freshwater

y Binary variable

Subscripts

i Contaminant

j,k Processes

l,m Regeneration units

Superscripts

i Inlet

o Outlet



contaminant is valid in the aim of finding the minimum freshwater

target but cannot be implemented for designing an optimal water

network regarding several objectives.

This paper deals with the optimal design of multicontaminant

water networks according to several objectives. The general

formulation of the WAP is given as a set of nonlinear equations in

the first part of this paper. In order to properly design a clean and

economically viable network, three antagonist objectives are

considered: F1, the freshwater flow-rate at the network entrance,

F2, the water flow-rate at inlet of regeneration units, and F3, the

number of interconnections into the network. The first criterion is

the most commonly used for environmental purposes. The objec-

tive F2 is related to economical insight because if a high amount of

regenerated water will be associated with an increased cost for the

user. The third one represents the network complexity through the

number of interconnections. Then, the numerical tool, namely

a multiobjective mixed-integer nonlinear programming (MINLP)

procedure implemented in a lexicographic strategy based on

epsilon-constraint method is briefly described.

A numerical example from the literature illustrates the

approach. The selection of a particular network after the multi-

objective optimization study is yet still lacking in the majority of all

the previous works dealing with multiobjective optimization.

Hence, after providing a lot of solutions displayed in the form of

a Pareto front, a multicriteria decision making procedure has to be

implemented in order to guide the practitioner for choosing

a particular network within the solution set. For this purpose, two

methods are implemented for tackling the Multiple Criteria Deci-

sionMaking (MCDM) problem: first, a classical TOPSIS analysis and,

second, an innovative strategy based on the global equivalent cost

(GEC) in freshwater that turns out to be more efficient for choosing

a good network according to a practical point of view.

2. Problem definition

2.1. Superstructure formulation

The formulation of the WAP is similar to the one of the majority

of previous works (see for example Chew et al., 2008): from a given

number of regeneration units and processes, all the possible

connections between them may exist, except regeneration recy-

cling to the same regeneration unit or from a process to the same

one. The latter restriction on superstructure forbids self-recycles on

process and regeneration units, although this operation is often

relevant in chemical industries. Each process admits fixed maximal

input and output concentrations, and in the same way, regenera-

tion units have a given processing capacity. For each water-flow-

rate using process, input water may be freshwater, used water

coming from other processes and/or recycled water; the output

water for such a process may be directly discharged, distributed to

other processes and/or to regeneration units. Similarly, for

a regeneration unit, input water may come from processes or other

regeneration units. Regenerated water may be reused in the

processes or directed to other regeneration units. By concern of

generalization, the problem is built as a set of black boxes, in order

to adapt the formulation to a great variety of practical cases. In this

black-box approach, the role (physical or chemical transformation)

of each process within the network is not taken into account. For

each process input or output contaminant mass fractions (ppm) are

imposed by the user, and constitute bounds for the optimization

problem.

Each task performed by a given process contaminates its input

waterup to agivenmass fraction. The amountof pollutant igenerated

byaprocess j isnoted,Mi,jand isexpressed inmassflow-rate (gh"1) in

order to have to consistent units with thewater flow-rate (T h"1) and

the contaminantmass fraction (ppm). For eachpractical example, the

values of Mi,j have to be user-provided. A regeneration unit can be

definedby twoways: either it has a given efficiencydependingon the

pollutantunder treatment (in that case,Ei,l represents theefficiencyof

the regeneration unit l for component i, 0 < Ei,l < 1), or it processes

input water so as to obtain a given mass fraction of pollutant at the

unit output. The two generic elements of the general superstructure

(process and regeneration unit) are displayed in Fig. 1.

2.2. Objective functions

In order to properly design a clean and economically viable

network, three objectives to be simultaneously minimized are

considered:

- F1: freshwater flow-rate at the network entrance (T h"1),

- F2: water flow-rate at inlet of regeneration units (T h"1),

- F3: number of interconnections into the network

The first criterion is most commonly used for environmental

purposes. F1 represents the sum of freshwater flow-rates at the

entrance of each water-using process j:

F1 ¼
X

j

W j
1 (1)

Multiobjective optimization is relevant to antagonist objective

functions. Hence, in a water network, if the freshwater is mini-

mized, the amount of regenerated water will logically increase.

Consequently, the regenerated water flow-rate expressed as the

sum of the water flow-rates going from a process to a regeneration

unit and from a regeneration unit to another is the second criterion

chosen (F2). This criterion is related to economical insight because if

the amount of regenerated water is high, the cost will increase for

the user.

F2 ¼

"

X

l

"

X

m

Wrm/l
þ
X

j

Wprj/l

##

(2)

Lastly the complexity, represented by the number of intercon-

nections of the network, has to be taken into account. Furthermore,

it is shown (Chew et al., 2008) that pipes and associated infra-

structure significantly contribute to the network investment cost.

F3 ¼
X

k

yk (3)

Fig. 1. Generic elements of the superstructure.



2.3. Modelling equations

As in previous studies, a multicontaminant WAP can be gener-

ally stated in terms of concentrations and total mass flows,

following the standard relations.

-Water balances on processes:

W j
1 þ

X

k

Wpk/j
þ
X

l

Wrpl/j
¼ Wdj1 þ

X

k

Wpj/k

þ
X

l

Wprj/l (4)

-Contaminant balances on inlet processes:

X

k

$

Wpk/j
$ Cpok;i

%

þ
X

l

$

Wrpl/j
$ Crol;i

%

¼

"

W j
1 þ

X

k

Wpk/j
þ
X

l

Wrpl/j

#

$ Cpij;i (5)

-Mass balances of contaminant on processes:

"

W j
1 þ

X

k

Wpk/j
þ
X

l

Wrpl/j

#

$ Cpij;i þMj
i>1

¼

"

W j
1 þ

X

k

Wpk/j
þ
X

l

Wrpl/j

#

$ Cpoj;i (6)

-Water balances on regeneration units:

X

j

Wprj/l
þ
X

m

Wrm/l
¼
X

j

Wrpl/j
þ
X

m

Wrl/m
þWrdl (7)

-Mass balances of contaminant on regeneration units:

X

j

$

Wprj/l
$ Cpoj;i

%

þ
X

m

$

Wrm/l
$ Crom;i

%

¼

"

X

j

Wprj/l
þ
X

m

Wrpm/l

#

$ Cril;i (8)

-Overall mass balances of contaminants on discharge:

X

j

$

Wdj $ Cpoj;i

%

þ
X

l

$

Wrdl $ Crol;i

%

¼

"

X

j

Wdj þ
X

l

Wrdl
#

$ Cdi (9)

Moreover, constraints on inlet and outlet concentrations of each

process are defined, similarly to the constraint on post-regenera-

tion concentration:

Cpij;i % Cmaxij;i (10)

Cpoj;i % Cmaxoj;i (11)

Crol;i ¼ Crmaxol;i (12)

Eqs. (4)e(12) are nonlinear continuous relations, but for

designing the water network, additional binary variables y are

introduced, transforming the initial NLP problem into a MINLP one.

They are related to the existence of water flow-rates in the net-

work:if yk ¼ 0, then the associated flow-rate k does not exist,

if yk ¼ 1, then the associated flow-rate k exists.

Thesebinary variables are added in themathematical problemby

using the classical “big-M” formulation. Consequently, the decision

variables for the WAP related to water connections in the network

are: the total water flow-rate expressed in T h"1, the total contami-

nant flow-rate in g h"1, and the associated binary variables y.

2.4. Numerical resolution

In order to solve the multiobjective MINLP problem: Min (F1, F2,

F3), the same strategy as in our previous work (Boix et al., 2010) was

adopted. Biobjective optimization problems Min (F1, F2) are solved

for fixed values (between the minimum and maximum number of

possible interconnections) of F3, which is introduced as an equality

constraint. The biobjective optimization is carried out by a lexico-

graphic optimization (Mavrotas, 2009). In the solution method, one

of the objective functions is minimized by means of a MINLP or an

NLP procedure, while all the other objective functions are consid-

ered as additional constraints.

The MINLP procedure uses the GAMS library and the continuous

sub-problems are solved with an NLP code. Generally speaking,

a lot of solvers can fail to reach NLP solutions due to non-convex

bilinear terms in the constraints. For this reason we have chosen

the global and robust optimizer COIN-BONMIN 0.9 (COmputational

Infrastructure e Basic Open-source Nonlinear Mixed Integer

Programming, with Bonmin library 0.99, using MUMPS library

4.7.3) of the GAMS package (Bonami et al., 2006).

To solve this MINLP problem, a Branch-and-Bound algorithm of

the GAMS package is used. This strategy has been adopted after

preliminary tests on a literature example. For this purpose a case

study related to a petrochemical site involving 10 processes and 3

contaminants has been studied to validate our approach. Savelski

et al. (1999) used necessary conditions of optimality to reduce

the MINLP in a decomposition of linear problems and Iancu (2007)

applied a GA in order to optimize this network. The first approach

lead to a minimum freshwater target of 392.85 T h"1 and the

second found a better solution of 389.87 T h"1. Our methodology

improved these results by finding a solution of 388.59 T h"1.

Furthermore, the network obtained included no streams with

a flow-rate lower than 1 T h"1 as in the two other studies. These

results prove the ability of our approach to give good solutions

compared to other methods found in literature.

3. Results

3.1. Problem data

The example studied is taken from the paper of Feng et al.

(2008). It contains five processes, three contaminants, one

Table 1

Network parameters.

Process Contaminant Cmaxij Cmaxcj Mi,j

j i ppm ppm g h"1

1 1 0 50 1000

2 0 100 2500

3 0 50 1500

2 1 10 100 5000

2 30 300 20000

3 40 600 5000

3 1 20 200 5000

2 50 400 15000

3 50 100 10000

4 1 50 600 20000

2 110 450 15000

3 200 400 10000

5 1 500 1100 30000

2 300 3500 15000

3 600 2500 25000



regeneration unit and a freshwater source which is free of

contaminants. Each process has maximum inlet and outlet

concentrations for each contaminant which are summarized in

Table 1, which involves also the contaminant mass load Mi,j

generated by each process. The regeneration units clear wastewater

up to a fixed post-regeneration concentration for each contami-

nant; these values are fixed at 10, 30 and 40 ppm, respectively for

contaminant 1, 2 and 3. All these values constitute the input data

set for the MINLP which involves 145 continuous variables (flow-

rates) declared as positive, 41 binary variables (i.e. the network

involves at most 41 interconnections) and 172 equations.

3.2. Problem bounds

First, three monobjective optimizations of the three component

network are carried out in order to fix the bounds of the multi-

objective optimization; the results are displayed in Table 2. The

bold numbers represent the results for the minimized criterion

while the two others are kept free. It should be noted that for this

particular network, the minimum freshwater target of 30 T h"1 was

found as reported in the literature (Feng et al., 2008). Then, the

minimum interconnection number is 11, i.e. there is no feasible

solution that contains less than 11 interconnections. Obviously,

0 T h"1 is theminimum of regeneratedwater flow-rate but this case

is without any interest because it does not take into account the

regeneration unit. These results also show that the three criteria are

antagonist with respect to their respective variations.

3.3. NLP solution

By using the abovementioned bounds, the biobjective optimi-

zation of the multicomponent water network is performed for the

maximum number (41) of interconnections. So, binary variables

disappear from theMINLP problemwhich is now reduced to an NLP

one. Fig. 2 displays the results of biobjective optimization for the

three-component water network compared to the networks where

the three contaminants are considered separately. The first obser-

vation is that Pareto fronts are straight lines for each network. Then,

the three monocontaminant networks involve flow-rates lower

than the multicontaminant one, which is relevant because the

problem ismore constrainedwithmore components (let’s also note

that the lower bounds on freshwater for the monocontaminant

networks are lower than the one of the multicomponent network,

equal to 30 T h"1). Furthermore, it can be easily highlighted that the

three fronts are not parallel: the 2nd cuts the 3rd, showing that the

key contaminant may change in function of the freshwater flow-

rate used in the network. This point induces a change in the Pareto

front slope for the multicontaminant network at a freshwater

consumption of about 84 T h"1. In this example, the first contam-

inant key is the third one because its curve is above the two others.

Consequently, this contaminant sets the global minimum fresh-

water target of the multicontaminant network at 30 T h"1. After

84 T h"1, the key contaminant becomes the second one.

A study based on the key contaminant is valid in the aim of

finding the minimum freshwater target but cannot be imple-

mented for designing an optimal water network regarding several

objectives. Indeed the key component method cannot be used for

determining the regenerated water flow-rate and also the inter-

connection number. These preliminary results reinforce the

interest of implementation of a multiobjective MINLP procedure.

3.4. Multiobjective MINLP solution

A biobjective optimization parameterized by the interconnec-

tion number is carried out in the range [11, 41]. Starting from

F3¼ 11, all the possible values for F3 were tested. Fig. 3 shows all the

non-dominated feasible solutions for F3¼11 (triangles),12 (circles),

13 (crosses), 15 (squares), 41 (diamonds) which consequently

constitute Pareto fronts. These solutions can also be qualified as

efficient for each interconnection number value. Only one simple

network including 11 connections has been found and it is very

efficient in terms of freshwater consumption (30 T h"1, the

minimum). By contrast, in this network, water is regenerated far

too much at a rate of 300 T h"1. Note that when the interconnection

number increases, flow-rates in regenerated water decrease, while

flow-rates in freshwater increase.

Thus, for a minimal freshwater flow-rate fixed (30 T h"1), 12 and

13 interconnections networks regenerate water at 270 T h"1 and

260 T h"1, respectively, and the regenerated water flow-rate falls to

223 T h"1 for the network with 15 interconnections.

According to Fig. 3, with an increasing interconnection number,

the number of available solutions also increases whereas the

Table 2

Results of monobjective optimizations.

Minimized objective Interconnection

number

Freshwater

flow-rate

Regenerated

water flow-rate

Interconnection number 11 122 322

Freshwater flow-rate 41 30 223

Regenerated water

flow-rate

41 189 0

Fig. 2. NLP results for the multicontaminant water network (squares) and three

monocontaminant water networks (diamonds-comp. 1, circles-comp. 2 and triangles-

comp. 3).

Fig. 3. Results of multiobjective optimization.



regenerated water flow-rate decreases. This result was expected

because when the interconnection number decreases, the problem

becomes more constrained inducing an increase in at least one

objective. Another important result is that curves for 15 and 41

interconnections are almost identical, the only difference is that

there are more solutions for 41 than for 15 interconnections.

4. Choosing the best network

The question of how to choose the best solution among those of

the Pareto fronts still remains. In this MCDMproblem, all the three

criteria F1, F2 and F3 have to be considered and the decision cannot

be taken without regarding one of these objectives. In order to

tackle the MCDM problem two tools are studied and compared:

TOPSIS analysis and a new economic indicator, the so-called GEC.

4.1. TOPSIS analysis

M-TOPSIS is a synthetic evaluationmethod based on the concept

of original TOPSIS (Ren et al., 2007) where the distance between

available solutions and the ‘optimized ideal reference point’ is

calculated. The optimized ideal reference point is a theoretical

point where both objectives are at their minimal values; here it

may be the origin (0, 0). This program calculates the distance

between the origin and each point and ranks them by increasing

order of distance. It is implemented in the MATLAB toolbox and

assigns a rank to each solution regarding several balanced criteria.

Here the three objectives are assumed to have the same weight

and the thirty first results are given in Table 3.

The results clearly show that the optimal networks regarding

the three criteria are those involving 15 interconnections because

they use lesser water than the others. However, it appears that this

analysis does not consider enough the network complexity, the

simpler network with 11 interconnections being ranked 30. So

a new ranking tool is proposed below.

4.2. Global equivalent cost (GEC)

To evaluate the cost of the network, we propose a new economic

indicator: the global equivalent cost (GEC) measured in equivalent

of water flow-rate. This new ranking tool allows expressing the

overall cost of the network in amount of freshwater. It is a powerful

tool as it does not need to introduce costs on each criterion;

therefore, it can be used in several regions of the world. In its

calculation, we take into account the fresh water flow-rate and

amounts of regenerated and discharged flow-rates pondered with

their contribution relative to the fresh water one (equal to 1).

Consequently, three criteria are merged into only one according to

the following relation:

GEC ¼ F1 þ RþW (13)

where R and W are the contributions of regenerated and waste

waters, with:

R ¼ a$ F2 and W ¼ b$ Fw (14)

where Fw is the waste water flow-rate.

In the previous relation, a and b are cost elements respectively

related to the regenerated water cost and post-treatment cost for

water sent to the discharge; a depends on the type of regeneration

unit (see Table 4) and b is equal to 5.625 according to Bagajewicz

and Faria (2009).

In the studied case, post-regeneration concentrations are 10, 30

and 40 ppm for components 1, 2 and 3 respectively, so a regenera-

tion of type II is the best trade-off, which leads to the following

statement for GEC:

GEC ¼ 6:625$ F1 þ 1:75$ F2 (15)

For each network of Fig. 4, the corresponding GEC is calculated

andplotted as a function of the interconnections number (see Fig. 4).

For each value of the interconnection number, only the solution of

the Pareto front with the minimal GEC is plotted in Fig. 4.

If both the GEC and interconnections number are considered, the

most preferred network is the network including 15 connections

and using 30 T h"1 and 223 T h"1 of freshwater and regenerated

Table 3

Results of the M-TOPSIS analysis.

Freshwater

flow-rate

Regenerated

water flow-rate

Interconnection

number

M-TOPSIS rank

98.9 114.5 15 1

95.4 120 15 2

108.2 100 15 3

82.7 140 15 4

122.5 80 15 5

57.3 180 15 6

138.6 59.9 15 7

44.8 199.9 15 8

110.1 118 13 9

100 134.8 13 10

32.1 220 15 11

30 223.4 15 12

154.7 40 15 13

119.6 109.8 13 14

1627 30 15 15

85 167.6 13 16

178.9 10 15 17

60.1 206.8 13 18

186.9 0 15 19

115 137.3 12 20

30.1 257.8 13 21

196 0 15 22

40.1 247.9 13 23

30 273.1 12 24

80.1 201.5 12 26

70.1 219.0 13 27

150.1 99.4 13 28

179.9 63.2 13 29

30 304 11 30

Table 4

Values of a according to types of regeneration units.

Regeneration Type Outlet concentration (ppm) a value

I 50 0.375

II 20 1.75

III 5 3.125

Fig. 4. Minimum GEC for each interconnections number.



water, respectively. According to the TOPSIS analysis, this network is

ranked 12th. In terms of water consumption and topology, it is the

most efficient network; its flowsheet (see Fig. 5) is attractive on

a practical point of view because it does not involve very low water

flow-rates. The GEC of this network solution is about 589 T h"1,

whereas for the three other networks consuming 30 T h"1 of

freshwater it is equal to 650, 680 and 730 T h"1 for 13, 12 and 11

connections respectively. These networks arrive in positions 21, 24

and 30 in the TOPSIS ranking.

5. Conclusion

A mixed-integer nonlinear programming solution for multi-

contaminant water network under three antagonist objectives is

presented. A generic formulation is proposed that can be adapted to

a wide variety of WAP problems. The only data required are the

number of processes, their associated maximum inlet and outlet

concentrations, the mass load generated for each contaminant and

the number of regeneration units with the corresponding efficiency

related to each contaminant. The three considered objectives are:

F1, the freshwater flow-rate at the network entrance linked to

environmental purposes, F2, the water flow-rate at the inlet of

regeneration units related to economical insight, and F3, the

number of interconnections in the network associated to the

network complexity.

The MINLP procedure implemented within a lexicographic

strategy provides the set of efficient solutions in the form of Pareto

fronts. The last part of the paper deals with the choice of a good

particular solution from a practitioner point of view. This solution

must involve low freshwater consumption, reduced cost and a non

complex network with significant flow-rates in the pipes. This

MCDM problem is treated by a classical TOPSIS ranking procedure

and bymeans of a new indicator, the global equivalent cost (GEC) in

freshwater combined with the number of network interconnec-

tions. From the presented example, it appears that the GEC

procedure is more efficient for identifying a good practical network

among the set of solutions constituting the Pareto fronts.
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