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Abstract

In this paper, we propose a genawgperstructure and a model the global optimization for thelesign of
integrated process water networks. The superstructure consists of multiple sources of watersivgater
processeswastavater treatmenand pretreatmentoperations. The unique features are fitisat all feasible
interconnections are considdreetween them, including water-use, water regeneration anduse, water
regenerationacycling,local recycling around processid treatment units. Second, multiple sources of water
of different quality that can be used in the various operations reMeded. Third, the superstructure
incorporates botimass transferral nonmass transfer operatiariBhe proposed model of the integrated water
network is formulated as a Naméar Programming (DNP) and as a Mixed Integer Naméar Programming
(MINLP) problem for the case whenDvariables are included to model the cost of piping and/or selection of
technologies for treatmenthe MINLP model can be used to find optimal network designs different
numberof streamsn the piping networkin this work, we propose toepresenthe bounds on the variables as
general equations obtained by physical inspection of the superstructure and using logic specifications needed
for solving the model. We also incorporate the cut proposeddyppiah and Grossmanf2006) to
significantly improve the strength of the lower bound for the global optinmiLime. proposed model is tested on

the several illustrative examples, including lasgale problems.

Keywords Integraed water networks; Superstructure optimizatidanconvex NLP and MINLP model.

1. Introduction

The process industry consumes a large amount of water. For instance, water is used for washing
operations, separation processes, steam and power generatiomg, agto. These processes in turn
generate wastewatewhich is usually processed in treatment units before discharge to the
environment. The shortage of freshwater, its increasing cost and the one of treatment processes, as
well as strict environmental regulations on the industrial efflygts/ide a strog motivation for

developingapproaches angchniques to design more efficient process water networks.
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The two major approaches for the optimal desi§nvater network systems amgater pinch
technoloy and mathematical programming.c&mprehensiveeview of theseapproaches as well as
systematic methods of chemical process deaigrgiven by Rossite(1995) El-Halwag (1997)
Biegler, Grossmanrand Westerberg(1997) Mann and Liu(1999) Bagajewicz(2000) Jegowsk
(2008) Bagajewicz and Farig2009) and Foo (2009)

Water pinch technology relies on graphic representaaod it is based on an exténs of pinch
analysis techniqudor heat integration(Linnhoff and Hindmarsh 1983)The first authorswho
introduced the notiorof synthesizing mass x c hange n et weerelElHalwadiBrido s )
Manousiouthakis(1989; 1990) They consideredmass exchange between the rich and the lean
process streamsAfter that, a targeting approach for minimum freshwater consumptvess
developed by Wang and Smith994a; 1994b; 1995nd later extended and improved by a number
of researchergDhole, RamchandaniTainsh & Wasilewski, 1996; Doyle & Smith, 1997; Kuo &
Smith, 1997;Castro, Matos, Fernandes & Nunes, 1999; Sorin & BedE89; Polley & Polley,
2000; Hallale, 2002; Bandyopadhyay, Ghaneka?illai, 2006; Foo, Kazantzi, BHalwagi & Abdul
Manan, 2006Foo, 2009.

The mathematical programming approactb@sed on the optimization ofsuperstructureThe
seminal paper addressed a mathematical programming formulation of water network was given by
Takama, KuriyamaShiroko & Umeda1980) They considered a total system consisting of water
using and wastewatéreating unitsln additionto this theygenerated auperstructure of afjossible
re-use and regeneratiarppotunities and formulated thg@roblem of optimal water allocation in a
petroleum refineryas anonlinear programmingproblem After their paperthe solution of the
mathematical programming formulatiofor this problem was not addressedbr many years
(Bagajewicz,2000) In manypapers, the tal water network is decomposado two parts fietwork
with waterusing operations and wastewater treattmeetwork) which are solved separateRor
example,Kuo and Smith(1997) presented an extensiasf the methodology for the design of
distributed effluent treatment systems previougixen by Wang and Smitlj1994b) They presented
animproved method for targetirthetreatment flowrate and the distribution of load betmveailtiple
treatment processds. addition to thisGalan and Grossmar{h998)addressed the optimal design of
distributed wastewater network where multiple contamsame consideredThey proposed a
heuristicsearch procedure based on the successive solution of a relaxed linear model and the original
nonconvexnonlinearmodel. Theirprocedurehas the capability of finding global or near global

optimum solutions. In addition, the modehsextended for selecting different treatment technologies



for handling membrane separation modul8avelski and Bagajewic£2000; 2003) developed
necessary optimality conditions (maximum outlet concentrations from watsing units and
concentration monotonicy) for single and multiple water allocation systenefinaries and process
plants.They used these conditionsdtminatethe nonlinearities in the water network modaising
in the mass balance equatioimsthe form of bilineaterms(concetration timeflowrate). According
to this, theyshowed that thenonlinear model of water networksfor single component can be
linearizzd Quesada and Grossmafi®95)proposed a rigorous procedure for tiebal optimization
of bilinear proces networks with multicomponent streams. irherocedure is based on a
reformulationlinearization techniquapplied tononlinearmodels in order to obtain a relaxed linear
programming formulation that provides a valid lower bound to the gtgfiahum Castro,Telesand
Novais (2009) proposed the twgtage solution strategy for the optimal design of distributed
wastewater networks with multiple contaminanis.the first stage, a decomposition method is
employed that replaces thwnlinear program by a succession of linear programs, one for each
treatment unitin the second, stage, the resulting network is used as a staitihdopohe solution of
the notinear modelwith a local optimization solver.

The problem of designing the total water networks has been addressed in relatively few papers
( J egov s.koyle artl BiB()997) proposed a methobased on nonlinear ggrammingfor
targeting maximum wat reuse in processing systers. overcome the difficultieassociated with
the norlinear optimization modelthey useda linear model to provide ammitialization for the
norlinear model Alva-Argaez, Kokossignd Smith(1998) proposedan integrated methodology for
the design of industrial water systems. Tlilgicomposition strategy Imsed on a recursive procedure
wherethe original Mixedinteger Noninear Problem (MINLP) problens replaced bya sequence of
Mixed-Integer Linear Problems (MILPsHuang, ChangLing, and Chang(1999) proposed a
mathematical modebf determning the optimal water usage and treatment network in any chemical
plant. They presented a modified version of the superstructure proposed by Takama, Kuriyama
Shiroko, and Umedé1980)andincluded in the model design equations of all wastewater treatment
facilities and all units which utilize eigin process routility water sothatbetter integration on a plan
wide scalecan beachievedFeng and Seidg001)proposed a network structure in which internal
water mains are utilized. Their structure simplifies the piping network as well as the operation and
control of large plants involving many watesing processesunaraham, AlvaArgaez Kokossis,
Kim, and Smith(2005) presented an automated design of total water systems where the optimal

distribution of water to satisfy process demands and optimal treatment of efflueaimst are



considered simultaneouslyhey useda two-stage optingation approacho solve the MINLP model
involving an MILP in the first stage to initialize the problem. In the second stage, the design-is fine
tuned using MINLP. In addition to thighe nework complexity iscontrolled by specifying the
minimum permissible flowrates in the network. Their methodology provides a robust technique but it
does necessarilyield the global optimum.

Karuppiah and Grossmarn(2006) addressed the problem of optimal synthesis of an integrated
water system consiafy of waterusing processes and water treatment operationgontrast to
previous work, liey proposed apatial branch andcontract algorithm for therigorous global
optimizationof the nonlinear program of thmtegrated water system. In their algorithm, tight lower
bounds on the global optimum are obtained by solving a relaxation of the original problem obtained
by approximatig the nononvex terms in the NLIfhodel wih piecewise linear estimatorisi and
Chang(2007)developed an efficient initialization strategy to solve the NLP and MINLP models for
water network with multiple contaminants. In the MINLP model they formulated structural
constraints to manipulate structural complexityt global opmality is not guaranteedAlso, they
reported thathe optimum solution obtained by the initialization strategy is at lasgbod as results
reportedin the literature but with less computation time to achieve convergéntiee same year,
Alva-Argaez Kokossis and Smith(2007)proposed a systematapproach to address water reuse in
oil refineries. Themethodologyis based on the watginch decompositionTheir approach simplifies
the dallenges of the optimization problem making systematicofiseaterpinch insights to define
successive projections in the solution space.

Putra and Amminudif2008) proposed an alternative solution strategy for solvivetotal water
system design problem by utilizing the MILP and NLPaitwo-step optimization appach. Their
approach which is not guaranteed tiind the global optimumhas the capability of generating
multiple optimal solutionsand tohandlepractical considerationas well as to provide users with the
ability to control water networkluring the optimization process.uo and Uan(2008) presented a
superstructurddased method fothe optimization of integrated water systemith the heuristic
Paticle Swarm Optimization (PSO) algorithniKaruppiah and Grossman(2008) presented a
formulation for representing and optimizing integrated water networks operating under uncertain
conditionsof the contaminant loads in the process units and contaminant renobvhés treatment
units. They formulated a mukscenariononconvex MINLP model for globally optimizng an

integrated water network operating under uncertainty. Further, they proposed a spatial branch and cut



algorithm combining the concepts of Lagrangean relaxation and conwesatieh in order to
generate strong bountts the global optimum

Notice thatin the previousy mentionedpapersthe vast majority are based bnearization of the
norlinear modelsor use linear moded to provide annitialization for the nolinear modls, which are
solved with local optimization solverdloreover,a number ofauthorsreplacethe MINLP problens
by a sequence of thdILPs. Bagajewicz and Faria (2008hd Faria and Bagajewicz (20Q9ksented
the evolution of the water network allocatigpmoblem given by Takama, Kuriyama, Shiroko &
Umeda (1980). In addition, they included the watertpratment subsystem in the network and
discussed the érof-pipe wastewater treatment and the complete water integration.

It shouldbe mentioned that thergblem of designing total water networks has been addressed in
relatively few papers due to its complexity e § o v s.KThe, mai2 €@m@ekity in the ndinear
model appears due to the bilinear terms in the mass balance equitiiorat€ times concentration)
and theconcave costerms in the objective functiowith which the solution 6r the total water
networkis not guaranteedo be the global optimunin addition to this, it is worth poimtg out that in
the majority of the publishedgpersall possible optionare not considereith the total water network
such asall feasible interconnections in the networkultiple soures of water of different quality
pre-treatment of the watemass transfer and nanasstransfer wateusingoperations Moreover,in
many paperghe cost ofwater pumping through pipes and the investment cost for pgresot
included inthe objective function.

The mainobjectiveof this paper is to prope ageneralsuperstructure and global optimization
approachfor thedesign of integrated process water netwofkee superstructure consists of multiple
sources of wi@r, waterusing (mass transfer and norass transfer) processesater treatment
operationsand all feasible interconnections in the netwadkle proposenonconvexNLP and MINLP
modek for the integrated water networkVe alsodevelop bounds on the variables as general
equations obtained by physical inspection of the superstructure atayicsspecificationghathave
the capabiliyy of redudng thefeasible regiopand helfng globalthe NLP and MINLPsolversto find
more efficientlythe global optimumin the MINLP modelwe includethe coss of piping andthe
costs ofwater pumping through pipe®ith the proposed model we calsocontrol thecomplexity
of the piping networkFor largescale industrial MINLP problemsve propose a twstage solution
method in which we first solve tiéLP modelin order to fix a subset ofD variables to zero so as to
solve a reduced size MINLRVe also updatehe bounds to tighten the reducBtNLP model.

Several examples, including largealeindustrial problems, are presented in the paper to illustrate



the proposed metho#Ve use e general purpose global optimization s@@ARON (Sahinidis,
1996)and LINDOGIobalto solve the proposed modétsglobaloptimality.

The outline of the papers as follows.First, we present thgroblem statemente then introduce
the generalwater network superstructyréollowed by its mathematicafformulation Further, we
present twestage solution method for solving largescale industrial MINLP problemsThe
computational resultand discussioare givenn thefollowing section Finally, in the last sectiowe

presengenerakonclusions

2. Problem statement

The probém addressed in this paper can be statetblbews. Given is a set of single/multiple
water sources with/without contaminants, a set of waserg units and wastewater treatment
operationsfixed water demands of process unitsaximumconcentrations of contaminants in inlet
streams at process unitaass loads of contaminants in process uthts costs of water sources and
wastewater treatmeninits % removal foreachcontaminantn treatment units anthe maximum
contaminantconcentatiors in the discharge effluento the environmentThe problem consists in
determining the interconnectionfpwrates and contaminants concentration of each stream in the
water networkthe freshwater consumptioand wastewater generaticend the total annual cost of
the water network (costs of freshwater consumption, wastewater treatment, piping network, pumping
water through pipes in the network)

The proposednodel is based on the following assumptidghs: number of water sources is fixed
the number of wateusing and water treatment operations is fixée flowrates through thewater
usingwastewater treatment operaticare fixed the networkoperatesinder isothermatonditionand

isobaric condition.

3. Superstructure of the integrated process water network

The proposed model of the integrated water network relies sugerstructure given in Figure 1.
The superstructurewhich is an extension and generalization of the one giveKadmyppiah and
Grossmann(2006), consists ofone ormultiple sources of wateof different quality waterusing
processesandwastavater treatment operatioriBhe unique feature is that all feasible connections are
considered between them, including wateuse, water regeneration anduge, water regenation
recycling local recycling around process and treatment wamts pretreatment of feedwater streams

Multiple sources of water include water of different quality that can be used in the \@perasions,



and which may be sent first for preeatnent. The superstructure incorporates both the mass transfer
and normass transfer operatian&ccording to this, it can be used to represent separate subsystems
as well as an integrated total system. Furthermore, it enables modeling different typesrof wate

network optimization problems as will be shown later in the paper.
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Figurel. Generalized superstructure fbedesign of integrated process water netwsork

4. Basic conceptual option®f models

The mathematicahodel of integrated process watetworks consistsof mass balance equations
for water andthe contaminantsfor every unit in the network The model is formulated as a
nonconvex nolmear programmingNLP), andas a nonconvex mixednteger nolinear programming
(MINLP) for the case whe@-1 variables are included to model the cost of piping and/or selection of

technologies for treatmenthe nonlinearities in the modedgpeairin the mass balance equations in



the form of bilineaterms(concentratiortimesflowrate). In addition to thisponlinearitiesappearin

the objective function asoncaveierms of tle cost functions fothe watertreatmenbperations.
Hence the water networknodels are naonvex and inmostcasedeadto multiple local solutions

making difficult to obtain the globabr a nearglobal optimal solutionThe basic options of the

proposed water network optimization model are shown in Figure 2.

Figure 2. The basic options of the proposed optimization model.



