Synthesis of single and interplant norAisothermal water networks
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ABSTRACT

This paper addresses the synthesis problem ofisuthermal water networks using a mathematical
programming approack® heatintegratedwater network superstructure aitsl correspondingnixed
integer nonlinear programming (MINLP)odelis proposedor the synthesisf individual as well as
interplant watemetworks.A new feature of the proposed model includes piping liasitan costwithin

the objective function minimizing the total annual cost of the netwidrisintroducesadditional trade
offs between operating and investment sdisat can impac final network designThree examples
were solved in order to demoretie theapplicability and effectivenessf the propsed model and
solution approachThe results showthat additimal saving in total annual cosan be achieved by
enabling direct water integration between plahtgproved solutionsvere obtainedomparedo those

reportedn theliteratureconsidering freshwater and utilities consumption as well as total annual cost.

KEYWORDS

Interplant watenetwork nortisothermal watenetwork water and heat integration.

"Corresponding author: Nidret Ibril. Post al address:
Phone: +387 35 320761; Fax: +387 35 32074Mndd addressnidret.ibric@untz.ba


mailto:nidret.ibric@untz.ba
mailto:elvis.ahmetovic@untz.ba
mailto:zdravko.kravanja@um.si
mailto:francois.marechal@epfl.ch
mailto:maziar.kermani@epfl.ch
mailto:nidret.ibric@untz.ba

1. INTRODUCTION

The efficient usage of natural resources is an important fgoachieving profitability as well as
sustainability of industrial process The role of industrial watés especially important wheredan be

used for different purposes such as processnweooling water, water for energyoduction etc.
Consumption of water and energy is related to each other e.g. water is required for energy production
and energy is required for many water related industrial processes such as water transportation,
wagewater treatment, heating and cooling etc. Savings in water consumption in industrial processes can
be achieved by using holistic approaches based on Energy and Water Quality Management System
(EWQMS) (Cherchi et b, 2015)on the operational level. In addition, on the retrofit or design level
Process Integration techniques can be usech as Pinch Analys{®A) (Savulescu et al., 2008nd
Mathematical Programing (MP) (Bagajewicz et al., 2002hat can be applied for bat¢Majozi et al.,

2006) and continuous process€Bogataj and Bagajewicz, 2008However, a combination of
approaches can be used consisting of water &@i&nd process application in order to systematically
identify water conservation opportunitigsgana et al., 2013)

Researchrelated to efficient utilisation of natural resources and development and applichtion o
systematic tools have been popular research areas for more than forty yehre meg and Kr av
2013) During that time the scope ofsource conservation networks ( heat exchanger networks or
water networkp has changed from integration of local sites (singlant), towards integration of
interplant networkand total site integration K | e naé, 013 This expands the integration potential

for resource conservation, enabling additional savings in resource consur@ptgsnical production

sites can have a large numbem@fterusingunits (Olesen and Polley, 199@)at areusuallygrouped

in different locatios within the industrial complex.

A consideationof geographical location of process watising units when synthesising water networks

has been addregbim past(Olesen and Polley, 199@®y applying the water targetingrocedurdWang

and Smith, 1994fp theoverall site ando the geographicallgecomposed group of units the water reuse
opportunities between units at different locati@an beidentified. Using Water Cascade Analysis
(WCA) (Manan et al., 2004 ater reuse opportunities were first analysed within individual pkards
afterwards a crossplant water integration possibilities were investigai@do, 2008) enabling
significant redudbn of freshwater consumptiomhe targeting procedure basedrifor a single water
network has been expded into a linear programming (LP) optimti®n based technique for inpéant

water integration (Chew and Foo, 2009)Thus, the minimum freshwat@nd cost targetgcost of
interplant piping)for the inteplant water network can be set prior to the network degignovel
integration scheme including centralised (between different plants) and decentralised (within individual
plants) water maing/as propose@Chen et al., 2010A corresponding model wgdormulated as a mixed
integernonlinear programing (MINLP) and solved for two scenarimeludingminimising freshwater

consumption andhinimisingtotal annual cost (TAC).



These papers addressed only water integration options within and between plants assuming fixed
temperature of water streantdowever, in most cases, different process waising units operate at
different temperatures, and wastewater discharged into the environment has to satisfy regulations
regarding not only contaminant concentration but also the effluent temperature. Themfawayater
streams will require heatingr coolingdemandsAccordingly, it is possible to integrate hot and cold
wate streams in order to minimissilities consumptionFor this reasonthe objective is to minimise

not just freshwater consumption buther perform simultaneous optimisation of freshwater and energy
consumptionThissynthesis problens known in the literature as the synthesisoftrisothermal water
network, a heat integrated water network or a water allocation and heat exchange.network

Recent review papef Ahmet ovi [ peesentetla.systentati hrkd)comprehenkigsture

review of studies within this fieldver the last two eécades as well as possible future research directions.

To the best of our knowledge, only a few papers address the issue of simultaneously synthesising heat
integratednterplantwater networksAuthors firstlyaddressethe synthesis problem féixed flow rate
processe$Zhou et al., 2012agndlater expandig their research téixed contaminanrtoad processes

(Zhou et al., 2012b)The proposed approach is based on the racétie statspace superstructure and
corresponding MINLP model. The direct and indirect integration schemes were analysed along with
their impacton network design and TA@at included a cross plant piping installation cdst an
industrial pulp and paper case sty#grmani et al., 2016b}he total site is divided into four locations

due to geographical constraints. Heat integration between these locations isdatoomgh the water
network only (water streams act as heat transfer medium between locations). However they did not
consider piping cost of the water network. The established superstructure for simultaneous optimization
of water and energy has bdaterextended to address infglant operationgKermani et al., 208a).

In order to synthesise a nisothermal water network traddfs between water and energy cost and
investment costs should be simultaneously expldorbd. piping cost has been rarely addressed within

the studies in the literatuf(eeewongtanawit and Kim, 2008lowever it is important to highlight that
besides investment cost of haatchangers and wastewater treatment units, piping cost can have
influence on tkfinal network design. As a respikss complex and more practical design can sometimes

be obtainedThe reader is referretb recent stuitks for more information about watemd energy
interactiong(Varbanov, 2014and industrial water use K1 e me § as wellGad tBepmprehensive
literature review of nosisothermal water network synthe§iAh met ovi I . et al ., 2015)
The aim of this paper is to preseatMathematicalProgramming(MP) approachfor the synthesis of

single and interplant neisothermal water networks. A recently proposed MINLP m@delbr i | et a
2016) was modified by introducing binary parameters fientifying process units, wastewater
treatment units and hot/cold streams within different plantsremoving restricted connection between
theunits within different plantsThis modified modeknables the synthegi§interplant water networks,
simultaneously explorindifferent water and heat integration opportunities. In additigriping cost is

included within the objective function mininmg the TAC of the networkn the proposed approach



piping cost is accounted for by using economic pipe diameter for which the pumping cost is minimum

and thus the tradeff exist between investment in pipe and its operating cost for water transportation

2.PROBLEM STATEMENT
Givenases of freshwatesourcessi SFW processvaterusingunits pi PU, wastewater treatment
unitsti TU, the objective iso find an optimal design of the nasothermal water network minimising
operating cost (freshwater, utilities and wastewater treatment) and investment cost (heat exchangers,
wastewater treatment units and gpef the network
The following common assuptions were adoptedithin the synthesis problem:
- The same water source at given temperature and contaminant concentration level is available
for all theplants within the industrial complex
- The existence of connections in interplant problems are defiinead of the synthesis and are
therefore not optimized
- The processwaterusing units operate assuminfixed temperaturefixed mass load of
contaminants transferred to the water stream entering the unit
- Treatment units operate at fixed temperature and figeuval ratio of the contaminants
- Water heat capacity is constant (4.2 kJ/(Ry &d independent of the streams temperature
- Individual heat transfer coefficients obwer streams and utilities are constant
- Single hot and cold utiiksareavailable
- Wate streams are at fixed temperature (no heat losses) with variable heat capacity flow rate
- Fixed effluent temperature.
Thegoal of the synthesis probldasto determingheoptimumdesignof anortisothermal water network
satisfyingthegiven constraintandexploringmass and heat exchange opportunities within and between

differentplants

3. SUPERSTRUCTURE REPRESENTATION

Fig.1 shows aconceptuakuperstructure adn interplantheatintegratedwater networknvolving two

plants A recently proposedompactsuperstructur¢ | b r i | efor indididual plarsOhasébeen
modified in order to account for location of heating and cooling stages requirgapfog cost
calculationas wel as to represent connections between units within different plants.

Eachindividual water networkconsists oftwo networks namely,water and wastewater treatment

net wor k ( addhheatexthangeetwork (HEN).Thef r st net wor k ( WN WTN)
integration opportunitiefvater reuse, regeneration reuse and regeneration recyloiihggenwater

usingunits ( pi PU) and wastewater treatmeunnits (ti TU). The second netwkr(HEN) enables

heat exchange opportuniti@sornisothermal mixing ofvaterstreams at different temperatusexiheat
exchangehrough heat exchangg. Both networks?/ N WTN andHEN are interconnected enabling

interactionsbetweenthem Note that the same individual superstructure apgbesach plant.The



connections betwearetworks ofdifferent plants areepresentely dashed lingshownin Fig. 1. These
connectios are crucial in defining water and heat integration opportunitiesdem different fants.

Note that a separate set of plants is not detmgthewhole interplant networls observedisacomplex
individual plant Thesuperstructure units of different plants wigkentifiedby using binary parameters.
This reduces thenodel sizeenabling easier solution of the n@othermal interplant water network
problem Therefore, the final structure of interplant problems is determined through continuous
optimization of flows between plantk.is assumed thatlants are placed #iin the same industrial

complex and the same freshwater soursiesSFW andhot/cold utilitiesare used for each plalso,

thewastewater sink (discharge place) is comruoall plants.
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Fig. 1. A conceptuakuperstructure representationagfon-isothermal water networikcluding two
plants

Fig. 2 shows a detailed representation of the individual water network superstrbeseé orthe
previously developeduperstructuré | br i | e Howeveér,.the supefsttubtire hash modified
in order to relatehe location of heating and cooling stages for freshwater and wastewater streams with
thelocationof processvaterusingunits. It consists af

- Freshwater sourcesi SFW

- Processwaterusingunits pi PU with corresponding one hstreams cooling stagend one

cold streara heating stagat the location of process uipit
- Wastewater treatment unité TU and
- A final wastewater mixer(wastewater discharge)All superstructure elements are

interconnected enabling water and heat integration options.
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Fig. 2. A detailed superstructure representatb@an individual network

4. MATHEMATICAL MODEL AND SOLUTION APROACH

Fig. 3 shows the overall modebnsising of threesubmodels namely thewater network model (M1),

the simultaneous optimisation and heat integration m¢{idel) (Duran and Grossmann, 198&)dthe

heat exchanger networkodel (M3)(Yee and Grossmann, 1990hesemodelswerecombined within
atwo-stepiterativesolution strategy | b r i | econsistitg of initidligatios gndesignstes (Fig.

3). A description of a twestep solution strategyand corresponding initialisation and design step is
provided below

Step 1 A combinednonlinear programmingNLP) model (M1 M2) wassolved with the objectivef
minimising operating cosf the network including freshwater, hot and cold utilities and wastewater
treatmentThe model becomes an MINLP when the selection of treatment units is required amongst the
different treatment technologieEhe connection between the two mod@Mel and M2)is achieved by
using connecting equatiofppendix A). These equations are used fdentifying streams within the
wate network model M1 that are hotld and asgining hem to the corresponding hoald streams
within model M2.Solving the NLP/MINLP modelwill provide initialisation for variables (e.g. flow
rates, contaminagstoncentrationand lower and uppdroundson freshwater and utilitiesonsumptions
which will be usedfor the second stefsee Appendix Ab)

Step 2 A combined mixed integer nonlinear programming (MINLP) model (Ni13) is solved
simultaneouslywith the objectiveof minimising TAC of the network Note that the MINLP modak

not solved sequentially buather simultaneously combining water networks mg@bl) with the heat
exchanger network mod@13) usingthe connecting equatioidppendix A4).

Steps 1 and 2 are solved within the iterative procedure in which the heat recovery approach temperature

(HRAT) required for solving MM2 is changed within the each iteration providing different bound for



water and utilities consumption and consequentffewdint initialisation for the model MM3. A
detailed explanation of the iterative procedure related to obtaining multiple locally optimal satations
be foundin our recentpublication( | b r i | e Iteraivé proced@eqlify subsequent solution
of multiplefirst NLPYMINLPs andsecondVINLPs requiring additional time for obtaining the solution.
However,a multiple solutions can be obtained and the bastcan be choseamong theproposed

solutions.

Initialisation step
Simultaneous optimisation

and heat integration model Model type: NLP/MINLP

(M2) L (M1+M2)
T :
Dol ! Solver: AlphaECP
P i NLP and MIP subsolvers: CONOPT
P i and CPLEX
Design step | — > e s i
Model tvpe: MINLP Water network model i 1(\)41?1§ctlve funct1:>_n: t of th
type: 1 : inimum operating cost of the
M1+M3) M i network for the fixed heat recovery
__1 approach temperature (HRAT)
Solver: SBB

e =
EEELEELEEE S
e

Objective function:
Minimum total annual cost of the

Heat exchanger network

NLP subsolver: CONOPT i

network model
M3)
Fig. 3. Modelcomponentsand solution approach| br i i et al ., 2016b)

A detailed description of the water network model relategdraposedsuperstructure is given in the
following section (section 4.1)as well as the modified objective functighat consides piping
installation cost. A description of the models M2 a#iglis given within the AppendiRAl and A2. The
importantpart of the model ithe variables bound$he bound can be obtained uskmpwntemperature
levels maximuminlet/outlet contaminants concentrati@msimaximum water flow rates within process
waterusingunits The reader is referred to recent papdr b tai., 201&for the further details about
deriving the generalized variables bounds

The model was developed usi@eneral Algebraic Modelling System (GAM@Rosenthal, 2015)
ALPHAECP solver is selected for thedi step with CONOPT and CPLEX as NLP and MIP sub
solvers To solve theMINLP model within thesecond step SBB solver was used with @ssistance of
CONOPT as rooaind subsolver and SNOP&s solveffor infeasible sequenceall the examples were

solvedon a laptop computer with 2.6 GHz processor and 8 GB of RAM.



4.1. Water network mod€éM1)
This sectionprovidesa description of the water network model (M1). The model M1 is based on the
proposed superstructure shown in.2i@nd consists of mass and hesgtnce equations of each splitter,

mixer, process unit and wastewater treatment WatameteréPR p p), YPT(p ) and YTT(t t)
denote the existence of connections between the elements within thd sBtd andti TU . Note that

parameters are included if and only if parameter WINT=0 disabling direct water integration between

different plants. Thenodellingof those parameters is descdlie details in section 4.1.9.

4.1.1.Freshwater splitter mass balance
The freshwater splitter mass balance is described b{lEq

FW.= § FIR,, + aFIT,, + aFIHS,:_’p + &ICSSp FIE, "siSFW ()

pl PU tiTu piPU p iPU

4.1.2.Hot streams cooling stages
Within theproposednodel( | br i |  ethe usetan definn@in@uin number of hot streams as
a set of cooling stages. However, in order to assign a locationdaratbulation of piping codhe

number of hot and cold streams is directly related to the number of pmagssisingunit pi PU .

Egs.(2)-(4) describe the mass and heat balance for the cooling stages mixers. The cooling stages splitter

mass balance is given by E§).

FHSp = a FIH%p + a FPH%’ . ’ a |:'|'|_|$p
s SFW pl PU tI TU
YPP( g p=12 WINTH YPT p)t F 2WINTO= " .
+ A& FRHMS, + A  FCSHS, PIPU (@)
pi PlIJ

p'i PU
p, p YPR P P & 2WINTG
YPP( p p=12 WINT®

FHS,OFHS, = FIHS, »BW, + § FPHS ,  xPCY
d SFW pl PU
YPP( P, p=12 WINT=

* @ FTHS, @ty” + §  FRH§, XRHS,  «;ipy
ti TU piPU p ’
YPT(p9=12 WINT=0 vort g, o2 winT "cics (3

+ a FCSHS, , @(FC%C

pi PU
YPP( p, p=1 2WINT ©

FHS,OTHS” =5 FIHg, W + § FPHS, TPEY
s SAW YPP( p, ;§=I1F;UWINT=O
+ 3 FTHS, OTY™ + 3 FRH TER" )

* PPy Bo THE "piPU (4

tl TU
YPT( p =12 WINT® p.p
YPP( P, p=12 WINT=

+ A FCSHS., ac&®

pi PU
YPP( p, p=12 WINT=0



pi PU tiTU piPU
YPP( p =12 WINT= YPT pX E 2WINTO= YPR( 1 p)zﬁ oo
+ 3 FHSCS,, +FHSE PIPD 6

pi PU
YPP( p p)=12 WINTH

4.1.3.Cold streams heating stages
As described within the previous sectidhe similar modellingis used for heating stages with respect

to the number of processvaterusing unitspi PU . Equations(6) ( 8escribethe mass and heat
balance for theold streamdeating stages mixerrresponding to each processit pi PU. The

heating stages splitter mass balance is given by9Eq.

FCS,= g FICg, + a FPCG, + a FTCS

s SFW pi PU ti TU
YPP( P, p=1 2 WINT= YPT pX £ aWINTO=

+ 4  FRCS, + A  FHSCS, "PIPU©
p'l'l PU

p'iPU
p.p YPR B, P 2 2WINTG&
YPP( p, p=1 2@ WINT=H

FCS,OxFCS, =4 FICS, FW, + & FPCS, M)
i PU

d SFW pi
YPP( p, p=12 WINT= )
+ 3 FTCS, @TU™ + 3 FRCS, xBCS "plPU,
i TU p'iPU "cics (V)

YPT( p§=12 WINT® P .p
YPP( B, p=12 WINTH

+ a FHSCS, , @(FH§,C

pi PU
YPP( P, p=1 2WINT ©

2 ‘n) s m s )
FCs,OTCg” =/ FICS, TFW + @ FPCS, TRY
o SAW YPP( p, p')jzlliuwmﬁ)

+ 3 FTCS, OTY™ + 4 FRC TOZ® )

a ° pPU P TGS "piPU (8
YPP( p, pgl ’apW|NT:9
+ a FHSCS,, GH§Y

pi PU
YPP( p, =12 WINT=0

tl TU
YPT( p =12 WINT®

FCS, = a FCSP, + & FCST, + & FRGS
pl PU tiTu p iPU
YPP( p p)=12 WINT=H YPT pt E 2WINTO=

b p
YPP( p P)=12 WINTH

+ &  FCSHS, +FCSE “PIPU @

pi PU
YPP( p p)=12 WINT=



4.1.4.Process units

Process unitpl PU mixer mass and heat balance is gibgrEgs (10) (12). In the process unjt, the
fixed amount of contamant (ML . ) is transferredo the water strean$ince hemass loaq ML, . ) of

thecontaminantss very small the water flow rate through the processpisiaissumedinchangedThe

mass balance for the process ymg given by Eqs(13) 1 (14) And for the process unp splitterby Eq.
(19).

FPU™W =3 FIR,,+ & FHSP,, + & FCSP,

s SFwW pi PU piPU
YPP( p, p=1 2 WINT= YPR ph pE 2WINTO= .
+ A FR_+ A FTP, PIPU (10
pi PU tiTU
p. p YPT( p) £ 2WINT &
YPP( P, p=1 @ WINT=
(in) /3 (in) . .. . .
I:F’Upn C)(PUp"‘C :a. FIPS p XE)/\/sc + 'a FHSF‘p b XFI{% c
s SFW pi PU
YPP( p, p=1 @ WINT=
+ a FCSR, GFCg. + @ FR, x@&? "piPU,
pi PU piPU W (1D
YPP( p, p=12 WINT= — ggl’gwmu) cics
+ A  FTR, &rue
ti TU ’ '
YPT(p,t)=1 2WINT 9
FPUMAPUD =3 FIR, TN, + §  FHSR, THY
d SFw pi PU
YPP( p, p=1 @ WINT9
+ a FCSR., GC§” + g Fp, TE4Y )
YPR( B, %'Llpg WINT p'rl,Fjg "plPU (12
YPP( p, p=1'a WINT=
+ a FP,, TPUC + a FTR, Ory
pi PU ti TU
YPP( p, p=1 2WINT YPT(pd E WINT 0=
p. P’
FPU{Y = FPUS™ "piPU (13
FPUM &PUM ML, EPU™  xpgY "pIPU (19
(O ) — s X
FPUp " = a FPp’ o ,a FPTp’t
pi PU tiTU
p, P’ YPT(p) 2 2WINT & .
YPR( nf)zl WINT ) plPU (15
+ 3 FPHS, , + A FPCS, +FPE
pi PU pi PU
YPP( p P)=12 WINT= YPR p h E AWINTO=

10



4.1.5.Treatment units
Themass and heat balance constraints of the mixer dafehgment uniti TU are given byequations
(Egs.(16) (19)).

FTu™ = § FIT,, + a FPT,, + a FT..

pt
s SFw d PU tiTu
YPT( p =12 WINTH tt
YTT(t,9=12 WINT © "yt iTU (16)
+ a FHST,, + a FCST,
pl PU pi PU
YPT( p9=12 WINTD YPT p) E 2WINTO=

FTUMOTU®™ =3 FIT, xBN, + &  FPT, xPWy
s SFW YPT( p t)glleWINTi)

©A  FTOUE v A RRST xS, ity
ti TU ’ ' piPU Y ’ W (17)
YTT(t, t)i’lta WINT YPT(pD 2 SWINT & clCS
+ a FCSJ,;t @FC%C
pl PU
YPT( p =12 WNT=0
FTUaTu®™ =3 FIT, TON  + § FPT, TP
sl SFW d PU
YPT( p =12 WINT®
+ a  Fr,ou™ + §  FHST, THE )
tiTU piPU "t1TU (18)
' YPT(p?Y £ 2WINT &

YTT(t, t)ilta WINT 0
+ a FCST,, GCc§™

pl PU
YPT( p =12 WINT9

The fixed removatatio (RR ) of the contaminant is assumeavithin the treatment unit. Alsot is

assumed that the mass flow rate of wastewater through the treatmentanitanbecause the water
flow rate is much higher than the amount of removed contamirmsmass balance for the treatment
unit t is given byEgs.(19)i (20). Eqg. (21) definesthe maximum number of treatment units selected (

N, ) amongst several available treatment units. Water flow rate in the treatmeniswunhstrained

by Eq.(22). The water mass balance for the treatment UnitU splitter is given by Eq23).

TTUM™ =TTy "tITU (19
M &TUM™ (T ut) Py "tiTuy,
FTUM &TU™ (O RR,) FHPY  xTY v eics (20)
' ' ' Cc
a YyTU, ¢ Ngyy (21
tl TU
FTU™ ¢ FTU™Y Ty "tiTU (22)

11



FTU®® = a FTR, + &  FT.
pl PU ' tiTU Y
YPT( p =12 WINTH t

YTT(tt)=1 2 WINT D "t iTU (23)
+ a FTHS o Tt a FTC$p HTE
pi PU ' pi PU ’
YPT( p =12 WINT= YPT pY £ 2WINTO=

4.1.6.Final wastewater mixer

The overall water mass balance and heddnce of thevastewater mixeis given by Eqg24) (26).

FWWe = & FIE + & FPE, +&FTE

d SFW g PU ti TU
. . (24
+ a FHSE, + g FCSE
pi PU pi PU
FWWED OxWW*? =5 FIE BW, & FPE xPY
. D " . ) "ciCS (29
+8 FTE &1y 4 FHSE xRMS, & FCSE xFG$
ti TU ’ piPU ’ piPU
FWWes orwwe =5 FIE T8W & FPE TP
d SFW d PU (26)

+8 FTE OrU*™ 4§ FHSE THEY &FCSE TEH

ti TU piPU piPU

4.1.7.Global mass balance equations
Global overall mass balance and mass balances for each contamin&€ (Karuppiah and
Grossmann, 20063 given by Eqs(27) and(28).

a FPw, = Fwwew 27)
s SFw

a FWOFW, +§ ML,. - aFTu”  xT” RR;
o SFW i PU tiTu "cisc (28)
= FWWe - @y

4.1.8.0bjective function

The objective funct i oM2isdéfined hsahminimisabon ofaerating codte | M1
of the network (Eq.(29)) including freshwater, utilities and wastewater treatmditte objective

function of the combined modéfl 1 M3 is givenasminimisation of TAC of the overall networkEq.

(30)) including operating cost of the network (freshwater, utilities and wastewater treatment cost) and

investment costHEN, treatmenunits and pipinyy The annualisegiping installation cost (fh-y)) is

modelled as function of mass (kg/s) flovate The given functionA, C'Qflowrate)E""”'ng relates tahe

iping

12



optimum economic pipe diameter trsoaccounts for minimon fluid pumping costSection 4.1.10

presenta detailed procedure for obtaining economic pipe diametép#pe investment cost.

minZ,, ,,=H & FW, CBN qct G, Oqhu €, @ § FTPO O¢ 29

d SFwW i TU

minZ,.,,=H @ FW CBW &e G, O dah @ @ JGFTYO OC

s SFW i HP jicp t iTU
siww s in a é- " uit s s s P 6
AFCH IC (BTUM)" CFad & & & Au o +
ti TU (;iiHP jcP k BT i HP j HP =
a a. a:| JJ i J k + QCU A@a a. +C|: HU (AEHU +
iilHP jicP kisT i HP jicp
2 g Bpiping T Bpiping 0
a%Apiping QFIPS p) (I-Apiping ( RD—|SS 9 3_+SP +
N ) Iy S, p
o sew i R A, AFICS, ) 0
é. a((%iping QFITS t)Bplpmg) L(STst +avg( Abiping ( FIBQ Bp‘pmg) LSESO +
d SFw i TU si SF
AA € EFPE Bpiping o EMHS Bpiping 0+
ag'Aﬁmpmg Q p) . (F'Abpmg ( Ep Q_PEP +
A PR Ay @FCSE) ™ 0
,a ((Aﬁiping C..M:'_'Sp)Bplpmg ('-Abiping ( H:%) Bplpmg) * (30)
pl PU

+

by QFPHS, )P 64,1, (£PCS
a?ApimeQFRl—ls 2%+ (Ayng CFRCS )%

a aaﬁAp.p.ngQFHs ) Ang (BCSP )%

o P”a%Ap.p.ng AR, )™ EAr, (RSC )™
G?Ap.p,ngCQFCSHg ) Boin

((A\J.p.ngQFTEo ) TE & J(Apw (FB)° ) T, 6+

tiTut fTu

(Abiping QFTHS o) Poors  Aping ( E)I'C$p) Bpping g
a a&v}].p,ng QFTP ) piping (I-Abiping ( @_IS'I;T)Bpiping g—PTpt
0

|0@®Gpaﬁcm
(7))
:U-U
+

pl PUtiTUSR

ae'Ablplng QFCSTp,t) " Aping ( E“P'IF'“)BF""‘"g

4.1.9.Modelling of interplant connections

The identification of the process watarsing units, wastewater treatmeninits and their mutual
connections withimnd betweethe plants isnodelledby introducing binary parameters instead of using
an additionaket of plants or binary variableSonsequently his does not increaghe complexity of
the model when compared to the synthesis of stdmite networks.

An auxiliary set containing number of plants is introducqul i (PLT) for defining the binary
parameters for the connections betwpencess wateusing unitsYPR p p), wastewater treatment

units YTT(t t), inter connections between process waitsing units and wastewater treatment units
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YPT( p ) andthe heat exchange matcheé4X(i, j). In addition, parameterlPU, and NTU,, are

introducechaving valuesorresponding to the number of the lelsiment of the setpi PU andti TU
within each plantpli PLT (Eq(31)). Thus, the values for binary parameters can be assigned using

generalized formulation for any numberpénts, units etc.

NPU, =[PUL, 4PU,, K [RU,. pl 1
3 (3D
NTU, =[TU, 41U, & [, pl 1

If the value of binary parameter equalto 1 the connectigbetween units exists and otherwisés

disabled. Equatio(B2) describes the assignment of value 1 to the binary paravE&rp p) for the
connectios between the procesgaterusingunits. If we definee.g.the number oprantsjPLT| =2,a
total number of proceswaterusing units|PU|=4, the value of the parametefdPU; would be

NPU, =2 and NPU, =4 for the case when the first two units are assigned to plant 1 and other within

plant 2.The mathematical formulation given by Eg§2) givesthe parameter values as showTable
1.

YPR(p B)=1 PpCENPY @ ®PY, pll=
YPRpP=1L pp>NPY, @p NPy, pll>pd Pi¥ (32
YPR p P)=1, ppP >NPY_,, pl|[=PLT

Note thatconnections for local recyiolg of water can be includedf p= p'. However, additional
constrains within the model were imposed in order to restrict those connectng(). Fig. 4 shows

the existing network connectiomten the direct water integration between plants is a) enabled and b)
disabledi.e. for connection having parameter valuéBR p p) =0. Note thatwhen the direct water
integration between plants éabled as shown in Figa4it can be viewed as single plant problem
from the water integration point of viewWhen the direct water integration between plants is disabled,

it is an interplant plant problemithout direct water integration opportunities

Table 1 ParametelYPR p p) values for the formulation given by E@2).

Process unit PU PU, PU; PU,
PU, 1 1 0 0
PU, 1 1 0 0
PU; 0 0 1 1
PU, 0 0 1 1

14



Fig. 4. Direct water integration between plara$ enabled b) disabled
Equations(33) and(34) describe the mathematical formulation for definthg parametarYTT(t t)

andYPT(p?d.

YTT(tt)=1, t ¢NTU, @ NTY, pl 1=
YTT(tt)=1, tt' >NTY,, @t NTY,, pl 1>pld PL¥ (33
YTT(tt)=1, tt >NTU,_,, pl [-PLT

YPT(pY=1 pceNPY @ MTY, pl 1=

YPT(p9=1 p>NPY, , @ NTY, @m@NTY t @®TY pll py & (34)
YPT(p9=1 p>NPY_, @ NTY,, pl| PRLT

In addition tathewater integratiomptions,Fig. 5 showstheheat integration opti@within the proposed
superstructureHeat integration options include nesothermal mixing of water streams withamd
betweenheating and cooling stagems well as heat exchargy¢hrough heat exchangersThe

mathematial formulation of the parametdfX(i, j) defining the existence dgfdirect heat exchange
matchess givenas follows:
HX(i,j)=1 i p NPU, [j@p=NPU,,pl 1 =

HX(i,j)=1 i § B NPU_, i @ p NPUE, pl 1 pl 3PLJ| (35)
HX(i,))=1 i § B NPU,,,pl |PET|

15



Plant 1 Legend:
C - cooler
-—@—“7 H - heater

HEN - heat exchanger network

HEN | i
******* ~~~~~~f~ 77~ Heat exchange by isothermal
3 1 /~ and non-isothermal mixing
! i =
%:;_x‘?\
! | .| _._____ Heat exchange through
,,,,,,,,,, bo————i___iiii__. heatexchangers
HEN |

Fig. 5. Heat integration options within and between plants

Based on thassigned values for the parameters defining connedietween superstructure elements
different water and heat integration optiazem be explored In addition the parameters HINT and

WINT areintroduced If HINT is set to 1 heat exchange through heat exchangers bessparate
plantsareenabled and otherwise disabl&lease note thatithough the heat integration between hot

and cold streams is enabled by the proposed model it is not considered in the studied examples. Heat
integration of streams at the distant locations would in most case require additional investment in piping
(Amidpour and Polley, 1997We assume that only heat integration of streams within the same plant is
possible. Direct water integration options between seppfatts are enabled with parameW®@iNT

having value 1 and otherwise disabl@ithe modelling of such options withirthe GAMS is easily
manageableby usingthe dollar operator(Rosenthal, 2015)Note that HINT reérs only to heat

integration of hot and cold streams exchanging heat through heat exchangers.

4.1.10.Economic pipe diamet@md piping cost derivation
The capital cost of the pipe run increases with the incrieabe pipng diameter whilst the electricity
consumptionto pump the fluid decreases. The most economicipjpdiameter is the one with the

minimal total annual cogSinnott et al., 2005Piping installation cost ($/m) ithe objective function

given by Eq(30) is considered as a function of theassflow rate A, Gflow rate)B"“""g . It is derived

iping
following the procedurpresentedby Sinnott et al(2005)

The investment cost of piping is given by Eg86). The parameterB andn arerelatal to investment
costincluding valvesfitting and installation cosfTheydepend on pipe material and pipe schedule. The
internal pipng diameter (m)s presented bg. Pipe investment given by E@6) is annualsed ($/(m-y)

by usingannualisatioriactorAF. The parametdyaccounts for the pipe maintenanc@arcentagd 00.
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Values of the piping costere taken fronSinnott et al., 2005pr the carbon steel pipe&nnualisation

factor is assumeth bel0 % and maintenandgpical valueis 5 %.

C™ =B @ (AF b +2215 &= (36)

pipe
The operating cost of pgorunis related to water pumping ca@std is given by. Eq37) assuming water
density 1000 kg/rh plant operating hou®000 h/y, electricity cost 087 $/(kW h)and pump efficiency
0.6.

= HAE . o
COPER = Dp 5 ent =FDC O pOF Dp (r 8.683 1*
pipe 1000 s /Zump p m p Q: p (37)

In order to reduce¢he complexity the modelan approximation of the pressure drop asoalinear

function of the pipg diameter (m) and fluid mass flow rate (kg/s) was mesfgven byEq. (38).

mmodel =g @ dC4( (38)
The values of the coefficientS;, Cs and C, were optimsed by performing nalinear regression
minimising sum of squared error given by E89). The error is defined asdeviation of theestimated

value of pressure drop from the value of pressure drop asdcuby using DareyWeisbach equation.

: 120 e 2
mlnzza(lbmd' m;) (39
The nonlinear regression was performed for a set of points 1) for which the values of pressure
drop (Dp,,) can be calculated for each poimi M by solving equation40)-(43). The values for the

fluid velocity are given within the interval 34 m/s and pipe diameter range 0.04R35 massuning,
dynamicviscosity 1-1¢° Pas andcarbon steel pipe absolute roughness 0.45mM0The pressure drop
range for the defined constraints is18040 Pa per m of pipe.

The pressure drojor the fluid flow in pipes can beescribedisingthe DarcyWeisbachequation (.
(40)):

Do, B r—%“? mi M (40)

d 2

Generally, friction factor depends on Reynolds number (@) and relative roughnesgtd of the pipe
as given by Eq(42).

d G ,
Re, === mi M (41)
1 a4 251 K e )
—— = 2 ldjge—— + _  ReO— #5 mi M 42
I @éﬁaemq/_/m 371, ' od, (42
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o -2
/=18 (-ag%f% o Re,0 65 mi M

m

The fluid velocity for a steady state flow is given by &g)

AlF,
e g v (49
The optimised value of the parametersvere C, =1.4768 @0° C,=1.91€ and C, = 5.097 with

objectivevalueZ =42376. The objective of finding economic pipe diametemisiimizing TAC given
by Eq.(44). Substituting pressure drop E88), Eq. (44) becomes Eq45).

CUAO =N 4(OPER 301 5 (P& p+F8.933 1Y (44)

pipe pipe pipe

Cin)=2215@%* G F*Od* © 8.968 10
, y ; 4
=221.58>” G F<G d* 6933407 (43
Differentiating Eq(45) with respect to piimg diameterand ®lving the derivedequation fod, optimum

economic pipe diametean be btained

0=221.50.55d%° C,+="08.9332106 C, &'

Ny 46
d =0.023 §***° (49

Theannualgedinvestment cost for piping hy)) A, (flowrate)™™ was obtained by substituting

iping
the economic pipe diametdrom equation(46) in Eq. (36) describingannualsed piping investment

cost The value for piping cost coefficient &, =27.89 and cost exponent for pipings

iping

B =0.284.

piping

pipe

Cim =221.5 @8 (2215 (Q2F°*Y)”  27.8¢ °* (47)
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5. RESULTS AND DISSCUSSION

Three exampleweresolvedin this section in order to illustrate tlagplicability and effectivenessf

the proposed modahd solutiorstrategy Example of different complexitieg/ere considereimcluding
single and multiple contaminants, with or without wastewater treatment unitalsmdonsidering
individual and interplamonrisothermalvater network. The parameters values and cost data associated

with examples are given in Tal®eandaretaken from(Dong et al., 2008)

Table 2 Operating parameters and cost data for the studied examples.

Parameter

Freshwater temperatu(@F\Ws), °C 20
Wastewater temperatu(@Wwwew), °C 30
Cooling water inle{tcuin) and outleftcuou) temperatures’C 10 and 20
Hot utility temperaturéthuin), °C 120
Freshwater cogCFW), $/t 0.375
Hot utility cost(Ciu), $/ ( k WAy ) 377
Cold utility cost(Ccu), $/ ( k WAy ) 189
Fixed cost for heat exchanggfF), $ 8,000
Area cost coefficient for heat exchang@tsg), heatergCinu) 1,200
andcoolers Cicu), $/nm?

Piping installation cost coefficie®yiping), $/m 27.89
Piping cost exponen{8yiping) 0.284
Cost exponent for heat exchang@¥ 0.6
Individual heat transfer coefficienfisr water(h; hy), hot(hxu) 1
andcold (hcy) utilities, KW/(nPA K )

Specific heat capacity of wat¢€,), J/(g °K) 4.2
Plant operating hour#1), h 8,000
Annualisationfactor fortreatment unitinvestmeni{AF) 0.1

5.1.Example 1single process problem

Example 1 considers a single contaminant problem including only praeéssusingunits withinan
individual plant. The operating data of process units (T3bhere taken froniBogataj and Bgajewicz,
2008) (Bogataj and Bagajewicz, 2008Jhe data for the distance between freshwater source, process
waterusing units and effluent discharge required in order to account for piping installatiomreost

given in Table 4arbitrarily. Theexcharger minimum approach temperature is 1 °C.
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Table 3 Process units operating data for Example 1.

Process Contaminant mas: Maximum inlet Maximum outlet Temperature

unit load(MLy,9, g/h concentration concentration (TPUS”’ ), °C
(XPU™), ppm (XPULL™ ), ppm

PUL 2000 0 100 40

PU; 5000 50 100 100

PU; 30,000 50 800 75

PU, 4000 400 800 50

Table 4 Distance(m) between superstructure elemempisicess unitRU), wastewatedischarge
(WW) andfreshwater sourcd-{V ) for Example 1

Distance* FW PU, PU, PU; PU, WW
PU, 360 0 130 190 280 620
PU; 330 0 60 150 470
PUs 270 0 90 420
PU, 280 0 330
WW 300 0

*Distance between superstructure elements is the szgaedless to the direction ¢
the water flow.

The solution obtainethatchthosefound in the literatur¢ Ahmet ovi I and Kravanj a,
Bagajewicz2 0 0 8 ; | br i fegasling fredhwatersa®ye2% Kgjs) and hot utility consumption

(1050 kW). Theoptimal network design (Fid) consiss of one heat exchanger and one heater with the

HEN investment cost 134,226 $/y. The anrsaal pipinginstallation cost is 116,760 $/y and the TAC

of the network is 916,836 $/y h€ marked field¢dashed rectanglé) the Fig 6 represent the location

of the freshwater source, processterusingunits and a wastewater discharge place. The lines crossing

the location borders are those for which the piping installattmstis consideredlt is importantto

highlight that the basic network design considering water streams flow rates is unchanged compared to
the solutions presented in the literatgred h met ov i | and Kravanjwithout 201 3;
piping costgsee Table 5)Howeverthe placements of hot and cold streams and-isothermal mixing

points are important and hawepact onthe TAC of the network. Note that two networks with the same
freshwater, utilities consumptipand HEN investment cost can be obtained but with diffgoaring
configuration. Fig.7 showsan alternative locally optnal solution with the same operating costs and

HEN investment cost. However, the piping installation cost for this network is 126,559 $/y and the TAC
926,635 $y.
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Table 5Comparison with the literature results for Example 1.

Parameter (Bogataj and (Ahmetov (Il bril e This paper
Bagajewicz, Kravanja, 2013) 2014) (including
2008} piping)

Freshwater, kg/s 25 25 25 25

Hot utility, kW 1050 1050 1050 1050

Cold utility, kW 0 0 0 0

Heat exchangers 3 2 2 2

Piping investment cost, $/y - - - 116,760

HEN investment, $/y 146,748 134,226 134,226 134,226

TAC without piping, $/y 812,598 800,077 800,077 800,077

TAC including piping, $/y - - - 916,836

*Recalculated data taken framAh met ov i |

and Kravanja, 2013)

3.763 5556| PU, |5.556 4 1.587
40 °C |
¢ '\' 2.963
1,005
22.778 A 215°C @:7C
28°C N
21.773
13.889 | PU, |13.889 111.296
1649.5 m’* O—= I Gaian o
5530 kW 100°C 5t
74.9 m*
1050 kW
1.792 [[13.889 2.593
®52C. . 11111 | pu, |1L111
75 °C N
0.635
20237 |
25
(" 30°C
25 2222 | PU, [2222 4
20°C N 50 °C <t '|T

Fig. 6. Optimal network design for Example(ingle process problem)
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3.763 5556 PU, |5556 4  1.005
: 40°C N 1587
11792 2.963|
PN i) B 5% . 8519
67.4°C
13.880 e -
749 m
e 1050 kW
om Tt
¢ 100 °C ,
@273 4 1129% !
87.97°C
27.5°C
21.237 10.476 2593
11 [ pu, |111n
2 75°C [ F__
0.635
25 2222 [ pu, |2222 , N25
20°C 50 °4C i ! V3ooc

Fig. 7. An alternative network design for Example 1.

5.2. Example 2multicontaminant interplant problem

Example 2 wasolvedin order to demonstrate the water and heat integration options available within
the proposed model. A multiontaminant case study consisting of four process waiag units
(Bogataj and Bagajewicz, 2008ps considered. Haver, we assunaghat two process units Rdnd

PU, exist within Plant 1, and process unitssRidd PU within Plant 2 Data for the process watersing

units are given imrake 6. Two cases were considerdd.the first case (Case a) the water and heat
integration options within the processterusingunits corresponding to different plants are disabled.
Case b considers water integration between different pldoisever in both casebfeat integration
between hot/cold streanvgithin differentplantswas not consideredheexchanger miniram approach

temperature is 1 °C and the same distance matrix was used as in Example 1.
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Table 6 Process units operating data for Example 2.

Pl a n Contaminantass load Maximum inlet Maximum outlet Temperature
Process (MLpo), g/h concentration concentration (TPUM™), °C
. in,m ,m P ’

unit (xPUSL™), ppm (XPULL™ ), ppm

A B C A B C A B C
1 RU2000 1000 3000 O 15 0 100 100 100 40
1 RBUS5000 O 15000 5 100 30 100 200 250 100
2 RBU 30000 4000 O 100 100 100 800 750 600 75
2 RU 4000 22000 17,000 400 380 250 800 800 800 50

The network exhibitedhe minimum freshwater consumptiof85.883 kg/¥ with 21.591 kg/s of
freshwater consumed within Plant 1 and 14.292 kg/s within Plant 2. A correspéotdingnsumption

of hot and cold utilitiegor both plantss 1507 kW and 0 kW. As shown in Fi§, water integration
between plants is disabled andt@rareuse options within Plant 1 (PIUP ) and Plant 2 (PtY P U

and PUY P UJ) exist. The optimal network design consists of five heat exchangers (three within Plant

1 and two within Plant 2) with a heat exchanigeestment cost of 237,838 $/Yhe piping nvestment

cost is 163,986 $/y and TAC of the network is 1,357,522 $/y.

Furthermore, the Case b considers water integration between plants, as well as heat integration by direct
stream mixing (nofisothermal mixing) but excludes the option of heat exchaihgeugh heat
exchangers between streams from separate plants. In contrast to previous options, further reduction of
freshwder consumption is now possibisving to additional options being available for water reuse
between plants. The optimal design oe timterplant network exhibitethe minimum freshwater
consumption of 26.535 kg/s and a corresponding hot utility consumption of 1114.5 kW. Freshwater
consumptiorwasreduced by 25.6 % (35.883 vs. 26.535 kg/s) when compar€dde aDirect water
integraton of water streams between plants significantly reduceswegshand utilities consumption

owing to the increase in water reuse opportunities. Also, a significant reduction imnthemof heat
exchangers occutsecause of the additionally enabled fisothermal mixing options and consequent

increase in the heat loads of individual heat exchangers.
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Fig. 8. Optimal network design for Example 2 (Ca$standalone processgs

Fig. 9 showsthe optimal network design for Example 2 (Casélhg optimal interplant network design

for Case b consists of only tweat exchangers and one heatth a HEN investment cost of 1654

$/y. Compared to the case without direct water integration (Case a) additional piping investment cost is
required forinterplant connections (approximately 8% increashg total annual cost of the network is
1,007,805 $/y including piping investment cdsy. 10 shows the optimal network design obtained by
using proposed model, however excluding piping cost. As caadrefrom Fig. 10 the optimal network
design layout is somewhat differeahd more complex;om the design obtained when including piping
cost. The network (Fig. 10) included more splitting and mixing option with the increased number of
connections congred to network design in Fig.9.

Note that the same case study was considered as a single plant consisting of feusingtenis
studied within the literaturd.able7 presents a comparison of the results obtained in this work with the
literature reslis for Case b. The TAC of the network design without piping cost is in a good agreement

with the literature results.
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Fig. 9. Optimal network design for Example 2 (Ca$elipect water integratiomcluding piping.
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Table 7 Comparison wittthe literature results for Example 2 (Cas$dibect water integration

Parameter (Bogatajand ( Ah met ¢ (Yanet (I br i | Thispaper This paper
Bagajewicz, and Kravanja, al., 2016) 2016) (without (including
2008) 2014) piping) piping)

Freshwater, 26.535 26.535 26.716 26.535 26.535 26.535

kg/s

Hot utility, 1115.7 1114.5 1122.1 1114.5 1114.5 1114.5

kw

Cold utility, 0 0 0 0 0 0

kw

Heat 4 4 4 3 3 3

exchangers

Piping - - - - - 123,151

investment

cost, $ly

HEN 199,861 183,063 183,107 177,859 177,859 177,654

investment,

$ly

TAC without 907,066 889,772 894,658 884,595 884,595 884,919

piping, $ly

*Recalculated data taken from tierature( A h me t o vravanja,201d) K
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Plant 2
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Fig. 10.Optimal network design for Example 2 (Caselibect water integration without piping).

5.3.Example dinterplant problem including wastewater treatment

Exampk 3 considera single contaminant problem now including wastewagatment unitgnabling
wastewater regeneration and reddeoperating datéor theprocessvaterusingunits were taken from
the literaturgZhou et al., 2012bAreshown inTable8. Two classes of wastewater treatment units are
available for both plants. Thaperating temperature of the treatment units i$@With removal ratios

of contaminant within the treatment units of%%nd 90%. Treatment umsé capital cost ($) as a funatio

of the wastewater flow at e (t/ h) arf¥amd v &R’ 8nisothe 6orrépohdig
operating dasd RIHEBIRIManTcentamidant concentration in the effluent stream
discharged into the environment is 20 ppm.addition the distance matrix is giveim Table 9,

arbitrarily. The exchanger minnum approach temperature is 10 °C.
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Table 8 Process units operating data for Example 3

Plant Process Contaminant Maximum inlet Maximum outlet Temperature
unit mass load concentration concentration (TPUM™), °C
MLy, g/h (XPUI™9) pom (xPUCH™ ), pom "
Plant1 PU, 2 0 100 40
PU; 5 50 100 100
PUs 30 50 800 75
PU, 4 400 800 50
Plant2 PUs 5 50 100 100
PUs 30 50 800 75
PU; 50 800 1100 100

Table 9 Distance(m) between superstructure elemempisicess unitRU), wastewater discharge
(WW) andfreshwater sourcd={V) for Example 3

Distance* FW PU PU, PUs PU, PUs PUs PU, TU: TU, WW

PU, 360 0 130 190 280 450 550 600 510 560 620
PU; 330 0 60 150 320 420 470 380 420 470
PU; 270 0 90 260 360 410 320 370 420
PU, 280 0 170 270 320 230 280 330
PUs 230 0 100 150 390 340 310
PUs 330 0 50 290 240 210
PU; 380 0 340 290 260
TU, 500 0 50 100
TU, 450 50 0 50
WWwW 300 0

*Distance between superstructure elements is the same regardless to the direction of the water flow.

The freshwater consumption within the netwddsignpresentedby Zhou et al(2012b)is 228.77kg/s
with the correspondingonsumptionf the hot and cold utilities8D8 and kW, respectively The
TAC of the network is 12,147,257%/gnd excluding piping costdor considering the interplant
connections i41,814,113b/y. Fig. 11 shows the optimal netwds design obtained using the proposed
model and solution strategy. The freshwater consumption is red@8éd%6vs. 228.77 kg/s) by
approximately 8 % as well as the hot utility consumptiof862.2vs. 9608 kW)However, the optimal
network design in thipaper exhibited higher investment cost of heat exchang20s 53vs. 435,400
with total number of five exchangers comparedht® design witlthree heat exchangefZhou et al.,
2012b) Also the treatment unit operating and investment costigher 6,544,650vs. 5,285,839 $/y).
Nevertheless, the TAC of the network in this paper is still lowe0@41803vs. 11,814,113 $/y) when
not considering piping cost. The piping installation cost for the network design shown tOR#&)
514,030%/y and the RC of the network including piping i$1,558,833%/y. Note thatZhou et al.
(2012b)consideed only pipelinefor cross plant connections using different cost functions. For that

reason the piping installation cesterenot compared.
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6. CONCLUSIONS

This paperhaspresented an approafdr the synthesis obothsingle and interplarmionrisothermalwater

networks Binary parameters were used in ordedédine the connectiondbetweenprocess wateunsing

units, wastewater treatment unétssociated with different plants as well as to identify allowed matches
betweerhot andcold streamsThe objective function of thproposed MINLP model inclesthe piping

installation cost for the connection within individual plants as well as cross plant connectiomsdete

was solved by using recently proposed w dep &erative solution stratedy! b r i |  econsisiig. , 201
of initialisation and design stepihreeexampleswvere solvedn order to demonstrate the model capabilities

for solving problems of different complexities involving single artdrplant water networks.Wasclearly

shownthat a significant savings in watand utilities(more that 25 % in Example 2nd consequently

investmentostcan be achieved by enabling water and heagiiatien options between plants.
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Notations

Indices

c Contaminant

[ Hot process stam

i Cold process stream
p Process unit

Freshwater source

t Treatment unit
pl Plant
Sets

CP Cold process stream
HP Hot process stream
PU Process unit

SC Contaminant
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SFW Freshwater source

TU Treatment unit

PLT Plant

Parameters
AF

Aviping

B
Bliping
Ccu
CF
CFWs
Chu
Cicu
Cinu

HRAT
ICt
oG
tcuin
tcuout
thuin
thuout
U

u
xFV\gYc
xPUSf‘c*max)

(out,max)
xPU

Treatmeninvestmentinnuaisationfactor

Pipingannualiseatost coefficient

Cost exponent for heat exchangers

Cost exponent for piping installation cost

Cold utility cost, $/ (WAy)
Fixed charge for heatxchangers, $

Freshwatercost $kg

Hot wutility cost, $/ (WAy)
Area cost coefficient for coolers, $¥m

Area cost coefficient for heaters, $/m

Area cost coefficient for heat exchangers,%/m

Specific heat capacityafat er K) J/ ( kg A
Exchanger minimum approach temperatige,
Plantannualoperating hours, h

Cold utility individual heat transfer coefficient, W/¢)

Hot utility individual heat transfer coefficient, W/¢A)

Hot water streamindividual heat transfer coefficientW/(mPA)
Cold water strearpindividual heat transfer coefficieptW/(m?K)
Heat recovery approach temperatite,

Investment cost coefficient for treatment uni/kg
Operating cost coefficient for treatment uni$/kg

Cold utility inlet temperature

Cold utility outlet temperatureg

Hot utility inlet temperatureK

Hot utility outlet temperature

Overall heat transfer coefficierty/(m?A)

Cost exponent for treatment uhit

Concentration of contaminantin freshwater sourcg ppm
Maximum concentration of contaminanéat the inlet to process unf ppm

Maximum concentration of contaminaméat the outlet from process umpitppm
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TPUS Process unip inlet temperaturek

TTU™ Treatment unit inlet temperature

TPUM™ Process unip outlet temperatures

TTUC™ Treatment unit outlet temperatures

TFW, Temperature ofhefreshwater sourcg K

TWWew Temperature of wastewater discharged into the environident,
ML, Mass load ofhecontaminant in process unip, kg/s

LSR, Distance between freshwater sous@d process unf, m

LST, Distance between freshwater sous@ndwastewater treatmenhnit t, m
LSE Distance of freshwater soursérom the effluent discharge place, m
LPE, Distance between process uméind the effluent dischaggplace, m
LTE Distance between wastewater treatment tuanitd the effluent discharge place, m
LPR, Distance between process umptandpNj, m

LPT,, Distance between process umtand wastewater treatment upim
LTT,. Distance wastewater treatmemtit t andt, Nj

Nsru Number of treatment units allowed to be selected

Removal ratio of contaminawtin treatment unit, %/100

Upper bound for driving force
Reynolds number

Fluid pressure drop, Pa

Fluid velocity, m/s

Pipe length, m

Pipe diameter, m

Water density, kg/m

Water dynamic viscosity, Pa

~ 3 ~» o r < O 0 =1
g @ P

Pipe friction coefficient

Cio? Pipe operating cos$/y
Cine’ Pipe investment cost, $/y
C, Cost of electricity, $/(kWh)

A e Pump efficiency

YPH p p) Binary parameter fodentificationof connection between urptandpNj
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YTT(t t) Binary parameter fodentificationof connection between uniiandtNj

YPT(p?d Binary parameter fodentificationof connection between umtandt

HX(i, j) Binary parameter for defining the match between hot stieard cold stream
NPU,, Number of last process unit within the plaht

NTU,, Number of last treatment unit within the planht

Continuous variables

FW, Freshwateflow ratefrom sources, kg/s

FIP, , Freshwater flow ratfom sourcesto process unip, kg/s

FIT, Freshwater flow ratéfom sources to treatment unit, kg/s

FIHS, Freshwater flow ratfom sourcesto cooling stag®, kg/s

FICS, , Freshwater flow ratéfom sourcesto heating stagp, kg/s

FIE, Freshwater flow ratbom sourcesto final wastewatemixer, kg/s

FHS, Water flow rateatthecooling stage, kg/s

FPHS, Water flow ratefrom process unip to cooling stag® ,Mp/s

FTHS, Water flow ratefrom treatment unit to cooling stag®, kg/s

FRHS, , Water flow ratedrom cooling stageNj t o cop,kg/sng st age

FCSHS Water flow ratedfrom heating stagp to cooling stag® ,Mp/s

FCS, Water flow rateat the heating stage kg/s
FPCS, ., Water flow ratefrom process unip to heating stagp,g/s
FTCS, Water flow ratefrom treatment unitto heating stagp, kg/s

FRCS, , Water flow ratefrom heating stagpNj t o hepkgilsng st age
FHSP. Water flow ratefrom cooling stage tej process unip, kg/s
FHST,, Water flow ratefrom cooling stage to treatment, kg/s

FHSCS, , Water flow ratefrom coolingstagep tdj heating stagp, kg/s

FHSE, Water flow ratefrom cooling stag® to wastewater mixer, kg/s
FCSPE., Water flow ratefrom heating stagp dj process unip, kg/s
FCST, Water flowratefrom heating stagp to treatment unit, kg/s
FCSE, Water flow ratefrom heating stagp to wastewater mixer, kg/s
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(in)
FPUS

(out)
FPU{

FTU™
FTUL ™
FPT,

p.t

FTo
FTE
FWw\f©9
XFHS, .
XFCS, .
XPUL
xPULY
xTUD
XTUO

XWout)

THS"
TH out)
TCS™
TC%OUI)

fcj

fh
thin
thout
tcin,

tCOUE

Water flow rate at the process upiinlet, kg/s

Water flow rate at the process upibutlet, kg/s

Water flow rate from processumiNj t o prpokg/ess uni t
Water flow rate from treatment urtito process unip, kg/s

Waterflow ratefrom processainit p to wastewater mixer, kg/s

Water flow rate at the treatment uninlet, kg/s

Water flow rate at the treatment ubdutlet, kg/s

Water flow rate from process umitto treatment unit, kg/s
Water flow rate from treatmenturNj t o t r €,&g/sment uni t
Waterflow ratefrom treatment unitt to wastewater mixer, kg/s

Flow rate of water discharged into the environment, kg/s

Concentration of contaminantat the cooling stage ppm
Concentration of contaminantat the heating stage ppm
Concentration of contaminantat the inlet to process umit ppm
Concentration of contaminantat the outlet from process umpitppm
Concentration of contaminantat the inlet to treatment uriitppm
Concentration of contaminantat the outlet from treatment unjtppm

Concentration of contaminantin the wastewater discharged into the environment,

ppm
Inlet temperature of hot stream at cooling stagé

Outlet temperature of hot stream at cooling stagé
Inlet temperature of cold stream at cooling stagé
Outlet temperature of cold stream at cooling stad¢e
Heat capacity flow rate of cold stregnW/K

Heat capacity flow rate of hot streapW/K
Inlet temperature of hot streankK
Outlet temperature of hot streankK

Inlet temperature of cold stregnk

Outlet temperature of cold stregnkK

34



ghu Hot utility load, W

gcu Cold utility load, W

ech Heat content of hot streamW

ecq Heat content of cold stregmwW

ag Heat exchanged between hot streamith the cold utility, W

ah, Heatexchanged between cold strepwith the hot utility, W

qx Heatexchangedbetweerhot stream and cold strearin stagek, W
th, Temperature of hot streainat the temperature locatiénK

tc;, Temperature of cold stregnat the temperature locatidnK

Dt i Temperature approach between ihand coldj at temperature locatidg K
Dthu, Temperature approach between hot utility and cold stjeldm
Dtcu Temperature approach between cold utility and hot strelim

Binary variables

Z Existence of matchi(j) in stagek

zcy Existence of match between hot streisamd cold utility
zhy Existence of match between cold strejgamd hot utility
yTU, Existence of treatment urtit

Subscripts, superscripts, abbreviations

CuU Cold utility

GAMS GeneralAlgebraicModelling System
HEN Heatexchangemetwork

HU Hot utility

in Inlet

L Lower bound

LMTD Logarithmic mean temperature difference
LP Linearprogram

LV Level value

max Maximum

MILP Mixed integer linear program
MINLP Mixed integer nonlinear program
NLP Nonlinear program
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out QOutlet

TAC Total annual cost

U Upper bound

WN Water network

WTN Wastewater treatment network
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Appendix A

A.l. Simultaneous optimisation and heat integration model (B2)an and Grossmann, 1986)
Based on theinch location methodhe minimum consumption of hot utilitygliu) is constrained by
inequalities (A.1) (A.2). The global energy balance given by E§3) defines the minimum
consumption of cold utilityqcu) for the given HRAT value.

ghuz (§ fg @ax(0,tcout (thin  HRAT) max(0,tcjn (thin  HRAT)) )
irep "i'HP

(A1)
- (a fh @ax(0thin thin.) max(Othoyt thin )))
ghu? (g fq (Max(0,tcout tcin) max(0,tcin tcin )) - )
jice "jricp
(A.2)
(a fh @max(0thin {cin. HRAT)) max(Othout (tein  HRAT))
il HP
qhu+a ech =gcu +a eGc (A.3)
ii HP jicp
The heat content of hot and cold streams is giveladsy(A.4) and(A.5).
ech= fh Qhip thouy) "i THP (A.4)
ecg = fc Qcoyt tcip) "j THC (A.5)

A smooth approximation of max opera{@iegler et al., 1997 used in order to avoid the problem of
discontinuous derivatives present in Egsl) - (A.2) due to unknown values of flow rates and hot and

cold streams inlet/outlet temperatures.
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A.2.HEN synthesis model (M3)

The following equationgA.6) (A.26) were included in the modified HEN synthesis rb@ ee and
Grossmann, 1990The model used for the HEN synthesis is based on the assumption of isothermal
mixing within the HEN stagewise superstructureThis assumption can be relaxbdt this would
additionally increase theomplexity of the modelNote thatheat capacity flow rates and streams
inlet/outlet temperatures are variabtesnpared to the original model where they are parameters.

Total energy exchanged by hot streiaamd cold stream

fh Qthin thout) & A ae il HP (A.6)
jicP kisT

fc; Qtcout  +cin) & ad. o (A.7)
ilHP kIST

Energy exchanged by hot streaand cold streamin stagek:

(A.8)

(A.9)

Energy exchanged by hot streamith the cold utility and cold streajrwith the hot utility.

(A.10)

(A.11)

Supply temperature of hot and cold strearasd;:

(A.12)

(A.13)

Feasibilities of temperatures across temperature intervals

(A.14)

(A.15)

(A.16)

(A.17)

Logical constraints for heat loads

(A.19)
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