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A METWORK MODEL FOR UREL! WATER SUBPLY SYSTEM
INCIUDING DESALIEATION AN JAST SWATEF RENOVAT TON*

‘Br. shishir K. Muknerjee

‘Most urban areas are faciig an ever increasing demand
for fresh water due to population and industrial growth.
The paper presents a network programming model to
evaluate alternatives for supplying water from various
sources - treated fresh water, desalinsted sea vater
and renovated waste water - to satisfy future demands
for multiple water use in cosstal cities at minimum
cost. Water demand projections for minicipsl, indus-
trial, agricultursl and recrestional use are snecified
in terms of thelr geographical locations, guantity
and quality specifications for a future dabte. Costs
of water to match these demands from different sourcss
ard by desalinstion and renovation are assumed knowmn.
The network programming computer model can accommodate
non-linear costs of water development, treatment and
cotveyance and uses an iterative techinigue to obtain
a minimum cost solution. The network model described
is quite general in the sense that it can be applied
to other areas such as waste disposal and water
pollution control, solid waste management, air pollu-

tion control, pipeline optimization and transvorta-
tion studiss.

INPRODYCTION

Most urben areas are facing ever incressing demends for fresh
water due to population and industrial growth, and per carita
increase in water consumption. Often costly water cevelopment and
transportation projects must be undertsken te meét these demands.
The problem is further complicated by public demands that receiving
waters for wastes should be maintained at ancaeptable quality levels

which eonsaqum;tly requlires the use of costly waste treatment

* Presented at the meeting of Urbanisation Group of Mational Cmittee
on Science Technology, Yojana Bhaven, February 19, 1972,



mothods to accomplish this. Many munici®alitics will soon hawve to
provide at lenst sceond-ry trantmunt to thoir weste waters prisr to
ultimato disposition.

Sinco available sourccs of frash water are linited, it is
becoming incruensingly importint for some urbah arcss to consider
renovation of these truatud waste watsrs amd the use of desalinated
seo wator as additional sources of wantar, Dosalinated son wnter
has boen gonerally a prohibltively expensive supply altornative for
many uses. It is a sourcc of supply which is of growing importance
iln wator sho-t coastal arsas, particularly for imdustrizl users.
The tourism industry, which can usually pey & rclatively high pricc
for water, and industrics using ultrepure water are potuntial users
of dosaltad sen water.

Public honlth considerations have usucily rosulted in
strong objactions to the direct rouss of ranovatod wastawnter for
human consumption. Therc is slso a traditional and psychological
resistance to ro-cyeling renovatad wastowstor. Nevertheless, there
1s growing awarenoss that ronovitod wistewater can bo us«d for irri-
gation and cortain industri-l purposcs. Considerablo roscerch is
boing dirocted toward resolwving public health problems through
cconomically sttractivo treatment steps. Whor: higher lavels of
treatnent are now requirad bafors dischwrging westcwater in rcceiﬁ.ng
watcrs, reclaimad water sultable for minicipnl, industrial or
agricultural use could bs obtainod 2t A low morgine’ cost. Mator

ronovation and rouss, subject to pub].ic heslth ond ue.st,he..:." —



accaptance, con solvc the problcm of w:.ter supply and wator pollution
control simultanuously ~nd may prove cconcvical for many urban
comrmni ti es,

The comploxity of sconord cally ovalucting the large number
of feasiblu ~ltornativus in the d2sign of such n water supply systcm
consisting of numorous sourcos, nd demarnds of various types, troat.
ment plants, storags ond conveyance facilitiocs, wuste tra:toont and
disposal Processos, is cbvicus., Tho use of o "Systems wprro-ch," in
which operations resocarch unrlysts closoly participate with the
éng:l.naers, Plunners, =nd nunicipal authoritius in tho dusign and
inmplementation of such schomes is definitoly ncuwded. The paper

presonts such an approach in the development of o nctwork model for

designing s minittum~cost water supply system.

WolER SUPPLY/WASTE DESPOS.L SYSTFM DESCRIPTIQON

The basic elaments of a Wetsr Suppiy/ﬂaste Iispesel Systen
including the use of dusalinatod sca water and renovnted wastewater
are illuatrated in Figure 1. Water dornnd prejoctions for runicipal,
M irﬂustria.l, reerentionsl ond agricultural usec arc made 2vzilabls in

torns of their geographical locutions, quantity and quality spoci-
fications for 2 future year for which the syst@_.m is bsing plannad,
" Water soua:"cos #re spueified as to the maxdrun quantity available,
qlmii_ty -nd unit cost., Wator troatment procusscs ars defined to
nateh the quality of trestod watar to the domund quatity require-

ments,  Alteractivs ways of meoting tho demandc Irem various sources
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of tronted wutir are propos.d .2l tho onces considorod iniessible
from enginecring ond cconormic judgmeat ars dzleted from further
considoration.

Adlowing for various losscs ia usc, the munieip:l waste-
water is concidered ns anothar source of water which could be ro-
cycled into the systom aftor adoguate treatucnt and surification
subjuct to aczoptunce by publiz huzlth stlnd;r%s wnd aesthutic
congideretions. If reonovat:zd wastowntor 1s scnsidored unacccptable
for-municipal use (duo to possiblo danga to public hcalth ond tra-
ditional and psycholpgical rosistance by poeoplc) or procoss use in
indﬁ#try-ﬁdue to build-up of soluble salts in ronovatod water), it
could at least bt usod for vorious sgriocultural =nd industriel
cooling purjoses. Various combimations of processcs arc considered
for the treatmcﬁt ind ronovation of wastowstor ineluding primary,
socondary; activated sludge ard trickling filter treatnent; chlori-
nation; lime treatment and ammonis stripping; dual-media filtra-
tion and eloctro-dialysis. Tho combined processcs arc dosigned ‘
to produce water quelity to match dememd quality requirenents. The
possible locations of tho traatment plants arc decided from onginaer-
ing-oconomic judgment ~nd geosraphical cansidcration;s.

For some urban arocas, dosalination of sex cor brackish water
moy becomo anothar source of witar., Conveniont loc-tions for such
ploats ars considerad, Often blending of dusaltod sen woter with
fresh water from other sourccs with high dissclved 301ids content

will produce acezptablo wator at o nodora*oe cost. Finzlly somo



starage facilities must be included at verious pointsy in trz system
to accomsodate seasonal and diurnal fluctuations.

The water supply/weste disposal system consisting of the
available multiple sourge of water and demands, alternative w.ys of
supplying these demands from the given sourcés, 2lternative pro-
cesées-for treating freah and wastewater and adesuite storage amd
conveyince ficllities =as its elements is reprossnted bty 2 conzentual

network in the medel.

COST_DEGCRIPTION

Since 1t 13 deslred to design a loust—cost systum to satiafy
all tho demands (if feasible), the totel system cost is the mensure
of effectivencss. Unlt costs as & functiom of flow in million
gallons por dey (mgd) arc dovelopod for each activity.drowing water
from sources, tr,ca@nt, storags aml conveynnce focilitiszs needed to
supply givan demonds, wistowator collcetlon, troatment and disposal,
desalination, ete. amd oxpresaed 28 cost par thousend gallons of
water. The capital costs ars amortized with suitablo interest rate
and added to the nparating cnsts. The total system cost could be
datorminad from the undt costs for any pettern of flow which satisfics
2 glven domand.

Cost functions are devolopad for each aetivity in tha water
supply/waste dispoeal system rasprosonted by ares in the notwérk dos-
cription of the sy@tam. ,The co.;:ta 28 a funoticn or Tlok ruve ure
nanlincar in goneral, ba#iealiy duo to the sconomy of mlq dved

in most, of the processes. A typleal cost function for witer treainent
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is presfntad in Figure 2, whooe total sca® -or thousimd pallens is
plottod. against treatment plant o _pacity in mzi.

It is aobsorved that unit costs {per thousand yallons) when
plotted ag.inst flow on a log—l‘g prpor rosult in linscr or ploces
wise lincar curves. The brsie oguation repros.snting thoe wnit cost
functions is thus darivid by dotormiming valuos #t two points on ‘

the sume dne.r sogment of the graph and is ropruscrted by:

whare

C = unit cast (paisa/100€ ral.)

flnw rato (mgd)

K]
It

unit cost{paiso/1000 gal.) aorresponding to point 1
on the curve

<]
I,_l
it

¢,= uait cost (puisc/1000 gal. ) corrcsponding to point 2
on the curva:

ql=' flow rato (mgd) cerrcaponding to point 1 on the curve

q,~ flow rate (mgd) corrcsponding to point 2 on ths surve

In case whare the cost function can not ba plottad on g
log-log graph as a single straight lino, the curvs is closcly apprexi-
Dated by two cr zore straisht linmand break-points in the pizce~dsa

lincar curve is wsed for computing @ set of walucs for the consSants
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: and b for each linoar sestion of the curv:.

‘The nonelinesr cost functions considurod in the modzl,
wiich arc more realistic thah linear dsseriptions of cost usually-
assumad in similar stud;i.os, cannot b accommodatod dir:etly in avail-
abl¢ network flow algorithms which assume lincar costs of flow. Thay
nre handled by un iterative computational tochnique deseribed in the

following section.

N GRAUMI NG MO DESCRL+TION

* The problom of deturmining the least-cost dosign of the
Water Supply/Wiste Disposal Systom is formulatud as o problum of
finding tne nin:!.'lmm-cost_. flow pattorn in a concoptusl notwork. Tho
Sdhoeptual network: model is devolopod by ingorporating the various
activities, their Mmiting capecitics and unit ccsts on tha physical
layout of sources, treatmont plants a.nd demands connectad by con-
;Vannce Lnas. Network flow theory (1), a vory useful tool cf - -
oper,.tiuna rosun.rch applied in the optimization of systums described
by physicul or cconeeptual networks, ia appliod as a sclution
teclmiqﬁe.

MMMW'

A neotwork consists of 4 ccllection of olements eallod mnodes
gr vertlces some of which are connocted by bra.ncﬁes or ares. The
nodes may bo dividad into thros cavogories ~ "sources" at which flow
.8 ge_:narated, "sinks" at which flow is consumed ;ai "intemadia‘.;e"

10des at which flow is congoerved, The arcs aro usuelly associated
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with minirum and maxdmum capicities of flow (in ono or both dire-
ctions) of some commodity (fluid, electricity, consumer goods,
money) per unit ﬂme.

One of the common p;-obloms connected with flows ia net-
work is to determine the maximm flow through notworl: with specified
arc cépacitics. It is plausiblo to 2ssume 2 cost for flow in each
arc of tho notwork. The costs may be linear or rwnlinesr functions
of the flow. .in interesting problem with application wo the Jmter
supply/wasto dispossl Bystom is to find the distribution of flow
that minimizos the total cost of Yransporting a givon flow velus
through the network, if feisiblo. In const.ructing‘the conccutual
network to represent the w:ter supply/wastowater disposal syatern,
an 'arc' is assigned (Figure 2) for each function or activity in
tha syqtom, 0.5+ droawing water from a fresh waf:ar source, tzcatment
processes, conveyance routes, des-ﬂimtion, vte., Thus for wvasto-
water tho arcs WP, PS and ST roprisant variou.s lévo?.s of troatuent
which mnke tho water suitablo for irri:ational, industrial =pd mni-
clpal use. 4n arc has two 'nodos’ ﬂ.:;':l\.ts terﬁinals anl en arrowhead
spacifying the diroction of flow. 4ill sourccs becone 'sogrca' nodoa
and all demands become 'sink'! nodes in the network. Modmwm svail-
able flow at sources, specified comands ond cupieity l..:nitcrf.i:us of
processes are hanilad by nsaiéning oach arc < minimua and » Daximum

capacity for flow. If any arc must corry e spacified amcunt’ of flow,
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The mathematical formulation of the mnimm cosu retwork
flow problem for a network.is doscribed in (1).

There aro r. lirge numbcr of feasiblo flow pattorns in thoe
notwork to satisfy fche speclfied dem:rds from the aveilablae sources.
The most powerful computationel mothod for solving minimum cost
network flow problems with constant unit cogts (reﬁ-esenting linear
cost functions) is the Ford—Fulkorson "duf;of—Id.lter" ulgerithn (1)
whic;h minimizes total cost on the network waily circulating feasible
flow through it,

Tho out—nf-kilter notwork algorithm starting with an arbi—
trary set of flow valuas, sither foasible or infougible, and unit
are costs, builds flow patterns in the network with tho goal of
fulfilling the flow damands at mnimpn total cost. Tha program
simultaneously checks the feasibility ond optimality criteric of
a flow solution. It checks tha feasibility eritcria by ascertain-
ing thet all flow domamds are et amd no cipicity constraints are
violated. The optimality critoris for ~n ure +8 dotormined by the
rolative valucs of speclally dafined noda Pricos -t the cvtreni-
tios of tho ure, the arc cost axd the flow value in rolation ‘o
lewer and upper bounds on the .re.

dny arc for which tho fonsibility and/or cotima’ity eri-
taria is violated is satd to bc out-of-kdlter, The f lows ‘n
thesc arcs are c¢hinged by using 1 flow circulaticn technique ard
if that is not possible the node prices are changed which pay allcw
flow changss, The algorithn brings out-of-kiltcr arcs into Iilter
vhile maintaining in-kflter ares in kilter. Bvontually, all ares
are put in kiltar, or it is learnad that certein ares sannc* be
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in kKilter sirultnncously which imdicatcs thet ths problen is in-
feasible. If integer values aro used for all-the vuriabics, costs
and flow bounds, it is casily proven that the algorithm torminstes
in a finits nunber of steps (1).

& Notwork Analysis Computor Model which uses the "out-of'-
,kiltar" algorithn describad sbove 28 a subroutine has boon dev.loped
to determine the minimum cost flow pattern in the urban wator supply
nctwork with nonlinoar costs. As the basic algoritha con only
accommodate linear arc cost fusctions, spoeial tochniquaes ars
nccessury to hamdle tho nonlinuar functions described in tho lust
soction.

Tho genarzlizod flow dizgram of tho Network Programming
Model dovelopod for this application 1s illustrated in Figurc 4.
It basically consists of thruo following programs controlicd

through an executive routine,

Pregrocessigg Programme: Because of nonlinearity of nost

.uhit sost data, as i.}ustrated for water troatuent in Figure 2,
the optimmn flows detarninsd by the first pass through tne nework
lpr?gramme wili, 1n_gengrg}, not bé the least-cost sclution. To
acoount,for the nonlinear cost functions and to formulate the irput
daté.in_the correct format an -1taration procedure s develaped
ﬁhiqh-uaes 8 preprocessing Programme and a roucosting Frogramme, in
conjunction with the network programme,

The preprocessing programme computos the unit cost as a

function of flow rats for each activity in 1 network from basic
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inforpation ro,arding the procoss costs and physieul pirametcrs
such as distancs, elevation, type of land ete. Thus it consists

of a serios of .ogquations which are usod toc convert the system cost
inform:tion into unit arc costs oxpressed in marest intoiers (in
small monctery unite) to be subsoquently used in the optimizaticn
procodure of the netwerk programmou. Tho flow rates used in tha
caleculations urs initially assumed valuos in th. ingut Jduts £or the
notwerk. These initinl flow valuass are rapluc.d by corrocted values
genorated by the network programme, rusulting in new ualt costs, .s
ths foutine is ropsated, the.computisl flow rates az succossive
iterations converge ond an optimum flow systen is dotcrmined.

Network Programme: This programme, as dascribed earlier,
Qmgentially uses an "out-of-kilter" algorithm to analyze altornative
flow patterns for tho given unit cost Jdute and arrivis at a loeast-
cost flow psttorn. Thus it solvus the problam £r a lincarizel not-
work.

mm& The recosting ;}rografmﬁﬁ is usad to
correct tho orrer introducel by lincarizing the pfoﬂlems. It tekes
the lezst-copt solution fron tha netwerk progremme and Tenssizgns
flews in tho input data for the preprbcessing progromme. The whale
owpputational process 1s then repeated with the prebroéasa.ing Pro=-
gronae computing new unit ;1.rc coste for the newly assigned flows
and thy notwork programae rinding 2 new least-cost flow solution.
The total eysten cost 1s computed aftar ecch pass thropgh ths. thres
Progranmes and comp'red to that at the lust pass, if the porcant

chengs in totel coste 4s greator than a fixed ecor valuo ('1. to 2%),
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then the 1terative tecnnique is continued. Otheru1se the comfuta»
tion is termlnated,and the final solution priﬂbod ag tho optimal
sdu’tium Accuracy of the aodal is inerassad ;:»y decro nsing the’
fixed érrgr_value, thpugh it may incerease the nuvbor of 1terations
if'tﬁb.ﬁroblqm doce not coﬁ#ﬁrga guiekly to 2 solutions - In all the
cssos where the progfaﬂme was usod, convergence to a solition waa .
' ohtained wlthln o feW'(é-SJ 1terations of tho rosssbing arbgﬂqﬁme;
The nonlinear cost functlans inciuded in the Hétworx Pro-
grﬁmming Model are non-convex and thus arc not mathemeticslly
aulteble for mlnimxzatiun QurpOSGE. In sgecific situations, there
may be possiblllties of obtaininﬁ locally opticum solut*ans. The
recosting subrautlns in tha COthth Programnc ﬂd&&s 1t converge
1o such a 1ocally opmlmnm solutlon, thch 03y be globally optizum.
in most cases.. However, specific mossures and checks and bounds
. mist bo included in the programme tc provide sufficisnt sssifance
that the solution convsréestto'the r;al,aptimum. Phis fs an in-
horent difficulty fraquagtiy éncountered whon cast functions re-
prescrt ‘econumies of senle. To obtein suffisient sssurancde that a
globally optimum solution has been obiained, the programme can be
50179d starting at aevaral random beginning soluticn. If the same
optimum salutian is obtained in all cases th one can Stétéfﬁith
some confidancﬁ that the real laast-cost golutisn has boon obteined.
Using o al;ghtly different csmputatlonal schame, it iz also possible
to obtain a lower bound to ths globally optimun solution cost at
sach iteraticn and thus uscertdiﬁ thzt & sélutibn'éﬁfficiantly

close to the globelly cptimum has been obtained.
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EULMPLE NETWORK £ROBLEH

In orior to 1llustrotc the ceacrzl type of wnalryscs that
can ba porformed by the notwork molel, ths £ 1lowing oxcmple Hroblom
is prasonted.

Ths primary clements of the ,roblem solzetod arc illustrated
in Fimure 5. For this problem there are twe munieinsl witor dennrnds
(ML nnd M2), one industrizl cooliny watcr demand {I1), ono inlustrial
process water demand (I2) and on¢ agricultural irri ~tion Jeaand (il).

Tho weter supglies considorel for this exunple consist of
two convontional water troeatment plintas (81 and 82), ono scawater
distillotion plamt (D1), and two wistowator renov.ticn plints (1
and R2), all shown in Figure 5. Tho witer lomands ind witer wveile
e.ﬁlitiea assumed for eaoh supply ars alsc shown in Fizure 5. is
can be seon, ocach type of Jdemand ezxn be aupplied frum twc or mors
alternative suppiivs. The funiamental problem to bs solved is there-
fore to soluct the least-cust alternatlives to supply the imiicated
demands.

For each aetivity (L.e. treatment, storugs, or -conveyahca)
raquired in the systom, the unit cost was dotermined as a function
of flow rate (mg2) and ineludid in the preprocessing prosramms dis-
cuaéed earlier.

4 eolution for ths oxample network problem was geﬁarated
using the notwork nolel (Figure 6), In this solution, the muni-

cipal damand M1 was supplied by the conventionsl wator source S1
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and the renovutuxd wastewater source Rl. Municipal demand M2 wes
suppliel by the conventional water source S2 «md the renveated
wastewatar sourco A2, The industrinl cooldnz water domand T1 was
supslied by ronovated wastewator from scurce Rl aml the inlustrial
priaceas uater' denand I2 was supplled by the dlstillod scawater source
Di. 4Airicultural irrigation demand il was alsc suppliod by rano-
vetad wastowater from scurce AZ.

Tha results of this scluticn inldicated that, in this casa,
tho construéticn of two water trentment plants and two wastawater
renovation plents was preferred to one large plant of cach type.
Thus, tke cconcmics of scale associated with lurger facilitieas waere
ui‘fset, in this examplae, by the rcduction in ccnvey.nce reguirements.
as pointed ocut earliur, the inlicited uso of renovited wagtewater
for the mundcipal demenls reguires furthor research amd apgproval by
public hcalth c.;ff:l.cials. However, basol on the assumptions amd cost
data usoed in the examplo problem, the potontial foasibility of using
renovatod wastowater for mundlcipal damaids agpeared us = possibility.

&lthougzh the example problem and the solutisn presentod
are relatively sinmple compared to a large murdeipal ares, cther
preliminary investigations have been conducted usins the nstwark
model on threa larzs elties. The results from those investizations,
as well a3 tho examplo problem prasentod, indeod iniieate that the
model can be used as a powerful tool in planning complex water
supply-wastewater dispossl systems.
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DISCUSSION AND CONGLUSIONS
The Notwork Programming Modcl was used to coraict preli-

minary studiss of tho water supply/wiste disses:ilayston of three
lwrgo citics in USA. For uich of the eitius .i:.ha geogmphi.gal area
was dividod into u oumbor of wator domord centros, elsssificd into
mpﬂici'_;.ql, industrisl {procuss and cooling), ifriga’ciunnl {crop
and non-crop} and rucreational water demands. From available esti-
pates of population, imdustrial and sgrieultural land usc growth,
vator domands for a future date is spueified. |
arious available and potential wetar sourcos wor iden~

tificd and for each source informition on availuble cepacily, quality
of water and unit costs werc collected. The costsuscd wore collocted
from various publishod sources. The rasults of those studies indi-
cated that in cortaln cascs thore is oconomic justification in ro-
use of roclaimed wastowatoer. Desalinated seawatcr is ususlly
brought into the soluticn to supply high quality water roquired for
industrial procoss use or for obtaining acceptable w:ter by blom-
_ing it wlth-wator containinghigh amounts of total diasolved—solids.
A linear programning model where water from diffsrunt sources are
blended for supplylng weter for munieipal, industrial, ngriculturel
and rocraational use for cach of which multi-componont gquality
standards ars 5peci-fied, will bo the subject of a future pub]i_qn;tion.

| Parametric studies can bs dome using this model 0" evalaute
the affoct on the total system cost of changos 1n input f-‘iow,_ .cnpa-a

city and coét informntion, innovations in the ﬁ’oid of -écnf_i:ation,
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water and woste treztment and chengas, in public policy regarding the
use of roncveted wastewater and wator guality reouiramcats in tho
rocelving waters, uh;ra treated wastewator {(if not cycled in the
systom) is discharged. The Network Modol amd the concopt of mini-
mizing cost of Flow through a systcm notwerk is quito goneral in
the-sense that it ean be appliod to other arsas of urban planming.
The author has uscd the Network Model in tandem with predictive
gstuarine water quality models (3) for conplete wator resourccs
planning including water supply, weste treatment, wasto disposal
and water po].hi.tion control in the recoiving weters. Similarly,

it can be uwsed for alr pollution control at minimun cost in con-
junction with regional air pollution mcdals. It can also rapregont .
solld weste collection, procossing, storage and disposal systeo. '
The Network Modol has also found wide applicetion in studying urban

transportetion systam.
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