IIRAN Lo pemione ed W comentmense delle perdue ddriche melie reil ocguedoe tache Mla RO TERMA Y]

MULTI-OBJECTIVE OPTIMIZATION OF ISOLATION VALVE
CLOSURES AND CONTROL VALVE INSTALLATIONS IN WATER
DISTRIBUTION NETWORKS

Enrice Creace ' & Giwseppe Pegzimga ©
(i) Dpariwesss & Mepegmeria Onile @ Archineewrs, Usbareid depl! Sl & Poda, Fig Fervaza 3, 27000 Paeta (Raly): email:
creacailampe i (2) Ddpartimenio of epepmea Civile & Architeinurg, Dnfversing degl! Savdl o Colomda, Mo Samta Soflo 64, 24722
Ctarls (e, emall: ppessinga@dlog wakef it

IEY POINTS
Hyhrid mrudti-abfective algoritfm i proposed, wiech simelieneowsly mimmrzes the momber of imviailed comirod
wihves and fratage e water distrrbwon netweorks
Berter mimerical effecivencss dhan sraditonzl muln-chweciree genetic algorithms
{Iptamzing solniion vafve closwres and cortorol valve inaelicions of the same ame leody o bedter beakepe
reduchion than optisusing cororol valee restelietons alone

1 INTRODUCTION

Lezakape from water distribution systems represenfs a serions problam, especially in periods of water
scarcity, because it results io loss of purifisd donking water. Forthermers, it enfails economic losses, related
to fhe waste enerpy and material resources usad in abstraction, ransportation, and weatment (Farfey & Tro,
2003). Among the varous techniguoes that can be adopted for leakage reduction, there iz active pressurs
management, which can be performed by installing control valves (Pruwst f al, 2010). The problem of the
optmal location and regulation of comtral valves for leakage reduction In water distribution systems has hesn
much imvestizated ower the last three decadss. A good literature review of the methods proposad to tackle
this problem was camried out by Ficante ar al. (2018)

A drawback of most of the metheds liss in the fact that they did not consider that isolation valves ars
present in many pipes of the water distmibution networks and can contriuate to leakage attematon (Walsk at
al, 2003). In fact, although the operation of iselation valves is pemerally analyzed within the STamework of
other problems — such as sapment discompection (Crescs of af., 20100 or distnict formation (I8 Nardo er al,
1013) — the closure of some isclation vahres suitably identified in the netaork can

* pnable lowering of nodal pressure heads by Hself, and
* pliminate paths for water to bypass the installed control valves, and then make the operation of contral
valves mare efective

In this paper, an algerithm for the optimal control valve location and regulation, which alzo idenfifies the
isplation walves that hawve to be clossd m the netwark in order fo improve conmTel valve regulation, was
developed. The algomthm is multi-objective and bybnd, being based oo the coupling of a mulid-objectiee
genefic algorithm A and of the linear programming LP.

Herpinafter, first the algorithen is described; them the stody applications are shown, reporting the
comparison of the pew hybrd alporithm with the NSGAD (Deb et al, 2001) in terms of oumerscal
performance and showing the extent to which the closure of isolation walves can cootribute to kakage
reduction.

1 MFTHODS

The algorithm nse m this work is the result of the coupling of a multiohjective GA and of an algorithm
based on the iterated LP.

The mmltiebjectve GA is the WSGATIT (Deb ot ai., 2002), whereas the iterated LF iz an upgraded version
of that presented by Jowdr & X (1980 the upgrades m the iterated LP consist of
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* adoption of the mafns form, which lends itself fo be nsed with vanoos pipe resisiance fommulas, whereas
the iterated LP of Jowitr & Xw (1990 is only valid when the Hazen-Williams forpmala is nsed o express
pipe resistance; and

* insertion of a relaxation methed to enhance the compuotational eficiency.

In pamticular, the GA enablss optimal location of the control valves, as well as identification of the
isolation valves that have to be closed. with the objeciive of simultanecusly minimizing leakags, which is
ewvahaafed through the Gemanopoules (1988) formmalation, and mstallafion costs. The alpontim based oo the

iterated LP is embedded m the GA and searches for the optimal seftings of the coomrol walves for sach
solufion proposed by the GA, made up of a set of walves m the network.

Being based om the coupling of different algorithms, the algorithm propesed in this work belongs to the
category of hybrid algorithoms (Tafbi, 2002). Generally, a hyboid alzornthm iz built with the objective to
combine the desired feahares of each component algonthm, so that the overall algornthm is befter than the
individual compenents. Accerding to the Dol (2002) classification, the algorstim propesed i this work can
b= considered a low-level hybrd algorithm becanse one of the two component algorithms (e, the ifemted
LF) iz embedded in the other (1.2, the GA) as a functional part.

Moore details of the algorithm can be found n the work of Creace & Pezzimpa (201 5a; 20158).
3 AFPLICATIONS

31 Case-stody

The applications of this work concerned the petwork in Figore 1a, which is modified from the work of
Jowit & Xu (1900}, mads up of 15 podes (of which 32 with unknown head and 3 source nodes with fixed
head, ie, nodes 23, 34, and 35) and 37 pipes. Dietails aboat the feamres of nodes and pipes can be found
the work of Creace & Pezzimega (101 5a).

Three loading conditions. relative to low, mfermediate, and high nodal demands, respectively, wers
adopted to reprodoce the network daily operation as o source heads and nodal demands (see Cregco &
Pezzinga, 2015a). Each of the operation conditions was assumed to be represemtative of a 8-h-long time
interwal in the day.

As to leakage, values of the leakage coefficient and exponent were assumed for all the pipe:s of the
network, leading to a daily leakage wolume of 2,575 m® without control valves being installed and isolation
valves being closed.

In the applications, the optimal location of contrel valves in the network and the idemtification of the
isolation valves that hawve fo be closed were searched for. One isolaton walve was assumed fo be aleady
present at each nefwark pipe. The objective functions nsed within the optimization application were the total
pumber Ny, of comtrol valves (a5 a summegate for the installation valve cost) and the daily leakage volume W)

The minimuom desired pressure bead was sef at 25 m for all netwoerk podes, unlike the work of Jowiit &
Xy (1990 where a valee of 30 m was considersd. The differemt choice is due to the fact that a lower

minimum desired pressure head value makes it possible to beftter investigate the service pressure lowering
effects of Bolaton vabee closure.

A population of 30 individuals and a tofal pumber of 100 peperations, comesponding to a fo@l mmber of
5 = 107 ebjective fonction evaluations, were used for the G4 of the hybrid alzpnthm.

31 Resualts

The Pareto fomt of opiimal solutons obtamed afier 100 genemtion: by means of the new bybnd
alzorithm is reported in Figure Ib. The front, which presents sobations up to a number of nstalled contral
walves N —Thaunas}'mptud:mduthemmhﬂnfiﬂgtaﬂedmnunluahﬁgrm The first sohiton
with Ny —ﬂ{ﬂmnﬂn]uﬂmmﬂaﬂed}f&aﬁmsauﬂmufiﬁ 2,055 m’, which is much lower than the
value of 2,575 m’ obtained when no control valves are installed and o isolation valves are closed This
leakage reduction effect is duwe o the closore of some iselation walves in the nerwerk. In particular, a
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sipnificant leakapgs velume reducton is noticed until the oumber of nstalled walves equak 4. For larger
pumber of valves, the decrease n the leakage vohime becomes msignificant The final Pareto front obtmined
with the hybrid alzerithm is also comvparsd with the Parsto front after 30 pemerations in the praph m Figors
1. The closensess of the two fTonts entails that the pew alporithm converges mpidly o terms of oumber of
iterations. The quick comvergence is ascmbed to the very simple encoding of individual genes (zes Creaco &
FPezzinga, 2015a; 201 5 for further detafls).

Figure 1b ako shows the Pareto fromt obtmined m a bepchmark ophmization, performed using the
traditional NSGAT where the iterated LP is not embedded, and which then features additional genses with
respect to the hybrid algonim to characterize contrel valve regolation. In this benchmark optimization, 500
population individoals, and 1,000 generations (both larger than in the optimization performed with the kybnd
alporithm), which lead to a toal mmmber of objective function evaluations equal to 5 = 10°, were used in
order to have the same overall computation time as the bybnd alporithm, where a sipnificant compuotation
burden is required by the fterated LP. Figure 1b shows that the Pareto front ebtained by means of the new
hybrid algorithm dominates that ebtained by means of the traditional NSGAIL which also has the drawback
of not presenting solutions featuring a pomber of contral valves larger than 1. The warse efectiveness of the
traditional M3GALT is dus fo the bad numerical performance of the fully GA in searching for the optimal
control-valve settings besides walve locations Inm the bybrd alsorithms, the larpe computation urden
azsociated with the ierated LP is paid back by the subsequent improvement in the ovemll alzorithm
performance.
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Figare 1 Motumk of Towitt & ¥u (1990): sobwtion obtaimed with &, =3 contre] vahres. mstilled amd considering closurs of isclation
1@?}%5&&@@] l:-hh:-mn:l.ﬂn I:'I:h-:ﬂ'bd:m h.lhgu-'ml:nn lll.nﬂ.mﬂ:nr.#up-:f-:-m:l:ﬂ_nhm
ohiained by apphmg the Invted algorithes dosoribed i dhis ; comparison with the Pansto front ohtrimed applymg the
WEGAT (¢} conparison of Parin fromps cbtaimed while considering or meglecting the posattility of cleaing the present tsclxtion
Cmce the good mmmerical performance of the new hybrid algarithm has been highlishted, the evaluation
of the comreciness of the basic assumption of the new methodology, ie., that related to taking the presence of
isplation wvalves imbte account, is now fecwsed on To this end, Figors 1o reports the comparison of the final
Pareto fromt of the optimization performed by using the bybrid alzerthm (as in Figore 1b) and the final
Pareto fromt of an optimization performed by using the bybrid alporithm without allowing for the
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ideotification of the isolation vakres that have to be closed during the optimization process.

In the optimization without isolation valves, the alzonithm yields solutions that have objective fanction
walaes close to those obtainable by the algorithms propesed by previous auwthars, such as Nicolini & Zovanto
(20087, up to a pumber of ins@lled valves &, = 5. The new algonithm has the advanage of also yielding
solufions far M = 5. The analysis of Figure 1c shews that the Pareto front obtained considering the closure
of isolation valves dominates the other front (obtained withoot taking account of the presence of the isolation
walves). In ather words, in order fo obfain a certain daily leakags volome reduction, a larger mumber of
confrel valves has to be installed if isolation valves are pot used fo confribute to pressure head lowering as
well as to facilitate the confrel vabee regulation.

For example, Figure ¢ shews the graphical representation of the Pareto front solution derived from the
optimization taking account of the presence of the isolation valves and featoring a pumber of cooiral valves
N = 3. This solution entails closing the isolathon walves present in pipes 3. 4, 5. 10, 15, 20, 24, 20, 32, and
33 and imstallation of control valves in pipes 1, B, and 11.

4  COMCLIUSIONS

In this paper, a multi-objectve alporithm for the combined optimization of pipes apd control walves for
leakape reduction in water distribution networks was pressnied. The alzonthm makes it possible to explore
the Tade-off between ins@lltion costs (or a surogate for them) and daily leakaze wolume. With respect to
other algorithms m the scientific literature, the applications pointsd cut the main advaotage of the pew
alporithm, which lies in the fact that it considers the presence of isolation valves in the oetwork, which can
b closed in order to contribute to leakaze atemuation and to eliminate water paths around the contre] valees,
thnes facilitating comirol-walve regulation. Anether interesting aspect of the algorithm i its hybrid nahare,
which makes it possible to split the ressarch space between two pner alporithms: a A, usefil to search for
the suifable confrol valve inst@llxtions and isolation valve closures, and the LP, ammed at searching for the
opimal setfings of the coofrol valves installed. Thiz hybrid natoe makes the alperithm very efficient o
comparison to raditional GAs in facing the optimization problem considered in this paper.
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