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Abstract. Water loss is a global problem. Water loss in lgakain water distribution systems
(WDSs) can be reduced by regulation of the avemgmssive pressure through optimizing
operations of Pressure Reducing Valves (PRVs) glat&VDSs. This optimization task can be
formulated as a nonlinear program (NLP). Since phessure settings of PRVs are control
variables determining to overall pressure of th&teay, the PRV model should be accurate and
can account all scenarios occurring in WDSs in ti;jac The PRV models, having been used
until now, either cannot describe complete openatimdes of real PRVs or is complicated. In
this paper, we develop a mathematical model for #BApable of describing complete operation
modes of PRVs in practice. In addition, we showt tha PRV model equation can be relaxed so
that it is useful for formulation of NLP. With th@oposed PRV model, the formulated NLP can
be solved by NLP algorithms based gradient methodbigh quality solution and in less
computation time. Two benchmarks of WDSs are takedemonstrate the efficiency of the
proposed PRV model.
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1. INTRODUCTION

Excessive water loss is a global problem and icheea a significant part of total water
production. Water losses in water distribution eyt (WDSs) comprise real losses and
apparent losses. The real losses are mainly cdyskrhkages at network fittings, pipe joints,
breaks and/or bursts in pipes while the apparesgel® are due to inaccurate meters and/or
unauthorized consumptiod-f]. Pressure management by reducing of excessissyme in a
WDS is one of the most cost-effective measureotdrol water leakages. Water leakages can
be considered as additional demands at nodes atitemmatically modeled as proportional
relation to the nodal pressure-J]. The leakage amount in a WDS increases signifigavhen
operating at an excessive pressure. By loweringptessures in WDSs to appropriate levels,
water leakages can be decreased, the probabilityeating new leakages is minimized, and the
amount of energy wasted by pumping at unnecesdaigly levels of pressure is also reduced
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[5]. Pressure reducing valves (PRVs) are commonhgaliesl in WDSs for regulation of pressure
management1F5]. The task of operators is to determine optimatrapions of PRVs (i.e.,
pressure settings) so as to minimize excessiveymesn a WDS. This engineering issue can be
casted as a nonlinear program (NLP) 3-5.

There are many solution approaches having beentassalve the NLP. Ghaddar et & [
developed a new model of PRV in the NLP for optiprassure management based on the fact
that when a PRV is placed in one link, it will ireise the headloss across the link. Although this
model does not require additional variable neededdpresenting PRV openings, it can only
describe two operation modes of real PRVs. Suchntbdel is not appropriate for the case
where PRV acts as check valve to prevent revemesfl In order to reach globally optimal
solution, the authors also transformed the NLP afmolynomal form and it can be efficiently
solved by using hierarchy of semidefinite (SDPaxations.

To enhance regulation of pressure and reduce mater\eakage, authors if][presented
an approach to optimize operation schedules of botimdary and internal PRVs for 24 hours to
minimize the leakage flows in the Domestic Mettee#@ds (DMAS) by formulating and solving a
NLP. As a result, the control flow modulation cusv®r the PRVS, i.e., the relations between
the flows and the pressure settings which are dabéor online PRV control, were deduced.
Vairavamoorthy and Lumbers§][formulated a NLP for optimal pressure regulatiorminimize
the leakage flow in WDSs, in which the nodal pressuare allowed to be lower than their
minimum values by a minor violation in order to @sie a higher decrease of leakage amount in
a WDS. The sequential quadratic programming (S&pjoach was used to solve the NLP. The
disadvantage of this approach is due to the nore#mmodel of PRV. Genetic algorithms
(GAs) combined with a hydraulic simulator, EPANETwZere also used to determine optimal
outlet pressures of PRVs for optimal pressure edgurs in WDSs 7-9]. From the optimal
solution, outlet pressures of a PRV can be adjusbtetinuously by flow modulating schedule.
The method of sequential convex programming (SCQRpgsed in 10] was also used to
determine optimal pressure settings for PRVs st asgulate pressure of DMAs. The idea of
this method lies in the fact, in each iteratiore ttonlinear and non-convex equality constraints
are linearized to obtain a linear program (LP) &mm@n be solved efficiently by LP solver.

The quality and accuracy of the NLP solution higipends the optimization model where
the PRV model is essentially important. The PRV etgdhaving been used until now, either
cannot describe complete operation modes of re’sRRis complicated.

Recently, the author of this paper developed a RRdHel which can describe full
operation modes of real PRVS][ However, this model is strongly nonlinear due the
introduction of variables (i.e., representing PR)}nings) which makes NLP solvers difficult to
solve the formulated optimization problem or reggia huge computation time. A PRV model
combining characteristics i3][and (] should be developed.

In this paper, our contribution is to develop a frelaxed mathematical model for PRVs
which is capable of describing complete behavidr®RVs in practicef(lly opened, normal,
and check valve modes). In addition, we show that the equality?& model can be relaxed
into an inequality one allowing the formulated Ntd”be solved by available NLP algorithms in
less computation time and resulting optimal solutias high quality.

The remainder of the paper is organized as follgwim Section 2, the nonlinear
optimization problem for optimal pressure managemeth be formulated. The derivation of a
new- relaxed PRV model will be presented in Sec8iom Section 4, two case studies are taken to
demonstrate the efficiency of our new relaxed-PRddeh Conclusion is presented in section 5.
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2. FORMULATION OF OPTIMIZATION PROBLEM FOR OPTIMAL PRESSURE
MANAGEMENT

The objective function to be minimzed is definedtzes excessive pressure at all nodes in
the WDS in the optimization time horizdn 3]

mianii(Hik—HiLk) 1)
HQwv i k=l '

where NJ is the total number of nodes afd24 hours is the time horizon. We consider a WDS
with NP pipes, NR reservoirs, andNPRV  pressure reducing valves (PRVS); , is head at

nodei, at time intervak; Hi%k is the minimum allowable head at ndde

The equality constraints consist of the followirggiations:

The continuity equation at nod¢2]

> Q=G =l =0;i=1,..NJ (2)
i,k
The leakage amount,, , associated to nod¢1].
i =C.L, Py ()
P =Hi—EiL; :O'SZLi,j (4)
j

wherep,  andE; are pressure and elevation of noderespectively; L ;is length of pipe
connecting nodé to nodej; C, is given leakage coefficieny;is leakage exponent] Qiixis
the flow rate from nod¢ to nodei at time intervalk; di,k is the demand at node at time

intervalk
The energy equation for the pipe connecting node node |

Hi—H;«—AH;;, =0;ij=1,..NP (5)
where H,  is the head at node AH
Hazen-Williams equatiornl] 2]

is the head loss which can be computed eitheéhéy

ihj?

10.67. . 0.852
AH, jy = —rmarem Qi Quix (6)
i Di4j87Ci1j852 i ‘ i ‘

or by the Darcy-Weisbach equatidf [

aH, |, = oo Q,.]Q, (7)

i,j,k gn_le5J 1, K 1,j K

wheref is the roughness of the pipe which is implicithfocdated from the Colebrook-White
equation [2]

i:2log 2.51 + k ®)

Jf Re/f 3.7D
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In equations (6) and (7) L, D, and C are the lengiameter, and the Hazen-Williams
coefficient of the pipe, respectively;in (8) is the pipe roughnes¥, andv are the velocity of
flow through the pipe and the viscosity of the evatespectively. To employ equation (7) for
formulation of optimization problem, we use a sniofmrm proposed in1[1].

The energy equation for pressure reducing valveeplan linki,j proposed in [3].

max( OH, , —Hj,k)—vifjllkavjq?j,k =C 9)
0<V,; £L0<Q . iij =1,...NPRV (10)
R4 = 8Ki'j (11)

N 77ng|4]

whereR ; is resistance of the PR\ ; is the head loss coefficient of the PRV when itrafes
at fully opended mode.

Bound constraints for flows, and heads ensure tb&SWperated properly

H'<H,, <H/ (12)
Q;=Q,;sQ) (13)

The resulting NLP problem hagNJ + NP+ NPRV + NR)x T optimization variables. It
can be seen that equation model of PRVs in Eq.9erg nonlinear since there are fractional
terms of v Q7 or billinear termsy, ; (Hi'k = Hj’k) which may make NLP solver difficult
to solve the NLP problem or converged to low gyadptimal solution.

3. ANEW-RELAXED PRESSURE REDUCING VALVE MODEL

Real PRVs can operate in one of three operationemodamelyfully opened (mode 1,
normal (mode 2)andcheck valve mode (mode 3) [3]. Our contribution here is to developeav-
relaxed PRV model, which is capable of describiagglete operation modes in practice while

preserving relaxation property of PRV model in ({4., without the need of ;)

In thenormal mode (mode 1), the PRV adjusts its resistance to mairite pressure on the
downstream node to a preset value, model equatithre >RV is an inequality [2]

H,-H, >R ,Q, (14)

when the PRV operate in tlidly opened mode (mode 2) (i.e., the PRV cannot maintain preset
value of pressure on the downstream node due tprédssures on the upstream and downstream
side are less than the preset pressure), and reqdation of the PRV is [2]

H -H; =R Q] (15)

In mode 3, the PRV acts aglaeck valve to prevent water flow in a reverse direction (i.e.
when the pressure on the downstream side is htgharthe one on the upstream side<H ).

The model equation of the PRV in this operation enedsures following relation [2]
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Q,;=0 (16)

It can be seen from Eq.14 and Eq.15 that when B¥ &perates imormal mode or fully
opened mode, it tends to increase the headloss acrossjlinkere it is placed. Therefore, instead

of introducing a coefficient to represent PRV openy, ; , as in Eq. 9 [3], the PRV model in

these operation modesofmal mode and fully opened mode) can be represented by a one
inequality which is so-called relaxed PRV modeta®wing

H -H, 2R Q°, (17)

However, this model does not represent the chelsle vaode of PRVs. In particular, when
H; <H, (i.e., check valve mode), we cannot fiQ  to satisfy equality (17). To tackle this

issue, we extend (17) to incorporateck valve mode by usingmax function as
max( OH, —Hj)z R’ijj (18)

To use this equality in formulation of NLP problesmich can then be solved by NLP
algorithms based gradient methods, we employ mtgrdint approximation method discussed
in [12] to approximate the left-hand side of (18) inte #mooth one as

(Hi—Hj+\/(Hi—Hj)2+£2j

max( OH, -H, )= -
The new- relaxed PRV model now is
2
H—H, +y(H -H ) +&2 2 2R Q7 (19)

where € is chosen a%.e— 6.

The newly proposed PRV model (Eg. 19) is differienthe model equation reported in [3]
in that it does not require introducing a coeffities ; , for representing the opening of PRV

while the PRV model [3] used it (Eq. 21). Therefooair formulated NLP will have less
optimization variables than the NLP formulated witle PRV model in [3] which explains the
reason why using our new PRV model, the computdtina can be significantly decreased. In

addition, according to the use o, the PRV model in [3] is less accurate becausg

cannot reach to a zero value when PRV operategllgtdosed mode. In particular, the NLP
formulated with the new PRV model héNJ + NP + NR)XT optimization variables while it

is (NJ + NP+ NPRV +NR)xT for the NLP formulated with the model in [3]. lext section,
we will demonstrate the efficiency of our new PRddal with two case studies.

4. CASE STUDIES

4.1. Casestudy 1
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We consider the WDS, as shown in Fig. 1 comprisih87 links, 22 nodes, 3 reservoirs,
which was used as a case study for the PRV lot¢@lizén [1]. The data for links, the demand

pattern, and reservoir heads for 24 hours, thehdige coefficientC_and the leakage exponent

parametery are taken from [1, 3]. Our objective is to compére performance of the NLP
problem formulated with our new proposed PRV mad€lL9) and the one formulated with the
existing PRV model in (9) as reported in [3] innsr of objective function value and
computation time. We consider scenarios on numb®&RYs placed in the WDS. A nonlinear
programming solver, IPOPT i, is employed to solve the formulated NLP problerll
computation experiments are accomplised on CPUHentR) Dual-Core 2.8 GHz, 3.0 GB
RAM. Optimal results are given in Table 1, respesyi. Except the case of 4 PRVs, both
formulated NLP problems gives the same objectivietion values. However, it can be seen that
for all cases, IPOPT took much less computatior tian solving the NLP formulated with our
new PRV model as compared with the one using PR¥efa [3]. The reason for the reduction
of computation time is due to the fact that using hew PRV model the formulated NLP has
less optimization variables.

]

1 ! :]
[ +

1 1
0 K 30

L AN

Figure 1. Water distribution system.

Table 1. Comparison of optimal solutions.

New PRV model Eq.19 PRV model in Eq. 9 in [3]
No. of Links Objective | Computation | Objective | Computation
PRVs function time (s) function time (s)
value (m) value(m)

2 11,21 1937.450 0.272 1937. 450 1.590

3 11,21,20 1462.375 0.494 1462.425 3.660

4 11,21,20,1 1367.000 0.694 1431.174 3.545

5 11,21,20,1,5 944.196 0.739 945.179 5.054
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Figure 2. Water leakage flows.
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Figure 3. Comparisons of flows of 4 PRVs (Fig. 3(a) to 3g@}imal flows with simulation flows).
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In the case where 4 PRVs are placed in the WD8&gumir new PRV model, the optimized
pressure settings of PRVs result in an objectivection value of 1367.000 (m) while it is
1431.174 (m) for the PRV model in [3] (Eq. 9).

The leakage flows for 24 hours in this case giveRig. 2 imply that more water leakage is
saved when our PRV model is used. In particulatewkeakage amount per day is 523.42(L)
while it is 526.10(L) when PRV model in [3] is usddhe differences of optimal solutions from
two NLPs are due to the fact that PRV model in &n [3] significantly depends on variable

V, jxand its equation is highly nonlinear. This may m#R®PT to be converged to bad and

inaccurate optimal solution.

To demonstrate the accuracy of the new PRV modti thie most accurate, but non-
smooth PRV model in a well-known hydraulic simutat& PANET 2 [9], we compare the
optimal flow rates through PRVs with their flow eatresulted by simulating the WDS using
EPANET 2. The optimal flows (using our new PRV mipdee plotted in Fig.3 in red lines
while the flows resulted from simulation with EPANE are blue lines. Once again, it can be
seen that these two flows are almost the same ingpthat our new PRV model is indeed as
accurate as non-smooth PRV model in EPANET 2. dheantage of the new model over the
model in EPANET 2 is that it is smooth and can beduin formulation of NLP which can be
solved by NLP algorithms based gradient method.

4.2. Casestudy 2

To demonstrate the efficiency and accuracy of the@ RRV model, we consider the largest
benchmark of water distribution system, EXET aswshin Fig. 4, with 2165 pipes, and 1892
nodes for optimal pressure manageméd}.[The data of the WDS as well as locations of PRVs
are given in [3, 14]. The demand pattern valueg for24 hours is given in Table 2.

Figure 4. EXNET network.
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The optimal pressure regulation problem is fornedaas a large- scale NLP with more
than 96000 optimization variables. Similar to cagely 1, we compare the efficiency of using
our new PRV model (Eq. 19) with the existing ondcon 9 in [3]. Two scenarios on number of
PRVs are taken. The NLPs are solved to a highlyrate solution by setting the tolerance
parameter in IPOPT to 1.e-7 and maximum numbeteo&tions is set to 5000. Optimal results
for the two scenarios and for two PRV models avermin Table 3, respectively.

It can be seen that using our new PRV model, IPQIRT solves NLPs for all scenario
with computation time less than that required folviag the NLP formulated using existing
PRV model in [3]. Moreover, using our PRV modelkgsults in an accurate solution with lower
objective function values.

Table 2. Demand pattern values for 24 hours.

Time [hour] | Demand| Time [hour] | Demand
1:00 0.251 13:00 0.586
2:00 0.175 14:00 0.538
3:00 0.147 15:00 0.536
4:00 0.143 16:00 0.541
5:00 0.148 17:00 0.595
6:00 0.199 18:00 0.690
7:00 0.444 19:00 0.830
8:00 0.731 20:00 0.933
9:00 0.763 21:00 1.000
10:00 0.656 22:00 0.971
11:00 0.627 23:00 0.735
12:00 0.613 24:00 0.456

Table 3. Comparison of optimal solutions.

New PRV model Eq.19 PRV model in EQ.9 in [3]

No. of PRVs Objective Computation Objective Computation
function value time (s) function value time (s)

2199559.437 395.3 2220930.959 687.8

1934641.424 283.4 2198714.11)7 482.5
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To evaluate the accuracy of the new PRV model in&cpgain we simulate the EXNET
network using EPANET 2 [9] with optimal pressurdtisgs of PRVs. Comparisons of PRV
flows are demonstrated in Fig. 5(a) to 5(h). It ¢tenseen that our developed PRV model is
indeed accurate enough for employing in model bagetimization for optimal pressure
regulation. In particular, flows through all PRVsrf24 hours are nearly the same as flows
resulted from simulation using EPANET 2 [9] excepty small flows on PRV 4186 and 2700
(i.e., 0.105 L/s at time interval 9 in Fig. 5(adas(f)).

In the two studied benchmarks, we have carriedttoeitcomparison of optimal solutions
(objective function values and computation timeuied by solving the two NLPs in which one
NLP is formulated with the new PRV model and thieeotone is formulated with the existing
PRV model in [3]. Resulting comparison given in Teakh and 3 revealed that the new PRV
model outperforms the PRV model in [3].

5. CONCLUSIONS AND FUTURE WORKS

This paper proposed a new-relaxed mathematical Imimtlepressure reducing valves
(PRVs) which on one hand describes complete operatiodes for PRV in practice, and does
not require additional variables for representifi®Popenings as in existing PRV models on
other hand. Two benchmarks of water distributiosteayns are taken to optimize their pressure
management. The results have demonstrated tha wsin new- relaxed PRV model, the
computation time for solving the formulated NLP foptimal pressure management can be
significantly reduced. In addition, optimal solutgoare achieved with high accuracy leading to
lower objective function values. In future worksge wvill concentrate on simulation and
optimization operations of WDSs using smoothing atedor regulating devices including
pumping stations.
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