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ABSTRACT

Water distribution networks exhibit a strongly dgma behaviour. The constant changing of
water demand and the existence of a fixed storagadity, together with the obligation to
assure adequate service levels, makes the opeudtithrese systems a complex task. The
operating tasks are confined to adjusting the fanotg of the controlling elements, usually,
the valves and pumps. The complex behaviour of ribewvorks, combined with the
(frequently high) pumping costs, suggests thatuge of Operational Research tools could
produce some very helpful benefits, economic aretainal, in defining pump scheduling.

This paper presents a new approach to the optipeahtion of water distribution systems
problem. The methodology results from linking arimmjzer and a hydraulic simulator. The
role of the optimizer, which is based on the SirtedaAnnealing method, is the identification
of the problem’s optimal solution. The hydrauliensiator is used to simulate the network
hydraulic behaviour, and its results are essettdialerify the hydraulic constraints (energy
law, continuity law and mass balance), the openaticonstraints (pressure limits, velocity
limits, reservoir water level limits, ...) and to auidy the energy costs. The model’s
objective function is the minimization of the optawaal cost, which includes the energy cost
and can also incorporate the power cost. The abgtinction can also include a penalty
term intended to prevent the occurrence of pumedudes that imply a constant change of
the pumps’ status (ON/OFF). This approach makepogsible to deal explicitly with
system’s non-linearity and to include discrete afales, leading to a very realistic model. The
application of this new methodology, and the adwges that can ensue from its use, are
illustrated through a hypothetical example.
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INTRODUCTION

Water distribution networks exhibit a strongly dgmea behaviour. The constant change of
water demand and the existence of a fixed storagadity, together with the obligation to
assure adequate service levels, means that thatigpeof these systems is a complex task.
The operation’s actions are confined to adjustivgftinctioning of the controlling elements,

! Civil Engineering Department, Polytechnic Insttutf Coimbra, Portugal, jjoseng@mail.isec.pt
2 Civil Engineering Department, University of CoirabPortugal, mccunha@dec.uc.pt
% Civil Engineering Department, University of CoirabPortugal, jasm@dec.uc.pt

Page 3060



usually the valves and pumps. The complex behawbdhne networks, combined with the
frequently high pumping costs, suggests that thee aisOperational Research tools could
produce some helpful benefits (economic and operalk), in defining pump scheduling.

The diversity of published studies in the specadifiterature is a good indicator of the
how important it is to reduce pumping costs.

Studies range from applications based on traditiopimization methods (Ormsbest
al. (1989); Zessler and Shamir (1989); Lansey and rAalu (1994); Nitivattananoat al
(1996); Jowitt and Germanopoulos (1992); Brion amalys (1991); Yuet al (1994)), to
methodologies using modern heuristics (de Schaetizah (1998); van Zykt al (2004)). A
number of conditioning factors (limitation to sire@ystems, use of over-simplified versions
of the systems, unrealistic or impracticable sohsi excessive running time, ...) mean that
most studies fail to produce methodologies thatgletaly attain the proposed objectives.

This paper presents a new approach to the optipeahtion of water distribution systems
problem. The proposed methodology links an optimaed a hydraulic simulator. This
makes it possible to deal explicitly with a systemonlinearities and to include discrete
variables, leading to a very realistic model. Téet is divided into three parts: first comes
the explanation of the proposed methodology; secandypothetical example of a water
distribution network is used to illustrate its dpation and advantages; finally, the major
conclusions from this work are presented.

PROPOSED METHODOLOGY

The methodology proposed in this paper is basegptimization models that deal explicitly
with the system’s hydraulic behaviour (energy laantinuity law and mass balance). The
problem’s variables can be divided into state aedigion variables. The state variables,
representing reservoir water levels, flow in pipasd junction nodes’ piezometric heads,
assume continuous values; the decision variablgsesenting the controlling elements
functioning, assume discrete values. Due to thstiegi nonlinearities, resulting from water
distribution networks’ hydraulic behaviour, and tikénd of variables involved, this
optimization model is a Mixed Integer Non Linean§ramming problem. The resolution of
this class of optimization problem is a very complask, and the traditional optimization
methods can only be applied to small-scale prohlemsy working with too simplified
versions of the systems. In front of this scenaitie, viable option seems to be the use of
heuristics, in this case the choice made was tmeil&ted Annealing method.

The objective function of the optimization modejuation 1, traduces the minimization
of the energy costs: the sum of the electric eneaysumption cost with the power cost.
Constraints result from the imposition of the fallog conditions: continuity law applied to
the junction nodes (equation 2); energy law appltedpipes (equation 3); pumps’
characteristic curves (equations 4 and 5); pumphdige must lie between the maximum
value allowed and zero if the pump is OFF (equaigmmass balance applied to reservoirs
(equation 7); reservoir water levels must lie bemveghe minimum and the maximum
operating values (equation 8); minimum reservoitewdevel expected at the end of the
operation period (equation 9); minimum and maximpressure values imposed at the
junction nodes (equation 10), and minimum and maxmvelocity values imposed at the
pipes (equation 11).
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where:

NP - number of time steps composing the daily openageriod (in this case the time
step used was 1 hour, so thé#t=24);

T - number of pipe elements in the system (incluginmps);

NC - number of pipes in the system;

NB - number of pumps in the system;

N - number of junction nodes in the system;

NR - number of reservoirs in the system;

Ce., - Unit cost for the electric energy at time peripd€/kWh);

y - water specific weight (9.8 kNA)

Q,, - discharge of pump at time periodp (m3/s);

Y,, - binary variables defining the functioning of ppiin at time periodp ;

Quay, - Maximum discharge allowed for purbp(m?/s);

Hmb'p - elevation of pumgb at time periodp (m);

Ne,, - efficiency of pumpb at time periodp ;
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N, - efficiency of pumpb motor;

At, - duration of time periodp (in this caseAt ;=1 h);
| - system incidence matrixX\(xT );

Q;, - discharge in pipe elementat instantt (m’/s);
Q¢ - nodei consumption, at instant (m>/s);

AH ;, - headloss in pipg at instantt (m);

K, - coefficient depending on pipg characteristics;

Ay, By, G, A, B, C, - pumps characteristics curves coefficients;
HR , - piezometric head of reservairat instantt (m);

:
QR :ZI”. [@Q,, -discharge leaving reservairat instantt (m%s);
j=1

AR - cross sectional area of reservoifm?).

HR i HR . - minimum and maximum water levels for reservoifm);

HR , - initial water level at reservoir (m);

HR ,, - final water level for reservoir (m);

H,, - piezometric head at node at instantt (m);

H H, nax - Minimum and maximum piezometric heads for junctnodei (m);
Qj min+» Qjmax -~ MiNimum and maximum discharge for pipe(m’/s);

ny - number of days passed from the last electricggnieill;

P max - Maximum power consumption estimated for thegmedaily operation (kW);
PC.,.« - demanded power (kKW);

C.c - unit cost for demanded power (€/kW);

EHP, - power consumption during peak hours in datkW.h);

i,min?

NHP, - number o peak hours in dgy

Cop - Unit cost for power consumption during peak Isoi@vkW.h);
Pen - penalty term to avoid excessive nhumber of puamgtioning changes (€).

This optimization model's decision variables defittee functioning of the controlling
elements (although the proposed methodology ddew &he inclusion of other controlling
elements, for the present purpose the optimizatiodel presented only includes pumps). In
the case of pumps, these variables are represeytide sety, ,[1{0,1}: if Y, =0 during time
period p, pumpb is OFF Qp=0); if Yy =1 during time periog, pumpb is ON Qpp IS
imposed by the pump’s characteristic curve).

The procedure proposed to deal with power costsistsnof adding two different terms
to the objective function. In Portugal, power cas¢pend on the demanded power and on the
power consumed during peak hours. The demanded rpowos is obtained from the
maximum power observed in any 15 minutes periaanfthe last 12 months, including the

Page 3063



present month. This being the case, during thenpignof a daily operation, the present
month power consumption cost is not known in adeadde only information available is
past records, but there is no guarantee that thalses will not be exceeded before the end
of the present month. Furthermore, if the maximuast pecord is exceeded, as the demanded
power cost will be computed with the new maximuhg tesulting cost increase will appear
in the following 12 energy bills, that is, 12 tim8% cope with this situation, it was decided
to penalize any increase in the demanded powerseygrely. The procedure implemented
can be described as follows:

» analysis of the past records to fix the maximumeobsd demanded powelPCmax
Solutions with lower demanded power are not pead]iz

* any solution that exceeds this limit will suffeetfollowing penalty:
12[6P8,méx - PCméX) |:(DPC (12)

This penalty is added to the objective functioromder to take the demanded power

cost increase over the next 12 months into account.

The cost of the power consumption during peak haucalculated from the average hourly
energy consumption during peak hours. Once agaithecalculation is made for the whole
of the present month, the final value is not knowhe available information is: if the
solution for dayng of the present month has a value higher than\tbeage for the lagty-1
days the cost of power consumption during peaksauill increase; if the opposite occurs, it
will fall. The procedure developed to overcome #itgation is as follows:

* evaluate the cost of power consumption during geaks for the firshy-1 days of the
present month:

ng-1
2 EHP
PHPR, = n:‘_ll [Copp (13)
NHP,
j=1
 at dayny of the present month, the following term is adttethe objective function:

ng-1

iEHF{ nZdEHPi ZEHPj
o [Corp — PHPnd—l = - nzz_ll

D NHPR nszHFi’ D NHP
i i=1 i=1

In this case, the increase/reduction produced bysthution of dayy is divided by the first
ng days of the present month. This procedure isfiedtby the fact that the cost of power
consumption during peak hours is evaluated fromhthely average for the whole month.

This optimization model is solved by a computer laagpion (Figure 1) given by the
connection between an optimizer, based on the @tedilAnnealing method, and a hydraulic
simulator, Sousa (2005).

[Coip (14)
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Figure 1: Flowchart of the computer application@leped to solve the optimal operation of
water distribution systems problem.

This tool functions as follows: throughout the sbathe optimizer generates candidate
solutions (functioning of the controlling elemerftsr each time period) and calls the
hydraulic simulator to estimate the hydraulic bebaw of the system and evaluate the
objective function. This cycle is repeated unti ttonvergence criterion is met. The final
result is the set of operating rules for the cdhirg elements that minimize the objective
function value. Simultaneously, the applicationates some additional files with information
for analysing the behaviour of the Simulated Anmgamethod during the search, and files
with detailed information about the final solutiaramely: a file with the description of the
energy costs calculation, a file with the resemwowvater level profiles and respective
discharges, and a file with the hydraulic behavmiuthe system at each simulated instant.

APPLICATIONS

The applicability of the proposed methodology isstrated with a hypothetical example of
water distribution network (Figure 2). The compldtga is available in Sousa (2005). This
network is supplied by three fixed level reservdifd.R), each of which has a pump to
increase the pressure in order to attain the mimmmalue imposed. To maintain adequate
pressure levels during peak periods, the network dlao three variable level reservoirs
(VLR).

This example leads to the resolution of a Mixededier Non Linear Programming
problem with 72 binary decision variables and 1Téastraints. The first resolution was
executed without considering either the power costhe penalty term, to avoid too many
pump functioning changes. The best solution obthiaéier 6.5 minutes of execution time on
a desktop computer Pentium IV 2.0MHz, presentedrargy cost of €1249 (Figures 3 and
4), and a close observation of the results revsatse interesting aspects.
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FLR - Fixed Level Reservoir
VLR - Variable Level Reservoir

Figure 2: Scheme of the water distribution network.

| ——VLR 18 —#—VLR 20 —— VLR 21 — - HRmin — - HRmay|

Reservoirs Water Level (m)

Figure 3: Solution with lowest energy cost — Resgswwater levels.
(CE, =€1249;Nch=11)

The profiles of the variable water level reservain®w five different phases, dictated by the
daily variations in consumption and unit energytcaimost complete filling up during the
night to take advantage of the minimum energy cgighificant emptying as a result of the
peak consumption and maximum energy cost; sligbbwery during the early afternoon,
taking profit of intermediate energy cost; almostmplete emptying, due to peak
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consumption and maximum energy cost; another sligbbvery to achieve the minimum
water level imposed at the end of the operatingodeionce again occurring during a low
energy cost period. Another important point, sirtantributes to water quality, is the fact
that the daily operation involves the whole resgrwmolume. With respect to pump
functioning, avoiding having the pumps working agrimaximum energy cost periods (9.30-
12.00 and 18.30-21.00) is quite obvious. Besides ithis quite intriguing why pump 31 only
works for 2 hours throughout the entire operatiegqal. This phenomenon is explained by
the calculation of the pumps specific energy corgion: pump 29 - 0.339 kWh/mpump
30 - 0.356 kWh/rfj pump 31 - 0.404 kWh/inThese values show clearly that, from the point
of view of economy, pump 31 should only work in cpé situations, namely, when the
functioning of the other two pumps is not satisbagt
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Figure 4: Solution with lower energy cost — Pumisslaarges.
(CE, =€1249;Nch=11)

An attempt to reduce the number of pump functiomhgngesNch was made by adding the
term Pen to the objective function. The resolution of tmewer version of the problem
resulted in a solution with an energy cost of €1269 withNch=7 instead of théich=11 of
Figure 3’s solution. This new solution implies aadnincrease in energy cost but simplifies
the operation and increases pump motor lifetime.

The same problem was again solved, but this timedmgidering variable speed pumps.
For this scenario it was admitted that the pumpedpe;, could take seven different values,
defined bya=0, 0.5, 0.6, 0.7, 0.8, 0.9, 1.&£0 means that the pump is OFF ame1
means that the pump is working according to theaincharacteristic curves). In this new
optimization problem the decision variables are ghenp speeds, defined by the values.
The best solution found had an energy cost of €84d implied 14 pump functioning
changes (the introduction of the teAenin the objective function led to a different sabut
with only 8 functioning changes, but with an enecggt of €964).

Page 3067



The comparison of these solutions’ costs (varigpleed pumps) with those for the initial
problem (fixed speed pumps) shows that, for thcdjg example, the introduction of the
variable speed pumps reduced the energy cost by @déb6ubtedly a considerable share of
the total operating cost. This reduction in thergpecost is the consequence of a better
adaptation of the variable speed pumps to the enolsl requirements, satisfying the
conditions imposed with lower elevations, a faettthlso resulted in lowering the maximum
pressure values observed all over the network @suare that can be viewed as a benefit in
terms of water loss reduction).

Now, suppose that the solution with an energy 0b€947 is to be implemented on day
15 of a certain month, the demanded power is 800 &wd the power consumption during
peak hours, calculated from the beginning of thentmois 400 kW. Assuming that
Cpc=1.230€/kW andCppp=11.210€/kW, this would imply an increase in peakiis power
consumption cost of €89, and an increase in dentapdeer cost of €116. However, as the
increase in demanded power must be borne for tke I months, the global increase in
power costs would be €1481 (89+12x116), making #pgarently optimal solution a very
bad planning decision. To avoid this mistake, tmebjem was solved considering the
influence of the power cost. The best solution tbuvas this: an energy cost of €976; a
demanded power less than the maximum previouslgrebd; an increase in the peak hours
power consumption cost of €92; 14 pump functiorshgnges. The main advantage of this
new solution is the fact that the cost increasdg ooncern the present month, in contrast
with the previous solution that implied a demang@edier cost increase that had to be borne
for 12 consecutive months, even if the power ineeeaere not used anymore. This result is
the consequence of the severe penalty imputedéyntidel to the increase in the demanded
power. On the other hand, the penalty té?en once again guided the search to solutions
with small numbers of changes in pump functioni@uriously, the resolution of this
problem without that penalty led to quite a diff@rsolution: an energy cost equal to €964,
no exceeding of the demanded power; an increageipeak hours power consumption cost
of €94; 34 pump functioning changes. To conclude,dlight cost reduction was achieved by
the constantly changing pumps’ functioning. Retladlt, besides helping to increase pump
motor lifetime, this also creates a much more cemmperation. This example is a good
illustration of why the penalty applied to the cgas in pump functioning was adopted.

CONCLUSIONS

This paper presents a new approach to the optipedation of water distribution systems
problem. The methodology proposed here is basedomiimization models that deal
explicitly with the system’s hydraulic behavioundauses discrete variables to model pump
functioning. This approach results in a Mixed Irgedlon Linear Programming problem that
is solved by the Simulated Annealing method.

A hypothetical example of a water distribution netk has been used to illustrate the
methodology’s applicability and the outcome leads the following conclusions: the
operation rules obtained with the proposed metlamiolcompletely fulfil the conditions
imposed and benefit from the daily variations ie tmit energy cost; a slight increase in
energy cost may allow a significant reduction ie ttumber of pump functioning changes;
for this example the use of variable speed pump&dgaroduce significant reductions in the
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energy cost; due to structure of the Portugueseggrariff, it is extremely important to
consider the power costs when defining operatidgsru

The results presented in this paper confirm thatube of this kind of tool could be of
great help in defining operating rules for watep@y systems, and even yield considerable
benefits (economic and operational).
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