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Abstract:

The paper describes the application of a methodology developed for model calibration and simulation of water
distribution networks, starting from real time monitoring of pressures and flows in District Metered Areas (DMAs). In
particular, the data recorded at the measurement stations are transmitted via GPRS to a server, validated and archived
in Oracle format, and used by the numerical models. Model calibration is performed with genetic algorithms (GAs),
while system simulation is carried out with Epanet on a time horizon of one day, starting from the recorded data of the
preceding 24 hours, and may be updated once a day. The methodology is applied to a real system of 820 km of pipes
serving about 60000 people in the northern part of Italy: the first year of implementation allowed to identify the areas
with major problems, and to program leakage detection surveys and system rehabilitation, thus resulting in
considerable water and energy savings due to the reduced amount of pumped water.
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1. INTRODUCTION
In many countries of the world there is an evidence of the increasing costs related to water
distribution systems planning and management. The deterioration of ageing infrastructures
(especially pipes and pumps), the rapid growth of urbanization and the statutory and contractual
quality standards that have to be guaranteed to customers are playing a fundamental role in the
decision-making process that water managers will have to face in the near future. In particular,
regulatory bodies and water utilities are concerned about the importance of accurately assessing and
controlling water losses, which have a strong impact also on energetic costs [1].
The management of a water distribution system involves a continuous decision-making process,
often under a high degree of uncertainty due, on one hand, to the probabilistic character of timedependent user demand and, on the other, to the lack of detailed information of the network itself.
One of the most important steps in building a decision support tool for planning future management
and rehabilitation strategies is to implement an accurate simulation model, which allows to analyze
the behaviour of the system under different scenarios. However, the predictive ability of a
numerical model is strongly dependent on its calibration [2].
Model calibration may be regarded as an optimization problem characterized by specific
objective function and constraints; in particular, conservation laws (mass and energy) have to be
included, resulting in a nonlinear optimization problem that has to be solved. The availability of a
calibrated model is of fundamental importance for water utilities, because they can rely on a
decision support tool, on one hand, for the short term (or, eventually, real time) management of the
system and, on the other, for the long term rehabilitation planning.
Very often the calibration procedure is performed at the model implementation phase: in this
way, the numerical model is validated at the time of its creation. However, this procedure is rarely
repeated on a periodical basis. As a result, even if the model is continuously updated (in the sense
that it reflects all the changes arising from every intervention in the network), it is not necessarily
calibrated, because its reliability in prediction tends to decrease with time, with results that may
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deviate considerably from the real behaviour of the system. One of the main reasons for such
discrepancy is the presence of leakages, which in some cases represent a high proportion of the total
volume supplied [3].
To avoid this discrepancy, continuously changing with time due to the dynamics of leakage
formation and repair, the calibration procedure should be ideally carried out quite often, in order to
keep the model always accurate. In addition, since consumers demand is always different from time
to time (although a cyclic pattern can be recognized on average), a model not properly calibrated
might be run to simulate a day during the summer, while it had been calibrated during the winter
season.
In this paper we describe a methodology developed for model calibration and system simulation
starting from the data recorded at a number of measurement stations and transmitted to a server, in
order to be available for numerical modelling. In particular, model calibration is based on a singleobjective, real-coded genetic algorithm, in which the decision variables are pipe roughness and
leakage coefficients [4]. Pipe roughness coefficients are grouped according to the material, while
leakage coefficients are determined on a DMA basis. An improvement in calibration has been
obtained through the subdivision of some DMAs into sectors: this also allowed to prioritize leakage
detection campaigns and system rehabilitation planning, focusing only on those portions of the
network actually critical from an energetic point of view.
System simulation is carried out on a time horizon of one day, starting from the recorded data of
the preceding 24 hours. Levels at reservoirs are adopted as boundary conditions, while the water
balance of each DMA is used for calculating the subdivision between water loss and customers’
demand, in order to determine the pattern coefficient values for the same time horizon.

2. DESCRIPTION OF THE METHODOLOGY
The methodology relies on the following components:
1. A set of measurement stations in which pressure and flow are recorded using data loggers
and are transmitted via GPRS protocol to a server every five minutes.
2. A dedicated software (Waterguard, developed in Delphi) which is responsible for validating
the incoming data and organizing them in Oracle format. The software is run on the server
and is also available as a client (running on a PC connected to internet) for locally
downloading the data.
3. A dedicated software (GeNet, developed in Visual C++) representing an integrated system
for model calibration and system simulation, as described in more detail in the following
subsections.
The rationale behind the spatial positioning of the instrumentation follows some European and
Italian regulations (Water Framework Directive 2000/60 EC, Italian Law 152/2006) in which the
formation of District Metered Areas is envisaged as the best approach to keep a water distribution
system under continuous control, especially for identifying the zones which are affected by water
losses.
In particular, to quantify real losses within a DMA, one of the most widely used approach is to
conduct a Minimum Night Flow (MNF) analysis. The MNF, usually between 2 a.m. and 4 a.m., is
the most meaningful time period as far as leakage levels are concerned, because customers
consumption is at a minimum and leakage is at its maximum percentage of the total measured flow.
2.1 Calibration of the numerical model
The calibration algorithm considers as decision variables pipes roughness and leakage
coefficients. In particular, the objective function is defined as the minimization of the weighted sum
of maximum absolute differences between observed and calculated values [4]:
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min f1 = Wh max n,t Hmn (t ) − Hcn (t ) + Wp max p ,t Qm p (t ) − Qc p (t )
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(1)

where Hmn(t) and Hcn(t) represent, respectively, the measured and calculated head at time t in node
n, while Qmp(t) and Qcp(t) the measured and calculated flow at time t in pipe p. Wh and Wp are
weighting factors for heads and flows, respectively.
The optimization problem is subjected to constraints defined by continuity equations (for every
node i):

∑ Q (t ) − α (t ) ⋅ Q
ij

b ,i

j

− l i (t ) = 0

(2)

and energy loss equations (for every pipe ij):
H i (t ) − H j (t ) =

10.6668 ⋅ Qij (t )1.852 ⋅ Lij
Cij1.852 ⋅ Dij4.871

(3)

In the preceding equations, Qij(t) indicates the flow from node i to node j at time t; Qb,i is the
(mean) metered consumption at node i (which can be calculated by billing information); α(t) is the
multiplier for nodal demands depending on time, ℓi(t) the leakage at node i, which depends on
pressure according to:

l i (t ) = c pi (t )γ

(4)

where pi(t) is the pressure at node i and c and γ are two coefficients quantifying the relationship
between leakage and pressure. In equation 3, Hi(t) and Hj(t) are the total heads at nodes i and j at
time t, while Lij, Dij and Cij are the length, diameter and Hazen-Williams friction factor for pipe
connecting nodes i and j, respectively.
Model calibration is based on a single-objective GA, characterized by real-coded decision
variables representing pipe friction factors (according to conduit material) and a set of coefficients
depending on the leakage in the system. The GA was developed in C++ starting from GAlib library
[5], and has been extended to a set of multi-objective GAs in order to solve also multiple criterion
decision making problems [6], like optimal design of water distribution systems or optimal location
and control of pressure reducing valves in water networks [7].
Figure 1a shows a schematic representation of the real coding of a string representing an
individual of the population of the GA. Every gene represents one decision variable and is bounded
between 0 and 1; at the decoding phase it is mapped to the proper value according to the lower and
upper bounds allowed for the decision variable. The total number of genes is given by the sum of
the number of materials forming the pipes of the network (each represented by a roughness value),
and three times the number of DMAs, ND, in which the system is subdivided (for each DMA there
are actually three decision variables: µ, γ and c).
2.2 Simulation of the water distribution network
The hydraulic simulation of the network is performed through the software Epanet Toolkit [8]. In
particular, the data archived in the server database are used for calculating the water balance for
each DMA, that is, the algebraic sum of all the flows entering and leaving the DMA. As a result, we
have the total flow supplied to the district (represented in Figure 1 as Qtot), from which it is possible
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to derive an estimate of the subdivision among its components. Referring to a time interval T, the
function Qtot(t) can be expressed as:

Qtot (t ) = p '(t )Qb

(5)

where Qb is the yearly (or quarterly, depending on available billing information) average flow
derived from the total metered consumption in the district and p’(t) represents a multiplier function
quantifying the ratio between instantaneous net inflows and Qb. According to this formulation, p’(t)
has a mean value (on the reference period T) greater than one, because it includes also all authorized
unmetered consumption, apparent losses, and real losses, according to the terminology of
International Water Association [9].

Figure 1a. Sschematic representation of the string coding of the GA for model calibration.

Figure 1b. Right: water balance and subdivision between water loss and consumption for a DMA.

Water utilities need to estimate real losses out-flowing from the district, so it is necessary to
explicitly take them into account in equation 5, leading to:
NS

NS

i =1

i =1

Qtot (t ) = α (t )Qb + ∑ l i (t ) = p ''(t ) μ Qb + ∑ l i (t )

(6)
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in which p’’(t) is the so-called demand pattern, characterized by an average value of one, NS is the
total number of nodes in the district, and µ is a multiplier which takes into account apparent losses,
unmetered consumptions and seasonality (and is obtained from calibration). Equation 6 may be also
expressed as:
Qtot (t ) = p ''(t ) μ Qb + κ Qb + ε (t )

(7)

in which the term representing real losses in equation 6 is now written as the sum of a mean value,
κQb, and a zero-mean variable function, ε(t). If we take the average of equation 7 in the same
period, we have:

Qtot ,m = μ Qb + κ Qb

(8)

Comparing equation 7 with the average of equation 5 we can write:
Qtot ,m = ( μ + κ )Qb = p 'm Qb

(9)

where p’m represents the average of p’(t). Equation 8 is used to calculate κ, since µ is already
known. If we now make the assumption that, on average, leakage in the DMA does not vary
significantly (compared to its mean value) during the reference period, that is, |ε(t)|/κQb « 1,
equation 7 can be rewritten as:
Qtot (t ) ≈ p ''(t ) μ Qb + κ Qb

(10)

from which we derive p’’(t) as needed by the simulator:
p ''(t ) = 1 + 1 μ [ p '(t ) − p 'm ]

(11)

It is important to emphasize that the demand pattern p’’(t) is different for each DMA, depending
on the typology of customers’ consumption.

3. APPLICATION TO AN EXISTING SYSTEM
The methodology described in the previous section has been applied to a system of 820 km of
pipes serving about 60000 people in the northern part of Italy, and managed by Acquedotto Poiana
S.p.A. water utility. Figure 2 shows the layout of the network and its main sources of water. In
particular, there are two surface sources (springs) from which water is transported by gravity,
supplying about 140 l/s throughout the year, and three pumping stations from groundwater sources,
delivering nearly 185 l/s. Other characteristics of the system are reported in Table 1.
During the period 2007-2009 the network has been divided in 14 DMAs through the installation
of 38 measurement stations. In these last two years, the DMAs characterized by major water losses
are being further subdivided into several sectors, as also shown in Figure 2.
The numerical model of the system is made up of 3850 nodes and 4160 links. The calibration is
performed on a periodical basis (typically, a month, a week, or even less, if anomalies or
emergencies are detected by the monitoring system), in order to update the values of the coefficients
representing the distribution of water leakages. In particular, for those DMAs characterized by a
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low level of water loss, a uniform distribution of leakage coefficients has been assumed; for the
others, the subdivision into sectors allows a better fine-tuning of the leakage coefficients through
the (occasional) monitoring of flows by mobile instrumentation. Such measurement campaigns are
carried out whenever the monitoring system triggers some alarms on increased leakage levels for a
DMA. To this end, several new manholes have been created for the position of portable flow
meters.
Table 1. Main characteristics of the system analyzed.
Total length (km)
Average pressure (m)
Total number of connections
Total input volume in 2009 (103 m3)
Billed consumption in 2009 (103 m3)
CARL (103 m3)
UARL (103 m3)
NRW (%)
ILI

820
52
21656
10187
4849
5086
714
52.4
7.1

The implementation of the methodology allows to identify the DMAs which require the priority
of intervention, thus giving the water utility the opportunity of properly planning resources
allocation for leakage detection surveys and system rehabilitation. In particular, Figure 3 shows the
subdivision into sectors for DMA n. 6, while in Figure 4 the results of a measurement campaign
have been reported.
From Figure 4, it is evident that the sectors which mainly contribute to the minimum night flow
of DMA n. 6 are the green and the red ones, while other sectors (like the grey one) may be excluded
from leakage detection campaigns. Figure 5 reports the water balance of DMA n. 6 in the period
January 2010 – October 2011, showing that nearly 25 l/s of water savings have been obtained.
The sectorization of district metered areas also allowed to perform a better fine tuning of the
leakage coefficients. Figure 6 shows the graphical user interface of the software GeNet with the
representation of the 14 water balances of the DMAs after calibration, reporting both measured
(filled squared) and calculated (filled circles) values. The estimation of the subdivision between
actual customers’ consumption and water leakages for each DMA is also shown (lines in blue).
In particular, for most DMAs the pattern of leakage is characterized by greater values during
night time, but the particular pattern of leakage in DMAs n. 6 and n. 7 is due to San Giorgio
pumping station, which pumps directly into the system. Since it is not controlled by inverters, the
switching on and off of the pumps determines, respectively, an increase and a decrease of the mean
pressure, thus altering the level of leakage in those DMAs.
The overall methodology is active since January 2010. During the first year of implementation
considerable water savings have been obtained (nearly 60 l/s, representing the 18% of the average
flow supplied), and about 930 MWh of reduction in energetic consumption has been achieved,
corresponding to an amount of 100000 € of savings for the water utility
As an example, Figure 7 shows the measured water balance for the district which was
characterized by the highest values of water loss (DMA n. 13): the application of the methodology
(and, in particular, the subdivision into sectors) allowed to drastically reduce its minimum night
flow which, from the initial value of 55 l/s (January 2010), went down to 25 l/s. Figure 8 represents
the comparison between years 2009 and 2010 of the energetic consumption (average daily kWh) at
the two main pumping stations of the system: San Giorgio (on the left) and San Nicolò (on the
right). From the figure, the energetic savings obtained during the year 2010 are evident.
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Figure 2. Localization of the system under study and layout of the network with indication of the 14 DMAs. Sectors in
which some DMAs have been subdivided are also represented with different colors.
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Figure 3. Example of sectorization for DMA n. 6.
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Figure 4. Results for a measurement campaign for DMA n. 6. The black dotted line represents water balance for DMA
n. 6, while other coloured lines indicate water balances on a sector basis.
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Figure 5. Water balance for DMA n. 6 in the period 19/01/2010 – 11/10/2011.

Figure 6. Graphical User Interface of the software GeNet implemented for calibration and simulation of the system. In
particular, the water balances for the 14 DMAs are shown after calibration, reporting both measured (filled squares)
and calculated (filled circles) values, together with the estimate of water loss (lines in blue).

Figure 7. Water balance for DMA n. 13 in the period 21/01/2010 – 20/01/2011.
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Figure 8. Average daily consumption (kWh) in years 2009 and 2010 for the main pumping stations of the system: San
Giorgio (left) and San Nicolò (right).

4. CONCLUDING REMARKS
The paper has described the application of a new methodology aimed at model calibration and
system simulation starting from real time data recording at measurement stations. The procedure
has been applied to a real system, and the water utility managing the network had the opportunity of
focusing active leakage control and system rehabilitation programs only on those areas which
resulted critical from an energetic point of view.
Measurements allowed also a fine-tuning of leakage coefficients and a better calibration of the
model, which now represents a decision support tool, on one hand, for the short term (or eventually,
real time) management of the system and, on the other, for the long term rehabilitation planning.
The methodology resulted in considerable water savings and reduced energy costs, because of
the reduction in pumped volumes, thus resulting in a payback period of nearly two years.
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