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PREFACE

A water supply network is the key link in the water distribution chain,
because it allows for the distribution of the resource for civil, industrial
and agricultural uses.

Reported by many sources, both in Italy and other countries (UN-
ESCO, 1993, United Nation, 2000, 2002a and 2002b; National Geo-
graphic Italia, 2002; World Water Council, 2003; Ministero dell’Am-
biente e della Tutela del Territorio, 2004 and 2005), the waste of
water resources in supply networks is considerable.

The deterioration of these systems is due to many causes related
to aging technology (average life of European water networks exceeds
30 years) and to negligence and poor organization of the various au-
thorities in charge of ordinary and extraordinary management.

These reasons add to the essential complexity of the urban water
distribution systems arising from many technical and scientific prob-
lems.

Among technical problems, it is worth mentioning:

• poor knowledge of the actual plans due to the unplanned growth
of the water system along with the urban sprawl, of the 1970’s
and 1980’s;

• lack of digitalized plans and TIS (Territorial Information Sys-
tems);

• scarce availability of up-to-date and reliable databases;
• aging of supply networks and hydraulic devices (pipelines, gates,

adjustment valves, special works, flow meters, pressure trans-
ducers, etc.);

• considerable physical and administrative water leakages;
• difficulty in defining the two leakage rates (“revenue” and “non-

revenue” water);
• technological and operational backwardness due to the absence of

modern systems of remote-controlling, and to the lack of inter-
vention plans for both ordinary and extraordinary maintenance;

• non-compliance, in many countries, with local management “best
practice”;

• complexity of the procedure to carry out hydraulic checks in very
large water systems;



• poor hydraulic performances (inadequate pressure, reduced re-
sources during drought, poor quality, etc.);

• faulty planning of many water systems currently in operation;

Among the scientific problems, it is worth mentioning:

• non linear behavior of equations modeling the water distribution
systems;

• presence of a very high number of variables which makes the
application of optimization techniques particularly complicated;

• difficulty in defining cost functions due to the lack of data relat-
ing to the management of water services;

• difficulty in defining optimal criteria for district metering pur-
suant to management “best practice”;

• low number of pilot sites;
• implementation of case studies on small water networks;
• lack of multi-scenario analyses relating to drought;

Obviously, these issues, especially the technical ones, assume more
or less importance depending on the international reality taken into
account.

In many countries, as is the case in Italy, there is a clear need for
modernization to reach standards of cost-effectiveness: by improving
service, updating databases, billing consumptions regularly, creating
multithematic TIS, using modern monitoring technologies and criteria
and integrated systems to optimize the whole water system.

In order to do so, it is necessary to develop Decision Support Sys-
tems, DSS, (Loucks and da Costa, 1991; Loucks, 2000) which help
managers by simplifying (thanks to remote controlling, optimization
models and operational research) the complexity of water systems in
term of hydraulics and customer satisfaction.

Indeed, besides achieving satisfactory hydraulic performance, a
water supply company has to fulfill the needs that modern consumer
societies demand, and rightly so, i.e., all those elements which make
a company more competitive than another and which result from the
maximum possible control of the whole system.

In this study two techniques are put forward to improve water
supply system management: “Water District Metering (WDM)” and
“Water Pressure Management (WPM)” with reference to leakage re-
duction.



Specifically, after a theoretical introduction of two techniques in
Chapter 1 and Chapter 2, the study proposes the use of both tech-
niques in tandem defining two tools for WDM design and WPM set-
ting (Chapter 3). Water district metering and pressure management
were already used in some other experiences, often using empirical
approaches applied to small water networks.

In this study two original tools are proposed; they are based on
heuristic and optimal criteria, arranged in design support methodolo-
gies to assist water network operators.

In Chapter 4 the two techniques are tested on a case study of the
Monterusciello network in Pozzuoli (Italy) confirming the effective-
ness of the approach presented.

The results illustrated in this monograph are part of a research
work conducted by CIRIAM (Centro Interdipartimentale di Ricerca
in Ingegneria Ambientale) of Seconda Università di Napoli (SUN).
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1. Water Leakage Management

The greatest problem for a water network - and surely the most impor-
tant from an economic and social standpoint - is related to water leakages.
In many areas of the world more than one third of the resource,which is
first extracted, then treated to improve its organoleptic qualities to make
it drinkable, and then conveyed to urban water networks, is lost before it
reaches end users.

Leakages are a major technical and management problem also for indus-
trialized countries. High leakage levels, sometimes even more than 50% [64]
of the supplied volume, are nowadays not sustainable for a water utility,
both from an environmental and economic point of view. Some countries
have been tackling the leakage problem for many years, promoting basic
research, special laws and the implementation of best practices [101]; many
others, instead, addressed the problem with enormous delay [62].

The importance of the topic, internationally recognised also by organi-
zations like UNESCO [91], has led many important associations [2, 49] to
analyse its technical and scientific aspects in depth, and to promote the
dissemination of technologies already available on the market or previously
experimented by important water utilities.

Leakages, in a preliminary evaluation, can be divided into real (or phys-
ical) losses, that is water actually lost when delivering the service, and
apparent (or unauthorized consumption) losses, i.e. water delivered to con-
sumers but not billed [3]. The considerable presence of both kinds, for
different reasons, undoubtedly represents a poor physical situation of the
water system and the absence of reliable systems of metering and manage-
ment of the service, with clear effects on the economic, political and social
aspect and, in general, on conserving and managing water resources.

For many years a number of international technical and scientific orga-
nizations have been concerned with the issue of water leakages [1, 66]. The
International Water Association (IWA), in 1996, promoted a specific Task
Force to analyze and evaluate the methodologies for the international com-
parison of water leakages from water distribution systems with the following
goals:

• standardization of the terminology for the calculation of water balance
and actual and apparent losses;

• the review of possible performance measures for the international com-
parison of leakages.

A. Di Nardo, M. Di Natale, A. Di Mauro, Water Supply Network District Metering,  
CISM International Centre for Mechanical Sciences, DOI 10.1007/978-3-7091-1493-3_1,  
© CISM, Udine 2013 



2 A. Di Nardo, M. Di Natale and A. Di Mauro

The work of the Task Force is summarized in the document “Losses
from Water Supply Systems: Standard Terminology and Recommended
Performance Measures” [49, 29], which includes, in particular, a standard-
ized methodological scheme to evaluate the water balance relating to water
supply systems and represents a valuable reference in order to properly
understand and standardize water flows.

This schematization is illustrated in several other documents and sector
studies and can be considered as the methodological standard of reference
in the international framework.

This IWA document also includes a methodological scheme to under-
stand the water outflows from an adduction and/or distribution system,
aimed at properly defining - within the framework of the difference input
volumes less billed authorised volumes - the quantities actually lost in ad-
duction and distribution networks, in utility storage tanks, connections and
those attributable to unbilled and authorised consumptions, to unbilled and
unauthorised consumptions, and inaccurate metering. This methodological
scheme, shown in Table 1, can be considered as the international reference
for studies and operational management in this field.

Table 1. Elements of the water balance suggested by IWA
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It is worth noting that the item “apparent losses”, according to IWA
standardization, includes only “unauthorised consumptions” and “metering
inaccuracies” whereas technical uses such as washes, cleanings, etc., are not
to be considered as actual losses but more properly as technical consump-
tions connected to the operation and maintenance of networks and included
in the item “unbilled authorised consumption”.

1.1 Loss control and localization

Effective control of leakage is critical, in some systems, water may have to
be rationed in the attempt to distribute the available water more equitably,
but frequently such control is given in sufficient priority.

Leakage control practices are very important and are used to maintain
a high level of regular monitoring and to repair the leaks which become self
evident.

Currently, the most common method of leakage control is passive leakage
control :only the evident water loss is detected, located and repaired. A leak
may be evident because water appears on the road surface or thanks to
consumer complaints. This is a passive control method, incompatible with
a modern water system management.

That is why recently some different new active leakage control methods
have been suggested.

All these methods are reviewed hereinafter with reference to the following
tasks:

a) evaluation
b) detection
c) reduction
d) monitoring

These tasks, explained below, are not independent of one another; in
many cases, only the combined use of various activities produces good re-
sults in decreasing the two rates of real and apparent water loss:

a) evaluation of water leakage is mainly based on the water balance and
on the Minimum Night Flow (MNF) measurement [104], by assigning
to the former a leading role in preparing reports on water losses and
to the latter a fundamental role in their management. These tech-
niques are also important for a systematic approach to monitor water
losses, since they permit a comparison to be made between the differ-
ent areas of the network and the evaluation of priorities and efficacy
of interventions.
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b) detection techniques of real water losses are mainly of acoustic kind;
they are based on the sound waves produced by the water flowing
out from a break, whose persistence makes it possible to distinguish
it from other noises. Typical listening instruments like geophones
and correlators are supported by other radio transmitting acoustic
signalers. A common aspect of all acoustic techniques is they allow
the water loss only to be located not to be evaluated.

The activities based on the detection of the noise made by water
during the leakage can be manual (manual sounding) or automatic
(automatic sounding). Manual sounding is performed by an operator
who tracks the network by mobile geophone; this method provides for
limited duration of listening and can lead to misinterpretations.

In the last few years, modern techniques of automatic sounding
have been developed that allow a fast and cheap automatic prelocation
of leakages thanks to fixed geophones. In short, automatic sounding is
carried out by installing some noise detectors that, during the night,
when the interferences caused by other noises are lower, detect and
recognize the “noise” made by the leakage.

The use of automatic sounding techniques allows the leakage local-
ization to be improved through correlation analysis of vibration and
noises caused by water leaks.

The noise correlator is based on the principle that a water loss gen-
erates an increment in noise, in some cases also considerable, in the
water network caused by the interaction between water and pipe ma-
terial: in the event of leakage, the noise increases in intensity and the
leak noise correlator can locate the position of a leakage by compar-
ing two recording between two points of a pipe with a water loss and
computing the travel time interval of leakage noise. The leak noise
correlator consist of a transducer and a receiver, often used manu-
ally by operators that move the tool along the water pipes. In the
hypothesis that the pipe material is homogeneous, the leakage noise
propagates in the pipe with the same speed and so the measures must
have almost the same noise base albeit out of phase in time. The leak
noise correlator will be able to recognize the similarity of two signals in
both pipe points and detect the time lag that minimizes the difference
thereby locating the water loss.

Therefore, the activities used for leakage detection can be divided
into two main types [48]; prelocation which means identifying the crit-
ical areas with possible leaks and the actual location which allows the
specific critical sub areas of water losses to be identified.

The method applied for leakage prelocation are mainly of two
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kinds:

• those providing for measurements of the flow through possible
valve operations in order to split networks into subsystems and
compute the water balance (step test or zooming analysis);

• those based on leakage noise detection (electroacoustic and cor-
relative analyses).

The above-mentioned techniques have advantages and disadvan-
tages and they often need to be combined to get the best economic
results and the possibility to monitor the water distribution system at
the end of the location campaign and after leakage repairs.

Water utilities, based on their experience, the size and character-
istics of the network, use leakage detection techniques according to
various methodologies:

• carpet-correlation: correlation is performed along the whole net-
work to be examined. Neither prelocation of leakages nor flow
size measurements are carried out in the studied area. Carpet
-correlation represents the typical technique to locate losses.

• sounding and correlation: unlike carpet-correlation, there is a
step of prelocating leakages through sound tools along the whole
network to be examined. Critical areas are then signalled, where
correlation is performed. It is an evolution of carpet-correlation
since it focuses on locating leakages where they really are.

• typical zooming : it splits the area into districts of about 20.000
inhabitants and is monitored with permanent flow meters. Then
critical areas are split into measurement districts and the “step
test” is performed. The step test is based on a temporary parti-
tioning of critical “districts” into a variable “n” number of small
sub-systems (or “steps”) and allows accurate evaluation of the
individual areas where leaks are mostly present. In the “steps”
(or sub-systems) which present a high rate of leakage, losses are
located by sounding and correlation. This methodology is char-
acterized by a heavy network partitioning, though temporary,
aimed at identifying the most critical areas.

• advanced zooming : it splits the network into districts of about
20.000 inhabitants. Critical areas are identified and radio- trans-
mitting sound sensors are installed uniformly to allow prelocation
of losses. Sounding and correlation are performed to locate leak-
ages in those districts showing a higher rate of losses. Advanced
zooming is similar to typical zooming until district creation. No
further district metering is carried out.
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• new technologies of automatic correlation: the steps are similar
to advanced zooming until leakage prelocation. The sounding
and correlation activity is replaced by the installation of special
sensors in those areas where losses are expected. These sensors
allow a remote automatic correlation to be carried out. This
technique is being improved especially as concerns the possible
radio connections between remote station and automatic corre-
lation loggers.

Finally there are other techniques to locate leaks, which are based
on different principles, like those that studying pressure waves [31]
or based on infrared thermography which, nevertheless, cannot yet be
used on a large scale and still present major problems of engineering.

It is worth mentioning another technology: gas detection, which
consists in introducing an inert gas into the pipe. The gas is de-
tected through sensors while it comes out at the leakage point. This
technique is usually used either for “difficult” losses (in particular:
conditions of low pressure and non-metal main pipes) or for losses in
new pipes after negative results during pressure tests.

c) the reduction of real losses can be achieved by repairing or replac-
ing pipes. Nevertheless, in recent years a different approach has been
developed based on controlling real losses by reducing pressure levels
in the distribution network, which has a positive effect also on the
reduction of breakages. This technique will be explained in detail in
section 1.2.

d) systematic monitoring allows losses to be kept under control and the
effectiveness of repairs to be evaluated. Furthermore, it permits the
collection of data relating to significant water quantities, by using
remote supports that are fundamental for future projects and water
supply system planning.

The short review of the main, typical and non typical, techniques for the
prelocation and location of leakages has shown that - since it is necessary to
operate along the whole water supply network - the network has to be split
into smaller areas (districts) to simplify the evaluation of water balances in
order to estimate losses and then monitor them.

Therefore, the latest techniques of research and control of leakages are
based on a preventive definition of “district meter areas” of the water net-
work which allows the problem to be tackled more rationally. By splitting
the network into districts a reliable preliminary network integrity evaluation
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can be made(which is hardly possible on the whole system). In this way, it
is easier to identify the areas with problems and to understand where the
system is more vulnerable and where there are heavy losses.

Water supply network district metering (WDM) thus consists in dividing
the water network into districts in order to define different areas that have
the same properties and are metered continuously.

This method simplifies the application of the techniques mentioned above
(sounding, correlation, step test, zooming) which lead to increasingly heavy
partitioning of the whole system. By working on smaller portions that are
more easily manageable, also the effectiveness of reduction techniques, such
as pressure management, increases significantly.

The following chapters will deal with the main aspect connected to dis-
trict metering of water distribution networks and the problems relating to
its implementation.

1.2 Pressure management

Water pressure management (WPM) is the practice of managing system
pressure to a level of service ensuring efficient supply to customers. Pres-
sure is Known to have a great influence on the level of real losses. Pressure
decrease can reduce network leakage, limiting the risk of bursts and reducing
water losses quantity and providing a constant service to customers. How-
ever water pressure reductions are very difficult because all systems cannot
tolerate pressure decrease and it is complex to give a weighted average pres-
sure for a specific network area due to variations caused by topography and
hydraulic profiles. For this reason, pressure management has to be compati-
ble with hydraulic performance and, specifically, with the “design pressure”,
defined as the minimum value of pressure to provide a good service for users.

In low pressure systems WPM is a very important type of control [87].
This kind of management includes the implementation of controlled district
meter areas, pressure sustaining and level control. For example, in a DMA
the control of the pressure even when supply is limited allows the operator
to route the excess water to other districts and to guarantee that upstream
district pressures are not reduced in an uncontrolled manner.

However, WPM in high pressure systems is the best way to reduce leak-
age, pressure has a considerable effect on water leakage due to a decrease
in flow rates from leaks. High water pressure contributes to burst water
mains, cause leaks and water waste. Hence in this kind of systems lowering
the pressure can attain benefits, such as the reduction in:

• water leakage with lower running costs and higher water savings;
• water bills for customers;
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• pipe breaks with consequent reduction in the number of service inter-
ruptions and repair costs;

In order to understand the effect of WPM, real losses can be described
with a value L given by the following function of the local pressure P [43, 51]:

L = c P γ (1)

in which the values of the coefficients c and γ depend on site-specific
conditions.

The Literature in this respect shows that the value of γ coefficients varies
considerably depending on specific field or laboratory conditions [47, 52,
84, 20]. Indeed the relationship page 12 is sometimes applied to a single
pipe, sometimes to a district of the water network, with consequent unclear
definition of the above parameters.

In the former case, experimental studies have shown that it can be con-
siderably larger than 0.5 and typically varies between 0.5 and 2.79 [30] or
between 0.42 and 2.30 [38], these differences being mainly related to burst
type (round hole, longitudinal crack, circumferential crack, corrosion clus-
ter, etc.) and to the pipe material (plastic, steel, concrete, etc.).

In the latter case, a similar pressure-leakage relationship is employed
[87], based on field data from the UK, Japan, Australia, Brazil, Canada,
Malaysia, New Zealand and the U.S.A:

L1

L2
=

(
P1

P2

)N1

(2)

The N1 exponent was found to vary between 0.5 and 1.5, but it may
occasionally reach values as high as 2.5. These results can also be used
for the prediction of N1 in the absence of specific test data [86]. From
relations page 12 and page 12 it is evident that WPM, avoiding un-needed
pressure excesses, may reduce pipe leakage during the day, with the twofold
reduction of water leakage [32, 43, 57] and burst frequency.

Estimation in equations page 12 and page 12 of c, γ and N1 values
is therefore required for any leakage control and management policy. In
the chapters below a method to determine the two parameters, based on a
genetic algorithm, is proposed, which relies on the simultaneous detection
of demand and the leakage pattern in a water distribution network.

Therefore, it is clear from page 12 that the placement of valves to
reduce pressure, in properly chosen locations, can lead to a distribution
of water flows at the nodes such as to reduce leakages from pipes. This
pressure decrease, compared with the design pressure, inevitably reduces
the network’s hydraulic efficiency which has to be limited by numerical or
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empirical optimization of the placemenent and adjustment of the degree of
valve opening.

Furthermore, if pressure adjustment is made on distribution networks
that have already been partitioning, pressure could already be reduced due
to the worsening resulting from the partitioned of the water system.

Nevertheless, the possibility of adjusting the pressure of each district of
the partitioned network [4, 19] may lead to an optimal WPM, depending on
the height and kind of the water network of the built-up area involved, by
keeping satisfactory rates of hydraulic performance. Pressure adjustment
is made according to the different operational conditions of the water net-
work (peak, average, etc). The best efficiency is achieved during the night
when water flows are considerable, and often excessive, whereas the incon-
veniences resulting from pressure reduction are barely perceptible due to
lower water consumption.



2. Water District Metering policy and
practice

Water supply network District Metering (WDM), a method developed
in England [104] and already implemented in many countries, as illustrated
below, aims at:

a) simplifying network water balance calculation by monitoring night
flows in each district in order to detect the presence of unreported
bursts and to enable leakage detection and location (using acoustic
methods, step test, etc.);

b) carrying out pressure management in order to reduce hydraulic head
and water leakage;

c) improving water system management with continuous monitoring of
district hydraulic data in order to prevent water shortage and to plan
better maintenance operations.

As recommended in the literature [101], the water balance technique
aimed at leakage monitoring requires the installation of flow meters at
strategic points throughout the WDS.

In this way water balance monitoring is simpler, can give precious infor-
mation about district water losses, provides the basis for network operation
and helps prioritize districts for leak detection and location.

District monitoring is carried out by calculating the difference between
inflow and outflow of each district, measured by flow meters located at
different points in the network.

Flow meters may sometimes contain a pressure valve in order to achieve
water pressure management. In these situations the division of the network
in hydraulically independent districts [4] allows more effective pressure reg-
ulation since a different head level can be obtained in every single network
subsystem by inserting boundary (or isolation or gate) valves.

Water district metering can be carried out in different ways and with
various partitioning levels [101]: in particular, WDM can be permanent or
temporary, with reference to time duration, and can have different sizes
based on its specific objectives (network management, water balance, pres-
sure regulation, etc.).

The best results in leakage monitoring can be achieved by defining a
small permanent district, called a District Meter Area (DMA), provided
that a thorough water system analysis is carried out. Depending on the

A. Di Nardo, M. Di Natale, A. Di Mauro, Water Supply Network District Metering,  
CISM International Centre for Mechanical Sciences, DOI 10.1007/978-3-7091-1493-3_2, 
© CISM, Udine 2013 
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characteristics of the network, DMAs may be supplied by single or multiple
feeds, may flow into adjacent DMAs or be self-contained. The fewer the
flow meters the easier and cheaper the calculation of DMA water balance;
this can be obtained by using boundary valves to reduce the number of pipe
connections according to hydraulic constraints and performance.

In particular, with reference to DMA, it is possible to fix the lower
limit of permanent portioning of the water supply network by indicating
that area of the distribution network created by permanently closing valves
where the quantity of water inflow and outflow is constantly measured as
shown in Figure 1.

If district metering is temporary it is called Waste metering, illustrated
in Figure 2; in this case the water network can be more easily divided into
defined areas that have the same properties and are generally smaller than
DMAs.

Figure 1. Permanent district metering stuctures (District Water Metering)

The leakage is determined by measuring and recording the low rate of
flow that occurs at night-time, called Minimum Night Flow (MNF) [104].
Waste metering is characterized by intense district metering, thought tem-
porary, aimed at identifying the most critical areas. As MNF is recorded
in each district at regular intervals, when a strange value is recorded the
inspectors are directed to a specific district of the network.

Often district and waste metering are used together: when an unex-
pected value is recorded in a DMA, the waste meters are used to subdivide
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Figure 2. Temporary district metering stuctures (Waste Metering)

the district into more controllable units. Thus the inspectors are guided to
the areas containing the largest number of losses in order to locate and iden-
tify leakage positions. In this way WDM improves significantly emproves
evaluation and detection presented in the previous section.

2.1 Physical and Virtual District Metering

If WDM is carried out in the water supply network design phase, different
districts may be planned in order to improve system management, pressure
regulation and water leakage detection without altering the network perfor-
mance. When water systems are already in operation it is far more difficult
to set the number and size of districts and, in many cases, WDM may even
seriuosly affect the hydraulic performance of water networks both in terms
of water quality (creating more dead-end pipes and flow reversals) and node
heads [104].

Clearly that any district metering action on the network through flow-
adjustment valves has a negative impact on the performance of water dis-
tribution system and on water quality. Operating by manoeuvering and
closing valves in a difficult and complicated context like urban distribu-
tion networks, which have often developed without any preventive planning,
causes many technical and economic problems.

DMA planning is simpler for branched networks, while it is much more
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complicated with looped networks that are typical, for example, of Italian
[6, 11, 15, 16, 17, 33, 25] and North American [84] residential areas.

Permanent WDM changes the original topological layout of water sys-
tems and reduces network water pressure, especially during peak demands.
Though positive in terms of water loss decrease during night flow, it may
lead to insufficient supply to customers during peak demand hours and, in
this sense, diminish the level of service.

WDM changes hydraulic behaviour since, in principle, it is in conflict
with traditional design criteria [79] of looped water networks which allow
water systems to be more reliable under mechanical and hydraulic failure
conditions [56]. The main design criterion is pipe redundancy, this markedly
improves network reliability which can be significantly reduced by pipe clo-
sure required to obtain permanent WDM (that can also be generically de-
scribed as “a permanent failure”).

Water District Metering may cause an alteration of general and partial
hydraulic performance of a water system. Thus network districts should be
designed by experts with the aid of simulation software, especially for ex-
tensive water supply system analysis comparing different possible solutions.
Many technical and economic constraints have to be taken into account
(topology, presence of boundary valves, available budget, etc.) in order to
define permanent District Meter Areas that do not diminish the hydraulic
performance of the water distribution network.

Furthermore DMAs have to meet the needs of planners (areas with differ-
ent pressure levels, compliance with levels of service required, etc.) which
are difficult to describe in mathematical terms. Therefore optimization
methods based on the definition of a precise multi-objective function can-
not be easily applied.

Actually WDM depends essentially on the skills of the planner who must
identify the best possible solution among the diverse district metering op-
tions available. In particular, it is possible to define a “physical district
metering” and a “virtual district metering” by proposing also a different
terminology classification [15, 16, 17].

In the first case, the adjective “physical” refers to the real action that
district metering - through the operation of isolation valves and measure-
ment tools - performs upon the urban water distribution system, by altering
its operation in terms of hydraulic performance and water quality.

In the second case, the adjective “virtual” means that the system’s dis-
trict metering only occurs in terms of measuring the hydraulic character-
istics (flow, pressure, etc.) of a partitioned area without activating any
interception device, hence not harming its operation. Thus virtual “district
metering” is carried out by partioning the network through the installation
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of devices metering flows and bidirectional volumes along the pipes selected
to limit the district.

All other possible techniques of district metering - carried out by using
more inflow and outflow meters and boundary valves in other interconnec-
tion points - will represent “hybrid” techniques of district metering, pre-
senting various problems attributable both to physical and virtual district
metering techniques.

Physical district metering gives more opportunities than its virtual coun-
terpart, because it allows the monitoring, managing and optimizing of the
operation of the system and the reduction of leakages by WPM thanks to
district isolation valves.

These operations need the mathematical model used in simulations to
reflect the physical condition of the network as much as possible. Therefore,
it is necessary to know a number of data such as: characteristics of pipes,
their connections, location of gates, pumps, tanks and hydrants, ground
heights, location of users, etc, which are often difficult to collect.

Furthermore, in order to be highly effective, adjustment has to be per-
formed in various operating situations (conditions of minimum, maximum
and average consumption), which causes sharp increase in calculation times.

In order to carry out the physical district metering of the network, it
is necessary to comply with the following main constraints that, however,
vary according to the goal of district metering:

• guarantee the reliability of water supply to individual districts;

• to guarantee water quality;

• to comply with the limits allowed to the changes in the operation
of hydraulic plants, also with reference to the availability of water
resources and energy optimitazion.

“Virtual” district metering can be carried out by using flow meters, to
be installed at each point of interconnection with other districts instead of
sectorization valves. Thus, the closing of network district boundaries can
be considered “virtual”, and it has the advantage of keeping the operational
condition of the water distribution network unchanged.

In virtual district metering, the choice of the points where meter devices
have to be installed can be made following the indications of an expert, and
it is not necessary to carry out simulation or adjustment operations.

This kind of district metering does not give the possibility - at a first
stage - to manage the system. However, the network can be monitored,
water balances made and, their integrity evaluated through a technique
like zooming, the prelocation of water losses can be carried out. “Virtual
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district metering” also raises a number of problems related to the installa-
tion of modern metering devices in all points where the district has to be
intercepted:

• synchrony of all available sizes;

• bidirectional metering of flows;

• possibility of making measurements available on a single hardware
platform;

• availability of software that can calculate water balances in a single
virtual district as well as in the whole network;

• possibility of making estimates of unavailable measurements;

• availability of modern and reliable meter devices.

2.2 District Metering design criteria

As explained in the previous sections, district metering (both physical and
virtual) of water systems already in operation is complicated and can be car-
ried out according to different approaches which have to take the following
aspects into account:

1) Defining WDM goals

Some goals of district metering can be classified and they are, as
explained earlier, the monitoring and control of the network, as well as
the evaluation or identification of water losses. Their exact definition
by operators is fundamental to choose the type (physical or virtual),
the time duration (permanent or temporary) and the size of districts.

The main goals that can be achieved through district metering at
different levels of the network are the following:

a) leakage evaluation and detection:

• evaluation of network integrity by calculating the water balance
in each district;

• prelocation of losses through zooming and/or step-test techniques;

b) leakage reduction:

• reduction water losses through district WPM;

c) water system monitoring:
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• by recording water flow and pressure of each districts, system
knowledge significantly improves . Abnormal conditions can thus
be highlighted, maintenance interventions can be better planned,
etc..

2) Definition of district number and size

When the goals have been defined and WDM type and time du-
ration have been chosen, it is necessary to define the district number
and size. Specifically, starting from the whole water supply network,
districts can be designed with decreasing size in terms of population,
network length, number of users connections, etc. depending on WDM
goals.

The network topology plays a fundamental role in defining district
metering number and dimension; for example, WDM of tree networks
is easier than WDM of one looped network.

3) Selecting optimal network dissection and/or metering points

The selection of boundary valves or flow meter localization depends
on many factors: first of all, the kind of district metering, whether
physical or virtual, which determines real disconnections on the wa-
ter distribution network or only metering disconnections, but it also
depends on the topology and on the district metering level.

Another important factor in the selection of disconnection points is
the kind of devices that have to be installed along the network, which
will obviously depend on the selected goals.

Obviously, if the goal is to design a remote monitoring and remote
control system for the water distribution network [14, 21], some kinds
of meters will be essential (for example, bidirectional meters) and
boundary valves (variable closing), which may result in a different
morphology of the districts in comparison with the case, for exam-
ple, of district metering aiming to merely evaluate network integrity -
where unidirectional and fixed isolation valves are sufficient.

Once the goals and the kind of district metering have been se-
lected, the levels have been defined and meters have been chosen, the
placement will mainly follow two criteria:

• an empirical approach;

• an approach based on numerical optimization techniques [12, 44,
95].
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The selection of one of the two criteria will depend on various and
multiple technical and economics consideration, on the importance
and size of the network, the importance of the problem to be tackled,
etc.

It should be pointed out that the latter approach (numerical op-
timization) does not always include the former (empirical approach),
because all the aspects of the problem cannot be formalized in a single
system of mathematical constraints to define a process of numerical
optimization.

With regards to the empirical approach, it is possible to define
some simple criteria for dissection, based on experiences and knowl-
edge of hydraulic engineering, the scientific literature, simulations car-
ried out in similar cases and mere of economic considerations.

In particular, partitioning should be performed where:

• the gradient of the quantity to be measured or controlled is
higher;

• it is possible to bound areas with homogeneous pressure;

• it is possible to bound areas where the vulnerability analysis has
shown higher risks of breaks;

• there are already isolation and/or measurement devices;

• there is compliance with the maximum number of inhabitants
suggested according to the level and kind of district metering
(DMA, WM, etc.);

• it is possible to preserve the hydraulic reliability of the parti-
tioned water distribution network;

• it is possible to bound areas with homogeneous materials for
pipes;

• it does not worsen the quality of the water delivered.

It is worth stressing that an empirical kind of approach is totally inappro-
priate due to the complex and non linear nature of the hydraulic equations
supporting the system, to any preliminary remark about the global hy-
draulic operation of the partitioned network after the placement of physical
isolation devices.

In other words, the empirical placement of dissection and adjustment
devices does not allow reliable prediction of how the various portions of the
network, identified as districts or sectors, behave in terms ofwater pressure,



Water District Metering Policy and Practice 19

flow and quality, especially when networks are heavily meshed. Notwith-
standing the above, this approach can be useful during the first step of
the zooming process and in all cases of temporary district metering of the
network to prelocate water losses.

Then the definition of the appropriate size for a DMA thus depends
on a number of system characteristics: demographic condition, required
economic level of leakage, leakage control technique and hydraulic condition.
Several suggestions about DMA size can be found in the technical literature:
in Water Authorities Association and Water Research Centre (1985) a DMA
has to include 1,000 - 3,000 properties, while in Butler (2000) a permanent
district has to contain 2,500 - 12,500 inhabitants with 5-30km of water
network, UK Water Industry Research recommends a number of properties
between 1,000 (small DMA) and 3,000 (medium DMA) and up to 5,000
(large DMA). Being based on empirical considerations, and sometimes on
too small a number of test cases, these guidelines cannot be easily extended
to large water supply systems. Besides the size of a districtits morphology
is also very important.

Depending on the morphology of water network, the position of the
district in relation to the network and the number of links belonging to the
district may affect the efficient supply to customers.

2.3 Experiences in the world

In some countries WDM is used to improve water network management
and, specifically, to control water leakage. In this section we report some
recent international experiences about the use of water district metering;
all these case studies show an empirical approach to define water districts.

a) The case of Canada. Use of Flow Modulated Pressure Management
in York Region, Ontario, Canada

The Regional Municipality of York, just north of the City of Toronto
in Ontario (Canada) understood the benefits of demand side management
initiatives and decided to incorporate Demand Side Management into its
long-term water supply strategy. The strategy selected by the Region of
York in order to address and reduce water leakage within their water dis-
tribution systems was to implement District Metered Areas (DMAs) and
Flow Modulated Pressure Management Areas (FMAs).

This methodology is relatively new in North America for active leakage
control but is also promoted as the most effective method available [47]. To
enable efficient control of recoverable leakage, the distribution systems that
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make up York Region were divided into 65 temporary DMAs. These DMAs
are being used both to identify and reduce recoverable leakage in the short
term and then to monitor and control leakage in an ongoing manner.

In addition to the 65 temporary DMAs, 10 dynamically controlled per-
manent pressure management schemes were introduced to allow unnecessar-
ily high pressures to be efficiently controlled, to reduce background leakage
volumes and new leak frequency, while continuing to meet hydraulic and
fire fighting requirements.

The DMA program, comprising the 65 areas and targeting unreported
recoverable leakage, has yielded results of 7.65 MLD of sustained water loss
savings - exceeding the 5.21 MLD target by 47%.

Similarly, the FMA program has also exceeded targets. Two of the FMA
schemes operate in the same isolated area within Richmond Hill and are
referred to as RH 6-1 & RH 6-2 - Richvale Area. The pressure management
area comprise 45 km of watermain with a total of 4250 mostly residential
connections, with some small commercial and school sites. The area has an
average night-time zone pressure of 56 m. The projected pressure scheme
highlighted an average reduction of 15 m across the isolated area with a
resulting estimated savings of 8% of average annual daytime demand.

The results of this area support the expected savings calculations. To
date they are implementing an average reduction of 10 m with average sav-
ings of 6.5% of average annual day-time demands. The full 15 m reduction
will be set for the final year of the programme to enhance the water savings.

To date they have achieved 164% of the total project goal of 0.73 MLD
with respect to the flow modulated pressure schemes with only 60% of the
sites in full operation.

b) The case of Korea. A Case Study of Leakage Management in the City
of Busan, Korea

In some parts of South Korea, water loss in the supply network reaches
almost 30% the main causes of which include breaks of aged pipes. Korea
is now in timely need of fixing this leakage problem, and is considering
operational pressure control coupled together with creating a block system
[80] as an option.

The block system approach basically converts a large network into a
group of small and simple sub-networks which can be more or less indepen-
dent of each other. It was moreover proved that such a block system can
also cope with leakage management since it is easier to search for the causes
of water losses and fix in small simple networks than in large complicated
networks. The block system is known as an ideal water network system for
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leakage management. Its positive attributes include the followings: water
losses are efficiently controlled by checking flow quantity over a small area;
physical losses are reduced because water pressure fluctuation becomes less
sharp.

In Korea two strategies were applied: checking metering devices to re-
duce commercial losses and a series of tests to reduce physical losses. In this
application, an area was selected to test the approach as a means to control
and manage leakage prior to extending it to the entire City of Busan.

For this test, billed unmetered consumption and unbilled unmetered
consumption were ignored because these values were very small compared
with the others. Also, unauthorized consumption was assumed to be zero.
From the test results, it was found that commercial losses decreased from
122.7m3/day to 116.4 and physical losses considerably decreased up to
40.5%.

Total reduction of water losses in the project area was 216.6m3/day (i.e.
33.8% of initial water losses) and the City was able to save about US $
395,000 per year only in the 2nd block. Encouraged by this result, the City
is now positively considering applying the approach to the entire city net-
works for leakage management.

c) Reducing leakage in Jakarta, Indonesia

Jakarta, the capital city of Indonesia, loses around half of its water
supply from leaks in the pipes. Low operating pressures, non-metallic pipes
and high background noise make the application of acoustic instrument
impossible. A step-by-step approach, based on directly quantifying the
leakage, was developed which proved very successfully.

The importance of pressure control to maintain a low leakage level in
the network was highlighted. A step-by-step approach based on the direct
measurement of the leak was developed. The approch involves in dividing
the network into a number of Permanent Areas supplied by a few key mains
on which flow meters are installed [74].

These areas were much larger than the more traditional District Meter
Areas (DMA) as they cover around 100 km of network. But in the same
way as a DMA, they serve to quantify regularly the leakage level and to
identify the presence of new leaks. In those Permanent Areas where the
specific leakage was high, the network was divided into Temporary Districts,
each supplied by a single pipe in which a temporary insertion flow meter is
installed. The districts were temporary as the creation of the boundary can
cause localized pressure problems. It is thus possible to pinpoint the part
of the Permanent Area with most leakage where a night-time step test can
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be undertaken to identify leaky pipes.
One of the difficulties in the Jakarta network was the inaccuracy of

the mains records. When combined with the very low operating pressures
of 10 meters or less, this indeed creat a very difficult permanent control
system very difficult indeed. In Jakarta this was overcome by building
calibrated mathematical models to identify the anomalies, which were then
investigated fully in the field by undertaking hydraulic tests and selective
excavations.

The Jakarta project has also showed the importance of controlling pres-
sure in networks where there is very little pressure in the first place. The
importance of lowering pressure to reduce the amount of water lost in a
burst has been understood for a long time. What is less well understood is
that high leakage will cause low pressures. So when the leaks are repaired,
the pressure will rise, increasing the risk of new leaks forming.

The solution is the installation of a pressure reducing valve (PRV) which
will compensate automatically for the increase in pressure, thus ensuring
that the lower leakage level can be maintained in the future. With the
application of a PRV controller, it is possible to further lower the night
pressure, with consequential reduction of the leakage. So successful has the
Jakarta pilot project been, that it is currently being extended to cover all
of the 3000 km of network managed by Palyja. Not only will this yield
a significant reduction in the leakage level, but more importantly perhaps,
enable the extremities of the network to receive a continuous supply of water.

d) Experiences in DMA redesign at the Water Board of Lemesos, Cyprus

The Water Board of Lemesos operates a well-organised supply and dis-
tribution system with permanent pressure zones and district metered areas,
thus providing a solid foundation on which an effective leakage control pol-
icy has been developed [19]. The Water Board valued apparent losses and
real Losses. Apparent losses are valued at retail billing rates whereas the
real losses are valued at the variable cost of water production and distribu-
tion. Therefore the Water Board considers that it is as important to reduce
of apparent losses as real losses.

The Water Board operates seven pressure zones each fed by gravity from
a dedicated storage reservoir. Since 86% of the flow is in pressure zones, it
was considered important to first carefully examine the size of the DMAs in
pressure zones in an effort to further reduce the real losses from the system
and able to provide better and more effective active leakage control.

Each DMA is provided with an inlet chamber which houses a strainer for
meter protection, the district water meter, a pressure reducing valve and a
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pressure sensor.
Continuous flow monitoring and management of pressure began imme-

diately upon completion of the redesign works in each DMA. This has long
been recognized by the Water Board and the ultimate goal is for all DMAs
to be equipped with PRVs to reduce pressure where possible and to control
and stabilize pressure in DMAs where pressure reduction is not practicable.
Pressure reduction was applied to all the redesigned DMAs in the pressure
zone, taking into consideration the minimum standard of service as outlined
in the DMA management section above and the MNF recorded.

The DMA redesign and the application of pressure reduction produced
favourable results with both background leakage and locatable losses being
reduced by approximately 38%. Furthermore the frequency of reported
leaks was reduced by approximately 41%. The overall pressure reduction
for the 15 DMAs under consideration was of the order of 32%.

The target of the Water Board of Lemesos is to reduce the NRW to about
8% of the system input volume, which is considered to be the economic level
of leakage. The Water Board demand forecasts indicate an increase of ap-
proximately 30% by the year 2020. Leakage reduction will go some way
towards offsetting this increase in demand as well as provide considerable
cost savings.

Finally, it is worth mentioning that also the European Union has already
focused on the issue of waste reduction and optimization of water supply
network management in recent years, and other important projects involving
several countries have been carried out. In particular, it is worth mentioning
CARE-W, HYDROPLAN-EU and TILDE projects.

The CARE-W project (Computer Aided REhabilitation of Water net-
works) involves 24 participants among which 11 institutions such as univer-
sities and research centres, located in seven European countries and aims
to supply public utility companies with a full set of tools designed to im-
prove the management of water supply networks through the creation of
Decision-making Support Systems (DSS).

The importance of these tools based on a preventive approach is that
they “suggest” to managers the best time to intervene in maintenance
and with the most effective technology before an inefficiency occurs. The
project aims to tackle the issue of reliability of water networks and ur-
ban drainage at European level, in significant infrastructural and economic
terms (http://care-w.unife.it/intro.html).

The HYDROPLAN-EU project, coordinated by Aquaplus nv (a Bel-
gian company controlled by Aquafin nv), involves five pilot sites:
Belgium (Louvain), Greece (Athens and Thessaloniki), Ireland (Meath) and
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Italy (Imperia) - Given that many international statistics show that 20% of
technological networks account for 80% of malfunctions - the project aims
to steer the management of technological networks towards the subset which
causes the highest amount of damages, in order to optimize investments and
intervention costs on the system.

The project uses GIS systems intensively as an analysis tool and it is
based on the construction of a matrix of damage and risks (structural, hy-
draulic and environmental) to identify the portions of networks which are
most likely to show inefficiencies and where, therefore, it is necessary to
carry out a rehabilitative intervention (http://www.hydroplan-eu.com/).

Finally, the TILDE project (Tool for Integrated Leakage Detection)
involves leading companies and research centres in Europe. It provides for
the definition of Decision-making Support Tools (DST) for a more efficient
management of water networks with special attention to the problem of
leakage reduction.

Starting from the awareness that there is a very large margin to recover
water leakages, TILDE studies the extent to which the economic and envi-
ronmental value of the water resource - related to individual local reality -
affects the cost-benefit analysis of a recovery campaign for water leakages.

Therefore, TILDE seeks to connect the social and economic aspects to
the sustainable management of water leakages, both in economic and en-
vironmental terms. The DST of TILDE, developed according to a con-
cept of industrialization of procedures, in contrast with the traditional non-
systematic practices still currently used by most managers, aims to provide
solutions based on the specific needs of operators and local conditions [40].



3. Design Support Methodology

This study proposes a Design Support Methodology (DSM) to define
Water District Metering compatibly with water network performance and
to determine the optimal setting pressure values to be assigned to valves
during the various operational conditions in order to carry out pressure
management. In this chapter two method are illustrated: the first, based on
techniques borrowed from graph theory [7, 8], that allows several different
network configurations to be analysed and compared by means of some
performance indices; the second, based on genetic algorithms, that allows
description of a non-linear optimization problem in order to define valve
optimal settings.

3.1 Water District Metering Design

Water network configuration problems, in particular network topology and
connectivity, are classified as Layout Problems in the literature [83, 36, 68,
34].

There are not many papers on layout optimization in the literature, and
they focus mainly on water system robustness and reliability [96], and not
specifically on WDM.

Several scientific works on layout problems use graph theory to analyze
water network topology (node plano-altimetric position), connectivity (the
probability that a given demand node is connected to a source), reachabil-
ity (the probability that all nodes are connected to a source), in order to
investigate network vulnerability with respect to expected operations (valve
regulations, pipe substitutions, etc.). The first applications of this theory to
water supply networks, already applied to other network types (electricity,
IT, etc.), date back to many years ago [46].

In [41], graph theory is combined with integer goal programming in order
to optimize water supply network redundancy and thus improve system
reliability by maximizing network regularity. This goal was achieved by
minimizing the sum of the deviations at each node in terms of the number
of links incident upon it.

In [67] the concept of a water network backup subsystem is introduced,
a subset of links of the full system where a prescribed level of service is
maintained when a failure occurs. The backup subsystem is obtained using
algorithms based on graph theory and topologic considerations; while in [68]
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a frequency connectivity digraph matrix, that maintains Kirchoff’s Laws 1
and 2, is used.

In [77] graph theory is used to partition the water network into “tree”
and “co-tree” sets to obtain simpler network layouts and to better describe
the optimisation problem of minimising the heads by setting hydraulic reg-
ulation valves.

More recently in [26] a similar approach to water supply system con-
trol and management has been proposed, based on the division of the net-
work graph into two subsystems: a main graph (called “core”) consisting
of looped pipes and a secondary graph (called “forest”) consisting of tree
pipes; both graphs are linked by connection elements called “bridges”. Us-
ing these methods network modelling may be simplified and different views
of the hydraulic system may be obtained.

More specifically in a simplified scheme of a water supply network, made
of core, forest and bridge, or tree and co-tree sets, it is possible to better
understand the interactions between the different parts of the system such
as their connection to network sources (reservoir, tank, pump, etc.) and, in
some cases, to better define optimization problems.

As to the specific problem of optimal district partitioning of a water
distribution system with several reservoirs, [90] suggest an algorithm derived
from graph theory to identify independent supply sectors (or districts) of
the network layout.

In this study a Design Support Method (DSM) is put forward to parti-
tion a water supply system into DMA, by resorting to some graph theory
principles that allow analysis of the minimum energy paths computed from
each reservoir to each node of the water network.

The DSM was assessed by using performance indices (statistical and
hydraulic) to compare the level of service of several district layouts. Specif-
ically, the degeneration of a looped network due to Water District Metering
and, as a consequence, the diminished capacity of the water system to react
and to overcome stress conditions, was measured with resilience indices [89],
based on an energy approach and used in order to compare different WDMs
with Original Network Layout (ONL).

The number of possible WDMs of a large water supply network may be
huge; nevertheless, many of them are not compatible with the constraints
and can undermine the level of service for users. Each district configuration
requires that a certain number of boundary valves and several flow meters
be inserted into the network to analyse the water balance.

Therefore, for each district, there is a cost to purchase, install and main-
tain the equipment which, obviously, has to be reduced as much as possible
in compliance with the constraints and fixed goals. Furthermore, with an
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equal number of districts, it is better to have the lowest possible number
of flow meters in order to make it easier to evaluate water balances, which
need the synchronous comparison of all the measurements. Clearly, the best
condition would be to have one single inflow meter for each district so as to
make it simple for the operator to calculate the water balance.

The above comments go to show that, among the many possibilities to
partition the network into districts, only some of them can fulfil the goals,
take into account technical and economic constraints, and be compatible
with the demands of users.

Nevertheless, in the case of very large water supply networks, although
the number of allowable configurations is limited, it is difficult to find com-
patible WDMs by following only mere empirical remarks from the literature,
even if used together with hydraulic simulation software. Indeed, in the case
of complex networks, the set of possible configurations is huge and cannot
be investigated with empirical approaches such as “trial and error”.

On the contrary, the methodology proposed offers a procedure which
is able to rapidly identify a configuration of permanent districts of a water
supply network which fulfils goals and constraints. In particular, it supports
designers when defining DMAs, by giving them the possibility to compare
several possible options among those compatible with the performance of
the system.

The approach used was to define districts by identifying those pipes se-
lected to insert boundary valves and flow meters, by searching minimum
energy paths. This makes it possible to rapidly find WDMs which are com-
patible with the levels of service and the reliability of the Original Network
Layout (ONL).

Specifically, the method consists in identifying “less important” or “more
redundant” pipes in terms of water system reliability that can be closed to
create DMAs. The aim of this approach is to reduce the number of pipes
among which the choice is to be made as to where to insert flow meters
and boundary valves in order to obtain Water District Metering compatible
with a good hydraulic performance measured by specific indices.

This method by means of some graph theory principles, allows rapid
identification of the more important network pipes that cannot be closed
but may be used to insert flow meters for water balance.

The approach proposed is arranged in a Design Support Method on
which operators can rely during the whole design process with the following
steps (as illustrated in DSM flow chart of Figure 3):

a) simulate WDS to carry out pipe flows qj and node heads hi;
b) define adjacency A, incidence I, weight W matrices;
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c) compute all Shortest Paths {p}smin and all path frequencies fj ;
d) define Main Network Layout (MNL);
e) draw Main Graph GM ;
f) choose DMA number Nk and size;
g) insert Nfm flow meter;
h) close {νl} DMA links with boundary valves;
i) simulate WDS again;
l) compute Performance Indices (PI);

m) determine PI and Nfm :if PI is not satisfactory return to step f) if
Nfm is not satisfactory go to step n);

n) delete one flow meter and return to step h);
o) choose WDM.

Specifically, starting from network model INPUT (with n nodes, identi-
fied by labels α with i = 1, . . . , n, and m pipes, identified by labels β, with
j = 1, . . . ,m, and node water demand distribution Ql with 1 = 1, . . . , n,
source heads Hs, identified by labels σs with s = 1, . . . , r reservoir, pipes
lengths Lj and node elevations ei, pipe flow qj , node heads hi and head
loss ∆Hj for each pipe can be calculated by a Demand Driven approach
[88] with a hydraulic simulation (step a) . The next step b is the definition
of square adjacency matrix A of order n and incidence matrix I of order
n×m[9]:

Axy =

{
1 if node αx is linked to node αy (for x �= y)

0 else

Ixy =

{
1 if node αx is the start node of pipe βy

0 if node αx is the end node of pipe βy

and of sparse weight square matrix W of order n:

Wxy =

{
wxy if Axy = 1 and wxy > 0

0 else
(3)

with the following weight function computed between two generic net-
work nodes αx and αy:

wj = wxy = qj ∆Hxy = qj
(
Hαx −Hαy

)

Then, compatibly with network layout ∀ s, i is possible to identify all
node paths {pz}s αi = {σs,...αx,...αi} s αi belonging to path set

{p}s αi = {p1s αi ,...pz
s αi ,...pnp

s αi} with z=1..nsαi , that may be crossed
by an infinitesimal flow dq from source s to the i-th node in the worst
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Figure 3. DSM flow chart
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operating condition (peak water demand). Then it is easy to identify, by
means of I matrix, pipe set {pz}s βj= {βs ...βx,...βj}s βj corresponding to
node set {pz}s αi . Among all possible paths of set only one of them is the
minimum energy path ps αi

min = {σs,...αx,...αi}s αi
min with


min

∑

βj∈{pmin}s,βj

wj




calculated for corresponding path pipes.
Hence a new set {p}smin = {pmin

s αi ...pmin
s αx ,...pmin

s αn} composed
of all minimum energy paths n from reservoir s to each node αi, can be
defined (step c). This problem, known as the Shortest Path Search, in the
case of a WDS can be solved by resorting to the graph theory determining
the minimum cost path between two nodes (s and i) of a network directed
graph G with n nodes, m links and a weight function wj that correlates a
cost ∆Hj to j-th pipes of the G [53] as in relation page 36. Many Shortest
Path resolution algorithms [82] can be found in the literature; in this paper
the Dijkstra algorithm was chosen [28] it allows all minimum energy paths
{p}smin to be easily obtained if the weight matrix W is known(step c). Then,
using adjacency matrix A’, oriented according to flow direction, and defined
as follows:

A′
xy =

{
1 if A′

xy = 1 and Wxy > 0

0 else

It is possible to draw the diagraph G of ONL by using different criteria of
representation [23]. In the methodology proposed, a hierarchical approach
was chosen [99, 42, 13, 85], in which all network nodes are drawn in different
layers with a distinct hierarchy of connection.

This approach is a way of making hierarchies from diagraphs and of
providing a good match between visual perception and network connection
analysis identifying “ancestor” and “descendant” nodes of network layout
defining a specific HL hierarchical level [23].

It is thus possible to identify simpler specific structures as trees, loops,
subsystems, groupings, etc., that can be needed during WDM design. In
fact, in same cases a DMA can be defined by choosing all the network
nodes that belong to a tree structure, or a specific subsystem, minimizing
pipe cutting and monitoring water inflow more easily.



Design Support Methodology 31

pipe counting how many times zj each pipe j is found in all sn shortest
paths obtained with the Dijkstra algorithm, as follows:

fj =
zj
sn

(4)

In particular, pipes which are not included in any shortest path have
fj=0. Now it is easy to compute a new oriented adjacency matrix A” delet-
ing all pipes with path frequency page 35 equal to zero and defined as
follows:

A′′
xy =

{
1 if (Axy �= 0) and (fy �= 0)

0 else

So starting from A”, a new network layout, called Main Network Layout
(MNL), is defined (step d), which differs from ONL because not all of its
pipes are fj=0. By means of matrix A” it is possible to draw the Main
Graph GM (step e) of the network with hierarchical representation that
makes it possible to simplify system partitioning by helping planners choos
the number and size of DMAs, as well as find the location of flow meters
and boundary valves.

Three main statements govern the criteria adopted in the district Design
Support Methodology to minimize the alterations of the performance of
Original Network Layout (ONL):

1) The first, quite obviously, is that the higher the number of pipes closed
to define DMAs, the higher the reduction in pipe diameter availability
of the water supply system;

2) The second is that there are pipes in the network which can be de-
fined as “less important” for system operations, meaning that they
are present in the lowest number of total shortest paths. These pipes
have a lower path frequency fj as defined in page 35;

3) The third statement stems from the fact that, the Main Graph GM

being made by all the minimum energy paths which connect the reser-
voirs s to demand nodes i, the closure of one of its pipes forces the
flow to change its path to reach the same demand node. Therefore,
this alternative path, although compatible with the network topology,
does not occur on the main graph and will be inevitably characterized
by a higher head dissipation.

These observations lead us to define two criteria to be followed in order
to select the pipes where flow meters and boundary valves are to be inserted
for network WDM:
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a) to minimize pipe closures and in particular those which belong to the
Main Graph, by inserting flow meters on it preferably;

b) to reduce, if necessary, the number of flow meters by replacing them
with boundary valves to be inserted in the pipes showing the lowest
path frequencyand cost wj .

Therefore, once the number Nk and the size of districts (step f ) have been
defined according to the analysis of the Main Graph and to techno-economic
considerations, it is possible to identify DMAs by inserting a certain number
Nfm of flow meters (step g) on the pipes of GM .

After definition of the nodes of each district, uniquely determined by
the position of the flow meters on GM , it is easy - thanks to the incidence
matrix I - to identify those pipes j (with fj=0) connecting districts where
Nbv boundary valves are to be inserted in a pipe set {ν l}= {ν1 ...νx,...νNbv

}
in order to obtain the permanent partitioning (step h). When the new
configuration of the network is obtained, a new hydraulic test is performed
(step i) and performance indices (PIs) are calculated (step l) in order to
evaluate the WDM .

At this point, if PIs and Nfm are satisfactory (step m) for the planner the
WDM is chosen (step o). On the contrary, should the PI not be satisfactory,
it is necessary to reduce the number Nk or the size of DMAs, going back
to step f since, obviously, the closure of pipes to create districts has caused
an excessive increase in head losses which are not compatible with system
performance.

But if PIs are satisfactory, it is possible to try and reduce the number
Nfm of flow meters by replacing them, one by one, with boundary valves
(step n), then reducing costs and simplifying the district water balance by
using less flow meters. This operation can be carried out by removing,
gradually, the flow meters inserted on the pipes of the Main Graph which
show the lowest path frequencies and cost wj according to criterion b).

Based on the above descriptions, DSM needs performance indices (PIs)
in order to compare all the possible partitioning options of the water supply
network and provide the planner with the necessary information to make
the best choice. For this purpose several performance indices (PIs) are used,
which allow the behaviour of a single district or the whole network to be
tested. The indices, grouped into: (a) energetic, (b) statistical and (c) hy-
draulic are described below.

a) Energy Indices
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According to [89], network looped topology allows for redundancy, which
assists in ensuring that there is sufficient capacity in the system to overcome
local failures and guarantee distribution of water to users.

The redundancy decrease can be measured with a “resilience” index
which does not involve the statistical analysis of different types of uncer-
tainty which are required for the definition of the reliability constraints.

Water District Metering can also be assimilated to permanent local fail-
ures that change the system layout by increasing internal energy dissipation
and decreasing energetic redundancy; this effect is due to boundary valves
that reduce network pipe diameter availability and remove some network
loops.

Each WDM will tend to increase the internal energy dissipation and
resilience indices can provide a good way to compare several system layouts.
Specific resilience and failure indices were used starting from power balance
of a water network [89], in the hypothesis of adiabatic pipes and of head
loss ∆Hj due to friction computed by a uniform flow formula:

PA = PD + PN

in which each single equation term is represented by:

- Available Power (or total power):

PA = γ

r∑
s=1

qs Hs

where qs and Hs are, respectively, the discharge and head relevant to
each reservoir r and γ is the specific weight of water;

- Dissipated Power (or internal power):

PD = γ

m∑
j=1

qj ∆ Hj

where qj and ∆Hj are flow and head loss of each network pipe;

- Nodes Power (or external power):

PN = γ
n∑

i=1

Qi Hi
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where Qi and Hi are, respectively, water demand and pressure at each net-
work node.

Then, similarly [89], two different indices are defined:

- Resilience index:
Ir = 1− PD/PDmax (5)

where

PD max = PA − γ

n∑
i=1

Qi Hi

is the maximum power necessary to satisfy the demand constraints Qi and
node head constraint Hi = ei+ hi with hi equal to the design pressure of
the i-th node. Higher values of Ir page 38 indicate better WDMs in the
sense of lower values of dissipated power and, hence, higher resilience;

- Resilience Deviation index:

IrD = (1− I∗r /Ir) 100 = (P ∗
D − PD/PDmax − PD) 100 (6)

where Ir = PD/PDmax is dissipated power of the WDM network layout.
This index immediately shows immediately the resilience percentage devi-
ation between WDM and ONL: naturally, higher values of page 38 mean
worse WDM.

b) Statistical Indices

Energy indices refer to the entire water network but WDM also affects
the individual DMAs. Therefore other district indices were used, specifi-
cally: district performance statistical indices that compute MEAN, MIN-
IMUM, MAXIMUM and SQM values of hydraulic head for each district
nodes.

Statistical indices allow us to summarize the most important information
about nodal heads traditionally used to measure the level of service of WDS.

c) Hydraulic Indices

Finally district performance hydraulic indices were also developed in or-
der to evaluate the behaviour of WDM with reference to district design
pressure, as follows:



Design Support Methodology 35

- Root of Mean Squares (RMS) of Pressure Deviations:

RMSPDk =

√∑nk

i=l

(
hki − h̄i

)2
Nk

where hki is water pressure in the i-th node of the k-th DMA; hi is design
pressure in the same node; nk is the number of the k-th district nodes. The
RMSPDk index measures node pressure deviation, both positive and neg-
ative, from district design pressure at each node: low values of this index
show a small alteration of DMA pressure distribution; otherwise high val-
ues indicate a strong effect of Water District Metering on original network
status;

- Mean Pressure Surplus

MPSk =

∑n0k

i=1 IS
nSk

where

Is =

{
0 ∀i : h̄i > hi

hi − h̄i ∀i : h̄i ≤ hi

and nSk is the node number with h̄i ≥ hi in the k-th district. This index
gives a measure of node surplus: the higher the values, the higher the DMA
pressure surplus and vice versa;

- Mean Pressure Deviations:

MPDk =

∑n0k

i=1 ID
nDk

where

ID =

{
0 ∀i : hki > h̄i

hi − h̄i ∀i : hki ≤ h̄i

and nDk is the node number with hki ≤ hk in the k-th district. This index
gives a measure of node pressure deviation: clearly the lower the negative
values, the smaller the DMA pressure deviation and vice versa;

- Mean Frequency of Pressure Deviations:

MFPDkx =

∑nxk

i=1 IDFx

nxk
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where

IDFx =

{
0 ∀i : h̄ki > h̄i − x

1 ∀i : h̄ki ≤ h̄i − x

and hxk is the node number of the k-th district in which pressure is x
meters less than node design pressure h̄i. The MFPDkx index measures the
frequency of pressure deviation from prefixed pressure values h̄i−x in order
to have a more specific knowledge of pressure deviation distribution.

In the paper the value of x was chosen as equal to 0, 2 and 5 m, in order
to test the pressure deviation range; in general, low values of this index show
good system performance but, more specifically, high MFPDk0 values can
also indicate very small deviations from the district design pressure while
low MFPDk10 indicates large pressure deviation in DMAs.

3.2 Water Pressure Management Design

As already indicated in section 1.2, pressure management has to take into
account the variation of demand at different times; typically users’ demand
is almost zero at night and is maximum at peak hours.

Furthermore, due to the degree of meshing which generally characterizes
household distribution networks, pressure adjustment inside a single district
can affect the operation of neighbouring districts, with a kind of interaction
that is not linear because of the known characteristics of turbulent motion.

In order to solve this kind of problem, a specific optimization procedure,
based on genetic algorithms is implemented by guaranteeing its compatibil-
ity with a widespread “open source” calculation code for pressurized water
supply networks. This approach is based on the simultaneous identifica-
tion of hourly demand and leakage pattern performed using time histories
of pressure and flow at a few sites on the network, with the aid of genetic
algorithms in the hypothesis that:

a) water consumption by users independent of pressure;
b) homogeneous distribution of per-capita daily freshwater demand;
c) homogeneous values of the parameters in the pressure-leakage law;

discharge of the i-th node on the k-th hour is evaluated as:

Dk
i = nui c

d
k + a

(
P k
i

)b

where in the first right-hand term of the equation the nu,i is the
number of users connected to the i-th node and cdk is the demand
coefficient of the k-th hour, whose daily average represents the daily
per-capita freshwater demand. The second term on the right-hand
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side is clearly equation page 12 written with reference to the k-th
hour.

The validity of the combined Demand-Leakage model page 41 for the
realistic modeling of the water supply network has been widely recognised
(for instance [105]). Due to the dependence on pressure of the second ad-
dendum in page 41, a hybrid Demand/Pressure-Driven method is needed for
network hydraulic simulation. The procedure is arranged in some different
steps illustrated in the following flow chart of Figure 3:

a) identify Demand-Leakage law {cdk,a,b}’
b) define PRV optimal setpoint;
c) operate pressure management;
d) identify Demand-Leakage law again {cdk,a,b}”
e) if the difference between {cdk,a,b} and {cdk,a,b} is minor ε of choose

PRV setpoint;
f) else return to step b) and define the PRV optimal setpoint again.

As already cited in section 1.2, in order to identify the Demand-Leakage
law page 12 the methodology presented in [27] was used.

Starting from a mathematical model of the network, the values of the
three parameters of model page 41, allowing the best reproduction of mea-
sured pressures and flows, based on experimental nmF

and nmP
available time

series of nhmeasures of hourly averaged flow and pressure, respectively, can
be found by solving a properly defined optimization problem.

For any given set of parameter values nu,i a and b, once the hydraulic
simulation of the network has been performed, the minimization of the
following Objective Function (OF) can be computed :

min
cdk,a,b

(OF ) (7)

OF =

√√√√
nh∑
k=1

nmF∑
i=1

(
QC,i −QM,i

QM,i

)2

+

nmP∑
i=1

(
PC,i − PM,i

PM,i

)2

√
nh(nmF + nmP )

Since the OF represents a measure of the deviation of computed values
compared with the observed ones, the optimal choice of the above parame-
ters set is naturally defined as that minimizing the Objective Function. The
search of the above minimum is performed through an Enhanced Genetic
Algorithm, implemented with MATLAB (by The MathWorks).
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Figure 4. Flow Chart of Water Pressure Managment Design



4. Case study: Monterusciello network

As in many other countries also in Italy the leakage problem has been
long known [63, 61].For the purpose of damage limitation, the Ministerial
Decree for Public Works no. 99 was issued on 8 January 1997, which rep-
resents the first, reliable step, to deal with the control of wastes in the
management of water resources, with special focus on urban distribution
networks [5].

Furthermore, with regards to the national context, the IWA scheme can
be substantially superimposed, by identifying the relevant similarities, on
that indicated by Italian legislation in M.D. no.99 of 8 January 1997 [5].

In this chapter a case study is illustrated, namely WDM of the pilot site
of Monterusciello, initiated by the Interdipartimental Research Center in
Environmental Engineering (CIRIAM) of the Second University of Napoles
(SUN) in 2006 and developed within the HYDRANET European Project
in the framework of the INTERREG IIIB/MEDOCC which provides for
transnational and interregional cooperation between several European na-
tions and the countries of the southern shores of the Mediterranean Sea,
in order to promote their social and economic development and strengthen
their cooperation with the EU countries through the exchange of technical
and scientific knowledge.

Greece was the leader of the HYDRANET project (with Rodopi Develop-
ment and the University of Democritus in Thrace), while the other partners
are: Italy (with the Second University di Napoles and Regional Authority
of Tuscany), France (with the Universit de Marseille), Morocco (with two
research laboratories), Tunisia (with the National School of Engineering at
Monastir) and Lebanon (with the Laboratory of Hydraulic Systems of the
School of Agriculture).

Specifically, HYDRANET aimed at contributing to spreading the con-
cepts of analysis and monitoring of the hydrological cycle of the Mediter-
ranean Basin, by developing control systems for saving, recycling and reusing
water and by defining new integrated water resource management plans.
HYDRANET sought to develop proposals for planning pilot projects, by
testing hydrological models and management method, for example to re-
duce waste in the water supply networks for civil and agricultural use, to
combat desertification, and to control the salinity and quality of water in
soils, etc..

In particular, the SUN had the task of analysing - through the creation

A. Di Nardo, M. Di Natale, A. Di Mauro, Water Supply Network District Metering,  
CISM International Centre for Mechanical Sciences, DOI 10.1007/978-3-7091-1493-3_4,  
© CISM, Udine 2013 
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of a pilot site - the effectiveness of district metering both to evaluate the
district water outcomes and to adjust pressure in the distribution networks
in order to reduce water leakages.

4.1 Pilot site description

The study-area is the district of Monterusciello in Pozzuoli. It covers an
area of about 100ha, has a maximum altitude of 126.60m and minimum of
24m. These two altitudes are 1.5km away; the maximum slope being about
7%, this area can be considered as rather flat, with an average altitude of
75m a.s.l.

Monterusciello town-planning policies were deeply affected by the episodes
of bradyseism in 1983. In that period bradyseism was particularly intense;
the panel of experts cooperating with the Ministry of Civil Protection de-
cided to divide the Pozzuoli built-up area into two zones: zone “A”, which
included the old city centre, via Napoli (the road leading to the city of
Naples), the port and the Solfatara (an area of volcanic craters), was iden-
tified as a “high risk” zone inasmuch as it was likely to be the epicentre of
a perspective strong seismic event and zone “B” which would be directly
concerned with the seism if the epicentre were not located in zone “A”.

A decision was made that all the residents in zone A would have to
move and that a new town would be built (Monterusciello 2) in the shortest
possible term, under government licence, in the former Italsider site besides
guaranteeing rapid completion of the construction of Monterusciello 1 which
had already started years before.

The agreement on Monterusciello 2 between the Ministry of Civil Pro-
tection and the University “Federico II” of Naples was signed in 1983; the
planning stage was over by early 1984. Six hundred prefabricated houses
were built in Monterusciello 1, whose development had originally started
in the framework of Council Houses (Law no. 167/62); the site was split
into a west-side area for cooperative societies (traditional buildings) and an
east-side area. In Monterusciello 2, a much larger area, some heavyweight
prefabricated structures were built between 1984 and 1987.

The interventions for new residential buildings at Monterusciello 2 pro-
vided for the construction of about 4,500 flats in 267 buildings, grouped
into 19 building lots, for a population of about 16,000 inhabitants, with a
population density of 3.56 inhabitants/flat.

The whole network has been mapped within CAD and GIS environments
for data analysis and representation purposes. The area of Monterusciello
involved in the study is shown in Figure 5.

In the framework of the Hydranet project, some innovative equipment
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Figure 5. Pilot Site of Monterusciello 2 (Google-Tele Atlas 2008)

to measure and monitor water leakages within the network was installed in
this pilot site. Currently, the situation is as follows:

• there are several areas where public spaces should have been land-
scaped and furnished which have been left as wasteland;

• some infrastructures are not utilised at present and are deteriorating
(such as shopping malls); the infrastructures which are working are in
very poor maintenance conditions;

• the residential buildings, which were built hurriedly and with inad-
equate technologies, are in poor conditions due to many co-factors:
poor quality of materials, lack of regular maintenance (in most cases
maintenance interventions are performed occasionally, only when there
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is an emergency), improper use of the dwellings by assignees, such as
the addition of new elements altering the structure;

• the obsolescence of the technical plants which have not been modified
in compliance with the new regulations enforced over the years.

This is the context of the study of the water supply network located in the
Monterusciello 2 area, as shown in Figure 5.

In the framework of the EU-funded research project Hydranet, CIRIAM
set out to test the application of modern water system remote monitoring
devices in order to evaluate possible benefits on district networks.

It is worth mentioning that in Italy the provisions governing the creation
of district meter areas was only recently enforced by Ministerial Decree n. 99
dated 8 January 1997 that, as concerns district metering, provides that “[...]
To control leakages in a water distribution system it is useful to split the
plant into districts [...], and gives to this word the following meaning, “[...]
portions of a water distribution network for which a fixed metering system
has been installed to calculate the volume of water inflow and outflow [...]”,
it is possible to assume two kinds of district metering, according to different
techniques of water distribution network partitioning.

Nevertheless, due to the peculiarities of the Italian system as compared
to other European realities, especially in terms of management deficiencies,
and in consideration of the technological breakthroughs in the field of re-
mote monitoring, CIRIAM decided to test districts and the management of
pressure within a water supply network which is large enough to represent
an actual scale network both modelling and management wise.

As mentioned above, Monterusciello 2 was built in order to provide
dwellings to people who were forced to leave Pozzuoli due to bradyseism.
Therefore, the site is intended only for residential activities and a few fun-
damental services. In particular, in addition to about 4,500 flats, there are:

• a church, a bank, a post office;
• a Town Hall;
• a high school: scientific studies;
• 3 schools: a primary school, a secondary school, a vocational school
for the hotel industry;

• a junior high school;
• a church, a school, a Carabinieri station (police station), a Fire Brigade,
an Electric Company (ENEL) office, an indoor sports arena with a
swimming pool.

Water consumption is mostly for household use with a negligible percent-
age for other uses. There are neither major public fountains nor important
road cleaning activities.
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In order to calibrate the simulation model, some criteria were used for
the collection and spatial distribution of data to calculate households and
relevant consumption. Photographic surveys and inspections were made
easier by the presence of repetitive building types.

The number of regular contracts with the National Energy Author-
ity(ENEL) was compared with the number of flats and/or shops in the area
using a value of 3.56 inhab./flat (reported by the census of the Pozzuoli
municipality).

Since ENEL data were aggregated with a higher complexity, the data
used for the spatial distribution were those obtained from the analysis on
the ground.

A total resident population of 15,689 people was thus adopted with an
optimal agreement between ENEL data and estimated data.

4.2 The hydraulic model

Hydraulic software used to model and simulate the Monterusciello network
was EPANET 2 [75], developed by the National Risk Management Research
Laboratory of the Environmental Protection Agency(EPA) of the USA.

EPANET is a software programme that performs extended period sim-
ulation of hydraulic and water quality behaviour within pressurized pipe
networks.

A network consists of pipes, nodes (pipe junctions), pumps, valves and
storage tanks or reservoirs. EPANET tracks the flow of water in each pipe,
the pressure at each node, the height of water in each tank, and the concen-
tration of a chemical species throughout the network during a simulation
period comprised of multiple time steps.

In addition to chemical species, water age and source tracing can also be
simulated. EPANET is designed to be a research tool for improving the un-
derstanding of the movement and fate of drinking water constituents within
distribution systems. It can be used for many different kinds of applica-
tions in distribution systems analysis. Sampling program design, hydraulic
model calibration, chlorine residual analysis, and consumer exposure assess-
ment are some examples.

EPANET can help assess alternative management strategies for improv-
ing water quality throughout a system. Running under Windows, EPANET
provides an integrated environment for editing network input data, running
hydraulic and water quality simulations, and viewing the results in a variety
of formats.

The Monterusciello water supply network has 120 nodes, 150 intercon-
nection branches and 7 antennas; there are 72 manholes of various sizes
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Figure 6. Water network of Monterusciello 2

(Figure 6).
The network is fed by two reservoir: one located at 161.40m a.s.l., which

supplies part of the properties at high elevations, the other located at
104.20m a.s.l. for properties with low elevations. The network spreads
for about 23km and is made of steel pipes with a diameter ranging between
DN500 for adduction and DN100 for distribution.

Based on the building type, as stated above, it may be assumed the
water supply network is homogeneous in terms of material (steel) and age
(about 20 years). Furthermore, the kind of prefabricated flats allows the
scheme of connections to be simplified as to create a water supply model of
the system.

The hydraulic parameters of the Monterusciello networks are shown in
Table 2s.
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Figure 7. The hydraulic model of Monterusciello

nodes (n) 200
pipes (m) 231

total length (m) 23.5
pipes material steel

reservoir (node 200) 1(161.40 m)
roughness (Manning) 0.015
peak total flow (l/s) 90.8

Table 2. Monterusciello network characteristics
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4.3 District Metering design

Each single step of DSM application, illustrated in flow chart of Figure 4 of
Chapter 3, was applied to the case study of the Monterusciello 2 network
(Figure 7).

Design pressure for all nodes was assumed equal to hi= h= 28m ∀i =1..n
compatible with building height.

Following the DSM flow chart reported in Figure 3, the first step a)
was hydraulic simulation of the Monterusciello network model, reported in
Figure 7 and Table 2, by means of EPANET software in order to calcu-
late unknown pipe flows qj and nodal heads hi. Hydraulic simulation was
carried out during peak water demand because permanent WDM effects on
hydraulic performance are clearly worse in this operating condition.

Then (step b) adjacency A, incidence I, weightW and oriented adjacency
A’ matrices were defined and, subsequently (step c) all shortest paths {p}smin

from each reservoir to all network nodes were computed by the Dijkstra
algorithm.

For example in Table 3, a few minimum paths of the Monterusciello
network, from the reservoir σ1 = 200 to the i-th node, are represented.

After all path frequencies fj had been calculated (step c) it was possible
to define a new MNL (step d) computing matrix A” (10); specifically there
are 32 Monterusciello network pipes with f j=0.

Then, thanks to the MATLAB Bioinformatics Toolbox (by The Math-
Works),the oriented graph G (Figure 8) was drawn and, by adopting the
hierarchical criterion to represent nodes [81], also the oriented Main Graph
GM (Figure 9) of MNL have been drawn. In particular, Figure 9 also shows
the HL=32 hierarchical levels into which nodes are divided.

By comparing the two figures, it is possible to see that, unlike graph G
(Figure 8), the Main Graph GM (Figure 9) network topology is more open
or tree-like which makes the district design easier.

On comparing the two graphs in Figure 8 and 9 with the traditional
layout of the water network in Figure 7 it is easy to realize that this visu-
alization is more effective to design a WDM.

In particular, the main graph GM (Figure 9) allows immediate visual-
ization of the “most important” pipes of the water system which generally
correspond to those with a lower hierarchical level HL and a higher path
frequency. Furthermore, the GM allows an easier visualization of the several
node groups of the network which can give useful information to choose the
number and size of districts.

Therefore, based on the analysis of the Main Graph, DSM suggested
partitioning the network into Nk = 7 DMAs (step f ) by inserting Nfm = 7
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Table 3. Monterusciello network shortest paths from reservoir σ1 = 200 to
all αi nodes

flow meters (step g) which, along with the flow meters traditionally installed
downstream of the reservoir, will allow district water balances to be made
in order to evaluate the flow losses in accordance with the sizes of DMAs
suggested in the literature.

At this point, once the individual nodes belonging to each DMA were
known, it was easy to identify all connection pipes j in which to insert the
Nbv = 7 boundary valves (step h) in order to obtain the 7 DMAs uniquely
identifying the WDM ID 1, shown in Figures 9. The single pipes j (with
the relevant fj), where flow meters and boundary valves were inserted, are
reported in the first row of Table 4, together with the total number of nodes
of each DMA.

A new simulation of the water network was then performed (step i) and
PIs were calculated (step l), as defined in section 3.2, whose results are
reported in Tables 4, 5, 6 and 7 corresponding to WDM ID 1.

Subsequently, since the PIs can be considered satisfactory, it was decided
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Figure 8. Graph G of the Monterusciello network
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Figure 9. Main Graph GM of the Monterusciello network showing of 7
DMAs and 8 flow meters (WDM ID 1)
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to analyze three other WDM layouts each with 7 DMA one, as reported in
Tables 4, 5, and 7 (identified with ID labels 2, 3 and 4).

Specifically WDM ID 2 has Nfm = 9 and Nbv = 4, WDM ID 3 has
Nfm=8 and Nbv=5, WDM ID 4 has Nfm=9 and Nbv=5. Each of them was
created by straightforwardly modifying WDM ID 1 according to criterion
b) (see section 3.1), by inserting boundary valves in pipe j of GM with the
lowest path frequencies fj , and to design constraints (in the Monterusciello
case according to the position of existing boundary valves).

Then step h) was repeated several times, creating three other WDMs
with a different number of boundary valves and flow meters.

The results of simulations, for each WDM, were reported in Tables 4, 5,
6 and 7, as a function of the sum F of all the path frequencies fj of pipes
βj belonging to the set {νl} of the Nbv boundary valves closed to define
districts:

F =
∑

βj∈{νl}

fj (8)

First of all, by analyzing Table 5, it is worth noticing that the Original
Network Layout (ONL) shows a rather low value of the resilience index
Ir=0.392 which confirms the low redundancy of the system with a design
pressure h=28m. It can also be observed that each WDM obtained with
DSM shows a good Ird value.

In particular, the WDM A1 shows a value F=0 since it was created
without closing any pipes on GM ; indeed, in this case, the only pipes closed
by boundary valves are not included in any shortest path and they all have,
obviously, f j=0.

The effectiveness of the proposed approach can be evaluated by observing
that the four WDMs (ID 1, ID 2, ID 3 and ID 4) show low deviations from
the resilience index, below 2.10, with a negligible increase in dissipated
power PD and equal to 38 kWatt at the maximum. Such small deviations are
compatible with the performances of the system as confirmed by statistical
(Table 6) and hydraulic (Table 7) indices.

To be more precise, in order to analyze performances in terms of node
hydraulic head, statistical indices of the Monterusciello network indicate
good results in each DMA of all WDM ID 1, ID 2, ID 3 and ID 4.

Furthermore, the statistical indices allow to point out how the WDM
alters the distribution of network pressures in a non-homogeneous way.

Indeed, Table 6 shows, for example, with reference to WDM ID 1 an
increase in the mean pressure in DMAs 4 and 7 and a decrease in DMAs
2, 3, 5 and 6; the same occurs for minimum and maximum pressures with
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relatively reduced SQM. Such system behaviour is due both to the layout
changes made with WDMs and the position of the reservoir which may, in
some cases, increase the pressure of a district to the detriment of others.
It is therefore advisable to use indices other than the resilience one which,
alone, cannot show the effect of the WDM on individual DMAs.

Also hydraulic indices, reported in Table 7, confirm the excellent per-
formances of WDM ID 1 obtained with DSM. The RSMPDk (17) index
shows that, vis-à-vis the design pressure h, there is a slight worsening of
the performance of DMA 2, 3 and 5, whereas the worsening is stronger for
DMA 2 and 5 in WDM ID 2, ID 3 and ID 4. In DMA 3 of WDM ID 1, as
already pointed out with statistical indices, there is a slight improvement
that results into a decrease in the deviation, measured by MPDk (20), in
those nodes with pressure lower than the design value, and in an increase
in the surplus measured by MPSk (18), in those nodes with pressure higher
than h. By contrast in DMA 7, MPDk assumes negative values in WDM ID
2, ID 3 and ID 4 and there is a slight worsening of the surplus index MPSk.

We may further evaluate the analysis of the performance of single dis-
tricts by using the MFPDkx (22) index, which measures the mean frequency
of the deviation of single nodes. In all cases the MFPDkx, calculated for
x=0, 2 and 5 m, shows that no one node is below pressure except for some
minor exceptions.

Table 4. Water District Metering Layouts with 7 DMAs

This result confirms the effectiveness of DSM since it is clear that a
decrease in pressure by a few meters only is acceptable for the planner as
regards the goals which can be achieved through partitioning.

The results achieved for the WDM in 7 districts show that the DSM gives
the planner several possible solutions compatibly with design constraints.

A possible choice could be indifferently made on WDM ID 1, ID 2, ID
3 or ID 4 which show a slightly higher deviation for Ird. Each choice would
be reasonable when evaluating district statistical and hydraulic indices of
each WDM which can be considered, in any case, satisfactory.
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Table 5. Energy Indices of Monterusciello network WDMs and ONL )

Table 6. Statistical Indices of Monterusciello network WDMs and ONL
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Table 7. Hydraulic Indices of Monterusciello network WDMs and ONL

In Figure 10a, a Main Graph of WDM ID 2 was reported, in which a valve
of GM was inserted, differently from WDM ID 1 (Figure 9), and in Figure
10b WDM ID 2 was reported directly on the traditional representation of
the hydraulic model of the Monterusciello network.

The creation of districts complies with the provisions of M.D. no. 99/1997
which, however, is aligned with the main indications of the technical-scientific
literature and international regulations. Therefore, this choice is no limit
to the research work carried out at Monterusciello.

Therefore, starting from results obtained with DSM, seven permanent
water supply districts were planned, called D.M.A.s (District Meter Areas)
A1, A2, B1, B2, B3, C, D as represented in Figure 11.

Based on the above evaluations, seven districts were designed whose
main characteristics are listed in the following tables (Tab. 8, 9, 10, 11, 12,
13, 14, 15).

4.4 Measurement devices

The devices selected for districts are modern integrated systems for metering
and monitoring the main hydraulic (flow and pressure) and operational
(battery level) parameters. They can be divided into two groups:
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Figure 10. Traditional representation of Monterusciello WDM A2
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Figure 11. District metering project of the water distribution network of
Monterusciello

Table 8. Summary of data for the seven districts in Monterusciello
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Table 9. Characteristics of DMA A1

1. Integrated devices of remote metering and monitoring FCS (Fluid
Control System);

2. Integrated devices of remote metering FMS (Fluid Meter System).
In consideration of the high-tech components and the above-mentioned

features (technologies to meter water parameters, feeding modalities, data
input and output), FCS is unique, as shown by Patent RM 96 000732 dated
28/10/1996.

All devices are equipped with a data acquisition unit, transmission sys-
tem and firmware with a license starting at the date of system installation
and operation. The FCS allows pressure downstream of the valve to be re-
motely adjusted, according to specific algorithms supplied by the customer;
flow metering is performed by an electromagnetic meter for the 350mm
diameter device, whereas for other devices a Woltmann meter with Reed
attachments was used; pressure was measured by a pressure transducer.
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Table 10. Characteristics of DMA A2

In remote metering and remote monitoring devices, pressure is adjusted
by a hydrovalve. Devices are fed by an autonomous battery, separate from
the connection to the power supply network.

Each remote metering and remote monitoring station is equipped with
a system of data acquisition managed by an industrial Microcontroller with
acquisition of analogue and digital I/O signals and serial management RS-
232. Data are communicated to the control centre via GPRS and the Inter-
net.

The procedure of data communication is such that all stations peri-
odically send data to the Web server, checking the update of their own
configuration.

The creation of district in the water supply network of Monterusciello
can be achieved by installing the following equipment:
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Table 11. Characteristics of DMA B1

- No. 3 integrated FCS devices (150 mm diameter);
- No. 2 integrated FMS devices (150 mm diameter);
- No. 2 integrated FMS devices (200 mm diameter);
- No. 1 integrated FMS device (300 mm diameter);
- No. 1 integrated FMS device (350 mm diameter);
Figures 12-15 show some of the stages of device installation. The man-

holes, where the experimental devices will be located, were inspected and
some of them underwent structural adjustments.

4.5 Remote Control System

The devices selected for the districts are integrated into an advanced Remote
Control System (RCS) accessible from the Internet in ASP (Application
Service Provider) modality and linked to Google Map for the geo-reference
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Table 12. Characteristics of DMA B2

of equipment and visualization of the water supply network. Each FMS
and FCS device for metering and monitoring is equipped with a system of
data acquisition managed by an industrial Microcontroller with analogue
and digital I/O signal acquisition and serial management RS-232 to collect
data from sensors, with an internal Compact Flash memory for data and
alarms.

Data communication towards RCS centre is carried out via GMS/GPRS
and the Internet, whereas the management of alarms is made via SMS, with
the possibility to receive asynchronous commands by SMS.

The main advantages of managing a Web centre are:

• accessibility from any workstation connected to the Internet, including
new generation hand-phones and mobile phones;
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Table 13. Characteristics of DMA B3

• possibility of data validation by operators located in several offices;

• data files on a relational database resident on the Customer’s server
or on a remote server;

• no resident installation required for Client computers;

• easy remote maintenance of the application.

Furthermore, the software is able to recognize several categories of users,
each of which is enabled to carry out some operations on monitoring data,
in particular:

• USER: it allows validated and non-validated data on specific stations
to be examinated;
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Table 14. Characteristics of DMA C

• SUPERVISOR: it allows all data to be viewed and data relating to a
predefined subgroup of stations to be invalidated;

• ADMINISTRATOR: it can access all system functions;

• PUBLIC (without password): it can access only validated data on all
stations.

The main functions of the software used for management are shown below:
- Log in (Figure 16): it gives access to remote control functions by login

and password.
- Monitor (Figure 17): it gives the possibility to view the “latest” data

sent by devices; furthermore, this function allows the current situation of the
system to be monitored and, in case of alarm due to overflow, the relevant
data is shown in red:
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Table 15. Characteristics of DMA D

- Map (Figure 18): it gives the possibility to view the “latest” data
sent by devices; furthermore, this function allows monitoring of the current
situation of the system and, in case of alarm due to overflow, the relevant
data is shown in red.

- Data (Figure 19): it gives the possibility to view the “latest” data
acquired by devices; this function also allows monitoring of the current
situation of the system and, in case of alarm due to overflow, the relevant
piece of information is shown in red.

- Track (Figure 20): it gives the possibility to view the “latest” data
acquired by devices; this function also allows monitoring of the current
situation of the system and, in case of alarm due to overflow, the relevant
data is shown in red.

The RCS allowed all available information to be monitored through the
customized web interface.
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Figure 12. Stage of installation of devices a)

Figure 13. Stage of installation of devices b)
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Figure 14. Stage of installation of devices c)

Figure 15. Stage of installation of devices d)
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Figure 16. An example of Log in of RCS

Figure 17. An example of a Monitor of RCS
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Figure 18. An example of a Map of RCS

Figure 19. An example of Data function of RCS

In particular, flows and pressures for each installed FCS and FMS have
been measured and recorded, as shown in the table below (Table 17), which
gives an example of pressure and flow measures between 2:56 pm and 3:54
pm on a “working day” of September 2007 at the stations FCS A1, FCS A2
and FCM A, located in DMA A1 and A2 as illustrated in Figure 21.

Measurements refer to the time when they are recorded and can be
aligned by defining a proper time step. Each station is equipped with a
timer that, at fixed intervals, synchronizes with the RCS and ensures the
synchrony of measurements. The RCS also issues diagrams of recorded mea-
sures vs. time, as reported in the following figures (Figure 22-23) showing
system information (flows and pressures) at given intervals.
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Figure 20. An Example of Track function of RCS

The measuring campaign is still ongoing to improve the calibration of
the network model, to calculate consumption at different hours and detect
any abnormalities (leakages, low pressures, etc.).

Furthermore, pressure management is being tested in the district DMA
A, in order to verify the possibility of decreasing leakages by reducing oper-
ation pressures within the limits set by national regulations and suggested
by the international literature.

4.6 DMA Pressure Management

Before performing the optimization process for PRV setting, presented in
section 3.2, some analyses were made on the data acquired by the remote
monitoring system in DMA A1 and DMA A2, as reported in the network
model of Figure 21.

To characterise a representative operating condition of the network, mul-
tiple time-series of flow and pressure acquired during September 2007 at the
three measuring stations (FCS A1, A2 and FMS A3) were averaged exclud-
ing holidays.

Preliminary data analysis showed that “working day” and “holidays”
were characterised by systematic different behaviours. Working days were
then extracted from the original data set, and averaged in order to define
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Figure 21. FCS and FMS location of Monterusciello network DMA A1 and
A2

the “mean working day”.
This data treatment allowed us to reduce the influence of day-to-day

variations in hourly demand and to measure uncertainties on the experi-
mental data used to identify the unknown parameters.

September flow and pressure of FCS A1, FCS A2 and FMS A3 were
reported in Table 16 and Table 17, respectively. While the September total
inflow of DMA A was reported in Figure 24. In Figure 25 “mean working
day” flow vs. pressure is reported for FCS A1 and A2, and in Figure 28 the
same information is given for FCS A3.

Data analysis of Figures 25 and 26 show different flow and pressure levels
in all measurement equipments. Specifically, stations FCS A1 and FCS A2
measures a pressure deviation up to 0.6 bar approximately; while FMS A3
measures a pressure higher than others FCS up to about 1.0 bar because
station FMS A3 has a lower elevation. Then Figure 26 shows that FMS A
is a bidirectional flow meter with positive and negative flow values.
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Figure 22. Examples of measurements recorded by RCS (Flow vs. time)

Figure 23. Examples of measurements recorded by RCS (Pressures vs.
time)
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Table 16. Mean of the hourly flow during September “working day” of FCS
A1 and A2
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Figure 24. Mean of the hourly flow during September “working day” of
FCM A

Figure 25. September “mean working day” flow in DMA A
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Time FCS A1 FCS A2 FCS A
h bar bar bar

0.00 6.08 6.28 7.50
1.00 6.13 6.30 7.52
2.00 6.15 6.32 7.53
3.00 6.16 6.34 7.53
4.00 6.17 6.35 7.52
5.00 6.15 6.37 7.50
6.00 6.03 6.35 7.44
7.00 5.75 6.27 7.29
8.00 5.75 6.25 7.26
9.00 5.77 6.24 7.26
10.00 5.78 6.23 7.28
11.00 5.80 6.23 7.31
12.00 5.81 6.23 7.32
13.00 5.79 6.21 7.32
14.00 5.72 6.18 7.23
15.00 5.74 6.18 7.28
16.00 5.81 6.19 7.33
17.00 5.84 6.20 7.34
18.00 5.86 6.20 7.38
19.00 5.81 6.20 7.34
20.00 5.76 6.18 7.30
21.00 5.79 6.19 7.34
22.00 5.92 6.22 7.43
23.00 6.01 6.25 7.47

Table 17. September “mean working day” flow vs. pressure of FCS A1
and FCS A2
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Figure 26. September “mean working day” flow vs. pressure of FMS A

Following the flow chart of network PRV setting, reported in Figure 3,
the above figures illustrate the results of the identification procedure (step
a) applied to the data set in Tables 16 and 17.

Figure 27 compares measured and computed flow and pressure time se-
ries, respectively. As may be observed, the time behaviour of the flow is
very well reproduced for both the two measuring stations on the feeder pipes
(FCS 1 and 2) and that on the internal pipe (FMS 3).

The three peaks observed in the measured inflow are clearly recogniz-
able in the corresponding simulated hydrographs, and the repartition of the
inflow between the two feeding pipes is also well reproduced.

Also the temporal behaviour of pressure (Figure 28) exhibits a reasonable
qualitative agreement, although some systematic quantitative differences
exists, especially for measuring station 3.

The computed values of the parameters are listed in Table 18: indeed,
the estimated per-capita net freshwater daily consumption (about 215 l)
and hourly peak coefficient (about 1.6) agree with the values reported in the
literature for residential areas with a comparable population (Stephenson,
1998).

The exponent in the leakage law (1) is relatively close to the commonly
used value b = 0.5 of an ideal orifice flow.

The values of Table 18 were used to optimize PRV setpoints or similarly
the coefficient aj , as described in section 3.2 (step b).

In particular, in order to better reproduce the behaviour of FCS installed
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Figure 27. Measured and computed flow time-series [27]

Figure 28. Measured and computed pressure time-series [27]
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Table 18. Estimated values of model parameters [27]

at the pilot site, control valves were modelled as PRV in EPANET 2.0 [75]:
therefore, the results of the optimization procedure consist in the optimal
adjustment of piezometric altitude of each valve.

Operational pressure levels are influenced by variations in demand. Nev-
ertheless, we may make a distinction of two separate time periods: night-
time, when the operational pressure ranges between 6.0 and 6.5 bar, and
day time when the flow pressure ranges between 5.5 and 6.0 bar.

According to the analysis of the different operational conditions (peak
and night consumption) and the minimum performance levels for users,
different pressure adjustments were carried out on FCS A1 and FCS A2
districts by comparing the trend of hourly flows on different week days.

Specifically the valve daily setpoint was then split into two time slices
as homogeneous as possible, identified as follows:

• Time slice 1 : h 0:00 - 6:00 am (night flow)

• Time slice 2: h 7:00 am - 23:00 pm (daytime flow)

With reference to each time slice, application of the optimization proce-
dure, described in section 3.2, allowed us to define the optimal adjustment
of two network FCSs, whose location is shown in Figure 21. Through a pe-
nalization mechanism, it was fixed that the minimum piezometric altitude
of the network could not be lower than 20 m.

Pressure adjustments by hydrovalves were made in the whole DMA A
district.

In this district the total hourly network inflow in DMA A1 and DMA A2,
recorded from May 2007 to September 2007, which is obviously influenced
by the season and daily changes, shows an average value of about 42 m3/h,
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and peaks above 60 m3/h during higher consumption hours; average values
recorded during night-time are slightly below 20 m3/h.

In particular, starting from the results from the simulations and from
the optimization model developed, reported synthetically in Figure 29, two
different pressure thresholds were identified in the first stage, instead of
three as stated in the previous section.

Thus the automatic remote monitoring system was adjusted to two dif-
ferent pressure levels, reported in Figure 21

a) Time slice 1: h 0:00 - 6:00 am (night flow): 3.5 bar;
b) Time slice 2: h 6:01 am - 11:59 pm (daytime flow): 5.0-6.0 bar.
Thus the automatic remote monitoring system was adjusted to two dif-

ferent pressure levels: the condition of Time band 1 was initially gradually
achieved by decreasing the operation pressure by 0.3 bar/day, in order to
avoid creating problems to users.

Figures 30-31-32 below show both the pattern of pressure and that of
flows on 12, 13 and 18 October 2007.

Figure 29. Optimal pressure adjustment

From the analysis of diagrams, which refer to different week days, it
seems evident that night-time pressure adjustments allows a considerable
reduction in night flows.

For the sake of clarity, Figure 31 shows pressure and flow trends on
Thursday 18/10/2007 (with adjustment) compared with unadjusted average
or the same week-day during the month. In particular, between 0.00 am
and 6.00 am, the control system was bound to keep a pressure value of 3.50
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Figure 30. Values of inflows on Friday 12/10/2007 (adjusted) and on other
Fridays of the month (unadjusted averages) with relevant pressure trends)

bar ± 0.5 bar.
By doing so, there was a saving of water resources equal to about 15%

of the total flow consumed in minimum consumption hours.

Figure 31. Values of inflows on Thursday 18/10/2007 (adjusted) and on
other Thursdays of the month (unadjusted averages) with relevant pressure
trends

Finally, Figure 32 reports the pressure and flow trends on “holidays day”
Saturday 13/10/2007, (with adjustment) in comparison with the average



78 A. Di Nardo, M. Di Natale and A. Di Mauro

values on the same week day during the month (without adjustment).
In this case, in particular, adjustment was carried out during night-time,

between 3.00 am and 8.00 am, setting the control system at a pressure of
4.50 bar ± 0.5 bar as well as during the day, with a pressure value about 1
bar lower than ordinary operation.

Also in this case, a different choice of pressure managment shows a sig-
nificant saving of meter resources,in excess of 10% .

Figure 32. Values of inflows on Saturday 13/10/2007 (adjusted) and on
other Saturdays of the month (unadjusted averages) with relevant pressure
trends

4.7 Estimation of cost and savings with pressure
control

This chapter reports the preliminary results of pressure management com-
bined with district metering in the water distribution network of Monteru-
sciello.

Starting from the estimated consumption in the DMA A1 and DMA A2
districts and from flow and pressure measurements metered by installing
FCS and FMS systems, the method proposed in the previous section was
implemented and gave interesting results both in terms of prelocation of
water losses and resource saving thanks to pressure adjustments at various
times of the day.

Using the data in Table 17, the comparison of the Minimum Night Flow
district in DMA A1 and A2 with those suggested by the British literature
was very useful. As explained below, it allowed night losses to be estimated
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and the launching of policies to reduce wastes.

Table 19. DMA A1 and A2 data

The main goals of the tests were grouped into several categories:

• evaluation of the district water balances;

• interpretation of the Minimum Night Flow (MNF)

• effects of the differentiated adjustment of district pressures;

• evaluation of the economic advantage of the intervention.

The first flow and pressure measurements and subsequent processing sug-
gest a positive outcome of the results of tests and goals. Then, by comparing
results of pressure management with the law on the detection procedure of
leakage it is possible to make some considerations.

Based on present results, the Monterusciello network seems to be charac-
terized by a rather constant value of the leakage level, with small variations
from one hour to the next (0.8-1.0 l/s).

Leakage amounts to about 7% of the inflow volume (Figure 30), a value
consistent with the relatively young age of the hydraulic network.

Nevertheless this leakage percentage, as will became clear below, was
significantly underestimated by identification method used in order to define
the leakage law (26) and design pressure management setpoints.

The preliminary analysis of night use, compared with the number of
users in district A, proved that it is necessary to examine the Minimum
Night Flow in detail with the methodology proposed by “Managing Leak-
age: UK Water Industry Managing Leakage” [104] which provides for the
estimate of the following items:
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-EXCEPTIONAL CUSTOMER NIGHT USE: any customers using a
flow higher than 500 l/hr during the night have to be considered as ex-
ceptional; furthermore, they have to be identified separately and added
individually to the estimate of minimum night flow;

-ASSESSED NORMAL HOUSEHOLD NIGHT USE: flow used at night
by household users; it can be calculated as:1.7 [l/household/hr] * NH (num-
ber of household users) or 0.6 [l/resident/hr] * n (number of residents);

-ASSESSED NORMAL NON-HOUSEHOLD NIGHT USE: flow used at
night by users other than household users (schools, police stations). In a
simplified way, it is possible to calculate the value of this flow as 78 [l/non-
household/hr] * NNH (number of non-household users). However, it is pos-
sible to split the several kinds of non-household users into five groups from
A to E, to which a specific flow value is assigned according to the REPORT
E of the “Managing Leakage: UK Water Industry Managing Leakage” [104];

-BACKGROUND NIGHT FLOW LOSSES: these represent background
losses both in main and secondary pipes. Generally, they depend on the
conditions of the infrastructure and on the pressure. Three values are pro-
posed for infrastructures: “good”, “average” and “fair” [104], each of them
corresponding to an Average Zone Night Pressure (AZNP) equal to 50m.
For an AZNP other than 50m, it is necessary to adjust the obtained value
through the multiplying coefficient PCF (Pressure Correction Factor).

These items, useful also to determine water balances, are estimated in
order to identify the presence of possible undetected bursts. In the case of
the Monterusciello DMA A, the data used to calculate the minimum night
flow are reported in Table 20; furthermore, the presence of three excep-
tional household customers and one condition of “average” infrastructure is
assumed. Non-household customers were not taken into account since they
were not active at night.

The calculation of the minimum night flow for DMA A is reported in
Table 20 below.

Analysis of the MNF shows that the total background minimum night
flow measured in l/h should be equal to 13,146 l/h, that is 13.146 m3/h,
with a variance of 0.137 m3/h, thus ranging between 13.009 and 13.316
m3/h, whereas the average night flow measured is equal to 21.85 m3/h.

Therefore, the difference amounting to 8.74 m3/h seems to be quite
anomalous and attributable to undetected bursts in the network. The subse-
quent zooming stage, is a further division of district A into two sub-districts
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A1 and A2. Pressure adjustment will give more information on this issue.
The possible presence of pre-existing losses due to bursts can be further

supported following the event described in Figure 33, which shows the flow
measures of FCS 2 between 12:00 am on 1 June 2007 and 12:00 am on 4
June 2007.

Figure 33. Flow measures FCS 2 (Leakege Detection and Repair)

Indeed, it is possible to see the occurrence of a water leakage promptly
detected by the system of continuous network monitoring.

Figure 33 shows the night flow on June 2 2007, in the circle, (the average
between 2.00 and 6.00 am is equal to about 21 m3/h as during the previous
days - a high value as previously explained); the following night, June 3
2007, the measuring station signals an increase in the flow with values of 24
m3/h during the same time interval, in the rectangle.

Finally, after maintenance, the flow decreases to an average 19 m3/h
(triangle) during the night of June 4 2007.

Specifically, during ten experimental days (from 12th October to 18th
October 2007) water saving was above 16% during the night and about 7%
in the rest of the day, as reported in Figure 34 (total flow) and Figure 35
(night flow) in which four pressure management days are in grey while six
undisturbed system days are in black.

These results, which were achieved without complaints from users due to
possible inconveniences, confirm that it is appropriate to make differentiated
adjustments of pressure in order to reduce overloads which, are known to
cause considerable night losses and can cause breaks on already stressed
pipes.

A possible saving forecasting, relative to the whole Monterusciello net-
work, based on extrapolation of these experimental results, was then esti-
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Table 20. Minimum Night Flow calculated with Water Industry Research
method
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Figure 34. Night Flow

Figure 35. Total Flow
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mated with a water saving comprised between 5 and 17%.

4.8 Conclusion

The research confirmed the effectiveness of the two techniques, namely Dis-
trict Metering and Pressure Management, implemented at the Monteru-
sciello pilot site, in order to detect and decrease water leakage.

In particular, Design Support Methodology allowed us to define perma-
nent Water District Metering of a water supply network compatible with
system hydraulic performances. The DSM, based on graph theory princi-
ples and on the identification of minimum energy paths, allowed us first to
define the Main Network Layout and then to draw the Main Graph GM

with specific features to simplify WDM design helping operators.
The results, obtained by testing DSM on the Monterusciello network,

showed that DSM rapidly identifies WDMs with satisfactory performance
indices and allows all design constraints to be met. The DSM proposed is
robust because, even for large networks that have many possible WDMs,
DSM allows rapid identification of good DMA layouts with resilience index
values close to original network layout. Furthermore DSM is very flexible
too because it provides WDM planners with some alternative DMA layouts
with different numbers of flow meters and operational costs.

DSM may provide a valid technical support to water utilities in Water
District Metering design overcoming empirical approaches and, at the same
time, respecting water system constraints. The DSM proposed is a flexible
tool applicable to networks of any size using commercially available software
(e.g. EPANET and MATLAB).

The preliminary results obtained on the pilot site with the differentiated
pressure adjustment, districts in A1 and A2, proved the effectiveness of the
pressure management methodology to save water resources especially during
the night.

The automatic control system of single devices-which is performed via
SMS and, in ASP modality, via the Internet - allowed various pressure levels
to be fixedin single districts and at different hours of the day, so that the
manager can operate with great flexibility.

This possibility of acting remotely on complex water distribution net-
works gives a real opportunity to make several configurations of the network
(temporary or permanent district metering, differentiated pressure adjust-
ment, definition of pre-alarm status, etc.), preliminarily anticipated by sim-
ulation analysis, which correspond to the various system scenarios.

Furthermore, the first experiences on the site created by CIRIAM are
positive for the efficiency and reliability of the devices chosen for remote
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controlling. In addiction, the Remote Control System is easy and fast to
use and it can be looked up in the web via the Internet.

Our research proved that the development of new technologies, espe-
cially in the field of metering and remote controlling, combined with higher
efficiency and lower costs, can support their use in all situations where the
waste of water resources cannot be accepted in a modern public service.

The quantity of available data is such that they can give the manager a
set of important information to manage the water distribution system effi-
ciently, economically and effectively way, which is indeed the aim of existing
Italian regulations.

Finally, the pilot site of Monterusciello may be an important opportu-
nity for the Italian technical and scientific community to study the various
issues related to the optimization of the management of water distribution
systems, by allowing testing of techniques, method and technological inno-
vations developed in Italy and abroad.
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