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Abstract

This paper presents a practical application of a model-based approach for leak detection and
location in a real water distribution network. The methodology is divided into three main
steps: 1) identification of the DMA with the highest leakage volume; 2) hydraulic model update
and 3) leak location by inverse analysis. The water distribution network is monitored through
14 flowrate and pressure sensors and data were available for 1.5 years. The methodology is
applied 15 times, specifically to five weekdays in three different periods with high seasonal
variation (summer, spring and winter). Regardless of the analysed period, obtained results
point to the presence of a leak with ca. 4 m3/h in a specific area of the network. This
approximate location is a starting point for the application of more precise leak location
techniques using acoustic equipment.
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1 INTRODUCTION

The occurrence of pipe bursts represent an important source of water losses in water distribution
networks (WDN), depending on their frequency and size. Users usually report events to utilities
when surface flooding or service disruption occurs. The problem lies in events that do not cause
water to come up to the surface, nor cause service disruption. These events can continue
unreported for a long time, potentially leading to the loss of large volumes of water and the
consumption of energy and water disinfectants, whilst also posing a health risk to the population
due to risks of bacteria and pollutant contamination [1].

The first step towards an efficient leakage management is the accurate assessment for the water
volume that is lost. To this end, WDN are usually divided in smaller district metered areas (DMA)
in which the flowrates are continuously measured in the area’s inlets and outlets and the
consumed water volume is periodically measured in consumers. Leakage volumes in DMA are
usually assessed through the the minimum night flow (MNF) regime [2,3]. During the MNF,
consumption from users is usually minimum and the dominant consumption is due to leakage.
Such MNF analysis can reduce the search area from the whole WDN to a particular DMA.
Nonetheless, additional burst and leak location techniques are necessary to find the approximate
location inside the DMA and the exact location at the street level.

Leak location techniques generally involve the use of acoustic equipment (e.g., listening rods and
leak correlators) or of non-acoustic methods (e.g. gas tracer injection, ground-penetrating radar,
or infrared photography) [4]. Although accurate, these equipment-based inspection techniques
are time-consuming and labor-intensive processes, even in relatively small DMA [5]. Thus, a
software-based approach is should be used before to reduce the search area to a particular zone
in the DMA (e.g., at the street level).
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Distinct software-based techniques have been developed in last decades for leak detection and
location in WDN. These techniques can be roughly divided in model-based and data-driven
methods. Data-driven methods [6-8] use monitoring data that, combined with tools such as data
mining or artificial intelligence algorithms, allow the identification of possible leak location zones
[9]. Although these methods do not require a deep knowledge regarding the WDN hydraulic
characteristics (e.g., pipe characteristics or individual demands), extensive historical data records
of monitoring data and precise information on past pipe burst events are necessary. In many
water utilities, service work orders are collected by operational technicians who register
imprecise and incomplete data [10].

Model-based methods use a hydraulic simulation models and detect and locate leaks based on the
comparison of numerical results with measurements from pressure sensors and flowrate meters.
Examples of these methods are the inverse analysis [11-13], the network sensitivities’
computation and analysis [14,15], the error-domain model falsification [16,17], or based on a
classification problem [18,19]. Although promising results have been obtained using these
methods (see [13,20]), their application usually requires a robust and well calibrated hydraulic
model and a high number of pressure sensors with long time-records. In addition, obtained results
are highly sensitive to the uncertainty of model parameters (e.g., water consumption, valve states,
and pipe characteristics).

This paper presents the practical application of a model-based approach for leak detection and
location in a real WDN located in Porto Metropolitan Area, in Portugal. The network has a total
length of 37 km and serves 996 consumers, being divided in seven DMA. The water utility has
identified the existence of a leak by analysing the minimum night flow. The leak location is known
to be somewhere in an area along the embankment of a river, whose flow affects the noise
captured by the acoustic equipment. In this context, the water utility challenged the authors to
apply a model-based technique and find the leak location. This approximate location will be the
starting point for the application of more precise leak location techniques using acoustic
equipment. Data were collected in 14 sensors (seven pressure transducers and seven flowmeters)
during the period between 1st of June 2020 and 26th of December 2021. The number and location
of pressure and flowrate sensors were established by the water utility to monitor DMA (inlets and
outlets) both in terms of water consumption and pressure requirements. The model-based
methodology is applied to 15 different days divided into three periods (with different data
availability). Genetic Algorithms [21] are used as the optimization method. Obtained results are
discussed and the most relevant conclusions are drawn, focusing on the difficulties of
implementing model-based techniques to leakage location in real-life contexts.

2 METHODS

The used model-based methodology is divided in three main steps: 1) identification of the DMA
with the highest leakage volume; 2) hydraulic simulation model update and 3) leak location by
inverse analysis. The first step is aims at identifying the DMA with highest leakage volumes based
on the analysis of the MNF and at estimating the burst magnitude. The hydraulic simulation model
should be updated with the water consumption and valve settings corresponding to the collected
data period. Finally, the leak/burst is located by formulating and solving the inverse problem. The
objective is to determine the values of the unknown parameters (leak location and size) in the
hydraulic model that minimizes the difference between numerical results and real measurements.
These steps are further explained in the following sections.

2.1 Identification of the DMA with the highest leakage volume

A simple yet effective method is proposed herein to identify the DMA with the highest leakage
volume, as well as to roughly estimate the respective size. Two metrics may be calculated for this
purpose for each DMA by considering a complete day of measurements. The first metric (M1)
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quantifies the average water consumption during the MNF per service connection (SC)
[m3/(h.SC)] in each DMA. During the MNF, the user water consumption is minimum, the network
pressure is high and, thus, the leak volume has the highest contribution to the flowrate. The
second metric (M2) quantifies the average daily consumption per service connection [L/(day.SC)].
The water losses can be assessed in each DMA by comparing the metrics M1 and M2 values for
DMA with similar characteristics (e.g., similar size or topology) and by assessing if any DMA
presents outlier values of these metrics. The first metric aims to assess if unexpected consumption
is occurring during the night whilst the second metric aims to assess if unexpected consumption
is occurring throughout the day. The occurrence of outlier metric values for a DMA indicate that
every service connection of that DMA is presenting (on average) an abnormally high water
consumption during either the night (for the first metric) or through the day (for the second
metric).

Once the DMA with a high leakage level has been identified, the leak volume can be estimated. To
this end, the average of metric M1 values (without the outlier values) should be calculated for
DMA with similar characteristics. This value (in m3/[h.SC]) should be multiplied by the number of
SC in the DMA with leakage. This allows estimating the MNF (in m3/h) in a no-leakage scenario.
Finally, the leak size (in m3/h) can be estimated by subtracting the MNF in the no-leakage scenario
from the real MNF.

This analysis can be carried out for distinct periods (e.g., summer or winter, weekdays or
weekends) to validate the identified DMA with high leakage levels.

2.2 Hydraulic simulation model update scheme

The application of the leak location technique described in 2.3 requires the use of a hydraulic
model of the WDN. To guarantee reliable results, it is essential to minimize the uncertainty in
model parameters (which arise predominantly from water consumption [17]). This can be
achieved by updating the hydraulic simulation model with the actual water consumption values
that occurred (minus the effect of the leak) during the period for which the leak location analysis
will be performed. If telemetry at the user level is available, the hydraulic simulation model can
be updated with the individual consumption of each user (e.g., through an individual daily
measurement). In most cases, the individual consumption of each user is unknown and only the
total consumption of each DMA is known. In these situations, a consumption pattern for each DMA
can be created (and is equal to the DMA consumption); the base demand of each node (of each
DMA) represents the proportion of the consumption of that specific node concerning the overall
DMA. This proportion can be obtained, for instance, based on the billing records (i.e., the amount
of billed water).

In addition to water consumption, boundary conditions must be properly updated. These include
settings for valves, pumps, and tanks. For this purpose, specific time step controls can be
developed if measurements are available (e.g. a rule can be created for the setting of a PRV based
on the outlet pressure measurements of the PRV).

2.3 Leaklocation

The leak location can be carried out by solving the inverse problem, that is, by finding the values
of the unknown parameters (leak size and location) in the hydraulic model, that minimize the
differences between numerical results and real measurements [11-13].

Consider the N vector containing the indexes of all potential leak locations (e.g., all node) in the
DMA identified in 2.1. A single-objective optimization problem is formulated and two decision
variables are considered, namely, the leakage location (defined as a discrete variable that may
assume any value in N) and the leakage size (i.e., the value of the emitter coefficient C, defined as
a continuous variable). Two types of constraints are considered, namely, a set of implicit type
constraints considering hydraulics systems (which are guaranteed by the hydraulic solver) and
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an additional constrain which bound the algorithm solution search space by avoiding solutions
that may cause negative pressures in the system. The optimization problem can be formulated as
follows:

Search for X = [L;,C;]; L; €N
Minimize F(x) (1)
Subject to P; > 0

where L; and C; are the node index and emitter coefficient value for leakage in location i, N is the
vector containing the indexes of all nodes in the DMA, and P;is the pressure at location 7 (for the
leak scenario).

Finally, the objective function F(X) is defined as the weighted sum of squared differences between
real and simulated values for both pressure and flowrate at the measurement nodes (assuming a
leak in location L; and size C;) as follows:

. ; 2
_— (Psg%%lors(k) —Psg,qgors(k))z N, (Q§§#éorq(k) — sté’#sorq(k))
Ppnt Qpnt (2)
FX)=%Y X )
N N
k=1 s=1 P q=1 q
[ ]

where N, and N, are the number of pressure and flowrate sensors, respectively; PL¢% (k) and
Psensor s(k) are, respectively, the real and simulated (with the leak in location L; and size C))
pressure values in sensor s with respect to time k; erg,‘{éorq(k) and Qgensor g are the real and
simulated flowrate values in sensor q with respect to time k, respectively, and Tis the total number
of time steps considered in the analysis.

Pyn: is the average pressure measurement error (m) and is based on the average observed
pressure values at sensor nodes and the pressure sensor reading percentage error as indicated by
the manufacturer. Similarly, Qpy; is the average flowrate measurement error (m3/h) as is based
on the average global system demand and the flow reading percentage error.

3 APPLICATION: RESULTS AND DISCUSSION

3.1 Case study description

The case study is a WDN located in Porto Metropolitan Area, Portugal, with an overall network
extension of around 37 km. The WDN is supplied by a single water tank and is divided into seven
DMA. Pressure and flowrate measurements were collected through 14 sensors, installed in the
inlets and outlets of the DMA, during the period between 1st June 2020 and 26t December 2021
with a 15-minute time step. The WDN is located in a hill, resulting in significant elevation
differences between the water source (at 162 m) and the lowest point supply location (at 12 m).
As such, pressure-reducing valves (PRV) are installed at different locations in the WDN to reduce
excessive pressures. The hydraulic simulation model was developed in EPANET and includes one
storage tank, 1,058 node junctions, 344 valves, and 728 pipes. Figure 1 presents a schematic
representation of the WDN with the location of measuring points (MP) and the PRV in relation to
the DMA inlet and outlets. The number of service connections of each DMA is also presented.
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Figure 1. WDN scheme with the location of MP and PRV concerning the DMA inlet and outlets.

Figure 2 depicts the data availability for each of the sensors between 1st June 2020 and 26t
December 2021. Although 14 sensors are installed in the network, there is not a single period
where data from all the sensors is simultaneously available. The missing data are due to the fact
that some sensors had not yet been installed (e.g., MP6 was only installed in September 2021) and
due to sensor malfunction (in the remaining sensors with missing data). Based on the data
availability, three distinct periods (of five weekdays) are selected for analysis: one week in august
2020 (period P1), one week in March 2021 (P2) and one week in December 2021 (P3).

Figure 2. Data availability for the 14 sensors in the period from June 2020 to December 2021 (in horizontal
bars) and selected periods for analysis (in vertical bars).

3.2 Identification of the DMA with the highest leakage volume

Leak detection is carried out based on the calculation of metrics M1 and M2 (as explained in 2.1)
for each DMA. The metrics are calculated for every weekday of the three periods of analysis and
the average metric values are computed in each of the three periods. This calculation requires the
consumption values (in each time step) for each DMA to be known. This consumption is directly
linked to the inlet flowrate measurements in downstream DMA (i.e, DMA B, D, E, F and G).
However, in intermediate DMA (such as DMA A and C), this consumption is obtained by a water
balance between inlets and outlets. For instance, the consumption of DMA C is obtained by a water
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balance between the inlet (MP3) and the four outlets (MP4 to MP7). A similar process is applied
to DMA A between the inlet (MP1) and the two outlets (MP2 and MP3).

Although the water balance is easily calculated, not all inlet/outlet values were available. This
compromises the balance calculation of cascade DMA, since all the unaccounted demand for DMA
with missing data is assumed as leakage. In these situations, an estimation of DMA consumption
(in each time step) is carried out based on the average consumption per service connection in the
remaining DMA.

Table 1 presents the average metric results (for the five weekdays) for each DMA in each period.
The highest value of each column is highlighted in bold. DMA A presents no value for the first
metric (in either period). The consumption of this area is calculated based on a water balance
using data from sensors with different characteristics and measurement errors. Also,
overestimation of water consumption for certain DMA might occur. As such, negative values for
water consumption in this area are obtained (especially during the night period). In these time
steps, the value of zero consumption is assumed, hence the value for the first metric. By assessing
the first metric value, it is possible to conclude that leaks are present in several DMA. Nonetheless,
DMA C is likely to have a major leak. Note that it is unlikely that, on average, each service
connection (of the 357) in DMA C consumes more than double the amount of any service
connection of the remaining DMA during MNF, regardless of the period of analysis. This is
confirmed by the results of the metric M2, as it is unlikely that the average daily consumption of
service connection in DMA C is more than double than in the remaining DMA. A more plausible
explanation for the metric values in DMA C might be the existence of a major unknown leak/burst,
which results in additional water consumption, both during the night and throughout the day.

Table 1. Average M1 and M2 values for each DMA during each period

Week in August 2020 Week in March 2021 Week in December
P1 (P2) 2021(P3
DMA ) SC M1 G M2 M1 M2 M1 )MZ
[m3/(h.SC)] | [L/(day.SC)] | [m3/(h.SC)] | [L/(day.SC)] | [m3/(h.SC)] | [L/(day.SC)]
DMAA | 147 0 425 0 220 0 308
DMAB [247| 0.0016 273 0.0031 300 0.0045 291
DMAC [357| 0.0157 610 0.0148 595 0.0177 646
DMAD |121| 0.0006 286 0.0003 232 0.0019 233
DMAE | 84 0.0074 413 0.005 353 0.0035 271
DMAF | 48 0.0035 334 0.0031 300 0.0068 334
DMAG |179| 0.0032 366 0.0034 316 0.005 326

The estimation of leak/burst size in DMA C is carried out as described in 2.1. The leak size is
estimated for each day of the three period as follows: 1) the average M1 values for DMAs (with
the exception of DMA A and C) is calculated; 2) this value is multiplied by 357 (the number of
service connections in DMA C) and a new MNF (without leakage) for DMA C is obtained; 3) the
leak size is estimated by subtracting the new MNF (without leakage) from the real MNF.

Table 2 presents the average leak size (for the 5 weekdays) for each DMA in each period. Based
on these results, the leak is estimated on 4 m3/h. The two exceptions (in period P2) can be
associated with the overestimation of consumption values.
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Table 1. Size of leakage in DMA C in distinct periods

Leakage size [m3/h]

Monday | Tuesday | Wednesday | Thursday | Friday
Week in August 2020 (P1) 4.64 4,51 4.54 4.26 4.33
Week in March 2021 (P2) 3.98 4,88 3.08 4.79 4.36
Week in December 2021(P3) | 4.73 4.68 4.80 4.69 4,94

3.3 Hydraulic simulation model update

A total of 15 days (divided in 3 periods) are considered for the leak location analysis. As such, a
total of 15 hydraulic simulation models (one for each day) are developed. In each model, two
major update processes are carried out, namely, the water consumption of DMA and the settings
of PRV.

The water consumption of each DMA is updated through a consumption pattern. Note that the
base demand of each node (in each DMA) represents the proportion of the consumption of that
specific node in relation to the overall DMA. Furthermore, the consumption of DMA C (where the
leak is located) should be updated without the leakage effect. This is done by subtracting the leak
size (as previously calculated) from the DMA C consumption in each time step. Figure 3 depicts
the consumption pattern for each DMA on Monday, 13th December 2021, including the pattern for
DMA C with (in dashed red line) and without (in solid red line) the major leak effect.

Figure 3. Consumption pattern for each DMA. The pattern for DMA C is depicted both with leakage (in dashed
red line) and without leakage (in solid red line).

The second update process focuses on boundary conditions through controls of PRV settings. This
is essential as PRV, although having a fixed service pressure value, often fluctuate around that
value. Furthermore, time-controlled actions are often associated with such devices (e.g., for
reduction of pressure during night hours) which must be accurately translated into the hydraulic
simulation model. In this study, controls are created for PRVs 2, 4, and 5 based on the available
measurements of PRV outlet pressure. Figure 4 exemplifies the update process of PRV 2, and its
effect on MP7 (which is located further downstream). The default setting for PRV 2 is 35 m, as can
be observed by the orange line. The value of 35 m may be adequate for the day period, as observed
by the proximity of the orange line to the dark blue line. However, it is not adequate for the night
period as these lines differ by approximately 10 m. Furthermore, the setup of PRV 2 directly
influences the MP7; by considering a fixed set point of 35 m in PRV 2, an almost static pressure
value of 110 m is observed in MP7 (in red line). By assigning the measured PRV 2 outlet pressure
values (in dark blue line) to controls in the hydraulic simulation model, it is possible to obtain
similar valve settings (as shown by the overlap of dark blue and dashed green lines). As a result,
simulated and real measurements in MP7 (in dashed grey and green lines) vary just slightly;
simulated pressures are in fact higher as a lower overall water consumption (since the leakage is
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not modelled) is used. Lastly, real and simulated measurements in the inlet of PRV 2 differ greatly.
Although modelling error might be present, the real pressure measurements values (around 80
m) are above the maximum possible value of 68 m (considering that the reservoir is located at
162 m of elevation, and the MP3 is located at 94 m). This indicates that a problem might exist with
this sensor (either lacking calibration or within the measurement system itself) which, effectively,
invalidates its usability.

Figure 4. Effect of updating PRV 2 (with values MP3 Out) in the MP7

Although two additional PRV can be found in the network (PRV 1 and 3), they are not easily
calibrated through the assignment of controls as no pressure sensor is placed downstream of
those valves. As such, the fixed setting is used as provided by the water utility.

3.4 Leaklocation

Leaklocation is carried out as described in 2.3 for the night period in each day of each period (with
a total number of 15 optimization runs). A specific hydraulic simulation model was prepared for
each day (as described in 3.3). Hydraulic simulations are carried out in EPANET [22] by using the
Water Network Tool for Resilience (WNTR) Python package [23]. The inverse problem is solved
using Genetic Algorithms [21] with Pymoo Python package [24]. In problem formulation, all nodes
of DMA C are considered as potential leak locations.

Three pressure sensors (MP2, MP4,and MP7) and two flowmeters (MP1 and MP3) are considered
in the analysis for period P1. Due to data availability, two pressure sensors (MP4 and MP7) and
two flowmeters (MP1 and MP3) are considered for the analysis in period P2. For period P3, a
single pressure sensor (MP7) and two flowmeters (MP1 and MP3) are used. Many of the
optimization problems lead to similar locations and, thus, from the total of 15 problems, only 3
distinct locations were obtained. Such locations are depicted in Figure 5 in blue circular markers
and are grouped in a specific zone in DMA C (more specifically near the outlet to DMA G).
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Figure 5. Obtained leak locations

Figure 6 depicts the simulated (after optimization) and real measurements for Monday, 13t
December 2021. Although the optimization is carried out only for the night period, the simulated
and real measurements are presented for the complete day. These results show that, after the
optimization, real and simulated flowrate measurements (in MP1 and MP3) overlap almost
perfectly. Pressure measurements (in MP4 and MP7) present small differences, most notably in
MP7 during the night period. Such differences may be associated with additional head loss effects
that are not considered in the analysis, for instance, unknown valve status, which induce local
head losses.

Figure 6. Comparison between simulated and real measurements after leakage location

By assessing the results of the three period, and based on the available sensors and data, it is
possible to conclude that the leak may be located at downstream the DMA C. Note that the number
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and location of pressure and flowrate sensors were established in order to monitor DMAs both in
terms of water consumption and pressure requirements and not for leak location. Although such
sensors can be used for leak location (as shown), their location is not optimized for that objective.
This is a reality in many Portuguese water utilities, as investment in sensors is carried out mainly
to monitor water consumption and inlet pressure of DMA. Ideally (and in addition to the already
installed sensors), an optimal number of pressure sensors should be established, for instance,
based on the analysis of the hypervolume indicator [25], and whose location is optimally defined
to carry out leak detection and location [26].

4 CONCLUSIONS

This paper presents the practical application of model-based methodology for leak detection and
location in a real WDN. The methodology is based on three main steps, namely: 1) identification
of the DMA with the highest leakage volume; 2) hydraulic simulation model update (specifically
water consumption and valve settings) and 3) leak location (by formulating and solving an inverse
problem).

The WDN is monitored through 14 (flowmeter and pressure) sensors installed in the inlet and
outlets of the seven DMA. Data are available over the period between the 1st of June 2020 and the
26t of December 2021. The methodology is applied 15 times, specifically to five weekdays in three
periods (August 2020, March 2021, and December 2021). Results from the first step indicate that,
regardless of the period being assessed, a leak with 4 m3/h does exist in DMA C. In the second
step, 15 hydraulic simulation models are developed by updating the real water consumptions
(occurring during that period) and by creating valve controls (based on the measured PRV outlet
pressure). Finally, 15 leakage locations are obtained in the third step by solving 15 optimization
problems. Obtained leak locations point to a specific zone in the DMA C and should be treated as
the starting point for the application of more precise leak location techniques in situ (e.g., acoustic
equipment).

This study also demonstrates the difficulties of implementing model-based techniques for leak
location in real-life contexts. Although large capital sums are already invested in network
monitoring of water consumption and service pressure by water utilities, the installed sensors are
often insufficient and non-optimally located. This is a reality in many Portuguese water utilities,
which require further investment in network monitoring so that automatic model-based
techniques for leak location can become a common practice in Portuguese water utilities.
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