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Abstract: Quantification of water losses (WL) in water distribution networks (WDNs) is a crucial task
towards the development of proper strategies to reduce them. Currently, WL estimation methods rely
on semi-empirical assumptions and different implementation strategies that increase the uncertainty
of the obtained estimates. In this work, we compare the effectiveness and robustness of two widely
applied WL estimation approaches found in the international literature: (a) the water balance, or
top-down, approach introduced by the International Water Association (IWA), and (b) the bottom-
up or minimum night flow (MNF) approach, based on a recently proposed probabilistic MNF
estimation method. In doing so, we use users’ consumption and flow-pressure data from the 4
largest pressure management areas (PMAs) of the WDN of the city of Patras (the third largest city in
Greece), which consist of more than 200 km of pipeline, cover the entire city center of Patras, and
serve approximately 58,000 consumers. The obtained results show that: (a) when MNF estimation
is done in a rigorous statistical setting from high resolution flow-pressure timeseries, and (b) there
is sufficient understanding of the consumption types and patterns during day and night hours, the
two approaches effectively converge, allowing for more reliable estimation of the individual WL
components. In addition, when high resolution flow-pressure timeseries are available at the inlets of
PMAs, the suggested version of the bottom-up approach with probabilistic estimation of MNF should
be preferred as less sensitive, while allowing for confidence interval estimation of the individual
components of water losses and development of proper strategies to reduce them.

Keywords: water losses; water balance; minimum night flow; water distribution networks; real
losses; leakage

1. Introduction

All water distribution networks (WDNSs), regardless of their age and construction
materials, exhibit water losses (WL). The latter are defined as the difference between the
total volume of water entering a WDN in a given period of time (system input volume,
SIV), and the authorized consumption (AC), and are divided into apparent and real losses.
Apparent losses (AL) occur due to unauthorized consumption (UC) by illegal connections
on the main WDN, metering errors at the inlets of district metered areas (DMAs) or pressure
management areas (PMAs), and incorrect estimates of billed users’ consumptions. Real
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losses (RL) correspond to the lost water due to leakage through the pipeline connections,
pipe cracks or breaks, as well as overflows in tanks and pressure wells [1,2].

Real losses (RL) are the result of all inherent (e.g., material type and properties, pipe
diameters, external pipeline protection, age of the pipeline grid), functional (e.g., corrosion
rate, internal pressures, external stresses, etc.) and environmental (e.g., temperature, soil
erosivity, infiltration rate) factors, which affect the network from its construction and
throughout its operation [3—-6]. The RL volume varies between countries and WDN:S,
depending mainly on the condition of the network and the maintenance and monitoring
capabilities of water authorities [7]. In cases of outdated and poorly maintained WDNSs,
RL can reach up to 70-80% of the SIV [8,9], while in some well-maintained and monitored
networks, only 7% of the SIV is lost [10]. Worldwide, the non-revenue water (NRW) volume,
resulting as the sum of water losses (WL) and unbilled authorized consumption (UAC), is
estimated to be on the order of 126 billion cubic meters per year, conservatively valued at
USD 39 billion annually [11].

Water losses undermine WDNSs’ financial viability, as the lost water (which remains
unbilled) results in the reduction of the net revenue while increasing the overall oper-
ational cost of the water supply agency [4,9,12-14]. Moreover, extensive leakages may
lead to significant water quality degradation, due to undesired inflows in the case of low
pressures [15,16].

Elimination of WL, apart from being not technically possible due to their nature [2,17],
is also not cost-effective due to diminishing returns (i.e., the more the investment on
WL reduction, the less the additional benefits [18-21]. Therefore, water supply agencies
seek to determine the economic level of WL, below which any further investment is not
cost-effective [22-25].

To effectively reduce WL, water agencies should first estimate them and quantify
their components (i.e., RL and AL, see [26,27]). The three most common methods for WL
estimation are: the water balance or top-down approach [1], the bursts and background
estimates (BABE) approach (also referred to as component analysis [28]), and the minimum
night flow (MNF) or bottom-up approach [29-32].

The water balance approach, which was introduced by the International Water Associ-
ation (IWA [1,2]) assumes that the difference between the SIV and the legitimate authorized
consumption (i.e., the sum of the billed authorized consumption and the unbilled autho-
rized consumption) equals WL. The component of AL is estimated as a percentage of the
billed consumption, based on the consumers’ characteristics of each WDN [33-35], and is
subtracted from the total volume of WL in order to estimate the RL. In an effort to improve
the WL estimates produced by the water balance approach, AL-Washali et al. [36] extended
the water budget analysis to include also waste water fluxes, under the assumption that
there are no leakages at the sewer system and all AL reach the waste water treatment facility.
Evidently, the AL-Washali et al. [36] approach is not applicable in regions with combined
sewer networks (as is the case of the city of Patras, our study area), as a large portion of the
flow measured at the inlet of the waste water treatment plant originates from rainwater
and groundwater discharge.

The bursts and background estimates (BABE) approach is used to estimate the RL
components (burst losses and background losses), which are quantified in a semi-empirical
context [28]. In a later study, Lambert et al. [37] proposed that the largest portion of the
RL volume is avoidable, and the remaining part can be assessed using the unavoidable
annual real losses (UARL) factor [38], which is defined as the lowest achievable RL for
a specific pressure in a well-managed WDN. The application of BABE method requires
identification of all repaired bursts (reported or unreported) in the WDN, as well as the
time period between their detection and eventual repair [39].

The minimum night flow (MNF) method, which is the most popular approach for
RL estimation in WDNS, is commonly applied in district metered areas (DMAs, hydraulic
isolated areas/zones of a WDN, see [40]) or pressure management areas (PMAs, i.e., DMAs
where pressure management is applied) under the assumption that human activity during
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the late night and early morning hours is minimal [5,41]. Therefore, MNF estimates
can be considered representative of background losses, defined as the sum of small and
possibly undetectable leaks, the localization and repair of which is deemed economically
unprofitable [42], unless the water loss is gradually increased to the point where it is
possible to detect and repair them in a cost-effective setting [43,44].

An important issue in MNF estimation from flow timeseries, is that there are no
rigorous methodological specifications for its implementation. For example, depending
on the application and the networks” monitoring characteristics, extraction of night flow
minima may start (end) at different night (morning) hours, usually ignoring the resolution
of the data and the seasonality of the consumption [5,31,45-53]. To bridge this gap, in
a recent study, Serafeim et al. [42] developed two conceptually different probabilistic
approaches for MNF estimation, which are based on statistical metrics, and are suited to
minimize noise effects, allowing for more accurate representation of the low flows during
night hours, as well as confidence interval estimation of the observed MNFs, making them
more suitable for practical applications.

The purpose of this work is to compare the effectiveness and robustness of WL
estimation approaches found in the international literature, based on a large-scale, real-
world application in selected PMAs of the WDN of the city of Patras, the third largest
city in Greece. Since there are no available burst records for the WDN of the city of
Patras (required for effective application of BABE method) and, also, its sewer network is
combined, comparison is limited to: (a) the water balance or top-down approach introduced
by IWA, and (b) the bottom-up approach based on MNF estimates obtained by applying
the probabilistic approach for MNF estimation by Serafeim et al. [42].

The rest of the manuscript is organized as follows: Section 2 provides important
information about the area of application and the available data. The applied methodologies
are briefly outlined in Section 3, while important comparative results are presented and
discussed in Section 4. Conclusions and future research directions are summarized in
Section 5.

2. Data

In the analysis that follows, we use consumption (billed and unbilled) and flow-
pressure data, which have been collected from the 4 largest pressure management areas
(PMAs, namely Boud, Kentro, Panahaiki and Prosfygika, see Figure 1) of the city of Patras
in western Greece, with continuous supply.

The selected PMAs consist of more than 200 km of pipeline (mainly HDPE and PVC
pipes), cover the entire city center of Patras, and serve approximately 58,000 consumers
(based on data from the Hellenic Statistical Authority and the Municipality of Patras),
which correspond to more than 44,000 active hydrometers (see Table 1). The 4 PMAs have
uniform characteristics regarding population and building densities, land uses (which are
mostly commercial and residential) and topography, as they lie along the coastline of the
gulf of Patras, with minimal altitude differences.

The 4 selected PMAs are part of the “Integrated System for Pressure Management,
Remote Operation and Leakage Control of the Water Distribution Network of the City of
Patras”, which is the largest smart water network (SWN) in Greece, with the Municipal
Enterprise of Water Supply and Sewerage of the City of Patras (DEYAP) acting as the
competent Authority for its operation and management [54,55].

Users’ consumption and flow-pressure data, for each of the 4 PMAs, were acquired by
DEYAP, during the 4-month long period from 1 November 2018 to 28 February 2019 (i.e.,
119 days), which corresponds to the low-consumption period of the year (i.e., in the case of
Greece, this period corresponds to the months from November to February [55-57]). It is
important to note that all 4 PMAs did not exhibit any prolonged periods of malfunctioning
and/or pressure regulation issues. Data were, first, quality assessed in order to remove any
errors related to data transmission system malfunctions (i.e., communication glitches of the
3G transmission system [42]).
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Figure 1. Map indicating the locations of the 4 largest PMAs of the City of Patras in western Greece.

Table 1. Name, total area, length of the pipeline grid, population and number of authorized active
hydrometers of the 4 largest pressure management areas (PMAs) of the city of Patras shown in

Figure 1.
PMA Number 2 Pipeline Length .
and Name Area (m?) (m) Population Hydrometers
(1) Boud 952,568 44,954 15,362 10,586

(2) Kentro 1,206,867 62,174 13,992 16,454
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Table 1. Cont.
PMA Number 2 Pipeline Length .
and Name Area (m?) (m) Population Hydrometers
(3) Panachaiki 1,184,262 51,703 18,003 11,983
(4) Prosfygika 801,557 43,246 10,657 5206

3. Methodology

In the next two subsections, we briefly describe the water balance (or top-down) ap-
proach introduced by IWA, and the bottom-up approach based on MNF estimates obtained
by applying the probabilistic approach of Serafeim et al. [42], in order to estimate the water
losses (WL) in WDNs and their decomposition into real losses (RL) and apparent losses
(AL). A detailed review regarding the steps of the top-down and bottom-up approaches is
presented in AL-Washali et al. [40].

3.1. Water Balance (Top-Down) Approach

The International Water Association, through its Water Loss Task Force, established
the concept and developed the necessary methodology to calculate water balances in
WDN:s [30], which can be applied at both WDN (system-wide [41]) and DMA scales. In
order to apply the method, the total system input volume (SIV) should be determined, as
well as the authorized consumption (AC), which can be billed or unbilled. It should be
noted that the billed authorized consumption (BAC) is the consumption of water by legal
users/consumers (also referred to as revenue water, RW), which is billed for the financial
benefit of the water agency and can be metered or non-metered. The latter is calculated
using mean consumption volumes, which are estimated based on the nature and specific
characteristics of each consumer. Billed authorized consumption includes, also, water sold
in areas outside the WDN.

The WL volume is estimated by subtracting the unbilled authorized consumption
(UAC, metered or unmetered) from the non-revenue water (NRW) (see Equation (1)), with
the latter being calculated by subtracting the billed authorized conception (BAC) from the
system input volume (SIV) (see Equation (2)).

WL = NRW — UAC 1)

NRW = SIV — BAC @)

As WL corresponds to the sum of real losses (RL) and actual losses (AL):
WL =RL + AL ®)

In order to estimate RL from Equation (3), one needs to first quantify the AL volume
through its components (i.e., unauthorized consumption (UC), systematic metering errors,
and inaccurate estimates of billed users’ consumptions) using semi-empirical estimates met
in the international literature [34].

For example, in high-income countries, the UC volume is commonly assumed to be
on the order of 0.1% [34] or 0.25% [33] of the SIV. In low-income countries, however, the
corresponding UC estimates are higher, on the order of 10% of the BAC [35] or 10% of
the NRW [58]. Systematic metering errors at the inlets of PMAs and/or DMAs should be
estimated using flow tests under the meters” manufacturers’ guidance [59,60]. Inaccurate
estimates of billed users’ consumptions can be identified using historical flow timeseries
and the corresponding billing data.

In summary, the assessment of AL is conducted by the water agencies, based on
their experience and the technical specifications of the data recording and transmission
systems. Figure 2 below presents a schematic illustration of the water balance components
considered in WDNs as proposed by IWA [1].
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Figure 2. Water balance components as introduced by the International Water Association (IWA).

3.2. Minimum Night Flow (Bottom-Up) Approach

Based on the concept that human activity is minimal during late night and early
morning hours, the minimum night flow (MNF) method uses flow data at the inlet of a
DMA (or PMA) to estimate flow minima, which can be considered representative of the
background losses. In cases of intermittent supply WDNSs, the minimum flow can occur at
any time of the day, but most likely during morning hours [41].

As noted in the Introduction, most MNF estimation approaches are based on extrac-
tion of flow minima observed during night hours and ensemble averaging of the results.
In a recent study, Serafeim et al. [42] developed two probabilistic approaches for MNF
estimation based on statistical metrics, which produce robust estimates based on average
night flow conditions during the low-consumption period of the year. In the first approach,
a proper scale for temporal averaging of night flows is identified and used to filter out noise
effects in the obtained MNF estimates. The second approach is more intuitive, estimating
MNF as the ensemble mean of the lowest modal values (i.e., the most probable states of
night flows) observed during the night hours of each day in the low-consumption period
of the year. Since the second method is simpler to apply and both Serafeim et al. [42]
approaches lead to very similar results, in what follows, we use the second approach for
MNF estimation.

To illustrate the adopted MINF estimation method, Figure 3a shows the 1-min resolu-
tion timeseries of flow measurements in PMA “Kentro” on 6 December 2018, within the
time frame from 00:00 am to 06:00 am, and Figure 3b presents its corresponding empirical
probability density function (ePDF).

One clearly sees that the empirical distribution is characterized by three distinct
Regions: Region A spans from 00:00 am to 01:05 am (late night; see Figure 3a), Region B
is composed by flow values observed between 01:05 am—03:50 am (late night) and 05:45
am-06:00 am (early morning), and Region C includes the low flows during the night
hours from 03:50 am to 05:45 am. We observe that the lowest modal value (i.e., the lowest
most frequent value) of the distribution is observed in Region C, and can be considered
representative of the MNE, as the latter is linked to the most probable low-consumption
state of the DMA during night hours, when human activity is minimal. For more details
regarding the MNF estimation method, the reader is referred to Serafeim et al. [42].

After estimating the MNF for a selected PMA or DMA, one needs to decompose it to
net night flow (NNF, which equals the leakage rate during night hours [61]), and users’
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night consumption (UNC, which can be both authorized and unauthorized), through the
balance equation:
NNF = MNF — UNC 4)

UNC can be estimated based on the assumption that approximately 6% of the domestic
population is active during the night hours, with consumption equal to 10 L of water per
capita [62]. For non-domestic consumers, the exact night consumption is metered on site.

100 T T T T T
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Figure 3. Illustration of the three distinct regions characterizing the flow measurements in PMA
“Kentro” on 6 December 2018, within the time frame from 00:00 a.m. to 06:00 a.m.: (a) 1-minute
resolution timeseries, and (b) Their corresponding empirical probability density function (ePDF); see
main text for details.
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Since NNF corresponds to the leakage rate during night hours when pressures in the
network are generally lower (due to pressure management), to obtain the real losses (RL)
occurring during both night and day hours, the NNF should be multiplied by the night-day
factor (NDF [63]):

P N
RL =NNF x NDF, NDF =Y ( 5 > ()
B MNF

where RL is in m®, NNF is in m®/h, P; is the mean pressure during each hour i of the day,
Pyviny denotes the mean night pressure during the period of MNF estimation, and Nj is
the so called leakage exponent taking values from 0.5 for rigid (i.e., steel, cast iron, plain
concrete, reinforced concrete, vitrified clay, and asbestos cement) pipes, to 1.5 for flexible
(PE, PVC, HDPE, EFRP, etc.) pipes [34,63-65], with average value on the order of 1.15 [63,64].

In the next section, we compare the results obtained by applying the water balance
or top-down approach presented in Section 3.1, and the bottom-up approach based on
Serafeim et al. [42] MNF estimation method presented in Section 3.2, to the 4 largest PMAs
of the city of Patras in western Greece (i.e., Boud, Kentro, Panahaiki and Prosfygika; see
Figure 1 and Table 1). In doing so, we utilize users’ consumption and flow-pressure data
during the 4-month long low consumption period from 1 November 2018 to 28 February
2019 (i.e., 119 days; see Section 2).

4. Application and Results
4.1. Water Balance (Top-Down) Approach

Table 2 summarizes the components of the water balance approach for the 4 PMAs
of Patras WDN, obtained by applying Equations (1)—(3) to flow timeseries and users’
consumption data provided by DEYAP.

Table 2. Components of the water balance (or top-down) approach for the 4 PMAs of the WDN of the
city of Patras, for the period from 1 November 2018 to 28 February 2019 (i.e., 119 days): SIV (system
input volume), BAC (billed authorized consumption), NRW (non-revenue water), UAC (unbilled
authorized consumption), WL (water losses), AL (apparent losses), RL (real losses). PMA locations
are illustrated in Figure 1.

PMA Number SIV R NRW UAC WL AL RL
and Name (m%) BAC (m*) (m?) (m?) (m?) (m?) (m?)

(1) Boud 638,400 344,379 204020 63840 230,180 34438 195742

(2) Kentro 467,134 154,056 313,078 46713 266365 15406 250,959

(3) Panachaiki 1210274 457,614 752,660 121,027 631,632 45761 585871

(4) Prosfygika 555,293 262,232 293062 55529 237532 26223 211309

The unbilled authorized consumption (UAC) has been set to 10% of the system input
volume (SIV), while apparent losses (AL) have been set to 10% of the billed authorized con-
sumption (BAC), similar to cases of low-income countries [35,58,66]. The aforementioned
percentages have emerged from additional studies conducted by DEYAP in the recent past
and are considered representative of the entire city center of Patras. The AL component
originates mostly from unauthorized consumption (UC) and inaccurate estimation of billed
users’ consumptions, as metering errors at the inlets of the 4 selected PMAs, which belong
to “Integrated System for Pressure Management, Remote Operation and Leakage Control
of the Water Distribution Network of the City of Patras” (see Section 2), can be considered
negligible.

To further investigate the water balance equilibrium, Figure 4 illustrates the alloca-
tion of the system input volume (SIV) into revenue water (RW, also referred to as billed
authorized consumption, BAC) and non-revenue water (NRW) and their sub-components.
NRW consists of the unbilled authorized consumption (UAC) and the water losses (WL)
component, with the latter being equal to the sum of apparent losses (AL) and real losses



Water 2022, 14, 98 9 of 15

(RL). One sees that with the exception of PMA 3 (Panachaiki, see Figure 4c), most of the
water entering PMAs 1 (Boud, see Figure 4a), 2 (Kentro, See Figure 4b) and 4 (Prosfygika,
see Figure 4d) remains unbilled (NRW, 53%, 62% and 67%, respectively), with real losses
(RL) constituting its largest portion (38%, 48% and 54%, respectively), most probably due
to excessive leakages and background losses.

4%

Figure 4. Water balance analysis components in PMAs: (a) Boud, (b) Kentro, (c) Panachaiki and
(d) Prosfygika, as obtained by applying the IWA top-down approach. PMA locations are illustrated
in Figure 1.

4.2. Minimum Night Flow (Bottom-Up) Approach

Table 3 shows the mean values, standard deviations and 95%-confidence intervals of
the MNF estimates for the 4 selected PMAs of Patras WDN, obtained using the Serafeim
et al. [42] approach, and Table 4 presents the 95%-confidence intervals of the components
of the bottom-up (or minimum night flow) approach (i.e., UNC, users’ night consumption;
NNF, net night flow; NDF, night-day factor; RL, real losses) using the 95%-confidence
intervals in Table 3 and Equations (4) and (5).
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Table 3. Statistics of the minimum night flow (MNF) estimates obtained by applying Serafeim et al.
[42] approach to the 4 PMAs of Patras WDN. p\NF and oy NE denote the ensemble mean and standard
deviation of the individual MNF estimates obtained in different days of the low-consumption period
from 1 November 2018 to 28 February 2019. PMA locations are illustrated in Figure 1.

95% Confidence Intervals

PMA Number HMNF O MNF (L/s)
and Name (L/s) (L/s)
Lower Limit Upper Limit
(1) Boud 26.68 0.55 26.58 26.78
(2) Kentro 69.85 3.91 69.15 70.55
(3) Panachaiki 18.81 2.24 18.41 19.21
(4) Prosfygika 27.80 1.27 27.57 28.03

Table 4. Components of the minimum night flow (or bottom-up) approach for the 4 PMAs of the
WDN of the city of Patras, using the 95%-confidence limits in Table 3. UNC, NNF, NDF and RL
indicate the users’ night consumption, net night flow, night-day factor and real losses, respectively.
The calculated volumes correspond to the period from 1 November 2018 to 28 February 2019 (i.e.,
119 days). PMA locations are illustrated in Figure 1.

PMA Number MNF 95% UNC Lower NNF Lower RL Lower
umbe Lower [Upper] [Upper] Limit [Upper] Limit NDF [Upper] Limit
and Name PP PP PP
Limit (L/5) (Lis) (Lis) m

227,905
(1) Boud 2658[26.78]  4414[4444]  2218[2234] 24.00 o 55
(2) Kentro 69.15(70.55]  2113[2155]  48.02[49.00] 27.24 o oa8]
(3) Panachaiki ~ 1841[19.21]  0500[0500]  17.91[1871] 24.12 199.994]
: 272,817
(4)Prosfygika ~ 2757[2803]  4432[4500]  23.14[2353] 2752 e

The domestic component of UNC has been estimated using the Hamilton and McKen-
zie [62] assumption (see Section 3.2), while the non-domestic one has been estimated by
DEYAP to be on the order of 15% of the MNF for PMAs 1 and 4 (Boud and Prosfygika,
respectively), and 30% for PMA 2 (Kentro, which corresponds to the city center with pro-
nounced night activity; i.e., mostly dining areas, bars and night clubs). PMA 3 (Panachaiki)
is entirely residential, not exhibiting any non-domestic night consumption.

The night-day factors (NDFs) in Table 4 have been obtained by applying Equation (5)
for N1 = 1.15, using the hourly means of the pressure set points acquired from the 1-min
resolution timeseries during the 4-month low consumption period (see Section 3.2). Table 5
summarizes the average (over the whole period of MNF estimation) pressure set points
during the night (i.e., 00:00 a.m.—6:00 a.m.) and day (i.e., 06:00 a.m.—00:00 a.m.) hours,
where one sees that irrespective of the PMA considered, the differences in the applied
pressures between day and night hours are minimal.

Table 5. Average (over the whole period of MNF estimation, i.e., from 1 November 2018 to
28 February 2019) pressure set points during day (Ps 4, 06:00 a.m.-00:00 a.m.) and night (Psy,
00:00 a.m.—06:00 a.m.) hours. PMA locations are illustrated in Figure 1.

PMA Number and Name P, ; (atm) P, (atm)
(1) Boud 2.30 2.30
(2) Kentro 3.06 3.54
(3) Panachaiki 6.87 6.91

(4) Prosfygika 3.39 3.96
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4.3. Comparison between Approaches

Table 6 summarizes the RL estimates obtained using the water balance (top-down)
and minimum night flow (bottom-up) approaches, expressed as fractions of the SIV. One
sees that the two approaches lead to very similar results, with absolute relative differences
lower than 10% for all 4 PMAs (7.28%—7.99%, 2.30%—4.39%, 1.25%-5.77% and 8.01%-9.54%
for PMAs Boud, Kentro, Panachaiki and Prosfygika, respectively). The aforementioned
finding indicates that: (a) when the network’s specific characteristics are known and there
is sufficient understanding of the consumption types and patterns during day and night
hours, and (b) MNF estimation is done in a rigorous statistical setting from high resolution
flow-pressure timeseries, the top-down (water balance) and bottom-up (MNF) approaches
effectively converge, allowing for more reliable estimation of the individual components of
water losses and identification of proper strategies to reduce them.

Table 6. Estimates of real losses (RL) obtained using the water balance (WB) and MNF approaches,
expressed as fractions of the system input volume (SIV). PMA locations are illustrated in Figure 1.

Absolute
PMA Number WB RL MNERL Low  MNF RL Upper Relative
o Limit Limit .
and Name (%) o o Difference
(%) (%) °
(%)

(1) Boud 38.05 41.04 41.36 7.28-7.99
(2) Kentro 48.41 46.37 47.32 2.30-4.39
(3) Panachaiki 30.66 28.99 30.28 1.25-5.77
(4) Prosfygika 53.72 58.40 59.39 8.01-9.54

5. Conclusions

Estimation of water losses (WL) is a crucial task for all water agencies, as they under-
mine the WDNs’ financial and environmental viability. The most common WL estimation
methods are the IWA’s water balance (or top-down) approach, the bursts and background
estimates (BABE, or component analysis) approach, and the minimum night flow (MNE, or
bottom-up) approach. While widely applied, the aforementioned WL estimation methods
are not limitation-free. For example, IWA’s top-down approach relies on semi-empirical
assumptions for the estimation of both unbilled authorized consumption (UAC) and appar-
ent losses (AL), with high levels of uncertainty that may create inaccuracies on the order of
200% [41]. On the other hand, the bottom-up approach is affected by MNF estimation un-
certainties originating mostly from the quality and resolution of the available flow-pressure
timeseries, the estimation method applied to extract flow minima (see Introduction), as
well as the representativeness of the assumed users’ night consumption (UNC).

In an effort to improve the accuracy and robustness of the bottom-up approach, Ser-
afeim et al. [42] developed a probabilistic framework for MNF estimation in WDNSs, based
on statistical metrics, that filters out noise effects, estimating MNF as the average flow of the
most probable states during the night hours of the low-consumption period of the year. The
strong point of the developed approach for MNF estimation, is that it is easily applicable
while allowing for both point and confidence interval estimation of the average MNF and,
consequently, of all components of the bottom-up approach (i.e., users’ night consumption,
UNC, net night flow, NNF, and real losses, RL). The application of the water balance (or
top-down) and bottom-up (with Serafeim et al. [42], probabilistic MNF estimation proce-
dure) approaches to the 4 largest and most studied (by the competent authority, DEYAP)
PMAs of the WDN of the city of Patras, showed that: (a) when MNF estimation is done in a
rigorous statistical setting from high resolution flow-pressure timeseries (with regard to the
bottom-up approach), and (b) there is sufficient understanding of the consumption types
and patterns during day and night hours (with regard to the water balance, or top-down
approach), the two approaches effectively converge, allowing for more reliable estimation
of the individual components of water losses.
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Under this setting, when high resolution flow-pressure timeseries are available at
the inlets of PMAs, the suggested version of the bottom-up approach with probabilistic
estimation of MNF should be preferred as less sensitive, not requiring semi-empirical
assumptions for both the unbilled authorized consumption (UAC) and the apparent losses
(AL), while allowing for confidence interval estimation of the individual components of
water losses and development of proper strategies by the competent authorities in order to
reduce them. In the case of intermittent water supply systems, such as those implemented
in several developing regions, MNF estimation is still applicable, but in this case, the
analysis should not be limited solely to night hours, but be extended so that it encompasses
the entire daily water supply schedule. Future communications will focus on advancing
the developed framework to allow for parameterization of WL components as a function
of PMA specific characteristics (i.e., pipe diameters, length of the pipeline grid, operating
pressures, etc.).
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Abbreviations
AC Authorized Consumption
AL Apparent Losses

BABE Bursts and Background Estimates

BAC Billed Authorized Consumption

DEYAP Municipal Enterprise of Water Supply and Sewerage of the City of Patras
DMA District Metered Area

ePDF empirical Probability Density Function

FRP Fiber-Reinforced Polymer
HDPE  High Density Polyethylene
WA International Water Association
MNF Minimum Night Flow

Ny Leakage exponent

NDF Night-Day Factor

NNF Net Night Flow

NRW Non-Revenue Water

PDF Probability Density Function

PE Polyethylene

P; Mean pressure during each hour i of the day
PMA Pressure Management Area
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Pyne Mean night pressure during the MNF estimation period

Ps 4 Pressure set point during day
Ps Pressure set point during night
PVC Polyvinyl Chloride

RL Real Losses

RW Revenue Water

SIvV System Input Volume

SWN Smart Water Network

UAC Unbilled Authorized Consumption

UARL Unavoidable Annual Real Losses

ucC Unauthorized Consumption

UNC  Users’ Night Consumption

WB Water Balance

WDN  Water Distribution Network

WL Water Losses

UMN Ensemble mean of the individual MNF estimates
oMNE  Standard deviation of the individual MNF estimates
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