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A B S T R A C T

Reducing all water loss components to zero is neither technically possible nor economically viable. The water
loss components should be accurately assessed and prioritised for a reduction. This paper investigates all
methods that break down the water losses in distribution networks into apparent and real losses. Their ac-
curacies and uncertainties are discussed and applications to three case studies in developing countries are
presented. The results show that different methods estimate the water loss components differently.
Consequently, different reduction measures are planned and prioritised. Interestingly, the least accurate methods
have a low level of uncertainty, but more realistic assumptions yield higher uncertainties. This suggests that the
uncertainty analysis only assists in improving the outputs of each of the methods but does not demonstrate their
accuracy. The cost of water loss varies depending on the used assessment method and the economic feasibility of
the reduction measures is significantly influenced. The water loss components should therefore be assessed for
the whole network using at least two methods to reasonably model and monitor the loss reduction in water
distribution networks.

1. Introduction

The access to water is crucial for life, prosperity, and all human
activities (Dighade et al., 2014). Water resources must be used effec-
tively to meet the demand of the ever-growing population, considering
the limited and dwindling water availability (Connor et al., 2017).
However, supplying safe water while preserving water resources is a
difficult task because a significant portion of the supplied water does
not reach its intended users but is lost on the way as leakage or is stolen
from the distribution networks. The major amount of leakage is
avoidable; however, a certain portion of leakage is unavoidable, even in
new and well-managed water distribution networks (Lambert et al.,
1999, 2014). Leakage keeps increasing unless it is controlled. Reducing
the leakage is like walking down a rising escalator; it should be faster
and more effective than the natural rise of leakage (European
Commission, 2015; Lambert and Fantozzi, 2005; Lambert and Lalonde,
2005). The annual water loss (WL) volume worldwide is substantial; it
has been estimated to be 126 billion cubic metres, which costs about 39
billion USD annually (Liemberger and Wyatt, 2018). The WL is either

leakage or real loss (RL) occurring in pipes, storage reservoirs, and
customer connections or apparent loss (AL) occurring due to customer
meter underregistration, errors in data handling and billing, or un-
authorised use (Lambert and Hirner, 2000). The sum of the volume of
WL and the volume of unbilled authorised consumption (UAC), which is
the authorised use that has no revenue, such as water used for fire-
fighting or network cleaning, is called non-revenue water (NRW). The
WL causes water waste, the technical instability of the network com-
ponents, water quality deterioration, inequities in the water distribu-
tion, increasing operation and maintenance costs, and loss of revenues
that are necessary for sustaining and expanding the access to water.

Reducing all WL components to zero is neither technically possible
(Lambert et al., 2014) nor economically feasible because the greater the
level of the resources employed is, the lower are the additional mar-
ginal benefits (Ashton and Hope, 2001; Kanakoudis et al., 2012;
Pearson and Trow, 2005). After a certain WL level, that is, the economic
level of WL, any further investment does not result in cost-effective
water savings, excluding the environmental costs and impacts of water
abstraction (Ashton and Hope, 2001; Molinos-Senante et al., 2016). To
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effectively and efficiently minimise the WL, the WL should be diag-
nosed, its components and subcomponents should be assessed, and their
reduction should be prioritised (Kanakoudis and Tsitsifli, 2014;
Mutikanga et al., 2012; Puust et al., 2010). However, thorough methods
for WL assessment were not available two decades ago (Liemberger and
Farley, 2004). Later, significant advancements were made due to the
development of new concepts and methods for WL management
(Mutikanga, 2012; Vermersch and Rizzo, 2008). The components of WL
(RL and AL) can be assessed using the common top-down water audit
methodology (AWWA, 2016; Lambert and Hirner, 2000) or, alter-
natively, by establishing a water and wastewater balance (AL-Washali
et al., 2018). Leakage can also be estimated using Minimum Night Flow
(MNF) analysis (Eugine, 2017; Farah and Shahrour, 2017; Farley and
Trow, 2003; Puust et al., 2010) or the component analysis of the
leakage (AL-Washali et al., 2016; AWWA, 2016; Lambert, 1994). Yet,
these methods use different approaches (and scales) to estimate the WL
components and thus different corrective measures are prioritised (AL-
Washali et al., 2019b) and different economic levels of leakage are
planned, contributing to less effective WL management. A detailed re-
view of three methods of water loss component assessment is presented
in the literature (AL-Washali et al., 2016). This paper, however, reviews
briefly and investigates four methods, developments, applications and
uncertainties of WL component assessment using three case studies in
developing countries: Zarqa, Jordan; Sana’a, Yemen; and Mwanza,
Tanzania. Subsequently, the sensitivity of the WL component assess-
ment for planning WL reduction and interventions, particularly leakage
reduction, is analysed. The results can be used to enhance the accuracy
of WL component assessments and facilitate more reasonable planning
and more effective WL management in water distribution networks,
especially with respect to intermittent supplies and developing coun-
tries.

2. Water loss component assessment methods

The magnitudes of WL components (RL and AL) can be analysed
using four methods. Table 1 summarises these methods and their ap-
proaches, which are further discussed in the following paragraphs.

2.1. Top-down water balance

In this method, first, the AL components are estimated and the RL
volume is then calculated from the volume of WL. After determining the
system input volume and billed consumption (BC), the NRW volume
can be calculated using Eq. (1). The WL volume is then calculated by
subtracting the UAC from the NRW volume [Eq. (2)]. The AL is then
estimated by investigating and/or assuming its subcomponents, that is,
the meter inaccuracies, data handling errors, and unauthorised con-
sumption (UC). The customer meter inaccuracies should be estimated
according to meter tests at different flow rates, representing typical
customer water use and meter guidance manuals (Arregui et al., 2007;
AWWA, 2016). The data handling errors can be estimated by exporting
and analysing historic billing data trends for a certain period (Farley
et al., 2008; Mutikanga et al., 2011). The unauthorised use should be
estimated via the utility’s experience with validated data. However,
estimating the individual components of the UC is a tedious task that
requires time and resources (AWWA, 2009). Therefore, assuming the
UC volume is a common practice. The UC is assumed to be 0.1% of the
supplied water (Lambert and Taylor, 2010; Vermersch et al., 2016) or
0.25% of the supplied water, as recommended by the AWWA (2009).
For developing countries, it is suggested to assume it as 10% of the
billed water or 10% of NRW as proposed by Mutikanga et al. (2011) and
Seago et al. (2004). Although these assumptions are closer to actual
cases in developing countries, they represent nothing but speculations
that are not very useful for monitoring the UC or improving the RL

Nomenclature

exfiltration–infiltration factor
unbilled authorised consumption factor
outdoor water use factor

δU/δ partial derivative of the variable U with respect to an in-
dependent parameter

ΔA uncertainties of the variable A
AL apparent loss (or commercial loss)
ALC active leakage control using leak detection surveys
BABE bursts and background estimates methodology
BC billed consumption
BMC billed metered consumption
BUC billed unmetered consumption
CI intervention cost
CMIs customer meter inaccuracies
CHK1 logical check=M1b – M4 = M3

CV variable cost
DHEs data handling errors
DMA district metered area
EIF economic intervention frequency based on the leakage

detection surveys
EP economic percentage of systems to be surveyed annually
M1a top-down water balance assuming the unauthorised con-

sumption to be 0.25% of the SIV
M1b top-down water balance assuming the unauthorised con-

sumption to be 10% of the BC
M2 water and wastewater balance method
M3 MNF analysis method
M4 BABE method
MNF minimum night flow

N1 leakage exponent
Np population with wastewater service
NDF night–day factor
NRW non-revenue water
PM pressure management
Pmin average pressure during the minimum night hour
Pi average pressure during the hours of the day
qcap per capita water consumption
qbc.min.mon volume of the billed consumption in the minimum month

of the year
QAL apparent losses (m3/yr)
Qbc billed consumption (m3/yr)
Qex volume of exfiltration (m3/yr)
Qind industrial and commercial wastewater discharge
Qinf volume of infiltration/inflow (m3/yr)
QLNF legitimate night flow (m3/h)
QMNF minimum night flow (m3/h)
QNNF net night flow (m3/h)
QRL daily rate of the real losses in the DMA (m3/h)
Qss supplementary supply through water tankers
Qww inflow to the WWTP (m3/yr)
RL real losses (or leakage)
RR rate of rise of the unreported leakage (m3/km mains/d/yr)
RT response time to repair leaks
SIV system input volume
UAC unbilled authorised consumption
UC unauthorised consumption
UMC unbilled metered authorised consumption
WL water loss
UUC unbilled unmetered authorised consumption
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estimation in developing countries (AL-Washali et al., 2016, 2018).
After the subcomponents of the AL are estimated and aggregated, the
RL volume can be calculated using Eq. (2). Subsequently, the interna-
tional water association (IWA) standard water balance can be estab-
lished. Based on this balance, the best-practice WL performance in-
dicators can be calculated for WL target monitoring and leakage
benchmarking (Alegre et al., 2016, 2000; Lambert and Hirner, 2000). In
addition, normalising the WL performance indicators is therefore ne-
cessary for setting targets and benchmarking (AL-Washali et al., 2019a;
Frauendorfer and Liemberger, 2010):

=NRW SIV BC (1)

= = +WL NRW UAC AL RL (2)

where NRW is the non-revenue water (m3/year), SIV is the system input
volume (m3/year), BC is the billed consumption, WL is the WL volume
(m3/year), UAC is the unbilled authorised consumption (m3/year), AL
is the apparent loss, and RL is the real loss.

2.2. Water and wastewater balance method

AL-Washali et al. (2018) suggested an approach for the assessment
of the NRW components by using the Apparent Loss Estimation (ALE)
equation [Eq. (3)]. The AL is estimated by establishing a water–-
wastewater mass balance, where it is assumed that the actual water
consumed by the users eventually enters the sewers and reaches the
wastewater treatment plant (WWTP). In contrast to the billing system
and BC, the flows in the sewers are not affected or reduced by customer
meter inaccuracies or data handling errors. The sewer flow represents
the actual consumption including the consumption through illegal
connections and bypasses. Hence, the AL volume can be determined by
analysing the WWTP inflow and the RL can be calculated. The ALE
equation [Eq. (3)] is used to estimate the AL with this method (AL-
Washali et al., 2018):

= + +Q Q Q( 1) ( 1)AL ww bc (3)

where QAL is the apparent loss (m3/year) if the assessment period is one
year; Qww is the inflow to the WWTP (m3/year); Qbc is the billed con-
sumption (m3/year); , , and are case-specific factors; is the ex-
filtration–infiltration factor (3%–10%), is the unbilled authorised
consumption factor (0.5%–1.5%); and is the outdoor water use factor
(4%–40%).

The factors , , and should be estimated, assumed or optimised
first; subsequently, the ALE equation can be used to estimate the AL
quantity. The sensitivities and uncertainties of these factors are ana-
lysed in AL-Washali et al. (2018). Factor can be assumed and then
verified using Eq. (4) based on which the exfiltration and infiltration to
the sewers can be calculated using the billing data and measured per
capita consumption:

= = × ÷ +Q Q N q Q Q(1 100)ex inf p cap ind ww (4)

where Qex is the exfiltration volume, Qinf is the infiltration/inflow vo-
lume, Np is the population with wastewater service, qcap is the per capita
water consumption, is the outdoor use percentage of the water con-
sumption, Qind is the industrial and commercial wastewater discharge,
and Qww is the WWTP inflow.

The UAC volume (e.g. firefighting, pipe flushing), that is, factor ,
can be estimated based on water utility data or using 0.5% of the billed
water or 1.25% of the SIV. The volume of the outdoor water use, factor
, can be calculated using Eq. (5) and monthly billing data:

=
×

×
Q q

Q
12

100bc bc min month

bc

. .

(5)

where is the outdoor water use percentage, Qbc is the annual volume
of the BC, and qbc min month. . is the volume of the BC in the minimum
consumption month of the year.Ta
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Finally, to apply this method, the volumes of the two main variables
Qww and Qbc should be adjusted to represent only customers with water
and wastewater services, that is, excluding those with only water or
only wastewater services as explained in AL-Washali et al. (2018). The
volume of the WWTP inflow should exclude the volumes of rainy days
throughout the year and should be substituted by the average dry
weather inflow. The AL rate per customer can then be calculated using
the ALE equation and can be generalised for all water customers.
Subsequently, the RL volume can be calculated from the total WL vo-
lume. One limitation of this method is the need of good WWTP inflow
measurements. In addition, it can only be applied when a centralised
sewer system is available for parts of or all customers. The sewer net-
works are also not available for many cities in developing countries as
they require bigger funds and resources than water supply networks.

2.3. Minimum night flow (MNF) analysis

Based on MNF analysis, the RL can be analysed in one or several
small and separated areas within the network. The AL can then be
calculated from the WL volume. After a district metered area (DMA) is
established (Deuerlein, 2008; Farley and Trow, 2003; Galdiero et al.,
2015; Kesavan and Chandrashekar, 1972; Morrison et al., 2007), a flow
meter and data logger are installed at the inlet of the DMA. Several
pressure gauges and data loggers are usually installed at several points
in the DMA to determine the pressures in the DMA. The MNF is the
lowest flow in the DMA over the whole 24 h of the day, which usually
occurs between 02:00 and 04:00 am when most of the customers are
usually inactive; the flow at this time is mainly leakage (Liemberger and
Farley, 2004; Puust et al., 2010). However, the situation differs for
intermittent supplies; the DMA should be supplied with water until all
customers are saturated and the elevated and ground tanks in the
network are completely full (AL-Washali et al., 2019b). In this case, the
MNF can occur at any time during the day but is anticipated in the early
morning, depending on the water use, whether it is directly from the
tank or through pumping to another elevated tank, as the system be-
comes continuous during the experiment. The leaks during the MNF
hour are then estimated after subtracting the possible legitimate night
consumption in the DMA using Eq. (6) (Farley and Trow, 2003;
Hamilton and McKenzie, 2014). However, Eq. (6) represents the
leakage rate of the MNF hour, which is higher than the leakage rate
during the other hours of the day, mainly because of the pressur-
e–leakage relationship (Lambert, 2019; Van Zyl and Cassa, 2014; Van
Zyl et al., 2017). To obtain the rate of the real losses during the day, the
leakage rate is adjusted using a pressure correction called night–day
factor (NDF), which can be calculated using Eq. (7) (Lambert et al.,
2017; Morrison et al., 2007). The pressures in the NDF should include
the pressure during the whole day and represent the normal actual si-
tuation in the DMA. Subsequently, the RL rate can be calculated using
Eq. (8) and the AL can then be obtained from the WL volume:

=Q Q QNNF MNF LNF (6)

=
=

NDF P
Pi

i

min

N

0

23 1

(7)

= ×Q Q NDFRL NNF (8)

where QNNF is the net night flow (m3/h), QMNF is the minimum night
flow (m3/h), QLNF is the legitimate night flow (m3/h), NDF is the
night–day factor, Pmin is the average pressure during the minimum night
hour, Pi is the average pressure during the day hours, N1 is the leakage
exponent that can be assumed to be 1 (May, 1994; McKenzie, 2003;
Morrison et al., 2007), and QRL is the daily rate of the RL in the DMA
(m3/h).

This method is limited to applications in DMAs and cannot be
generalised for the entire system or the whole year, unless there are
abundant field data and DMAs and the measurements are obtained

throughout the year. In all cases, this method is ‘data-hungry’ and less
cost-effective than other methods.

2.4. Component analysis of the leakage

The component analysis of the leakage, also known as the Burst and
Background Estimates (BABE), is originally an empirical model. Based
on the BABE concept, a certain part of the RL is analysed (Lambert,
1994). This method is more frequently used for the analysis of RL
‘subcomponents’ than as a WL component assessment method. Based on
this method, the RL consist of numerous leakage events, where the loss
volume of each event is a function of the flow rate and average runtime
for different types of leakages. The volume of an individual leak or burst
is calculated as the average flow rate multiplied by the duration of the
leak or burst. Based on this concept, part of the leakage is avoidable and
the rest is unavoidable. The avoidable leakage can be calculated using
the factors presented in Table 6.1 in Farley et al. (2008), at a pressure of
50m or in Lambert et al. (1999). The unavoidable leakage can be es-
timated using Eq. (9) or, alternatively, using the factors presented in
Table 2 in Lambert (2009). A correction factor called Infrastructure
Condition Factor (ICF=1–3) is then applied to the unavoidable back-
ground leakage to consider the differences between the conditions of
cases for which this model is developed to other cases, as discussed in
Fanner and Thornton (2005):

= + +UL L
N

L P18 0.80 0.025m

c
P avg

(9)

where UL is the unavoidable leakage volume (L/service connection ·
day), Lm is the length of the mains (km), Nc is the number of service
connections, LP is the total length of the house connection between the
edge of the street and customer meter, and Pavg is the average operating
pressure of the network (m).

Note that this method is unique because it is the only way to break
down real losses into subcomponents, understand the nature of the
leakage, and plan its reduction in a case-specific manner. However,
many assumptions of the model do not fit other distribution systems
such as the leakage detection policy and the quality of the construction
and pipe materials. This method is therefore susceptible to a significant
underestimation of the leakage volume.

3. Application of the methods

3.1. Description of the case study systems

3.1.1. Zarqa, Jordan
The Zarqa water supply system serves 160,000 customers, with an

average of 6.3 people per customer, that is, ∼1 million users. The water
source is a quantity allocated from the Disi water project, accounting
for 43% of the water supply, and the water abstracted from 99 wells
(57% of the water supply). The length of the mains in the network is
2447 km according to available GIS data. The supply network of Zarqa
is constructed of polyethylene, iron pipes (galvanised, ductile, and
cast), and steel pipes. The system is an almost fully pumped system
apart from small parts of the network, which are supplied either by
gravity or the combination of pumping and gravity. The network can be
divided into two main zones based on the operation: 1) Rusaifah di-
rectorate; and 2) Zarqa directorate, which is responsible for the whole
network, except for the Rusaifah zone. The Zarqa directorate is further
subdivided into five interlinked and multi-fed subzones. The supply
pattern in the Zarqa network is intermittent with an average supply of
36 h per week. The average NRW level for the period of 2006–2015 was
29.2 million cubic metre (MCM), accounting for 57% of the system
input volume (AL-Washali et al., 2019b).
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3.1.2. Sana’a, Yemen
The Sana’a water supply system serves 94,723 customers, with 16

people per customer, that is, ∼1.5 million users. The only water source
consists of 114 deep wells with depths reaching 1000m below ground.
The length of the network mains is 977 km according to available GIS
data. The mains are constructed of ductile iron, unplasticised polyvinyl
chloride, and asbestos-cement pipes with diameters ranging from 150
to 800mm. The submains and service connections are constructed from
galvanised iron and high-density polyethylene. The water supply in
Sana’a is a combined system including both pumped and gravity sup-
plies. Approximately 50% of the network is mainly pumped from the
headworks. The supply network can be geographically divided into six
administrative zones and 369 interlinked and multi-fed distribution
areas. The Sana’a water supply is intermittent and insufficient.
Typically, a customer receives water once a week, with an average
supply time of 4.4 h/d. If the supplied water is insufficient, customers
buy additional water from private water tankers (AL-Washali et al.,
2018). Based on obtained field data, the average NRW level in Sana’a
for the period of 2005–2015 was 7.1 MCM, accounting for 35% of the
system input volume.

3.1.3. Mwanza, Tanzania
The Mwanza water supply system serves 49,284 customers (as in

2015), with 15.5 people per customer, that is, ∼0.77 million users. The
main source of water is raw water from Lake Victoria with an elevation
difference of 74m. The length of the network mains is 870 km. The
submains are constructed from ductile and cast iron, polyvinyl chloride,
high-density polyethylene, and polyethylene pipes with diameters
ranging from 25 to 500mm. The water in Mwanza is almost continuous
pumped supply, with an average supply time of 22 h/d. The supply
network can be divided into five zones and several separated DMAs
among which few contain flow meters to measure the inflow to these
areas. Based on obtained field data, the average NRW level in Mwanza
for the period of 2009–2015 was 14.3 MCM, accounting for 48% of the
system input volume.

3.2. Application of the methods

3.2.1. Water balance
The top-down water balance method was applied in the three case

studies. For the Zarqa water supply system, the customer meter in-
accuracies were estimated by Zarqa water utility based on a lab bench
test for a sample of customer meters for different float-valve flows of the
tanks. The data handling errors were estimated by extensive audits of
the billing data of the water utility conducted by the authors. On the
other hand, two assumptions were made regarding the UC, that is,
0.25% of the system input volume (AWWA, 2009) and 10% of the billed
water (Mutikanga et al., 2011), which is close to other recommenda-
tions for developing countries (Seago et al., 2004; Wyatt, 2010). Based
on these two assumptions, two different AL volumes were estimated;
accordingly, two different RL volumes were calculated from the WL
volume.

Similarly, the customer meter inaccuracies for the Sana’a water
supply system were estimated by the authors based on a lab bench test
on 22 customer meters representing different types, ages (or registered
readings), and sizes. To have an insight on the field customer meter
accuracy, the sample of the meters should be tested under the field and
float-valve flows (AL-Washali et al., 2020). Measurements of the net-
work flows were obtained from the utility, and the flows of the float-
valve were experimented from its fully open status to the closure level,
with the network inflow. Based on Bernoulli's principle, in the fully
open status of the float-valve, the flow that passes the customer meter is
the network’s flow. When the float-valve started to partially closes, the
flow that passes the water meter is the flow of the float-valve. The
samples were collected from the field and tested under these flows re-
presenting the actual flows in the field. The meters’ accuracy was

estimated for different heights in the tank and different openings of the
float-valve, and accordingly the weighted meter accuracy was esti-
mated. The data handling errors were estimated using utility data based
on a sample audit conducted by the Sana’a water utility. Two as-
sumptions were made with respect to the UC, similar to Zarqa, and two
AL volumes were estimated. Accordingly, two RL volumes were cal-
culated. The same methodology was also applied for the Mwanza water
utility but based on a sample of 30 customer meters collected from the
field and tested for two flows programmed in the bench test equipment.

3.2.2. Water and wastewater balance
The water and wastewater balance method was applied in only two

cases, that is, for the Sana’a and Mwanza water supply systems. For
Zarqa, the WWTP inflow data were not accessible because the WWTP
was operated by the private sector. The application of the water and
wastewater balance method to the Sana’a water supply system is dis-
cussed in AL-Washali et al. (2018). Firstly, factors , , and for the
Sana’a water supply system were set to 5%, 0.8% and 5%, respectively.
These factors were set based on Eq. (4), Eq. (5), and the data obtained
from Sana’a water utility. Uncertainties and sensitivities of these factors
are discussed in AL-Washali et al. (2018). Because the Sana’a water
utility provides insufficient water to its customers, the supplementary
supply through water tankers (Qss) was added to the balance and the AL
was then estimated using the ALE equation, as presented in Eq. (10)
(AL-Washali et al., 2018).

=Q Q Q Q1.05 0.96 0.95AL Sana a ww bc ss (10)

The AL volume calculated using Eq. (10) only accounts for custo-
mers with both water and wastewater services. The AL rate per cus-
tomer was calculated and then generalised for all water customers to
obtain the total AL volume for the whole network. Subsequently, the RL
volume was calculated from the total WL volume. Similarly, factor for
the Mwanza water supply system was assumed to be 7%; the low sen-
sitivity of assuming this factor is discussed in AL-Washali et al. (2018).
Factor was estimated to be 0.63% based on utility data audits and
factor was calculated to be 9% using Eq. (5). Accordingly, the AL in
Mwanza was estimated using the ALE equation, as shown in Eq. (11),
and available data for only four months and for customers with both
water and wastewater services. The AL rate per customer was calcu-
lated and generalised for all water customers. The RL volume was then
calculated from the WL volume.

=Q Q Q1.07 0.92 ,AL Mwanza ww bc (11)

3.2.3. Minimum night flow analysis
The MNF analysis was only applied in two cases: Zarqa and

Mwanza. The application of the MNF method for the Sana’a water
supply system was impossible because of the failure in completely se-
parating a DMA and because the supplied water is not sufficient to
reach the saturation condition, where all ground tanks in the DMA are
completely full and the DMA becomes a continuous pressurised system
during the test. For the Zarqa water supply system, the authors estab-
lished a temporary DMA in the AL-Hashimia zone, which contains 1028
customers that are linked to the network via 978 service connections
(AL-Washali et al., 2019b). For the measurement, an isolation valve,
mechanical flow meter, and four pressure loggers were installed in the
DMA and water was continuously supplied for five consecutive days
from 08:00 am on 2 January 2015 to 8:00 am on 7 January 2016. It is
believed that the DMA was saturated for at least one full day. There are
no commercial, agricultural, or industrial activities in the zone; there-
fore, the legitimate night consumption was estimated based on the re-
commended assumption that 6% of the population is active and uses
water for toilets at the rate of 5 l per flush, as discussed in Fantozzi and
Lambert (2012) and Hamilton and McKenzie (2014). Sensitivity ana-
lysis of these assumptions are provided in the supplementary data of
this paper. After estimating the net night flow in the DMA, the hourly
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leakage rate during the MNF hour can be found using Eq. (6). Extra-
polating the hourly leakage rate to a daily leakage rate for the normal
status in the DMA is only possible when the leakage-pressure re-
lationship is considered. This relationship is considered in the NDF
which was calculated using Eq. (7). Finally the RL rate was calculated
using Eq. (8). With respect to the Mwanza water supply system, a DMA
has been already established in the Kenyatta zone, which contains 64
connections for domestic, commercial, and industrial customers. For
this measurement, an ultrasonic water meter with a pressure recorder
was installed to measure the flow and pressure at the inlet of the DMA,
four pressure recorders were installed at critical points of the DMA, and
six recorders were installed at different points in the network to esti-
mate the network pressure. The water was then continuously supplied
to the DMA for three consecutive days from 10:45 am on 19 December

2015 to 10:30 am on 21 December 2015. Because this DMA is small, all
customer meters in the DMA were read twice at night each day at an
interval of two hours to estimate the legitimate night consumption in
the DMA. After estimating the net night flow in the DMA, the NDF was
calculated and the RL was estimated using Eqs. (7) and (8), respec-
tively.

3.2.4. Component analysis of the leakage
The component analysis of the leakage, or the BABE concept, was

applied in all the three cases in this study using a spreadsheet model,
that is, ‘Real Loss Component Analysis: a Tool for Economic Water Loss
Control’, developed by the Water Research Foundation, USA; (Sturm
et al., 2014). The case study data for the reported bursts as well as
unreported leaks that were discovered based on the leakage detection

Fig. 1. IWA standard water balance in m3/yr and % (left) and scaled water loss breakdown (right): (a) Zarqa, Jordan, (b) Sana’a, Yemen, and (c) Mwanza, Tanzania.
M1a and M1b: top-down water balance including the unauthorised consumption of 0.25% of the SIV and 10% of the billed consumption, respectively; M2: water and
wastewater balance method; M3: minimum night flow analysis method; M4: component analysis of the leakage method; and CHK1: M1b − M4 = M3.
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surveys were entered in the model. The leakage was then estimated
based on the spreadsheet calculations. All the parameters used in the
model are input data of the case studies apart from the flow rate whose
default value was used as it is not the influencing factor in this analysis
(Lambert, 1994). Other parameters used in the model were infra-
structure condition factor based on the age of the network; a value of 1
for the N1 leakage-pressure exponent; and the length of the private line
between the customer meter and private boundary of the customer, that
is, 0 m, 0m, and 13.3m for Sana’a, Zarqa, and Mwanza, respectively.

3.3. Results of the water loss component assessment

Fig. 1 shows the results of the four WL component assessment
methods for the three case studies. The figure shows the IWA standard
water balance for the three cases on the left side (in m3/yr and %). On
the right side of Fig. 1, the breakdown of the WL into AL and RL is
shown in a scaled plot. There are two columns: the left one presents the
portions of the SIV, BC, and NRW (difference between SIV and BC). If
we deduce the UAC from the NRW volume, we obtain the WL volume.
Subsequently, we can break down the WL into AL and RL (far-right
rectangular column in Fig. 1a). To break down the WL into AL and RL,
we use different methods, where each method estimates the AL and RL
volumes differently. Thus, the line between AL and RL is drawn dif-
ferently. For example, based on method 1a (M1a), the WL consists of a
very small amount of AL and the remaining part is RL; the line is plotted
accordingly (red dotted line M1a). This is similar for the other methods,
that is, M1b, M2, M3, and M4. The average of M1b and M3 is plotted as
black line dividing the WL volume into two rectangular parts, where the
upper part represents the AL and the lower part presents the RL.

Based on Fig. 1, the different methods yield different WL compo-
nents. As expected, the top-down water balance method assuming the
UAC to be 0.25% of the supplied water (M1a) yields the smallest AL
volume in all three cases because the UAC in the case studies is con-
siderably higher than this assumption, which is based on a different
context in Europe. Therefore, M1a significantly overestimates the RL
volume. When increasing the assumption of the UAC to 10% of the BC,
as in M1b, the method yields relatively higher AL volumes, which are
closer to the actual situation of these cases, where UC is common.
Nevertheless, it is still unclear how close the results of this method are
to the actual AL and RL volumes in the case study systems. The as-
sumption that the UC is 10% of the BC is not data-based and general-
ising it for developing countries is not justified because it could sig-
nificantly differ from one case to another. Based on Fig. 1, M1b

represents the second smallest estimations of the AL in all cases (given
that M3 in Mwanza is not representative for the entire network). Be-
cause M1b often estimates a smaller AL than M2 and M3, this could
indicate that M1b underestimates the AL volume and overestimates the
RL volume.

Likewise, the water and wastewater balance method (M2) probably
overestimates the AL volume and therefore underestimates the RL vo-
lume because its line is located below the average line in the two cases
in Fig. 1b and c, that is, for Sana’a and Mwanza, respectively. The MNF
analysis (M3) of the two case studies in Fig. 1a and c for Zarqa and
Mwanza is inconsistent because generalizing the RL level of a small area
(DMA) for the entire network is associated with significant un-
certainties (AL-Washali et al., 2019b). The DMA cannot sufficiently
represent the infrastructure, pressure, and consumption of the entire
network. The leakage in a DMA in Mwanza with only 64 customers is
not representative; the DMA in Zarqa is also not completely re-
presentative.

On the other hand, the component analysis of the leakage (BABE;
M4) yields the smallest RL volume in the three cases and therefore
overestimates the AL volume. The M4 estimates the volumes of the
bursts that are reported to the utility for repair work, unreported bursts
that are discovered based on the leakage detection surveys, and back-
ground leaks that cannot be detected by the detection campaigns and

continuously run. The records of all burst events in the whole systems
were considered in the analysis based on the maintenance records and
maintenance software of the utilities. These data are of good quality
because burst events have to be repaired by the utility crew and the
maintenance software does not approve or close an administration
order for a maintenance team unless technical and geo-referenced data
are provided. Therefore, the underestimation of the leakage volume is
due to shortcomings of this method with respect to estimating the vo-
lume of background leaks and also due to different policies and tech-
nologies used for leakage detection in the case studies analysed in this
work compared with the cases for which this method was initially de-
veloped.

A logical check was suggested by Thornton et al. (2008) that the
difference of leakage volume of the top-down water balance and the
component analysis of leakage (BABE) is closely equal to the leakage
volume in the MNF method (CHK1: M1b − M4 = M3). This check did
not yield a close value, neither in Zarqa nor Mwanza, but rather dif-
ferent results, as shown in Fig. 1.

The comparison of the estimated AL and RL volumes with the actual
volumes is impossible, except for one case, that is, if the whole network
is divided in DMAs and the flow and pressure of these DMAs are
measured throughout the year. This is not the case in the three case
studies and will not be the case in the seen future, because of limitations
in the capacity and resources of these utilities. Therefore, the results of
the WL component assessment methods cannot be validated based on
field data. However, the average obtained from the methods M1b, M2,
and M3 provides a reasonable result in the three cases, including
comparing it with the subjective expectations of AL and RL portions of
SIV, by the specialists in the utilities, which are 25%, 38%; 23%, 15%;
and 43%, 11% for Zarqa, Sana’a and Mwanza respectively.

4. Uncertainty analysis

Uncertainty analysis was performed to provide insights into the
accuracies and sensitivities of the method as well as the consistency of
the methods’ outputs. The error propagation theory was used for this
analysis and the uncertainties of AL and RL were calculated using Eq.
(12) (Taylor, 1997):

= + +U U A A U B B U C C( / ) ( ) ( / ) ( ) ( / ) ( )2 2 2 2 2 2 (12)

where A, B, and C are independent measurable quantities that are used
to obtain a value of a calculated quantity U; δU/δ is the partial deri-
vative of the variable U with respect to an independent parameter (A,
B, orC); and A, B, and C are the uncertainties of the variables A, B,
and C . The results of the error propagation theory were also verified
with other uncertainty analysis methods, such as variance analysis
(Thornton et al., 2008) and Monte Carlo simulation (Rubinstein and
Kroese, 2016), which provided the same uncertainties.

To estimate the uncertainties in the AL and RL, all components of
the standard water balance must be assigned an uncertainty. A sup-
plementary file of this paper presents the uncertainty in the water
balance for all methods and the three case studies. The water balance
uncertainties for Zarqa, Sana’a, and Mwanza were assigned based on
the estimations and discussions with specialists of these utilities. As
widely applied by IWA WL specialists (Lambert et al., 2014), the un-
certainty level is assigned to the water balance component based on the
confidence level of the input data. Accordingly, the uncertainty of the
SIV is assumed to be± 5% for Zarqa based on the production meter
status. The system is almost fully metered and the uncertainty of the BC
is thus zero because meter and billing uncertainties are considered for
the AL component. The random and systematic errors associated with
estimating the amount of the UAC are assumed to be±5% of the
measured volume and±20% for the unmeasured volume based on the
confidence of the specialists of the utility with respect to these figures.
The confidence with respect to estimating the data handling errors and
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inaccuracies of customer meters are also assumed to be± 20% ac-
cording to the expectations of the specialists in the water utility. The
assigned uncertainties were the same when applying different methods
for the WL component assessment. These uncertainties are aggregated
in the final calculated uncertainties of AL and RL. Two variables re-
mained unassigned with uncertainties, RL and UC; one of them must be
assigned an uncertainty and then the uncertainty of the other variable
can be calculated depending on the applied WL component assessment
method.

For the top-down water balance, the UC must be assigned an arbi-
trary uncertainty. Therefore, the UC was assigned an uncertainty
of± 200% and±100% for M1a and M1b, respectively, because the
assumption of the UC based on these methods does not fit well the case
studies. Based on these uncertainties, the aggregated uncertainty of RL
is± 9% and±11% for M1a and M1b, respectively. Similarly, the un-
certainties of the water balance were calculated for RL and AL for all
methods and the three case studies, as elaborated in the supplementary
file. Table 2 shows the volumes and uncertainties of AL and RL esti-
mated using different methods (M1a, M1b, M2, M3, and M4) for Zarqa,
Sana’a, and Mwanza.

Regarding the water balance method (M1a), the propagated and
aggregated errors of the RL volume are only± 9%,±7%, and± 13%
for Zarqa, Sana’a, and Mwanza, respectively. Similarly, for M4, the
aggregated errors of the AL volume are± 24%,±11%, and±145%
for Zarqa, Sana’a, and Mwanza, respectively, after assigning an un-
certainty level to the RL volume of± 200% because this method greatly
underestimates the RL volume, as discussed in Section 3.3.

Interestingly, the methods M1a and M4 provide the least accurate AL
and RL estimations, as discussed above, but they also have relatively
low levels of uncertainties (Table 2). This suggests that the uncertainty
analysis does not indicate how accurate the outputs of the methods or
the level of validity of each method are. In fact, for the two WL com-
ponents (AL and RL), a low level of uncertainty will always be the case
when the volume of the final calculated component (e.g. RL) is ex-
tremely larger than the volume of the other component (e.g. AL); and
high level of uncertainty will always be the case when the volume of the
final calculated component is significantly smaller than that of the other
component. Further illustrating this fact, Fig. 2 shows that when the AL
is more significant in the network, the aggregated errors of the water
balance reach a substantial portion of RL and thus the RL becomes more
uncertain through the top down water balance. In contrast, when the
AL is insignificant, the aggregated errors of the water balance become
less sensitive. In conclusion, it is notable that uncertainty analysis helps
in analysing the sensitivities of the inputs of the methods and improving
the estimations of the individual methods, but it does not indicate the
validity or accuracy of the methods.

5. Implication of the water loss component assessment

The impact of the WL component assessment on WL reduction
planning can be illustrated and clarified. In contrast to the AL, eco-
nomic analysis tools for leakage reduction planning are available.
Therefore, the impact of the WL component assessment on the leakage
reduction planning was analysed in this study using the ‘Real Loss
Component Analysis: a Tool for Economic Water Loss Control’ model
(Sturm et al., 2014). The model is a spreadsheet with entry data in-
cluding water balance, cost and financial data and failures and their
characteristics. It can be applied to analyse the benefits of different
leakage reduction options for continuous and intermittent supply. All
the data used in the model are entered except the flow rates of the
failures which are not sensitive in the analysis (Lambert, 1994). Ac-
cordingly, the water and monetary potential savings were calculated for
each WL assessment method and three leakage reduction interventions:
(i) minimizing the response and repair time of bursts in the network, (ii)
cost and benefits of conducting leakage detection surveys using acoustic
and noise-tracking technologies, and (iii) potential savings based on the

reduction of the average pressure of the network.
Minimizing the response and repair time of bursts has an influence

on the reduction of the runtime of the leakage and is considered in the
model. The savings due to the pressure reduction are estimated using
the pressure–leakage relationship, which is assumed to be linear
(McKenzie, 2003; Morrison et al., 2007). The potential savings when
conducting regular leakage detection surveys are analysed differently in
the model. First, the potentially avoidable and unavoidable leakage
volumes are computed using the BABE concept, as elaborated in Section
2.4. The frequency of the proactive leakage detection surveys is then
estimated using Eqs. (13) and (14) (Lambert and Fantozzi, 2005):

= ×
×

EIF CI
CV RR

0.789
(13)

= ×EP EIF100 12/ (14)

where EIF (months) is the economic intervention frequency based on
the leakage detection surveys, CI represents the intervention cost
($/km), CV represents the variable cost ($/m3), RR is the rate of rise of
unreported leakage (m3/km mains/d/yr), and EP is the economic
percentage of system to be surveyed annually. Eventually, the monetary
value of these leakage reduction interventions is calculated using the
variable cost of the water in each system.

The influence of the WL component assessment on prioritizing and
planning leakage reduction measures is presented in Fig. 3. The left side
of Fig. 3 shows the annual cost of WL calculated based on the different
methods. The cost of AL differs from the cost of RL. The cost of RL is
valued based on the production cost of water, while the cost of AL is the
average actual revenue (i.e. price) per cubic metre. Therefore, the total
cost of WL varies because the AL and RL volumes and the costs of AL
and RL differ from one method to another. Based on the consideration
of only M1b, M2, and M3 because they yield more reasonable results, as
discussed in Section 3.3, the annual cost of the WL varies from 12.0 to
21.5 million USD for Zarqa, from 3.5 to 4.2 million USD for Sana’a, and
from 3.3 to 3.6 million USD for Mwanza. This indicates the sensitivity
of the WL component assessment with respect to estimating the cost of
the WL and consequently all economic calculations that use this input
including the economic level of the WL.

The monetary value of the potential savings of the leakage reduction
measures was also analysed for all methods (Fig. 3, right side). Based on
Fig. 3a and considering only methods with relatively reasonable results,
as discussed in Section 3.3 (i.e. M1b and M3 in Zarqa), the potential
savings based on the reduction of the average pressure in Zarqa net-
work by one bar (from 3.3 to 2.2 bar) vary from 1.2 to 2.7 million USD,
respectively. The potential savings based on the adoption of the active
leakage control (ALC) using regular leakage detection surveys in the
entire network every 10.5 months vary from 2.5 to 7.7 million USD.
The potential savings based on the reduction of the response and repair
time of the reported bursts from the annual average of 2 d to 3 h are 0.4
million USD and are not affected by the component assessment methods

Table 2
Uncertainties of the AL and RL for the different methods (million m3 and %).

Method Zarqa Sana'a Mwanza

AL RL AL RL AL RL

Water Balance M1a (Mm3) 2.4 40.0 1.4 7.1 1.7 12.2
(Δ±%) 26% 9% 16% 7% 16% 13%

M1b (Mm3) 4.5 37.9 2.7 5.8 3.2 10.7
(Δ±%) 53% 11% 51% 25% 51% 21%

W&WW Balance M2 (Mm3) 5.7 2.8 7.3 6.6
(Δ±%) 18% 40% 24% 35%

MNF M3 (Mm3) 26.3 16.1 1.7 12.2
(Δ±%) 22% 30% 236% 30%

BABE M4 (Mm3) 38.1 4.2 8.1 0.4 8.1 5.8
(Δ±%) 24% 200% 11% 200% 145% 200%
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because it can only be conducted using M4, that is, the component
analysis of the leakage. Finally, the potential savings based on the
adoption of all these measures cannot be the sum of the potential of
these measures because each option is influenced by other options. For

example, the pressure reduction lowers the rate of bursts in the network
but undermines the potential of leakage detection surveys because the
leakage noise will be harder to hear and detect (AL-Washali et al.,
2019b).

Similarly, when considering M1b and M2 for Sana’a (Fig. 3b, right
side), the potential savings based on the reduction of the average
pressure by 0.2 bar (from 1 to 0.8 bar) vary from 0.2 to 0.4 million USD.
The potential savings based on the adoption of active leakage control
using regular leakage detection surveys in the entire network every 8.9
months vary from 0.7 to 1.7 million USD. The potential savings based
on the reduction of the response and repair time of the reported bursts
from the annual average of 2.3 to 0.5 d are 0.02 million USD. Based on
considering M1b, M2, and M3 for Mwanza, the potential savings based
on the reduction of the average pressure in the Mwanza network by
2.0 bar (from 5.8 to 3.8 bar) vary from 0.5 to 1.0 million USD. The
potential savings based on the adoption of active leakage control using
regular leakage detection surveys in the entire network every 10.7
months vary from 0.1 to 1.4 million USD. The potential savings based
on the reduction of the response and repair time of the reported bursts
from the annual average of 2.0 to 0.5 d are 0.2 million USD.

Based on Fig. 3, it can be concluded that the feasibility of leakage
detection surveys is highly influenced by the component assessment.
The feasibility of the pressure management is also influenced but to a
lesser extent. The feasibility of the response and repair time reduction is
not affected because it is only estimated using one method, that is, the

Fig. 2. Aggregated errors of the water balance components form a bigger
portion of RL when the AL is more significant.

Fig. 3. Cost of the water loss components in USD (left) and potential savings based on the reduction of the leak repair time (RT), leak detection surveys (ALC), and
pressure management (PM) in USD according to different component assessment methods (right): (a) Zarqa, Jordan, (b) Sana’a, Yemen, and (c) Mwanza, Tanzania.
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component analysis of the leakage. These results confirm that economic
planning is significantly affected by the WL component assessment and
its uncertainties, leading to unstable and uncertain economic models
and WL reduction plans.

6. Conclusions

A review of the state-of-the-art methods for WL component (AL and
RL) assessment is presented in this paper. These methods were applied
to three cases in developing countries and economic and uncertainty
analyses were performed. The main conclusions of this study are the
following:

• Investing in improvements of the top-down methods is demanding
and promising. The top-down water balance will benefit from de-
veloping an objective methodology for estimations of the UC volume
because the current assumptions are both critical and arbitrary. The
accuracy of this method depends on how applicable its assumptions
are. In the analysed cases, this method underestimates the AL vo-
lume and overestimates the RL volume. Estimating the AL volume
using the water and wastewater balance method yields closer results
to the expectations of the specialists in these utilities. However, the
method could be overestimating the AL volume because it estimates
the AL volume more than the average volume of the methods.
Applying each method requires verification for the factors and as-
sumptions in each method and their sensitivities and uncertainties.
However, if such analysis cannot be carried out, taking the average
of these two methods is a practical approach in intermittent supply
systems..
• Conducting MNF analysis in one or several small areas in the net-
work (DMAs) and extrapolating it to the entire network might be
justifiable in some cases, but it is not very rational because every
DMA differs in terms of the mains length, service connections,
pressure, and burst frequencies. The MNF analysis is more suitable
for the DMA scale than for a system-wide scale with respect to the
interventions and identification and repair of unreported leaks. The
component analysis of the leakage method (BABE) remains the only
way to break down the leakage into subcomponents, enabling the
water utilities to understand the nature and behaviour of the
leakage in their systems. However, the component analysis of the
leakage analyses only a small portion of the leakage and cannot be
used for WL component assessment.
• The results show that WL component assessment has significant
uncertainties, which in turn affect the cost of WL and substantially
impact the planning of RL and AL minimisation measures.
Addressing this issue needs more investigation on how the WL
component assessment can be improved. Field observations that
could help to validate and calibrate the methods are not obtainable
unless the entire network is divided into DMAs to conduct regular
MNF measurements throughout the year, which is very costly and
unlikely, especially in developing countries. On the other hand, the
uncertainty analysis helps to improve the output of the individual
methods but not the methods’ accuracies. Therefore, assessing the
WL components by using at least two methods should improve the
prioritisation, economic modelling, monitoring, and benchmarking
of the WL.
• For intermittent supply systems in developing countries, the average
volume of the AL from the top-down water balance and water and
wastewater balance methods should be used to establish the stan-
dard water balance. The RL can then be further broken down using
the component analysis of the leakage. Based on this methodology,
leakage reduction interventions can be planned and prioritised for
the entire network. Subsequently, MNF analysis can be used on a
DMA-scale in the implementation phase to separately intervene,
monitor, and reduce the leakage in each DMA.
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