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Abstract: Water utilities should monitor their nonrevenue water (NRW) levels properly to manage
water losses and sustain water services. However, monitoring NRW is problematic in an
intermittent water supply regime. This is because more supplied water to users imposes higher
volumes of NRW, and supplying significantly less water results in an unmet water demand but
interestingly less NRW. This study investigates the influence of the amount of water supplied to a
distribution system on the reported level of NRW. The volume and indicators of NRW all vary with
variations in the system input volume (SIV). This is even more critical for monitoring NRW for
systems shifting from intermittent to continuous supply. To enable meaningful monitoring, the
NRW volume should be normalised. Addressing that, this research proposes two normalisation
approaches: regression analysis and average supply time adjustment. Analysis of the NRW
performance indicators showed that regression analysis enables the monitoring of NRW and
tracking its progression in an individual system only, but not for a comparison with other systems.
For comparing (or benchmarking) a water system to other systems with different supply patterns,
the average supply time adjustment should be used. However, this approach presents significant
uncertainties when the average supply time is less than eight hours per day.

Keywords: nonrevenue water (NRW); assessment; intermittent supply; performance indicators;
water loss; when-system-is-pressurised; normalisation; benchmarking

Nomenclature
(24/7) Continuous supply
0 95% confidence limits
AA Uncertainty of variable A
AL Apparent loss
ALI Apparent loss index
BC Billed consumption
CAAL Current annual apparent losses
CARL Current annual real losses
DMA District metered area
ILI Infrastructure leakage index
Lm Length of mains
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Lp Length in m of underground connection private pipes
MCM Million cubic metre
N Number of service connections
NRW Nonrevenue water
Pave Average operating pressure in metres
PIs Performance indicators
RAAL Reference annual apparent losses
RA Regression analysis
RL Real losses
SD Standard deviation
SD? Variance
SIV System input volume
Tavg Average supply time
UAC Unbilled authorised consumption
UARL Unavoidable annual real losses
ucC Unauthorised consumption
WL Water loss
W.S.p. When system is pressurised

1. Introduction

Supplying water to the residents of a city while minimising water losses in distribution systems
is a challenge faced by water utilities worldwide. Nonrevenue water (NRW) is the difference between
the amount of water added to a distribution system and the amount sold to the customers [1]. The
estimated global volume of NRW is 126 billion cubic metres per year, costing approximately US $39
billion annually [2]. NRW either originates from leakages that occur at mains, storage reservoirs and
customer connections, or commercial losses that occur due to customer meter under-registration, errors
in data handling and billing or unauthorised use. The impact of NRW is substantial [3,4], as it accounts
for considerable water wastage, affects the technical stability of the water supply, deteriorates the
quality of water and water services, increases the operating costs and reduces revenues that should
sustain and expand access to water. Assessing NRW involves quantifying water losses in a particular
system without considering their actual locations [5,6]. Measuring the level of NRW indicates the levels
of water leaking through deteriorated pipes and levels of commercial losses and is also considered as an
indicator of the operational efficiency of the water system, water utility governance and the physical
condition of the water supply system [7-10]. The level of leakage is likely the most important single
indicator of the efficiency of water utilities perceived by regulators, the public and the media [11].
Utilities and projects are typically evaluated based on preset criteria, among which the NRW level is
important [12,13].

To help water utilities sustain their services and manage their losses, NRW levels should be
properly monitored. This is a crucial step for effective water loss management [14,15] and becomes
more critical for utilities with variations in water productions, such as those that shift from an
intermittent to a continuous supply pattern. When the amounts of water produced and distributed
are higher, water typically remains in networks for a longer time, presenting challenges such as
longer leakages and more potential for theft and other apparent losses (AL). Similarly, when less
water is supplied, the NRW volume will be lower and NRW performance indicators (PIs) imply more
efficient performance, but this may not be the case. Although this issue appears critical and intuitive,
it has not been recognised in the literature [16-25]. The influence of varying amount of supplied water
on the amount of NRW triggers the question of what should be monitored: the volume of NRW or
the management status of NRW. For intermittent supply, the aim should be to improve the service,
increase the water production and move towards a continuous supply. However, in this context, it is
challenging to monitor the progress of NRW management and intervention, as all PIs vary according
to variations of supplied water.
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This study elucidates the relationship between NRW and system input volume (SIV), and
analyses the potential methodologies for monitoring NRW and assessing its performance in an
intermittent water supply regime when the properties of the supplied water vary. This analysis can
help water utilities to properly monitor NRW levels and alleviate the political pressure that may be
subjecting NRW management to failure in situations where certain measures are not at fault, such as
systems with increasing levels of supplied water or supply times. It also reveals the reality of poor
performance when the NRW level is lowered due to a decrease in the amount of water supplied to
customers, rather than the implementation of effective reduction measures. The paper first analyses
the influence of changing the SIV by varying the supply time when the network status and pressure
are constant on the volume and PIs of NRW. Then, it discusses the normalisation of the NRW volume
and PIs through “when-system-is-pressurised” (w.s.p.) adjustment and regression analysis, using the
city of Sana’a, Yemen, as a case study. Monitoring NRW management using the suggested
normalisation approach in this paper is the way forward to monitor NRW management in
intermittent supply. The paper first provides an overview of the case study and then compares NRW
PIs with and without normalisation, highlighting the appropriate methodology of NRW
management monitoring.

2. Research Methodology

2.1. Overview of Sana’a Water Supply

Sana’a City is the capital of Yemen, a water-scarce country in the Middle East. The water
situation in the Sana’a Basin is severe, as the water table drops by 6-8 m annually [26]. The public
water service of Sana’a provides water to 45% of the city’s population, and the remainder receives
water from the private sector, mainly via water tankers. The utility serves 94,723 customers,
constituting approximately 1.32 million consumers, overall. The only source of water is a deep
aquifer, from which water is extracted at 114 wells with depths ranging from 600 to 1000 m below
ground. The water supply in Sana’a is a combined system, employing both pumped and gravity
supply processes, and approximately 50% of the network is mainly pumped from the headworks.
The supply network is geographically divided into six administrative zones, and each zone is
subdivided into distribution areas, in which a total of 369 areas are interlinked and multifed. The
supply pattern in Sana’a is intermittent and insufficient, as it does not fully meet the customers’
demands. One customer received water once a week, with an average supply time of 4.4 h/day, prior
to the current severe situation in Yemen that began in March 2015 [27]. The shortage of water
necessitates a rationing program, and the implementation of an intermittent supply has caused
network deterioration, accompanied by water quality deterioration and inadequate pressure in
sections of the network.

Figure 1 (continuous line) presents the volume and apparent trend of NRW based on data from
Sana’a water utility for 2005-2015. The average level of NRW in Sana’a for the 10 years was 7.1 million
cubic metres (MCM) (35% of SIV), without considering inaccuracies in the records of the production
meter. Since 2011, Yemen has faced great instability, with fuel and electricity shortages, that has
further impacted the water services in Sana’a. This situation became critical in 2015, when a Saudi-
led military campaign began in Yemen. Consequently, the fuel and energy sources for water
production from wells have further declined, reducing the amount of water supplied to customers.
Accordingly, the NRW level was reported to have decreased significantly to 2.8 MCM (22% of SIV)
in 2015 (Figure 1).

2.2. Analysis of NRW and SIV Trends

The trends of SIV, billed consumption and NRW were analysed over 10 years. Monthly
measurements of SIV and billed consumption were obtained from the Sana’a water utility and then
converted to annual volumes.
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Figure 1. NRW volume (unnormalised, apparent trend) and NRW status (normalised trend) in

Sana’a.

The monthly and annual volumes of NRW were then calculated using Equation 1 [16,28]. The
trends of the volumes of NRW, SIV and billed consumption were analysed monthly and yearly. As
NRW reduction activities are a combination of top-down and bottom-up approaches, the analysis
was conducted at system-wide and district metered area [29] scales to investigate the agreement
between the results obtained at both scales.

NRW = SIV — BC 1)

where NRW (m?/year) is nonrevenue water, SIV (m3/year) is the system input volume and BC
(m3/year) is the billed consumption.

2.3. NRW Component Assessment
The volumes of NRW components were calculated using Equations 2 and 3.
NRW = AL + RL + UAC (2)
WL = NRW — UAC = AL + RL )

where AL (m?/year) is the apparent losses, RL (m?%year) is the real losses, UAC (m?/year) is the
unbilled authorised consumption and WL is the volume of lost water. The volume of UAC was
estimated by auditing and analysing the records of the Sana’a water utility. The volume of the AL
was estimated using the Apparent Loss Estimation equation, as elaborated by AL-Washali, Sharma
and Kennedy [27]. The volumes of real losses (RL) and water loss were then calculated using
Equations 2 and 3. Accordingly, the International Water Association (IWA) standard water balance
was established for the Sana’a water supply system for 2009. As the data of 2015 are incomplete, the
same estimated proportions of NRW components in 2009 were used to calculate the NRW
components for the year 2015, and the results were then compared.

The uncertainties of the NRW components were analysed using the error propagation theory
[30]. The general error theory equation is shown in Equation 4. Uncertainty for the addition and
subtraction of two measurements was calculated using Equation 5, while uncertainty for
multiplication and division was calculated using Equation 6.

AU = /(8U/8A)? (AA)? + (8U/6B)? (AB)? + (8U/SC)2 (AC)? + - “4)

AU =/ (AA)? + (AB)2 ®)
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AU=U / (AATA)Z + (%)z )

where A, B and C are independent, measurable quantities that will be used to obtain a value of
some calculated quantity U; and AA, AB and AC are the uncertainties of variable A, B and C,
respectively. Other statistical parameters have been calculated for the NRW components.

2.4. NRW Performance Indicators

Liemberger and Farley [31] and [16] recommended the IWA best practice PIs for NRW
management, as presented in Table 1. Frauendorfer and Liemberger [32] recommended the w.s.p.
approach to normalise the overall level of NRW. In this approach, NRW is divided by the average
supply time of the system, when the system is operated and water is supplied (h/day) and then
multiplied by 24 (h/day). Because in an intermittent supply the average supply time is always less
than 24 h/day, w.s.p. adjustment should in principle increase the NRW volume assuming the supply
is continuous. For leakage monitoring and benchmarking, the European Commission [11] categorised
two fit-for-purpose key performance indicators (KPIs) for targets and tracking progress in individual
systems, including volume/year, m*/km of mains/day, litres/connection/day and litres/property/day.
The KPIs for comparing internal/external leakage between different systems are the Unavoidable
Annual Real Losses (UARL), Infrastructure Leakage Index (ILI), average pressure, value of leakage
Euro/m? and repair frequencies.
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Table 1. Recommended NRW PIs. (adapted from [16,31]).

Performance Indicator

Level Function Service Connection Density Comments
>20/km of mains < 20/km of mains
1 - Basic Financial NRW Volume of NRW as % of SIV Volume of NRW as % of SIV Simple, not recommended
For t t setti t i
1-Basic  Operational AL m?®/serv. connection/year m?/km of mains/year OF target setting, ot comparing
systems
1-Basic  Operational RL L/serv. connection/day L/km of mains/day For target setfing not comparison
of systems
1 - Basic Operational RL L/serv. connection/day w.s.p. L/km of mains/day w.s.p. Allows for 1.r1terr.nlttent supply
situations
2 -Interm. Operational RL  L/serv. connection/day/ m pressure  L/km of mains/day/ m pressure Useful for comparing systems
3-Detailed  Financial NRW Value of NRW as % of annual cost Value of NRW as % of annual cost Allows different unit costs
3 - Detailed Operational RL ILI ILI Powerful for comparing systems

6 of 17
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The infrastructure leakage index was calculated using Equation 7 [33].

CARL
= 7
L UARL @)

where ILI (unitless) CARL is the current annual RLs (m3/year) and UARL (m?/year) is the unavoidable
annual RL, which can be calculated from Equation 8.

Litres

L
UARL ( ) = (18 x =2 4 0.80 + 0.025 Lp) X Paye (8)

serv.conn. day N,

where L is the length of mains in km, N. is the number of service connections, Ly is the total length
of private underground connection pipes in m (between the edge of the street and customer meters)
and Pave is the average operating pressure of the meters. Vermersch, Carteado, Rizzo, Johnson,
Arregui and Lambert [28] suggested that the Apparent Loss Index could be used, which can be
calculated in a similar manner to the infrastructure leakage index using Equation 9.

CAAL

ALl = ——
RAAL

©)

where ALl is the apparent loss index, CAAL (m?/year) is the current annual AL and RAAL (m?/year)
is the reference annual AL, which represents 5% of the volume of the billed, authorised metered
consumption, excluding exported water.

Suitable KPIs are essential for the effective monitoring and management of water loss. The
package of NRW PIs should be designed as a “fit-for-purpose” set of indicators. However, they
should be clearly defined, auditable, quantifiable, achievable and interpretable [11]. For Sana’a, the
recommended, best-practice volume indicators of NRW and its components were calculated and
adjusted to per-connection indicators as the service connection density in Sana’a is 97 service
connections per km of mains. The per-pressure RL indicators and AL index were also calculated and
analysed.

2.5. Normalising the NRW Pls Using w.s.p. Adjustment

“When-system-is-pressurised” adjustment is often used to normalise the PIs of the RL of systems
with intermittent supply to allow comparison with other continuous supply systems. The volume of
losses is adjusted as though the supply system is operating as a continuous supply. To generate
‘volume-per-day’ indicators following this approach, the annual volume of losses is not divided by
365 days, but by an equivalent number of pressurised days during the year. Alternatively, this can
be achieved if the daily volume of losses is divided by the number of pressurised hours during the
day and then multiplied by 24 hours as shown in Equation 10 [32,34]. After this, the NRW PIs,
particularly the infrastructure leakage index, can be compared to other systems with different supply
patterns. Furthermore, the performance of the individual system should be monitored regularly
when it has changing supply times.

NRW
NRWy,sp. = T X 24 (10)
avg
where NRW,, ;, (m®/year) is the normalised NRW and T, is the average supply time in the system
(h/day).

In this study, this approach is examined and extended to cover the volume of NRW, its
components and PIs. The annual volumes of losses in Sana’a were transformed into daily losses by
dividing the annual volumes of the NRW components by the equivalent number of days when the
system was pressurised (operated), which was 69 and 9 days in 2009 and 2015, respectively. The NRW
PIs were then calculated.

2.5.1. Sensitivity Analysis of the Average Supply Time (Tavg)

The sensitivity of the average supply hours during the day for the entire system, or, alternatively,
the equivalent pressurised days during the year, was analysed to investigate its influence on the total
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volume of NRW and its PIs, and deepen our understanding of the impact and calculation of Tavs. The
influence of Tavg on the volume of NRW was plotted on a curve, the equation was deduced and the
step-slopes of the Tavg-NRW curve were analysed. Accordingly, the critical points of the curve and
high-sensitivity cases were determined.

2.6. Normalising the NRW Using Regression Analysis

Another method for normalising the NRW volume and Pls is regression analysis using the
NRW-SIV relationship when reliable historical data are available. In this approach, a reasonable
correlation between NRW and SIV is first established, and the NRW volume and PIs can then be
normalised and calculated for any production level of the given system or zone. This equation can be
used as a baseline assessment of the status of NRW in the monitored system. When the NRW status
must be evaluated again, another equation is generated, and the normalised volumes of NRW and

PIs can be calculated for the same SIV to compare and assess any progression or regression in the
NRW.

2.6.1. Extracting the Actual NRW Trend

The NRW-SIV regression equations were generated for 2011-2015 and the NRW levels were
then normalised at a certain SIV, that is, the average of 2011-2015. The actual trend of NRW was
plotted and analysed to track its progress in the Sana’a water supply system during this period and
compare it to the unnormalised NRW trend.

3. Results and Discussion

3.1. Fluctuations in the NRW Volume

Figure 2 shows the fluctuations in the NRW and SIV of the Sana’a water supply system under
different production levels for the monthly and annual data. Figure 2a shows that the NRW increases
and decreases following increases and decreases in the SIV. Figure 2b shows that the volume of NRW
has decreased over time due to the decrease in the volume of SIV as a consequence of dwindling
water resources in the Sana’a Basin. Figure 2¢ confirms the same behaviour using the monthly data
of NRW and SIV for a small district metered area (DMA) within the Sana’a water network. There are
anomalies at several points in Figure 2a and c, and some data are inaccurate for some months,
especially for the DMA in Figure 2c at the beginning of the current conflict in Yemen, when the
production and customer metering recording were unstable.

1
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Figure 2. Fluctuation in the NRW volume according to changes in SIV: (a) monthly basis for the full-
scale system; (b) annual basis for the full-scale system; (¢) monthly basis for DMA-1 in Hadda Zone,
Sana’a.

As shown in Figure 2, the volume of NRW varies with SIV, as it is higher or lower according to
the SIV. This can also be concluded from the basic NRW equation. Consequently, the NRW volume
and PIs all are affected by the volume of SIV. Therefore, it is more difficult to monitor the NRW level
for intermittent supplies, as NRW PIs fluctuate according to the volume of supplied water.
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This concern highlights the need for normalisation when reporting the NRW level for
intermittent and fluctuating supplies.

3.2. NRW Components

The NRW components were estimated using the Apparent Loss Estimation equation elaborated
by AL-Washali, Sharma and Kennedy [27]. Table 2 shows the volume of NRW components, 95%
confidence limits (0), standard deviation (SD) and variance (SD?) of NRW components. The
proportions of NRW components were assumed to remain the same, and these proportions were
used in the analysis of 2015, as shown in Table 2.

Table 2. NRW components and uncertainties.

Volume Volume
2009 0 SD SD2 2015
m3/year +%  md/year m3/year

NRW 8,637,692 5 227,452 5= 1010 1,604,557

UAC 114,152 20 11,648 1 x 1008 21,205
AL 5,686,452 18 531,632 8 x 101 1,100,093
RL 2,837,088 40 578,363 1 x 101 483,259

3.3. NRW PIs

Under the current conflict situation, the leaders of Yemeni water utilities compete over the
limited available fuel in local markets to deliver as much water to customers as possible. The SIV has
shrunk significantly from 22.3 MCM in 2009 to 7.4 MCM in 2015 due to electricity and power
shortages. The length of the mains of the network and average pressure have remained the same, at
997 km and 10 m, respectively. In contrast, the number of water connections increased from 88,936 in
2009 to 94,723 in 2015. Table 3 compares the NRW volume and PIs for 2015 to those of 2009. All NRW
PIs, expressed in different units, have reduced significantly, suggesting improved NRW
performance. The PIs of the NRW components suggest the same. While all AL indicators suggest
better performance, all RL indicators suggest the same, excluding the infrastructure leakage index
when the intermittent supply was adjusted to be continuous (24/7) using the w.s.p. approach. This
result suggests that volume-based indicators do not indicate the actual performance of the NRW
status itself, but only their volumes, which vary according to changes in the SIV change. The actual
NRW status performance can only be reflected in the NRW PIs when the w.s.p. adjustment is
extended, to cover all NRW, AL and RL indicators.

Table 3. NRW PIs of Sana'a for 2009 and 2015.

NRW Component PI 2009 2015 A %
NRW m?/year 8,637,692 1,604,557 -81%
NRW % 39% 22% -44%
NRW md/c/year 97 17 -83%

RL mb3/year 2,837,088 527,024 -81%
RL L/c/d 87 15 -83%
RL L/c/d/m pressure 9 2 -83%
ILI - 9 2 -82%
ILI w.s.p. 48 62 +29%
AL m?3/year 5,686,452 1,056,328 -81%
AL m?/c/year 64 11 -83%

ALI - 8 4 -57%
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3.4. Normalised NRW Using w.s.p. Adjustment

Table 4 shows the normalised NRW PIs in Sana’a after normalising all figures to the w.s.p
adjustment factor, as described in the methodology section. From Table 4, it can be concluded that
the volumes and PIs of NRW and its components all increased significantly, indicating that the NRW
status is worse, excluding the NRW as a percentage of SIV and AL index, which still indicate
improvements in the NRW and AL.

For the NRW as a percentage of the SIV, the NRW % does not change from the figures in Table
3 if the SIV and billed consumption are adjusted to the same factor. However, if it is assumed that the
billed consumption is not increasing, the water supply is sufficient and customers are saturated
(which is not the case in Sana’a), the SIV will be adjusted and the NRW % of SIV will increase from
89% to 98% for 2009 and 2015, respectively. This further suggests worse performance, which is in line
with the other Pls considered in this approach. Similarly, for the AL index, when normalising the
volumes of ALs and billed consumption to the same adjustment factor, the apparent loss index
decreased from 9 to 4 in 2009 and 2015, respectively. However, if only the volume of the AL is
adjusted and the billed consumption (BC) is not adjusted, the AL index also increased from 47 to 151
from 2009 to 2015, which corresponds with the other set of indicators.

Table 4. Normalised NRW PlIs of Sana'a for 2009 and 2015 using w.s.p. adjustment.

Component PI 2009 2015 A %
Tavg h/day 4.40 0.60 -86%
Tavg day/year 66.92 9.13 -86%
SIvV m’/day w.s.p. 333,106 815,500 +145%
NRW m3/day w.s.p. 129,081 175,842 +36%
NRW md/c/year w.s.p. 530 678 +28%
NRW % w.s.p* 39% 22% —-44%
NRW % w.s.p** 89% 98% +10%
RL L/c/d w.s.p. 477 610 +28%
RL L/c/d/ m pres. w.s.p. 5 6 +28%
AL m?3/c/year w.s.p. 349 446 +28%
ILI W.S.p. 48 62 +29%
ALI W.S.p. 8 4 -57%
ALI w.s.p.*** 45 145 +219%
* adjusted SIV and BC for w.s.p.; ** adjusted SIV and unadjusted BC for w.s.p.; *** adjusted AL and
unadjusted BC for w.s.p.

Interestingly, there are great differences between the figures of the NRW PIs in Tables 4 and 3.
This suggests that the NRW PIs are sensitive to the adjustment factor used in this normalisation
approach. Figure 3 shows the sensitivity of the NRW volume normalised through the w.s.p. approach
to Tavg, which is used as an adjustment factor. It was found that when Tavg decreases, NRW increases.
The power function of the curve is lim NRW = + «o when Tavg approaches zero from the right to the
left. The derivatives of (Tavg) cannot determine the critical points of this curve. However, when
benchmarking the volume of NRW at Tavg = 24 h/day and analysing the step-slopes of the curve from
right to left, the results show that the volume of NRW will be doubled at Tavg = 12 h/day. Similarly,
NRW will increase by 200%, 500% and 2300% when Tavg is 8, 4 and 1 h/day, respectively. The lower
the Tavg, the more sensitive the normalised NRW volume. For the case of Sana’a, where Tavg was 4.4
and 0.6 h/day for 2009 and 2015, respectively, the normalised NRW volume becomes more sensitive.
Thus, the accuracy of the analysis of all NRW components and PIs is significantly influenced by the
calculation of Tavg.
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Figure 3. Sensitivity of the normalised NRW volume (w.s.p.) to the average supply time in Sana’a
water distribution system.

However, calculating Tavg also has uncertainties for intermittent supply systems. In Sana’a,
estimating the supply time for each distribution area within a network of 369 distribution areas is
complicated, as the time of the distribution valves’ closures and pumping hours of the wells and
headworks must be recorded. These data are not currently available, and there would be
uncertainties in their collection. Therefore, estimating the supply time for each distribution area
would require significant effort and commitment. Such uncertainties significantly undermine the
accuracy of normalising the NRW levels and PIs through this approach.

Additionally, w.s.p. adjustment could be extended to include AL. However, while w.s.p.
adjustment is suitable for RL PIs under the same pressure and infrastructure conditions, adjusting
the AL PIs leads to overestimating apparent losses at the point once the demand is met, and any
further supplied water contributes to higher RL while the ALs remain constant. Therefore, adjusting
the AL through this approach is susceptible to overestimation.

3.4.1. Is the NRW Status Progressing or Regressing?

Itis unclear whether the NRW situation in Sana’a has worsened, improved or remained the same
from 2009 to 2015. The changes (A) in the NRW PIs show that, during the period of 2009-2015, the
NRW level decreased by 83% of its volume and the NRW percentage decreased by 44% of its value
according to the traditional approach in Table 3. However, when it is normalised by w.s.p adjustment,
the volume of NRW increased by 28% and the value of NRW % increased by 10% if the billed
consumption remained unadjusted, as described in Table 4. Although this ‘suggested worse
performance’ corresponding with the poor performance of the utility during the same period is due
to the reduced water supply, it is still unclear whether this increase in NRW (w.s.p.) is accurate and
the NRW management policies need to be revised. This could also be due to the effect of the reduced
supply time on the normalised calculations of the NRW PIs. To confirm the status of NRW, the NRW
volume was normalised using another approach, through regression analysis.

3.5. Normalised NRW Using Regression Analysis

The progress of the NRW status can be tracked using regression analysis for the NRW and SIV
when a reasonable correlation exists. An NRW-SIV regression equation can be generated for the
baseline year, and another equation should be generated for the following year, or any assessment
year. The NRW volume and PIs can then be normalised at the current or a previous SIV, and the
results can be compared to track the progress of the NRW’s status.
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Figure 4 shows the NRW-SIV correlations and regression equations; there was a correlation
between NRW and SIV in the long term, calculated based on monthly data obtained from Sana’a’s
water supply system for 2005-2015. The correlation is reasonable (R? = 0.66), even with the poor data
obtained for some years during the analysis period. The NRW-SIV correlations were also strong for
annual data obtained for five years (2011-2015) for the full-scale system (Figure 4b), as well as for a
DMA within the network (Figure 4c).

Using the NRW-SIV regression equation for 2015, as presented in Figure 4h, the volume of NRW
was normalised to the same production level of 2009. The results show that the normalised volume
of NRWo201s was 9.01 MCM, while that of NRW209 was 8.64 MCM. This slight difference in the level of
NRW is reasonable in Sana’a and more rational than what was suggested by w.s.p. adjustment. While
unnormalised NRW has exhibited a reduction in the NRW level by 81%, normalisation of the NRW
level by regression analysis suggested an increase in the NRW level of 4%, and the w.s.p. approach
suggested an increase of 36%.

The NRW components and PIs in 2015 can also be normalised using regression analysis and
compared to those of 2009. However, as the differences in the level of NRW using regression analysis
are slight and the component assessment used the same proportions as those in 2009, the NRW PIs
remained very close or almost the same as those of 2009, which are presented in Table 3.

Tracking and monitoring the NRW status, volume and PIs for an individual system are different
from benchmarking and comparing the given system to other systems with different water
production levels in the country or around the world. The above analysis indicates that, while
regression analysis can normalise the NRW level for monitoring the NRW status of the individual
system, the extended w.s.p. approach is still more useful for benchmarking and comparing different
systems. However, w.s.p. adjustment suggested better performance for water supply systems with
increasing Tavg. Developing a correction or “reduction” factor curve similar to that in Figure 3, but in
the 4™ quadrant, could be useful for conducting a more rational benchmarking of different systems
with different Tavg.

3.5.1. Extracted NRW Status Trend

To track the behaviour of the NRW status in Sana’a over 2011-2015, NRW-SIV regression
equations were generated for each year based on monthly data, as shown in Figures 4 d, e, f, g and h.
The equivalent normalised NRW volumes for these years were then calculated at their average SIV.
As the correlation factor of 2012 was not strong (Figure 4e), the NRW-SIV regression equation of 2012
was not used. The behaviour of the NRW status over 2011, 2013, 2014 and 2015 is indicated by the
dotted line in Figure 1. Accordingly, the status of NRW worsened between 2011 and 2013. This is
valid for Sana’a water supply system, where the instability of the country, which began in 2011, has
caused a high increase in unauthorised consumption, and sudden electricity shut-offs have caused
operational problems in the network. During 2014, the situation was nearly the same, with a slight
increase of the NRW due to a natural increase in leakage and limited electricity shut-offs, as the Sana’a
water utility adapted to the situation. During 2015, the NRW status improved significantly, which is
also valid as the Sana’a water utility valved off specific transmission pipes that the utility believed to
have been illegally connected to irrigate farms along these pipes and near the well fields. In 2015, the
utility also cooperated with local authorities at a district level to install isolation valves and reinstall
customer water meters that had been removed in 2011. These interpretations explain well the NRW
normalised curve in Figure 1.
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Figure 4. NRW-SIV regression equations; (a) monthly volumes for 2005-2015; (b) annual volumes for
2011-2015; (c) monthly volumes for a DMA in Sana’a; and (d)-(h) monthly volumes for 2011, 2012,

2013, 2014 and 2015, respectively.
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4. Conclusions

Monitoring NRW and PIs in an intermittent water supply regime is significantly influenced by
SIV. For that, a better approach is required to monitor NRW management. The influence of the
varying SIV on the reported volume of NRW was investigated using monthly data of water
production and billed consumption in Sana’a’s water supply system for ten years. The NRW PIs were
compared with and without the normalisation approach. Accordingly, the study concludes the

following for intermittent water supplies:

The volume and PIs of NRW all vary in direct proportion to the system input volume. This is
critical for monitoring the level and PIs of NRW for water systems with fluctuating system
input volumes and utilities that are shifting from intermittent to continuous supplies. An
increase in the NRW level does not necessarily indicate worse performance, as it could be due
to an increase in the amount of supplied water. Additionally, a decrease in the NRW level does
not necessarily mean better performance, as it could be due to a decrease in the supplied water.
Therefore, normalisation is necessary to properly monitor and benchmark NRW PIs for
intermittent supplies.

The 'when-system-is-pressurised’ adjustment, which is often used for normalising RL
indicators, could be extended to normalise the volumes of NRW, AL, RL and their PIs.
However, this principle leads to an overestimation of the ALs, which are still difficult to
monitor. This is because, when the demand is fully met, any increase in the system input
volume contributes to RL, while the ALs remain the same. Another limitation of this approach
is the sensitivity of the average supply time (Tavg), as its uncertainties significantly undermine
the accuracy of the normalised NRW PlIs, including those of the RL. In addition, this approach
is likely biased towards water systems with an increasing water supply and vice versa. For
water systems with a Tavg of less than 8 h/day, the results of this approach become more
uncertain. Finally, it is not certain whether this approach indicates the actual extent of NRW
progression or regression.

For monitoring the NRW status of an individual water supply system, the NRW volume and
PIs can be normalised through regression analysis. This approach reflects the actual behaviour
of the NRW status and provides more rational progression and regression extents. However,
this approach can only be used for monitoring the NRW for individual systems, and not for a
comparison of different systems.

Comparing and benchmarking a water supply system to other systems with reasonable
accuracy does not appear to be possible. More analysis is required to allow proper
benchmarking using “when-system-is-pressurised” adjustment, particularly for extending it to
AL benchmarking. Until then, for more rational benchmarking through this adjustment, a
correction factor curve for Tavg should be developed to enhance the monitoring of the NRW
progression and reflect the situation of NRW for a given system among other systems with
different supply patterns.

Once an NRW monitoring tool is available, NRW management should start by network
partitioning into DMAs, pressure management, active leakage detection surveys, active
customer meter replacement policy and the detection of unauthorised uses. Moving towards a
smart network is effective in NRW management, using smart metering, smart data acquisition
and on-time acting and control.
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