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INTRODUCTION

Water losses from distribution networks re-
main one of the largest inefficiencies of urban 
water services. Global estimates put non-revenue 
water at about 126 billion m³ per year, of which 

real losses are the dominant component, with the 
highest specific losses in low- and middle-income 
countries (Liemberger and Wyatt, 2019). Cross-
national analyses show that non-revenue water is 
driven by network age, pressure, operating prac-
tices and institutional capacity rather than by any 
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single technical factor (van den Berg, 2015). In 
semi-arid countries, the environmental cost of 
these losses is particularly high, because the lost 
water has already been abstracted from stressed 
aquifers or reservoirs and has consumed energy 
for treatment and pumping (Molinos-Senante et 
al., 2016). Morocco is a representative case: recur-
rent droughts since 2018, declining groundwater 
levels and a projected reduction of surface water 
resources have placed water security at the centre 
of national policy (Hssaisoune et al., 2020; Tram-
blay et al., 2020), and the reduction of network 
losses is one of the few measures that can deliver 
additional water within months rather than years.

The International Water Association frame-
work distinguishes four pillars of real-loss man-
agement: pressure management, active leakage 
control, speed and quality of repairs, and asset 
renewal (Mutikanga et al., 2013; Gupta and Ku-
lat, 2018). Active leakage control, the systematic 
search for leaks that do not surface, is justified by 
the fact that hidden leaks run for months before 
detection, so that their volume is governed by 
awareness time rather than by flow rate. Its effect 
is usually monitored through the minimum night 
flow of a district or system, which is the standard 
indicator of real losses when legitimate night 
consumption is small and can be estimated (Al-
kasseh et al., 2013; Amoatey et al., 2014). Night-
flow analysis has been applied in both continuous 
and intermittent supply contexts and, when com-
bined with a night-day factor derived from pres-
sure records, allows real losses to be expressed 
as daily volumes and compared with the water 
balance (AL-Washali et al., 2019; Amoatey et al., 
2018). A second, less documented, aspect is the 
natural rate of rise of leakage once search effort 
decreases, which determines the economic fre-
quency of intervention (Islam and Babel, 2013; 
Creaco and Walski, 2017).

Where failures occur is as important as how 
many occur. Spatial analyses of burst records 
using geographic information systems, density-
based clustering, and kernel density estimation 
have shown that failures cluster in space and time, 
and that clusters persist long enough to guide re-
newal and monitoring priorities (de Oliveira et al., 
2011; Martínez García et al., 2019). Spatial clus-
tering of past breaks also improves failure predic-
tion models (Chen and Guikema, 2020; Aslani et 
al., 2021). Reviews of failure factors consistently 
point to material, diameter, age, pressure, and 
soil conditions, with small-diameter plastic and 

asbestos-cement pipes and service connections 
being the most failure-prone assets (Barton et al., 
2019; Kabir et al., 2015). Most of this evidence, 
however, comes from large utilities in Europe 
and North America with mature asset databases 
(Snider and McBean, 2021; Robles-Velasco et al., 
2020). Small and medium towns in North Africa 
rarely possess pipe-age records, and published as-
sessments of losses in the region rely mainly on 
annual water balances (Al-Omari, 2013; Taghlabi 
et al., 2023), so that decisions on where to search 
for leaks and which assets to renew are taken with 
little spatial evidence. Recent regional studies 
converge on the same point from different angles: 
the contribution that treated wastewater reuse 
can make to water security in Morocco (Lemfar-
rak et al., 2025), the performance of traditional 
clay-based groundwater recharge systems in the 
Algerian Sahara (Oussama et al., 2026), and the 
contrast in hydro-physical behaviour between 
urban and natural soils within a single semi-arid 
Moroccan basin (Salih et al., 2026). These find-
ings also highlight the importance of site-specific 
and operationally adaptive approaches to sustain-
able water management in water-stressed North 
African environments, where the effectiveness of 
water-management interventions depends strong-
ly on local conditions and continued monitoring.

Repair registers kept by field crews are an 
under-used source in this context. When georef-
erenced and coded, they reveal where the network 
fails, which components fail, whether failures 
were visible or hidden, and what each failure costs 
in supply interruption for customers. Combined 
with night-flow and pressure measurements, they 
also allow the effect of active leakage control on 
real losses to be quantified without a complete 
billing balance. Published work on leakage in 
Moroccan networks has so far addressed model-
based leak pre-location and smart monitoring 
pilots in the Casablanca system (Taghlabi et al., 
2020; Taghlabi et al., 2023); a search of Scopus 
and Google Scholar (September 2026, terms: Mo-
rocco, leak, night flow, repairs, hotspot) returned 
no study combining a georeferenced multi-year 
repair register with night-flow, pressure and spa-
tial hotspot analysis for a Moroccan utility, nor, to 
our knowledge, for a small North-African town.

The aim of this study is to evaluate a two-year 
active leakage control programme carried out by 
the National Office of Electricity and Drinking 
Water (ONEE) in the town of Aïn Aouda, Mo-
rocco, and to derive from it a spatially targeted 
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preventive maintenance strategy. Four questions 
are addressed: (i) how did the number of repairs 
and the minimum night flow of the network re-
spond to the intensity of active search, including 
the rebound when intensity decreased; (ii) which 
leak types and components dominate failures, 
how are they distributed between reported and 
hidden leaks, and which of them carry the larg-
est service impact; (iii) where do failures concen-
trate, and are the hotspots persistent over time; 
and (iv) what water, energy and carbon savings 
can be attributed to the programme.

MATERIALS AND METHODS

Study area and water supply system

Aïn Aouda (33.80° N, 6.79° W) is a town 
of the Skhirate-Témara prefecture, about 20 km 
south of Rabat, in the Rabat-Salé-Kénitra region 
of Morocco. The climate is semi-arid Mediterra-
nean, with monthly mean maximum temperatures 
ranging from 21 °C in winter to 35 °C in summer 
according to the utility’s records. Drinking water 
is supplied by the ONEE Water Branch. Water is 
pumped from station SP2 through DN 250, DN 
400, and DN 500 mains to a 3 000 m³ storage 
tank, with intermediate offtakes supplying rural 
settlements along the route; the tank feeds by 
gravity two 800 m³ distribution reservoirs (Atlas 
and Oulad Zaer), and a 200 m³ reservoir is sup-
plied by pumping. The distribution network is 
meshed between the three reservoirs and com-
prises about 192 km of mains in polyvinyl chlo-
ride (PVC, DN 63 to DN 400), high-density poly-
ethylene (HDPE, DN 50 to DN 90) and asbestos 
cement (DN 60 to DN 250), serving about 24 000 
service connections. The network is divided into 

pressure zones with ground elevations between 
213 and 303 m; no pressure-reducing valves were 
installed before or during the study period.

Table 1 summarises the utility water balance 
for 2015–2022, the last years with available billed 
volumes. Non-revenue water fluctuated between 
27% and 32% until 2020 and decreased to 22–24% 
in 2021–2022, corresponding to 92–98 L per con-
nection per day, a level that places the town in the 
intermediate performance bands proposed for de-
veloping countries (Liemberger & Wyatt, 2019). 
The distribution input measured at the three res-
ervoir outlets in April 2026 averaged 10 660 m³/d 
(Figure 11a), i.e. about 3.9 million m³ per year.

Active leakage control programme

The programme was implemented under a 
performance-based framework contract of the 
ONEE Water Branch for the search and repair 
of leaks, with a contractual commitment on the 
reduction of real losses: after a two-month pre-
paratory phase, the minimum night flow was to 
be reduced by 25% relative to the baseline within 
a first 120-day search-and-repair phase, and then 
kept at least 25% below the baseline with the 
objective of reaching a 40% reduction over the 
remaining contract period. The decreasing sur-
vey intensity described below therefore reflects 
the two contractual phases, an intensive reduc-
tion phase followed by a maintenance phase. 
The programme started in June 2024 and com-
bined a systematic acoustic survey of the network 
(ground microphones and leak-noise correlators 
on mains and service connections, step testing by 
valve manoeuvres), repair of the leaks found, and 
bimonthly night-flow campaigns to track prog-
ress. The team comprised a local manager, two 
leak-detection technicians with about ten years of 

Table 1. Water balance indicators of the Aïn Aouda water supply system, 2015–2022 (utility data)

Year System input 
(10³ m³)

Billed volume 
(10³ m³)

Non-revenue 
water (%) Mains (km) Connections Losses (m³/

km/d)
Losses (L/
conn./d)

2015 2 005 1 431 28.6 174 12 507 9.0 126

2016 2 331 1 648 29.3 182 13 999 10.3 134

2017 2 654 1 815 31.6 185 15 606 12.4 147

2018 2 520 1 762 30.1 192 16 833 10.8 123

2019 2 800 1 975 29.5 192 18 259 11.8 124

2020 3 018 2 194 27.3 192 19 424 11.8 116

2021 2 970 2 300 22.5 192 20 008 9.6 92

2022 3 342 2 539 24.1 192 22 420 11.5 98

Note: losses = system input − billed volume.
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experience assisted by two operators, two crew 
leaders, four plumbers, four labourers and a store-
keeper. The length of mains surveyed was record-
ed for each campaign: 2 070 km in total over the 
ten campaigns, i.e. about eleven passes over the 
192 km network, with a survey intensity that de-
creased from 4.6–6.1 km per day during the first 
four campaigns to 0.9–1.9 km per day from June 
2025 onwards (Table 3). Reported leaks (visible 
at the surface or notified by customers) contin-
ued to be repaired by the same crews and were 
recorded in the same register.

Data sources

Four data sets were used. (1) The repair regis-
ter kept by the field crews from 14 April 2024 to 5 
April 2026, with 1 229 interventions and, for each, 
the date, the nature of the leak, the designation 
of the failed part, the address, GPS coordinates 
recorded by the crew, the duration of the supply 
cut, the number of customers affected and the de-
tection mode. (2) Ten bimonthly minimum night 
flow campaigns from June 2024 to April 2026. 
(3) Pressure records from 23 data-logger deploy-
ments between May 2024 and March 2026. (4) 
Continuous flow measurements with clamp-on ul-
trasonic flow meters at the three reservoir outlets 
(4–8 April 2026) and along the transmission main 
(17–19 February 2026). The annual water balance 
for 2015–2022 was provided by the utility.

Minimum night flow was measured at the 
outlet of the Atlas reservoir while the two other 
supply points (the Oulad Zaer reservoir and the 
pumped supply of the 200 m³ reservoir) were 
closed, so that the whole meshed network was fed 
from a single metered inlet during each campaign, 
and all bulk exports to neighbouring systems were 
closed. Large consumers were closed, and no ir-
rigation of public green spaces took place during 
the measurements. The same protocol was ap-
plied in all ten campaigns, which makes the val-
ues directly comparable. The baseline night flow 
before the programme was 274.2 m³/h (76.2 L/s).

Measurement equipment and quality 
control

Night flow was recorded with clamp-on 
transit-time ultrasonic flow meters logging at 
5-min intervals; the contract required calibra-
tion certificates less than one year old for the 
flow meters, and the certificates are held by the 

utility. Each campaign value is the minimum of 
the 5-min readings recorded between 00:00 and 
06:00 over three consecutive nights (two nights in 
August 2025), as required by the contract, which 
also required the nightly records to be delivered 
as date–time–flow tables with the corresponding 
curves. The nightly records of all campaigns (36 
nights, 2 446 readings) were re-examined for this 
study: the campaign values reported by the utility 
coincide with the lowest sustained reading of the 
three nights, and the spread between the nightly 
minima of a campaign was 0.7–13.6 m³/h in eight 
campaigns (coefficient of variation 0.2–3.2%), 23 
m³/h in June 2025 and 27 m³/h in October 2025; 
one isolated 5-min dip of 125.6 m³/h on 2 De-
cember 2024, not sustained in the adjacent read-
ings, was disregarded by the operator. Four addi-
tional nights recorded between campaigns (9 and 
11 July, 5 September and 13 November 2024) 
were used to check the continuity of the series. 
The nightly records and curves are provided as 
Supplementary Material (Table S1, Figure S1). 
Pressure was recorded with data loggers at 5-min 
intervals; series shorter than one full day were 
excluded. The continuous flow measurements of 
April 2026 were made with the same ultrasonic 
meters at the three reservoir outlets, with sig-
nal-quality indicators logged by the instruments 
(98–99% during the night). For the repair register, 
quality control consisted of range and consistency 
checks on dates, the reconciliation of the 40 non-
leak interventions, the correction of coordinate 
formats, the exclusion of points outside the urban 
perimeter and the cross-check of district names 
against addresses.

Data cleaning and coding

The register was processed with reproducible 
rules (Table 2). Forty interventions that were not 
leak repairs (valve works, meter-box relocation, 
manhole cleaning, pressure complaints) were ex-
cluded, leaving 1 189 leak repairs; two records 
with implausible dates were excluded from the 
time series, giving 1 187 repairs for analysis. 
Leaks were classified into four types (service 
connection, main, meter box, and fitting). The 
failed component, and for mains the material and 
nominal diameter, were extracted from the part 
designation. The detection mode was recoded 
as reported (visible) or hidden (found by acous-
tic survey). Interruption times were converted to 
minutes and customer-hours of interruption were 
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computed as the product of customers affected and 
interruption time. Coordinates were corrected for 
decimal separators and sign errors, transformed 
to the national projected system (Merchich / Nord 
Maroc, EPSG:26191), and eight points falling 
outside the urban perimeter were discarded, leav-
ing 1 117 georeferenced interventions (91%), of 
which 1 096 leak repairs. Eighteen district names 
were harmonised from the free-text addresses.

Statistical analysis

Monthly repair counts over the 22 complete 
months (June 2024 to March 2026) were tested 
for trend with the non-parametric Mann-Kendall 
test and Sen’s slope estimator; because monthly 
counts are serially correlated (lag-1 autocorrela-
tion 0.79), the test was repeated with the Hamed-
Rao and Yue-Wang variance corrections and with 
trend-free pre-whitening, and the trend was also 
estimated with a negative binomial regression 
of monthly counts on time, which accounts for 
overdispersion. The June–December windows of 
2024 and 2025 were compared with a negative bi-
nomial rate ratio, and seasonal differences with a 
Kruskal-Wallis test on monthly counts. The yield 
of the acoustic survey was estimated with a Pois-
son model of the number of hidden leaks per cam-
paign with the length of mains surveyed as expo-
sure (offset), and its temporal trend with a nega-
tive binomial model. The association between 
leak type and detection mode was tested with a 
chi-square test and quantified with Cramér’s V. 
Interruption times and numbers of customers af-
fected were compared between leak types with 
Kruskal-Wallis tests, as their distributions were 
strongly skewed. The response of the night flow 
to repairs was described campaign by campaign, 
with rank correlations between the change in 
night flow and the survey effort and number of 

hidden leaks of each campaign. A simple cam-
paign-level model (Supplementary Material, 
Equation S1 and Table S2), expressing the change 
in night flow between two campaigns as the bal-
ance between the flow recovered by hidden-leak 
repairs and a linear rise of leakage with time, was 
fitted for illustration only; with ten campaigns its 
coefficients are not statistically significant and 
it is not used to derive quantitative conclusions. 
Uncertainty on the derived quantities (recovered 
volume, real-loss shares, energy and emissions) 
was propagated by Monte Carlo simulation (20 
000 draws) with the following inputs: flow-meter 
uncertainty ±2% (one standard deviation), night-
day factor uniform between 19.9 and 21.1 h, le-
gitimate night consumption uniform between 14 
and 41 m³/h, specific energy uniform between 
0.62 and 0.72 kWh/m³, emission factor uniform 
between 0.57 and 0.70 kg CO₂/kWh and distri-
bution input ±5%. All analyses were performed 
in Python 3.11 (pandas, SciPy, pymannkendall, 
statsmodels) with a significance level of 0.05.

Night-flow analysis, night-day factor 	
and water–energy balance

Real losses were estimated by the night-flow 
method as the minimum night flow minus an al-
lowance for legitimate night consumption, con-
verted to daily volume with a night-day factor 
(AL-Washali et al., 2016; Amoatey et al., 2018). 
Because the flow recovered by the programme 
is the difference between two night flows mea-
sured under the same protocol, it is insensitive 
to the legitimate-consumption allowance, which 
was therefore treated as a sensitivity parameter 
between 0.6 and 1.7 L per connection per hour 
(Alkasseh et al., 2013). The night-day factor 
was derived from the pressure records: for each 
logger series covering at least one full day, the 

Table 2. Coding scheme applied to the repair register

Variable Source field Classes or units Records

Leak type Nature of leak Service connection; main; meter box; fitting; non-leak (excluded) 1 229

Component Part designation Service pipe, main pipe, fitting, stop tap, flange adaptor, angle 
valve, Gibault joint, gate valve, coupling, tee or elbow, meter box 1 205

Material and diameter 
of mains Part designation PVC, HDPE, asbestos cement, ductile iron; DN 50–500 mm 267

Detection mode Observation Reported (visible); hidden (acoustic survey); not recorded 1 173

Interruption time Cut-off duration min 933

Customers affected Subscribers affected count; customer-hours = count × hours 925

Location X, Y WGS84 → EPSG:26191; urban perimeter check 1 117
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hourly mean pressure profile was normalised 
to the 02:00–04:00 night pressure and the fac-
tor was computed as the sum over 24 h of the 
pressure ratio raised to the leakage exponent N1, 
using N1 = 1 and N1 = 1.5 to bracket the behav-
iour of rigid and plastic pipes according to the 
fixed-and-variable-area-discharge concept (van 
Zyl and Cassa, 2014; Schwaller and van Zyl, 
2015). The recovered volume was converted 
to energy and greenhouse-gas savings with the 
national specific energy consumption of ONEE 
water supply, 0.62–0.72 kWh/m³ (African De-
velopment Bank, 2014; Plan Bleu, 2011), and a 
grid emission factor of 0.57–0.70 kg CO₂/kWh 
for Morocco, following the water–energy nexus 
approach (Wakeel et al., 2016; Lee et al., 2017). 
These conversions are model-based estimates: 
the energy and emission figures were not mea-
sured at the plant level and are reported with the 
uncertainty of the coefficients propagated by the 
Monte Carlo simulation.

Spatial analysis

Georeferenced repairs were analysed in 
EPSG:26191. Leak density was estimated by ker-
nel density estimation with a Gaussian kernel, a 
150 m bandwidth and a 20 m cell, expressed in 
repairs per km²; the bandwidth was chosen close 
to the mean nearest-neighbour distance between 
repairs and checked for stability between 100 and 
250 m. Separate surfaces were computed for all 
leaks and for hidden leaks, and half-year surfaces 
on a common colour scale were used to assess the 
persistence of hotspots, following the rationale of 
density-based hotspot mapping of pipe failures 
(de Oliveira et al., 2011; Martínez García et al., 
2019). Repairs were also counted on a 200 m grid 
and aggregated by district. The significance of 
spatial clustering was tested with Ripley’s L func-
tion against 199 simulations of complete spatial 
randomness within the convex hull of the repairs 
(buffered by 100 m), with Moran’s I on the 200 
m grid (queen contiguity, 999 permutations) and 
with the Getis-Ord Gi* statistic to identify cells 
with significantly high counts; the sensitivity of 
the density surface to the bandwidth was assessed 
by comparing, for bandwidths of 100, 150, 200 
and 250 m, the location of the peak and the share 
of repairs falling within the 10% of the area with 
the highest density (Supplementary Material, Fig-
ures S2 and S3). The satellite image used as back-
ground is the Esri World Imagery service.

RESULTS

Temporal evolution of repairs 		
and night-flow response

Figure 1 shows the location of the 1 096 geo-
referenced repairs. The monthly number of repairs 
decreased markedly over the programme (Figure 
2): from 91–109 repairs per month in June–July 
2024 to 27–44 per month in the second half of 
2025 and 35–47 per month in early 2026. The 
Mann-Kendall test confirms a significant decreas-
ing trend (τ = −0.65, p < 0.001) with a Sen’s slope 
of −4.0 repairs per month; the conclusion is un-
changed with the Hamed-Rao and Yue-Wang cor-
rections and with trend-free pre-whitening (p < 
0.001 in all cases; Supplementary Table S3), and 
the negative binomial regression gives a decrease 
of 6.7% per month (95% confidence interval 3.9–
9.4%, p < 0.001; Poisson dispersion 5.7, negative 
binomial α = 0.19). Between June and December, 
600 repairs were carried out in 2024 against 177 
in 2025 (rate ratio 0.29, 95% confidence interval 
0.17–0.50, negative binomial model). No seasonal 
signal was detectable once the trend is accounted 
for (Kruskal-Wallis between seasons, p = 0.81). 
The share of hidden leaks among repairs ranged 
between 36% and 75% per campaign, with the 
highest share (75%) in the last campaign.

The minimum night flow decreased rapidly 
during the first months of the programme (Figure 
3, Table 3). The number of hidden leaks found 
per campaign was closely related to the length of 
mains surveyed (Spearman ρ = 0.74, p = 0.014), 
with an overall yield of 29 hidden leaks per 100 
km surveyed (95% confidence interval 26–31; one 
leak every 3.5 km) and no significant trend of the 
yield over the campaigns (p = 0.26). During the 
first three campaigns, carried out at 4.6–6.1 km 
surveyed and 2.4–3.3 repairs per day and includ-
ing 285 hidden leaks, the night flow fell from 274.2 
to 154.4 m³/h, a reduction of 44% in six months. It 
then rose to 174 m³/h in February 2025 and to 189 
m³/h in August 2025 while the survey intensity de-
creased to 1.6–2.8 km per day and the repair inten-
sity to 1.2–1.3 repairs per day, before decreasing 
again to 160 m³/h in February 2026. The last cam-
paign, with 57 hidden leaks found on 102 km (56 
per 100 km, the highest yield of the programme) 
and repaired in 59 days, brought the night flow 
down to 127.5 m³/h, i.e. 53.5% below the base-
line and below the final target of the programme 
(164.5 m³/h). The night-flow values are supported 
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Figure 1. Location of the 1 096 georeferenced leak repairs in Aïn Aouda (May 2024 – April 2026) by leak type 
and detection mode; projection Merchich / Nord Maroc (EPSG:26191), background Esri World Imagery

Figure 2. Monthly number of leak repairs by detection mode, June 2024 – March 2026 (n = 1 175), with the 
3-month moving average and the Mann-Kendall trend statistics

by the nightly records: within each campaign the 
three nightly minima differed by 0.7–13.6 m³/h in 
eight campaigns, by 23 m³/h in June 2025 and by 
27 m³/h in October 2025 (Table 3, Supplementary 
Table S1 and Figure S1), and the four additional 
nights recorded between campaigns (238 and 225 
m³/h in July 2024, 206 m³/h in September 2024, 
180 m³/h in November 2024) fall on the same 
trajectory. The changes in night flow between 

consecutive campaigns were negatively but not 
significantly correlated with the number of hidden 
leaks repaired (Spearman ρ = −0.52, p = 0.12) and 
with the length surveyed (ρ = −0.29, p = 0.41). The 
illustrative campaign-level model gives a mean 
recovered flow of 0.34 m³/h per repaired hidden 
leak (95% confidence interval −0.13 to 0.81) and 
a rise of 0.05 m³/h per day (−0.40 to 0.50) with 
R² = 0.45; neither coefficient is significant with ten 
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observations (Supplementary Table S2), so that no 
quantitative rate of rise of leakage is claimed. What 
the sequence shows descriptively is that the net rise 
of 35 m³/h between December 2024 and August 
2025 occurred while survey intensity fell from 5.7 
to 1.6 km per day, and that the night flow decreased 
again when intensity and hidden-leak yield rose in 
the last campaign.

Leak typology, detection mode and service 
impact

Service connections accounted for 713 re-
pairs (60%), mains for 287 (24%), meter boxes 
for 135 (11%) and fittings for 52 (4%) (Table 
4). The detection mode was strongly associated 
with the leak type (χ² = 200, df = 3, p < 0.001, 

Figure 3. Minimum night flow of the Aïn Aouda network measured at the end of each active leakage control 
campaign (lowest of three consecutive nights) (a) and number of leak repairs per campaign by detection mode 

(b), June 2024 – April 2026; labels in (b) give the number of repairs per campaign day

Table 3. Survey effort, repairs and minimum night flow per active leakage control campaign

Campaign Days
Mains 

surveyed 
(km)

Survey 
intensity 
(km/d)

Repairs Hidden 
leaks

Hidden 
leaks 

per 100 
km

Night 
flow 

at end 
(m³/h)

Nights recorded / 
spread of nightly 

minima (m³/h)

Reduction 
vs 

baseline 
(%)

05 Jun–04 Aug 2024 61 370 6.1 200 116 31 216.4 3 / 6.0 21.1

05 Aug–04 Oct 2024 61 278 4.6 166 89 32 169.7 3 / 13.6 38.1

05 Oct–04 Dec 2024 61 347 5.7 148 80 23 154.4 3 / 18.0* 43.7
05 Dec 2024–04 Feb 
2025 62 325 5.2 169 73 22 174.1 3 / 7.4 36.5

05 Feb–04 Apr 2025 59 168 2.8 75 38 23 164.5 3 / 12.0 40.0

05 Apr–31 May 2025 57 142 2.5 109 55 39 164.9 3 / 23.3 39.9

01 Jun–04 Aug 2025 65 106 1.6 81 30 28 189.1 2 / 0.7 31.0

05 Aug–04 Oct 2025 61 116 1.9 77 30 26 187.2 3 / 27.3 31.7
05 Oct 2025–04 Feb 
2026 123 116 0.9 69 25 22 160.5 3 / 2.3 41.5

05 Feb–04 Apr 2026 59 102 1.7 76 57 56 127.5 3 / 1.7 53.5

Total / overall 669 2 070 3.1 1 170 593 29 29 nights

Note: baseline minimum night flow before the programme 274.2 m³/h (three nights, 31 May – 2 June 2024, nightly 
minima 274.2–280.2 m³/h); repairs include reported and hidden leaks recorded in the register during the campaign; 
mains surveyed is the cumulative length walked by the acoustic survey team; the spread is the difference between 
the highest and lowest nightly minimum of the campaign; * excluding an isolated 5-min dip of 125.6 m³/h on 2 
December 2024.
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Cramér’s V = 0.41): 66% of service-connection 
leaks were hidden leaks found by acoustic survey, 
against 39% of main leaks, 27% of fitting leaks 
and only 2% of meter-box leaks (Figure 4). Three 
components concentrated 84% of all repairs: the 
service pipe itself (512 repairs, 43%), the main 
pipe (268, 23%) and fittings at the connection 
(223, 19%); stop taps added a further 7% (Figure 
5). Among the 267 main repairs with a recorded 
material, 125 were on PVC, 110 on HDPE and 
29 on asbestos-cement pipes; DN 63 mm alone 
accounted for 100 main failures, followed by DN 
50 (49), DN 75 (34) and DN 110 (25).

The service impact of failures was very un-
equally distributed (Figure 6, Table 4). The median 
supply interruption was 40 min for mains (inter-
quartile range 30–45 min), 35 min for fittings, 25 
min for service connections (20–30 min) and 15 
min for meter boxes (Kruskal-Wallis p < 0.001). 
The median number of customers affected was 61 
for mains and 24 for fittings, against 1.5 for service 
connections and 1 for meter boxes (p < 0.001). In 
total, the 1 187 repairs caused 24 507 customer-
interruptions and 22 494.2 customer-hours without 

supply, of which 82.0% (18 437.0 customer-hours) 
were attributable to the 287 main failures (the cal-
culation, customers affected multiplied by inter-
ruption time for each repair and summed by leak 
type, is reproducible from Table 4 and from the 
coding scheme of Table 2).

Spatial distribution and persistence of 
hotspots

The kernel density surface of all repairs (Fig-
ure 7) shows three main hotspots. The strongest 
lies in the north-eastern part of the town (En-
nasser district), where three contiguous 200 m 
cells hold 143 repairs and the density exceeds 
700 repairs per km²; a second core covers the 
central-western sector and a third the central 
sector, both with densities of 300–400 repairs 
per km². A separate cluster corresponds to the Al 
Firdaous district, about 3 km west of the town 
centre, which is fed by the same network. The 
density of hidden leaks (Figure 8) reproduces 
the same three cores and concentrates them 
further, so that the areas to be prioritised for 

Figure 4. Number of leak repairs by leak type and detection mode; labels give the number of repairs and the 
share of hidden leaks found by acoustic survey

Figure 5. Pareto chart of failed components (n = 1 187 repairs); labels give the cumulative share
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acoustic survey are clearly delimited. The half-
year surfaces (Figure 9) show that the north-
eastern hotspot is present in all five half-years, 
while the overall density decreases with time, 
which indicates a zone where repair alone is 
insufficient and renewal should be considered. 
The clustering is statistically significant: Rip-
ley’s L function lies far above the 95% envelope 
of complete spatial randomness at all distances 
from 50 to 1 000 m (L(r) − r = 140 m at r = 50 
m and 526 m at r = 500 m, against an envelope 
below 3 m; Supplementary Figure S2a), Moran’s 
I of the 200 m grid counts is 0.51 (z = 25, per-
mutation p = 0.001), and the Getis-Ord Gi* sta-
tistic identifies 70 cells (11% of the study area) 
as hotspots at p < 0.01, which together contain 
732 repairs (67%); the hotspot cells form one 
contiguous block over the north-eastern and 
central sectors and a small group in Al Firdaous 
(Supplementary Figure S3). The density surface 
is insensitive to the bandwidth: for 100, 150, 
200 and 250 m the peak remains within 40 m of 
the same location and the 10% of the area with 
the highest density contains 85, 82, 80 and 78% 

of the repairs respectively (Jaccard overlap of 
the high-density area with the 150 m reference 
0.88 at 100 m, 0.91 at 200 m and 0.83 at 250 m; 
Supplementary Figure S2b). The mean nearest-
neighbour distance between repairs is 35 m.

At district level (Table 5), Ennasser had the 
largest number of georeferenced repairs (253) 
with 67% hidden leaks, followed by Oulad Zaer 
(196), where half of the repairs concerned mains, 
and Tadamoune (159), where 92% of repairs were 
on service connections and only 8 on mains. Al 
Jadid (78) and PAM (47) had the highest shares 
of hidden leaks (71% and 72%), while Sidi Laarbi 
combined a low share of hidden leaks (30%) with 
a high proportion of main failures (30 of 54).

Pressure regime, night-day factor and real-
loss balance

The 79 pressure series recorded at about 40 
points over eight campaigns show the diurnal re-
gime of a gravity-fed system (Figure 10a): pres-
sure is highest between 01:00 and 06:00, falls to 

Table 4. Leak repairs by type, detection mode and service impact, May 2024 – April 2026

Leak type Repairs (n) Share (%) Hidden leaks 
(%)

Median 
interruption (min)

Median customers 
affected

Customer-hours 
(sum)

Service 
connection 713 60.1 65.9 25 1.5 2 631.8

Main 287 24.2 39.0 40 61 18 437.0

Meter box 135 11.4 1.8 15 1 49.8

Fitting 52 4.4 26.9 35 24 1 375.6

All leaks 1 187 100 51.4 30 2 22 494.2

Note: hidden-leak shares computed on repairs with a recorded detection mode (n = 1 163); customer-hours = 
customers affected × interruption time. Customer-hours are derived from interruption times recorded in minutes 
and are therefore reported to one decimal; the column sums exactly to the total.

Figure 6. Supply interruption time (a) and number of customers affected (b) per leak repair, by leak type; boxes 
show the interquartile range and the median, points the outliers
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Figure 7. Kernel density of all georeferenced leak repairs (n = 1 096; Gaussian kernel, 150 m bandwidth, 20 m 
cell); background Esri World Imagery

Figure 8. Kernel density of hidden leaks found by acoustic survey (n = 569), same parameters as Figure 7

Figure 9. Half-year kernel density surfaces of leak repairs on a common colour scale: (a) 2024-H1, (b) 2024-H2, 
(c) 2025-H1, (d) 2025-H2, (e) 2026-H1
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Table 5. Georeferenced leak repairs by district

District Repairs Hidden leaks (%) Service connections Mains

Ennasser 253 67 175 47

Oulad Zaer 196 51 78 99

Tadamoune 159 42 146 8

Al Firdaous 115 54 72 22

Al Jadid 78 71 49 14

Sidi Laarbi 54 30 19 30

PAM 47 72 29 10

Other districts (11) 194 35 104 49

Total 1 096 52 672 279

77% of the night value at 12:00–13:00 and re-
covers progressively in the evening. The mean 
pressure was 3.3 bar, the mean night pressure 
3.8 bar and the mean daytime pressure 3.2 bar; a 
few low-lying points (Al Firdaous, PAM, Abouab 
Zaer) recorded 5–7 bar. The night-day factor had 
a median of 21.1 h (interquartile range 20.0–22.4 
h) for N1 = 1 and 19.9 h (18.4–21.6 h) for N1 = 
1.5 (Figure 10b), so that a value of 20–21 h was 
used for the volume conversion.

Continuous measurements at the three res-
ervoir outlets in April 2026 (Figure 11a) gave a 
distribution input of 10 030–11 860 m³/d (mean 
of the three complete days 10 660 m³/d), a daily 
minimum of 111–123 m³/h between 03:00 and 
04:00, consistent with the 127.5 m³/h of the last 
campaign, and a ratio of minimum night flow to 
average daily flow of 0.25. The transmission main 
profile (Figure 11b) shows the 20 h pumping re-
gime of station SP2 and the inflow to the storage 
tank (about 10 200 m³/d in February 2026); the 
differences between the three meters reflect the 

rural offtakes upstream of the DN 500 junction 
and the daily draining and refilling of the DN 500 
main during pump stops, not distribution losses.

Applying the night-flow method (Table 6), 
real losses in April 2026 are estimated at 1 390–
2 380 m³/d, i.e. 13–22% of the distribution input 
and 58–99 L per connection per day, depending 
on the night flow retained (110.6 or 127.5 m³/h) 
and on the legitimate night consumption allow-
ance. Under the assumption that the distribution 
input in June 2024 was of the same order as in 
April 2026 (it was not measured at the time; the 
network was supplied from the same reservoirs 
and the number of connections did not decrease, 
so that the input is unlikely to have been low-
er), the baseline night flow of June 2024 cor-
responds to about 4 700–5 300 m³/d, i.e. about 
45% of the input and 195–220 L per connection 
per day. The flow recovered by the programme, 
146.7 m³/h, represents an estimated 1.07–1.12 
million m³ per year with the measured night-
day factor of 20–21 h, about 30% of the current 

Figure 10. Diurnal pressure profile normalised to the 02:00–04:00 night pressure, median and interquartile range 
of 79 logger series (a), and night-day factor per campaign for a leakage exponent of 1 (b)
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Table 6. Real-loss balance of the distribution network estimated by the night-flow method (model-based estimates; 
95% Monte Carlo intervals in brackets)

Item June 2024 (baseline) April 2026 
(end of programme) Assumption

Minimum night flow (m³/h) 274.2 110.6–127.5 Measured, single-inlet protocol, ±2%
Legitimate night consumption 
(m³/h) 14–41 14–41 0.6–1.7 L/connection/h, 24 000 connections

Night-day factor (h) 20–21 20–21 Measured from 79 pressure series

Real losses (m³/d) 4 700–5 300 1 390–2 380

Distribution input (m³/d) ≈ 10 700* 10 660 Measured 5–7 April 2026, ±5%

Real losses (% of input) ≈ 45 (42–54) 13–22 (16–23)

Real losses (L/connection/d) 195–220 (194–228) 58–99 (73–98)

Recovered flow (m³/h) 146.7 Difference of night flows
Recovered volume (10⁶ m³/
yr) 1.07–1.12 (1.00–1.19) 146.7 m³/h × 20–21 h × 365 d

Avoided energy (GWh/yr) 0.66–0.81 (0.65–0.82) 0.62–0.72 kWh/m³ (national coefficient, not 
measured locally)

Avoided emissions (t CO₂/yr) 380–560 (390–550) 0.57–0.70 kg CO₂/kWh (grid factor, not 
measured locally)

Note: * the June 2024 distribution input was not measured; the April 2026 value is used, which makes the baseline 
loss share indicative; Monte Carlo intervals refer to the input uncertainties listed in Methods and do not include 
this assumption.

Figure 11. Flow at the three reservoir outlets and total distribution input, 5–7 April 2026 (a), and hourly mean flow 
along the transmission main from pumping station SP2 to the 3 000 m³ storage tank, 17–19 February 2026 (b)

annual distribution input, and corresponds to 
an estimated 0.66–0.81 GWh of electricity and 
380–560 t CO₂ avoided per year with the na-
tional specific energy and emission factors. The 
Monte Carlo propagation of all input uncertain-
ties gives a recovered volume of 1.10 million m³ 
per year (95% interval 1.00–1.19), 0.73 GWh 
(0.65–0.82) and 470 t CO₂ (390–550), and real-
loss shares of 47% (42–54%) at the baseline and 
19% (16–23%) at the end of the programme, i.e. 
211 (194–228) and 85 (73–98) L per connection 
per day; the baseline share carries the addition-
al, unquantified uncertainty of the distribution 
input assumption.

DISCUSSION

Attribution of the night-flow reduction

The 54% reduction of the minimum night flow 
is an observation made during the programme 
period, not an experimental measurement of the 
effect of repairs alone, and other factors were ex-
amined before relating it to active leakage con-
trol. Pressure: the same supply configuration and 
no pressure management were applied through-
out; night pressures measured in the same sea-
son were 3.9–4.0 bar in February–April 2025 and 
4.2–4.3 bar in February–March 2026, i.e. equal 
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or slightly higher at the end of the programme, so 
that a pressure decrease cannot explain the low-
er night flow; a sensitivity calculation with the 
pressure-leakage relationship shows that a ±10% 
change in night pressure between baseline and 
end would move the reduction between 48% and 
58% (N1 = 1) or 46% and 60% (N1 = 1.5). Sup-
ply regime: the night-flow protocol (single me-
tered inlet, exports and large consumers closed) 
was identical in all campaigns, and the values are 
the lowest of three nights recorded at 5-min in-
tervals with calibrated meters, with a spread be-
tween nights of a few m³/h in most campaigns. 
Consumption and season: legitimate night con-
sumption enters the recovered flow only through 
its change between campaigns, and the compari-
son of the same season one year apart (164.5 m³/h 
in April 2025, 127.5 m³/h in April 2026, −22%) 
shows a continued decrease independent of sea-
sonal effects; the summer 2025 values, obtained 
under a temporary supply deficit, are the only 
ones that may include a seasonal component of 
night demand. Effort: the number of hidden leaks 
found followed the length of mains surveyed 
closely, and the periods of decreasing night flow 
coincide with the periods of high survey intensity 
while the rebound coincides with the low-inten-
sity phase. Taken together, these elements do not 
prove causality, but they make the sustained ac-
tive leakage control effort the most parsimonious 
explanation of the observed reduction and of its 
rebound, and the quantities derived from it are 
reported as estimates with their uncertainty rather 
than as measured savings.

Effectiveness of active leakage control and 
rebound of leakage

A 54% reduction of the minimum night flow 
in two years, with real losses estimated to fall from 
about 45% to 15–20% of the distribution input, is 
at the upper end of what has been reported for ac-
tive leakage control programmes in developing-
country networks, where reductions of 20–40% of 
real losses are more typical after the first survey 
cycle (Mutikanga et al., 2013; Ociepa et al., 2019). 
Two features of the Aïn Aouda case explain this 
result. First, the initial level of losses was high, 
about 200 L per connection per day, so that the 
marginal return of acoustic survey was large. Sec-
ond, the search was intensive and sustained during 
the first six months (4.6–6.1 km of mains surveyed 
and 2.4–3.3 repairs per day), which is when 44% 

of the total reduction was obtained; the number 
of hidden leaks found followed the survey effort 
closely, which indicates that detection, not repair 
capacity, was the limiting factor. The subsequent 
rise of the night flow from 154 to 189 m³/h when 
intensity fell to 1.2 repairs per day, and its return 
to 127 m³/h after a renewed campaign, are con-
sistent with the natural rate of rise of leakage that 
underlies the economic-intervention-frequency 
concept (Islam and Babel, 2013; Creaco and Wal-
ski, 2017). With ten campaigns the rate of rise 
could not be estimated with statistical confidence 
(Supplementary Table S2); the net rise of 35 m³/h 
in eight months, obtained despite 434 repairs, is 
reported as an observation, and it suggests that, in 
this network, active search should be permanent 
rather than a one-off campaign: on the basis of 
Table 3, a survey intensity of about 3 km per day, 
or 60–70 hidden leaks found per two-month cam-
paign, was needed to keep the night flow below 
the 40% reduction target. The yield of 56 hidden 
leaks per 100 km in the last campaign, twice the 
overall average, shows that leaks had accumulated 
during the low-intensity period and that the net-
work was far from depleted, so that a permanent 
survey cycle of the whole network every four to 
six months appears justified.

The night-flow method was applied here with-
out a concurrent billing balance, which is often the 
situation of small utilities in the region (Al-Omari, 
2013; AbuEltayef et al., 2023). Its robustness rests 
on four elements: the calibrated meters and the 
three-night protocol, whose nightly records are 
provided as Supplementary Material; the single-
inlet protocol, which removes the compensation 
between reservoirs observed in normal operation 
(negative night flows at the Oulad Zaer outlet in 
Figure 11a); the measured night-day factor, which 
replaces the default value of 20 h frequently as-
sumed in the literature (Amoatey et al., 2018); and 
the fact that the recovered flow is a difference be-
tween two campaigns, so that the uncertainty on 
legitimate night consumption affects the level of 
losses but not the saving. The ratio of minimum 
night flow to average daily flow of 0.25 measured 
in April 2026 confirms that the network has moved 
from a high-loss to an intermediate-loss condition.

Why service connections dominate and 
what it implies

Six out of ten repairs concerned service con-
nections and two thirds of these were hidden 
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leaks, a pattern consistent with the literature 
on background and unreported losses, in which 
small-diameter pipes, fittings and connections 
fail more often than mains and their leaks rarely 
surface (Barton et al., 2019; Kutyłowska and 
Hotloś, 2014). The Pareto structure of failures 
(three components for 84% of repairs) and the 
concentration of main failures on DN 63 PVC 
and asbestos-cement pipes point to a limited 
number of asset classes on which preventive 
action would be most effective. District con-
trasts add a spatial dimension to this typology: 
Tadamoune is almost exclusively a service-con-
nection problem, whereas Oulad Zaer and Sidi 
Laarbi combine connection leaks with a high 
rate of main failures. These contrasts justify two 
different strategies, systematic acoustic survey 
and connection renewal in the first case, main 
renewal in the second, in line with the multi-
criteria prioritisation frameworks proposed for 
failure management (Pouri and Heidarimozaffar, 
2022; Kabir et al., 2015).

Service impact and persistent hotspots

The register also shows that the failures that 
lose the most water are not those that affect cus-
tomers the most. Main failures represented 24% 
of repairs but 82% of the customer-hours of in-
terruption, whereas service-connection leaks, 
which dominate the recovered volume, interrupt-
ed supply for one or two customers for less than 
half an hour. Reliability studies of distribution 
systems have long distinguished hydraulic reli-
ability from the customer-level consequences of 
failures (Gheisi et al., 2016; Pietrucha-Urbanik 
and Tchórzewska-Cieślak, 2018); the customer-
hours indicator computed here is a simple way 
to bring the second dimension into the prioritisa-
tion of repairs and renewal. The persistence of 
the north-eastern hotspot over five half-years, 
while the overall density decreased, now sup-
ported by the formal clustering tests and by the 
stability of the surface across bandwidths, is 
the spatial counterpart of this argument: a zone 
where repairs recur at the same place is a candi-
date for renewal rather than for repeated repair, 
as suggested by spatiotemporal analyses of main 
failures elsewhere (Martínez García et al., 2019; 
Chen & Guikema, 2020). The density of hidden 
leaks (Figure 8) delimits directly the sectors in 
which permanent district metering and acoustic 
monitoring would be most cost-effective.

Pressure management as a complementary 
lever

Mean pressures of 3–4 bar leave little room 
for network-wide pressure reduction, but the 5–7 
bar recorded in the low-lying districts (Al Fird-
aous, PAM, Abouab Zaer), where no pressure-
reducing valve exists, represent an untapped le-
ver. According to the pressure-leakage relation-
ship for plastic pipes, reducing pressure from 6 
to 4 bar in these zones would reduce background 
leakage by roughly 45% and, on the basis of 
published burst-frequency responses, main and 
connection failures by 30–50% (Schwaller and 
van Zyl, 2015; Vicente et al., 2016). Pressure 
management would also slow the natural rate of 
rise of leakage between survey campaigns and 
reduce the energy embedded in losses (Gomes 
et al., 2011; Creaco and Walski, 2017). Al Fird-
aous, which is both a high-pressure zone and the 
fourth district in number of repairs, is the obvi-
ous pilot area.

Ecological engineering perspective

In a semi-arid basin where the utility faced 
supply deficits during the summer peak of 2025, 
the 1.1 million m³ per year recovered by the pro-
gramme, about 30% of the town’s distribution 
input, is equivalent to the domestic consump-
tion of 10 000–12 000 inhabitants and has been 
obtained without any new abstraction. The asso-
ciated energy saving of 0.7–0.8 GWh per year 
and 400–550 t CO₂ per year is a model-based 
estimate that follows from the energy intensity 
of Moroccan water supply and the carbon inten-
sity of the national grid, and is of the same order 
as the savings reported for leakage reduction in 
other water–energy nexus assessments (Nair et 
al., 2014; Plappally & Lienhard V, 2012). These 
figures place active leakage control among the 
ecological engineering measures with the short-
est lead time and the lowest environmental foot-
print available to utilities in water-stressed re-
gions (Schilling et al., 2020; Zkhiri et al., 2019), 
and the workflow used here, based on the register 
kept by field crews, is transferable to the other 
centres of the utility.

Limitations

The register was kept by field crews and 8% 
of interventions could not be georeferenced, 
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while the detection mode was missing for 5% 
of records; the summer 2025 campaigns were 
carried out under a temporary supply deficit that 
may have raised legitimate night consumption; 
the distribution input was measured only at the 
end of the programme, so that the baseline loss 
share is indicative; pipe age was not available, 
which limits the normalization of failure rates; 
and the campaign-level model relies on ten ob-
servations, so that no quantitative natural rate of 
rise is derived. The night-flow reduction is an 
observation under a constant protocol and not 
a controlled experiment; the energy and carbon 
savings rest on national coefficients rather than 
on local measurements; the underlying repair 
register, coordinates and primary measurement 
files are operational data of the utility and cannot 
be released publicly, so that independent repro-
duction is possible only from the aggregated ta-
bles, the nightly night-flow records provided as 
Supplementary Material and the analysis scripts 
available on request. None of these limitations 
affects the measured night-flow values them-
selves, which are the central result.

Data availability

The nightly night-flow records of all cam-
paigns (date, time, flow at 5-min intervals) and 
their curves, the per-campaign and per-district 
tables, the 200 m grid counts with the Getis-Ord 
statistics, the pressure-series summary and the 
analysis scripts are provided as Supplementary 
Material or are available from the correspond-
ing author. The georeferenced repair register, 
the address-level data and the raw pressure and 
flow files are operational data of the ONEE Water 
Branch and are not publicly available; they can be 
consulted by the editors and reviewers on request 
under a confidentiality agreement.

CONCLUSIONS

A two-year active leakage control pro-
gramme in a semi-arid Moroccan town of about 
24 000 service connections was evaluated from 
the repair register of the field crews, ten bi-
monthly minimum night flow campaigns mea-
sured under a single-inlet protocol, pressure log-
ging and continuous flow measurements at the 
reservoir outlets. The 1 187 leak repairs were 
dominated by service connections (60%), two 

thirds of which were hidden leaks found only 
by acoustic survey, and three components, ser-
vice pipes, main pipes and fittings, accounted 
for 84% of failures. The minimum night flow, 
recorded over three nights per campaign with 
calibrated meters under a constant protocol, de-
creased from 274 to 154 m³/h during the first 
six months of intensive search, rose to 189 m³/h 
when the search intensity halved, and reached 
127 m³/h, 54% below the baseline, after a re-
newed campaign, the number of hidden leaks 
found following the length of mains surveyed; 
with a night-day factor of 20–21 h measured 
from 79 pressure series, the night-flow method 
indicates that real losses decreased from about 
47% (42–54%) to 19% (16–23%) of the distribu-
tion input, an estimated saving of about 1.1 mil-
lion m³ (1.0–1.2), 0.7–0.8 GWh and 400–550 t 
CO₂ per year, the last two being model-based es-
timates. Main failures represented one quarter of 
repairs but 82% of the customer-hours of supply 
interruption. Leak density concentrated in three 
statistically significant hotspots, one of which 
persisted over the whole period, and the density 
of hidden leaks delimited the sectors where ac-
tive search is most productive. The pressure re-
gime, with 3–4 bar on average but 5–7 bar in 
low-lying districts without pressure control, and 
the district-level contrasts between connection-
dominated and main-dominated failure patterns, 
provide the basis for a differentiated preventive 
maintenance strategy combining permanent ac-
tive leakage control, targeted renewal and pres-
sure management.

Acknowledgements

The authors thank the National Office of Elec-
tricity and Drinking Water, Branche Eau, for ac-
cess to the repair register, the night-flow, pressure 
and flow measurement campaigns, and the field 
teams who carried out the survey and repair work.

REFERENCES

1.	 AbuEltayef, H.T., AbuAlhin, K.S., Alastal, K.M. 
(2023). Addressing non-revenue water as a glob-
al problem and its interlinkages with sustainable 
development goals. Water Practice & Technol-
ogy, 18(12), 3175–3202. https://doi.org/10.2166/
wpt.2023.157

2.	 African Development Bank. (2014). Morocco: 



142

Ecological Engineering & Environmental Technology 2026, 27(11), 126–144

Drinking water quality and service improvement 
project – Project appraisal report (in French). 
African Development Bank. https://www.afdb.
org/fileadmin/uploads/afdb/Documents/Proj-
ect-and-Operations/Maroc___RE_-Projet_d_
am%C3%A9lioration_de_la_qualit%C3%A9_et_
du_service_de_l_eau_potable.pdf

3.	 Al-Omari, A. (2013). A methodology for the break-
down of NRW into real and administrative losses. 
Water Resources Management, 27(7), 1913–1930. 
https://doi.org/10.1007/s11269-013-0262-y

4.	 AL-Washali, T., Sharma, S., Kennedy, M. (2016). 
Methods of assessment of water losses in water sup-
ply systems: A review. Water Resources Manage-
ment, 30(14), 4985–5001. https://doi.org/10.1007/
s11269-016-1503-7

5.	 AL-Washali, T., Sharma, S., AL-Nozaily, F., Haidera, 
M., Kennedy, M. (2019). Monitoring nonrevenue 
water performance in intermittent supply. Water, 
11(6), 1220. https://doi.org/10.3390/w11061220

6.	 Alkasseh, J.M.A., Adlan, M.N., Abustan, I., 
Aziz, H.A., Hanif, A.B.M. (2013). Applying 
minimum night flow to estimate water loss using 
statistical modeling. Water Resources Manage-
ment, 27(5), 1439–1455. https://doi.org/10.1007/
s11269-012-0247-2

7.	 Amoatey, P.K., Minke, R., Steinmetz, H. (2014). 
Leakage estimation in water networks based on 
two categories of night-time users: A case study of 
a developing country network. Water Science and 
Technology: Water Supply, 14(2), 329–336. https://
doi.org/10.2166/ws.2013.201

8.	 Amoatey, P.K., Minke, R., Steinmetz, H. (2018). 
Leakage estimation in developing country water 
networks based on water balance, minimum night 
flow and component analysis methods. Water Prac-
tice and Technology, 13(1), 96–105. https://doi.
org/10.2166/wpt.2018.005

9.	 Aslani, B., Mohebbi, S., Axthelm, H. (2021). Predic-
tive analytics for water main breaks using spatiotem-
poral data. Urban Water Journal, 18(6), 433–448. 
https://doi.org/10.1080/1573062X.2021.1893363

10.	Barton, N.A., Farewell, T.S., Hallett, S.H., Acland, 
T.F. (2019). Improving pipe failure predictions: 
Factors affecting pipe failure in drinking water net-
works. Water Research, 164, 114926. https://doi.
org/10.1016/j.watres.2019.114926

11.	Chen, T.Y.-J., Guikema, S.D. (2020). Prediction 
of water main failures with the spatial cluster-
ing of breaks. Reliability Engineering & System 
Safety, 203, 107108. https://doi.org/10.1016/j.
ress.2020.107108

12.	Creaco, E., Walski, T. (2017). Economic analy-
sis of pressure control for leakage and pipe burst 
reduction. Journal of Water Resources Planning 

and Management, 143(12), 04017074. https://doi.
org/10.1061/(ASCE)WR.1943-5452.0000846

13.	de Oliveira, D.P., Garrett, J.H., Soibelman, L. 
(2011). A density-based spatial clustering approach 
for defining local indicators of drinking water distri-
bution pipe breakage. Advanced Engineering Infor-
matics, 25(2), 380–389. https://doi.org/10.1016/j.
aei.2010.09.001

14.	Gheisi, A., Forsyth, M., Naser, G. (2016). Water dis-
tribution systems reliability: A review of research 
literature. Journal of Water Resources Planning 
and Management, 142(11), 04016047. https://doi.
org/10.1061/(ASCE)WR.1943-5452.0000690

15.	Gomes, R., Sá Marques, A., Sousa, J. (2011). Esti-
mation of the benefits yielded by pressure manage-
ment in water distribution systems. Urban Water 
Journal, 8(2), 65–77. https://doi.org/10.1080/1573
062X.2010.542820

16.	Gupta, A., Kulat, K.D. (2018). A selective literature 
review on leak management techniques for water 
distribution system. Water Resources Manage-
ment, 32(10), 3247–3269. https://doi.org/10.1007/
s11269-018-1985-6

17.	Hssaisoune, M., Bouchaou, L., Sifeddine, A., Boui-
metarhan, I., Chehbouni, A. (2020). Moroccan 
groundwater resources and evolution with global 
climate changes. Geosciences, 10(2), 81. https://doi.
org/10.3390/geosciences10020081

18.	Islam, M.S., Babel, M.S. (2013). Economic analysis 
of leakage in the Bangkok water distribution system. 
Journal of Water Resources Planning and Manage-
ment, 139(2), 209–216. https://doi.org/10.1061/
(ASCE)WR.1943-5452.0000235

19.	Kabir, G., Tesfamariam, S., Sadiq, R. (2015). Pre-
dicting water main failures using Bayesian model 
averaging and survival modelling approach. Reli-
ability Engineering & System Safety, 142, 498–514. 
https://doi.org/10.1016/j.ress.2015.06.011

20.	Kutyłowska, M., Hotloś, H. (2014). Failure analysis 
of water supply system in the Polish city of Głogów. 
Engineering Failure Analysis, 41, 23–29. https://
doi.org/10.1016/j.engfailanal.2013.07.019

21.	Lee, M., Keller, A.A., Chiang, P.-C., Den, W., 
Wang, H., Hou, C.-H., Wu, J., Wang, X., Yan, J. 
(2017). Water-energy nexus for urban water sys-
tems: A comparative review on energy intensity and 
environmental impacts in relation to global water 
risks. Applied Energy, 205, 589–601. https://doi.
org/10.1016/j.apenergy.2017.08.002

22.	Lemfarrak, A., Benzakour, A., Ouhssine, M., Ben-
lemlih, N. (2025). Advancing treated wastewater 
reuse in Morocco as a pathway to sustainable water 
management: A review. Ecological Engineering & 
Environmental Technology, 26(8), 247–267. https://
doi.org/10.12912/27197050/207238



143

Ecological Engineering & Environmental Technology 2026, 27(11), 126–144

23.	Liemberger, R., Wyatt, A. (2019). Quantifying 
the global non-revenue water problem. Water 
Supply, 19(3), 831–837. https://doi.org/10.2166/
ws.2018.129

24.	Martínez García, D., Lee, J., Keck, J., Yang, P., 
Guzzetta, R. (2019). Spatiotemporal and deteriora-
tion assessment of water main failures. AWWA Wa-
ter Science, 1(5), e1159. https://doi.org/10.1002/
aws2.1159

25.	Molinos-Senante, M., Mocholí-Arce, M., Sala-Gar-
rido, R. (2016). Estimating the environmental and 
resource costs of leakage in water distribution 
systems: A shadow price approach. Science of 
The Total Environment, 568, 180–188. https://doi.
org/10.1016/j.scitotenv.2016.06.020

26.	Mutikanga, H.E., Sharma, S.K., Vairavamoor-
thy, K. (2013). Methods and tools for manag-
ing losses in water distribution systems. Journal 
of Water Resources Planning and Management, 
139(2), 166–174. https://doi.org/10.1061/(ASCE)
WR.1943-5452.0000245

27.	Nair, S., George, B., Malano, H.M., Arora, M., 
Nawarathna, B. (2014). Water–energy–green-
house gas nexus of urban water systems: Review 
of concepts, state-of-art and methods. Resources, 
Conservation and Recycling, 89, 1–10. https://doi.
org/10.1016/j.resconrec.2014.05.007

28.	Ociepa, E., Mrowiec, M., Deska, I. (2019). Analysis 
of water losses and assessment of initiatives aimed 
at their reduction in selected water supply sys-
tems. Water, 11(5), 1037. https://doi.org/10.3390/
w11051037

29.	Oussama, N., Goroneskul, M., Bouderdara, N., 
Mokhtari, M., Fidjah, A., Lyndiuk, O., Hrynzo-
vskyi, A., Hrynzovskyi, O. (2026). Traditional clay-
based groundwater recharge systems for sustainable 
water management and the One Health concept: The 
Adrar model in Algeria. Ecological Engineering & 
Environmental Technology, 27(9), 341–360. https://
doi.org/10.12912/27197050/226536

30.	Pietrucha-Urbanik, K., Tchórzewska-Cieślak, B. 
(2018). Approaches to failure risk analysis of the 
water distribution network with regard to the safe-
ty of consumers. Water, 10(11), 1679. https://doi.
org/10.3390/w10111679

31.	Plan Bleu. (2011). Adaptation of the water–energy 
system to climate change: National study – Morocco 
(in French). Plan Bleu, UNEP/MAP Regional Ac-
tivity Centre. https://planbleu.org/sites/default/files/
publications/eau_energie_cc_maroc_fr.pdf

32.	Plappally, A.K., Lienhard V, J.H. (2012). Energy 
requirements for water production, treatment, end 
use, reclamation, and disposal. Renewable and Sus-
tainable Energy Reviews, 16(7), 4818–4848. https://
doi.org/10.1016/j.rser.2012.05.022

33.	Pouri, Z., Heidarimozaffar, M. (2022). Spatial 

analysis and failure management in water distribu-
tion networks using fuzzy inference system. Water 
Resources Management, 36(6), 1783–1797. https://
doi.org/10.1007/s11269-022-03104-5

34.	Robles-Velasco, A., Cortés, P., Muñuzuri, J., Onieva, 
L. (2020). Prediction of pipe failures in water sup-
ply networks using logistic regression and support 
vector classification. Reliability Engineering & Sys-
tem Safety, 196, 106754. https://doi.org/10.1016/j.
ress.2019.106754

35.	Salih, S., Chakiri, S., Chekkouch, H., Hitouri, S., 
Sadiki, M. (2026). Hydro-physical characterization 
of contrasting urban and natural soils in a semi-arid 
basin: Implications for water transfer in Bouskou-
ra, Morocco. Ecological Engineering & Environ-
mental Technology, 27(10), 221–233. https://doi.
org/10.12912/27197050/231376

36.	Schilling, J., Hertig, E., Tramblay, Y., Scheffran, 
J. (2020). Climate change vulnerability, water re-
sources and social implications in North Africa. 
Regional Environmental Change, 20(1), 15. https://
doi.org/10.1007/s10113-020-01597-7

37.	Schwaller, J., van Zyl, J.E. (2015). Modeling the 
pressure-leakage response of water distribution sys-
tems based on individual leak behavior. Journal of 
Hydraulic Engineering, 141(5), 04014089. https://
doi.org/10.1061/(ASCE)HY.1943-7900.0000984

38.	Snider, B., McBean, E.A. (2021). State of water-
main infrastructure: A Canadian case study using 
historic pipe break datasets. Canadian Journal of 
Civil Engineering, 48(10), 1266–1273. https://doi.
org/10.1139/cjce-2020-0334

39.	Taghlabi, F., Sour, L., Agoumi, A. (2020). Prelocal-
ization and leak detection in drinking water distri-
bution networks using modeling-based algorithms: 
A case study for the city of Casablanca (Morocco). 
Drinking Water Engineering and Science, 13, 29–
41. https://doi.org/10.5194/dwes-13-29-2020

40.	Taghlabi, F., Sour, L., Moukhchani, H. (2023). Tools 
for reducing non-revenue water in the water distri-
bution networks. A case study for the city of Casa-
blanca (Morocco). AIP Conference Proceedings, 
2761(1), 050004. https://doi.org/10.1063/5.0172236

41.	Tramblay, Y., Koutroulis, A., Samaniego, L., Vi-
cente-Serrano, S.M., Volaire, F., Boone, A., Le 
Page, M., Llasat, M.C., Albergel, C., Burak, S., 
Cailleret, M., Cindrić Kalin, K., Davi, H., Dupuy, 
J.-L., Greve, P., Grillakis, M., Hanich, L., Jarlan, L., 
Martin-StPaul, N.,... Polcher, J. (2020). Challenges 
for drought assessment in the Mediterranean re-
gion under future climate scenarios. Earth-Science 
Reviews, 210, 103348. https://doi.org/10.1016/j.
earscirev.2020.103348

42.	van den Berg, C. (2015). Drivers of non-revenue 
water: A cross-national analysis. Utilities Policy, 36, 
71–78. https://doi.org/10.1016/j.jup.2015.07.005



144

Ecological Engineering & Environmental Technology 2026, 27(11), 126–144

43.	van Zyl, J.E., Cassa, A.M. (2014). Modeling 
elastically deforming leaks in water distribu-
tion pipes. Journal of Hydraulic Engineering, 
140(2), 182–189. https://doi.org/10.1061/(ASCE)
HY.1943-7900.0000813

44.	Vicente, D.J., Garrote, L., Sánchez, R., Santillán, 
D. (2016). Pressure management in water distri-
bution systems: Current status, proposals, and fu-
ture trends. Journal of Water Resources Planning 
and Management, 142(2), 04015061. https://doi.
org/10.1061/(ASCE)WR.1943-5452.0000589

45.	Wakeel, M., Chen, B., Hayat, T., Alsaedi, A., Ah-
mad, B. (2016). Energy consumption for water use 
cycles in different countries: A review. Applied 
Energy, 178, 868–885. https://doi.org/10.1016/j.
apenergy.2016.06.114

46.	Zkhiri, W., Tramblay, Y., Hanich, L., Jarlan, L., 
Ruelland, D. (2019). Spatiotemporal characteriza-
tion of current and future droughts in the High Atlas 
basins (Morocco). Theoretical and Applied Clima-
tology, 135(1–2), 593–605. https://doi.org/10.1007/
s00704-018-2388-6


