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RESUMO

Reducing water losses is a strategic challenge for water supply sys-
tems (WSS), particularly in regions characterized by operational het-
erogeneity, water scarcity, intermittent supply, and increasing pro-
duction and distribution costs. Although the Economic Level of
Losses (ELL) is widely recognized as a valuable decision-support tool,
its application remains limited at regional scales and in systems with
diverse structural and economic characteristics. This study proposes
and applies a methodological approach to estimate the ELL, consid-
ering both real and apparent losses, in WSS with heterogeneous re-
gional characteristics, using the state of Pernambuco, Brazil, as a
case study. The methodology combined the Wyatt method with
analysis of variance (ANOVA) to evaluate spatial and temporal varia-
tions among mesoregions. The results showed that four of the five
mesoregions experienced reductions in water loss rates over the
study period. However, the observed values generally exceeded the
estimated ELL, which ranged from 20.72% to 22.58% at the state
level. ANOVA indicated no statistically significant differences among
the regional mean values of ELL and IN049; however, pairwise com-
parisons revealed important contrasts between specific mesore-
gions, highlighting the need for region-specific management strate-
gies. The findings advance understanding of ELL behavior in WSS
with high operational heterogeneity and demonstrate that its appli-
cation at the regional scale can support more efficient, replicable
water loss control policies in other regional contexts.

Keywords: water resources; basic sanitation; operational efficiency;
distribution loss index; Wyatt method.

A gestdo eficiente das perdas de dgua é um desafio estratégico para
sistemas de abastecimento, especialmente em contextos marcados
por heterogeneidade operacional, restrigGes hidricas, intermiténcia
no fornecimento e custos crescentes de produgdo e distribuicdo.
Embora o conceito de Nivel Econdmico de Perdas (NEP) seja ampla-
mente reconhecido como ferramenta de apoio a tomada de decisao,
sua aplicagdo ainda é limitada em escalas regionais e em sistemas
com diferentes condigdes estruturais e econGmicas. Este estudo
teve como objetivo aplicar uma abordagem metodoldgica para esti-
mar o NEP, contemplando perdas reais e aparentes, em sistemas de
abastecimento de agua com caracteristicas regionais heterogéneas,
utilizando o estado de Pernambuco, Brasil, como estudo de caso. A
metodologia combinou o método de Wyatt para a quantificagdo do
NEP com andlise estatistica por meio do teste ANOVA, permitindo
avaliar variagGes espaciais e temporais entre mesorregiGes. Os resul-
tados indicaram que quatro das cinco mesorregides apresentaram
reducdo no indice de perdas ao longo do periodo analisado, embora
os valores observados tenham permanecido, em geral, superiores
aos NEP calculados, que variaram entre 20,72% e 22,58% no agre-
gado estadual. A ANOVA ndo indicou diferengas estatisticamente
significativas entre as médias regionais do NEP e do IN049; entre-
tanto, as analises em pares evidenciaram contrastes relevantes
entre determinadas mesorregioes, reforcando a importancia de es-
tratégias ajustadas as condigGes locais. O estudo contribui para o
avango da compreensdo do comportamento do NEP em sistemas
com elevada heterogeneidade operacional e demonstra que sua
aplicagdo em escala regional pode subsidiar politicas de controle de
perdas mais eficientes e replicaveis em diferentes contextos.

Palavras-chave: recursos hidricos; saneamento bdsico; eficiéncia
operacional; indice de perdas na distribuicdao; método de Wyatt.
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Introduction

Freshwater availability is fundamental to ecosystems, food pro-
duction, energy generation, industrial activity, and human well-
being. However, increasing demand driven by population growth and
economic development, combined with the impacts of climate
change, has placed growing pressure on global water resources.

In this context of increasing water scarcity, the operation of water
supply systems (WSS) plays a fundamental role in urban water man-
agement (Stamou et al., 2024). Among the major challenges faced by
water utilities is reducing water losses, which account for a significant
proportion of the total volume of water abstracted from sources. Ac-
cording to Azevedo and Saurin (2018), high levels of water losses are
common in Brazilian systems, reflecting decades of corrective main-
tenance, aging infrastructure, and limitations in operational manage-
ment. In the present study, this challenge is examined in the context
of the state of Pernambuco, Brazil, whose water supply infrastructure
is characterized by marked contrasts between highly urbanized re-
gions and water-scarce areas. Intermittent systems are also wide-
spread throughout the state.

Reducing water losses is a strategic measure that increases water
availability, lowers operation, maintenance, and infrastructure expan-
sion costs, and strengthens resilience to water scarcity. The imple-
mentation of structured interventions encompassing economic, envi-
ronmental, and ethical dimensions can substantially improve the effi-
ciency of WSS. Nevertheless, a key question remains for water utility
managers: are the investments required to reduce water losses finan-
cially justified (Firat et al.,, 2021; Yilmaz et al., 2023)? Consequently,
water utilities must determine the economically optimal level of water
loss while accounting for the specific characteristics of their systems.

The Economic Level of Losses (ELL) has emerged as a fundamen-
tal concept for efficient water loss management because it represents
the point at which the marginal cost of reducing water losses equals
the marginal benefit obtained from the recovered water. Therefore,
reducing losses below the ELL is not economically justified, as the
costs of additional interventions exceed the financial benefits from
the recovered water. Estimating the ELL requires consideration of
several variables, including water production costs, leak detection and
repair costs, water treatment and distribution costs, and electricity
costs (Paraschiv et al., 2023; Yilmaz et al., 2023).

The importance of water loss control is widely recognized in the
literature, and methodologies for technical and economic assessment
have advanced considerably. Nevertheless, a significant gap remains
in applying the ELL concept to heterogeneous regional contexts, par-
ticularly in systems characterized by operational constraints, inter-
mittent water supply, and high energy costs — conditions common in
many regions of developing countries.

Most previous studies have focused on large urban centers or

have employed generalized models with limited adaptation to local
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operating conditions, water tariffs, cost structures, and supply inter-
mittency. Furthermore, relatively few studies explicitly incorporate
electricity costs as a critical component in estimating the ELL, despite
their particular importance in systems that rely on high pumping
heads and long pumping distances, as is the case in several regions of
Pernambuco.

Studies addressing the ELL also contribute directly to the United
Nations Sustainable Development Goals (SDGs), particularly SDG 6
(Clean Water and Sanitation) and SDG 12 (Responsible Consump-
tion and Production). Effective water loss management is essential to
ensuring the sustainable availability of water resources, promoting
efficient water use, and supporting equitable access to safe drinking
water. Moreover, sound water resource management strengthens in-
stitutional capacity and fosters sustainable approaches to the use and
conservation of natural resources.

Building on this background, this study proposes and applies a
methodological framework for estimating the ELL in heterogeneous
WSS, using the state of Pernambuco, Brazil, as a representative case
study. This research is expected to advance the application of the ELL
concept in systems operating under heterogeneous conditions by
providing empirical and analytical evidence that improves the under-
standing of the relationships among costs, water losses, and opera-
tional efficiency. In addition, the findings may support the practical
implementation of the proposed methodology in real-world water
utility management.

From a scientific perspective, this study contributes by integrat-
ing the Wyatt method with regional-scale statistical analysis to inves-
tigate the spatial variability of the ELL and its relationship with oper-
ational performance indicators. This approach enhances the under-
standing of how the ELL behaves under heterogeneous operating
conditions and broadens the discussion of its applicability across dif-

ferent types of systems.

Literature review

The complete elimination of water losses in WSS is neither tech-
nically feasible nor economically justified (Al-Washali et al., 2020).
Beyond a certain point, additional efforts to reduce water losses be-
come economically unviable because the cost of intervention exceeds
the resulting benefits. Therefore, when a water utility is aware of its
ELL, it can establish realistic performance targets and define more
effective strategies to achieve them.

The ELL encompasses both real and apparent losses and consists
of the Economic Level of Real Losses (ELRL) and the Economic Level
of Apparent Losses (ELAL) (Heryanto et al.,, 2021; Ociepa-Kubicka
etal, 2024). Estimating the ELRL requires detailed knowledge of the
distribution network, leakage volumes, and the actual costs associated
with leakage management.

Several methods have been developed to estimate the ELL (Wyatt,
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2010; Vermersch etal., 2016; Firat etal., 2021). Wyatt (2010) pro-
posed a comprehensive methodology designed for developing coun-
tries that requires relatively limited data to estimate water losses. The
approach incorporates cost curves for leak repairs, water production,
and system expansion to estimate the ELL for real losses, while sim-
plifying the analysis of apparent losses by focusing primarily on cus-
tomer meter under-registration. Vermersch et al. (2016) developed a
methodology that, although it does not provide explicit mathematical
formulations, describes a cost-benefit analysis for optimizing cus-
tomer meter replacement. This approach evaluates meter replace-
ment and labor costs against the additional revenue generated by re-
ducing meter under-registration.

The literature also includes several practical applications of these
methodologies in real-world case studies, yielding promising results.
Banovec and Domadenik (2018) presented an analysis based on the
parallel leakage market concept, in which the marginal cost of supply-
ing water represents the supply side, while the marginal cost of leak
repair represents the demand side for mitigating water losses. The
methodology was applied to VO-KA Ljubljana, Slovenia's largest
public water utility.

Moll (2019) applied the Wyatt (2010) methodology to estimate
the economic levels of apparent and real losses in 92 district metered
areas (DMAs) located in Curitiba (Parand, Brazil). To quantify actual
water losses and compare them with the estimated ELL values, both
real and apparent losses were determined using the International
Water Association (IWA) water balance methodology. Heryanto
etal. (2021) estimated the ELL using four approaches - the total cost
method, the marginal cost method, the cumulative cost-benefit
method, and component-based methods - for water utilities in
Malang, Indonesia. The authors concluded that the total cost method
provides the most accurate estimates, is the easiest to apply, and does
not require long historical datasets.

Firat etal. (2021) developed a discrete stochastic optimization
model to estimate the ELL for real losses (leakage), obtaining an eco-
nomic loss level of 11.9%. Similarly, Yilmaz et al. (2023) employed an
optimization algorithm to determine the ELL in utilities with differ-
ent network characteristics, water production capacities, operating
costs, and institutional capabilities. The analyzed systems had non-
revenue water levels of 57%, 50%, and 37%, respectively. In contrast,
their corresponding ELL values were estimated at 29%, 16%, and
23%, demonstrating the strong influence of system-specific character-
istics on ELL estimates.

More recently, Haider (2025) proposed an environmental valua-
tion model for real losses to determine the economic level of leakage,
focusing on the Qassim region of Saudi Arabia, where water scarcity
is severe, and water losses in distribution systems are substantial. Yil-
maz etal. (2025) applied the Ant Lion Optimizer (ALO), Moun-
taineering Team-Based Optimization (MTBO), and Grey Wolf Opti-

mizer (GWO) algorithms to develop optimal management strategies

for three WSS. The estimated ELL values ranged from 16.83% to
24.27%.

In the present study, the methodology proposed by Wyatt et al.
(2021) was adopted because of its suitability for the Brazilian water
sector, its methodological robustness, and the evidence of its success-
ful application in previous studies conducted in Brazil. This method-
ology provides a modern and reliable framework with a demon-
strated ability to represent the operating conditions of Brazilian sys-

tems accurately.

Materials and methods

The methodology adopted in this study was designed to enable its
replication in different regional contexts, provided that basic opera-
tional data are available, such as those reported by national informa-
tion systems. In addition to estimating the ELL under a specific con-
text, the proposed approach aims to investigate the behavior of this
indicator across WSS with different operational characteristics,
thereby assessing its consistency and sensitivity at the regional scale.
The state of Pernambuco, Brazil, was selected as the case study be-
cause of its wide diversity of operating conditions, including densely
populated urban systems, areas with intermittent supply, and regions
highly dependent on pumping. This diversity makes it a representa-
tive setting for applying the proposed methodology.

The study covers the five mesoregions of Pernambuco, as defined
by the Brazilian Institute of Geography and Statistics (IBGE): Agreste
Pernambucano (Agreste), Mata Pernambucana (Zona da Mata),
Sertdo Pernambucano (Sertdo), Sdo Francisco Pernambucano (Sdo
Francisco), and the Recife Metropolitan Region (RMR). The analysis
included 178 of the state’s 184 municipalities for which data were
available in the Brazilian National Sanitation Information System
(SNIS) during 2018-2022.

The data extracted directly from the SNIS comprised: (i) annual
water consumption; (ii) population served; (iii) average per capita
water consumption; (iv) number of service connections; (v) average
water tariff; (vi) average network length per service connection; and
(vii) average number of inhabitants per service connection. For each
variable, annual averages were calculated over the study period to
minimize the influence of short-term fluctuations and ensure greater
statistical stability and representativeness of the results.

The performance indicators and the ELL were calculated individ-
ually for each municipality, allowing local characteristics — such as
operating costs, tariff structures, and infrastructure features - to be
explicitly incorporated into the analysis. This approach enables a
more accurate and context-specific assessment of the economic level
of water losses in WSS.

To consolidate the results at the mesoregional level, the perfor-
mance indicators and ELL values were aggregated using population-
weighted averages based on the population served in each municipal-

ity. This procedure ensures that the regional indicators appropriately

3

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.61 | e2601 | 2026



Martins, E.H.P.S. et al.

reflect the relative contribution of each municipality, providing a
more representative assessment of the water supply conditions within

each mesoregion.

Water loss index in distribution

The Water Loss Index in Distribution (IN049), published by the
SNIS, is widely used to evaluate the operational performance of
Brazilian systems. This indicator measures the proportion of water
losses, including both real and apparent losses, relative to the total
volume of water produced and distributed.

The IN049 provides a standardized, comparable measure of water
losses, enabling the performance of water utilities to be monitored
across locations and over time. Furthermore, it serves as an essential
tool for identifying operational inefficiencies, supporting water man-
agement strategies, and establishing performance targets. Its stan-
dardized methodology also facilitates the development of public poli-
cies to reduce water losses and improve system efficiency.

Wyatt method

The ELAL and the ELRL were calculated using data weighted by
their relative importance, which in this study corresponded to the
population served in each municipality. This approach improves the
representativeness of the results by accounting for the relative impor-
tance of each municipality within the mesoregions analyzed.

The SNIS provides only aggregated data on total water losses,
without distinguishing between real (physical) losses and apparent
(commercial) losses. To overcome this limitation and enable a more
detailed analysis, total water losses were assumed to consist of 60%
real losses and 40% apparent losses. This estimate is based on the re-
port “The Challenge of Reducing Non-Revenue Water (NRW) in De-
veloping Countries”, prepared by Kingdom etal. (2006) for the
World Bank, which analyzed data from more than 900 water utilities

in 44 developing countries.

Determination of the economic level of real losses

The annual water production cost and the unit production cost
— the latter representing the average cost per unit of water produced,
including all operating costs associated with water abstraction, treat-

ment, and distribution — were both determined using Equation 1.

(FNOI1+ FNOl3)x(AG028 «Qc
C _ AGO028 + ES028 (1)
PROD 1000 x (AG006) x (1—PR)
where C,, . is the annual water production cost (R$/year); PR is

the dimensionless real loss ratio; Qc is the annual volume of water
consumed (m?); FNO11 is the annual expenditure on treatment chem-
icals (R$/year); FNO13 is the annual electricity expenditure (R$/year);
AGO006 is the annual volume of water produced (1,000 m®/year);

AGO028 is the total electricity consumption of the water supply system
(1,000 kWh/year); and ES028 is the total electricity consumption of
the wastewater system (1,000 kWh/year).

The annualized system expansion cost was calculated using
Equation 2, and the ratio of installed production capacity to the vol-

ume of water consumed (E) was determined using Equation 3.

E 1

_kl 1-PR

(2)
Ceop =FRCxFexp(l+1r) ¢

g UxQp
Qcxkl

where FRC is the capital recovery factor (%); Fexp is the future

(©)

expansion cost of the water production system (R$); r is the rate of
return (%); G is the annual population growth rate (%); k1 is the
maximum-day demand coefficient, for which a value of 1.2 was
adopted according to the internal standards of the local water utility;
E is the ratio of installed water production capacity to water con-
sumption (-); U is the ratio between installed production capacity
and demand (-); and Qp is the annual volume of water produced
(1,000 m?/year).

Sanitation projects are generally financed by national or multilat-
eral institutions focused on sustainable development, allowing lower
rates of return to be adopted to improve the financial feasibility of in-
vestments while accounting for their social benefits and relatively low
direct economic returns. In Brazil, the Brazilian Development Bank
(BNDES) and other public institutions establish guidelines for ex-
pected rates of return, considering the social and environmental im-
pacts of sanitation projects. Depending on financing conditions,
project maturity, and social objectives, the expected rate of return for
sanitation projects typically ranges from 7% to 12% per year. In the
present study, an average rate of return of 9.5% was adopted.

The annual population growth rate (G) for the state of Pernam-
buco was estimated using the most recent Population Projections for
Brazil and its Federation Units published by the IBGE. During the
study period, the estimated annual growth rate was approximately
0.5%, indicating moderate population growth compared with other
regions of Brazil. This value was obtained by calculating annual
growth rates over the study period and then averaging them to repre-
sent population growth over the analysis period.

The ratio between installed capacity and demand (U) is defined
as the inverse of the demand coverage ratio (GD), which represents
the ratio between system demand and installed production capacity.
A GD value of 0.9406 was adopted, according to Atlas Brasil (ANA,
2021), for the state of Pernambuco.

The planning horizon for expanding large WSS typically ranges
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from 30 to 40 years, with capacity expansions implemented in shorter
stages of approximately 10 to 15 years. Owing to the limited water
availability in the study area, a 25-year planning horizon was
adopted, following the recommendation of Wyatt et al. (2021) for the
state of Pernambuco.

Since no specific methodology is available for estimating the capi-
tal cost of system expansion, Equation 4 was used to calculate Fexp.
The cost coefficient (k), representing the investment required to in-
crease water production capacity, was adopted as R$ 27,579 per
m?®/day, according to Technical Note No. 492/2010 issued by the Na-
tional Secretariat for Environmental Sanitation of the Brazilian Min-
istry of Cities. The economy-of-scale coefficient (b), which reflects
the reduction in unit costs as production capacity increases, was set

to 0.7023, as reported in the same Technical Note.

Fexp =k(Qexp)"® (4)

where k is the cost coefficient (R$/m’/day); b is the economy-of-
scale coefficient (-); and Qexp is the additional production capacity
required (m?*/day).

The production capacity required for future system expansion
was estimated using Equation 5, proposed by Wyatt et al. (2021). Un-
like the original model developed by Wyatt (2010), which assumed a
fixed production capacity, the revised model incorporates the vari-
ability of real losses into the estimation of the ELRL. This more dy-
namic approach reflects the direct influence of real losses on the de-
mand for additional production capacity: the greater the real losses,
the greater the additional production capacity required. This method-
ological improvement makes the model more robust and realistic,
thereby enhancing the economic management of water losses. The
resilience factor (fr) was set to 1.6, following the recommendation of
Wryatt et al. (2021) for northeastern Brazil.

Qc
exp=zx——(1+G)xfr x
Qexp =zx o (14 G)xir xfp

()

The cost of water loss control activities and investments (CPR)
was calculated using Equation 6. The water distribution network
length (M) was obtained directly from SNIS indicator AG005. Addi-
tional variables, including per capita water consumption (indicator
IN022) and the average number of inhabitants per service connec-
tion, were calculated from indicators AG001 and AG002. Coefficient
a represents background losses and reported leaks, whereas coeffi-
cient B represents unreported leaks, both expressed in m’/km/day.
Because these coefficients are difficult to determine directly, they
were estimated using Equations 7 and 8, which were empirically de-
rived by Wyatt et al. (2021).

5

CperMXB
CPR =
cXp PR o (6)
1000xD 1-PR
a=0.1654x PRl +1.4253 (7)
B=0.5137xPRIl —-2.3828 (8)

where Cprr is the cost of the principal real loss control activities
(R$/km); M is the water distribution network length (km); p is the
average number of inhabitants per service connection; D is the distri-
bution network length per service connection (km/connection); and
PRl is the linear real loss index (m?*/km/day), represented by SNIS in-
dicator IN050.

The total cost of principal real loss control activities equals the
sum of leak detection and repair, loss management, and maintenance
and rehabilitation of the water distribution network (Table 1). The
unit costs were based on estimates reported by Wyatt etal. (2021),
derived from the Brazilian National System of Construction Costs
and Indices (SINAPI) for the state of Pernambuco. Since the costs
presented in the guide were expressed in 2021 monetary values, they
were updated to 2024 using the National Construction Cost Index
(INCC).

Tables 2-4 summarize the equations and parameter values
adopted for estimating the ELRL. The ELRL was determined by mini-
mizing the total cost curve obtained from the sum of the water pro-
duction cost, system expansion cost, and water loss control program
cost curves. At the minimum point of this curve, expenditures associ-
ated with real losses still exist but correspond to their economically
optimal level, balancing water production and system expansion costs
against investments in water loss control. The optimum point was de-

termined using the Solver tool available in Microsoft Excel®.

Determination of the economic level of apparent losses

The linear relationship between annual operating revenue and
the dimensionless apparent loss ratio is expressed by Equation 9. The
values adopted for technically avoidable and technically unavoidable
meter under-registration were 12% and 4%, respectively, based on
Brazilian Standard NBR 15538 (ABNT, 2023) and the study by Wyatt
etal. (2021). The number of active service connections was obtained
directly from SNIS indicator AG002, while the average number of in-
habitants per service connection was calculated as the ratio between
indicators AG001 and AG002.
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Table 1 - Costs of water loss control activities and investments (R$/km).

Cost category 2021 2024

Leak detection 664.78 R$/km  784.11 R$/km
Leak repair 292.89 R$/km  345.46 R$/km
Loss management 200.00 R$/km  235.90 R$/km
Network maintenance and rehabilitation 884.88 R$/km  1,043.72 R$/km

Total cost of water loss control activities 2,042.55 R$/km  2,409.19 R$/km

Table 2 - Equations and parameter values used to calculate the annual water production cost.
Variable Equation / Indicator / Value Source
Annual water production cost (CPROD) Wratt et al. (2021)
C _ Cprod - QC
PROD —(1 “PR)

Unit production cost (Cprod) AG028 Wryatt et al. (2021)
(ENOL1 +ENOI3)| — 22 | pNo2o
c - AGO28 + ES028
prod 1000 x (AG006 + AGOI8)
Annual water consumption (Qc) AGO10 SNIS (2022)

Table 3 - Equations and parameter values used to calculate the annualized system expansion cost.

Variable

Annualized system expansion cost (Cexp)

Annual population growth rate (G)

Ratio of installed production capacity to water consumption (E)

Ratio between installed capacity and demand (U)

Annual water production (Qp)
Maximum-day demand coefficient (k1)
Demand coverage ratio (GD)

Capital recovery factor (FRC)

Rate of return (r)
Planning horizon (z)

Future expansion cost (Fexp)

Cost coefficient (k)
Economy-of-scale coefficient (b)

Additional production capacity (Qexp)

Resilience factor (fr)

Peak factor (fp)

Equation / Indicator / Value

|E] 1

_K_1-PR
Ceop =FRCxFexp(l+1)  C

0.50%

pUx
Qe xkl
1.0631
AGO006
1.2
0.9406

r(1+71)*

(1+1)" -1
9.5%

25 years
Fexp=k(Q s:xp)b
27,579
0.7023

Q
1-PR

Qexp =Zexp (1+G)xfrxfp

1.6
1.2

Source

Wratt et al. (2021)

IBGE (2022)
Wryatt et al. (2021)

ANA (2021)
SNIS (2022)

Local water utility (2022)

Atlas Brasil (2021)
Wratt et al. (2021)

This study (2024)
Wratt et al. (2021)
Wryatt et al. (2021)

Brasil (2011)
Brasil (2011)
Wryatt et al. (2021)

Wratt et al. (2021)
Wryatt et al. (2021)
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Table 4 - Equations and parameter values used to calculate the annual cost of real loss control activities.

Variable

Annual real loss control cost (CPR)

Distribution network length per service connection (D)

Water distribution network length (M)

Background loss and reported leakage coefficient (a)
Unreported leakage coefficient ()

Leak detection cost (Cp)

Leak repair cost (Cr)

Loss management cost (Cg)

Annualized network maintenance and rehabilitation cost (Ccra)

Source

Wratt et al. (2021)

Equation / Indicator / Value

Cprerxﬁ
cxp PR )
1000xD 1-PR
 AGO0S SNIS (2022)
T AG021

AGO005
a=0.1654 x IN050 + 1.4253
B =0.5137 x IN0O50 - 2.3828

SNIS (2022)
Wryatt et al. (2021)
Wryatt et al. (2021)

784.11 R$/km This study (2024)
345.46 R$/km This study (2024)
235.90 R$/km This study (2024)
1,043.72 R$/km This study (2024)

R=0.365xTxNxC_yxpx(1-Subyy —Sub \py) ©)

where R is the annual operating revenue as a function of apparent
losses (R$); T is the unit water tariff (population-weighted average
considering tariffs for connections with sewer service) (R$/m’); C_, is
the average metered per capita water consumption (m*/person/day),
calculated using Equation 10; Sub,, is the technically avoidable meter

under-registration (%); and Sub . is the technically unavoidable

INEV
meter under-registration (%).

AG010-AG009 1.000.000
AGO001 365
(1-Sub)

The net unit tariff (T) was calculated using Equation 11, where tx

(10)

CCH =

represents the conversion factor used to estimate the “net tariff”. This
factor reflects the actual revenue received by the water utility after
taxes and charges levied on operating revenues, accounting for differ-

ences among Brazilian states.

FN002 N FNO003 y AGO001
AGOI0 AGO10 ES001

T=0.001xtx x

(11)

where tx is the net tariff conversion factor; AGO001 is the popula-
tion served by the water supply system; AGO10 is the annual volume
of water consumed (1,000 m*/year); ES001 is the population served

by the sewerage system; FN002 is the direct operating revenue from

7

water services (R$); and FNOO3 is the direct operating revenue from
wastewater services (R$).

The annual cost of meter replacement was calculated using
Equation 12. The average meter replacement cost (H) was estimated
as a weighted average considering the quantities of the three most
common water meter models reported in the SINAPI database (May
2024). The unit costs used to determine the average meter replace-
ment cost are presented in Table 5. The resulting value of H was
R$ 111.98.

B HxNxs

= (12)
2xSubgy

h

where C, is the annual cost of meter replacement (R$/year); H is
the average meter replacement cost, including labor and materials
(R$/meter); and s is the annual deterioration rate of meter accuracy
(%/year).

The number of active service connections was obtained from
SNIS indicator AG002, while s, representing the annual deterioration
rate of water meter measurement accuracy, was assumed to be 1% per
year, as proposed by Wyatt et al. (2021).

Finally, the ELAL was determined using Equation 13. It should be
emphasized that to accurately estimate the volume of water actually
consumed, the IWA Water Balance methodology is the preferred ap-
proach. The availability of more reliable input data contributes di-
rectly to obtaining more accurate and consistent results. Tables 6-8
summarize the equations, parameters, and adopted values used to es-
timate the ELAL.
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Table 5 - Distribution of average water meter prices in the state of Pernambuco.

SINAPI Description Proportion Price

Code

95673 DN 20 (% in.), 1.5 m*h water meter, including supply and installation (AF_11/2016) 90% of water meters R$ 111.55

95674 DN 20 (¥ in.), 3.0 m*h water meter, including supply and installation (AF_11/2016) 8% of water meters R$ 118.46

95675 DN 25 (% in.), 5.0 m*h water meter, including supply and installation (AF_11/2016) 2% of water meters  R$ 105.40

Hxs significant differences existed among the mesoregions. The interpre-

ELAL = (13) tation of the ANOVA results was based on the F-statistic and the

0.73xTx CcH xp p-value. A high F-value indicates that the variability between groups

is substantially greater than the variability within groups, suggesting

Statistical analysis meaningful differences among the analyzed means. Furthermore, a

A statistical analysis was conducted to identify temporal and re- p-value below the significance level (a = 0.05) indicates that these dif-

gional patterns and to provide insights into the operational efficiency ferences are unlikely to have occurred by chance, suggesting that at
of the WSS throughout the study period (2018-2022).

ANOVA, a statistical technique used to compare the means of

least one group has a mean that differs significantly from the others.
Together, these metrics provide a robust basis for identifying signifi-

three or more groups, was applied to evaluate whether statistically cant patterns in the results.

Table 6 - Equations and parameters used to calculate the annual operating revenue as a function of apparent losses.

Variable Equation / Indicator / Value Source
Annual operating revenue as a function of apparent losses (R) R = 0.365 x T x N'x Copy x px (1— Subgy — Submgy) Wryatt et al. (2021)
=0. »
Unit tariff (T) Wryatt et al. (2021)
T =0,001 x tx x FN002 + FN003
AGOI0 5 Gop ESWI
AG001

Total number of active service connections (N) AG002 SNIS (2022)
Average number of inhabitants per service connection (p) AGOO01 SNIS (2022)

P=aGon
Technically avoidable meter under-registration (SubEV) 12% Wratt et al. (2021)
Technically unavoidable meter under-registration 4% NBR 15538 (2023)
(SubINEV)
Average metered per capita water consumption (CcH) AGO10 — AGO09  1.000.000 Wratt et al. (2021)

AGOOL 365
(1—Sub)

Cen =

Table 7 - Equations and parameter values used to calculate the annual cost of apparent water loss control due to meter under-registration.

Variable Equation / Indicator / Value Source

Annual meter replacement cost (Ch) ~ HxNxs Wratt et al. (2021)
" 2x Subyy,

Average meter replacement cost, including labor and materials (H) R$ 111.98 This study (2024)

Annual deterioration rate of meter accuracy (s) 1% Wryatt et al. (2021)

8

Revista Brasileira de Ciéncias Ambientais (RBCIAMB) | v.61 | e2601 | 2026




Estimation of the economic level of water losses in water supply systems: a case study in northeastern Brazil

Table 8 - Equations and parameters used to estimate the ELAL.

Variable
ELAL

Equation / Indicator / Value

ELAL = | Hxs
0.73xTxCeyg xp

Source

Wratt et al. (2021)

Results and discussion

Distribution water loss index

Overall, a downward trend in the distribution water loss index
was observed across all mesoregions throughout the study period, in-
dicating the effectiveness of operational interventions. From an ana-
Iytical perspective, this trend also reflects the gradual convergence be-
tween observed water loss levels and the economically optimal
thresholds, a point that has received limited attention in the litera-
ture. The year 2022 was particularly noteworthy, with a substantial
reduction in the distribution water loss index across four of the five
mesoregions, possibly due to infrastructure investments or improve-
ments in operational management. Figure 1 illustrates the evolution
of the distribution water loss index (IN049) across the mesoregions of
the state of Pernambuco.

The median values and standard deviations were calculated for
each mesoregion, as presented in Table 9. The mean distribution
water loss index ranged from 36.15% in the Agreste mesoregion to
53.96% in the RMR, while Zona da Mata exhibited the second-
highest mean value (48.81%). The median values corroborated these

60%
55% @—

findings, indicating that water losses in the RMR and Zona da Mata
remained consistently high throughout the study period. In the
Agreste mesoregion, the median was 38.10%, reflecting lower water
loss than in the other regions. The close agreement between the mean
and median values suggests an approximately symmetric distribution
of the data, although outliers may be present, particularly in the
Sertdo mesoregion.

The Sertdo and Zona da Mata mesoregions exhibited the highest
standard deviations (5.69% and 5.67%, respectively), indicating
greater temporal variability in distribution water loss rates through-
out the study period. In contrast, the Sdo Francisco mesoregion had
the lowest standard deviation (3.63%), with greater consistency
among the observed values. This lower variability may be associated
with more stable operational policies or a lower frequency of inter-
ventions in the water distribution infrastructure.

These findings reflect the specific characteristics of each mesore-
gion and demonstrate how the ELL responds to different structural,
economic, and operational conditions of WSS. Beyond the context
analyzed, the observed patterns may also be relevant to other systems
characterized by high operational heterogeneity, particularly those

500 T
45%
40% O=—"

35%
30%
25%

20%
2018

IN049 (%)

—®&— Metropolitan
—— Sertao
—®— Zona da Mata

2019

—O— Agreste
Sao Francisco

2020 2021 2022

Figure 1 - Distribution water loss index (IN049) in the WSS of the mesoregions of Pernambuco (2018-2022).
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Table 9 - Descriptive statistics of the water loss index (IN049) in the WSS of the mesoregions of Pernambuco (2018-2022).

Mesoregion — Statisticl

Mean
Median

Standard deviation

RMR Agreste Sertio Sao Francisco Zona da
Mata
53.96% 36.15%  39.30% 40.42% 48.81%
54.10% 38.10%  40.40% 41.90% 51.50%
420%  4.88%  5.69% 3.63% 5.67%

affected by variations in urban density, infrastructure constraints,
and different levels of operational control.

The RMR exhibited the highest average water loss rate, suggesting
a highly stressed WSS, possibly due to high population density and
aging infrastructure. In contrast, the Agreste mesoregion presented
the lowest average water loss rates, which may be attributed to recent
infrastructure interventions or local characteristics, such as lower
consumer density in critical areas. Despite relatively similar mean
values, the high variability observed in the Sertio and Zona da Mata
mesoregions highlights the need for greater stabilization of their dis-
tribution systems. Conversely, the Sdo Francisco mesoregion exhib-
ited a more predictable pattern, possibly reflecting more effective op-
erational control or lower exposure to structural vulnerabilities.

These findings are consistent with those reported by Moll (2019),
who applied the Wyatt method in Curitiba (Parand, Brazil) and iden-
tified similar regional variations, with lower water loss rates in areas
characterized by more effective operational control. Accordingly, the
superior performance observed in the Agreste mesoregion, reflected

by its lower distribution water loss rates, may be associated with the

30%

25%

T

adoption of more consistent water loss management strategies.

Economic level of losses

The estimated ELL reflects the balance between water loss control
costs and the financial benefits achieved through water loss reduc-
tion. The analysis of the ELL by mesoregion reveals distinct patterns
influenced by operational conditions, management strategies, and
local infrastructure characteristics (Figure 2). Overall, the results in-
dicate a gradual increase in the ELL throughout the study period,
which may be associated with rising costs of water loss control activi-
ties and increasing marginal costs of water recovery.

The results obtained are consistent with those reported by
Heryanto etal. (2021), who estimated an ELL of 21.76% for urban
WSS in Indonesia using a cost-benefit approach. Similarly, Yilmaz
etal. (2023, 2025) reported ELL values ranging from 16.83% to 29%,
depending on the optimization methods employed and the character-
istics of the water utilities analyzed.

Table 10 presents the average ELL values for the mesoregions of
Pernambuco, ranging from 19.24% in the RMR to 24.66% in the

—

-

20%

—®— Metropolitan
—— Sertao
—®— Zona da Mata

15%

Economic Level of Losses (%)

10%

2018 2019

Figure 2 - ELL in the WSS of the mesoregions of Pernambuco.

—0— Agreste

S3io Francisco

2020 2021 2022
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Zona da Mata mesoregion. This variation reflects the distinct eco-
nomic and operational characteristics of each region. The RMR,
which exhibited the lowest average ELL, suggests that water loss con-
trol costs are relatively low compared with the economic value of the
water losses. This result may be associated with a more consolidated
infrastructure and targeted investments in reducing both apparent
and real water losses.

The median values, which are close to the corresponding means
across all mesoregions, indicate a relatively symmetric distribution of
ELL values, suggesting that management strategies have been consis-
tently implemented, though not equally effective across all regional
contexts. The standard deviation provides additional insights into the
variability of the ELL estimates. The Sao Francisco mesoregion exhib-
ited the lowest standard deviation (1.43%), indicating greater stability
in ELL estimates over the study period, possibly due to more stan-
dardized water-loss management practices. In contrast, the Zona da
Mata mesoregion had the highest standard deviation (2.71%), reflect-
ing greater variability, which may be associated with fluctuations in
investment levels or differences in the effectiveness of water-loss con-
trol interventions. Overall, the relatively low standard deviation val-
ues indicate limited temporal variation in the estimated ELL.

These findings highlight the need for region-specific manage-
ment strategies that account for the operational and economic char-
acteristics of each mesoregion. While the RMR may benefit from
maintaining and consolidating its current water loss control strate-
gies, the Zona da Mata mesoregion requires more detailed analyses to
identify the underlying causes of its high variability and elevated ELL
values.

Figure 3 presents boxplots of ELL values for Pernambuco munici-
palities in each year, illustrating their variability and temporal evolu-
tion throughout the study period. Between 2018 and 2022, the aver-
age ELL showed a slight upward trend, increasing from 22.87% in
2018 to 26.15% in 2022. This increase was accompanied by a wider
interquartile range (Q3-Q1), indicating greater variability in ELL val-
ues among municipalities. Such an increase suggests that the cost of
achieving the economic equilibrium between water losses and loss
control has risen over time, possibly due to sector-specific inflation
and the increasing complexity of water distribution networks.

The greater dispersion observed in 2021 and 2022 indicates that
the economic, structural, and operational conditions became increas-
ingly heterogeneous among municipalities. Although outliers were
identified in all years, they were particularly frequent during the last
two years of the study period. Municipalities with high ELL values
may be facing challenges such as aging infrastructure, dispersed ser-
vice areas, administrative constraints, or elevated operating costs.
Conversely, municipalities with low ELL values may reflect invest-
ments in innovative technologies, lower network density, or more ef-
fective water loss management strategies. These cases should be ana-

lyzed individually to identify local factors, such as frequent leakage
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events, obsolete distribution networks, or highly dispersed service
areas.

The analysis of water loss indicators across the mesoregions, con-
sidering a 5% economic threshold, revealed that only two of the 25
annual observations fell within the estimated ELL for the correspond-
ing year. One of these cases occurred in the Agreste mesoregion in
2022, with an ELL of 26.46%. This result suggests that, in that partic-
ular year and region, the water utility achieved an appropriate bal-
ance between water loss control costs and the associated economic
benefits, thereby maximizing the system's economic efficiency. Bar-
bosa (2021) evaluated 627 municipalities in the state of Sdo Paulo
(Brazil) and found that, according to the methodology proposed by
Arregui et al. (2018), 66.66% of the municipalities presented an ELL
lower than the current apparent water losses. Using the methodology
proposed by Wyatt et al. (2021), 69.69% of the municipalities exhib-
ited an ELL lower than the current apparent losses, while 77.55% pre-
sented an ELL below the current real water losses.

The results obtained in the present study indicate that systems
with greater structural and operational limitations tend to exhibit
larger deviations from the estimated ELL, demonstrating that reduc-
ing physical losses alone may not be sufficient to ensure economic
efficiency. Figure 4 presents the annual average values of the ELL and
the IN049 for the state of Pernambuco. A distinct temporal pattern
was observed between the two indicators. While the ELL increased
from 20.72% in 2018 to 22.58% in 2022, the IN049 decreased from
48.43% to 44.01% during the same period. This behavior indicates
that reductions in water loss rates do not necessarily correspond to
proportional progress toward the economically optimal level. The in-
crease in the ELL may be associated with higher marginal costs of
water loss control and increasing operational complexity. In contrast,
the reduction in IN049 suggests improvements in operational prac-
tices aimed at mitigating real water losses.

Moll (2019), applying the methodology proposed by Wyatt
(2010) to the Integrated Water Supply System of Curitiba (Parand,
Brazil) and its Metropolitan Region, estimated an ELL of 44%, con-
siderably higher than the values obtained for Pernambuco. The study
also demonstrated that investments in water loss control could gener-
ate economic savings of up to four times the investment cost in cer-
tain pressure management zones.

Despite the isolated case observed in the Agreste mesoregion in
2022, the overall results indicate that the actions implemented in the
remaining mesoregions and in previous years were generally insuffi-
cient to achieve economically efficient system operation. Water sup-
ply infrastructure continues to face significant structural and opera-
tional challenges, including deficiencies in preventive maintenance
and limited investment in monitoring and water-loss control tech-
nologies. Although reductions in IN049 were observed, these im-
provements appear to have been insufficient to bring water loss rates

closer to the economically optimal level.
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Table 10 - Descriptive statistics of the ELL in the mesoregions of Pernambuco (2018-2022).

Mesoregion — Statisticl RMR Agreste Sertio Sao Francisco Zona da
Mata
Mean 19.24%  22.59%  21.95% 24.30% 24.66%
Median 18.94% 22.03% 21.70% 23.61% 23.67%
Standard deviation 1.49%  1.62%  2.07% 1.43% 2.71%
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Figure 3 - Boxplot of the ELL with outliers for the WSS of municipalities in Pernambuco (2018-2022).
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Figure 4 - Distribution water loss index (IN049) and ELL for the state of Pernambuco (2018-2022).
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Although this study was conducted using data from the state of
Pernambuco, the proposed methodological framework can be applied
to other regional contexts, provided appropriate adaptations are
made to account for differences in tariff structures, operating costs,
water availability, and supply intermittency. Consequently, this study
contributes not only to understanding the local context but also to
advancing the application of the ELL concept to WSS with different
levels of development and operational complexity.

The findings provide further insights into ELL behavior in sys-
tems characterized by high operational heterogeneity. They demon-
strate that the economic efficiency of these systems depends not only
on reducing physical water losses but also on the interaction among
technical, economic, and operational factors. This evidence highlights
the need for integrated approaches to water loss assessment that si-
multaneously consider operational performance, cost structure, and
infrastructure characteristics — an aspect that remains insufficiently

explored in applied studies on the ELL.

Statistical analysis

ANOVA was performed to assess whether the observed varia-
tions in ELL and IN049 across Pernambuco's mesoregions and over
the study period were statistically significant. ANOVA was used to
identify differences among the groups analyzed in terms of the opera-
tional performance of water utilities.

Table 11 presents the ANOVA results for the ELL. The calculated
F-value (1.4256) was lower than the critical F-value (2.8661), and the
p-value (0.2619) exceeded the significance level of 0.05. These results
indicate insufficient statistical evidence to reject the null hypothesis
that ELL mean values are equal across the mesoregions. Therefore,
although apparent differences in values were observed across the
mesoregions, these differences were not sufficiently large to be con-
sidered statistically significant. This finding suggests a relatively ho-
mogeneous ELL across the regions, which may be explained by: (i)
similarities in the operational management practices of the water util-
ity, which follows centralized management guidelines; (ii) infrastruc-
ture systems exhibiting comparable levels of operational efficiency;
and (iii) relatively uniform water loss control costs, including materi-
als and labor, throughout the state.

The ANOVA results for the IN049 are presented in Table 12. The
calculated F-value (0.8302) was again lower than the critical F-value
(2.8660), while the p-value (0.5216) exceeded the significance level of
0.05. Therefore, there is also insufficient evidence to reject the null
hypothesis that the mean IN049 values are equal across the mesore-
gions. Although apparent temporal and regional variations were ob-
served in the distribution water loss index, the results indicate that
most of the variability occurred within the groups - that is, among

municipalities within each mesoregion - rather than between
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mesoregions. This finding may be explained by:

o Centralized and homogeneous management: The water utility
may be implementing similar operational policies across all re-
gions, resulting in relatively uniform water loss levels among the

mesoregions.

« Influence of local characteristics: Differences in distribution net-
work characteristics and water consumption patterns within each
mesoregion may increase internal variability, thereby reducing the

detectability of differences between regions.

o Common structural constraints: All mesoregions face similar
challenges, including water scarcity, aging infrastructure, and lim-
ited adoption of advanced monitoring and water loss control tech-

nologies.

Overall, the ANOVA results indicate a relatively uniform pattern
in the overall performance indicators (ELL and IN049) across the
mesoregions, although statistically significant differences were identi-
fied in selected pairwise comparisons. These findings suggest that,
while the utility's statewide management policies have contributed to
improved system performance over time, local factors continue to
play an important role in explaining regional differences in water loss
levels.

Table 13 presents the results of the pairwise statistical compar-
isons of the ELL among the mesoregions. Statistically significant dif-

ferences were identified in two comparisons:

o Agreste vs. Sertdo (p = 0.0113): The significant difference reflects
the distinct structural and climatic conditions of these regions,
with the Sertdo facing greater challenges associated with water

scarcity and more limited infrastructure.

o Zona da Mata vs. Sdo Francisco (p = 0.0148): This difference may
be attributed to the higher population density and greater opera-
tional complexity of WSS in the Zona da Mata compared with the
more stable and predictable systems in the Sdo Francisco mesore-

gion.

These findings reinforce the importance of adopting a hybrid
management approach that combines centralized strategies to im-
prove overall system performance with targeted local interventions
designed to address regional specificities. Continued monitoring
policies, together with investments in infrastructure and technology,
are essential for sustaining the observed improvements and reducing
regional disparities. Wyatt etal. (2021) similarly reported that re-

gional variations in the ELL are commonly observed.
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Table 11 - ANOVA results for the ELL across the mesoregions of Pernambuco.

Source of variation
Between groups
Within groups

Total

SS gl MS F p-value F critical
0.0037 4 0.0009 1.4256 0.2619 2.8661
0.0131 20 0.0007

0.0168 24

Table 12 - ANOVA results for the Distribution Water Loss Index across the mesoregions of Pernambuco.

Source of variation
Between groups
Within groups

Total

SS gl MS F p-value F critical
0.0223 4 0.0055 0.8302 0.5216 2.8660
0.1345 20 0.0067

0.1568 24

Table 13 - Pairwise ANOVA results for the ELL among the mesore-
gions of Pernambuco.

Comparison F p-value
Agreste - RMR 0.135 0.962
Agreste — Sdo Francisco 2.611 0.160
Agreste — Sertao 10.745  0.011
Agreste — Zona da Mata 3.362 0.108
RMR - Sao Francisco 0.127 0.966
RMR - Sertao 0.092 0.981
RMR - Zona da Mata 0.156 0.952
Sertao — Sao Francisco 1.401 0.354
Sertdo - Zona da Mata 2.390 0.183
Zona da Mata - Sao Francisco 9.495 0.015

Conclusions

The results demonstrated that the reduction in water loss rates
observed across several mesoregions of Pernambuco was insufficient
to bring the WSS closer to their respective ELLs. This finding indi-
cates that operational efficiency depends not only on reducing water
losses but also on the balance among loss-control costs, infrastructure
characteristics, and system operating conditions.

The statistical analysis revealed a relatively homogeneous pattern
of water loss indicators at the regional scale. However, statistically

significant differences identified in selected pairwise comparisons
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among mesoregions highlight the influence of local factors on ELL
behavior. These findings suggest that the operational, structural, and
economic characteristics of systems may affect the economic equilib-
rium of water losses in different ways, even when the systems are
managed under the same institutional framework.

The results also demonstrated that ELL behavior varies with op-
erational conditions and the marginal costs associated with water loss
control. Reductions in water loss rates do not necessarily lead to a
proportional convergence toward the economically optimal level, em-
phasizing the importance of integrated analyses that simultaneously
consider operational performance, cost structure, and infrastructure
characteristics.

Although the state of Pernambuco was used as a case study, the
proposed methodological framework can be applied to different re-
gional contexts, particularly in systems characterized by high opera-
tional heterogeneity, intermittent water supply, and elevated energy
costs. In this regard, the findings contribute to a broader understand-
ing of the application of the ELL concept in real-world systems,
demonstrating that interactions among technical, economic, and
structural factors strongly influence this indicator's behavior.

From a scientific perspective, this study advances the discussion
on the application of the ELL in heterogeneous regional contexts. It
provides relevant evidence for the development of more adaptive and
context-specific approaches to water loss assessment across WSS.
Furthermore, the findings provide an analytical foundation for future
studies aimed at integrating operational performance indicators,
water loss control costs, and economic efficiency.
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