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Abstract
Water leakage in the urban water cycle involves relevant economic, social, and environmental negative impacts. Thus, reducing
water leakage is a key challenge for both water regulators and water companies. This study estimated the evolution (2007–2015)
of the marginal cost of improving the quality of service in terms of water leakage in the Chilean water industry, which involves
full private, concessionary, and public water companies. In water companies, management skills and efforts play an important
role in meeting water leakage targets. Thus, this study employed a cost frontier model where it was assumed that unobserved
management ability interacts with output and water leakage factors. The results reveal high levels of cost efficiency for the
average water company. Management increases outputs and reduces water leakage and, thus, has a positive impact on costs and
efficiency. Themarginal cost of reducing water leakage is higher for the public water company than for private and concessionary
water companies. The average estimated marginal cost of reducing water leakage was 0.349 €/m3, which means that a water
company has to spend an extra 0.349 € in operating costs to avoid a cubic meter of water leakage. Some policy implications were
discussed based on the results of this study.
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Introduction

Access to drinking water and sanitation were recognized by
the United Nations (UN) as human rights as they are basic
services whose lack involves notable consequences for the
realization of other human rights (UN 2010). Moreover, by
2030, achieving access to safe drinking water and sanitation
for all is part of the targets established by the Sustainable

Development Goals (UN 2015). In this context, water supply
and sanitation systems consist of complex organized networks
and facilities whose sustainability and efficiency are vital for
the continuation of safe, acceptable, and affordable water and
sanitation services for the end users (Romano et al. 2017).
Given the importance of this topic, several studies have been
conducted to better understand the features of water and san-
itation infrastructure and evaluate its efficiency and sustain-
ability from an engineering, environmental, and economic
perspective (see for instance, Marques and Monteiro 2003;
Makropoulos and Butler 2010; Xu et al. 2014; Li et al.
2015; Molinos-Senante et al. 2016a; Pérez et al. 2019;
Salleh et al. 2019).

One of the main challenges that water companies need to
deal with in their networks is how to reduce water leakage
(D’Inverno et al. 2020). Leakages have a negative economic,
environmental, and social impact and water regulators and
water companies need to work together to tackle this issue
(Hernández-Sancho et al. 2012). Reducing water leakage is
on the top of water companies’ agenda (Ardakanian and
Martin-Bordes 2008; Ofwat 2019). Moreover, according to
the International Water Association, the reduction of water
leakage is a necessary step in the transition towards the
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circular economy (IWA 2016). Cutting water leakage will
lead to an improvement in service quality which is a signifi-
cant attribute of water distribution for household and non-
household customers (Lombardi et al. 2019). Under regulated
regimes, incentive schemes that encourage water companies
to improve their quality of service can lead to cost savings. For
instance, in England andWales, the water regulator rewards or
penalizes companies when they outperform or do not meet
their service quality targets. In contrast, in Chile, the water
regulator defined as the maximum percentage leakage for an
“efficient water company” to be at the level of 15% and this is
the reference value to set water tariffs. However, the water
regulator does not penalize companies if they exceed the
15% percentage threshold and so the companies may not have
any incentives to improve their service quality to customers
(Molinos-Senante et al. 2019).

Given the importance of reducing water leakage in the
urban water cycle, the main aim of this study is to estimate
the marginal cost of improving the quality of service in terms
of water leakage using stochastic frontier analysis (SFA) tech-
niques. An empirical application focused on the Chilean water
companies over the period 2007–2015 as the level of water
leakage has remained almost constant in this country (SISS
2020). Moreover, the Chilean water industry involves full
private water companies (FPWCs), concessionary water com-
panies (CWCs), and a public water company (PWC). Hence,
this study sheds light about the potential effects of the owner-
ship on the marginal cost of improving the quality of service
of the water companies. Previous studies on this topic
employed distance functions with linear programming tech-
niques or econometric techniques to estimate a shadow price
for water leakage (Molinos-Senante et al. 2016a, 2016b,
2019). However, their analysis did not take into account the
interaction between unobserved management and quality of
service which influences water companies’ costs and efficien-
cy (Marques et al. 2014). Moreover, the above studies esti-
mated a shadow price (implicit cost) of water leakage, while
this study uses a cost function to calculate the marginal cost of
improving water leakages in the network.

This study contributes to the literature in twomain different
directions. First, from a methodological point of view, we
employ a cost frontier model that allowed us to calculate the
marginal cost of reducing water leakage in Chile. Second, we
explore the role of unobserved time-invariant (fixed) manage-
rial ability in the water industry and more particularly in Chile
using a slightly modified version of Alvarez et al.’s (2004)
frontier model. We estimate a cost frontier instead of a pro-
duction frontier model as we assume that water companies are
cost minimizers. We also discuss how unobserved manage-
ment and service quality impacts companies’ costs and ineffi-
ciency (Marques et al. 2014). The estimated marginal cost
values for reducing water leakage are compared and discussed
by ownership type. We finally discuss some policy

implications that arise from the analysis of our results. Chile
presents an interesting case study within the context of this
research since has been by far the most successful case of
water and wastewater services coverage in Latin America
(IBNET 2021). Moreover, because most of the Latin
American water utilities present moderate and larger levels
of leakage (larger than Chilean ones) (IBNET 2021), water
managers and authorities in other Latin American countries
can learn relevant lessons from the Chilean case.

Methodology

This section discusses the methodology employed to take into
account managerial inefficiency in the estimation of the mar-
ginal cost of improving quality of service in terms of water
leakage. A cost frontier model is estimated instead of a pro-
duction frontier as it was assumed that water companies are
cost minimizers. This methodological approach was chosen
for the following reasons. First, management is of great im-
portance in the production process of water companies as it
influences how inputs are used to produce a given level of
output. In particular, in the water industry, efficient manage-
rial decisions allow the water company to reduce its costs and
meet quality targets like water leakage. Thus, in this paper, it is
argued that unobserved managerial efforts and skills are part
of the production process and, thus, interrelated with observed
output and water leakage factors. Performing better than other
water companies in the industry and sharing their best prac-
tices with less performing companies may lead to financial
and reputational awards. Omitting, thus, management effect
from the estimation may lead to biased inefficiency estimates
(Alvarez et al. 2004; Marques and Barros 2010).

Moreover, the use of the frontier model allowed us to mod-
el unobserved heterogeneity as the water industry consists of
heterogeneous water companies and managerial practices to
reduce costs differ among companies. Greene (2004, 2005a,
2005b) developed panel data SF models where unobserved
firm-specific heterogeneity is treated separately from ineffi-
ciency. If heterogeneity is correlated with explanatory factors,
then it is considered as fixed and therefore the “true” fixed
effect (TFE) model is estimated. If it is uncorrelated with
explanatory factors, then it is treated as random and thus, the
“true” random effects (TRE) model is estimated. The limita-
tion of the above models is that these unobserved factors are
separated from the production process (Cullmann et al. 2012).
Alvarez et al.’s (2004) frontier model shows how unobserved
managerial heterogeneity interacts with production process.
For this reason, our study adopted Alvarez et al.’s (2004)
model.

Furthermore, we chose a SFA approach instead of other
techniques such as data envelopment analysis, index numbers,
or partial frontier parametric techniques to analyze the
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efficiency of the Chilean water companies as it mainly
allowed us the specification of a production technology and
the decomposition of the error term into random noise and
inefficiency (for more details, please see Molinos-Senante
et al. 2019).

Managerial skills are of great significance in the production
process and influences companies’ costs and inefficiency.
This is evident for water companies where they need to oper-
ate their facilities and improve the quality of service to the
customers so that they can provide these services at an afford-
able price (Marques et al. 2014). Thus, as Alvarez et al. (2004)
suggested, this should be taken into account when evaluating
the performance of a firm. Ignoring unobserved managerial
efforts, it may lead to biased inefficiency estimates (Marques
and Barros 2010). Thus, this study employed Alvarez et al.
(2004) model where managerial inefficiency was treated as a
fixed (time-invariant) input that affects the production pro-
cess. Based on this methodological approach, production
function model takes the following form for any water
company i at any given time t:

lnyit ¼ αþ ∑N
n¼1βnlnxi;n;t þ

1

2
∑N

n¼1∑
N
l¼1βnllnxi;n;t lnxi;l;t

þ βmmi þ 1

2
βmmm

2 þ ∑N
n¼1βnmlnxi;n;tmi þ εi;t ð1Þ

where y denotes the single output and x is a vector of inputs
n = (1, 2,…,N) to produce a given level of output, i.e., the
time varying variable input; m denotes the managerial ability
which is treated as time-invariant, i.e., fixed input, and inter-
acts with the input x; and ɛ is the random error which is
assumed to have a zero mean. The production function model
(Eq. 1) was then transformed into a frontier model by assum-
ing that the maximum level of output, y∗, for a given level of
inputs is obtained with the maximum level of management,
m∗ (Barros et al. 2014). Thus, it takes the following form:
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where ui, t denotes the inefficiency of any water company i
at any given time t and follows a half-normal distribution,
whereas the technical efficiency of a water company (TEi, t)
was calculated as TEi, t = exp(−ui, t). The link between ineffi-
ciency and management was defined as follows (Alvarez et al.
2004):

ui;t ¼ βm þ ∑N
n¼1βnmlnxi;n;t
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In Eq. (3), the inefficiency consists of two components, the
time-invariant management and the interaction of manage-
ment with the inputs.

Equation (2) was estimated by treating the unobservable
management effect,m∗as a “random effect” in a panel context.
Thus, Eq. (2) was rewritten as follows:
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In Eq. (4), the unobservable management effect is part of
the constant term and takes a quadratic form, and the coeffi-
cients of the first-order terms of inputs become random coef-
ficients with a common random effect, whereas the coeffi-
cients of the second-order terms of inputs are fixed
(Cullmann et al. 2012). The above model is called the random
coefficients stochastic production frontier model and is esti-
mated using the maximum simulated stochastic frontier tech-
niques (for more details, please see Alvarez et al. 2004;
Greene 2007; Marques and Barros 2010; Cullmann et al.
2012).

In this study, it was adopted the cost function approach as it
was assumed that the water companies need to minimize their
costs to produce a given level of output (water and sanitation
services) (Marques et al. 2014). Following past evidence, a
translog cost function was adopted (see, for instance, Coelli
et al. 2005). Thus, in the absence of prices for inputs (Jamasb
et al. 2012; Mydland et al. 2020), the random coefficient sto-
chastic cost frontier model took the following form (Marques
and Barros 2010; Barros et al. 2014, 2017):
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where Ci, t denotes the total costs for any water company i;
y is the vector of outputs; t denotes time; and χπ is a set of
environmental variables that may influence costs and, there-
fore, inefficiency (Molinos-Senante et al. 2019). Moreover, as
the objective of this study is to estimate the marginal cost of
improving quality of service, following Jamasb et al.’s (2012)
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approach, a variable z was incorporated as an additional cost
driver, which represents the quality of service in terms of
water leakage.

The process of producing and delivering drinking water is
organized around network structures (Cullmann et al. 2012).
Since water leakage is the volume of water produced but lost
in different parts of the urban water cycle such as connections,
reservoirs, treatment water plants, and networks, it is part of
production process and interacts with the outputs. Thus, the
above model captures how the production process, outputs,
and water leakage interact with water companymanagement’s
ability and efforts, m∗(Cullmann et al. 2012). The unobserv-
able management effect enters in the model’s constant in a
quadratic form, the first-order coefficients of outputs, y, and
quality of service, z, are random coefficients with a common
random effect, whereas the coefficients of the second terms
are fixed (Cullmann et al. 2012). Finally, two components of
interest were estimated from Eq. (5), namely, (i) economies of
scale (ES) (Eq. 6) and (ii) marginal cost of quality improve-
ments (Eq. 7).

ES ¼ ϑlnC
ϑlny

!−1
0
@ ð6Þ

If ES takes a value greater than 1, then a water company
operates under increasing economies of scale, which means
that cost savings increase more than proportionally with the
scale of operations (Guerrini et al. 2018). If ES is less than 1,
then the water company operates under diseconomies of scale.
In our study, economies of scale measure the change in costs
due to a proportional increase in the volumes of water deliv-
ered and number of customers occurred at the same time
(Carvalho et al. 2012; Carvalho and Marques 2014).1

The marginal cost of improving the quality of service was
estimated econometrically from Eq. (5) (Jamasb et al. 2012).
A marginal cost value for any water company i at any time
t was calculated as follows:

MCOSTit ¼ −ELCOSTit � Cit

zit
ð7Þ

where MCOSTit denotes the marginal cost of improving
service quality (or reducing water leakage in our study); Cit

is the total actual cost; and ELCOSTit presents the elasticity of
cost regarding the cost driver z, which, in this study, denotes
the quality of the service and is captured by water leakage.

Sample and data description

The empirical application conducted in this study focused on a
sample of 23 Chilean water and sewerage companies
(WaSCs) over the period 2007–2015. The sample consists
of 12 FPWCs, 10 CPWCs, and 1 PWC. The data was collect-
ed from the “Management Report for Water and Sewerage
Companies” in Chile, yearly published by the national water
regulator (Superintendencia de Servicios Sanitarios, SISS) on
its webpage.While the number of regulatedWaSCs in Chile is
59, the 23 water companies analyzed in this study provide
water and wastewater services to 98% of the total number of
customers. Chilean WaSCs are regulated by the SISS which
was created in 1990, i.e., before the privatization of the water
industry which started on 1998 (SISS 2021). One of the main
functions of the SISS is the setting of water tariffs for each
WaSC each 5 years. The process is based on the definition and
simulation of an efficient water company whose costs are
compared with the ones of the real water company.
Theoretically, the maximum tariff that the analyzed WaSC
can charge to customers is the one that allows recovering the
full costs, including investment, of the efficient WaSC. The
SISS also monitors and audits the quality of service that
Chilean WaSCs provide and has the power to impose sanc-
tions in case of noncompliance (Molinos-Senante and Farias
2018).

As the Chilean WaSCs are in charge of providing both
water and wastewater services, following past evidence
(Molinos-Senante et al. 2016b, 2018; Pinto et al. 2017), two
outputs were defined: (i) volume of drinking water delivered
to customers expressed in thousands of cubic meters per year
and (ii) the number of water and sewerage customers per year.
The dependent variable in the econometric specification was
proxied by the operating costs of the WaSCs expressed in
Chilean pesos annually and deflated by the consumer prices
index taken from national statistics (Molinos-Senante et al.
2019). The volume of water leakage measured in thousands
of cubic meters annually was used as a cost driver as the aim
of the study was to estimate the marginal cost of reducing
water leakage. Finally, a set of environmental variables were
included in the assessment as they may have an impact on
water companies’ costs and efficiency. These variables were
selected based on the previous study on the water industry and
data availability (Saal and Parker 2000; Berg and Marques
2011; Carvalho and Marques 2011; Marques et al. 2014;
D’Inverno et al. 2020). These included the following: (i) type
of water resources, i.e., surface, groundwater, or mixed
sources; (ii) ownership of WaSCs, i.e., FPWCs, CWCs, and
PWC; (iii) drinking water quality; and (iv) wastewater treat-
ment quality. Both quality variables were measured based on
two composite indicators, reported by the national water reg-
ulator, which take a value between zero and one. A value of
one implies that the WaSC has met all standards with respect

1 Carvalho et al. (2012), Carvalho and Marques et al. (2014), and Guerrini
et al. (2018) differentiate between economies of scale and customer density as
follows. Economies of scale measure the reaction of costs to simultaneous
changes in volumes of water delivered and number of customer. Economies
of customer density measure how costs alter when volumes of water delivered
and number of customers change keeping the area or network length constant.
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to drinking water and wastewater treatment quality (SISS
2015). The descriptive statistics of the variables used in the
study are reported in Table 1.

Results and discussion

Stochastic frontier model estimation

Table 2 shows the results from the estimation of the stochastic
frontier model (Eq. 5). The first-order coefficients of the out-
puts (means for random parameters) are positive and statisti-
cally significant from zero. This is satisfied for all observa-
tions in the sample. On average, a 1% increase in the volume
of drinking water delivered and the number of customers will
increase costs by 0.454 and 0.461%, respectively. The inverse
of the sum of the outputs is greater than 1 which implies the
presence of increasing economies of scale for the average
WaSC.

The first-order coefficient of water leakage is negative and
statistically significant from zero implying a positive marginal
cost. The cost of producing and delivering more drinking wa-
ter increases the cost of reducing water leakage and vice versa
as shown by the interaction term between water delivered and
water leakage. Cost complementarities may exist between net-
work and water leakage as shown by the negative and statis-
tically significant coefficient of the interaction term between
these two variables.

The costs increase with most of the square terms. This is
evident, for instance, with the volume of drinking water de-
livered and the number of water and sewerage customers.
However, it seems that both these outputs when are interacted
can lead to a reduction in costs. Their interaction term is neg-
ative and statistically significant which implies cost comple-
mentarities between these outputs. The variable time is posi-
tive and statistically significant which implies that average
costs for the Chilean WaSC increases over time. The rate of
technical regress however reduces as shown by its square
term.

The coefficients of the unobserved fixed management are
all statistically significant from zero, which provides evidence
that management efforts impact on the efficiency ofWaSCs is
correct. An increase in management increases the volumes of
water delivered, connected properties, and reduces water leak-
age. The statistically significant positive sign of the variable
management and the statistically significant negative sign of
its squared term suggest that eventually management reduces
costs and inefficiency. The variable type of water resource is
positive and statistically significant which means that ground-
water and mix water resources (surface and groundwater) in-
crease costs and inefficiency of the ChileanWaSCs evaluated.
Finally, the parameter lambda is statistically significant from

zero which implies the presence of cost inefficiencies in the
model (Molinos-Senante and Maziotis 2018).

Cost efficiency and economies of scale estimation

The evolution of cost efficiency by WaSC ownership type is
shown in Fig. 1. It is illustrated that on average the Chilean
water and sewerage industry is 0.915 cost-efficient. This
means that average WaSC can improve its efficiency by re-
ducing costs by 8.5%. The three types of water companies,
i.e., FPWCs, CWCs, and the PWC, reported similar and high
levels of cost efficiency. This implies that ownership type
does not have an impact on efficiency, a finding that is con-
firmed from the econometric results in Table 2 where the
variable ownership did not have a statistically significant im-
pact on water companies’ efficiency. It should be noted that
although our assessment only involves one PWC, it does not
have any impact on results as Table 2 illustrates that efficiency
differences among FPWCs and CWCs were not significant
from a statistically point of view. High levels of cost efficien-
cy for the Chilean water and sewerage industry were also
found by Ferro and Mercadier (2016), Molinos-Senante
et al. (2018, 2019), andMolinos-Senante andMaziotis (2019).

On average, all WaSCs demonstrated a similar trend in
their efficiency. It appears that the water industry improved
its efficiency over the years 2007–2010 whereas a downward
trend in its efficiency is shown for the subsequent years. Since
2010, a mega-drought has been affecting the central and north
area of Chile. It is characterized by a notable reduction in the
accumulation of snow in the Andes, in the volumes of reser-
voirs and in the levels of groundwater (Garreaud et al. 2019).
As in Chile, the access to water by all water users (including
water companies) is regulated through a water market where
there is no priority in the use of water and WaSCs have had to
buy water rights at a higher cost, which might have led to a
reduction in their efficiency.

The results indicate that in 2010, the efficiency of private
and public companies reached its peak level, an efficient level
of almost 0.928. In contrast, the last year of the sample, the
efficiency of FPWCs and PWCs considerably reduced, at the
level of 0.888 and 0.896, respectively, whereas the efficiency
level of the CWCs remained almost the same. This finding
reveals that WaSCs need to put more efforts to reduce their
daily operational costs as their efficiency considerably re-
duced compared to the first years of our sample.

As far as the results of economies of scale are concerned,
they are shown in Fig. 2. It was found that, on average, the
Chilean water and sewerage industry operates under increas-
ing economies of scale. This means that an increase in
industry’s outputs by 1% may lead to an increase in opera-
tional costs by 0.919% (< 1%). In particular, FPWCs and
PWCs may increase their costs by 0.904% if their outputs
increase by 1%. A slightly higher increase in costs by

32737Environ Sci Pollut Res (2021) 28:32733–32743



0.938%may occur for CWCs. Overall, the results indicate that
the Chilean water industry may achieve further cost savings if
the water companies continue to increase the volumes and
scale of production.

Estimation ofmarginal cost of reducingwater leakage

Figure 3 shows the average cost elasticity of water leakage for
Chilean FPWCs, CWCs, and PWC. The results indicate that
the average cost elasticity of water leakage decreases over
time. This is evident for all types of Chilean WaSCs
(FPWCs, CWCs, and PWC). It is also shown that the cost
elasticity of water leakage is considerably higher for the
PWC than FPWCs and CWCs. This implies a higher marginal
cost for reducing water leakage for public companies than
private (see Fig. 4).

On average, the marginal cost of reducing water leakage
for the years 2007–2015 was 0.349 €/m3. This is equivalent to
say that the water company has to spend an extra 0.349 € in
operating costs to avoid a cubic meter of water leakage.
Alternatively, it means that on average, the cost of losing 1
m3 from the water distribution system is 0.349 €. On average,
there is a reduction of the marginal cost of water leakage from
0.449 €/m3 in 2007 to 0.292 €/m3 in 2015. The average mar-
ginal cost of reducing leakage increased the first 2 years of the
sample followed by a downward trend in the next years. This
downward trend was interrupted in 2015 where the marginal
cost of reducing water leakage slightly increased.

The findings of this study are consistent with previous
studies by Molinos-Senante et al. (2016b and 2019), who

reported an implicit cost of reducing water leakage of 0.23
and 0.441 €/m3.These studies calculated a shadow price
(implicit cost) for reducing water leakage using distance
functions with linear programming techniques and econo-
metric techniques, respectively. Our study differs from
these approaches as our econometric model uses a cost
function and calculates the marginal cost of reducing water
leakage. Moreover, it takes into account the interaction of
management with the production process and its influence
on costs and efficiency.

As far as the ownership type is concerned, it is concluded
that the marginal cost of reducing water leakage for CWCs is
lower than FPWCs. In contrast, the marginal cost of reducing
water leakage for the PWC is substantially higher than private
companies. This is may be attributed to its high cost elasticity
of water leakage. It is reported that, on average, the cost of
losing 1 m3 from the water distribution system for CWCs and
FPWCs is 0.297 and 0.359 €, respectively. For a PWC, the
cost of improving the quality of service regarding water leak-
age is 0.745 €/m3. This finding is consistent with Molinos-
Senante et al. (2019) who also reported that the implicit cost of
reducing water leakage is considerable higher for public com-
panies than private.

The marginal cost of reducing water leakage at the WaSC
level and across years is reported in Table 3. There is a con-
siderable variability in the marginal cost for each water com-
pany and over the years. For instance, the minimum marginal
cost for reducing leakage takes a value which ranges from
0.001 to 0.024 €/m3, whereas the maximum marginal cost
varies from 0.710 to 1.006 €/m3. This variability can be

Table 1 Descriptive statistics for the 23 Chilean water and sewerage companies over the years 2007–2015

Definition of variables in the cost frontier
model

Variables Unit of
measurement

Mean Std. Dev. Minimum Maximum

Outputs Volume of water delivered (103 m3/year) 45,133.50 87,243.89 635.00 445,871.00

Water and sewerage
customers

nr 198,519.43 351,523.91 3,295.00 1,805,795.00

Dependent variable Operating costs (106CLP/year) * 23,856,642 33,282,267 541,396 170,618,157

Cost driver Water leakage (103 m3/year) 15,127 27,881 675 144,016

Environmental variables Drinking water quality Indicator 0.959 0.066 0.646 1.000

Wastewater treatment
quality

Indicator 0.972 0.051 0.667 1.000

Number of water companies

Type of water resources Surface 6

Groundwater 6

Mixed 9

Ownership Full private 12

Concessionary 10

Public 1

Observations: 207

Source: Own elaboration from Superintendencia de Servicios Sanitarios data.

*Operational costs were adjusted to 2015 prices by the Chilean consumer price index
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Table 2 Estimates of the stochastic frontier model

Variables Coefficient S.E. T-stat P value

Nonrandom parameters

Time φ1 0.080 0.021 3.725 0.000

Water leakage2 γ11 −0.049 0.053 −0.927 0.354

Water delivered*water leakage δ12 0.218 0.114 1.918 0.056

Customers*water leakage δ22 −0.226 0.112 −2.026 0.044

Water delivered2 β11 0.276 0.126 2.190 0.030

Customers2 β22 0.485 0.138 3.512 0.001

Water delivered*customers β12 −0.378 0.177 −2.133 0.034

Water leakage*time k1 0.030 0.007 4.622 0.000

Water delivered*time μ1 −0.020 0.012 −1.637 0.102

Customers*time μ2 −0.012 0.006 −1.902 0.058

Time2 φ2 −0.006 0.003 −2.201 0.028

Sources of water abstraction χ1 0.127 0.025 5.164 0.000

Ownership χ2 −0.044 0.030 −1.488 0.138

Drinking water quality χ3 0.100 0.242 0.412 0.680

Wastewater treatment quality χ4 0.251 0.308 0.816 0.415

Means for random parameters (average cost elasticities)

Constant ɑ0 −0.367 0.100 −3.680 0.000

Water delivered β1 0.454 0.220 2.067 0.040

Customers β2 0.461 0.218 2.117 0.036

Water leakage γ1 −0.610 0.111 −5.506 0.000

Coefficients of unobservable fixed management

Management βm 0.331 0.027 12.241 0.000

Water delivered β1m 0.132 0.072 1.837 0.068

Customers β2m 0.150 0.091 1.648 0.100

Water leakage γ1m −0.341 0.113 −3.018 0.003

Management2 βmm −0.088 0.027 −3.214 0.001

sigma 0.154 0.022 7.048 0.000

Lambda σu=ð σεÞ 1.090 0.661 1.648 0.099

Log-likelihood 199.911

Bold estimates are significant at the 5% significance level

Bold italic estimates are significant at the 10% significance level
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Fig. 1 Cost efficiency of Chilean
water and sewerage companies
(WaSCs) categorized by
ownership (full private water
companies (FPWCs);
concessionary water companies
(CWCs); and public water
company (PWC))
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attributed to several factors such as the age and material of
water networks and the water company-specific technologies
used to predict and monitor leakage (Molinos-Senante et al.
2019).

Regarding ownership type, it is shown that for an average
FPWC, the cost of losing 1 m3 of water decreased from 0.429
€/m3 in 2007 to 0.359 €/m3 in 2015. However, there are sev-
eral water companies (WC1,WC5,WC8,WC10) that showed
a substantial increase in the cost of reducing water leakage
with WC1 showing the highest cost of leakage over time
among all companies in the sample. The rest of the FPWCs
showed a decline in their marginal cost values with WC7
showing the highest decrease in the marginal cost from
0.668 €/m3 in 2007 to 0.252 €/m3 in 2015. For an average
CWC, the extra spend in operating costs to prevent 1 m3 of
water leakage decreased from 0.435 €/m3 in 2007 to 0.211
€/m3 in 2015. All the CWCs, except for WC21 and WC22,
showed a significant reduction in the marginal cost of water
leakage. The values of marginal cost for WC21 and WC22,
although increased, still remain the lowest in the industry. The

empirical results for the PWC highlight the importance of
reducing water leakages. Its marginal cost, although decreased
over time, is the second highest among all water companies.

Results on Table 3 illustrate that there are several water
companies that showed a significant increase in the marginal
cost of water leakage during the last year of the sample. In
addition to this, the high variability in the marginal cost values
over time suggests that, regardless the ownership type, the
Chilean water regulator needs to provide appropriate incen-
tives to the water companies to reduce water leakage.

Conclusions

One of the main global challenges that water companies face
is to improve the quality of service by meeting several targets.
In particular, reducing leakage from water distribution sys-
tems is essential, because of its economic, social, and environ-
mental impacts. In this study, a cost frontier model was used to
estimate the marginal cost of improving the quality of service
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Chilean water and sewerage
companies (WaSCs) categorized
by ownership (full private water
companies (FPWCs);
concessionary water companies
(CWCs); and public water
company (PWC))

-0.70

-0.65

-0.60

-0.55

-0.50

-0.45

-0.40

2007 2008 2009 2010 2011 2012 2013 2014 2015

egakaelreta
wfo

yticitsaletsoC

FPWCs CWCs PWC All WaSCs

Fig. 3 Cost elasticity of water
leakage of Chilean water and
sewerage companies (WaSCs)
categorized by ownership (full
private water companies
(FPWCs); concessionary water
companies (CWCs); and public
water company (PWC))

32740 Environ Sci Pollut Res (2021) 28:32733–32743



in terms of water leakage in a sample of 23 Chilean water
companies over the years 2007–2015. Moreover, in the

econometric modeling, it was considered the interaction be-
tween management’s ability with output and water leakage
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Fig. 4 Marginal cost of reducing
water leakage of Chilean water
and sewerage companies
(WaSCs) categorized by
ownership (full private water
companies (FPWCs);
concessionary water companies
(CWCs); and public water
company (PWC))

Table 3 Marginal cost of reducing water leakage (€/m3) by water company1

2007 2008 2009 2010 2011 2012 2013 2014 2015 Average

Full private water companies
WC1 0.886 1.006 0.835 0.800 0.798 0.772 0.710 0.697 1.001 0.834
WC2 0.801 0.753 0.595 0.634 0.545 0.522 0.455 0.416 0.458 0.576
WC3 0.694 0.689 0.565 0.595 0.529 0.519 0.489 0.449 0.417 0.550
WC4 0.473 0.460 0.458 0.396 0.382 0.431 0.477 0.427 0.396 0.433
WC5 0.207 0.293 0.300 0.184 0.234 0.293 0.264 0.335 0.297 0.268
WC6 0.452 0.473 0.313 0.305 0.285 0.273 0.306 0.244 0.213 0.318
WC7 0.668 0.644 0.436 0.453 0.416 0.357 0.285 0.274 0.252 0.420
WC8 0.069 0.073 0.078 0.133 0.109 0.174 0.227 0.181 0.147 0.132
WC9 0.380 0.408 0.436 0.407 0.400 0.373 0.349 0.323 0.361 0.382
WC10 0.024 0.026 0.009 0.021 0.017 0.031 0.031 0.024 0.051 0.026
WC11 0.426 0.404 0.329 0.357 0.335 0.323 0.065 0.165 0.404 0.312
WC12 0.064 0.066 0.070 0.052 0.057 0.063 0.054 0.061 0.032 0.058
Average 0.429 0.441 0.369 0.361 0.342 0.344 0.309 0.300 0.336 0.359
Minimum 0.024 0.026 0.009 0.021 0.017 0.031 0.031 0.024 0.032 0.026
Maximum 0.886 1.006 0.835 0.800 0.798 0.772 0.710 0.697 1.001 0.834
Concessionary water companies
WC13 0.707 0.689 0.509 0.524 0.471 0.483 0.530 0.458 0.490 0.540
WC14 0.609 0.571 0.409 0.384 0.375 0.373 0.294 0.307 0.273 0.400
WC15 0.665 0.688 0.560 0.520 0.549 0.446 0.448 0.416 0.379 0.519
WC16 0.298 0.291 0.188 0.170 0.161 0.171 0.148 0.161 0.144 0.192
WC17 0.657 0.576 0.462 0.504 0.504 0.325 0.304 0.222 0.272 0.425
WC18 0.703 0.612 0.412 0.365 0.305 0.277 0.265 0.233 0.164 0.371
WC19 0.161 0.238 0.212 0.191 0.162 0.130 0.109 0.091 0.066 0.151
WC20 0.463 0.452 0.272 0.269 0.268 0.262 0.264 0.230 0.212 0.299
WC21 0.085 0.101 0.053 0.073 0.050 0.048 0.065 0.074 0.091 0.071
WC22 0.001 0.001 0.001 0.001 0.000 0.008 0.000 0.011 0.024 0.005
Average 0.435 0.422 0.308 0.300 0.285 0.252 0.243 0.220 0.211 0.297
Minimum 0.001 0.001 0.001 0.001 0.000 0.008 0.000 0.011 0.024 0.005
Maximum 0.707 0.689 0.560 0.524 0.549 0.483 0.530 0.458 0.490 0.540
Public water company
WC23 0.826 0.783 0.749 0.764 0.783 0.791 0.675 0.754 0.583 0.745
Total Sample of water companies
Average 0.449 0.448 0.359 0.352 0.336 0.324 0.296 0.285 0.292 0.349
Minimum 0.001 0.001 0.001 0.001 0.000 0.008 0.000 0.011 0.024 0.005
Maximum 0.886 1.006 0.835 0.800 0.798 0.791 0.710 0.754 1.001 0.834

1 The marginal cost of reducing water leakage was initially calculated in Chilean pesos. Currency conversion was performed to facilitate the reader’s understanding
of the marginal cost. On 5 January 2020, 1 € was equivalent to 863 Chilean pesos.
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factors. The model specification further allowed us to estimate
cost efficiency and economies of scale for the Chilean water
industry.

The results for the Chilean water industry provide the fol-
lowing primary conclusions:

i). The industry shows high levels of cost efficiency imply-
ing that the performance of Chilean water companies is
large. However, there is still room to reduce their daily
operational costs.

ii). The estimates of economies of scale exhibit that on av-
erage, the Chilean water companies operate under in-
creasing economies of scale. This implies that they may
achieve further cost savings if they continue to increase
the volumes and scale of production.

iii). The marginal cost of reducing water leakage is higher
for the PWC than FPWCs and CWCs; this may be ex-
plained by the high cost elasticity of water leakage. The
average marginal cost of reducing water leakage for the
period of study reaches 0.349 €/m3.

iv). As far as the management is concerned, it is concluded
that it has a positive impact on costs and efficiency since
it increases outputs and reduces water leakage.

From a policy perspective, the methodology and findings
of this study are of great interest for both water companies’
managers and regulators. First, management ability has an
impact on the production process and influences costs and
inefficiency. Thus, efficiency analysis can benefit from con-
trolling for management efforts. Second, the differences in the
marginal cost values of reducing water leakage demonstrate
that there are some companies who may not have sufficient
incentives to reduce water leakage. Third, the water regulator
may need to introduce additional policies such as rewards/
penalties to incentive water companies to achieve water leak-
age targets. This is very relevant for countries where the pres-
ence of this type of performance incentives in the water indus-
try has not been developed yet. In this context, some urban
water regulators have definedmandatory targets to water com-
panies. Nevertheless, the European Commission (European
Commission 2015) recommends regulating leakage at the riv-
er basin or unconnected water resource zone level, rather than
for a single water company. Moreover, leakage should be
managed taking into account of all stakeholders’ views, i.e.,
water regulator, water and environmental authorities, cus-
tomers, etc. From the water utilities’ perspective, the tradition-
al and most employed criterion to determine the optimal level
of leakage is the “economic level of leakage”which is defined
as the level of leakage is equal to benefit gained from the
marginal leakage reductions. By contrast, the English and
Welsh water regulator (Ofwat) pioneered the concept of “sus-
tainable economic level of leakage”which is the level of leak-
age of a water distribution network at which the unit cost of

leakage control measures for the water service provider equals
the unit cost of water, including the water service provider's
costs and the environmental and resource costs that are exter-
nal to the water service provider (PWC 2019). Given the ad-
vantages and holistic approach of this criteria, it is suggested
to water regulators to follow it to define leakage targets for
water companies.
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