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A B S T R A C T

This study explores asset management performance of Portuguese water supply companies operating in the
bulk market. The focus of the analysis are the managerial practices and the condition of infrastructures. This
assessment is based on the information conveyed by the indicators collected by the Portuguese water and
waste services’ regulator authority (ERSAR) between 2016 and 2020. The main contribution of this research is
to propose innovative methods to enhance the knowledge on asset management practices in the water sector.
Two Benefit-of-the-Doubt (BoD) Composite Indicators are developed to highlight different aspects of asset
management approaches. The first reflects organisations’ performance in maintaining their infrastructures at
acceptable operational levels, and the other reveals their maturity in asset management practices. Robust and
conditional approaches for estimating the BoD indicators are applied, allowing to obtain results that account for
the effect of contextual variables on companies’ performance. Additionally, the performance of the companies
is analysed over a 5-year period. The results show that there is significant room for improvement given the
indicators’ values estimated in the benchmarking analysis. The type of management systems and areas of
intervention (urban, semi-urban or rural) are factors that present significant impact in asset management
performance. The analysis of trends in the evolution of performance over time revealed improvements both
in the companies’ managerial practices and operational results.
1. Introduction

Sustainability can be defined as development that ‘‘meets the needs
of the present without compromising the ability of future generations
to meet their own needs’’ [1]. This notion entails balancing three
key interconnected factors: economic growth, social inclusion, and
environmental preservation. Water availability and its associated ser-
vices substantially impact all of these elements, making water essential
for supporting economic activity, improving societal well-being, and
protecting the environment [2]. Goal 6 of the United Nations’ Sus-
tainable Development Goals (SDGs) is to ‘‘ensure the availability and
sustainable management of water and sanitation for all’’. This goal is
closely interlinked with the other SDGs, which demands a structured
strategy for managing the resources required to meet the intended
targets associated with SDG 6 [3].

The infrastructures designed to provide water services demand spe-
cial attention due to the serious consequences in case of failures or
leakages. A simple water main break can lead to damages or fail-
ures to adjacent infrastructures, such as roads, oil or gas distribution
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systems, besides the direct effects of water supply shortages [4]. Un-
der the framework of asset management, organisations can employ
an integrated strategy to ensure that assets will fulfil the intended
goals. According to the United Nations Technical Committee for Asset
Management Systems (TC-251), asset management represents a key
enabler contributing to the achievement of SDGs by organisations. Con-
sequently, there is a natural alignment between asset management and
the desires represented in the SDGs [5], which is specially important in
what concerns public service utilities, such as water, gas and electricity
companies.

Asset management is defined by ISO 55000 as a ‘‘coordinated
activity of an organisation to realise value from assets’’. By covering
strategy, safety, environment, cost, risk and life cycle, this approach
represents more than an extension of maintenance. Value realisation
entails balancing costs, risks, opportunities, and performance rewards.
However, the concept of value will vary depending on the demands of
each organisation and its stakeholders [6]. ISO 55001:2014 [7] is the
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international standard that specifies the requirements for an organisa-
tion to develop an asset management system including a comprehensive
set of tools, rules, processes, and information systems to ensure that the
management objectives are satisfied.

According to Luís and Almeida [8], the adoption of asset manage-
ment strategies in the water sector was triggered by different reasons
around the world. The regulation was the primary motivator in the
United Kingdom, whilst in Australia and New Zealand the first issue
was maintenance optimisation. In the United States and Canada, the
critical issue was concerned with asset ageing and deterioration, while
in the Netherlands, the emphasis was on establishing and ensuring
service levels.

In the first decade of the twenty-first century, the concept of asset
management began to be internalised in the water sector in Portugal.
Despite the significant involvement of the leading agents, the results
of the dissemination and application of asset management are not
yet visible in a uniform manner in the national panorama [8]. The
water, wastewater and solid waste services are overseen in Portugal
by ERSAR, Entidade Reguladora dos Serviços de Águas e Resíduos, the
ector’s regulatory authority. ERSAR’s monitoring process relies on the
omparison of operators based on performance indicators that are made
ublic. This practice, known as sunshine regulation, has successfully

encouraged performance improvement in the sector, praising good
practices alongside exposing companies to ‘‘embarrassment’’ for bad
performance [9].

The extensive set of indicators requested annually by ERSAR to
the sector’s operators allows the analysis of companies’ performance
in multiple facets. This study explores asset management practices by
selecting and analysing the metrics collected by ERSAR and which are
clearly related to that field to perform benchmarking. More specifically,
this study is focused on Portuguese water supply companies operating
at the bulk level and evaluates performance trends from 2016 to 2020.

The information provided by ERSAR is used to construct composite
indicators (CIs) that aggregate the selected metrics to obtain a summary
measure that incorporates multiple dimensions. The technique utilised
to build the CIs is the Benefit-of-the-Doubt approach (BoD), popularised
by Cherchye et al. [10] based on Data Envelopment Analysis (DEA)
models. The BoD method was chosen for its ability to estimate the most
favourable weights for the unit under consideration when compared
to the peers in the sample, so no water company can object to those
weights, making this strategy appropriate for sunshine regulation pur-
poses. The robust and conditional formulations in the BoD approach
are employed to overcome the effect of outliers and to assess the
influence of the environment on companies’ performance. A novel
visualisation framework for the assessment of companies’ performance
is also presented.

Benchmarking studies using data collected by regulatory bodies are
common in the literature. However, to the best of our knowledge, there
are no benchmarking studies using those data with a specific focus
on water system’s asset management. In summary, this work aims to
fill this literature gap by developing two complementary composite
indicators focused on asset management performance (namely, the
Resource and Infrastructure Sustainability Index and the Asset Management
Maturity Index). The practical relevance of the proposed approach is
demonstrated using the information collected by ERSAR to compare
the bulk water supply companies operating in Portugal in the period
from 2016 to 2020. This period corresponds to the most recent ERSAR’s
framework described as ‘‘third generation of indicators’’. The composite
indicators developed in this work are used to compare the performance
of different companies in a given year (a cross sectional approach), as
well as to reveal performance trends over a five-year period. This novel
evaluation method using ERSAR’s data with focus on asset management
represents the innovative contribution of this study.

The relevance of this study is justified by the urgent need to es-
2

tablish improvement processes in the management of assets at water
systems. Sustainability is a major driver for enhancing water distri-
bution system management. Water is a crucial resource for human
life and according to Vieira et al. [11], 30% to 40% of treated water
is lost worldwide due to degradation of water system infrastructures.
Water and wastewater systems are deteriorating all around the world.
Furthermore, because the water sector is capital intensive, and infras-
tructure expenditures are intended to last for a long time, physical
asset management must be particularly efficient. According to Marlow
and Burn [12], efficient asset management requires the appropriate
selection of metrics related to the inputs and outputs. Monitoring
key performance indicators must be an effective practice, capable of
providing feedback on the implementation of strategies, in order to
guide decision-making and promote improvements in the sector.

The remaining parts of this paper are structured as follows: Sec-
tion 2 presents a brief literature review, an overview of the water sector
in Portugal is discussed in Section 3, the proposed methodology is
explained in Section 4, the case study is detailed in Section 5, Section 6
discusses the results, and the conclusions are presented in Section 7.

2. Literature review

The literature review presents the approaches available for bench-
marking in the water sector in subsection 2.1, and subsection 2.2
discusses the use of performance measurement techniques in the field
of asset management.

2.1. Benchmarking approaches using performance indicators in the water
sector

The concept of benchmarking or relative performance assessment
implies a systematic comparison between similar entities, known as
Decision Making Units (DMUs). Examples of entities that can be con-
sidered as DMUs include groups of companies, organisations, coun-
tries, projects, among others. The main objective of a benchmarking
approach is to foster performance improvement, which can happen
implicitly by drawing the attention of DMUs to the issues highlighted
in comparative studies. However, more explicitly, benchmarking may
lead to incentives or rewards for the DMUs under evaluation, in the
form of salary plans, tariff regulations or budget rules. This practice
is especially useful when applied in monopoly regulations [13]. Bench-
marking practices can also help in conflict resolution by redirecting the
focus of stakeholders to performance improvements [14].

Marques and De Witte [15] describe the benefits of benchmarking
public service activities. These authors highlight two different perspec-
tives applied in benchmarking approaches: (i) metric benchmarking,
which allows organisations to evaluate performance and compare it
with competitors, and (ii) process benchmarking, where the companies
map their internal processes and look for best practices in the industry
to enable superior performance. In that sense, metric benchmarking
identifies what to improve, whereas process benchmarking emphasises
how to improve. However, in many cases, because different companies
do not typically share information about their performance among
themselves, benchmarking studies can only be conducted with the
involvement of regulatory entities, who receive data from companies
that operate in natural monopoly contexts. To this extent, the aim of the
regulators is to stimulate, support and monitor benchmarking processes
among organisations, set rules and standards of comparison, collect
and publish results, and find out where to improve. This process can
ontribute to identify best practices and guide the design of strategies
or improvement.

Regulators seek to create a pseudo-competitive environment, which
timulates companies to raise their efficiency levels and reduce their
rices [16]. Independent regulators have legislative, executive, and ju-
icial authority to monitor several operators by enforcing the required
egulations. The governance system of regulators is discussed by Mar-
ues and Pinto [9], emphasising their independence and responsibility,
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the interaction with policymakers, operators, and customers, as well as
their internal processes including judgement criteria and transparency.
Those authors conclude that deficient governance systems may lead
to excessive governmental influence in regulator’s activities impacting
their transparency and accountability.

The governance model that became prominent in the recent
decades, known as yardstick competition, reinforces the comparison
of the regulated firm’s performance with that of other firms in the
same sector [17]. Benchmarking instruments applied by the regulator
are always included in the various types of yardstick competition. The
incentive for the operators to improve their efficiency comes from the
information received from other firms so that the regulatory process
becomes an artificial competition process among them. Marques [17]
explains that there are two main approaches in yardstick competition.
The first strategy, which often has more authoritarian characteristics,
uses benchmarking to set pricing and decide the operators’ tariffs. It
is known as price yardstick competition. In contrast, the second one,
known as sunshine regulation, represents a lighter variant of yardstick
competition and includes a comparison and public debate on the
operators’ performance.

In water utilities, regulators perform a macro or top-down bench-
marking to get information about the operators’ level of performance
and set policy targets for the sector. At the same time, the companies
themselves use bottom-up benchmarking, looking at their performance
to perform a diagnosis and identify areas or activities to improve [15].

Performance indicators can be used to perform benchmark analysis
at different levels, and global measures of efficiency are commonly
employed by regulators to get information about the operator’s perfor-
mance. They are usually employed as decision support tools to prioritise
improvement actions and analyse the effect of previous measures [18].
The use of indicators for performance benchmarking has become a
crucial strategy to promote improvements within the water sector [19].
For an comprehensive discussion about the choice of indicators in the
water sector, see [18] and [20].

Models based on Data Envelopment Analysis (DEA), originally de-
veloped by Charnes et al. [21], represent very useful tools to support
benchmarking processes. Non-parametric techniques such as DEA dif-
fer from methods that employ production functions with theoretical
imposed functional forms or engineering standards. DEA is a data-
driven non-parametric method that assesses performance against the
best practices observed in a set of DMUs [13].

In a literature review covering 190 studies on water services per-
formance published between 1969 and 2008, Berg and Marques [22]
report that 34% of the studies reviewed use non-parametric methods
and, among them, 72% apply DEA. In a more recent review, Goh
and See [23] confirm the interest in DEA methods in water sector
research, since the term ‘‘DEA’’ represents 33.80% of author’s key-
words used among the studies reviewed that were published from
2000 to 2019. Several benchmarking works applying DEA have dealt
with the efficiency of water systems worldwide: Thanassoulis [24,25]
and Walker et al. [26] in United Kingdom, Byrnes et al. [27] in Aus-
tralia, Wang et al. [28] in Canada, Berg and Lin [29] in Peru, Alsharif
et al. [30] in Palestina, Dong et al. [31] in China, Marques et al.
[32] in Japan, Lo Storto [33], D’Inverno et al. [34] and Romano
and Guerrini [35] in Italy, among others. Bogetoft [36,37] devel-
oped techniques based on DEA to deal with the regulatory agencies’
incentive mechanisms. Those incentive schemes were also addressed
in a cross-country study performed by De Witte and Marques [38]
that compared the water sector from the Netherlands, England and
Wales, Australia, Portugal and Belgium. The results suggest that the
incentives have positively impacted the sector’s efficiency. In a specific
study that examines the adoption of the sunshine regulation in the
Netherlands, De Witte and Saal [39] describe the effectiveness of this
approach examining data from different periods before and after the
employment of sunshine regulation, by using DEA methods. Those
3

authors conclude that the adoption of sunshine regulation beneficially
resulted in higher productivity, that was transferred to customers as
price reductions.

Techniques based on DEA may also be employed for the construc-
tion of composite indicators (CIs). CIs entail the combined analysis
of a set of performance indicators to compare multiple-dimensional
activities. According to Vilanova et al. [18], even though the collection
of data and generation of multiple indicators represent a complicated
process, the aggregation of those indicators into an overall measure of
performance may be even more challenging involving creativity and
experienced judgement. The use of a method based on DEA presents
the advantage of being data-driven, avoiding the extensive interaction
with stakeholders to decide the relative importance of indicators. This
strategy known as the ‘‘Benefit-of-the-Doubt’’ (BoD) approach over-
comes the concerns about the need for normalisation and identification
of ‘‘right’’ weights, allowing an easy and intuitive interpretation of
results [10,40]. BoD models were initially proposed for macroeconomic
performance assessment [41] and have been extensively applied in
many areas such as transportation [42], competitiveness [43,44], hu-
man development [45,46], quality of life [47], social inclusion [48],
public health [49], environmental performance [50], and active ageing
of population [51].

The standard DEA models, including BoD, present the inconve-
nience of being too sensitive to outliers and not allowing statistical
inference. Several approaches have been proposed in the literature
to tackle these issues. For example, detection outlier procedures or
robust approaches have been introduced to mitigate the impact of
outlying observations (see all the discussion in [52]). In addition, one-
stage or two-stage approaches have been suggested to investigate the
influence of external conditions on the efficiency estimates (see for
example [53,54]). In this vein, the works of Henriques et al. [19],
Molinos-Senante et al. [55], Dong et al. [56] and Romano and Guerrini
[35] applied DEA methods to evaluate water systems.

An alternative method was developed by Daraio and Simar [57,58]
to compute conditional scores while accounting for the influence of
external factors directly in the efficiency score estimation (conditional
approach). Then, the influence of exogenous variables on the per-
formance is estimated using a smoothed non parametric regression
between the ratio of conditional and unconditional efficiencies. How-
ever, those studies allowed the appraisal of the context factors using
only continuous variables. De Witte and Kortelainen [59] introduced
the use of both continuous and discrete variables as external factors.
Since then, many studies have adopted that approach for evaluating
water systems, such as De Witte and Marques [38], Marques et al.
[32], D’Inverno et al. [34] and Mergoni et al. [60].

In the literature review issued by Berg and Marques [22], about 35%
of the non parametric studies analysed the context of water utilities
using explanatory exogenous factors, and more than twenty different
variables were identified as being used in those studies. Those exoge-
nous variables include customer density, proportion of non-residential
customers, peak factor, and water losses. Tourinho et al. [61] pre-
sented an overview of the contextual variables used in studies that
deal with performance of water supply systems. According to those
authors, the most frequent contextual variables used in the literature
are: ownership, regional differences, scope of services, customer den-
sity, population density, water source, water losses and peak factor
(ratio between the highest and the average water consumption within
a month).

2.2. Performance measurement in asset management

Indicators are frequently used to measure performance and make
decisions in asset management. At the strategic level, an asset man-
agement system emphasises key performance indicators in confor-
mity with higher-level objectives. By doing that, the alignment be-
tween asset management objectives and business objectives can be

pursued [62]. Galar et al. [63] and Cecconi et al. [64] discuss the
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popularity of indicators as decision-making tools for asset management.
The selection of the most suitable performance indicators for asset
maintenance was addressed by Gonçalves et al. [65], and Dutuit and
Rauzy [66] analysed ‘importance measures’ applied to complex compo-
nents. Attwater et al. [67] investigated the state of play of performance
measurement for asset management systems. Their findings revealed
that it is still an unsettled issue how to measure the performance of
asset management systems. Further research is needed to understand
the linkage between organisation performance, asset performance and
asset management performance.

Galar et al. [63] compares the use of individual indicators versus
aggregated metrics in the form of composite indicators to measure
asset management performance. At the core of this discussion, there
is the possible loss of information that arises when aggregating many
indicators and the resulting misconception or misunderstanding of the
actual phenomenon. This idea is counterbalanced by the fact that an
aggregate indicator can be more intuitive and simpler to communicate
for managers. For this reason, in asset management, weight summa-
tions using aggregating weights provided by specialists are the most
frequently used, even though direct ratios between pairs of indicators
are also frequently employed (e.g., the maintenance cost divided by
the asset replacement value). Statistical techniques can also be used to
perform aggregated metrics. Galar et al. [63] also highlight the use of
some statistical techniques such as principal component analysis (PCA)
in setting suitable weights. Other types of aggregation strategies found
in the literature are the fuzzy logic [68,69] and Analytical Hierarchical
Process (AHP) [70]. To our knowledge, asset management performance
at the corporate level has not been measured using composite indicators
based on BoD and it is therefore the object of this work. Due to the
complexity of this subject and the many dimensions involved, a vast
unexplored area of research exists [63].

3. The water sector in Portugal

In recent decades, Portugal has gone through substantial changes
related to water supply services, mainly concerning service access,
quality of service and structure of the market. Before 1993, the public
sector had full ownership of water services. That was modified by
Executive Law No. 372, which promoted the water sector restructuring,
allowing the private capital to participate in the sector and establishing
a regulatory authority to deal with water services. Since this period the
service coverage increased from 81% to 96% and the acceptable level
of water quality raised from 50% to 99% [71].

In the Portuguese water sector, the national regulatory agency,
ERSAR, specifies a set of key performance indicators and collects data
for each operator. Following the sunshine regulation approach, the
results are publicly disclosed. The powers of ERSAR are not coercive,
and the regulator does not actively engage in the pricing formulation
process [72].

Another consequence of the updated water sector organisation af-
ter 1993 is the separation between bulk or wholesale systems and
retail systems, which occurred both in the water and wastewater busi-
nesses [73]. The water supply wholesale companies are responsible for
water abstraction, treatment and storage before distributing the water
to the retail companies that supply water to end-users.

Portuguese water companies can currently be managed according
to three different models, namely direct management, delegation and
concession. In the direct management model, municipalities, municipal
services and associations of municipalities own and operate the wa-
ter services, usually without participation of private companies. The
delegation model works with a municipal company or a company
established in partnership with the State (municipal or state company),
parishes, or user associations. In the delegation system, the company
is owned and controlled exclusively by the State (central, municipal
or both), without a contract of concession. However a contract of
management must be celebrated, defining goals and tariff policies for
4

the operator. In the concession, a municipal concessionaire or public–
private partnership with municipalities and other private operators is
established under a long term contract, usually from 30 to 50 years. The
participation of private capital is allowed mainly in the delegation and
concession models, and eventually in the direct management in case of
partnership with State or municipalities [74–76].

According to the annual report issued by ERSAR in 2021 [76,77],
in Portugal, there are ten companies operating in the wholesale water
supply market. Those companies and their identification codes used
in the study are: Águas de Santo André (A1), Águas do Algarve (A2),
Águas do Douro e Paiva (A3), Águas do Centro Litoral (A4), Águas
do Norte (A5), Águas do Vale do Tejo (A6), Águas do Vouga (A7),
Águas Públicas do Alentejo (A8), EPAL (A9) and ICOVI (A10). The
wholesale companies are predominantly managed by concession (seven
companies). The other three wholesale companies are managed by
delegation. The retail water sector includes 233 companies, and most
of them are managed directly by municipalities.

The indicator system used by ERSAR for benchmarking practices is
detailed in Technical Guide 22 [78]. The volume of information an-
nually acquired from the operators is vast, comprising water, wastew-
ater and solid waste services. In the case of water supply compa-
nies, the performance indicator system of ERSAR presents 14 main
metrics, grouped in three different dimensions: (i) Adequacy of the
Interaction with the User, (ii) Service Management Sustainability and (iii)
Environmental Sustainability.

The ERSAR indicators directly related to asset management are
included in the subgroup Infrastructure Sustainability, in the dimension
of Service Management Sustainability. The other subgroups in this di-
mension are Economic Sustainability and Physical Productivity of Human
Resources. The Infrastructure Sustainability subgroup contains two main
indicators: pipeline rehabilitation (%/year) and occurrence of pipeline
failures (number of failures/100 km/year).

The dimension Environmental Sustainability in subgroup Efficiency of
Utilisation of Environmental Resources includes also two indicators that
are related to asset management and its effect on the use of resources:
actual water losses (m3∕year) and energy efficiency of pumping stations
(kWh∕(m3.100 m)).

Additional metrics regarding asset management status are also col-
lected by ERSAR, including the Infrastructure Knowledge Index, the In-
frastructure Asset Management Index, the Infrastructure Current Value
and the Infrastructure Replacement Cost. All this information has been
informed annually by wholesale and retail companies.

The Portuguese water sector has been explored by several works
that employed benchmarking techniques using DEA, such as Marques
[17], De Witte and Marques [38] and Henriques et al. [52]. ER-
SAR’s indicators in a BoD composite-indicator approach are utilised
by Henriques et al. [19] to identify best practices and foster continuous
improvement in wastewater operators. Mergoni et al. [60] employs also
ERSAR’s indicators in a BoD approach to evaluate the environmental
performance of Portuguese utilities. The quality of water supply service
is evaluated by Pinto et al. [79,80] using ERSAR’s metrics. Those
benchmarking studies take advantage of using indicators developed
under the procedures of ERSAR system, such as submission of data,
validation and processing of results [79]. None of these studies applied
ERSAR metrics to assess the performance of water companies with a
focus in asset management, which reinforces the innovative nature of
this research.

In terms of asset management performance, the water systems in
Portugal present quite heterogeneous results. In a survey conducted
by the Specialised Commission for Asset Management from the Portuguese
Association for Water Distribution and Drainage (APDA - Associação Por-
tuguesa de Distribuição e Drenagem de Águas) in 2019, the results,
including both retail and wholesale companies, show that in 54% of
the companies do not follow asset management practices. From the
companies that claim to have an asset management system, 41% do not

set objectives for asset management and 57% work on asset issues using
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staff that is not dedicated only to that task. Only 4% of the water supply
companies present a certification in ISO 55001. A considerable number
of companies do not undertake asset condition analysis, and when
they do, visual inspections prevail. Many businesses still do not do
preventative maintenance. There is a significant reliance on paper and
spreadsheet-based records. These results are worse in retail companies
compared to bulk systems [81]. Based on such findings, there is a
significant space for enhancement.

4. Methodology

The methodology we propose consists of three steps. The first one
consists of identifying the metrics that should be considered in the
construction of the composite indicators (CIs). The second one deals
with the development of a deterministic approach to compute the CIs.
Finally, the third step describes the calculation and evaluation of the
robust and conditional CIs, accounting for contextual factors.

4.1. Construction of composite indicators (CIs)

This subsection presents the method of selecting the measures used
for building the CIs in this study. For the construction of the CIs, we
selected metrics among the data collected by ERSAR that reflect asset
management practices in two distinct perspectives. Those metrics are
aggregated to generate two different composite indicators.

Luís and Almeida [8] explain that the practical results of adopting
an asset management philosophy do not become apparent immedi-
ately after the start of asset management development programmes
in organisations. These programmes typically require several years to
effectively implement an asset management culture before the full ma-
terial benefits become visible. As a result, managerial practices may be
implemented, but the tangible results may not instantly reflect their im-
pact on company performance. This fact supports the approach adopted
in this study to develop one indicator that indicates tangible opera-
tional achievements (Resource and Infrastructure Sustainability Index —

ISI) and another that represents the maturity stage in management
ystems (Asset Management Maturity Index — AMMI).

4.1.1. The Resource and Infrastructure Sustainability Index - RISI
The first CI is related to the companies’ performance for the activi-

ties that aim to keep their infrastructures at suitable and sustainable
operational levels. In that sense, the companies’ tangible results in
asset management can be expressed by this indicator. We named this
indicator as Resource and Infrastructure Sustainability Index (RISI). The
RISI is made up of the following ERSAR metrics: pipeline rehabilitation
(AA09a), occurrence of pipeline failures (AA10a), actual water losses
(AA12a) and energy efficiency in pumping stations (AA13a).

The choice of these metrics has been driven by the available data
collected by ERSAR and supported by previous studies, as those metrics
are considered critical to monitor the performance of assets in wa-
ter systems. The rate of pipeline rehabilitation and failures in water
mains in Portugal and the importance of monitoring those indicators
is discussed by Marques and Monteiro [82], Ferreira and Carriço [83],
Cabral et al. [84] and Santos et al. [85]. The use of water losses as one
key indicator for the sector is detailed by Marques and Monteiro [82,
86] and Machado et al. [87]. Moreover, Loureiro et al. [88] studied the
energy efficiencies in water systems and concluded that inefficiencies
are more related to the conditions of infrastructure and network layouts
than to pumping issues.

All those metrics are included in the set of the aforementioned 14
main indicators required by ERSAR’s system. Pipeline rehabilitation
(AA09a) and occurrence of pipeline failures (AA10a) are included in
the dimension Infrastructure Sustainability, and are directly related to
assets’ performance. The other two metrics, actual water losses (AA12a)
and energy efficiency in pumping stations (AA13a), are included in the
dimension Efficiency in the utilisation of environmental resources, but they
5

reflect the impact of assets’ performance on the use of the available
resources.

According to the Technical Guide 22 issued by ERSAR and LNEC
[78], the pipeline rehabilitation metric (AA09a) is defined as the annual
average percentage of supply and distribution pipelines older than
ten years that were rehabilitated in the last five years. This metric is
designed to assess the level of sustainability of service management,
reflecting a continuous practice of pipeline repair to ensure their pro-
gressive renewal and appropriate average age of the network. The
occurrence of pipeline failure (AA10a) is calculated as the number of
pipeline faults per hundred kilometres. The actual water losses (AA12a)
is the average daily volume of losses per unit of pipeline length in
a year, expressed in cubic meters per pipeline kilometres in a day
(m3∕km day). This metric reflects the level of sustainability in the water
supply service when utilising water as an environmental resource. Berg
and Marques [22] explain that the water-loss variable can be used as
a proxy for inadequate maintenance costs, and recommend that it is
modelled as an undesirable output. Finally, the energy efficiency in
water pumping stations (AA13a) is defined as the normalised average
energy usage for water pumping, indicating the sustainability of the
assets in terms of using energy. It is expressed in kilowatt-hours by
cubic meters per hundred meters of elevation.

Three of the metrics employed to compose RISI are undesirable,
meaning that lower values are expected to denote better performance:
AA10a, AA12a and AA13a. Only the metric AA09a that measures the
pipeline rehabilitation is desirable, meaning that higher values indicate
that the performance is better.

4.1.2. The Asset Management Maturity Index - AMMI
The second CI designed from ERSAR metrics expresses the focus

of the companies in managerial practices regarding their physical as-
sets. ERSAR highlights the importance of those aspects and requests
water operators information about the knowledge of the their as-
sets (Infrastructure knowledge index — PAA31a) and the features of
the management systems they have implemented (Infrastructure asset
management index — PAA32a). Those two facets of the companies’
managerial practices represent crucial aspects of water systems’ man-
agement. They used to be expressed by only one metric in the earlier
versions of ERSAR’s indicator system. However, ERSAR decided to
specify these two indicators to obtain more detailed information, such
as data about non-buried assets and a greater focus on data records in
geographical information systems rather than on paper [89]. We pro-
pose to integrate the two indicators in the form of the Asset Management
Maturity Index (AMMI).

The Infrastructure knowledge index (PAA31a) aims to assess the com-
pany’s knowledge about the infrastructure of the water supply service
in its area of intervention [78]. The accuracy of asset information
is crucial for successful asset management, and it depends on the
quality of the data stored and the way the information is managed.
The selection and specification of the data to be collected, and the
quality of the strategic information systems where the information
is stored and made available to users, are essential aspects of asset
information management. Furthermore, the effectiveness of linking
the various information systems is also important, so that data from
different information systems can be cross-referenced.

It is essential to evaluate the data quality regarding its accuracy, the
scale used, consistency and reliability as well as ensuring a proper geo-
referencing of data to manage infrastrutures. In addition, data storage
must be reliable, and the flow of information must be ensured at all
stages of the data system processes, including acquisition, evaluation,
recording, updating, archiving and use. All those aspects are reflected
in the Infrastructure knowledge index [89].

The Infrastructure knowledge index is calculated by adding the scores
taken from the company’s answers to a questionnaire. The total score
results from the sum of the question scores and may vary between 0
and 200. The questionnaire is divided into classes covering different

topics, as follows:
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(a) class A — Existence of infrastructure engineering drawings and
layout,

(b) class B — Information recorded on pipelines and connection
branches,

(c) class C — Information recorded on other infrastructure,
(d) class D — Information recorded on measuring equipment,
(e) class E — Information recorded on the state of conservation of

infrastructures,
(f) class F — Information recorded on interventions in the public

network,
(g) class G — Interconnection between the Geographic Information

and other company’s information systems and recording of risk
factors.

According to ERSAR and LNEC [78], the Infrastructure asset manage-
ent index (PAA32a) is also determined by adding the score attributed

o a set of questions related to the assessment of the company’s asset
anagement system concerning:

(a) general asset management framework,
(b) documentation and communication,
(c) strategic planning
(d) tactical planning
(e) operational planning

This index may vary between 0 and 200. ERSAR takes advantage of
he existence of international asset management reference standards,
SO 55000 and ISO 55001 [6,7], and includes many of the princi-
les and requirements present in the standard into the organisational
spects indicated in the Infrastructure asset management index [89].
herefore, following ISO 55001, the companies are encouraged to
eal with relevant internal and external features, major stakehold-
rs, appropriate planning, leadership and commitment, responsibility
nd authority definitions, proper procedures and documentation, pro-
ess controls, continuous improvement actions and other managerial
spects.

Both the Infrastructure knowledge index — PAA31a and the Infras-
ructure asset management index — PAA32a are only provided in their
ggregate form, with no information about the partial scores that give
ise to them. If detailed information about these partial scores were
vailable, the composite indicator might be constructed including the
pecific scores of each question.

.2. Deterministic approach for CI calculation

In this subsection, we describe the first approach applied to the cal-
ulation of the composite indicators which is the standard deterministic
I. The CI is computed from BoD linear programming models. BoD
odels are DEA models that handle multiple outputs, corresponding

o several metrics to be aggregated, and a dummy input with a unitary
alue for all DMUs. The outputs, in this case, are the selected metrics
ollected from ERSAR. We employed the BoD model based on a Direc-
ional Distance Function (DDF), as formulated by Zanella et al. [90].
his model can deal with desirable and undesirable outputs, without
eeding to adjust the scales of measurement. The weights formulation
f the Directional Distance Function BoD CI model is presented in (1).

inimise 𝛽𝑗0 = −
𝑠
∑

𝑟=1
𝑦𝑟𝑗0𝑢𝑟 +

𝑙
∑

𝑘=1
𝑏𝑘𝑗0𝑝𝑘 + 𝑣

ubject to
𝑠
∑

𝑟=1
𝑔𝑦𝑢𝑟 +

𝑙
∑

𝑘=1
𝑔𝑏𝑝𝑘 = 1

−
𝑠
∑

𝑟=1
𝑦𝑟𝑗𝑢𝑟 +

𝑙
∑

𝑘=1
𝑏𝑘𝑗𝑝𝑘 + 𝑣 ≥ 0 𝑗 = 1,… , 𝑛

𝑢𝑟 ≥ 0, 𝑟 = 1,… , 𝑠

𝑝𝑘 ≥ 0, 𝑘 = 1,… , 𝑙

(1)
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𝑣 ∈ R
In formulation (1), 𝑦𝑟𝑗 and 𝑏𝑘𝑗 are, respectively, the desirable and
undesirable indicators for DMUs 𝑗 (𝑗 = 1,… , 𝑛) and the values of 𝑦𝑟𝑗0
and 𝑏𝑘𝑗0 represent the indicators of the DMU 𝑗0 under assessment. The
index 𝑟 stands for the set of desirable outputs (𝑟 = 1,… , 𝑠) and the
index 𝑘 stands for the set of undesirable outputs (𝑘 = 1,… , 𝑙). The
model’s decision variables are the weights, where 𝑣 is associated with
the dummy input, 𝑢𝑟 is associated to the desirable outcomes 𝑟, and
𝑝𝑘 with the undesirable outcomes 𝑘. The total number of DMUs is 𝑛,
the total number of desirable outputs is 𝑠 and the total number of
undesirable outputs is 𝑙.

The directional distance vector is specified as (𝑔𝑦,−𝑔𝑏), indicat-
ing the direction of expansion of desired outputs and contraction of
undesired ones. The decision about the direction vector used in the
models is critical since it can influence the computed scores. Several
solutions have been presented in the literature depending on the study’s
objective. Fried et al. [91] address different options for applying direc-
tion vectors to guide the improvement of inputs and outputs in DEA
models. Those authors discuss suggestions for the vectors’ selection and
advocate that this decision should be made according to the research
purpose. Rogge et al. [92] also explores alternatives for the vector to set
the directions of improvement for desirable and undesirable outputs in
BoD models. In this work, following Zanella et al. [90] and Rogge et al.
[92] we choose the values of (𝑔𝑦,−𝑔𝑏) as being equal to (𝑦𝑟𝑗0 ,−𝑏𝑘𝑗0 ). In
this case, each DMU can improve by following the path indicated by
its specific output metrics, allowing for a proportional interpretation of
the resulting composite indicator value.

The factor 𝛽𝑗0 in (1) expresses the inefficiency level of DMU 𝑗0, rep-
resenting the maximum expansion of desirable outputs and contraction
of undesirable outputs that is feasible to satisfy the model’s restrictions.
The minimum feasible level of 𝛽𝑗0 is determined by optimisation, such
that the DMU 𝑗0 under assessment can select the weights that show it
in the best possible light. The value of CI associated with 𝑗0, can be
obtained as 1∕(1 + 𝛽𝑗0 ). Consequently, the CI score ranges from 0 to 1,
where 1 represents the best performance level. The deterministic CI is
referred in this work as 𝐶𝐼𝑗0 . If 𝐶𝐼𝑗0 < 1, there is a linear combination
of other DMUs that dominates in terms of overall performance. If
𝐶𝐼𝑗0 = 1, the DMU 𝑗0 is located in the best-practice frontier, meaning
that it is not outperformed by any of the others DMUs included in the
assessment.

Weight restrictions must also be included in the model to prevent
assessments that could disregard certain indicators by assigning them
weights equal to zero. A more detailed discussion about the several
kinds of weight restrictions for DEA models is available in Wong
and Beasley [93], Allen et al. [94], Sarrico and Dyson [95], among
others. Zanella et al. [90] proposes a formulation for AR-I restrictions
in BoD models, using virtual weights restricted in terms of the pro-
portional importance of the variables. These restrictions consider a
hypothetical DMU whose outputs are equal to the average of all values
observed in the DMUs in the sample, represented by (𝑦𝑟, 𝑏𝑘). The virtual
weights of the ‘‘average DMU’’ are then constrained by percentage-
based restrictions. The use of those AR-I restrictions presents the ad-
vantage of being identical for all DMUs, and according to Zanella et al.
[90], they represent the best choice to construct composite indicators
and ranks. The AR-I restrictions are the most used weight restrictions
in BoD models. In this study, only lower bounds expressed as percent-
ages are used (𝜙𝑟 and 𝜙𝑘, respectively for desirable and undesirable
indicators). Following Zanella et al. [90], the weight restrictions are
added to the BoD model and formulated as shown in (2). By avoiding
zero weights, all indicators are given some degree of importance when
computing the composite indicators.

AR-I weight restrictions
𝑢𝑟 �̄�𝑟

∑𝑠
𝑟=1 𝑢𝑟𝑦𝑟+

∑𝑙
𝑘=1 𝑝𝑘𝑏𝑘

≥ 𝜙𝑟, 𝑟 = 1,… , 𝑠

𝑝𝑘 �̄�𝑘
∑𝑠 ∑𝑙 ≥ 𝜙𝑘, 𝑘 = 1,… , 𝑙

(2)
𝑟=1 𝑢𝑟𝑦𝑟+ 𝑘=1 𝑝𝑘𝑏𝑘
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A detailed explanation of the BoD model formulation and the use
of weight restrictions AR-I is available in Zanella et al. [90],D’Inverno
and De Witte [96],Van Puyenbroeck et al. [97].

In case there are no undesirable indicators among the compo-
nents to be aggregated in the CI, the BoD model and the AR-I weight
restrictions can be simplified as shown in (3).

minimise 𝛽𝑗0 = −
𝑠
∑

𝑟=1
𝑦𝑟𝑗0𝑢𝑟 + 𝑣

subject to
𝑠
∑

𝑟=1
𝑔𝑦𝑢𝑟 = 1

−
𝑠
∑

𝑟=1
𝑦𝑟𝑗0𝑢𝑟 + 𝑣 ≥ 0 𝑗 = 1,… , 𝑛

𝑢𝑟 ≥ 0, 𝑟 = 1,… , 𝑠

𝑣 ∈ R

AR-I weight restrictions
𝑢𝑟 �̄�𝑟

∑𝑠
𝑟=1 𝑢𝑟𝑦𝑟

≥ 𝜙𝑟, 𝑟 = 1,… , 𝑠

(3)

4.3. Robust and conditional approaches for CI calculation

This subsection describes the generation of CIs following the robust
and conditional approaches.

Some limitations on the use of the deterministic CI have been
discussed in the literature, namely its great sensitivity to outliers in
the sample and the difficulty in performing statistical inference. These
limitations can be overcome by the use of the robust CI approach.
The conditional approach allows accounting for the effect of exogenous
contextual variables in a single stage when constructing CIs. Since its
initial conceptualisation by Cazals et al. [98] and Daraio and Simar
[57,58], these techniques have been applied, revised and enhanced by
an extensive number of studies: De Witte and Kortelainen [59], Rogge
et al. [92], De Witte and Schiltz [99], Lavigne et al. [100], D’Inverno
and De Witte [96], Fusco et al. [101] and Mergoni et al. [60], among
others.

In line with this stream of the literature, the computation of the
robust CI is performed by drawing (for a very large number of times)
at random with replacement units from the original set of DMUs and
computing the CI estimates for each sample through the resolution of
the BoD model. If a sample of size 𝑚 is considered, the resulting CI will
reflect the comparison with the best-practice frontier composed only by
DMUs included in the sample of size 𝑚. If this sampling and calculation
process is performed 𝐵 times, where 𝐵 is typically a high number, the
effect of the outliers on the average efficiencies will be lessened since
they will not appear in all the collected samples. The resulting robust
CI, referred as 𝐶𝐼𝑚𝑗0 in this study, is the average of the CIs generated
for all 𝐵 samples of size 𝑚, as shown in (4), where 𝐶𝐼𝑏,𝑚𝑗0

is the CI of
DMU 𝑗0 calculated using sample 𝑏.

𝐶𝐼𝑚𝑗0 = 1
𝐵

𝐵
∑

𝑏=1
𝐶𝐼𝑏,𝑚𝑗0

(4)

When the results are calculated, it may happen that, for a given
sample, the DMU under assessment (𝑗0) is not included in that sample,
such that it may be more efficient than all the DMUs in the sample.
In this case, the DMUs would be classified as ‘‘super-performing’’ and
its score, 𝛽𝑏,𝑚𝑗0

, would have a negative value. The more negative 𝛽𝑏,𝑚𝑗0
is,

the higher the performance of the DMU, so 𝐶𝐼𝑏,𝑚𝑗0
should increase as

𝛽𝑏,𝑚𝑗0
decreases. However, this cannot happen if 𝐶𝐼𝑏,𝑚𝑗0

is calculated as

1∕(1+𝛽𝑗0 ). A solution to this problem is suggested by Mergoni et al. [60]
by modifying the calculation of 𝐶𝐼𝑏,𝑚 to adapt for the case of negative
7

𝑗0
Fig. 1. Comparison between the expressions used to calculate CI.

values of 𝛽𝑏,𝑚𝑗0
as detailed in (5).

𝐶𝐼𝑏,𝑚𝑗0
=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
1+𝛽𝑏,𝑚𝑗0

, if 𝛽𝑏,𝑚𝑗0
≥ 0;

log10(1 − 𝛽𝑏,𝑚𝑗0
) + 1, if 𝛽𝑏,𝑚𝑗0

< 0

(5)

Fig. 1 displays both functions applied to calculate 𝐶𝐼𝑏,𝑚𝑗0
. The orig-

inal formulation (in blue), besides of being discontinued in 𝛽𝑏,𝑚𝑗0
= −1,

yields negative values for 𝐶𝐼𝑏,𝑚𝑗0
if 𝛽𝑏,𝑚𝑗0

< −1. This curve does not reflect
the proportional increments in performance expected for the CI when
the units are ‘‘super-performing’’. On the other hand, the proposed
formulation when 𝛽𝑏,𝑚𝑗0

< 0 (in red) follows a similar trend as the
original formulation for positive values of 𝛽𝑏,𝑚𝑗0

allowing the value of
𝐶𝐼𝑏,𝑚𝑗0

to increase as the performance of the DMUs improves. Therefore,
following Mergoni et al. [60], the robust CIs proposed in this study
are computed using the expressions in (5). This applies also for the
computation of the robust conditional CIs as presented hereinafter.

In order to account for the influence of the contextual variables, the
robust conditional approach or, simply conditional approach, needs to
be employed. This strategy is used to adjust the CIs to allow fairer com-
parisons by forcing the DMUs assessment to be performed with more
similar DMUs according to exogenous characteristics. The procedure
is analogous to the robust CI strategy, using 𝐵 samples of size 𝑚 and
computing the CI as the average of all samples. The difference between
this strategy and the robust approach is that instead of performing ran-
dom sampling from a uniform distribution, the sampling is conducted
using a similarity function. The similarity is measured using a kernel
function estimated using the contextual variables. There are currently
computing models to deal with both continuous and categorical context
or exogenous variables [102]. The conditional CI, referred to as 𝐶𝐼𝑚,𝑧𝑗0

,
is computed as the average of the conditional 𝐶𝐼𝑏,𝑚,𝑧𝑗0

for 𝐵 samples as
shown in (6).

𝐶𝐼𝑚,𝑧𝑗0
= 1

𝐵

𝐵
∑

𝑏=1
𝐶𝐼𝑏,𝑚,𝑧𝑗0

(6)

After computing 𝐶𝐼𝑚,𝑧𝑗0
, the significance and the direction of in-

fluence of the contextual variables can be evaluated. The score ratio
between the robust CI and the robust conditional CI (𝐶𝐼𝑚𝑗0∕𝐶𝐼𝑚,𝑧𝑗0

) is
non-parametrically regressed against the exogenous variables. Partial



Socio-Economic Planning Sciences 87 (2023) 101545H. Vilarinho et al.

p

plots showing the variables’ confidence intervals for different levels of
the exogenous variables can be generated, and non-overlap intervals
indicate that the effect of the context is significant.

If the ratio is decreasing as the environmental variable increases
(that is, the regression plot displays a negative slope), it means that
the conditional score is larger than the unconditional one just because
compared among units more similar in terms of the contextual vari-
ables. In that sense, the environment plays an unfavourable role when it
comes to the performance evaluation. On the contrary, if the regression
plot displays a positive slope, the environment plays a favourable role.
For a more detailed explanation, see Rogge et al. [92] and D’Inverno
et al. [34]. For an analogous approach using DEA efficiency scores,
see Walker et al. [26].

5. Case study

This section details the case study analysed by the research. In
subsection 5.1, the primary data set containing the metrics collected
by ERSAR that form the composite indicators is presented. Subsection
5.2 displays the variables utilised to characterise the environment in
which the companies operate.

5.1. Data collected

The study employs the metrics collected by ERSAR during five years,
from 2016 to 2020, to construct the CIs RISI (Resource and Infras-
tructure Sustainability Index) and AMMI (Asset Management Maturity
Index) as detailed in Section 4.11.

The methods developed for comparative performance, such as those
based on DEA, provide better results if the number of DMUs is large.
Thanassoulis [24] explains that one way to increase the number of
DMUs is to treat each unit as a separate comparative entity in distinct
units of time, through the use of a panel data. By doing that, the
basic assumption to consider is that the technology remains stable
over time to enable meaningful comparisons of performance. Given
the observed time span and the nature of the water industry, this
assumption is verified. The infrastructure cannot be changed rapidly as
the investments in assets are primarily underground and deemed to last
several decades. In that sense, the DMUs in this study are formed by the
combination of company and year. For example, DMU A1-2016 means
that the data of company Águas de Santo André (A1) for 2016 is being
assessed. By choosing this strategy, the companies can be compared not
only with other companies but also with themselves in different years,
allowing the evaluation of their performance over time. Since Águas do
Douro e Paiva (A3) was created in 2017, only four years of data are
available for this company. Therefore the number of DMUs employed
in the study is 49 instead the expected number of 50, considering that
there are ten companies for five years of evaluation.

An examination in the data set indicates that two data instances are
missing: the values for the metric AA13a for DMUs A5-2016 and A8-
2020. The procedure recommended by Kuosmanen et al. [103], Morais
and Camanho [47] and Henriques et al. [19] for treatment of missing
data in DEA was used in this case. Since the metric is undesirable, a
large value corresponding to the maximum value of metric AA13a in
the sample was assigned to both DMUs. This implies that the absence
of data cannot favour the DMU in the performance assessment.

The descriptive statistics for the data related to the metrics that
compose both CIs are presented in Tables 1 and 2.

The correlation among the various metrics employed to build the
CIs was investigated. The estimated Pearson correlation coefficients do
not reflect a significant association between the pairs of metrics used
in each CI, as the resulting absolute values of the coefficients are not
close to one, as shown in Table 3. In this scenario, the low correlation
supports incorporating all variables into the models.

1 ERSAR reports are available online in https://www.ersar.pt/pt/site-
ublicacoes/Paginas/edicoes-anuais-do-RASARP.aspx.
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5.2. Exogenous contextual variables

Four characteristics covering various contexts in which the organi-
sations operate were chosen to analyse the influence of the background
on their performance. The four factors are expressed also by variables
collected and publicised by ERSAR on the annual report. Two of those
variables, the management system and the typology of intervention
area are categorical, and the other two, the volume of activity and the
pipeline network length are continuous.

Variable PAA02a identifies the company’s management system, and
reflects the market structure of the water sector in Portugal. The
companies Águas Públicas do Alentejo (A8), EPAL (A9) and ICOVI (A10),
are operated by delegation, whereas all the other wholesale companies
are operated by concession. This status remains for the whole period
from 2016 to 2020.

Variable PAA14a reflects the typology of intervention area, in which
the companies are classified as operating in rural, urban, or semi-urban
settings. This criterion is mostly determined by population density. The
urban companies are Águas do Douro e Paiva (A3) and EPAL (A9),
the rural companies are Águas de Santo André (A1), Águas Públicas do
Alentejo (A8) and ICOVI (A10). The remaining five companies operate
in semi-urban environment. The companies’ status also does not change
during the assessment period.

Table 4 presents the statistics for categorical exogenous variables
between 2016 and 2020.

The two continuous exogenous factors are represented by variables
PAA50a and dAA15a. Variable PAA50a indicates a company’s volume
of activity, meaning the total billed volume of water supplied by the
company per year. Variable dAA15a expresses the pipeline network
length of the company in kilometres.

According to Haider et al. [104], water supply systems include
vertical components and linear components. Examples of vertical com-
ponents are treatment plants, pumping stations and storage tanks, and
the linear components include the water mains and pipeline networks.
The linear components are usually much more expensive representing
from 60% to 80% of the total cost of the water system. Therefore, the
variable dAA15a was chosen to reflect the amount of assets that the
company manages. Both continuous exogenous variables included are
proxies of the company’s size, but they are not strongly correlated with
each other. The Pearson correlation coefficient is 0.377 and the 𝑝-value
is 0.008.

Table 5 displays the descriptive statistics of the continuous exoge-
nous variables. The effects of problematic and small samples have been
already discussed by Henriques et al. [52]. Following those authors,
and in order to maintain consistency in the study, we choose to include
the two continuous variables as discrete variables (a similar approach
can be found also in D’Inverno et al. 34). Therefore those variables are
split in two classes: above and below the median.

6. Results and discussion

In this section, the study’s results are presented and discussed in
three stages. The first part discusses the results of the calculation of
the deterministic CIs and robust non-conditional (or simply robust)
CIs. The second stage presents the estimation of the robust conditional
(or simply conditional) CIs and the findings regarding the effect of
contextual conditions on asset management performance. The last part
presents a visualisation tool conceived to enable the combined analysis
of both AMMI and RISI.

6.1. Deterministic and robust composite indicators’ results

This subsection presents the findings from the calculation of the
deterministic and robust CIs.

The deterministic CIs calculation follows the procedure detailed in
Section 4.2. Since RISI presents undesirable outputs, they are computed

https://www.ersar.pt/pt/site-publicacoes/Paginas/edicoes-anuais-do-RASARP.aspx
https://www.ersar.pt/pt/site-publicacoes/Paginas/edicoes-anuais-do-RASARP.aspx
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Table 1
Metrics that compose RISI.

ERSAR Code Metric description Metric definition No. Obs. Mean St. Dev. Min. Max.

AA09a Pipeline rehabilitation Average annual percentage of pipelines with life higher 49 0.19 0.31 0 1.3
(%/year) than ten years rehabilitated in the last five years.

AA10a Occurrence of pipeline failure Number of failures in pipelines per 100 km 49 7.92 8.78 1 40
(𝑛𝑜∕100 km year) in a year.

AA12a Actual water losses Actual water losses due to leakages and overflows per 49 6.46 8.13 0.1 31.4
(m3∕km day) unit of pipeline length.

AA13a Energy efficiency in pumping Average normalised energy consumption of pumping 49 0.47 0.12 0.36 0.73
stations (kWh∕m3 .100 m) stations.
Table 2
Metrics that compose AMMI.

ERSAR Code Metric description Metric definition No. Obs. Mean St. Dev. Min. Max.

PAA31a Infrastructure knowledge Score of evaluation of the knowledge of the several 49 170.37 20.08 111 197
Index (Score 0–200) infrastructures in different classes ranging from 0 to 200.

PAA32a Infrastructure asset management Score of evaluation in a questionnaire about asset 49 109.06 83.9 0 200
Index (Score 0–200) management practices ranging from 0 to 200.
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Table 3
Pearson correlation coefficients — RISI and AMMI metrics.

CI Pair of metrics Pearson Correl.
Coefficient

AA09a–AA10a 0.334
AA09a–AA12a 0.047

RISI AA09a–AA13a 0.362
AA10a–AA12a −0.210
AA10a–AA13a 0.253
AA12a–AA13a −0.284

AMMI PAA31a–PAA32a 0.357

through the resolution of BoD model (1). For the AMMI calculation,
BoD model (3) is employed, where only desirable outputs are consid-
ered. For the weight restrictions shown in (2) and (3), the values of
parameters 𝜙𝑟 and 𝜙𝑘 were set to be equal to 0.05. Different values of
𝜙𝑟 and 𝜙𝑘 from 0.02 to 0.10 were tested, and the results remained very
stable. After running this sensitivity analysis, an intermediate value of
0.05 was chosen.

For the robust CIs calculation, a sensitivity analysis was performed
to decide the value of bootstrapping sample size 𝑚. Daraio and Simar
58] explain that there are no fixed rules neither automatic procedures
o select the value of 𝑚. This value is typically an integer number
maller than 𝑛. These authors recommend to perform a sensitivity
nalysis, choosing several levels of 𝑚 and evaluating the number of
uper-performing units. This number should decrease as 𝑚 increases. In
mall dimension samples, the choice of 𝑚 as being equal to the number
f DMUs is recommended by Henriques et al. [52]. Following those
uthors, we choose for both indicators to use 𝑚 = 𝑛 = 49. Furthermore,
t this level there is already a substantial decrease on the number
f super-performing units and on the average CI values. The number
f bootstrapping replications is chosen as 𝐵 = 2000. The results are
btained using packages Rglpk [105] and lpSolve [106] in R programme.

Table 6 shows the descriptive statistics for RISI results and Table 7
isplays the similar information for AMMI results. Looking at the
verages of both indicators, a significant room for improvement can
e noticed. Note that lower average scores signal a larger degree of
9

eterogeneity among firms, taking the best-observed practices of the v
ample in a five-year period as reference. The CIs for all DMUs are
eported in Table A.1 in Appendix.

A close look at the results for AMMI reveals that half of the DMUs
resent a CI above 0.866 in the deterministic case and above 0.873
n the robust conditional analysis. Overall, the CIs allows the identifi-
ation of the poorly performing companies and the highly performing
nes, to guide improvements of the former by looking at the good
ractices of the latter.

Both indicators suggest that there is potential room for improvement
mong the companies. As the BoD model assigns the weights to each
etric in the most favourable way, the underperforming companies

annot complain about the fairness of the evaluation. The highest
atings given to the top performers may not always indicate that there is
o potential for further improvement in absolute terms. It simply means
hat, based on the data available, these companies represent the best
bserved performance in the period under consideration. The evolution
f productivity levels over time is captured by the movement of the
est-practice frontier, whereas cross-sectional assessments of efficiency
nly evaluate the distance to the frontier at a given moment in time.
his benchmarking exercise can be beneficial to the determination of
olicies both for the regulatory entity and the companies themselves.

.2. Effect of exogenous contextual variables

This subsection presents the calculation of robust conditional CIs,
hich reveals companies’ performance taking into account the op-
rating context. Besides the use of R packages Rglpk [105] and lp-
olve [106], in this analysis the np package was employed in R software
o perform sampling according to the similarity level of DMUs and
lso to execute the non parametric tests of significance [107]. The
p package focuses on kernel approaches that are suitable for the
ombination of continuous and categorical data.

As previously discussed, the continuous variables need to be con-
erted to discrete ones in this analysis due to the small sample size. For
he same reason, the effect of exogenous factors cannot be addressed
sing one model combining all variables as discussed in [52]. The
omputation of the conditional CIs and significance tests has to be
erformed individually for each exogenous variable in a first stage. In
second phase, only the significant variables are included in the final

alculation to generate the conditional CIs. The potential for omitted

ariable bias in this case may be a concern, yet this method was deemed
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Table 4
Categorical exogenous variables.

ERSAR code Description Definition Obs. Number of companies and
percentage per category

PAA02a Management system Concession or
Delegation.

49 Concession - 7 (69.4%)
Delegation- 3 (30.6%)

PAA14a Typology of intervention area Rural areas, semi-urban
areas or urban areas.

49 Rural - 3 (30.6%)
Semi-urban - 5 (51.0%)
Urban - 2 (18.4%)
Table 5
Continuous exogenous variables.

ERSAR code Description Definition Obs. Mean St. Dev. Median Min. Max.

PAA50a Volume of activity Volume of water 49 60,680,458 62,916,421 30,448,818 978,630 215,392,064
supplied (m3∕year)

dAA15a Pipeline network Total length of 49 1009.0 1148.4 497 26.8 3578.8
length pipelines (km)
Table 6
Descriptive statistics for RISI results in deterministic and robust unconditional
approaches.

Average St. Dev. Min Q1 Median Q3 Max

Deterministic RISI CI
(𝐶𝐼𝑗0 )

0.799 0.079 0.637 0.771 0.801 0.840 1.000

Robust unconditional
RISI CI (𝐶𝐼𝑚

𝑗0
)

0.835 0.092 0.646 0.796 0.834 0.877 1.138

Table 7
Descriptive statistics for AMMI results in deterministic and robust unconditional
approaches.

Average St. Dev. Min Q1 Median Q3 Max

Deterministic AMMI CI
(𝐶𝐼𝑗0 )

0.861 0.111 0.602 0.762 0.866 0.979 1.000

Robust unconditional
AMMI CI (𝐶𝐼𝑚

𝑗0
)

0.865 0.110 0.606 0.768 0.873 0.979 1.004

valid as the aim of the analysis was to pursue evidence of correlation,
not necessarily causal relationships. The option to include one variable
at a time furthers a practical approach that enables the identification
of the contextual factors influencing the outcomes.

Fig. 2 reports the results obtained for the Conditional BoD model
considering the variable PAA02a (Management System). The confi-
dence intervals shown in Fig. 2 do not overlap, and the 𝑝-value of the
hypothesis test used to compare the groups (Kernel regression signifi-
cance test) is smaller than 2.22× 10−16 in both cases, which means that
the difference between concession and delegation management systems
is significant regarding the performance measured by both indicators.
The score ratio between robust and robust conditional CIs for the
delegation management system in both indicators is higher, indicating
that the delegation environment is more favourable for the performance
in both perspectives of RISI and AMMI. We hypothesise that this fact is
concerned with the more experience the delegation companies have al-
ready got in asset management practices. Historically, the emphasis on
asset management began in Portugal with delegation-managed firms.
Since 2006, EPAL, one of the largest delegation firms, has been the first
wholesale water provider to focus on asset management procedures.
10
Fig. 2. Effect of each exogenous variables — Management system.

It was also the first wholesale company in the country to acquire ISO
55001 certification [8].

The ownership and management approaches of water systems have
been extensively discussed in the literature, with controversial results.
In the review conducted by Berg and Marques [22], out of 47 studies
focusing on that issue, 18 found that private water companies perform
more efficiently than the public ones, 12 concluded that public water
utilities are more efficient than the privates, and 17 reach inconclusive
results. In general, the private sector tends to improve labour produc-
tivity but often increases capital expenses, and the opposite holds for
the public sector. We highlight that those studies do not emphasise only
asset management practices, but efficiency in general. Furthermore, in
the management systems for the bulk companies in Portugal, the public
control is more direct in the delegation system than in the concession.

The results for the conditional CI approach using variable PAA14a
(Typology of Intervention Area) can be seen in Fig. 3. The results for
the kernel regression significance test in this case indicate that this
contextual factor is also significant for the companies’ performance in
asset management. The p-values are less than 2.22×10−16, both for RISI
and AMMI.

In the case of RISI, rural environment is more favourable, achieving
higher values in the score ratios between the robust and conditional
CIs. A possible reason for that may be related to the fact that the rural
water networks are younger in Portugal, mainly due to the expansion
in investments towards the rural areas in recent decades. Younger
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Fig. 3. Effect of each exogenous variables — Typology of intervention area.

water assets have reduced chances of deterioration and leakage, which
may explain why rural settings operate more efficiently. Rurality has
been already studied as an exogenous factor in the context of global
efficiency by Walker et al. [26], that concluded that higher population
densities in urban setting are more favourable to increase the efficiency
due to scale economies.

The urban environment score ratio, on the other hand, is much
higher than the other settings for the AMMI, suggesting that urban
enterprises have superior asset management systems. This phenomenon
might be connected to urban companies’ knowledge of their assets.
Since the Infrastructure knowledge index, required by ERSAR, is a com-
ponent of AMMI, the information the companies retain about their
assets affects the result of that indicator. In urban settings, the assets’
inventories and records are more accurate, which may explain this
finding.

The results obtained from the analysis of the conditional CIs employ-
ing the variable PAA50a (Volume of activity) are displayed in Fig. 4.
As previously stated, the level ‘‘High’’ in the graph includes the DMUs
that present the volume of activity higher than the median of all DMUs,
while the DMUs labelled ‘‘Low’’ have a lower volume of activity than
the median. In this case, the differences between the groups were found
to be non-significant for both indicators. The p-values are 0.399 for RISI
and 0.231 for AMMI, revealing that the volume of activity expressed
by the amount of water supplied by the wholesale companies does
not affect their performance in asset management. Water systems are
considered large by the European Commission, if they supply more than
1000 m3 of water per day or serve more than 5000 people [108]. Look-
ing at the data in Table 5, we can see that all the companies included in
this analysis provide a larger volume of water than 1000 m3∕day, and at
this scale no difference can be noticed among the analysed companies
in asset management regarding the volume of activity.

Similar results are seen for variable dAA15a (Pipeline network
length). The graphs in Fig. 5 suggest that there are no significant differ-
ences regarding the two levels of pipeline network length considered in
the analysis. As previously noted, the two categories are ‘‘Low’’ for less
than the median of all DMUs and ‘‘High’’ for larger than the median.

After the effect of all variables is evaluated individually, the ro-
bust conditional CIs are computed utilising the two factors considered
significant: Management system and Typology of intervention area. The re-
sulting CIs are also shown in Table A.1 in Appendix and the descriptive
statistics are displayed in Table 8.

In the conditional assessment, the companies are predominantly
compared to more similar units. Also in this case, it is possible to
identify potential room for improvement. Once more, the companies
found poorly performing are granted the fairness of the assessment and
cannot blame the evaluation system.
11
Fig. 4. Effect of each exogenous variables — Volume of activity.

Fig. 5. Effect of each exogenous variables — Pipeline length.

Table 8
Descriptive statistics for RISI and AMMI in robust conditional approach.

Average St. Dev. Min Q1 Median Q3 Max

Robust conditional RISI
CI (𝐶𝐼𝑚,𝑧

𝑗0
)

0.891 0.088 0.667 0.829 0.913 0.953 1.057

Robust conditional
AMMI CI (𝐶𝐼𝑚,𝑧

𝑗0
)

0.906 0.084 0.615 0.865 0.898 0.998 1.000

6.3. Visualisation framework for the combined analysis of asset manage-
ment dimensions

A visualisation model inspired by the BCG (Boston Consulting
Group) matrix [109] was created to enable for the combined analysis of
companies in both indicators (RISI and AMMI) in an integrated manner.
In this framework, the companies under assessment are classified
according to the value of the CIs compared to the median of the entire
sample. Fig. 6 distinguishes four categories to illustrate the companies’
performance compared to peers, as follows:

(a) Stars — when both RISI and AMMI are higher than their median
values. In this case, the companies provide tangible results and
demonstrate consistent asset management techniques, compared
to peers.

(b) Soldiers — when RISI is higher than median and AMMI is lower
or equal than median. In this category, the companies take good
care of the assets, meaning that the assets are maintained in suit-
able operational conditions compared to peers, but management
strategies are not properly implemented.
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Fig. 6. Visualisation model — RISI and AMMI.

(c) Infants — In this class, both RISI and AMMI are lower or equal
than the medians. The Infants give the first steps in the organi-
sation for asset management and their operational performance
is worse compared to peers.

(d) Learners — The Learners present AMMI higher than the median
and RISI lower or equal than the median. They have been
working on robust management systems but their achievements
in asset management are worse than most of their peers.

The complete classification for all the companies is presented in
Table A.1 in Appendix.

Fig. 7 displays the positions of the companies for the first and last
years considered in the robust conditional assessment to highlight the
changes in both CIs across time. When the data for 2016 and 2020
are compared, a tendency towards increasing both indicators can be
noticed for most companies, suggesting an improvement in the sector’s
asset management practices.

Looking at the AMMI results, all the companies present better
results for their management practices, between the first and the last
years of evaluation. The same comparison for the RISI results re-
veals only two exceptions to this trend: the companies Águas de Santo
André (A1) and Águas do Vale do Tejo (A6). Águas de Santo André
(A1) displays significantly worse results for water losses (AA12a),
which raised from 0.5 m3∕km day in 2016 to a range between 1.8 and
2.6 m3∕km day in the following years. The unfavourable trend is also
repeated for the energy efficiency in pumping stations (AA13a) which
was 0.49 kWh/m3.100 m in 2016 and jumped to values superior to
0.62 kWh/m3.100 m from 2017 . This company is also disfavoured by
the lack of investment in network rehabilitation, as metric AA09a is
null for the whole period, and by the significant number of pipeline
failures (AA10a), which are higher than the sector average for all
years. As a result of this poor performance, Águas de Santo André
dropped from the category Soldier to Infant in 2017, and remained in
the same category since then. The case of Águas do Vale do Tejo (A6) is
different since the worsening in RISI is minimal. This company presents
relatively stable results over time, but when the metrics between 2016
and 2020 are compared, the number of failures in pipelines (AA10a)
increased from 6 to 7 failures per 100 km.year.

In all the other cases, improvements are noticed in both indicators.
This information may be utilised as a motivator to continue with asset
management practices in the future.

The use of combinations of company and year as units of assessment
allow for the comparison of a firm’s performance with itself across time.
This procedure is known as internal benchmarking (see also [110], for
further details on this topic). The visualisation framework may be used
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Fig. 7. Visualisation model — Comparison between the first and the last year of
assessment.

to depict the progression of the companies’ performance throughout the
period under assessment. Fig. 8 displays examples for three companies.

The progression of company Águas do Algarve (A2) is presented in
Fig. 8(a). This organisation has consistently learned from implementing
managerial approaches over the years. It started in 2016 already as a
Star, and by keeping the performance in managerial features at a high
level, it keeps improving its operational results, remaining always in
the same category. Águas do Norte (A5) has also been improving its
management system compared to peers over the years, being certified
in ISO 55001 in 2019. The tangible results have also been improving as
shown in Fig. 8(b), even though an unsustainable major progress from
2016 to 2017 led to a decline in 2018. Since 2019, the company per-
forms as a Star. The results of Águas do Vouga (A7) depicted in Fig. 8(c)
indicate that the company has also learned from the implementation
of managerial approaches over the years. Its operational results have
improved, and finally, in 2020, it performs as a Star.

By analysing each company’s evolution individually through the
2 × 2 matrix, one can identify in which period the company adopted
best practices and better understand what actions are required to
support improvements. The fact that performance can be evaluated in
two dimensions, using the joint visualisation of managerial elements
(AMMI) and tangible results (RISI), may support the companies’ overall
internal analyses.

A first policy recommendation for a given company should be
to analyse its evolution over time through an internal benchmarking
process. If there is change between categories, or even if there is a
variation in performance within the same category, the company can
use the periods when its performance was superior and try to determine
which factors led to that success. Next, the company should analyse the
performance of its peers, especially those that are subject to the same
context, and try to set targets based on the results of these peers that
may help the company improve its performance.

7. Conclusion

Among the main findings of this work, a novel approach to bench-
mark wholesale water supply companies regarding asset management
practices is developed using Benefit-of-the-Doubt (BoD) directional
distance models to construct composite indicators (CI). The BoD models
provide an innovative way of applying the metrics collected annually
by the Portuguese regulatory authority, ERSAR. This strategy benefits
from reliability of ERSAR’s data and well-established procedures for
monitoring companies and acquiring information. This study is the first
to use these data to evaluate the success of organisations in terms
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Fig. 8. Examples of three companies’ evolution from 2016 to 2020.
of asset management methods, which fills an important gap in the
literature.

In addition to the traditional deterministic strategy for generating
CIs, robust and conditional approaches are used to allow statistical
inference and examine the influence of contextual factors on firms’
performance. The findings suggest that companies with a management
system based on a delegation model show better asset management per-
formance. Furthermore, a rural setting appears to be more favourable
for achieving good operational results in assets, whereas better man-
agement systems are expected to benefit from urban environments.

The findings of this study enable water businesses to understand
better where they stand in terms of asset management performance
compared to other firms and themselves over time. These findings
are highly relevant because they may help organisations make better
decisions about where to focus on promoting continuous improvement
efforts related to asset management techniques, which represent a vital
issue in the water industry. Furthermore, the insights uncovered by this
research may be used by the regulator to set policy targets for the water
sector following the objectives of the sunshine regulation method and
promoting the overall efficiency of the sector. A visualisation model for
the combined evaluation of the two CIs is also presented, and examples
of companies’ evolution across the assessment period are discussed.

The presented study gathers in an innovative way a number of
relevant aspects. First, it makes use of reliable and accurate data
collected from the regulatory entity in the Portuguese water industry.
Second, the BoD technique is suitable to reduce potential conflicts in
the evaluation assessment, since companies cannot complain about the
fairness of the aggregating scheme (being by design the most favourable
one). Third, the conditional analysis favours the comparison of units
under a more similar context, allowing for an even fairer analysis.
Finally, the strategy combining internal and external benchmarking
allows the assessment of a company over time and the visualisation
model enables the combined evaluation of operational results and
managerial enablers.

Some limitations of the study derive from the small sample size
used. As a result, the contextual variables cannot be all included in
a single model and the interaction between all variables cannot be
investigated. The reduced sample size also prevents the use of contin-
uous exogenous variables in their original form. The investigation can
be extended to the 234 Portuguese retail companies in future devel-
opments. A larger sample size may allow a more detailed analysis of
contextual factors. Furthermore, the envelopment formulation of BoD
models may be used to determine the best peers and targets regarding
asset management practices for this broader sample of companies.

The proposed tools and the overall analysis should encourage the
companies and the regulator to collaborate for a richer collection of
13
indicators associated with the assets and asset management practices.
For example, in most of the cases, companies do not report relevant
information such as the Infrastructure Value Index, the Infrastructure
Current Value and the Infrastructure Current Value. A richer dataset
can help the regulator and the companies better identify the best
practices, enhance internal management, and design policies to foster
a continuous improvement of asset management activities.
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Appendix. Composite indicators (CIs) and categories for all com-
panies in each year

See Table A.1.
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Table A.1
CIs and categories for all companies in each year.

Year Company ID Company Category Deterministic CI Robust CI Robust Conditional CI

RISI AMMI RISI AMMI RISI AMMI

2016 A1 Águas de Santo André Soldier 0,713 0.764 0,732 0,770 0,918 0,823
A2 Águas do Algarve Star 0,854 0.978 0,883 0,979 0,928 0,998
A4 Águas do Centro Litoral Infant 0,724 0.735 0,750 0,740 0,771 0,750
A5 Águas do Norte Infant 0,823 0.841 0,846 0,848 0,888 0,880
A6 Águas do Vale do Tejo Soldier 0,803 0.851 0,836 0,852 1,001 0,868
A7 Águas do Vouga Infant 0,823 0.602 0,853 0,606 0,893 0,615
A8 Águas Públicas do Alentejo Infant 0,754 0.709 0,818 0,714 0,754 0,842
A9 EPAL Learner 0,764 0.993 0,788 0,996 0,911 0,999
A10 ICOVI Infant 0,665 0.670 0,686 0,676 0,667 0,794

2017 A1 Águas de Santo André Infant 0,653 0.764 0,663 0,770 0,765 0,822
A2 Águas do Algarve Star 0,858 0.978 0,887 0,979 0,933 0,998
A3 Águas do Douro e Paiva Star 0,811 0.891 0,840 0,898 0,974 0,917
A4 Águas do Centro Litoral Learner 0,775 0.918 0,794 0,925 0,826 0,937
A5 Águas do Norte Star 0,874 0.935 0,908 0,942 0,987 0,954
A6 Águas do Vale do Tejo Soldier 0,801 0.859 0,838 0,860 1,009 0,876
A7 Águas do Vouga Infant 0,821 0.708 0,855 0,708 0,885 0,722
A8 Águas Públicas do Alentejo Infant 0,772 0.734 0,831 0,739 0,773 0,872
A9 EPAL Star 0,787 0.993 0,824 0,996 0,956 0,999
A10 ICOVI Infant 0,877 0.703 0,936 0,709 0,877 0,835

2018 A1 Águas de Santo André Infant 0,659 0.764 0,671 0,770 0,790 0,822
A2 Águas do Algarve Star 0,865 0.978 0,904 0,979 0,950 0,998
A3 Águas do Douro e Paiva Star 0,793 1.000 0,820 1,000 0,938 1,000
A4 Águas do Centro Litoral Infant 0,769 0.881 0,788 0,887 0,819 0,898
A5 Águas do Norte Learner 0,816 0.935 0,843 0,942 0,908 0,954
A6 Águas do Vale do Tejo Infant 0,776 0.860 0,799 0,860 0,855 0,884
A7 Águas do Vouga Infant 0,861 0.866 0,928 0,873 0,913 0,887
A8 Águas Públicas do Alentejo Soldier 0,939 0.738 0,988 0,744 0,940 0,876
A9 EPAL Star 0,791 0.993 0,827 0,996 0,960 0,999
A10 ICOVI Learner 0,695 0.760 0,752 0,765 0,734 0,902

2019 A1 Águas de Santo André Infant 0,637 0.802 0,646 0,808 0,733 0,863
A2 Águas do Algarve Star 0,880 0.979 0,914 0,980 0,995 0,999
A3 Águas do Douro e Paiva Star 0,809 1.000 0,832 1,000 0,942 1,000
A4 Águas do Centro Litoral Learner 0,788 0.904 0,810 0,911 0,842 0,923
A5 Águas do Norte Star 0,826 0.981 0,855 0,988 0,939 1,000
A6 Águas do Vale do Tejo Infant 0,778 0.862 0,799 0,863 0,863 0,894
A7 Águas do Vouga Soldier 0,880 0.867 0,947 0,875 0,922 0,894
A8 Águas Públicas do Alentejo Soldier 1,000 0.738 1,046 0,744 1,001 0,879
A9 EPAL Star 0,799 0.993 0,834 0,996 0,963 0,999
A10 ICOVI Learner 0,786 0.801 0,871 0,808 0,833 0,949

2020 A1 Águas de Santo André Infant 0,660 0.825 0,672 0,832 0,833 0,885
A2 Águas do Algarve Star 0,898 0.979 0,932 0,980 1,002 0,999
A3 Águas do Douro e Paiva Star 0,801 1.000 0,823 1,000 0,929 1,000
A4 Águas do Centro Litoral Learner 0,778 0.896 0,799 0,902 0,831 0,914
A5 Águas do Norte Star 0,811 0.981 0,839 0,988 0,922 1,000
A6 Águas do Vale do Tejo Soldier 0,801 0.862 0,836 0,863 0,997 0,894
A7 Águas do Vouga Star 1,000 0.869 1,138 0,876 1,057 0,901
A8 Águas Públicas do Alentejo Infant 0,818 0.724 0,850 0,730 0,819 0,861
A9 EPAL Star 0,775 1.000 0,807 1,004 0,932 1,000
A10 ICOVI Infant 0,710 0.703 0,776 0,709 0,767 0,836
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