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ARTICLE INFO ABSTRACT

Keywords: This work delves into the crucial role of service quality in the water supply and sanitation sector. Despite
Data Envelopment Analysis extensive research and implementation of quality management practices in this sector, a universally accepted
Q“alilty °fljer‘“ce definition of quality is still lacking, resulting in various service quality assessment procedures that are difficult
Benchmarking

to compare. To address this issue, the World Bank launched the ‘Utility of the Future’ (UoF) programme,
aiming to guide water service providers in their efforts to become future-focused utilities that offer reliable,
safe, inclusive, transparent, and responsive services through best-fit practices. Building upon the framework
provided by the UoF programme, this study proposes the Water Utility Service Quality Index (WUSQI) - a
composite indicator that reflects the quality of service provided by water supply and sanitation utilities from
a customer perspective. Based on Data Envelopment Analysis, the Benefit-of-the-Doubt approach is employed
to assign weights for aggregating the indicators representing the diverse performance dimensions. The study
operationalises the WUSQI to assess the quality of Portuguese wholesale water and wastewater companies using
data collected by the national regulator of water and waste services. A Multiple Criteria Decision Analysis
technique, the Deck of Cards method, is used to specify an indicator of transparency from the information
made available by the regulated utilities. The results show the effectiveness of this tool for evaluating and
measuring service quality at the company level. Additionally, the findings highlight areas for improvement in
the utilities’ performance. By enabling companies and regulators to identify areas for improvement, the WUSQI
can support the delivery of high-quality services to customers.

Water regulation
Benefit-of-the-Doubt
Composite indicator

1. Introduction quality highly depends on the perceptions of the users [5,6]. Public
services, such as water supply and sanitation, involve multiple stake-

Quality is a multifaceted concept studied extensively in manage- holders with varying priorities and goals. As a result, the concept of
ment and it has become critical for the success of many industries [1,2]. quality in these contexts can be interpreted in diverse ways and requires
However, due to its intangible nature, there is still a lack of consensus careful consideration of the needs and expectations of all involved
on its precise definition, which has evolved over time and in the litera- stakeholders [7]. In such an environment where users cannot easily

ture. Quality encompasses dimensions such as performance, reliability,
durability, aesthetics and customer satisfaction, making it complex and
challenging to define universally [3]. According to van Kemenade and
Hardjono [4], quality is a “fuzzy and vague concept” that cannot be
measured with certainty since it depends on individual interpretation.

Defining and measuring quality becomes even more complex when
it pertains to services. Unlike products, services are intangible and their

switch to a different service provider, maintaining high levels of quality
becomes critical to protect their interests and ensure continuity of
services [8]. The lack of competition can also reduce the motivation for
providers to maintain high-quality service levels, emphasising the im-
portance of measuring quality and taking actions to ensure high-quality
standards [9]. Collaboration and coordination among stakeholders are
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crucial to establishing clear standards for quality in public services,
contributing to the well-being of society as a whole. The provision of
safe and dependable water and sanitation services (WSS) is vital to
safeguarding public health. To attain this objective, it is essential to
prioritise the delivery of high-quality services [10].

Reaching a high level of service quality in the water sector requires
a new management approach that ensures continuity of operations, en-
courages continuous improvement, develops strategic capabilities, and
creates efficient and sustainable business models. To support utilities
in this endeavour, the World Bank has developed the ‘Utility of the
Future’ (UoF) programme [11], which aims to ignite, materialise and
maintain transformation efforts in the water and sanitation sector. The
UoF programme guides utilities, particularly in developing countries,
to become future-focused and to provide high-quality services, by
promoting best-fit practices that enable them to operate in an efficient,
resilient, innovative and sustainable manner. It considers that the ul-
timate objective of water and sanitation utilities is to provide quality
services that are reliable, safe, inclusive, transparent and responsive.

In the approach adopted by the World Bank, the quality of WSS is
measured following a customer-centred perspective. Performance indi-
cators are suggested for the individual dimensions of reliability, safety,
inclusiveness, transparency and responsiveness. Based on the indicator
values, the utilities are classified at world-class, well-performing, good,
basic and elementary levels for each dimension. The programme pro-
poses separate indicators to evaluate each dimension of the quality of
the provided services but does not recommend any method to aggregate
these dimensions into a single indicator reflecting the overall quality of
service levels.

In fact, composite or synthetic indicators are commonly utilised
to measure the quality of services as they can effectively condense
complex, multi-dimensional information and support decision-makers.
Composite indicators (CIs) offer advantages such as being easier to
interpret than a battery of many separate indicators. CIs are also able to
track progress over time and minimise the set of indicators that need to
be monitored while preserving the underlying information. However,
CIs may send misleading policy messages if poorly constructed or
misinterpreted [12,13].

This study aims to develop a CI that reflects the quality of service
provided by water supply and sanitation utilities from the customer
perspective, following the UoF approach. The resulting index is named
the Water Utility Service Quality Index (WUSQI). Among the numerous
techniques employed to build CIs, we employ the Benefit-of-the-doubt
approach (BoD) popularised by Cherchye et al. [14], based on Data
Envelopment Analysis (DEA). This method was selected for its capabil-
ity to assign weights that are the most favourable for the unit under
consideration, in comparison to its peers in the sample for aggregating
the various metrics. This approach mitigates potential objections from
the entities being evaluated, making it a suitable approach for public
services under regulation, such as water and sanitation services. The
study also uses the Deck of Cards Method (DCM) [15,16], a Multiple
Criteria Decision Analysis (MCDA) technique, to construct an indicator
that reflects the transparency dimension of utilities’ services. The DCM
was used to specify one of the metrics that was not readily available.
This approach was selected for its intuitive and user-friendly nature, fa-
cilitating effective communication with decision-makers in the process
of transforming an ordinal scale into a continuous one.

The strategy developed in this study is applied to a case study of the
Portuguese wholesale water and wastewater firms taking advantage of
the reliable and vast data collection system provided by the Portuguese
regulatory authority for this sector. To the authors’ knowledge, the
BoD technique has not yet been employed to construct CIs based on
a customer-centred perspective of quality. The framework proposed
by the World Bank in the UoF programme has not been utilised to
construct CIs to express the quality of service provided by water
utilities, highlighting the novelty of this research. The use of the DCM
in this context represents another innovative feature of the study. The
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choice of Portuguese companies’ data as the illustrative application of
this study is motivated by the acknowledgement that Portugal presents
one of the most exhaustive data sets for the water sector, extensively
explored in the literature. This vast data compilation facilitated the
collection of information corresponding to each dimension applied in
the UoF programme, thereby enhancing the study’s analytical depth.

The proposed method can support regulators in evaluating water
companies’ performance from a customer-centred perspective, making
informed decisions that positively impact service quality levels. In some
countries, such as England and Wales, service quality is a key input in
setting tariffs [17,18]. This study can also provide valuable insights for
water companies by identifying customer satisfaction factors, allowing
them to improve service delivery. Overall, the relevance of the study
relies on the potential to support improvements in the quality of service
provided by water companies, benefiting customers and the broader
society as a whole. While the primary focus of the UoF programme
lies in improving water utilities in developing countries, the method
is applied to a European context to demonstrate its practical relevance
and applicability at a global level.

The structure of the remaining parts of this paper is as follows:
Section 2 provides a concise literature review. Section 3 outlines the
methodology proposed, while Section 4 discusses the case study, which
serves as an illustrative example of the method’s strength and practical
application. Section 5 presents and analyses the results. Lastly, in
Section 6, the conclusions of the study are presented and potential
avenues for future research are explored.

2. Literature review

This section examines the literature on measuring service quality
levels. Section 2.1 provides an overview of various methodologies
regardless of the sector, whereas Section 2.2 focuses on the specific
evaluation of service quality in the water sector.

2.1. Assessment of quality of services

Quality is a vital and intricate element of business strategy, impact-
ing customer satisfaction, firm profitability and economic growth [19].
It drives competition among firms and shapes markets, with customers
seeking high-quality products and services. However, despite its signif-
icance, there is still a lack of agreement on the precise definition of
quality [2,3,8]. Reeves and Bednar [2] suggest that instead of trying
to create a single definition of quality that encompasses all the aspects
of existing concepts, it is more effective to weigh the trade-offs of
these definitions and select the one that best suits the practitioners’
requirements. Similarly, when discussing quality definitions related
to tangible products, Garvin [3] recommends using the distinction
between various quality perspectives for business advantage, ensuring
that quality serves as a ‘competitive weapon’.

The study by Reeves and Bednar [2] examined the strengths and
weaknesses of the different perspectives on defining quality. These in-
clude the excellence definition, which views quality as a higher achieve-
ment; the value definition, which sees quality as an added value for the
organisation; the specification definition, which emphasises conformance
to specifications; and the customer definition, which focuses on meeting
or exceeding expectations of the customers. These perspectives are
widely discussed in management literature and applied to assess and
measure the level of quality of different businesses [5,20-25].

We summarise the strengths and weaknesses of quality definitions,
according to Reeves and Bednar [2], in Table 1. By examining the
content of the table, we see that measuring quality as excellence can
be challenging, while the specification definition primarily focuses on
internal processes and may not adequately evaluate service quality.
As a result, the value and customer definitions are more suitable for
assessing service quality and are, indeed, the most commonly used
approaches for this assessment.
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Table 1

Strengths and weaknesses of quality definitions.
Source: Adapted from [2].

Definition Strengths Weaknesses

Excellence - Strong marketing and — Little practical guidance.
human resources benefits. — Measurement difficulties.

- Universally recognisable — Rapid change of excellence
- High achievement. attribute.

Value — Multiple attributes. — Questionable inclusiveness.
- Focused on internal and — Quality and value are
external efficiency. different constructs.

Specification — Precise measurement. — Consumers do not know or
- Force disaggregation of care about internal
consumer needs. specifications.

— Inappropriate for services.

— Specifications may become

obsolete.

— Internally focused.
Customer - Applicable across industries. — Most complex definition.

- Responsive to market
changes.

- All-encompassing definition.

- Difficult to measure.
— Customers may not know
their expectations.

— Confusion between customer
service and customer
satisfaction.

Other scholars have also been engaged in the ongoing discourse
about the concept of quality, acknowledging that it is not a matter
of resolution, but rather a constantly evolving idea [26-28]. This
ambiguity regarding the definition of quality has also been prevalent
in the context of services. In contrast to the concept of quality used
for physical products, the assessment of the quality of services (QS)
places a greater emphasis on customer perception and marketing [5].
As Harvey [29] points out, service quality assessment is unique to each
market segment and can be classified into two main components, re-
flecting both the outcomes desired by the customer and the efforts that
customers must undertake to achieve those outcomes. Additionally, the
outcomes desired by the customer must be achieved by examining the
performance of internal processes and aligning them with customer
perceptions to ensure the desired outcomes are achieved. Due to the
intangible nature of the service results, potential discrepancies between
perception and reality are more significant in services than in goods.
This fact may explain the reason why service quality has been more
extensively studied in marketing than in operations, in contrast to
product quality which is predominantly researched in the operations
field.

Extensive literature reviews, such as Wen et al. [30] and Zhang
et al. [31], indicate that there has been a growing focus on QS in
quality management research. Numerous studies have highlighted its
importance [31-34]. This trend is expected to continue in the future,
potentially leading to further advancements in the field.

Prasad and Verma [35] presented a literature review on the main
methods used to measure QS and pointed out directions for future
research. According to these authors, the most popular approach to
measure service quality was introduced by Parasuraman et al. [36].
This scale - entitled SERVQUAL - comprises five dimensions, namely
reliability, responsiveness, empathy, assurance and tangibility. The
dimension of reliability pertains to the capability to provide the assured
service with consistency and precision. The responsiveness dimension
focuses on the promptness and willingness to assist customers. The
dimension of empathy refers to the level of care and personalised
attention provided to customers by the company. The assurance di-
mension is linked to the expertise and politeness of employees and
their capacity to encourage trust and confidence. Finally, the tangibility
dimension assesses physical attributes, such as equipment, facilities
and the appearance of the staff. The SERVQUAL approach sees QS as
the agreement between customers’ expectations and their perceptions
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of the provided service. SERVQUAL has been vastly used in a wide
range of services and has shown the potential to be applied both
to private [37-43] and public services [44,45]. For reviews of this
method, see [46,47].

As noted by Asubonteng et al. [46], while SERVQUAL is a popular
tool used to measure service quality, it has been criticised for its limita-
tions, including its assumption that customers have a clear idea of what
they expect from a service and the applicability of its five dimensions to
all types of services. As an alternative to SERVQUAL, Cronin and Taylor
[48] proposed SERVPERF method which focuses solely on service per-
formance. In search of a better measure of service quality, researchers
should continue to explore alternative approaches that are more ap-
propriate for different types of services and better capture the nuances
of customer expectations and experiences. Numerous methods tailored
for specific applications have been proposed, being some derived from
the SERVQUAL framework. These include SERVQHOS designed for the
healthcare sector [49], HOLSERV for the hotel industry [50], HEAPERF
in higher education [51], E-S-Qual for electronic services [52], and
Libqual for library services [53]. The exploration of such alternatives
is crucial for refining the understanding of service quality in diverse
settings.

A strong measurement strategy is essential for improving QS. Met-
rics communicate organisational priorities and can track progress, com-
pare performance and identify areas for improvement. A precise mea-
surement system for the quality of services enables early detection of
deviations and highlights service improvements. Ultimately, it fosters
continuous learning and growth [29].

2.2. Assessment of quality of services in the water sector

The service quality in the water sector has been addressed in
the literature under different approaches: (i) general performance as-
sessments incorporating QS elements, following the quality-as-value
definition, and (ii) QS measurement following the customer-centred
perspective.

The first approach includes studies that aim to measure QS with
a broader perspective, using the value definition. Although the re-
sults are often referred to as measures of service quality, they are
actually reflections of overall performance levels. Such studies usually
encompass customer-related measures and also integrate additional
metrics that may not be directly tied to the customer’s perspective,
such as environmental sustainability, investment compliance, financial
performance, asset management and human resources productivity.

Water services have been incorporating customer-centric aspects
into their performance assessments since 1999 when English and Welsh
water companies began implementing the overall performance assess-
ment (OPA) methodology [18]. In the literature, according to Picazo-
Tadeo et al. [54], the first paper that took a customer perspective into
account when measuring water utilities’ overall performance was that
by Saal and Parker [55]. Since then, this strategy has been employed
by several scholars [9,17,18,54,56-66]. Many of those works aim to
produce composite indicators (CIs) usually referred to as indices of
service quality. These studies are displayed in Table 2.

In 2008, a collaborative effort between the International Water
Association and the Inter-American Development Bank resulted in the
development of an initiative aimed at establishing a universally recog-
nised model in the assessment of water utility performance. This ini-
tiative, known as AquaRating, serves as a performance system that
enables the characterisation and evaluation of utilities through the
application of key performance indicators and the implementation of
best practices. AquaRating has gained recognition as a reference model
by regulators, governments, and development agencies. It encompasses
eight distinct areas of evaluation, including quality of service, invest-
ment planning and implementation efficiency, operating efficiency,
business management efficiency, access to service, corporate gover-
nance, financial sustainability, and environmental management. This
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Table 2

Studies with CIs to evaluate the quality of services in the water sector.

Socio-Economic Planning Sciences 92 (2024) 101797

Reference

Quality concept

Composite indicator

Sample

Metrics

Method

Karnib [68]

Customer

Quality of service index

(QSn

4 regional water
authorities in Lebanon

4 metrics for 4 years:

i. Network coverage

ii. Water consumption

iii. Continuity of water supply
iv. Water quality

Fuzzy inference model

Molinos-Senante
et al. [69]

Customer

Quality of service to
customers index

19 water and
wastewater companies
in Chile

7 metrics:

i. Water supply pressure

ii. Water supply quality

iii. Wastewater treatment
quality

iv. Water supply continuity
v. Wastewater collection
continuity

vi. Billing accuracy

vii. Complaints

Ratios of Shephard’s distance
function to access performance
changes over time

Palomero-
Gonzélez et al.
[70]

Customer

CI to measure the
quality of water supply
based on users’
perceptions

32 municipalities in
Valencia, Spain,
receiving water from
the same company

6 metrics:

i. Network quality

ii. Water quality

iii. Water price

iv. Complaints

v. Inconvenience caused by
upgrading the network

vi. Continuity of service

MCDA model with common
weights based on DEA

Duarte et al.
[64]

Value

Global index of service
quality

15 water supply
companies in Portugal

20 metrics from the regulator authority
in Portugal grouped in 3 dimensions

Normalisation using fuzzy sets
and aggregation by weighted
average + Three different
options are used to obtain
weights from a panel of experts

Pinto et al. [65]

Value

QSI

99 retail water supply
companies in Portugal

16 metrics from the regulator authority
in Portugal

ELECTRE Tri-nC (MCDA)

Molinos-Senante
et al. [66]

Value

Synthetic index of
quality of service

40 rural drinking water
systems in Chile

14 metrics with weights estimated by
different stakeholders

Analytical Hierarchical Process
(MCDA) + Monte Carlo
simulation

Sala-Garrido
et al. [9]

Value

CI of quality of service

24 water and
wastewater companies
in Chile

7 metrics:

i. Investment compliance,

ii. Investment to improve the QS

iii. Network reposition

iv. Non-revenue water

v. Interruptions of water supply

vi. Obstructions in the sewerage network
vii. Payment accuracy

BoD using undesirable metrics
+ Nerlove-Luenberger super
efficiency metric

Molinos-Senante
et al. [18]

Value

Quality of service index

24 water and
wastewater companies
in Chile

10 metrics:

i. Non-revenue water

ii. Network reposition

iii. Investment compliance

iv. Water meter operability

v. Interruptions in drinking water
provision

vi. Obstructions in sewerage network
vii. Payment accuracy

viii. Compliance with drinking water
quality

ix. Compliance with wastewater
discharge

x. Water supply pressure

Goal programming

D’Inverno et al.
[59]

Value

Water Utility
Performance CI

93 Italian water
companies

8 metrics:

i. Return on assets

ii. Return on Equity

iii. Earnings before interest,

taxes, depreciation,

and amortisation

margin

iv. Financial autonomy

v. Autonomy from third parties

vi. Water losses

vii. Target time to do new connections
viii. Target time to repair breakdowns

BoD Model with Directional
Distance Function Robust and
conditional approaches

Henriques et al.
[61]

Value

Performance assessment
CI

199 retail wastewater
companies and 10

wholesale wastewater
companies in Portugal

14 metrics from the regulator authority
in Portugal

Directional BoD models for
desirable and undesirable
indicators
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comprehensive approach highlights AquaRating as a system dedicated
to enhancing the overall value delivered by utilities [67].

The second approach employed to address the quality of water and
sanitation services (WSS) measures QS in a more focused view, using
the customer definition. In this group, a prevalent method is to examine
customer satisfaction, which is often achieved through surveys that em-
ploy satisfaction drivers to analyse users’ perceptions of these services.
This strategy was employed by Abubakar [71] and Ohwo and Agusomu
[72] in Nigeria. Ammar and Saleh [73] and Murrar et al. [74] applied
the SERVQUAL model in Palestine with a similar approach. SERVQUAL
was also utilised by Kassa et al. [75] in Ethiopia to investigate urban
water supply services. Other studies using customer satisfaction surveys
are Kumasi and Agbemor [76], Tessema [77], and Rustinsyah [78].
Although surveys are commonly used to collect data, they can be
expensive and subjective due to challenges in designing the survey,
selecting the appropriate type and method of application, and using
statistical methods for analysis. For that reason, performance indicator
systems have been developed to conduct QS assessments, focusing on
the customer perspective.

Both value-based and customer-based approaches utilise composite
indicators as a strategy to evaluate the quality of service (QS). This
approach involves gathering diverse metrics from reliable sources,
such as regulators or the companies themselves, and consolidating
them into a composite or synthetic indicator that effectively repre-
sents the provided service quality levels. By employing this method,
a comprehensive and representative assessment of QS can be achieved.

Palomero-Gonzélez et al. [70] argue that while CIs are widely used
in research on services and in the water sector, they have not yet
been extensively used in particular analysis of service quality under
customers’ perceptions. To the best of the authors’ knowledge, three
studies have developed CIs following the customer-centred quality
concept for water utilities: Karnib [68] in Lebanon, Molinos-Senante
et al. [69] in Chile and Palomero-Gonzalez et al. [70] in Spain.

Table 2 summarises the main characteristics of the studies that
employ CIs to measure QS. The first three rows of this table indicate the
three studies that focus on customer perceptions. These studies share a
common goal: to aggregate metrics that directly reflect the impact of
utility performance on the user’s experience into a synthetic indicator.
In their respective countries, the selection of suitable metrics was based
on their availability. The notable similarities across the three stud-
ies include the incorporation of metrics reflecting reliability through
service continuity, as well as metrics related to water or wastewater
quality, present in all three investigations. Additionally, responsiveness,
reflected in metrics measuring customer complaints, is present in two
studies: Palomero-Gonzalez et al. [70] and Molinos-Senante et al. [69].
Furthermore, inclusiveness, either reflecting network coverage in [68]
or economic affordability expressed by water prices in [70], is also
addressed. These three studies that focus on the user’s perspective use
different methodologies for the CI computation. However, none of them
employs the BoD technique. BoD models have not been used to express
QS under a customer-centred perspective in water utilities, representing
a novel contribution of this work.

On the contrary, the remaining studies utilising CIs listed in Table 2
do not exclusively rely on metrics related to customer perception.
Instead, these studies construct composite indicators that are in many
cases termed service quality indexes. However, in these contexts, qual-
ity is aligned with the value-based concept introduced by Reeves and
Bednar [2]. In Table 2, the studies identified as adopting a value-
concept of quality are the ones that incorporate at least one of the
metrics not directly linked to the customer perspective. Those studies
include measures of environmental sustainability, investment compli-
ance, financial performance, asset management and human resources
productivity. Developing an indicator that reflects the overall perfor-
mance level of a utility may offer the advantage of being more compre-
hensive, which could explain the wider usage of this approach. Indeed,
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these studies typically incorporate as many available performance met-
rics as possible in their assessments, with the goal of capturing utility
performances from a comprehensive perspective.

However, it is worth noting that customer-centred approaches to
measuring quality of service (QS) can be highly valuable for managers
and regulators. By considering the variables that shape customers’
perceptions, decision-making processes can become more informed
and aligned with the needs and expectations of the users. According
to Palomero-Gonzéilez et al. [70], the outcomes of such assessments
can significantly enhance the understanding of customers’ perceived
quality in an objective, quick, simple and cost-effective manner. This
fact emphasises the relevance of this study.

To create a CI that accurately represents service quality, one of the
crucial steps is to identify the appropriate set of performance metrics
that can be combined into a single index. In the water and sanitation
sector, performance indicators are frequently utilised to assess various
aspects of utility performance in order to identify areas that require
improvement. Alegre et al. [79] has compiled a comprehensive col-
lection of indicators that can be used in the sector. Regulators have
taken advantage of the various available metrics to better understand
and support the performance of companies.

The Water and Waste Services Regulatory Authority in Portugal
(ERSAR) provides one of the most widely studied sets of performance
indicators in the literature. Every year, ERSAR collects a vast set of met-
rics from water supply, wastewater, and solid waste service providers
in Portugal, and these reports can be accessed on ERSAR’s website. This
is part of the “sunshine regulation” policy adopted by the Portuguese
regulatory authority, which involves openly publishing these metrics.

ERSAR has been reviewing and enhancing its performance indicator
system over time. In 2022, the fourth generation of indicators was
introduced, with the first set of results scheduled for release in 2023.
The most recent data available pertains to the third generation of
indicators, which covers the period spanning from 2016 to 2021. De-
tailed information regarding these indicators can be found in ERSAR’s
Technical Guide 22 [80]. ERSAR’s performance indicator system for
water supply and wastewater services comprises 14 primary metrics,
grouped into three subsystems: (i) Adequacy of the Interaction with
the User, (ii) Service Management Sustainability, and (iii) Environ-
mental Sustainability. The first subsystem reflects the defence of user
interests. The second subsystem, which reflects the sustainability of the
managing entity, encompasses the economic, financial, infrastructural,
operational and human resource capacity necessary to ensure regular
and continuous service provision to users. The third subsystem focuses
on environmental sustainability and includes aspects related to the
environmental impact of the managing entity’s activities, particularly
with regard to the conservation of natural resources [81].

ERSAR refers to its overall performance appraisal system as a “qual-
ity of service measurement system”. However, it is important to note
that the evaluation method considers various factors beyond just user
experience metrics. Therefore, the approach can be characterised as a
value-centred quality evaluation system, as described by Reeves and
Bednar [2].

Numerous publications have used ERSAR’s data, including Duarte
et al. [64], Pinto et al. [65], Henriques et al. [61], Mergoni et al.
[82], Pereira et al. [83], and Vilarinho et al. [84,85].

After selecting the appropriate metrics to be used in constructing
the CI, the next step is to decide on the aggregation technique to be
employed. As indicated in Table 2, there are various methods available
for this purpose. The Benefit-of-the-Doubt (BoD) approach, which is
based on Data Envelopment Analysis, has been utilised in constructing
CIs in numerous fields. One of its advantages is that it allows for the
assignment of specific and most favourable weights for combining the
various metrics. This approach is particularly suitable for regulated
markets such as water and wastewater services, where there may be
disagreements among operators regarding the relative importance of
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the different metrics. For this reason, the BoD technique is chosen to
be employed in this study.

A new approach to using performance indicators for quality of
service evaluation in water and sanitation utilities has been proposed
by the World Bank through its ‘Utility of the Future’ (UoF) programme.
This programme was first introduced in 2021 [11] and was updated to
version 2.0 in the following year [86]. The UoF programme has set out
ambitious objectives that comprise a complete management strategy
to foster the development of the utilities and elevate WSS “beyond
the next level”. The relevance and objectives of this programme are
referred to on page ix of Lombana Cordoba et al. [86] as follows:

Poor service frequently stems from a vicious cycle of dysfunctional
political environments and inefficient practices. Global forces — including
climate change, water scarcity, population growth, and rapid
urbanisation — exacerbate these challenges to providing high-quality,
sustainable WSS service delivery. Therefore, WSS utilities require a new
approach to planning and sequencing reforms to provide WSS services in
a sustainable manner. The UoF programme provides this new approach,
building on an extensive body of knowledge on utility performance
improvement.

The UoF programme’s ultimate objective is to enhance and maintain
the quality of services provided by water and sanitation utilities, which
is the topmost priority of the management model presented by the
World Bank. This quality-based management strategy requires utilities
to be reliable, secure, inclusive, transparent and responsive, which are
the dimensions that form the measurement framework proposed by
the programme for QS evaluation. In order to be deemed reliable,
utilities must provide a continuous 24/7 supply of WSS. Adherence to
water and wastewater quality standards represents safety. Inclusiveness
requires that no individual or group is excluded from receiving service.
To be considered transparent, WSS should provide clear and accurate
information regarding their finances, operations and performance. To
attain responsiveness, utilities should provide clients with timely and
high-quality responses to ensure their satisfaction.

The programme examines each QS dimension using one or more
performance indicators, but it does not develop a CI to reflect the
overall quality of WSS services. Instead, it assigns a performance level
from one to five for each metric, classified as elementary (1), basic (2),
good (3), well-performing (4), or world-class (5). Those values for the
metric levels are averaged for each dimension, and the utility’s QS is
assessed by analysing each dimension’s performance level.

The UoF programme suggests metrics that can be collected by the
utilities reflecting the programme dimensions. The suggested metrics
can be seen in Table 3.

This study aims to propose a method to integrate the UoF pro-
gramme’s dimensions into a composite performance indicator, which
has not yet been addressed in the literature, representing another
novelty in this work.

3. Methodology

In this section, the proposed methodology is described in two stages.
The first stage, in Section 3.1, describes the Deck of Card Method. In
the second stage, in Section 3.2, the calculation of the Water Utility
Service Quality Index (WUSQI) using the BoD technique is detailed.

3.1. The Deck of Cards method

In this subsection, the Deck of Cards method (DCM) is presented.
This method will be used as a support tool to build one of the metrics
used in the QS assessment.

The DCM is a Multiple Criteria Decision Analysis (MCDA) method
that has gained popularity due to its simple and intuitive approach,
as outlined by Corrente et al. [16]. This method is utilised to assign
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Table 3

Suggested metrics in the World Bank’s ‘Utility of the Future’ (UoF) Programme to assess
service quality for water and sanitation systems.

Source: Adapted from [86].

Dimension Metric

Continuity (hours per day on average)

Continuity (customers with 24/7 supply) (%)
Availability (litres/capita/day)

Availability of faecal sledge management emptying
services (provided 24 h after service requested) (%)

Reliability

Water quality (samples meeting all standards for drinking
water quality) (%)
Wastewater and faecal sludge treatment (%)

Safety

Drinking water coverage (%)

Inclusiveness o .
Sanitation service coverage (%)

Key information disclosure (%)

Applications of practices to generate clear information(%)
Applications of practices for ensuring accurate
information (%)

Transparency

Customer satisfied with service (%)
Grievances satisfactorily resolved within seven days (%)
Sewer blockage complaints addressed within 48 h (%)

glallalllla

Fig. 1. DCM example.

Responsiveness

values to preference parameters in MCDA models, such as the relative
importance of criteria in outranking methods or values representing
evaluations of alternatives on considered criteria and weights of cri-
teria. In this study, we will describe the application of the DCM to
convert a scale with various levels of criteria into a continuous interval
scale, while taking into account the strength of preferences between the
different levels.

As explained by Corrente et al. [16], in the DCM, when using a
discrete scale to evaluate a criterion, each level can be represented by
a card that decision-makers can physically manipulate and arrange in
their order of preference. The objective is to convert this discrete scale
into a continuous scale usually ranging from 0 to 1. The conversion
allows decision-makers to assign numerical values that reflect the in-
tensity of their preferences for each level. Typically, the least preferred
level is assigned a value of 0, while the most preferred level is assigned
a value of 1. To determine the values of intermediate levels, decision-
makers must define the strength of preference between each sequential
pair of levels. The interval between two consecutive levels is filled
with blank cards, and the number of cards in each position reflects
the relative importance of the upper level compared to the lower level.
The numerical scale can now be determined by considering the total
number of cards in the deck, including both level cards and blank cards.

For better clarification, let us consider an example. Suppose that
the criteria E presents four levels, /,/,,/5,1,. The order of preference
determined by the decision-makers is /; < I, < I3 < I, (< meaning
“strictly less preferred than”). The decision-makers place one blank
card between /, and /,, two blank cards between /, and /5 and four
blank cards between /; and /,. This means that the significance of
I; compared to [, is judged to be higher than the significance of I,
compared to /|, and the significance of /, compared to /5 is considered
to be higher than the significance of /; compared to /,. The resulting
deck of cards is illustrated in Fig. 1.

In this example, if the value 0 is assigned to /; and 1 is assigned to /,,
the remaining level values are given based on their position in the deck.
Since there are eleven cards in the deck and ten spaces between cards,
each card position is assigned a value between 0 and 1, in intervals of
(1 -=0)/10 = 0.1. Therefore, the value for /, is 0.2 (since it is the third
card in the deck, the value is calculated as 0+(3—1)x0.1 = 0.2) and the
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value for I is 0.5 (being the sixth card in the deck, the value results in
0+ (6-1)x0.1 =0.5).

3.2. Calculation of the WUSQI using the BoD technique

This subsection explains the strategy used to calculate the CI
WUSQI, which involves using a BoD linear programming model.

BoD models are DEA-based models that can handle multiple outputs
representing various metrics to be aggregated and a dummy input
with a unitary value for all decision-making units (DMUs). This ap-
proach was initially proposed by Melyn and Moesen [87] to assess
macroeconomic performance and popularised by Cherchye et al. [14].
The BoD model employed in this study for aggregating the chosen
metrics collected from ERSAR’s data set is based on a Directional
Distance Function (DDF) proposed by Zanella et al. [13]. The DDF-
based BoD model can handle both desirable and undesirable metrics
without requiring any adjustment of measurement scales. Desirable
metrics are the ones for which a better performance corresponds to
higher values. Conversely, undesirable metrics are characterised by
lower values indicating better performance. The set of mathematical
expressions in Model (1) defines the Directional Distance Function BoD
model used in this study. While the conceptual roots of BoD models lie
in DEA, the evolution of DDF models has taken a distinct trajectory.
A more detailed elucidation of the development of Model (1) can be
found in Appendix A.

BoD models are used to perform a comparative performance assess-
ment of a set of entities, commonly referred to as DMUs. To perform
the complete assessment of the set of DMUs, Model (1) must be run
and solved n times, being n the total number of DMUs. The outcomes
of the model are the decision variables’ values, which include v as the
dummy input, and the weights u, for the desirable metrics r, and p,
for the undesirable metrics k. The total number of desirable metrics
is s, and the total number of undesirable metrics is /. The desirable
and undesirable metrics are represented as y,; and b,;, respectively,
for DMUs j (where j ranges from 1 to n). The values Yrio and by,
correspond to the metrics of the DMU under assessment, denoted as
Jo- The index r pertains to the set of desirable metrics (with r ranging
from 1 to s), and the index k pertains to the set of undesirable metrics
(with k ranging from 1 to /).

s !
minimise  f; = - Z Vrjolr + Z byjoPr + v
r=1 k=1

subject to

s 1
Y gu+ Y g =1
r=1 k=1

- S y,ju,+z[:bkjpk+020, j=1,...,n @)
r=1 k=1

u, >0, r=1,...,s

pr 20, k=1,...,1
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The direction in which desired metrics expand and undesired ones
contract towards the ‘best-practice frontier’ is indicated by the direc-
tional distance vector, which is specified as (g,,—g;). The choice of
the direction vector used in DEA/BoD models can impact the results
obtained and has been discussed by many scholars. Depending on the
objective of the study, several solutions have been proposed in the
literature. Rogge et al. [88] presents alternatives for the vector to set
the directions of improvement for desirable and undesirable outputs
in BoD models. In this study, we adopt the values of (g,,-g,) as
(yrjo’_bkjo)’ following Zanella et al. [13] and Rogge et al. [88]. This
approach enables each DMU to improve by following the path indicated
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by its specific metrics and the resulting CI value can be interpreted
proportionally.

The performance level of DMU j is represented by the factor f;
in model (1), which embodies the objective of the model. The mini-
mum value of §; determined by optimisation indicates the maximum
possible expansion of desirable metrics and contraction of undesirable
metrics while satisfying the constraints in the model. This allows DMU
Jo to choose the weights that are the most favourable to it. The associ-
ated CI, WUSOQI o for ji, is obtained as 1/(1 + Bi,)> with a range of 0 to
1, where 1 indicates the highest level of performance. If WUSQI o <L
it means that there is a linear combination of other DMUs that performs
better overall. If WUSQI 0 = 1, DMU j, is on the best-practice frontier,
which implies that none of the other DMUs evaluated performs better
than it does.

To limit the range of the assigned weights, weight restrictions
must be incorporated into the model. Zanella et al. [13] present an
enhanced method for implementing weight restrictions in a directional
BoD context. The weight restrictions proposed by Zanella et al. [13]
are formulated using virtual weights, and enable the expression of the
relative importance of the indicators in percentage terms.

Virtual weights are typically expressed as the product of each DMU’s
metric by its respective optimal weight. The restrictions proposed
by Zanella et al. [13], instead of using the values of the outputs
observed at the DMU under assessment, resort to the use of an “average
DMU” whose output metrics are equal to the average of all values
observed in the DMUs included in the sample, represented by (3,, ;). In
this strategy, percent-based constraints are formulated and included in
the BoD model using the virtual weights of the average DMU. According
to Zanella et al. [13], this formulation results in the specification of
weight restrictions in the form of Assurance Regions type I (AR-I)
weight restrictions (see [89] for further details). The use of AR-I re-
strictions provides the benefit of enabling the construction of a unique
frontier for the assessment of all DMUs and represents the optimal
choice for constructing CIs and rankings. These AR-I restrictions are
the most commonly used weight restrictions in BoD models, being
employed by many other researchers such as D’Inverno and De Witte
[90], Henriques et al. [91], and Pereira et al. [92].

The weight restrictions, as presented in Expressions (2), are included
in the BoD model following Zanella et al. [13]. Lower bounds expressed
as percentages (¢, and ¢,, respectively for desirable and undesirable
indicators) are employed to ensure that no weights are equal to zero,
preventing any indicator from being completely disregarded in the cal-
culation of WUSQI, and assigning a minimum level of importance to the
indicator. On the other hand, upper bounds expressed as percentages
(w, for desirable and y, for undesirable indicators) are employed to
impose maximum levels of importance on the indicators.

U Jr
¢r < o) et They P S¥p r=los
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In order to evaluate the service quality of each DMU j, it is nec-
essary to solve the BoD model separately for each DMU. The resulting
WUSQI; value represents the performance of the DMU in terms of
service quality.

The contribution of each metric to the determination of WUSQI o
represents a piece of valuable information for decision-makers. It pro-
vides crucial insights into the performance of DMUs relative to oth-
ers, highlighting areas of strength and weakness. This knowledge en-
ables decision-makers to allocate improvement efforts more effectively.
The BoD technique allows extracting this information from the model
results.

In standard BoD/DEA models, which are limited to analysing sit-
uations with only desirable metrics, the strengths and weaknesses of
the DMUs can be identified by the magnitude of the virtual weights,
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computed as the values of each metric multiplied by the associated op-
timal weight (u,y,,r =1,...,s). In these models, higher virtual weights
indicate strengths of the DMUs, as the models assign higher weights to
metrics with superior performance. Conversely, lower virtual weights
indicate weaknesses of the DMUs, as they are assigned to metrics with
inferior performance.

BoD models based on the Directional Distance Function (DDF),
such as Model (1), include both desirable and undesirable indicators
in the optimisation underlying the performance estimation. In these
models, the magnitude of virtual weights based on the observed values
of desirable and undesirable outputs of the DMU under assessment
cannot be interpreted directly. This challenge arises because these
models aim to optimise weights for desirable and undesirable metrics
towards opposite directions, as indicated in the objective function of
Model (1). Furthermore, the model’s constraints play a pivotal role in
balancing the weights assigned to the various metrics by preserving the
proportional improvement paths and allowing a feasible comparison
with the remaining DMU’s. This transforms the use of virtual weights
as a way to determine the relative contribution of each metric to the
overall assessment into a complex task.

To address this limitation, we estimate the relative strengths of each
DMU by the normalised values associated with the specification of
the weight restrictions in the form of Assurance Regions type I (AR-
I), estimated considering the “average DMU” associated to the sample
under assessment as shown in (2). The AR-I weight restrictions are
independent of the units of measurement and express in relative terms
the contribution of each metric to the overall performance. Note that
the denominator of these restrictions encompasses both undesirable and
desirable metrics, ensuring that the sum of the relative virtual weights
for all metrics results in 100%.

This approach provides a suitable means to break down the contri-
bution of each output (desirable and undesirable) to the overall per-
formance score. Accordingly, higher magnitude of the relative virtual
bounds estimated in the optimisation process indicates strengths, both

for desirable indicators and undesirable indicators (——22—,
oot UVt Xy Prbi

Picby k= 1)
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The formulation of AR-I weight restrictions as presented in (2)
was proposed by Zanella et al. [13], and these authors reinforce the
use of these restrictions to enable the representation of the relative
importance of the metrics. However, it is noteworthy that, to the best
of the authors’ knowledge, the application of the information that
can be retrieved from these restrictions to express the strengths and
weaknesses of DMUs in DDF models has not been explored in the
existing literature. Thus, this study makes a novel contribution by
exploring the interpretation of by-products (optimal weights) of the
performance assessment in directional BoD models.

r=1,...,s;

4. Case study

In this section, the data set obtained from ERSAR and the metrics
chosen to compute the WUSQI are introduced in Section 4.1. In Sec-
tion 4.2, the computation of the metric representing the transparency
dimension for water utilities is described. In Section 4.3 the final data
set for WUSQI determination is presented. Finally, in Section 4.4, the
bounds used in the model’s weight restrictions are determined.

4.1. ERSAR’s data set for the determination of the WUSQI

In this subsection, the data set used in this illustrative case study is
introduced and the metrics to be aggregated composing the WUSQI are
presented.

The data used to compute the WUSQI was obtained from the re-
ports issued by ERSAR for the water sector. For this study, the data
set includes the entire period covered by the “third generation” of
ERSAR’s metrics, spanning from 2016 to 2021. In Portugal, the water
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sector is characterised by a division between wholesale or bulk utilities
and retail utilities, each encompassing distinct management entities.
Wholesale utilities primarily focus on providing services to the retail
market, while retail utilities directly cater to the final users.

The study focused on the set of water wholesale utilities in Portugal
that provide both water supply and sanitation services. To evaluate the
performance of these distinct business areas, two separate analyses are
conducted. In the study, the DMUs are defined as a combination of the
utility and the year. This means that each utility can be compared with
all the other utilities in the sample, as well as with its own performance
in different years.

The justification for focusing on the wholesale segment in this
study stems from the highly fragmented nature of the retail market,
which encompasses over 200 utilities. By choosing to concentrate on
the wholesale segment, with a smaller yet representative sample, the
study aims to present a more thorough demonstration of the developed
method’s full potential. This decision enables a deeper exploration of
the method’s capabilities and a more comprehensive understanding of
its applicability within the water sector.

The study includes the following water supply utilities: Aguas de
Santo André (AdSA), Aguas do Algarve (AdA), Aguas do Centro Litoral
(AdCL), Aguas do Douro e Paiva (AdDP), Aguas do Norte (AdN), Aguas
do Vale do Tejo (AdVT), Aguas do Vouga (AdVouga), Aguas Ptiblicas
do Alentejo (AgDA), Empresa Portuguesa de Aguas Livres (EPAL), and
Infraestruturas e Concessoes da Covilha (ICOVI). AdADP was established
in 2017, so data for this utility is available only from 2017 to 2021.
Therefore, the total number of DMUs for the water supply sector is 59.

The wastewater utilities considered for the study are Aguas da Serra
(AdSerra), AdSA, AdA, AdCL, AdN, AdVT, Aguas do Tejo Atlantico
(AdTA), AgDA, Associacdo de Municipios de Terras de Santa Maria
(AMTSM), Saneamento da Peninsula de Settiibal (SIMARSUL), Sanea-
mento do Grande Porto (SIMDOURO), and Tratamento de Aguas Resid-
uais do Ave (TRATAVE). For AdTA, SIMARSUL, and SIMDOURO, the
data available is from 2017 to 2021. Therefore, the total number of
DMUs in the wastewater sector is 69.

In this study, the available metrics from ERSAR’s database collected
annually from Portuguese wholesale water utilities were examined. Fol-
lowing a thorough screening process, metrics that accurately represent
the dimensions of the UoF programme were chosen. To ensure the
robustness of this selection, we sought the input of experts in the water
sector, with in-depth knowledge of ERSAR regulatory mechanisms.

The selected metrics are presented in Table 4 comprising the water
supply and wastewater utilities. However, we found that there were no
specific metrics available in ERSAR’s data set to measure the dimension
of transparency. To overcome this limitation, we elaborated a metric
that captures the transparency dimension of the UoF programme by
using the Deck of Card method (DCM), as explained in Section 3.1.
The final determination of the transparency metric is presented in
Section 4.2. This approach allowed us to comprehensively evaluate the
Portuguese water utilities’ performance across all dimensions of the
UoF programme.

The Water Utility Service Quality Index (WUSQI) for the water
supply business is determined by combining the metrics AAOla, AAO2a,
AAO03a, AAO4a, and AAO5a, which are collected from ERSAR’s data
set and the new metric Transp-AA, derived from the DCM. On the
other hand, the WUSQI for the wastewater business is formed by the
composition of the metrics AROla, ARO2a, ARO3a, AR13a, and AAO4a,
obtained from ERSAR’s data set, and the metric Transp-AR, derived
from the DCM as well. In the context of ERSAR, the acronym AA refers
to water supply (“Agua de Abastecimento” in Portuguese), while the
acronym AR represents wastewater (“Agua Residual” in Portuguese).

A careful observation of Table 4 reveals that the metrics AAO2a,
ARO2a, AAO3a, and ARO3a are the only ones that are undesirable,
meaning that their results are better when they present lower values.
This characteristic is important in the aggregation process as explained
in Section 3.2.
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Table 4

ERSAR metrics to compose the Water Utility Service Quality Index (WUSQI).
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Wastewater (AR)

Metric ERSAR

Definition

ARO1la - Service physical
accessibility (%)

ARO2a - Service
economical accessibility
(%)

ARO3a - Flood occurrence
(no./100 km sewer year)

AR13a - Effectiveness in
accomplishing legal
parameters of wastewater
discharge (%)

ARO4a - Reply to
suggestions and complaints

Percentage of the total number of
households located in the area of
intervention of the utility for which
there are wholesale infrastructures
connected or with the possibility of
connection to the retail system.

Average proportion of income spent

on the sanitation service based on a

consumption of 120 m?/year and an
average income per household in the
system’s area of intervention.

Frequency of flooding incidents
originating from the public sewer
network, calculated as the number of
incidents per 100 kilometres of sewer
on public roads and/or properties
per year.

Percentage of the equivalent
population served by treatment
facilities that ensure compliance with
the discharge requirements, both in
terms of periodicity of monitoring
and compliance with discharge legal
limits.

Percentage of written complaints and
suggestions that received a written

Dimension Water Supply (AA)
Metric ERSAR Definition
Inclusiveness AAO1la - Service physical Percentage of the total number of
accessibility (%) households located in the area of
intervention of the utility for which
there are wholesale infrastructures
connected or with the possibility of
connection to the retail system.
AAO02a - Service economic Average proportion of income spent
accessibility (%) on the water supply service based on
a consumption of 120 m?/year and
an average income per household in
the system’s area of intervention.
Reliability AAO3a - Occurrence of Weighted average number of supply
supply failures failures per delivery point per year.
(no./delivery point/year) The weighting factor is the number
of households with effective service
depending on each delivery point.
Safety AAO4a - Safe water (%) Percentage of water that is controlled
and of good quality, determined by
multiplying the compliance rate of
required sampling with the
percentage of compliance with the
specification values set forth in the
legislation.
Responsiveness AAO5a - Reply to Percentage of written complaints and
suggestions and complaints suggestions that received a written
(%) response within the legal deadline (%)
Transparency Indicators are not available

response within the legal deadline

Indicators are not available

4.2. Determination of the transparency metric

This subsection details how the metric to reflect transparency in
the quality of services of water utilities is developed through the
application of the Deck of Cards method (DCM).

The current data set of metrics gathered by ERSAR from service
providers lacks a metric that represents the dimension of transparency.
According to the definition of transparency provided by the UoF pro-
gramme, it refers to the availability, reliability and accuracy of the
information that a utility provides about its operations. To address
this gap, a new metric for transparency was developed using the
information contained in ERSAR’s data set.

In the data set reported from the utilities to ERSAR, a classification
of the estimated reliability level for each reported metric is included,
as outlined in Table 5. If a metric is not reported, it is indicated as
“NR”. When determining a utility’s transparency level, the amount of
missing data and the reliability of the reported information are both
taken into account. A service provider is considered more transparent
if it reports a higher proportion of data and the reported information
is more reliable.

To create a transparency scale, the DCM was utilised, as detailed
in Section 3.1. The first step in this process is to define the levels
of transparency in order of preference. For this study, the preferred
order is straightforward: N R < < <+, The second step involves
determining the strength of preference between each sequential pair
of levels by placing blank cards between each pair. To ensure the
credibility of this step, ERSAR’s staff was consulted. Their involvement
ensures the robustness of the decision-making process undertaken by
water sector experts.

In this study, according to the opinion collected from the experts,
five blank cards were inserted between the NR and * levels, three
between the * and ** levels, and one between the ** and *** levels,
as illustrated in Fig. 2. Using this approach, a continuous transparency
scale ranging from zero to one was obtained, with values of 0.000 for
NR, 0.500 for *, 0.833 for **, and 1.000 for ***,

Table 5

Metric reliability in ERSAR data set.

Source: Adapted from [80].
Reliability band of the
Information source

Associated concept

ok Data based on extensive measurements, reliable

records, procedures, investigations or analyses
adequately documented and recognised as the best
method of calculation.

o Generally the same as above, but with some
non-significant flaws in the data, such as some
documentation being missing, old calculations,
reliance on unconfirmed records, or the inclusion of
some data by extrapolation.

* Data based on estimates or extrapolations from a
limited sample.

A new metric for transparency is then created for each reported
metric, and the average of all the transparency values provided by a
utility in a given year is used to determine the annual transparency
metric for that utility.

4.3. Final data set for the determination of the WUSQI

This subsection presents the final data set comprising the metrics
that will be aggregated to construct the Water Utility Service Quality
Index (WUSQI).

The data sets for both groups of utilities are not always complete,
as some metrics were not reported by the utilities. To address this
issue, the study first attempted to use the metric reported by the
same utility in the previous year, recognising that it may provide the
best available representation of its performance. If the metric was
also not reported in the previous year, the approach recommended
by Kuosmanen et al. [93], Morais and Camanho [94], and Henriques
et al. [91] was employed to handle the missing data instances, which
consists of using a small value equal to the minimum value of each
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Fig. 2. Transparency metric construction via the Deck of Cards method.
Table 6
Metrics for constructing Water Utility Service Quality Index (WUSQI).
Utilities’ group Dimension Metric code Metric description N Average Standard Minimum Maximum
Deviation
Water Supply (AA) Inclusiveness AAOla Service physical accessibility (%) 59 93.47 9.03 79.00 100.00
AA02a Service economical accessibility (%) 59 0.18 0.05 0.12 0.28
Reliability AAO03a Occurrence of supply failures 59 0.01 0.01 0.00 0.02
(no./delivery point/year)
Safety AAO4a Safe water (%) 59 99.79 0.20 99.36 100.00
Responsiveness AAO5a Reply to suggestions and complaints (%) 59 77.80 27.47 40.00 100.00
Transparency Transp-AA Transparency metric from DCM 59 0.89 0.04 0.80 0.97
Inclusiveness AROla Service physical accessibility (%) 69 96.17 5.32 82.50 100.00
ARO02a Service economical accessibility (%) 69 0.19 0.09 0.02 0.37
Wastewater (AR) Reliability ARO03a Flood occurrence (no./100 km sewer year) 69 7.96 8.36 0.00 25.55
Safety AR13a Effectiveness in accomplishing legal 69 96.21 4.32 86.50 100.00
Responsiveness ARO4a Reply to suggestions and complaints (%) 69 77.45 38.44 0.00 100.00
Transparency Transp-AR Transparency metric from DCM 69 0.89 0.06 0.71 0.99

desirable metric as a replacement. In the case of undesirable metrics,
the missing instances were replaced with a large number equivalent to
the maximum value of each metric. This process ensures that the DMU’s
performance evaluation is not unfairly affected by the lack of data.

Due to the sensitivity of the DEA method to extreme values in
the data set, outliers were replaced following the method proposed
by Zanella et al. [95]. An outlier is identified, according to Montgomery
[96], as an observation that lies beyond the limits of 1.5 times the
distance between the third quartile and the first quartile of the data,
known as the interquartile range (IQR). Therefore, values higher than
each metric’s median plus 1.5 times IQR were replaced by the median
plus 1.5 times IQR, and values lower than each metric’s median minus
1.5 times IQR were replaced by the median minus 1.5 times IQR. This
ensures that atypical observations are replaced with values closer to the
centre of the distribution.

DEA formulations typically require positive inputs and outputs,
although this requirement can be relaxed, as discussed by Charnes et al.
[97]. In the study, the zero values were replaced with a small positive
number of 0.0001, following Bowlin [98] and Sarkis [99].

The descriptive statistics for the metrics that compose the WUSQI
are displayed in Table 6.

The study examined the correlation between the metrics utilised
in building the WUSQI. The calculated Pearson correlation coefficients
indicate that there is no strong relationship between the metric pairs
used to construct each CI. The absolute values of the coefficients
in Fig. 3 are considerably far from one, with only four coefficients
marginally exceeding 0.5. Consequently, the lack of a strong correlation
provides evidence for incorporating all the variables into the models.

4.4. Determination of bounds used in weight restrictions

This subsection details the determination of the lower and upper
bounds used in the AR-I weight restriction of the BoD models.

In order to solve the BoD models, it is necessary to define the lower
bounds ¢, and ¢, for desirable and undesirable metrics, respectively, as
well as the upper bounds y, and y, for desirable and undesirable met-
rics, respectively. These bounds are utilised in the weight restrictions,
as outlined in Expressions (2).

The lower bounds in weight restrictions guarantee that no weights
are assigned null values, thereby ensuring that all metrics are taken
into account in the computation of WUSQI. This is crucial for enabling
suitable discrimination of the WUSQI value because, if many weights
are set to zero, a considerable number of DMUs could be considered
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best-performing and the comparative performance evaluation would
not discriminate differences among performance levels. In this study,
weight restrictions are utilised to determine the relative significance
of the metrics. It is important to highlight that the lower bounds ¢,
for desirable metrics and ¢, for undesirable metrics set a minimum
threshold for the relative contribution of a metric. In fact, the AR-I
weight restrictions in the BoD model impose that the model cannot
assign weights that result in lower relative significance than those spec-
ified thresholds. Consequently, lower values of ¢, and ¢, contribute to
better discrimination of lower performances of the DMUs, effectively
revealing their weaknesses. However, if ¢, and ¢, are set too low, the
WUSQI values may lack discrimination. Therefore, it is necessary to
search for a balance that allows for both the differentiation of WUSQI
values and more precise identification of DMUs’ weaknesses. The lower
bounds ¢, and ¢, were set to 0.05 in the study for both water supply
and wastewater analysis. Different values ranging from 0.01 and 0.10
were tested. After running this sensitivity analysis, the intermediate
value of 0.05 was chosen to strike a balance between the discrimination
of WUSQI values and the identification of weaknesses.

The upper bounds y, and y, are utilised to restrict the max-
imum level of relative importance assigned to different metrics in
the performance assessment. In consultation with experts with exten-
sive knowledge of regulation in the Portuguese water sector, it was
determined that the specific characteristics of the wholesale market
recommend that the responsiveness dimension should be given less
relative importance than the other dimensions reflecting inclusiveness,
reliability, safety and transparency. This is due to the limited real-time
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Table 7
Descriptive statistics for Water Utility Service Quality Index (WUSQI).

Year Water Supply (AA) Wastewater (AR)

Average Std. Dev. Min. Max. Average Std. Dev. Min. Max.
2016 0.917 0.046 0.851 0.972 0.951 0.043 0.891 1.000
2017 0.925 0.059 0.840 0.993 0.931 0.050 0.845 1.000
2018 0.917 0.067 0.840 0.998 0.926 0.049 0.836 1.000
2019 0.941 0.045 0.856 0.995 0.928 0.060 0.828 1.000
2020 0.943 0.039 0.875 0.996 0.938 0.064 0.800 1.000
2021 0.929 0.060 0.830 1.000 0.938 0.049 0.878 1.000
Overall 0.929 0.052 0.830 1.000 0.935 0.052 0.800 1.000

contact with the final user that occurs in wholesale water services. This
decision is based on the recognition that complaints and suggestions
from customers in the wholesale segment are infrequent and typically
not considered critical factors for service quality assessments. Treating
this dimension with equal significance as the others could potentially
yield outcomes that do not accurately reflect the actual requirements
for quality service in this specific market segment. Consequently, the
upper bound for the responsiveness dimension, represented by metrics
AAO5a and ARO4a for water supply and wastewater utilities respec-
tively, was set at 0.15. This implies that the relative importance of
responsiveness in the assessment ranges from 5% to 15%. In contrast,
the upper bounds for the remaining metrics were not specified, indi-
cating that the relative importance of these metrics can be greater or
equal to 5%. This ensures that the relative importance assigned to these
metrics remains flexible while adhering to reasonable limits in terms of
the lower bounds.

By incorporating expert input and setting these upper bounds, the
assessment framework achieves a balanced consideration of the met-
rics, taking into account the unique characteristics of the wholesale
market in Portugal. This approach ensures that the evaluation re-
mains aligned with the actual requirements and expectations for quality
service in this segment.

5. Results and discussion

The BoD models were computed for the two different businesses,
water supply and wastewater. Since the DMUs comprise a combination
of utility and year, each model computation included the data for all
utilities over the six years of analysis. Descriptive statistics, presented
in Table 7, offer a summary of the obtained results. The statistics of
WUSQI reveal that there is potential for improvement in both sectors.
Furthermore, when examining the yearly averages of WUSQI for each
year, a relative stability in the performance in both sectors is observed,
indicating that the businesses have maintained a certain level of service
quality over time.

Results of the WUSQI’s computation, including the relative impor-
tance or contributions for each dimension, are displayed in Table B.1
(Appendix B) and Table C.1 (Appendix C) for water supply and wastew-
ater utilities, respectively. The relative importance of the dimensions
is determined by the contributions of the metrics related to each
dimension. Note that the relative importance of the dimension of
Inclusiveness is determined by summing the contributions of the two
metrics that form this dimension.

In the following subsections, a more detailed analysis of the results
is provided for each group of utilities. Specifically, Section 5.1 examines
the quality of service evaluations for water supply utilities, while
Section 5.2 focuses on the same evaluations for wastewater utilities.
Finally, Section 5.3 offers insights derived from the geographical distri-
bution analysis of both groups of utilities for 2021, the most recent year
under examination. These insights aim to provide support for future
improvement initiatives.
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Fig. 4. Evolution of the Water Utility Service Quality Index (WUSQI) from 2016 to
2021 in water supply utilities.

5.1. Results for water supply utilities

In this subsection, the results of the assessment for the group of
utilities that provide water supply services are presented and discussed.

The evolution of the WUSQI in water supply utilities from 2016 to
2021 is depicted in Fig. 4. It is evident from the graph that AdDP con-
sistently outperformed all other utilities during this period. Moreover,
AdDP’s performance showed an upward trend over time, reaching the
maximum WUSQI score of 1 in 2021, making it the only water supply
utility to achieve this feat. Therefore, AdDP is an ideal candidate for
identifying best practices in service quality within the sector.

Throughout the analysis period, three utilities consistently outper-
formed the sector average, displaying the lowest variation in perfor-
mance over the years: AdDP, AdSA, and AdVouga. AdA also performed
above average throughout the period, with the exception of 2018.

On the other hand, AgDA and AdVT consistently performed below
the sector average, with some variation observed in both companies.
Notably, AgDA displayed an upward trend in WUSQI over the past four
years.

In terms of performance variation, Fig. 4 highlights that AdCL,
AdN, EPAL, and ICOVI exhibited higher fluctuations over the years.
AdCL experienced a significant decline in performance in the last three
years, while ICOVI’s performance dropped only in the most recent year.
However, AdN and EPAL managed to improve their performance and
achieve relative stability in recent years.

The analysis presented in Fig. 4 provides a comparative view of
the performance variations and trends for each utility throughout the
analysed period. By employing the BoD technique, the assessment
highlights the strengths of each utility which minimises objections or
complaints that may arise regarding the importance of the various
metrics used in the evaluation. By examining the trends depicted in
Fig. 4, decision-makers can discern the utilities’ performance trajectory
and identify notable patterns. The graph reveals the utilities’ ability to
maintain or improve their standings, as well as areas where they may
require additional attention.

The relative importance of each metric to utilities’ performance
was obtained based on AR-I weight restrictions, using the resulting
weights of each metric from the computation of the BoD model. Fig. 5
presents the importance of each dimension in the case of water sup-
ply utilities. In Fig. 5, each utility is presented through a bar chart
that showcases its performance across different years of analysis. The
height of each bar corresponds to 100% total performance. Within
each bar, coloured regions indicate the relative importance of different
dimensions in determining the quality of service (QS) performance.
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Fig. 6. Metrics of water supply utilities from 2016 to 2021.

By examining the size of these coloured regions, we can easily grasp
the respective contributions and relative significance of each dimen-
sion to the utility’s performance. Larger coloured regions within the
bars indicate superior performance in the corresponding dimensions,
highlighting the strengths of the utility in a given year. Conversely,
smaller coloured regions in the bars signify weaknesses of the utilities
in the dimensions they represent. This visual representation provides
a concise and intuitive means of comprehending the impact of each
dimension on the QS delivered by the utilities.

The contribution of each dimension to the QS performance of the
utilities effectively highlights the strengths and weaknesses of the
utilities, as evidenced by several examples. For instance, the bar chart
of the top-performing AdDP utility in Fig. 5 emphasised its inclusive-
ness, which remained consistently strong over the years. Inclusiveness
was also the primary strength for AdSA, AgDA and ICOVI across the
whole period. In contrast, for AN, AdVT and EPAL, the dimension of
safety emerges as the most significant throughout the analysed period.

12

This finding highlights the importance placed on safety in their QS
performance.

The importance of dimensions varies for the remaining utilities
over the years, indicating fluctuations in areas of improvement. This
variation underscores the dynamic nature of the utilities’ performance,
with dimensions exhibiting different levels of importance at different
points in time. It is worth noting that in this analysis, only one dimen-
sion emerged as a significant strength for each utility in a given year.
The weaknesses of the utilities can be identified among the remaining
dimensions.

Analysing this information is not always straightforward, as the
contribution values in a DMU assessment are not easily comparable
between different DMUs. These values represent relative importance,
holding significance only for the performance of each specific DMU.
We can examine the values of the safety dimension as an example of
this complexity. The results of the performance metrics of the water
supply utilities are displayed in Fig. 6. A look at the graph reveals that
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of the sector in all metrics for 2021.

the safety levels, represented by the indicator AAO4a (% safe water),
are consistently high in Portugal. All the wholesale utilities maintained
safety levels above 99% throughout the entire period. In particular, as
shown in Fig. 6, AdSA achieved the maximum value of 100% in safety
for all years.

However, in the comparative analysis with other DMUs, AdSA’s
main strength was identified as inclusiveness in the performance as-
sessment, rather than safety, as displayed in Fig. 5. Furthermore, it
is important to note that while AdSA performed better in terms of
safety compared to other utilities such as AdVT, EPAL, and AdN,
which identified safety as their main strength, we cannot definitively
claim that those utilities are safer than AdSA. In fact, it can be stated
that inclusiveness emerged as the strongest dimension for AdSA, while
safety remained the dominant dimension for AdVT, EPAL, and AdN.
Upon analysing the plots for the inclusiveness metrics, AAOla and
AAO2a, in Fig. 6, it is clear that AdSA stands out as a top performer for
both of them. It is important to note that while AAO4a and AAQ1la are
desirable metrics, with higher values indicating better results, AA02a is
an undesirable metric where lower values indicate better performance.

Lavigne et al. [100] highlight the complexity of such comparisons,
pointing out that a poorly performing DMU may exhibit a relative
strength in a specific metric, which could be a weakness for a highly-
performing DMU, despite the latter performing better overall in that
metric.

By considering both the importance of dimensions and the results
of the WUSQI, utilities can pinpoint areas that require improvement
and make informed decisions to enhance their overall service qual-
ity. A notable example is ICOVI’s decline in performance in 2021,
where decision-makers should concentrate on addressing identified
weaknesses. In this specific case, a closer examination of metric values
reveals a significant deterioration in ICOVI’s reliability. Specifically, the
number of supply failures per delivery point (AA03a) reached the high-
est level within the entire sample, indicating the worst performance in
this regard. This clear indication highlights a critical area for ICOVI to
prioritise and improve upon. The radar chart shown in Fig. 7 provides a
visual representation of ICOVI’s metrics in 2021, as well as the sector’s
average for the same year. These metrics have been normalised on a
scale that considers the sector’s average as 100 to ensure comparability.
Notably, the undesirable metric AAO3a demonstrates a significantly
poorer performance compared to the sector’s average in the same year.

One important aspect to consider when analysing the presented re-
sults is the role of the regulator in suggesting continuous improvement
actions for the utilities. Based on the performance of each utility in
different dimensions, the regulator can provide guidance to companies
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Fig. 8. Evolution of the Water Utility Service Quality Index (WUSQI) from 2016 to
2021 in wastewater utilities.

on how to improve their service quality. For instance, for utilities that
consistently underperform in specific metrics, the regulator can provide
targeted support to address the issue. This could include setting specific
targets for improvement, technical assistance or even imposing fines for
non-compliance. On the other hand, for utilities that excel in certain
dimensions, such as AdDP in inclusiveness, the regulator can recognise
their success and encourage them to share their best practices with
other utilities.

5.2. Results for wastewater utilities

This subsection displays and discusses the results of the assessment
for the group of utilities that provide wastewater services.

Fig. 8 illustrates the progression of the WUSQI in wastewater util-
ities between 2016 and 2021. In this analysis, ten DMUs emerged as
top performers, achieving the highest WUSQI score of 1. Notably, each
year included in the analysis featured its own set of top performers. In
2016, AMSTM and AdSA stood out, followed by AdSA in 2017, AdSerra
in 2018, AdSA in 2019, and both AdVT and SIMDOURO in 2020.
Lastly, in 2021 AMSTM, AdSerra, and TRATAVE claimed the top spot
in 2021. These utilities’ metrics for quality of service in those years can
serve as benchmarks for the wastewater sector. Additionally, AdSerra,
AdVT, SIMDOURO and TRATAVE consistently performed above the
sector’s average throughout the entire analysis period. On the other
hand, AdA, AdN, AgDA, and SIMARSUL, consistently fell below the
sector’s average. The other utilities exhibited more variability in their
performance across the period.

The visualisation presented in Fig. 8 proves to be a powerful tool
for detecting significant changes in performance. It enables the iden-
tification of utilities that have achieved relative stability over time,
exemplified by AdSerra, which consistently maintained a WUSQI value
between 0.992 and 1.000. On the other hand, it also highlights utilities
that have experienced remarkable variations, such as AMTSM. By
closely examining and analysing these variations and trends, decision-
makers can gain valuable insights into the underlying factors driving
performance fluctuations within the utilities. These insights can inform
strategic decision-making processes, allowing for targeted interventions
and improvement initiatives where they are most needed.

In the context of wastewater utilities, Fig. 9 displays the relative im-
portance assigned to each dimension based on their respective metrics,
which can be interpreted in the same way as in the water supply sector.

By examining the bar charts, we can gain insights into the relative
importance of various dimensions in the quality of service (QS) perfor-
mance of different utilities across different areas. AgDA, AMTSM and
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Fig. 9.

SIMARSUL, for example, exhibited consistent strength in inclusiveness
throughout the entire analysis period. On the other hand, AdN and SIM-
DOURO consistently showcased strong safety as their most significant
dimension across all the years under evaluation. The other utilities,
however, demonstrated more diversity in their primary strengths.

Notably, in the case of wastewater utilities, multiple strengths were
identified in each utility for a particular year, which distinguishes
them from the water supply sector. For instance, in 2021, AdSerra
showcased a relative importance of 38.97% in reliability, making it
its major strength for that year. This utility was also strong in in-
clusiveness that accounted for 35.10% of the relative importance in
this year. Transparency accounted for 15.83%, and responsiveness and
safety for 5.09% and 5.00%, respectively. These figures reveal the
main weaknesses for AdSerra in 2021, as safety and responsiveness
scored relatively lower compared to the other dimensions. Therefore,
AdSerra should prioritise improvement actions aimed at addressing
these weaknesses.

To gain a deeper understanding of the wastewater utilities’ re-
sults, it would be worth examining the factors that contributed to the
top-performing utilities’ success. Specifically, investigating the specific
policies or practices that the top performers implemented to reinforce
their strengths and achieve the highest WUSQI scores could provide
valuable insights. If commonalities among these utilities are identified,
they could be replicated by other wastewater utilities to enhance their
service quality.

Furthermore, it would be advantageous to investigate the variations
in the performance of other utilities and determine the factors that
contributed to their inconsistent service quality, such as the weak
reliability levels of many of the low-performing wastewater utilities.
It is possible that external factors, such as severe weather events like
heavy rainfall, may have influenced the reliability metric, which is
linked with flood occurrence in wastewater systems. Moreover, internal
factors like management practices and resource allocation could have
also impacted their performance.

Regulators can identify best practices and areas for improvement
by analysing the top-performing and bottom-performing utilities, as
well as those with more variability in their performance. This anal-
ysis can inform the development of policies and guidelines that pro-
mote continuous improvement in service quality across the wastewater
sector.
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5.3. Geographical distribution insights comparing water supply and wastew-
ater utilities

This subsection provides additional insights into the assessment re-
sults by highlighting the geographical distribution of the water utilities.
Specifically focusing on the year 2021, the analysis combines both
groups of utilities, aiming to support future improvement initiatives.

In Fig. 10, the maps depict the locations of each utility’s headquar-
ters along with their evaluation results for the latest year of analysis,
2021. The symbols used in the maps represent different performance
levels: a star indicates top-performing utilities, a top-pointing triangle
represents utilities performing above average except for the top per-
formers, and a bottom-pointing triangle represents utilities performing
below average. Additionally, the colour of each symbol signifies the
dimension in which the utilities excel, reflecting their main strength.

In Fig. 10, it is evident that wastewater utilities in the southern
regions of Portugal tend to perform below the sector’s average. This
observation is in line with the findings of Mergoni et al. [82], who
reported on the seasonal imbalances and droughts affecting this part
of the country and their impact on the waste collection and treatment
processes.

The results of the most recent year analysed reveal that inclu-
siveness and safety are the predominant strengths among utilities in
Portugal. Additionally, six companies, namely AdA, AdCl, AdN, AdSA,
AdVT, and AgdA, operate in both the water supply and wastewater sec-
tors. Remarkably, five of these companies consistently excel in the same
strength for both water supply and wastewater services. Specifically,
AdCl, AdSA, and AgdA demonstrate a strong emphasis on inclusiveness,
while AdA and AdN prioritise safety as their main strength. As these
companies operate in both water supply and wastewater segments, it
can be inferred that there is a consistent approach to management
practices across both areas. This alignment in priorities may indicate
a deliberate and strategic focus on inclusiveness and safety through-
out their operations. Such consistency in managerial practices across
sectors reflects a shared commitment to excellence and suggests the
presence of effective strategies in place to address these key dimensions.

6. Conclusion

This study proposes the Water Utility Service Quality Index
(WUSQI) as a composite indicator that reflects the quality of service
provided by water supply and sanitation utilities from a customer per-
spective. The WUSQI rests on the framework introduced by the World
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Bank’s ‘Utility of the Future’ (UoF) programme, which aims to reflect
the reliability, safety, inclusiveness, transparency and responsiveness
of the services offered by water sector companies. The Benefit-of-the-
Doubt (BoD) approach, based on Data Envelopment Analysis (DEA), is
employed to assign weights for aggregating various metrics. The Deck
of Cards method (DCM), a Multiple Criteria Decision Analysis (MCDA)
technique, is used to define the transparency metric, which was not
available in the examined data set.

We apply the WUSQI to assess the quality of Portuguese wholesale
water and wastewater firms and find that it is an effective tool for per-
forming a quality service level benchmarking exercise and uncovering
performance trends over time. While the UoF programme was origi-
nally designed to address water sector needs in developing countries,
this study showcases its applicability in a European context, specifically
within the water sector of Portugal. By selecting Portugal as a case
study, the study highlights the method’s capabilities and its relevance
in assessing service quality in a developed country setting.

The study’s findings have significant implications for the water sup-
ply and sanitation sector, where measuring and ensuring high levels of
service quality is crucial for public health and well-being. The WUSQI
can help utilities and regulators identify strengths and weaknesses,
set targets and track performance over time. By adopting a customer-
centred perspective and measuring quality along multiple dimensions,
the WUSQI encourages utilities to improve their services continuously
and to foster trust and satisfaction among customers. Compared to
value-centred broader approaches to determining service quality, the
WUSQI’s focus on the customer perspective represents a significant
advantage in terms of enhancing the knowledge of customers’ perceived
quality in an objective and effective way.

This study makes several innovative contributions to the literature.
First, it applies the BoD technique to measure the service quality of
water utilities from a customer perspective. Moreover, the AR-I weight
restrictions in the BoD model are utilised to reveal the relative impor-
tance of the various dimensions. The study also uses the UoF framework
as a basis for developing the methodology, which is a novel application
of this framework. Finally, the study develops a transparency metric
using DCM using ERSAR’s data set.

One notable strength of this study is the integration of expert
opinion in key stages of the methodology, such as the definition of
metrics and the construction of the transparency metric using the DCM.
This inclusion of expert input enhances the applicability of the study to
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the context of water wholesale utilities in Portugal. By incorporating
expert knowledge and insights, the study benefits from a comprehen-
sive understanding of the industry and can provide more accurate and
meaningful results.

One limitation of the study is that it does not consider the diverse
environments in which utilities operate. The regulator may need to take
this into account when analysing the results and developing improve-
ment strategies for the utilities. Additionally, changes in the regulatory
framework or market conditions may also affect the performance of the
utilities. Since these aspects were not the primary focus of our study,
we opted not to pursue them. Further works can explore contextual
analysis, providing more insights into the utilities’ performance and
addressing this limitation.

Subsequent studies could also focus on the group of utilities that
operate retail systems that are closer to end-users. Analysing the perfor-
mance of these utilities would provide valuable insights into the specific
challenges and opportunities they face in delivering water services
directly to consumers, thereby complementing the findings of this study
focused on wholesale utilities.

In conclusion, the WUSQI represents a valuable tool for assess-
ing and measuring the quality of water supply and sanitation ser-
vices, thereby contributing to the water sector’s improvement and
the achievement of the Sustainable Development Goals. The study’s
relevance lies in its emphasis on the importance of adopting a customer-
centred approach to service quality measurement, which encourages
further research on the subject, especially in the context of other public
services. It is expected that the WUSQI fosters collaboration and coor-
dination among stakeholders, leading to the provision of high-quality
and reliable water and sanitation services.
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Appendix A. Clarification on the directional distance function BoD
model

The Directional Distance Function (DDF) models are built with an
objective of simultaneously expanding outputs and contracting inputs
in accordance to a directional vector. Chung et al. [101] proposed
Model (A.1) including also undesirable outputs. In this model, i repre-
sents the number of inputs, ranging from 1 to m, k denotes the number
of undesirable outputs ranging from 1 to /, r represents the desirable
outputs ranging from 1 to s, and j stands for the number of DMUs
ranging from 1 to n. The variables are represented as follows: x;; for
inputs, b; for undesirable outputs, and y,; for desirable ones. Vector
g, presenting the components g,, g, and g, indicate the direction of
change towards the model’s objective. j, represents the DMU under
assessment. The objective function parameter 0, expresses the simulta-
neous contraction of inputs and undesirable outputs and the expansion
of desirable outputs. The vector 4; signifies the intensity variables,
indicating the extent to which all DMUs contribute to the assessment
of jg.

maximise 60 n
n

subject to Z ij’ljsxrjo_ 0 8xs i=1,....m
~
]n
byiA; =by; —0; g, k=1,...,1
jgl kj%j kjo Jjo8b (A.1)
n
Zyrjlj Zyrf()_ej()gw r=1,...s
=1
4; 20, j=1...n
0, €R

In this model, the equality constraint indicates that the undesirable
outputs are weakly disposable. This implies that an improvement in
undesirable outputs is only possible if a desirable output is reduced or
an input is increased. Inputs and desirable outputs are assumed to be
strongly disposable.

Zanella et al. [13] presented an adapted version of Model (A.1),
transforming it into a BoD model as shown in (A.2). This adaptation
involves considering a unitary level for input. Now, the vector g has
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only two dimensions, namely g, and g,.

maximise 6 o

n
subject to 2 A<,
j=1

n

P2 bjd; = by, — 05,85 k=1,...,1 (A.2)
n

2V 2 Vi = Oy r=l...s

J/I;IZO, j=1,....n

0, ER

Furthermore, Zanella et al. [13] introduced an enhancement to
Model (A.2), presented as (A.3). This modification involves trans-
forming the equality constraint into an inequality, relaxing the weak
disposability property. This adaptation enables the classification of
a DMU as best-performing when no further improvements in both
desirable and undesirable metrics are achievable. Additionally, the
constraint Z;’=1 4; < 1 is converted to an equality to allow the ag-
gregation of performance indicators expressed as ratios, as required in
composite indicators. A detailed explanation of the assumptions behind
this enhancement can be found in [13].
maximise 0{;0
subject to 2/1]- =1,

j=1

n

Z}bkﬂj <by =08,  k=1...1 A3)
n

Zy"j)“jzy"jo_ejogy’ r=1,...s

//1;]2 0, j=1,....n

0, €R

By the duality theory, the same model can be written in its dual
form as Model (A.4). The three constraints in (A.3) are associated to
the decision variables v, p, and u, in Model (A.4).

s !
minimise — Z Vrjolr + Z byjopk v
r=1 k=1

subject to

s ]
Zgyu, + Zgbpk =1
r=1 k=1 ;

- S y,ju,+2bkjpk+020, j=1...n (A4
r=1 k=1

u, >0, r=1,...,s

pr 20, k=1,...1

veR

Model (A.4) is equivalent to Model (1) employed in the calculation
of the composite indicator in this study. The variables u, and p, in the
dual model correspond to the weights associated to the desirable out-
puts (, j) and undesirable outputs (b, i) The variable v corresponds to
the weight associated with the dummy input, which can be interpreted
as a “helmsman”, endeavouring to guide the DMU under assessment
towards an optimised condition.

Appendix B. Results for water supply utilities - WUSQI and con-
tributions of each dimension.

See Table B.1.
Appendix C. Results for wastewater utilities - water utility service

quality index (WUSQI) and contributions of each dimension.

See Table C.1.
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Table B.1
Water supply utilities (WUSQI) and contributions of each dimension.
Company Year CI Relative importance of WUSQI dimensions
Inclusiveness Reliability Safety Responsiveness Transparency
2016 0.952 80.0% 5.0% 5.0% 5.0% 5.0%
2017 0.958 80.0% 5.0% 5.0% 5.0% 5.0%
AdSA 2018 0.957 80.0% 5.0% 5.0% 5.0% 5.0%
2019 0.958 80.0% 5.0% 5.0% 5.0% 5.0%
2020 0.959 80.0% 5.0% 5.0% 5.0% 5.0%
2021 0.955 80.0% 5.0% 5.0% 5.0% 5.0%
2016 0.972 10.0% 5.0% 75.0% 5.0% 5.0%
2017 0.970 10.0% 5.0% 75.0% 5.0% 5.0%
AdA 2018 0.846 80.0% 5.0% 5.0% 5.0% 5.0%
2019 0.984 10.0% 5.0% 65.0% 15.0% 5.0%
2020 0.977 10.0% 5.0% 75.0% 5.0% 5.0%
2021 0.986 10.0% 5.0% 65.0% 15.0% 5.0%
2016 0.965 10.0% 5.0% 75.0% 5.0% 5.0%
2017 0.978 10.0% 5.0% 65.0% 15.0% 5.0%
AdCL 2018 0.982 70.0% 5.0% 5.0% 15.0% 5.0%
2019 0.856 80.0% 5.0% 5.0% 5.0% 5.0%
2020 0.875 70.0% 5.0% 5.0% 15.0% 5.0%
2021 0.875 70.0% 5.0% 5.0% 15.0% 5.0%
2017 0.993 70.0% 5.0% 5.0% 15.0% 5.0%
2018 0.998 70.0% 5.0% 5.0% 15.0% 5.0%
AdDP 2019 0.995 70.0% 5.0% 5.0% 15.0% 5.0%
2020 0.996 70.0% 5.0% 5.0% 15.0% 5.0%
2021 1.000 70.0% 5.0% 5.0% 15.0% 5.0%
2016 0.884 10.0% 5.0% 75.0% 5.0% 5.0%
2017 0.942 10.0% 5.0% 75.0% 5.0% 5.0%
AdN 2018 0.840 10.0% 5.0% 65.0% 15.0% 5.0%
2019 0.961 10.0% 5.0% 65.0% 15.0% 5.0%
2020 0.961 10.0% 5.0% 65.0% 15.0% 5.0%
2021 0.966 10.0% 5.0% 65.0% 15.0% 5.0%
2016 0.901 10.0% 5.0% 65.0% 15.0% 5.0%
2017 0.840 10.0% 5.0% 65.0% 15.0% 5.0%
AdVT 2018 0.841 10.0% 5.0% 65.0% 15.0% 5.0%
2019 0.900 10.0% 5.0% 65.0% 15.0% 5.0%
2020 0.902 10.0% 5.0% 65.0% 15.0% 5.0%
2021 0.842 10.0% 5.0% 65.0% 15.0% 5.0%
2016 0.938 10.0% 5.0% 75.0% 5.0% 5.0%
2017 0.935 10.0% 5.0% 75.0% 5.0% 5.0%
AdVouga 2018 0.945 10.0% 5.0% 5.0% 5.0% 75.0%
2019 0.945 10.0% 5.0% 5.0% 5.0% 75.0%
2020 0.943 10.0% 5.0% 5.0% 5.0% 75.0%
2021 0.941 10.0% 5.0% 5.0% 5.0% 75.0%
2016 0.856 70.0% 5.0% 5.0% 15.0% 5.0%
2017 0.843 70.0% 5.0% 5.0% 15.0% 5.0%
AgDA 2018 0.841 70.0% 5.0% 5.0% 15.0% 5.0%
2019 0.886 80.0% 5.0% 5.0% 5.0% 5.0%
2020 0.896 70.0% 5.0% 5.0% 15.0% 5.0%
2021 0.917 80.0% 5.0% 5.0% 5.0% 5.0%
2016 0.851 10.0% 5.0% 65.0% 15.0% 5.0%
2017 0.850 10.0% 5.0% 65.0% 15.0% 5.0%
EPAL 2018 0.976 10.0% 5.0% 65.0% 15.0% 5.0%
2019 0.975 10.0% 5.0% 65.0% 15.0% 5.0%
2020 0.972 10.0% 5.0% 65.0% 15.0% 5.0%
2021 0.974 10.0% 5.0% 65.0% 15.0% 5.0%
2016 0.939 80.0% 5.0% 5.0% 5.0% 5.0%
2017 0.944 80.0% 5.0% 5.0% 5.0% 5.0%
1CovI 2018 0.944 80.0% 5.0% 5.0% 5.0% 5.0%
2019 0.945 80.0% 5.0% 5.0% 5.0% 5.0%
2020 0.946 80.0% 5.0% 5.0% 5.0% 5.0%
2021 0.830 80.0% 5.0% 5.0% 5.0% 5.0%
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Table C.1
Wastewater utilities - WUSQI and contributions of each dimension.
Company Year CI Relative importance of WUSQI dimensions
Inclusiveness Reliability Safety Responsiveness Transparency
2016 0.992 35.10% 38.97% 5.00% 5.09% 15.83%
2017 0.997 34.08% 39.03% 5.65% 5.10% 16.14%
AdSerra 2018 1.000 34.08% 39.03% 5.65% 5.10% 16.14%
2019 0.999 34.08% 39.03% 5.65% 5.10% 16.14%
2020 1.000 10.00% 38.30% 5.00% 5.50% 41.20%
2021 1.000 35.10% 38.97% 5.00% 5.09% 15.83%
2016 1.000 37.12% 38.57% 5.00% 5.00% 14.31%
2017 1.000 32.57% 46.37% 5.00% 5.00% 11.06%
AdSA 2018 0.932 10.00% 5.00% 5.00% 5.00% 75.00%
2019 1.000 40.83% 44.17% 5.00% 5.00% 5.00%
2020 0.996 40.83% 44.17% 5.00% 5.00% 5.00%
2021 0.922 80.00% 5.00% 5.00% 5.00% 5.00%
2016 0.906 80.00% 5.00% 5.00% 5.00% 5.00%
2017 0.894 70.00% 5.00% 5.00% 15.00% 5.00%
AdA 2018 0.908 80.00% 5.00% 5.00% 5.00% 5.00%
2019 0.872 10.00% 5.00% 75.00% 5.00% 5.00%
2020 0.888 10.00% 5.00% 65.00% 15.00% 5.00%
2021 0.881 10.00% 5.00% 75.00% 5.00% 5.00%
2016 0.950 80.00% 5.00% 5.00% 5.00% 5.00%
2017 0.941 10.00% 5.00% 75.00% 5.00% 5.00%
AdCL 2018 0.917 10.00% 5.00% 75.00% 5.00% 5.00%
2019 0.928 10.00% 5.00% 75.00% 5.00% 5.00%
2020 0.929 10.00% 5.00% 65.00% 15.00% 5.00%
2021 0.886 70.00% 5.00% 5.00% 15.00% 5.00%
2016 0.902 10.00% 5.00% 75.00% 5.00% 5.00%
2017 0.890 10.00% 5.00% 75.00% 5.00% 5.00%
AdN 2018 0.919 10.00% 5.00% 65.00% 15.00% 5.00%
2019 0.915 10.00% 5.00% 65.00% 15.00% 5.00%
2020 0.911 10.00% 5.00% 65.00% 15.00% 5.00%
2021 0.904 10.00% 5.00% 65.00% 15.00% 5.00%
2017 0.929 80.00% 5.00% 5.00% 5.00% 5.00%
2018 0.949 10.00% 5.00% 65.00% 15.00% 5.00%
AdTA 2019 0.935 70.00% 5.00% 5.00% 15.00% 5.00%
2020 0.929 10.00% 5.00% 65.00% 15.00% 5.00%
2021 0.925 70.00% 5.00% 5.00% 15.00% 5.00%
2016 0.951 70.00% 5.00% 5.00% 15.00% 5.00%
2017 0.959 10.00% 31.46% 38.54% 15.00% 5.00%
AdVT 2018 0.939 10.00% 5.00% 65.00% 15.00% 5.00%
2019 0.993 11.68% 32.12% 36.20% 15.00% 5.00%
2021 1.000 11.68% 32.12% 36.20% 15.00% 5.00%
2020 0.986 10.25% 40.55% 5.00% 15.00% 29.21%
2016 0.891 70.00% 5.00% 5.00% 15.00% 5.00%
2017 0.874 70.00% 5.00% 5.00% 15.00% 5.00%
AgDA 2018 0.846 70.00% 5.00% 5.00% 15.00% 5.00%
2019 0.849 70.00% 5.00% 5.00% 15.00% 5.00%
2020 0.800 80.00% 5.00% 5.00% 5.00% 5.00%
2021 0.878 70.00% 5.00% 5.00% 15.00% 5.00%
2016 1.000 77.87% 5.00% 5.00% 5.00% 7.13%
2017 0.845 74.76% 5.00% 6.28% 5.00% 8.96%
AMTSM 2018 0.836 74.30% 5.00% 5.00% 5.00% 10.70%
2019 0.828 80.00% 5.00% 5.00% 5.00% 5.00%
2020 0.927 80.00% 5.00% 5.00% 5.00% 5.00%
2021 1.000 80.00% 5.00% 5.00% 5.00% 5.00%
2017 0.917 70.00% 5.00% 5.00% 15.00% 5.00%
2018 0.923 70.00% 5.00% 5.00% 15.00% 5.00%
SIMARSUL 2019 0.892 70.00% 5.00% 5.00% 15.00% 5.00%
2020 0.878 70.00% 5.00% 5.00% 15.00% 5.00%
2021 0.912 70.00% 5.00% 5.00% 15.00% 5.00%
2017 0.939 10.00% 5.00% 75.00% 5.00% 5.00%
2018 0.954 10.00% 29.51% 50.49% 5.00% 5.00%
SIMDOURO 2019 0.939 10.00% 5.00% 75.00% 5.00% 5.00%
2020 1.000 10.00% 29.51% 50.49% 5.00% 5.00%
2021 0.958 10.00% 5.00% 65.00% 15.00% 5.00%
2016 0.970 80.00% 5.00% 5.00% 5.00% 5.00%
2017 0.988 70.00% 5.00% 5.00% 15.00% 5.00%
TRATAVE 2018 0.988 70.00% 5.00% 5.00% 15.00% 5.00%
2019 0.991 70.00% 5.00% 5.00% 15.00% 5.00%
2020 0.996 10.00% 5.00% 5.00% 5.00% 75.00%
2021 1.000 49.03% 35.97% 5.00% 5.00% 5.00%
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