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Abstract

Urban water utilities face increasing pressure to ensure sustainable, resilient, and efficient service
provision under conditions of water scarcity, climate change, and growing regulatory demands. In
Mediterranean regions, these challenges are further exacerbated by structural water stress, ageing
infrastructure, and the need to transition towards circular water management models aligned with
Sustainable Development Goal 6 (SDG 6).

This study proposes an integrated multi-criteria framework for sustainability and circular economy
assessment in public water utilities, linking circular water economy strategies with water resilience
objectives. The framework combines SDG 6-oriented indicators, environmental footprint analysis,
ecosystem services assessment, social responsibility metrics, infrastructure performance indicators,
and backcasting analysis within a Multi-Criteria Decision Analysis (MCDA) approach. Heatmap-based
visualization is employed to support comparative assessment and enhance the interpretability of results.

The methodology is applied to two real public water utilities in Mediterranean urban contexts. Due to
confidentiality constraints, the case studies are anonymized and referred to as Utility 1 and Utility 2.
Results reveal distinct sustainability and circularity profiles, highlighting trade-offs and synergies
between environmental performance, circular resource use, infrastructure robustness, and governance-
related dimensions. The comparative analysis illustrates how different configurations of circular water
management strategies contribute to enhanced water resilience, while also revealing context-specific
limitations and strategic priorities.

The framework offers a replicable and adaptable decision-support tool for public water utilities seeking
to operationalize sustainability, circularity, and resilience objectives. By integrating diverse indicator
domains within an MCDA-based assessment, the approach supports evidence-based planning and
strategic decision-making in water-scarce regions and comparable urban contexts.

1. Introduction

Urban water services are increasingly challenged by the combined effects of climate change,
demographic pressure, ageing infrastructure, and rising expectations regarding environmental
performance and social responsibility.

In Mediterranean regions, these pressures are amplified by structural water scarcity, high interannual
variability of precipitation, and recurrent drought episodes, which expose vulnerabilities in conventional
water supply and management models (Mekonnen and Hoekstra 2016; Albrecht et al. 2018). As a result,
public water utilities operating in these contexts are required not only to ensure service reliability, but
also to contribute actively to broader sustainability and resilience objectives, making sure that water use
is done within limits and conservation practices are enhanced (Bach et al. 2014).
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Moreover, utility companies have the important role to act as a pivotal sector to strengthen and guide the
path towards sustainability in the applied policy domain. The main reasons are that their practices have
a big impact (positive or negative) to the urban resources flow, manage critical resources such as water
and energy, they are impacted by political, social and environmental factors and usually are the first
subjects of new public policy frameworks, especially in regards to sustainability and circularity (D’Amato
et al. 2019). This is even more marked in the public sector due to the tight link it has with governance
and social legitimacy, making it even more mandatory for public utilities to incorporate transparent
performance assessments regarding their social and environmental practices (Caputo and Fasiello
2024).

In response to these challenges, the concept of the circular economy has gained increasing attention in
the water sector as a pathway to decouple service provision from resource depletion and environmental
degradation (Geissdoerfer et al. 2018; Korhonen et al. 2018). Circular water economy strategies
encompass a wide range of practices, including water reuse, energy recovery, resource valorization,
demand management, and nature-based solutions, all of which aim to enhance system efficiency while
reducing environmental impacts (van der Hoek 2012; Van Der Hoek et al. 2016). However, the
implementation of circular approaches in water utilities remains uneven, often constrained by
institutional fragmentation, regulatory barriers, and the lack of integrated assessment tools capable of
capturing system-wide effects (Makropoulos and Butler 2010; Nika et al. 2020).

Beyond efficiency gains, recent literature highlights the importance of linking circular water management
strategies with water resilience objectives, particularly in water-scarce regions (Rodina 2019; Butler et al.
2017). Water resilience refers to the capacity of water systems to anticipate, absorb, adapt to, and
recover from disturbances while maintaining essential functions.

In this context, circularity and resilience should be understood as complementary rather than
independent goals, requiring integrated analytical frameworks capable of assessing trade-offs,
synergies, and long-term system robustness (Joss et al. 2017; Kallis 2010).

Sustainable development goal 6 as an integrated framework for water utilities assessment

The United Nations Sustainable Development Goal 6 (SDG 6) provides a comprehensive global
framework for addressing water-related challenges, encompassing access to water and sanitation, water
quality, efficiency, ecosystem protection, governance, and international cooperation (Programme 2018).
For public water utilities, SDG 6 offers a valuable reference structure to align operational performance
with sustainability objectives at multiple scales (Gain et al. 2016; Allen et al. 2016).

Despite its relevance, the operationalization of SDG 6 at the utility level remains challenging. Existing
monitoring approaches often rely on fragmented indicator sets that fail to capture interdependencies
between technical, environmental, social and governance dimensions (Nilsson et al. 2016k et al. 2016).
Moreover, SDG indicators are typically designed for national-level reporting, requiring adaptation and
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contextualization to support decision-making at the scale of urban water and sanitation services
(Mannina et al. 2022).

Recent studies advocate for the integration of SDG 6 indicators within broader sustainability assessment
frameworks that account for system interactions, trade-offs, and context-specific priorities (Van
Leeuwen and Sjerps 2015). In Mediterranean regions, such integrated approaches are particularly
important given the tight coupling between water availability, ecosystem services, infrastructure
performance, and socio-economic conditions (Garrick et al. 2017; Grizzetti et al. 2016).

From fragmented indicators to integrated multi-dimensional assessment frameworks

Traditional sustainability assessments in the water sector have frequently focused on isolated
performance dimensions, such as technical efficiency, water losses, or financial indicators, often
overlooking broader environmental and social implications (Singh et al. 2012; Pires et al. 2017; Malagé
et al. 2021a). While these approaches provide valuable insights, they are insufficient to support strategic
decision-making in complex and dynamic contexts characterized by multiple objectives and competing
priorities. This is even more relevant for public water and sanitation companies that are tied to political
and social dynamics and have a service-led operation that in many cases is below market prices, which
ends up adding constraints to the already complex decision-making scenario (Endo et al. 2017;
Mekonnen and Hoekstra 2016).

Integrated assessment frameworks seek to overcome these limitations by combining diverse indicator
domains within a coherent analytical structure (Malagé et al. 2021a). Such frameworks enable the
simultaneous consideration of environmental footprints, ecosystem services, social responsibility,
governance quality, and infrastructure resilience, thereby reflecting the multi-dimensional nature of
sustainability in urban water systems (Grizzetti et al. 2016; Tiedmann et al. 2024).

Multi-Criteria Decision Analysis (MCDA) has emerged as a particularly suitable methodological approach
for integrated sustainability assessment in the water sector, due to its ability to handle heterogeneous
indicators, incorporate stakeholder preferences, and support transparent comparison across alternatives
(Cinelli et al. 2014; Dolan et al. 2021). When combined with advanced visualization techniques, such as
heatmaps, MCDA can further enhance the interpretability of results and facilitate communication with
decision-makers (Malagé et al. 20214; Liquete et al. 2013).

Research gap, objectives and contribution of the study

Although significant progress has been made in developing sustainability indicators and assessment
frameworks for water utilities, important gaps remain. In particular, there is a lack of operational
methodologies that integrate circular economy principles, water resilience considerations, and SDG 6-
aligned indicators within a unified decision-support framework applicable at the utility level (Rodina
2019; Calleros-Islas 2012). Moreover, empirical applications of such integrated approaches to concrete
sectors and organizations, especially in water-scarce Mediterranean contexts, remain limited.
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This study addresses these gaps by proposing and applying an integrated multi-criteria framework for
sustainability and circular economy assessment in public water utilities. The framework combines SDG
6-oriented indicators, environmental footprint analysis, ecosystem services assessment, infrastructure
performance metrics, and backcasting analysis within an MCDA-based approach supported by heatmap
visualization. The methodology is applied to two real public water utilities operating in a Mediterranean
context characterized by recurrent water scarcity and increasing climate stress.

Working with public utilities is also meant to address a relevant gap in sustainability assessment, which
is to incorporate the social dimension within the assessment since the design of the methods, with an
operative and decision-oriented nature (Calleros-Islas 2012). The social dimension of sustainability is
still commonly overseen or added as an afterthought, but in the case of public utilities it is more
important that it is included to reflect the service-led instead of a profit-led management. This means
that public utilities are, in a broad sense, more prone to include concrete and accessible governance and
social legitimacy mechanisms, even if done to comply with current law and public policy frameworks
(Caputo and Fasiello 2024).

Due to confidentiality constraints, critical infrastructure protection and in compliance with research
ethics, the utilities where the methodology was tested are anonymized throughout the manuscript.

By linking circular water economy strategies with water resilience objectives, the study contributes to
advancing operational tools for evidence-based planning and strategic decision-making in public water
services. The proposed framework is designed to be adaptable and replicable, offering relevance for
water utilities facing similar sustainability and resilience challenges in other regions.

2. Materials and methods

The proposed methodology is designed as an integrated assessment framework to evaluate
sustainability, circularity, and water resilience in the water supply and sanitation sector, specifically in
public water utilities. It combines indicator-based assessment with Multi-Criteria Decision Analysis
(MCDA) and scenario-oriented backcasting to support strategic decision-making under conditions of
uncertainty and water scarcity (Belton and Stewart 2002; Martin-Lépez et al. 2014). The framework
addresses the multi-dimensional nature of sustainability by integrating environmental, social, technical,
economic and governance-related dimensions within a unified analytical structure (Malago et al. 2021a).

The methodological workflow consists of six main steps: (i) selection and structuring of sustainability
and circular economy indicators aligned with SDG 6; (ii) data collection and normalization; (iii) definition
of evaluation criteria and weighting schemes; (iv) application of MCDA for integrated performance
assessment; (v) visualization of results using heatmap-based representations; and (vi) backcasting
analysis to explore strategic pathways towards enhanced circularity and water resilience. This stepwise
approach ensures transparency, replicability, and adaptability to different utility contexts (Cinelli et al.
2014, Brunner and Rechberger 2016; Ellen MacArthur Foundation 2015; Maziotis and Molinos-Senante
2025a).
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2.2. Case study selection and anonymization

The framework was applied to two public water utilities operating in urban Mediterranean contexts. The
selected utilities are characterized by comparable regulatory and climatic conditions, while exhibiting
differences in size, infrastructure characteristics, resource availability, operational practices, and
governance arrangements (Maziotis and Molinos-Senante 2025b; Batty 2018). This contrast enables a
meaningful comparative assessment while maintaining a consistent contextual background.

Due to confidentiality constraints, the identities of the utilities and the cities in which they operate are not
disclosed. Throughout the manuscript, the case studies are referred to as Utility 1 and Utility 2. This
anonymization approach also follows research ethics and is commonly adopted in applied sustainability
research involving field-gathered operational data regarding critical infrastructures and resources (which
include all water management facilities), and does not affect the validity or robustness of the
comparative analysis.

System boundaries and operational scheme of the compared public water utilities

To support the comparative assessment developed in this study, Fig. 1 presents the operational and
administrative system boundaries adopted for the two public water utilities analyzed. The figure
synthesizes the main stages of the urban water cycle considered in the study and clarifies the input and
output flows that were accounted in the integrated sustainability and circularity assessment (ISO
14046:2014 - Environmental management — Water footprint — Principles, requirements and guidelines
n.d.; ISO 14040:2006 - Environmental management — Life cycle assessment — Principles and framework
n.d.; Arana-Landin and Heras-Saizarbitoria 2011).

As shown in Fig. 1, the system begins with catchment and adduction, where the main raw water sources
enter the utilities, including surface water, groundwater, and rainwater. These flows are subsequently
transferred to the treatment stage, which comprises the main potable water processes, namely
coagulation, flocculation, filtration, and disinfection. Once treated, water enters the stages of storage and
rechlorination. Finally, water is sent to distribution and consumption stages, where water is delivered to
end users. The analysis also includes the wastewater treatment stage, covering conveyance, treatment
and discharge, as well as a complementary component for system administration, associated with
administrative water consumption and related indirect operational uses.

Figure 1 also identifies the main internal and external flows used to structure the analysis. The water to
be treated (A) represents the raw water abstracted and conveyed into the treatment system; treated
water (B) refers to the potable water transferred across storage, distribution, and final use stages;
residual sludge (C) represents the main solid by-product generated during drinking water treatment;
untreated wastewater / treated wastewater (D) represents the wastewater flows generated after
consumption and managed within the sanitation system. This flow-based representation provides a
common analytical structure for comparing both utilities under a shared system boundary.
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The incorporation of this scheme is methodologically relevant because it shows which processes are
included in the assessment and how the different material and water flows are connected throughout
the service chain. In this way, Fig. 1 facilitates the interpretation of the indicators presented in the
following sections and supports the comparability of the two case studies under a harmonized
operational framework.

2.3. Indicator system design
SDG 6-oriented indicators

The indicator system was structured around SDG 6 — Clean Water and Sanitation, which provides a
comprehensive framework for addressing water availability, quality, efficiency, ecosystem protection, and
governance (Programme 2018; Gain et al. 2016). Indicators related to water-use efficiency, non-revenue
water, service coverage, and water quality were selected to capture core operational and sustainability
aspects relevant to public water utilities.

Given that SDG 6 indicators are primarily designed for national-level reporting, they were adapted to the
utility scale following recommendations from previous studies on local SDG implementation (Allen et al.
2016k et al. 2016).

Environmental footprint indicators

Environmental performance was assessed using indicators related to water footprint and carbon
footprint, reflecting both direct and indirect resource use and emissions associated with water service
provision (Mekonnen and Hoekstra 2016; ISO 14046:2014 - Environmental management — Water
footprint — Principles, requirements and guidelines n.d.). These indicators capture pressures on water
resources and climate-related impacts, which are particularly relevant in Mediterranean water-scarce
contexts (Mekonnen and Hoekstra 2016).

Ecosystem services indicators

To account for interactions between water services and natural systems, indicators related to ecosystem
services were incorporated, focusing on regulating and supporting services such as water regulation,
ecosystem integrity, and environmental flows (Grizzetti et al. 2016; Gomez-Baggethun and Barton 2013).
This component allows the framework to move beyond purely technical performance and consider
broader environmental sustainability implications.

Circular economy indicators

Circular economy indicators were included to evaluate the extent to which utilities adopt strategies
related to resource efficiency, water reuse, energy recovery, and material valorization (Geissdoerfer et al.
2018; Van Der Hoek et al. 2016). These indicators reflect the operationalization of circular water
economy principles at the utility level and their contribution to reducing linear resource flows.
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Social responsibility and governance indicators

Social and governance dimensions were captured through indicators related to transparency,
stakeholder engagement, occupational health and safety, customer communication, and institutional
capacity (Ferguson et al. 2013). These aspects are increasingly recognized as critical enablers of
sustainability transitions in public service provision (Allen et al. 2016).

Infrastructure and operational performance indicators

Infrastructure-related indicators addressed asset condition, operational robustness, and system
efficiency, recognizing the role of infrastructure performance in both sustainability and resilience
outcomes (Makropoulos and Butler 2010). These indicators are particularly relevant for assessing
adaptive capacity under climate stress and demand variability.

Data collection, normalization and aggregation

Data for the selected indicators were obtained from operational records and internal monitoring systems
of the utilities. To enable comparability across indicators with different units and scales, all indicator
values were normalized using a min—max transformation, resulting in dimensionless scores ranging
from 0 (lowest performance) to 1 (highest performance), following established practices in sustainability
assessment (Singh et al. 2012; Pires et al. 2020; Blancas et al. 2010).

Normalized indicator scores were grouped into thematic categories corresponding to the main
sustainability dimensions, allowing both disaggregated and aggregated analysis.

2.4. Multi-Criteria Decision Analysis (MCDA)

MCDA was employed as the core analytical tool to integrate heterogeneous indicators into a composite
sustainability and circularity assessment (Cinelli et al. 2014). A weighted linear aggregation method was
applied, enabling transparent combination of indicator scores while preserving interpretability.

Weights were assigned at the criteria level to reflect the relative importance of different sustainability
dimensions. In the absence of stakeholder-derived weights, equal weighting was adopted as a baseline
scenario, a common approach in exploratory sustainability assessments (Malago et al. 2021a).
Sensitivity analysis was conducted to assess the influence of alternative weighting schemes on the
relative performance of the two utilities.

To enhance the interpretability and communicability of results, MCDA outputs were visualized using
heatmap representations. Heatmaps enable intuitive comparison across utilities and sustainability
dimensions by mapping performance scores to color gradients (Malagoé et al. 2021b). This visual
approach supports the identification of strengths, weaknesses, trade-offs, and complementarities
between the two utilities, facilitating engagement with decision-makers and practitioners.
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2.5. Backcasting analysis for circularity and water
resilience pathways

Backcasting analysis was applied to explore strategic pathways towards enhanced circularity and water
resilience (Robinson 1990; Quist and Vergragt 2006). Rather than projecting current trends forward,
backcasting starts from desired future sustainability states and identifies actions and milestones
required to achieve them.

In this study, backcasting was used to contextualize MCDA results within longer-term transition
pathways, highlighting priority interventions and governance considerations for public water utilities
operating under water-scarce conditions. This approach supports the integration of short-term
performance assessment with long-term strategic planning (Butler et al. 2017; Makropoulos and Butler
2010).

Table 1 summarizes the main methodological steps of the proposed integrated assessment framework.
The table highlights how diverse analytical components (ranging from indicator-based assessment and
MCDA to heatmap visualization and backcasting) are combined to support sustainability, circularity, and
water resilience assessment in public water utilities.
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Table 1

Summary of the integrated methodological framework.

Step

01

02

03

04

05

06

07

08

09

Methodological
component

Case study
selection and
anonymization

Indicator system
design

Environmental
footprint
assessment

Ecosystem
services
assessment

Circular economy
assessment

Social
responsibility and
governance
assessment

Infrastructure and
operational
performance

Data normalization
and aggregation

Multi-Criteria
Decision Analysis

Description

Selection of two real public water
utilities operating in Mediterranean
urban contexts; anonymization
applied due to confidentiality
constraints (Utility 1-2).

Development of a multi-
dimensional indicator system
aligned with SDG 6, covering
environmental, circular economy,
ecosystem services, social,
governance, and infrastructure
dimensions

Assessment of water and carbon
footprints to capture resource use
and climate-related impacts of
water service provision.

Inclusion of ecosystem service
indicators related to water
regulation, environmental flows, and
ecosystem integrity.

Evaluation of circular water
economy strategies, including
resource efficiency, water reuse,
energy recovery, and material
valorization.

Analysis of transparency,
stakeholder engagement,
occupational safety, and
institutional capacity indicators.

Assessment of infrastructure
condition, system efficiency, and
operational robustness relevant for
sustainability and resilience.

Normalization of indicators using
min—max scaling to ensure
comparability across
heterogeneous metrics.

Integration of indicators using
weighted linear aggregation;
baseline equal weighting and
sensitivity analysis applied.
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(Programme 2018)

(Programme 2018; Gain et al.
2016k et al. 2016)

(Mekonnen and Hoekstra
2016; 1SO 14046:2014 -
Environmental management
— Water footprint —
Principles, requirements and
guidelines n.d.)

(Grizzetti et al. 2016; Gomez-
Baggethun and Barton 2013)

(Geissdoerfer et al. 2018; van
der Hoek 2012)

(Ferguson et al. 2013)

(Makropoulos and Butler
2010; Butler et al. 2017)

(Singh et al. 2012; Pires et al.
2020)

(Cinelli et al. 2014; Malagé et
al. 2021a)




Step Methodological Description Main data source
component
10 Heatmap-based Visual representation of MCDA (Malagbé et al. 2021a)
visualization results using heatmaps to support
comparative analysis and
interpretability.
11 Backcasting Exploration of long-term circularity (Robinson 1990; Quist and
analysis and water resilience pathways Vergragt 2006; Butler et al.
starting from desired future states. 2017)

Source: Prepared by the author based on the literature review.

3. Results

3.1. SDG 6 performance across the two public water
utilities

The SDG 6-oriented assessment reveals differentiated performance profiles across the two public water
utilities, reflecting variations in operational practices, infrastructure characteristics, and management
approaches within a shared Mediterranean context. Figure 2 presents the comparative performance of
the two anonymized utilities across selected SDG 6-related dimensions, including water-use efficiency,
service quality and reliability, and governance and access. The heatmap highlights contrasts in

operational efficiency and governance-related performance, illustrating how SDG 6 indicators capture
core aspects of water service provision while revealing heterogeneous performance profiles.

The heatmap illustrates differentiated performance across key SDG 6 dimensions, highlighting stronger
efficiency- and reliability-related performance for Utility 1 and comparatively higher governance- and
access-related performance for Utility 2.

Overall, Utility 1 exhibits comparatively stronger performance in indicators related to water-use efficiency
and service reliability, suggesting effective operational control and demand management practices.
Utility 2 shows a more balanced but moderately lower performance across most SDG 6 dimensions,
particularly in efficiency-related indicators. These results illustrate the added value of using SDG 6 as a
structured reference framework, while also highlighting the need to complement SDG indicators with
additional dimensions to capture circularity and resilience aspects more comprehensively.

3.2. Environmental performance: water and carbon
footprint

Environmental footprint analysis provides further insight into the sustainability performance of the
utilities beyond SDG 6 indicators. Figure 3 summarizes the environmental footprint performance of the
two utilities, focusing on operational water footprint, energy-related emissions, and system losses. The
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heatmap representation enables an integrated comparison of direct and indirect environmental
pressures associated with water service provision, complementing efficiency-oriented SDG 6 indicators.

The values shown in the heatmap correspond to normalized comparative performance scores, with
higher values indicating better environmental performance.

Utility 1 achieves consistently higher scores across all three dimensions (0.79, 0.76, and 0.74), indicating
lower relative environmental pressure per unit of service delivered. By contrast, Utility 2 records lower
scores (0.63, 0.60, and 0.58), reflecting comparatively higher water footprint intensity, greater energy-
related emissions, and a less favorable losses profile. These differences are likely associated with
variations in operational efficiency, energy use, pumping requirements, and infrastructure characteristics.

The results confirm the value of integrating footprint indicators into sustainability assessments, as they
capture indirect environmental pressures not fully represented by conventional efficiency metrics.

3.3. Ecosystem services assessment

The ecosystem services assessment reveals clear differences in the extent to which water service
operations are aligned with environmental protection and ecosystem integrity objectives.

Figure 4 illustrates the performance of the two utilities with respect to ecosystem services—related
indicators, including environmental flows, ecosystem protection, and territorial integration. Utility 2
performs relatively well in indicators related to ecosystem protection and environmental flows,
suggesting stronger integration of these considerations within operational and planning processes.
Utility 1 displays more moderate performance in ecosystem service indicators, indicating potential
opportunities to strengthen ecosystem-based management practices.

These results point towards the relevance of including ecosystem services indicators in sustainability
assessments. This is particularly relevant in water-scarce Mediterranean regions where ecological
pressures are significant.

The heatmap compares normalized performance scores for environmental flows, ecosystem protection,
and territorial integration. Results indicate stronger ecosystem-related performance for Utility 2,
suggesting greater alignment with ecosystem-based management objectives.

3.4. Comparative performance across circularity,
governance, and infrastructure dimensions

The comparative assessment of circularity, governance, and infrastructure performance reveals that the
two anonymized public water utilities show distinct and non-linear sustainability profiles. Rather than
converging toward a single pattern of performance, the results suggest that each utility combines
specific strengths and weaknesses across these complementary dimensions. This finding is particularly
relevant from an analytical perspective, as it confirms that sustainability performance in public water
services cannot be adequately captured through isolated technical or environmental indicators alone.
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Instead, it requires an integrated perspective capable of simultaneously accounting for organizational,
operational, and circularity-related dynamics.

In relation to circular economy performance, the comparison points to differentiated patterns of maturity
and implementation. Utility 2 appears to perform more favourably in aspects associated with resource
efficiency, reuse practices, and the valorization of internal flows, suggesting a stronger orientation
towards applied circularity strategies. By contrast, Utility 1 shows a more moderate but still consistent
circular economy profile. Importantly, these differences should not be interpreted only in terms of the
number of indicators considered, as both utilities show a similar degree of coverage in the assessment
framework. As summarized in Table 2, Utility 1 incorporated 18 circular economy indicators and
achieved full circular value chain coverage, whereas Utility 2 incorporated 17 indicators and achieved a
partial coverage. This indicates that the comparatively stronger circularity profile of Utility 2 is less a
function of broader scope and more of a favorable performance in the implementation of the strategies.
In this sense, the results suggest that the depth and effectiveness of circular practices may be more
decisive than the extensiveness of its formal coverage alone.

A similar pattern is observed in the governance and social responsibility dimension. The results indicate
that Utility 2 performs comparatively better in aspects related to transparency, stakeholder engagement,
and institutional capacity. This points to a governance configuration that is more conducive to the
implementation of circularity strategies. Utility 1 also demonstrates a robust governance profile;
however, its comparative performance appears somewhat less pronounced in these enabling
dimensions.

Moreover, the evidence summarized in Table 2 introduces an important qualification to this
interpretation, as Utility 1 is characterized by a higher level of sustainability communication mechanisms,
whereas Utility 2 is classified at a medium level. This highlights the importance of understanding
governance not as a single-variable attribute, but as a multidimensional and internally differentiated
category, where its elements — institutional strength, stakeholder interaction and communication
capacity —, do not necessarily evolve in parallel. Accordingly, the results suggest that both utilities
possess governance-related assets that are expressed through different organizational configurations.

The clearest differentiation between the two cases is observed in the dimension of infrastructure
performance and operational robustness. Here, Utility 1 demonstrates a more favourable profile,
particularly in relation to infrastructure condition, asset performance, and operational efficiency. This
result is consistent with the characterization presented in Table 2, where Utility 1 is classified as robust
and Utility 2 as intermediate in the infrastructure and asset performance assessment.

From a resilience perspective, this finding is especially significant, as it suggests that Utility 1 currently
benefits from a stronger technical and operational base capable of supporting service reliability under
existing conditions and, potentially, greater adaptive capacity under future stress scenarios. Utility 2,
although comparatively stronger in circularity and governance-related dimensions, appears to face
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greater limitations in infrastructural robustness, which may constrain the long-term consolidation of its
sustainability performance if not addressed through targeted investment and operational reinforcement.

These results demonstrate that the two utilities do not occupy fixed positions within a simple hierarchy
of sustainability performance. Instead, they reflect contrasting but internally coherent performance
profiles. Utility 1 is characterized by stronger infrastructure robustness and more stable operational
performance, while Utility 2 shows greater comparative strength in circular economy implementation
and several governance-related dimensions. This distinction is important because it reinforces the value
of multidimensional assessment frameworks — such as the one developed in this study. More
specifically, it shows that high performance in one dimension does not automatically translate into
superiority across the whole system, and that meaningful comparison requires attention to the trade-offs
and complementarities that emerge between technical, organizational, and circularity-oriented criteria.

A broader interpretation of these findings helps explain why the overall comparative assessment cannot
be reduced to environmental footprint metrics or to SDG 6-related efficiency indicators alone. The
differentiated profiles observed across circularity, governance and infrastructure dimensions suggest
that sustainability and water resilience are shaped by the interaction of enabling institutional conditions,
resource management strategies, and the material robustness of service provision systems. Therefore,
these dimensions should be understood not as secondary complements to the assessment, but as
constitutive elements of utility performance under a circular and resilience-oriented perspective.

3.5. Integrated MCDA results and comparative analysis

The integrated MCDA results, synthesized in Fig. 5, present the aggregated outcomes of the Multi-
Criteria Decision Analysis, combining environmental, circular economy, governance, and infrastructure
dimensions. The heatmap enables a synthetic comparison of overall sustainability and circularity
performance across the two utilities, highlighting trade-offs and complementarities between
dimensions.

The figure presents normalized comparative scores for environmental, circular economy, governance,
and infrastructure dimensions, together with the overall MCDA score. Results highlight trade-offs and
complementarities across dimensions: Utility 1 achieves the higher overall score, mainly driven by
stronger environmental and infrastructure performance, whereas Utility 2 performs better in circular
economy and governance-related dimensions.

Utility 1 achieves the higher overall MCDA score, driven primarily by strong operational efficiency and
infrastructure performance. Utility 2 attains a slightly lower overall score, supported by stronger circular
economy and governance-related performance.

Importantly, the integrated assessment highlights trade-offs between dimensions, illustrating that higher
performance in one area does not automatically translate into overall sustainability or resilience. These
findings provide a robust empirical basis for the subsequent discussion on the role of integrated
assessment frameworks in supporting strategic decision-making for public water utilities.
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Table 2 reports selected quantitative and qualitative indicators commonly used in sustainability
assessment studies to complement the aggregated MCDA results. Quantitative indicators are expressed
using relative units (e.g., per employee) to ensure comparability across utilities and preserve
confidentiality. When exact numerical values are not directly comparable across cases, structured
qualitative categories are applied. This approach enhances empirical transparency while maintaining
analytical robustness and confidentiality.

Table 2
Selected quantitative sustainability and circular economy indicators across the two anonymized utilities.
Assessment Indicator Unit / scale Utility Utility 2
dimension 1
Environment & SDG SDG 6-aligned indicators Number 25 31
6 assessed
Carbon footprint GHG emissions per employee  tCO,-eq/ 9.97 22.25
employee * year
Water footprint Water footprint per employee M3 / employee 39 0.74
*
year
Circular economy Circular economy indicators Number 18 17
assessed
Circular value chain coverage Qualitative Full Partial
(raw materials — recycling)
Ecosystem services Ecosystem services Qualitative Applied  Applied
assessment framework
Territorial impact neutrality Qualitative Yes Partial
approach
Communication & Sustainability communication  Qualitative High Medium
governance mechanisms
Infrastructure Infrastructure and asset Qualitative Robust  Intermediate
performance assessment

Source: Prepared by the author.

Table 2 provides selected quantitative and qualitative indicators to contextualize and support the
aggregated MCDA results. The indicators highlight contrasting sustainability profiles across the two
utilities, with Utility 1 exhibiting stronger performance in operational efficiency and infrastructure
robustness, while Utility 2 demonstrates higher maturity in circular economy implementation, ecosystem
services integration, and governance-related dimensions. This complementary evidence reinforces the
value of combining indicator-based analysis with MCDA and heatmap visualization to capture multi-
dimensional sustainability and resilience patterns.

4. Discussion
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The results confirm the relevance of integrated multi-criteria frameworks for capturing the multi-
dimensional nature of sustainability, circular economy, and water resilience in public water utilities. By
combining SDG 6-oriented indicators with environmental footprints, ecosystem services, governance,
and infrastructure performance within an MCDA-based structure, the proposed framework overcomes
limitations associated with fragmented or single-dimension assessments commonly applied in the water
sector (Singh et al. 2012k et al. 2016).

The comparative analysis of the two utilities demonstrates that sustainability performance cannot be
adequately characterized through isolated efficiency metrics alone. Instead, the results reveal
differentiated sustainability profiles shaped by trade-offs between operational efficiency, environmental
pressures, circular economy maturity, governance arrangements, and infrastructure robustness. This
finding aligns with recent studies emphasizing the need for integrated assessment approaches capable
of reflecting system-wide interactions and competing objectives in urban water systems (Malago et al.
2021a; Moraté Farreras et al. 2023).

Importantly, the MCDA framework enables transparent aggregation of heterogeneous indicators while
preserving interpretability through heatmap visualization. This dual analytical-visual approach supports
not only comparative assessment but also communication with decision-makers, addressing a critical
gap identified in applied sustainability research for public utilities (Cinelli et al. 2014).

Interpreting trade-offs between efficiency, circularity, and governance

The results highlight clear trade-offs between sustainability dimensions, particularly between operational
efficiency, circular economy performance, and governance-related factors. Utility 1 achieves higher
overall MCDA scores driven primarily by strong infrastructure condition and operational efficiency,
reflecting effective asset management and service reliability. In contrast, Utility 2 demonstrates stronger
performance in circular economy and governance dimensions, including ecosystem services integration
and strategic alignment with sustainability objectives.

These contrasting profiles illustrate that higher efficiency or infrastructure robustness does not
automatically translate into superior circularity or environmental integration. This finding reinforces
arguments in the literature that sustainability transitions in the water sector require coordinated progress
across technical, organizational, and institutional dimensions rather than isolated optimization of
individual performance indicators (Korhonen et al. 2018; Rodina 2019).

The governance-related strengths observed in Utility 2 appear to play an enabling role in advancing
circular economy practices and ecosystem-based management, even where infrastructure-related
performance is comparatively lower. This supports previous research highlighting governance capacity,
stakeholder engagement, and institutional coherence as key drivers of sustainability and resilience in
public water services (Allen et al. 2016).

Complementarity of SDG 6 indicators and extended sustainability dimensions
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While SDG 6 provides a robust and widely recognized framework for assessing water-related
sustainability, the results demonstrate its limitations when applied in isolation at the utility level. SDG 6
indicators effectively capture core aspects of service provision, such as efficiency, reliability, and access,
but are less sensitive to circular economy practices, indirect environmental pressures, and ecosystem
service interactions.

By complementing SDG 6-oriented indicators with environmental footprint analysis, ecosystem services
assessment, and circular economy metrics, the proposed framework provides a more comprehensive
representation of sustainability performance. This integrated approach responds directly to calls in the
literature for adapting and extending SDG indicators to support decision-making at sub-national and
organizational scales (Van Leeuwen and Sjerps 2015; Nilsson et al. 2016).

The findings suggest that such hybrid indicator systems are particularly relevant in water-scarce
Mediterranean contexts, where sustainability outcomes are tightly coupled with ecological conditions,
long-term infrastructure performance, and governance arrangements. This reinforces the importance of
context-specific assessment frameworks that move beyond standardized indicator reporting (Grizzetti et
al. 2016; Garrick et al. 2017).

Implications for strategic decision-making and water resilience

The integration of MCDA with backcasting analysis enhances the strategic relevance of the framework
by linking current performance profiles with long-term transition pathways. Rather than ranking utilities
in a static manner, the framework supports identification of priority intervention areas and potential
leverage points for improving sustainability and water resilience.

For example, the results suggest that utilities with strong operational efficiency and infrastructure
performance may benefit from targeted investments in governance mechanisms and circular economy
initiatives to enhance long-term resilience. Conversely, utilities exhibiting higher circularity and
governance maturity may need to address infrastructure vulnerabilities to ensure robustness under
increasing climate stress.

These insights align with emerging perspectives on water resilience that emphasize adaptive capacity,
diversity of strategies, and long-term system robustness rather than short-term efficiency gains alone
(Butler et al. 2017). The framework thus offers practical value for public water utilities seeking to
balance immediate operational priorities with longer-term sustainability and resilience objectives.

Methodological limitations and future research directions

As with any applied sustainability assessment, the proposed framework has limitations that warrant
consideration. First, the analysis relies on data derived from internal operational and sustainability
assessments, which may vary in scope, resolution, and methodological detail across utilities. While
normalization and anonymization procedures were applied to ensure comparability, some degree of
contextual specificity is unavoidable.
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Second, the weighting scheme adopted in the MCDA was based on equal weighting in the absence of
clear stakeholder-derived preferences. Although sensitivity analysis suggests that the main comparative
patterns are robust, future applications could benefit from participatory weighting processes involving
utility managers, regulators, and other stakeholders.

Finally, the empirical application focuses on two utilities operating within a shared Mediterranean
context. While this enhances internal consistency and depth of analysis, further applications across a
broader range of institutional and climatic contexts would strengthen the framework and support its
refinement.

Future research could explore dynamic extensions of the framework, incorporating temporal analysis,
stress testing in specific scenarios, or integration with digital decision-support tools to further enhance
its applicability in rapidly evolving water management contexts.

5. Conclusions

This study proposed and applied an integrated multi-criteria framework for assessing sustainability,
circular economy, and water resilience in public water utilities operating in water-scarce Mediterranean
contexts. By combining SDG 6-oriented indicators with environmental footprint analysis, ecosystem
services assessment, governance and infrastructure performance metrics, and backcasting within a
Multi-Criteria Decision Analysis (MCDA) approach, the framework addresses key limitations of
fragmented sustainability assessments commonly used in the water sector.

The empirical application to two anonymized public water utilities demonstrates that sustainability
performance is inherently multi-dimensional and shaped by trade-offs between efficiency, circularity,
governance, and infrastructure robustness. The results show that strong operational efficiency and
infrastructure condition do not necessarily coincide with higher circular economy maturity or ecosystem
integration, underscoring the importance of integrated assessment approaches capable of capturing
complementary and sometimes competing sustainability dimensions.

The use of heatmap-based visualization in combination with MCDA proved particularly effective in
enhancing the interpretability and communicability of results. This visual—-analytical integration supports
transparent comparison, facilitates engagement with decision-makers, and strengthens the operational
relevance of sustainability assessments at the utility level. Moreover, the incorporation of backcasting
analysis links current performance profiles with long-term transition pathways, enabling utilities to
identify strategic priorities and leverage points for enhancing resilience under increasing climate stress
and resource constraints.

From a practical perspective, the proposed framework offers a replicable and adaptable decision-
support tool for public water utilities seeking to operationalize sustainability, circularity, and resilience
objectives within their planning and management processes. Its modular structure allows adaptation to
different institutional, regulatory, and climatic contexts, while preserving methodological consistency.
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Future research should focus on expanding empirical applications across a wider range of contexts,
integrating participatory weighting and stakeholder engagement processes, and exploring dynamic
extensions of the framework through temporal analysis and scenario-based assessments. Such
developments would further strengthen the contribution of integrated multi-criteria approaches to
evidence-based decision-making in the water sector.
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Ecosystem services—related performance of two anonymized public water utilities. Prepared by the
author
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Integrated MCDA results and comparative heatmap analysis for two anonymized public water utilities.
Prepared by the author.

Page 28/28



