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Review 

Status and perspectives of sustainability indicators 
applied in the water sector
Daniela Fighir1, Wei Wang2, Taher Ahmadi3 and  
Brindusa Sluser1

This review examines 74 original articles published between 
2023 and partially 2026 in the Scopus database, focusing on 
how sustainability indicators are conceptualised and applied to 
support circular economy transitions in the water sector. 
Recent literature shows a rapidly expanding suite of 
assessment tools, ranging from life cycle and circularity metrics 
to indicators of water productivity, resource recovery potential, 
wastewater reuse efficiency and governance-oriented 
frameworks embedded in Water-Energy-Food-Environment 
nexus approaches. Emerging trends point toward increasingly 
multidimensional and integrated indicator systems, yet ongoing 
challenges, such as energy-circularity trade-offs, fragmented 
regulatory environments and difficulties in adapting indicators 
to diverse socio-economic and ecological contexts, limit wider 
implementation. The review highlights priority directions for 
advancing the field, including the development of harmonised 
yet flexible indicator sets, stronger alignment across 
governance levels, and the wider adoption of digital monitoring 
tools to enable real-time assessment and evidence-based 
decision-making in circular water systems.
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Introduction
Managing water systems sustainably has become one of the 
defining challenges of our time. To support this discussion, 
it is important to clarify what sustainability entails. 
Sustainability is the principle of fulfilling present needs 
while preserving the environmental, social and economic 
foundations that allow future generations to thrive. It re
quires managing resources responsibly and confronting 
global challenges such as climate disruption, ecosystem 
decline, resource scarcity and social inequity [1]. As climate 
change, resource scarcity and urbanisation reshape hydro
logical realities, the water sector is shifting from narrow ef
ficiency goals to integrated circular economy frameworks 
that promote resource reuse, social acceptance, economic 
resilience and policy coherence [2]. Sustainability indicators 
have therefore evolved from basic technical metrics to 
multidimensional tools that diagnose system performance, 
reveal trade-offs and guide actionable interventions. Over 
the past decade, it has become clear that no single indicator 
can fully capture the complexity of water sustainability. 
Foundational methods such as Life Cycle Assessment 
(LCA) and Life Cycle Costing (LCC) remain indispensable 
[3,4], but their techno-centric focus is now complemented 
by social and governance dimensions, including public at
titudes, community stewardship, institutional coherence and 
cross-sectoral interdependencies [5–8]. As circular economy 
thinking continues to expand, particularly through the 
growing landscape of R-strategies, it provides a critical 
foundation for developing more comprehensive and future- 
oriented sustainability indicators in the water sector, en
abling organisations to measure better, manage and accel
erate their transition towards circular and low-carbon water 
systems [9].

Recent assessment frameworks increasingly integrate 
scenario-based and stakeholder-informed components to 
strengthen alignment with the United Nations 
Sustainable Development Goals (UNSDGs) and enable 
more robust benchmarking across diverse contexts [10]. 
One such framework demonstrates how a multi-layered, 
stakeholder-driven assessment can capture technical, 
environmental, economic, social and governance di
mensions while supporting SDG-aligned scenario eva
luation [11]. Advances in water-treatment and resource- 
recovery technologies further highlight the need for in
dicator systems capable of assessing environmental, 
economic and socio-institutional performance in an 
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integrated manner [12,13]. Persistent tensions remain, 
especially where the high energy demands of advanced 
technologies highlight that circularity does not auto
matically ensure sustainability. These complexities un
derscore the need for balanced, transparent evaluation 
methodologies and ongoing innovation [14].

This review synthesises recent advances and emerging in
sights from the latest literature to inform the development 
of next-generation sustainability indicators, robust and 
adaptable tools intended to guide policy and practice toward 
a more circular, resilient and socially inclusive water sector. 
The review structures its findings across five thematic do
mains: a) sustainability indicators and metric development, 
b) technological and infrastructural innovations, c) govern
ance and policy coherence, d) nexus-oriented assessment 
methodologies and e) empirical case studies across diverse 
regions and institutional contexts.

Methodology
This review systematically examines how sustainability 
indicators, circular-economy principles and technological 
innovations intersect in the water sector. A comprehen
sive literature search was conducted in the Scopus da
tabase from October 2025 to March 2026, using the 
following search string: ("circular economy") AND 
("water sector") AND ("indicator" OR "sustainability in
dicator") AND ("sustainability"). Quoted phrases pre
served multiword concepts, OR grouped synonyms 
within parentheses and AND combined concept groups 
to enhance precision. In this review, the term water sector 
is used broadly to encompass urban water systems (in
cluding water supply, wastewater treatment and reuse), 
as well as agricultural and industrial water uses, re
flecting the cross-sectoral nature of circular economy 
strategies. The search identified 411 relevant publica
tions for initial screening. These were first assessed for 
relevance, and restricting the publication date to ≥ 2023 
reduced the pool to 256 articles. The final selection 
comprised solely original research articles aligned with 
the review’s thematic scope. From these, 74 studies 
were retained based on thematic relevance, indicator use 

and keyword alignment. The review followed Preferred 
Reporting Items for Systematic Reviews and Meta- 
Analyses 2020 guidelines for reporting systematic re
views, including the use of a Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses‑compliant 
flow diagram to document identification, screening, 
eligibility and inclusion steps [15]. Figure 1 summarises 
the screening process and presents the total number of 
studies included in the review.

Results and discussion
Case studies and global patterns: insights from 
sustainability indicators
To provide a structured overview of the selected literature, 
Table 1 presents the case studies approached within the 
research articles grouped by thematic category: (a) waste
water treatment and resource recovery, (b) Agricultural 
water reuse, (c) industrial water reuse, (d) Nexus and gov
ernance frameworks and (e) decentralised and alternative 
water systems. Within each category, the case studies are 
listed by geographic region and publication year. This or
ganisation reflects the analytical structure of the subsequent 
discussion and enables a coherent comparison of sustain
ability indicators and findings across contexts.

Table 1 summarises only the key case studies and their 
associated sustainability indicators.

Across all thematic categories, several cross-cutting pat
terns emerge. Energy intensity and greenhouse gas 
(GHG) emissions remain persistent concerns, particu
larly in wastewater treatment and decentralised systems, 
where resource recovery often entails elevated energy 
demands. Governance and institutional readiness con
sistently function as either enablers or constraints, 
especially in contexts involving decentralised infra
structure or cross-sectoral coordination. Additionally, 
social acceptance, regulatory coherence and economic 
feasibility are critical determinants of success across both 
technological and policy-driven interventions. These 
findings highlight the importance of multidimensional 
indicator frameworks that integrate environmental, 

Abbreviations

LCA life cycle assessment
LCC life cycle costing
eLCC Environmental Life Cycle Costing
UNSDGs United Nations Sustainable Development 

Goals
CAPA index Circular Agriculture Priority 

Assessment Index
GHG greenhouse gas
MCDA multi-criteria decision analysis
PIR Policies, Institutions, and Regulations

DPSIR Driving Forces-Pressure-State-Impact-Response
WRRF wastewater resource recovery facilities
PRISMA Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses
GWP Global Warming Potential
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DWGT Diagnostic Water Governance Tool
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socio-economic and institutional dimensions to support 
effective transitions to the circular economy.

Figure 2a shows the geographic distribution of the 29 
case studies analysed in detail in Tabel 1, with the lar
gest contributions from Italy, India and Spain. Only case 
studies for which the country of implementation was 
explicitly specified in the original articles were included 
in this figure. Figure 2b presents the geographical dis
tribution of all 74 research articles included in the re
view, based on the corresponding authors’ affiliation.

Sustainability indicators and metrics in the water sector
Recent literature reveals substantial diversification in 
sustainability indicators for water systems. Frameworks 
are shifting beyond conventional engineering perfor
mance metrics to integrate dimensions of circularity, 
LCA and socio-institutional context. Common indicator 
categories include:

Environmental indicators
Environmental metrics remain central to water-sector 
assessments, with LCA serving as the methodological 
standard. Frequently employed indicators encompass 

GHG emissions and climate change contributions [42], 
energy demand and intensity associated with treatment 
and distribution operations, eutrophication potential, 
ecotoxicity and resource depletion [19], as well as water 
footprint and freshwater appropriation indices [4]. No
tably, recent studies show that circular water reuse does 
not always reduce environmental burdens; in some 
contexts, increased energy or chemical inputs may offset 
anticipated benefits [3]. Holistic water cycle studies like 
those from Shenzhen’s illustrate how energy-GHG ac
counting and scenario modelling help identify emission 
hotspots and support low-carbon planning [46]. Com
parative LCA studies of drinking-water treatment show 
that chemicals drive toxicity impacts while electricity 
dominates Global Warming Potential, highlighting the 
need for multi-criteria assessment to avoid impact 
shifting [23]. LCA studies of potable-reuse systems show 
that nutrient and energy recovery reduce Global 
Warming Potential, reinforcing the need for multi-cri
teria indicators [47].

Circularity indicators
The integration of circular economy frameworks has 
propelled the development of novel circularity metrics, 

Figure 1  
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including the water circularity ratio[2], resource flow 
tracking for water, nutrients, carbon and materials [48]
and indicators of circular action [13]. Specific valuation 
frameworks, such as circular water value, are utilised in 
the assessment of brine reuse, further broadening the 
evaluative scope [28]. Recent critiques of widely used 
circularity indicators, like the Material Circularity In
dicator, highlight significant limitations, such as sin
gle‑cycle assumptions and insensitivity to energy and 
material quality, underscoring the need for next‑gen
eration indicators capable of capturing multi‑cycle re
source retention, system‑wide impacts [49]. Emerging 
value-impact frameworks complement these efforts by 
distinguishing between environmental burdens and cir
cular value creation, offering a tool for assessing trade- 
offs often overlooked by conventional metrics [50].

Socio-economic indicators
There is increasing acknowledgement that sustainability 
assessments must encapsulate socio-economic variables, 
such as LCC, eLCC, capital and operational ex
penditures, public acceptance and awareness [5,43], in
stitutional readiness and governance capacity [33], as 
well as water security indices [32]. The literature em
phasises that technical feasibility alone is insufficient; 
socio-economic context, financial structuring and policy 
coherence are frequently determinants in driving suc
cessful circular economy transitions. Evidence from 
India shows that the treated wastewater reuse for 
groundwater recharge yields substantial environmental 
and socio-economic benefits, highlighting the need for 
multi-dimensional indicators [51]. Urban water-metabo
lism analyses, such as the Paju study, show how circular 

Figure 2  

Current Opinion in Environmental Sustainability

a

b

Geographical distribution of selected original articles: (a) by case studies, (b) by the corresponding author’s country.  
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strategies like wastewater recycling, demand manage
ment and loss reduction can enhance water efficiency, 
self-sufficiency and supply diversification, underscoring 
the value of context-specific water-security indicators in 
circular-water planning [52]. Emerging social LCA ap
plications in desalination demonstrate how social in
dicators can complement environmental and economic 
metrics in evaluating circular water systems [53].

Governance and institutional indicators
Governance-related indicators have become central to 
interpreting enabling conditions for circularity. 
Instrumentation for measuring governance quality in
cludes policy coherence assessment tools [6], Policies- 
Institutions-Regulations analyses [33], stakeholder in
tegration metrics and traceability mechanisms within the 
water cycle [48]. Such frameworks elucidate the decisive 
role of multi-level institutional alignment and cross- 
sectoral coordination in sustainable resource manage
ment. Nexus‑based optimisation studies, such as the 
Lebanon Water-Energy-Food‑nexus framework, further 
demonstrate how SDG‑aligned, multi‑objective model
ling can reveal trade‑offs among water availability, en
ergy transitions, food self‑sufficiency, carbon emissions 
and economic costs, supporting integrated governance in 
resource‑constrained contexts [54].

Technological and infrastructural innovations measured 
through sustainability indicators
Wastewater treatment plants are increasingly re
conceptualised as resource-recovery hubs, with in
dicator-based assessment revealing trade-offs between 
enhanced nutrient and water recovery and higher energy 
inputs [13]. Photobioreactors, biogas systems and hy
drothermal liquefaction show strong potential for redu
cing carbon footprints and generating economic value 
[17,55,56]. Decentralised circular solutions remain viable 
but face governance and legal constraints, while sus
tainability indices help optimise system sizing and 
emissions reductions [18,38,39]. Recent analyses show 
that wastewater treatment plants can supply substantial 
reclaimed water, energy and nutrient‑rich by‑products, 
with economies of scale significantly improving recovery 
potential [57]. Algal-bacterial aerobic granular sludge 
systems further demonstrate the shift toward integrated 
resource recovery, enabling water reuse, nutrient re
cycling, energy generation and biomaterial production 
[58]. Membrane‑based processes also contribute to water 
reuse and reduced environmental impacts, though their 
wider adoption is limited by energy demand, fouling and 
operational cost [59]. Emerging innovations such as ad
vanced process controls [12], salinity gradient energy 
conversion [41] and net-negative water-energy nexus 
systems [20] expand the technological landscape for 
circular economy implementation.

Governance, policy coherence and institutional 
indicators
Effective implementation of the circular economy in the 
water sector requires aligned governance, coherent 
policy frameworks and active societal engagement. Key 
factors include policy coherence and institutional align
ment for integrated decision-making, robust regulatory 
frameworks to standardise practices and social accep
tance to support sustained adoption. Collectively, these 
elements create the enabling conditions necessary for 
both the feasibility and long-term impact of circular in
terventions.

Circular economy outcomes in the water sector are in
tricately shaped by policy interplay spanning water, en
ergy, agriculture and waste management. Analytical 
instruments such as the policy coherence assessment 
framework enable identification of sectoral synergies and 
conflict zones (nexus hotspots), necessitating integrated 
governance [6]. Persistent regulatory fragmentation re
mains a significant impediment to the advancement of 
wastewater reuse and resource recovery [33]. Standar
dised risk and product quality indicators are increasingly 
recognised as a mechanism to bridge regulatory gaps 
[60]. Collective behavioural responses and public per
ception are critical for the successful implementation of 
circular innovations; the literature documents the im
portance of societal knowledge, stewardship and accep
tance, particularly in relation to high-profile 
interventions such as desalination [5,43]. Building on 
these foundations, recent research shows that govern
ance functions not only as an enabling condition but as 
the central driver of circular economy transitions in the 
water sector. Digital governance tools such as Diagnostic 
Water Governance Too illustrate how algorithm‑based 
diagnostics can alleviate capacity constraints and 
strengthen multi‑level coordination [61], while the wa
ter‑smart society framework reinforces the need for in
clusive governance, long‑term planning and 
cross‑sectoral alignment [62]. Developments in the 
Spanish water sector further demonstrate how digitali
sation is reshaping governance structures, operational 
practices and the design of performance indicators, 
highlighting the transformative role of data‑driven 
management approaches [63]. Emerging evidence 
highlights that institutions must adopt indicators tailored 
to biogeochemical resource flows, as modified circularity 
metrics reveal systematic underestimation of nitrogen 
and water recovery when conventional material-based 
metrics are applied [64]. Integrated modelling ap
proaches, from urban metabolism analyses (e.g. Suzhou) 
to Water, Energy and Carbon Emission‑Nexus optimi
sation in Beijing, demonstrate that cross‑sectoral tra
de‑offs across water, energy, emissions and costs become 
visible only under coherent governance structures 
[65,66]. National‑level assessments, such as those from 
Saudi Arabia, further show that policy coherence and 
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cross-sectoral alignment are essential for circular 
economy transitions in resource-intensive contexts [67]. 
At the organisational scale, utilities continue to face ca
pacity constraints, including limited technical skills, 
staffing shortages and rigid procurement processes, 
which hinder the implementation of efficiency and 
sustainability measures [68]. Economic analyses of cir
cular economy-oriented upgrades, such as Scale-up of 
low-carbon footprint MAterial Recovery Techniques in 
existing wastewater treatment PLANTs, indicate that 
tariff design, regulatory incentives and markets for re
covered products are decisive for financial viability [69]. 
Complementary studies propose SDG-aligned brine- 
management indicators for evaluating desalination sus
tainability [70], while the Ceara hydrogen case illustrates 
how governance and water-supply choices shape en
vironmental outcomes, with recycled water out
performing desalination [71]. Although reclaimed‑water 
reuse offers clear benefits such as nutrient recycling and 
drought resilience, uptake remains constrained by weak 
demand and regulatory‑financial barriers [72]. Taken 
together, these findings underscore that technological 
readiness alone is insufficient; circularity ultimately de
pends on institutional capacity, regulatory coherence and 
governance arrangements capable of scaling and sus
taining circular strategies.

Nexus approaches and multidimensional indicator 
frameworks
Water’s interdependencies with energy, food and ecosys
tems are increasingly measured through nexus indicators. 
Advanced indicator frameworks, exemplified by the Circular 
Agriculture Priority Assessment index, facilitate integrated 
planning for resource recovery at macro scales [14], while 
nexus-oriented circular economy strategies reveal synergistic 
possibilities such as coupling wastewater-to-energy and 
floating solar photovoltaic [73]. Insights from Singapore’s 
integrated governance showcase the significance of cross- 
sectoral coordination [7].

The Driving Forces-Pressure-State-Impact-Response 
(DPSIR) conceptual model effectively links socio-economic 
drivers to environmental impacts and institutional responses 
in transboundary settings [31]. Composite indicators in
tegrating energy, water and emissions are increasingly used 
to evaluate net-negative interventions, particularly in chal
lenging environments such as the Himalayan urban context 
[20,40,42]. Multi‑level nexus frameworks, such as deci
sion‑pyramid approaches that integrate molecule, process 
and governance‑level interactions, further demonstrate how 
cross‑scale synergies and trade‑offs can be captured to sup
port coordinated decision‑making across water, energy and 
food systems [74].

Conclusions
Recent advances reveal a clear shift towards integrating 
environmental, circularity, socio-economic and 

governance indicators within unified assessment frame
works. These multidimensional tools enable compre
hensive evaluation of trade-offs and synergies in water- 
sector sustainability. Despite progress, the lack of a 
standardised, widely adopted set of indicators continues 
to hinder comparability across regions and technologies.

Circularity strategies have shown promise in enhancing re
source recovery and efficiency; yet they do not inherently 
guarantee improved environmental outcomes. Energy-in
tensive processes and decentralised systems may increase 
GHG emissions or operational complexity. This underscores 
the need for indicators that rigorously account for energy 
use, environmental impacts and socio-economic dimensions.

Governance consistently emerges as a decisive factor, 
often more influential than technical readiness, in de
termining the success of circular economy initiatives. 
Integrated and adaptive governance structures are es
sential for scaling innovation and enabling long-term 
transformation. In parallel, digitalisation is advancing the 
development of dynamic, real-time sustainability me
trics that support system resilience and operational effi
ciency. Context specificity and equity also remain 
critical, as geographic, institutional and socio-economic 
conditions shape the feasibility and effectiveness of 
circular interventions. While robust regulatory frame
works in high-income regions often facilitate im
plementation, low- and middle-income contexts may 
face institutional, financial, or social barriers.

Looking ahead, the development of scientifically robust 
yet practical and regionally adaptable indicator systems 
will be essential. Strengthening governance through 
cross-sectoral coordination and regulatory alignment, 
alongside integrating renewable energy into resource 
recovery, can help mitigate trade-offs between circu
larity and environmental performance. Ultimately, socio- 
economic and behavioural factors such as public accep
tance, equity and stakeholder engagement will play a 
pivotal role in determining the long-term success of 
circular economy strategies in the water sector. Finally, 
this review is subject to methodological limitations, as 
reliance on a single search string and database may have 
excluded using alternative terminology or indexed 
elsewhere, indicating that future reviews would benefit 
from broader search vocabularies and multiple databases.
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