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Water is our most valuable and precious resource, yet it is only available in a limited amount. Sustainable
use of water can therefore only operate in a circular way; nonetheless, still today depletion of water
resources proceeds at an accelerated pace. Here, we quantitatively assess the water circular economy
and the status of water management across 132 countries distributed over six continents by introducing
the water circular economy index, WCEI, based on the three pillars of water circular economy,
i.e., decreasing, optimising, and retaining. This index relies on eight indicators such as water stress, tap
water price, water use efficiency, the degree of water resource management, proportion of safely
treated wastewater, population with access to safe drinking water, drinking water quality, and surface
water changes in hydrological basins. It allows ranking 132 countries, and most importantly to identify
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criticalities and bottlenecks in the sustainable use of water resources across the six continents, pointing
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Key learning points

at possible directions and actions towards a fully circular economy of water.

(1) Recognize the importance of a water circular economy (WCE) in sustainable water management.
(2) Explore key components of a WCE, including reducing consumption, optimizing utilization, and retaining resources.
(3) Evaluate the WCE across 132 countries via a comprehensive index with three pillars and eight indicators.

—

)
4) Identify challenges and barriers hindering widespread WCE adoption.
)

—

Introduction

Water is at the epicentre of socio-economic development and
ultimately underpins the success or failure of each and every
Sustainable Development Goal (SDG).! SDGs are the heart of
the 2030 agenda for sustainable development, an initiative
embraced by all United Nations member states in 2015 that
serves as a blueprint for peace and prosperity for people and
the planet, now and into the future. SDGs are 17 goals that
include 169 associated targets aiming at extending the achieve-
ments of the Millennium Development goals, embodying an
integrated and indivisible approach that harmonizes the eco-
nomic, social, and environmental dimensions of sustainable
development.” The importance of water is reflected in SDG6
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5) Understand the impact of integrating renewable energy into water treatment and its design considerations.

(clean water and sanitation for all). This SDG aims to ensure
universal access to clean water and sanitation, improve water
quality by minimizing pollution, enhance water-use efficiency
across sectors, protect and restore water-related ecosystems,
foster international cooperation for sustainable water manage-
ment, and implement integrated water resource management
to achieve a world where everyone enjoys the benefits of safe
water and sanitation.’

Water determines food and energy production, industrial
output, the quality of our lives and the environment where we
live. Yet, water scarcity and inadequate access to clean water
remain among the most urgent, pervasive and impactful pro-
blems afflicting people throughout the world.* Along with
population increase, economic growth and shifts in consump-
tion patterns, which have intensified the demand for water
resources, the inability to recognize the real value of water is
possibly the main cause of its misuse and waste.”> Against this
background, valid strategies for implementing a circular econ-
omy (CE) approach in the water sector are still in their infancy.®

The significance of transitioning from a linear economy of
take-make-waste to a CE that closes loops in ecosystems and
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minimises waste’ has never been more apparent than in the
present era, despite this concept originating in the 1990s.% In a
CE concept, water is appreciated at its full value and perceived
as a finite resource and as an input for other processes.” In the
context of water, a transition to a CE can avoid misusing water,
valorising it as a resource, and promote water reuse as an
alternative water supply,” on par with the use of pristine water.
In this context, the three pillars of water circular economy
(WCE) have been proposed to be decreasing (using less water),
optimising (efficient use of water), and retaining (keeping
water, materials, and energy).'® In other words, the primary
objectives of WCE encompass minimising water, energy, and
valuable substance losses, enhancing water efficiency and
productivity, promoting the re-use of treated wastewater, and
effectively safeguarding and alleviating pressure on water-
related ecosystems.'’ While this has been widely advocated
and recognized, its assessment in a quantitative way is still
seldom pursued. This manuscript presents a novel methodol-
ogy, based on a simple, compact index, the Water Circular
Economy Index (WCEI), that systematically and quantitatively
assesses the status of WCE in 68% of the countries across the
six continents, i.e. the 132 countries for which data availability
is sufficiently large to allow computation of the WCEIL This
analysis thoroughly assesses the differences in how water is
used and valorised across the world and highlights the oppor-
tunities arising by establishing a WCE both on a local and a
global scale.

Identifying criticalities in the water
cycle

We start by geographically mapping the current water con-
sumption rates per capita for each individual country and
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averaging them by continent, via two distinct geographical
maps (Fig. S1, ESIT), in order to gain an immediate estimation
of the countries and continents which acknowledge the value of
water and those which overuse it. This representation provides
an absolute scale on water use, which immediately highlights
critical spots (e.g., Turkmenistan, Fig. Sia, ESIt), but fails to
determine or identify correctly the factors behind each coun-
try’s water consumption. For example, water consumption
in Northern America is the highest continental consumption,
yet, it also occurs in a world region with large water supplies
and with a high industrial and agricultural development level;
thus, the high water consumption does not indicate, alone,
criticality.

In order to analyse water consumption in a more meaning-
ful way, we perform an analysis based on the open accessible
water database from the Food and Agriculture Organization of
the United Nations (FAO),"> and we turn to the concept of water
stress, as a measure of the ratio of freshwater withdrawal vs.
available freshwater resources, which we plot as a function of
the gross domestic product (GDP) and population density for
each country (Fig. 1). We analyse 178 countries across the six
continents, excluding Antarctica due to limited available data
and the absence of inhabiting nations and rank them according
to four major levels of risk based on water stress values vs. four
levels of population density (Fig. 1(a)) and four levels of GDP
(Fig. 1(b)). Furthermore, Fig. 1(c) simultaneously shows water
stress vs. population density and GDP based on each continent
(for the legend on exact data points for each country, see Table
S1, ESIf). Human civilization emerged and evolved alongside
water bodies, and water directly impacts the population dis-
tribution worldwide."® As shown in Fig. 1(c) on the top right,
densely populated countries have approximately more water
stress. However, the effect of other impacts, such as climate and
water management strategies, is equally important. For instance,
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Fig. 1 The water stress (%) of different countries vs. (a) population density (inhab km™2) and (b) GDP (USD per inhab). (c) Worldwide water stress vs.
population density and GDP based on each continent.

despite being sparsely populated, Saudi Arabia experiences extreme annual rainfall is less than 100 mm, and the high evaporation rates
water stress primarily due to its arid climate. The country’s average  limit the availability of surface water sources. The over-extraction of
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groundwater resources makes it challenging for Saudi Arabia to
meet the water demands of its population and various sectors,
relying heavily on desalination and water importation to mitigate
water scarcity.'* On the other hand, Belgium, despite having a
higher population density, maintains relatively low water stress
levels, mainly attributed to the country’s climate with higher
rainfall and robust water management practices." Yet, population
density has a detrimental impact on drinking water quality and
supply efficiency due to congestion problems.'® Moreover, rapid
population growth due to urbanization and industrialization com-
monly occurs in many countries’ lowland regions, making the flat
beds of river basins more susceptible to being polluted."” Interest-
ingly, the analysis does not reveal statistically strong correlations
between water stress and GDP among the different countries.
Although the countries with higher GDP are probably able to invest
more capital in addressing their water stress, the impact of GDP
itself as a motive for more industrialization, which in turn results
in more pressure on the environment and water resources, cannot
be neglected.

Water circular economy index (WCEI)

In order to establish a deeper picture of water circular economy
around the globe, we introduce the water circular economy
index, WCEI, based on the three pillars of water circular
economy (WCE) to assess water use circularity and efficiency
in different countries across the six continents. As observed in
Fig. 2, the WCE pillars considered are: (i) decreasing (avoid,
reduce, and replace), (ii) optimising (reuse, recycle, and cascad-
ing), and (iii) retaining (store and recover).'®'® While the avoid
strategy entails renouncing and entirely preventing water use,
setting an extreme form of water reduction which aims at 100%
dismissal of water use, reduce and replace strategies involve
using less water than traditional practices and replacing -
whenever possible — water with alternative substances, respec-
tively. The optimising pillar encompasses reutilising water
without any treatment (reuse) and with treatment (recycle) to
remove particles and contaminants, as well as using both
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untreated and treated water across consecutive stages of indus-
trial and domestic processes (cascading). Finally, retaining
water can be accomplished both quantitatively and qualitatively
through the implementation of two strategies: the store strategy
involves deliberate retention of water after its initial use by
transferring it to reservoirs, cisterns, or artificial basins, while
the recover strategy focuses not only on recovering high quality
water, but also on extracting valuable materials and generating
energy from water resources.'®

Based on these three WCE pillars, we thoroughly screened
for available databases to identify relevant indicators that align
with these concepts and selected eight indicators, given their
relevance and availability across most countries: water stress
(SDG 6.4.2.), tap water price per GDP per capita (related to SDG
12.2.1.), water use efficiency (SDG 6.4.1.), the degree of inte-
grated water resource management implementation (SDG
6.5.1.), proportion of safely treated domestic wastewater flows
(SDG 6.3.1.), total population with access to safe drinking water
(SDG 6.1.1.), drinking water quality (SDG 6.1.1.), proportion of
hydrological basins showing high surface water extent changes
(SDG 6.6.1.). It becomes evident that most of these indicators
are the targets of SDG 6 (clean water and sanitation), high-
lighting their significance in the water management and circu-
larity context, as well as their direct relevance to achieving the
SDG 6 goal.

Water stress and tap water price are indicators of the WCE
decreasing pillar. Water stress gives the balance between water
consumption and available water resources. While the avail-
ability and retaining of water resources play a role, reducing
water consumption can effectively alleviate water stress.
Furthermore, implementing appropriate pricing mechanisms
for water can motivate users to conserve more, reduce pollu-
tion, and increase investments in water infrastructure.®
As supporting evidence of this, Turkmenistan, the country with
the highest per capita water consumption, has been providing
its citizens with free water for more than 25 years until
recently.”® Despite the economic perspective of treating water
as a commodity due to its resource nature, water pricing poses
challenges against the perception of access to safe drinking
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Available WCE related datasets

Flowchart for the WCE analysis approach and calculation of the WCEL.
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water as a fundamental human right. Furthermore, reports
indicate a low impact of water pricing on water consumption
volumes in Europe, primarily attributed to the low price elas-
ticity of water.'

Water use efficiency, degree of integrated water resource
management implementation, and proportion of safely treated
domestic wastewater flows, all indicators related to the opti-
mising pillar, represent the core of WCE. The first indicator is
the ratio of the gross economic value added by agriculture,
industry, and services sectors to the amount of water with-
drawn over time: it indicates how water can be utilised effi-
ciently to generate economic value.*' The second indicator is
the implementation of managing water resources sustainably
by considering social, economic, and environmental aspects.
The four main components of this indicator include creating an
enabling environment through policies and planning tools,
involving institutions and stakeholders participation, utilising
management instruments for informed decision-making, and
securing financing from various sources for the development and
management of water resources.”” The third indicator indicates
the level of wastewater treatment by tracking the proportion of
wastewater flows from domestic activities that are safely treated
before being discharged into the environment. The reason for
only considering the domestic sector in this assessment is due to
data limitations regarding other sectors, such as industry,>® which
may involve a more global approach.
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The two indicators of the total population with access to safe
drinking water and drinking water quality, align with the
retaining (store and recover) pillar of WCE by emphasising
the importance of storing water resources and ensuring their
quality and safety for human consumption through effective
water management and treatment processes. Moreover, the
proportion of hydrological basins showing high surface water
extent changes is a criterion for determining the extent of
retaining water-related ecosystems over time.”?

Having selected these 8 indicators, we calculate and assign
normalized scores to countries and continents for each indivi-
dual indicator based on a scale of 0 to 1, where the highest
(best) value has a score of 1, and the lowest (worst) value has a
score of 0. However, for water stress and the proportion of
hydrological basins showing high surface water extent changes,
the scoring is reversed, with the highest value assigned to 0 and
the lowest value assigned to 1. The overall WCEI is then
calculated by summing the score obtained for each indicator
for every country and dividing this sum by the number of
indicators (see the Methods section). The best performing
country is the one approaching a value of 1 for the WCEI, the
worst set being close to 0. Considering the availability of data,
we conducted two separate analyses. The first analysis involved
all eight indicators for 132 countries (Table S2, ESIt), while
the second analysis focused on seven indicators (excluding
drinking water quality) for 136 countries (Table S3, ESIf).
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(a) WCE web-like ranking statistics for four countries in each category using an 8-indicator indexing. (b) WCE web-like ranking statistics for six

continents using an 8-indicator indexing. (c) Overall computed WCEI for the six continents based on 8 indicators.
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Clearly, involving additional indicators provides a more robust
WCEI but restricts the analysis to a more limited number of
countries for which data related to all indicators are available;
conversely, a lower number of indicators allows expanding the
analysis to a broader set of countries at the expense of the
robustness of the WCEL The two analysis cases reported here
are meant to provide a good balance among these two extremes.
Radar charts for the four selected countries and six continents are
illustrated in Fig. 3(a) and (b), respectively. As observed, various
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countries and continents exhibit diverse scores in each indicator,
leading to varying degrees of surface coverage on the charts. The
WCEI for different continents is calculated based on the population-
weighted contribution of each country to the overall WCEI for that
continent and is shown in Fig. 3(c). Oceania and Europe emerge as
the leading continents in terms of WCE, exhibiting the highest
scores, and they are followed by North America and South America.
In contrast, Africa and Asia display overall WCEI values below 0.5,
indicating lower performance in this regard.
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Fig. 4 WCEI ranking for the 132 studied countries divided into 4 categories.
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The WCEI for 132 countries (8 indicators) is shown in both
descending ranking and alphabetical order (to ease the search
of a specific country) in Fig. 4 and Fig. S2 (ESIY), respectively
(details in Table S2, ESIT). Similarly, the WCEI for 136 countries
(7 indicators) is presented in Fig. S3 and S4 along with Table S3
(ESIT). Based on this result, we divided the countries into four
groups, each containing 33 countries (or 34 countries in the
case of 136 countries). As observed in Fig. 4, the top first group
is the leading WCE countries (WCEI > 0.65), primarily Eur-
opean and Oceanian. However, some countries from other
continents are yet to be found in this first group, namely Japan,
Israel, the U.S.A., and South Korea. The second group com-
prises countries with 0.5 < WCEI < 0.65, indicating countries
with acceptable progress toward water circularity, especially
considering that some of the countries in this group suffer from
high water stress, such as the U.A.E., Qatar, Jordan, Kuwait,
and Saudi Arabia. The third group comprises 33 countries with
0.43 < WCEI < 0.5, including countries from various regions
such as Asia, Africa, Europe, and North and South America.
Finally, group 4 consists of 33 countries with the lowest scores
in the WCEI (<0.43), predominantly in Asia, Africa, the
Caribbean, and South America.

Given the impossibility of conducting an in-depth study of
WCE in all these countries, we identify four countries from each
group for further analysis based on several factors, including the
availability of data over a sufficiently long time (several decades),
complex time-evolving trends, and geographical and demographic
diversity. We select the U.S.A., Singapore, Israel, and Belgium
from Group 1, South Africa, Saudi Arabia, Russia, and China from
Group 2, Peru, Ghana, Egypt, and Bahrain from Group 3, and
Turkmenistan, Nigeria, Iran, and India from Group 4.
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Understanding the water cycle and its
distribution

For the selected countries, we analyse how water consumption
is distributed over the three main sectors, ie., agriculture,
industry, and municipality, via a flow diagram (Fig. 5).
We depict the economic value generated by the consumption
of 1 m® of water in each sector, measured as water use efficiency
(US$ per m®). The width of the streams shown in Fig. 5 is
proportional to the volume of water withdrawals (left side of the
diagram) and the corresponding water use efficiency (right side
of the diagram).

As observed, some countries successfully employ most of
their water withdrawals in sectors as industry (Belgium), agri-
culture (China), or municipal (Bahrain) while maintaining
acceptable water circularity; in contrast, countries with worst
WCE, they all have in common a majority use of water in the
sector of agriculture, independently on whether they are den-
sely or sparsely populated countries. Agriculture is the largest
consumer of water globally, using around 71.7% of 4250 km?
total world annual withdrawals.'?> Meanwhile, it is estimated
that 40% of agricultural water is lost to the environment as a
result of poor water management and irrigation systems, as
well as evaporation.** Most of the agricultural water withdrawal
is from surface and ground waters. Less than 10% of irrigation
water worldwide is derived from non-conventional sources such
as seawater, agricultural drainage, stormwater, thermoelectric
cooling water, as well as industrial, domestic and commercial
wastewater.'>*® Unfortunately, in Arab countries experiencing
severe water scarcity, this amount is only 0.3%, yet, some
countries, including Saudi Arabia, Egypt, Jordan, and Tunisia,
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have begun to reuse treated wastewater for crop cultivation,
moving toward a CE.*

In the context of non-conventional water resources, the
quality of recycled water must meet minimum irrigation
requirements because unfavourable levels of pH, biochemical
oxygen demand (BOD) or chemical oxygen demand (COD),
electrical conductivity (EC), heavy metals, and oil in water can
damage cultivated plants.> Moreover, using non-conventional
water resources without proper pre-treatment can result in soil
and groundwater contamination, posing severe issues that can
lead to the pollution of other freshwater sources and damage
the overall health of ecosystems in the long term.>® As observed
on the right side of Fig. 5, the water use efficiency in agriculture
remains deficient compared to the other two sectors, despite
the massive amount of water used in this sector. According to
FAO,*” in 2018, the world water use efficiency of agriculture,
services, and industrial sectors was 0.60, 112.2, and 32.2 US$
per m?®, respectively. Although the ultimate goal remains to use
water for essential life purposes (e.g:, drinking water, sanitation
and agriculture) and move the economic growth to non-water
dependent activities (e.g., water-free toilets, industrial vacuum
pumps, dry wash sprays, and atmospheric plasma technologies
for clothing),'® the water use efficiency in the agriculture sector
still needs improvement by an efficient management of green

1970 1980 1990 2000 2010 2020
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water (mostly rainwater) to increase rainfed agricultural pro-
duction, cultivating new crop varieties and efficient irrigation
systems.?” Moreover, since agriculture is the primary source of
food production, reducing water consumption by reducing food
waste is a timely critical endeavour. The urgency of addressing
this issue can be clearly realised by knowing the fact that 30%
of the total food produced for human consumption is wasted,”®
which has an even more deleterious impact on water resources
(for instance, for producing 1 kg of wheat and meat, 500-4000 L
and 5000-20 000 L of water are needed, respectively>”). There-
fore, a sustainable transition from the current linear situation
to a CE within the framework of the food-energy-water-waste
(FEWW) nexus is of paramount importance, extremely urgent
and, in fact, inevitable.?®

Management of water stress and
efficiency

One of the goals of SDG6 (clean water and sanitation) is to
increase water-use efficiency and ensure freshwater supplies,
highlighted as Target 6.4. This target itself has two indicators:
change in water-use efficiency over time (indicator 6.4.1) and
level of water stress (indicator 6.4.2).>" In order to understand
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which measures governments have put in place to manage the
water stress and enhance water efficiency and whether these
measures have been effective, we then study the water stress
and water efficiency change in these same groups and countries
versus time spanning several decades for each country based
on data availability (Fig. 6). As observed in Fig. 6(a), within
each class of the WCEI, countries have taken very different
approaches to managing water stress with very different results.
While some countries have decreased their water stress over
time by performing sustainable and efficient practices, water
scarcity in other countries has been steadily worsening due to
the lack of holistic approaches such as sustainable agriculture
with higher water efficiency and minimised loss, integrated
water management, water treatment and recycling, innovation
and public awareness and stakeholder engagement. Many
middle eastern countries have experienced increasing water
stress due to population growth and urbanization, wasteful
consumption patterns, and low annual rainfall, resulting in
unsustainable groundwater abstractions.>?

Iran is estimated to have lost approximately 211 km? of total
water storage over the last two decades due to its aquifer
collapse caused by the overexploitation of groundwater resources
without proper recharge (equivalent to twice the country’s annual
water consumption).”® This water bankruptcy is a tragedy for a
country that once pioneered sustainable water management via
a Qanat, an ancient underground water transport network.>*
Yet, there are countries capable of reversing the increasing
trend of water stress, that is, those countries for which the
water stress evolution shows a non-monotonic behaviour (e.g.,
Singapore, Bahrain, Turkmenistan) by diversifying water supply
sources, improving water remediation technologies, and even
changing water policies (see the case of Turkmenistan), corres-
ponding to an increase over time in water use efficiency
(Fig. 6(b)). Global water use efficiency increased by 9% between

Box 1. Learning from Singapore
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2015 and 2018, to reach about 19 US$ per m>. The industrial
sector gained the most net efficiency, around 15%, compared to
8% for services and agriculture, owing primarily to transform-
ing thermal systems for energy production and industrial
processes.”” Belgium is a representative case of an industria-
lised country with high water consumption in this sector that
shows a steadily decreasing curve in water stress over the last
five decades, achieved by the 6Rs strategy based on the water
principles of reduce, reuse, recycle, reclaim, recover and restore
of CE.° The country has embraced decentralised solutions as an
alternative to centralised infrastructure, particularly for smaller
scales such as individual households, neighbourhoods, or
districts. Decentralised water systems promote infrastructure
conservation, reuse, and resiliency while reducing replacement
costs.’® Additionally, by implementing digital water systems
and smart water grids, the country minimised water losses and
enhanced monitoring and reporting on water quality, quantity,
and reuse."® Lastly, Belgium revised water prices by considering
abstraction, use, and pollution.>® By implementing a rede-
signed tariff structure, the country induced water-efficient
consumer behaviour, lowered operational costs, and ensured
cost recovery for water utilities.®

Interestingly, in contrast to the other examined countries,
Peru experiences a notable decline in water use efficiency,
amounting to approximately 50% over time. This trend persists
despite the country’s 46% increase in GDP during the same
period. The primary cause for this decrease in water use
efficiency can be attributed to the substantial surge of 182%
in total water withdrawals within the country, indicating that
Peru is using a larger volume of water resources to sustain its
economic growth:'? this comes as no surprise considering, for
example, the high impact of mining in the country’s GDP, a
sector which is highly demanding on water resources, and
which highly impacts access to freshwater.

This journal is © The Royal Society of Chemistry 2024

Singapore can be considered a role model in water circularity (ranked 3 in WCEI analysis). Despite its tropical location and high rainfall, Singapore is a water-
scarce country due to its lack of natural aquifers or groundwater, natural surface water sources and limited land for water storage facilities®”*® (Ranked 170th
among 190 countries in terms of freshwater availability according to the United Nations).*® During its pre- and post-independence periods, the country
experienced several droughts and instances of water rationing* and still relies on freshwater supply from Malaysia by a contract ending in 2061.>® In the quest
for water self-sufficiency by 2061, Singapore has progressed in designing water cycles and diversifying water sources. Besides water from the local catchment
and imported water from the Johor river, Public Utilities Board (PUB) in Singapore defines new sources of water supply from seawater and has reclaimed water
by establishing desalination and NEWater plants, respectively,*' both relying on reverse osmosis. Reverse osmosis-based desalination can be considered a
viable solution for potable water supply in Singapore, an island country. In the case of Singapore, desalination offers numerous advantages, such as providing a
local and reliable source of freshwater, reducing dependence on imported water, and being less vulnerable to climate change and droughts. However, it is not
without its drawbacks, including high energy consumption, potential environmental impacts, and the need for careful management of brine discharge.*> Since
its introduction, NEWater has grown in popularity, particularly among industries such as wafer fabrication plants, which value NEWater for its ultra-pure
properties, boosting water use efficiency.*> However, these achievements in decreasing water stress and enhancing water efficiency come at the cost of high
energy consumption and, consequently, environmental pollution, specifically CO, emission (Fig. 7(a) and (b)). The water sector consumes 4% of total global
electricity,** of which almost two-thirds of this energy comes from fossil fuels, mainly coal, and gas,*® resulting in 5% of all global greenhouse gas (GHG)
emissions.*® In Singapore, natural gas, the cleanest form of fossil fuel, now accounts for approximately 95% of the country’s electricity generation.”” As
observed in Fig. 7(a), since 2003 and the establishment of NEWater and desalination plants, the water stress in Singapore has continuously decreased, while the
water treatment energy consumption has increased accordingly*® (one percent decrease in water stress required approximately 2 GW h of energy for water
treatment facilities). Fig. 7(b) depicts the CO, emission associated with the energy consumption of water treatment facilities versus water use efficiency
(considering 381 ton CO, emission for 1 GW electricity from a natural gas combined-cycle power plant). As observed, despite the ever-increasing trend of water
efficiency in Singapore, the CO, emission related to the energy consumption of water facilities in recent years does not follow the increasing energy
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Fig. 7 (a) Water stress and water treatment energy consumption over time in Singapore. (b) CO, emission related to the energy consumption for water
treatment vs. water use efficiency over time in Singapore. (c) Life cycle impacts of water treatment in Singapore based on energy consumption for three
cases: 2021, 2060 unsustainable with current energy sources (90% natural gas and 10% photovoltaic), 2060 sustainable (50% natural gas and 50%
photovoltaic), light colours represent solar energy shares, and dark colours show the share of natural gas-derived energy.
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consumption pattern of earlier years and, based on our calculation, in 2021 stays at the same value as 2012. Although the PUB energy consumption increased
from 844.8 in 2012*% to 941.9 GW h in 2021, 10.2% of the total energy in 2021 was provided from clean photovoltaic solar energy,*® decreasing the total carbon
footprint. Yet, PUB ambitiously and continuously moves towards a more sustainable, diversified, climate-resilient, and self-sufficient water supply by 2060.*°
Based on PUB reports to meet the increasing water demand, the current water production of 594.12 Mm?® per year should be doubled by 2060.°>*" Doubling
water production under the current conditions, and having to compensate at the same time roughly half of water supply currently imported from Malaysia, the
energy demand for this increase in water volume is expected to quadruple, which is unsustainable.’** Accordingly, PUB has set a target to sustainably meet
this doubled water demand by 2060 without using more energy®® while increasing its solar capacity by more than five times from current levels, reaching
2 Gigawatt peak (GWp).>* To follow this target, the share of solar energy in its total energy supply must increase from 10.2 to 51% by 2060. Based on the
aforementioned goals and assumptions, we perform three life cycle assessments (LCAs) to evaluate the current environmental footprint of water treatment in
Singapore (in terms of energy consumption as the primary contributor to environmental footprint) and compare it with two possible scenarios for 2060:
unstainable and sustainable (for details, see Table S4, ESIT). The results for 18 midpoint impacts, including climate change (CC), ozone depletion (OD),
terrestrial acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME), human toxicity (HTOX), photochemical oxidant formation (POF),
particulate matter formation (PMF), terrestrial ecotoxicity (TTOX), freshwater ecotoxicity (FTOX), marine ecotoxicity (MTOX), ionizing radiation (IR),
agricultural land occupation (ALO), urban land occupation (ULO), natural land transformation (NLT), water depletion (WAT), metal depletion (MET), and
fossil depletion (FOS), as well as three endpoint impacts, including human health, ecosystems, and resources are presented in Fig. 7(c) and Fig. S5 (ESIT).
As observed, the energy-related CO, footprint of treatment of 1 Mm? of water in Singapore can be sustainably decreased from 555.2 tons to 179.5 tons (68%
decrease) by 2060 through the increase of photovoltaic share to 51% of total energy, thanks to low GHG emission of solar panels for electricity generation.
However, by keeping the energy sources as today (unsustainable scenario, 90% natural gas and 10% photovoltaic), the CO, footprint would increase twofold by
2060. Besides using greener energy resources and lowering energy consumption to achieve the goal of net-zero emissions by 2050, PUB is seeking innovative
solutions in carbon capture, utilization, and removal, as well as other emerging technologies related to optimized sludge management.’® As observed in
Fig. 7(c), in addition to CC, the sustainable scenario by 2060 will result in the reduction of all endpoint impacts, including human health, ecosystems, and
resources, as well as eight other midpoint environmental impacts, i.e., FOS, WAT, NLT, PMF, POF, ME, TA and OD compared to 2021. Moreover, the
environmental impacts of six other factors of MET, ALO, IR, MTOX, HTOX, and FE in the sustainable scenario will be still lower than the unsustainable ones by
2060. However, as reflected by increased TTOX, FTOX, and ULO, the sustainable scenario is not exceling in all impact factors. The high ecotoxicities of the
sustainable scenario mainly emerge from the manufacturing of photovoltaic solar cells, which involves different kinds of hazardous materials during either the
mining, extraction, and purification processes of solar panel’s raw materials such as silicon (Si), cadmium (Cd), copper (Cu), selenium (Se), tellurium (Te), and
gallium (Ga) or semiconductors’ etching and surface cleaning.’® Land occupation is another drawback of photovoltaic farms due to the high land use of
physical infrastructures such as solar arrays. This is particularly true for a country like Singapore, which, due to land limitations, is already reaching a limit to
the possible increases in water reservoirs (the water catchment area has expanded from half to two-thirds of Singapore’s entire land surface since 2011).>”
However, these available vast reservoir surfaces have great potential for installing floating solar photovoltaic systems, allowing the reservoirs to serve as both
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water catchment and storage, as well as for green electricity generation.®

Lessons learned, discussion and
outlook

Based on the dataset and the analysis above, we discuss the
essential elements of the CE in the water context, allowing
extending the life cycle of water and reducing the burden on
natural resources. The WCE offers a transition from a water
use linear model of “take, make, consume, waste’’> to a circular
model to reduce, optimize and preserve the water by waste
avoidance, efficient utilization and quality retention, while
ensuring conservation and environmental protection.'® In the
CE scheme, water is a distinctive component because it can be a
resource, a product, and a service with no equivalent in the
economic system.'® Indeed, it has been demonstrated that
of all UN SDGs, CE practices have the strongest connection to
SDG 6 (clean water and sanitation) targets.”® Fig. 8 depicts a
possible CE model in the water context. In the quest for a
paradigm shift toward a WCE, efficient wastewater treatment
plants recover not only water for agriculture, municipalities,
and industry, but even valuable nutrients from the nitrogen
and phosphorus cycle and biogas precursors for energy
production,® integrating the WCE within correct management
of all the main planetary boundaries.®* The first steps in the
circular economy are managing ‘“conventional” surface water
and groundwater resources (components of “blue water”’®?),
reducing water consumption and replacing freshwater with
new water supply sources. Besides blue water from surface

This journal is © The Royal Society of Chemistry 2024

and groundwater, green water harvested from rainwater in
catchments (e.g., Singapore®”) and desalinated seawater (e.g.,
Israel®®) can be considered efficient water sources capable of
inverting the tendency of water stress in water-scarce countries.
Moreover, treated grey water (household wastewater) can
replace freshwater as a water resource for irrigation, cleaning,
or flushing operations.'® Furthermore, highly purified water
from wastewater can be recycled and reused as potable water.
There have been numerous successful cases in this regard,
including in the United States (Arizona, California, and Texas),
Australia, Belgium, South Africa, Singapore, Namibia, and the
International Space Station.'® Yet, reusing treated wastewater
as drinking water is a delicate issue and faces public opposi-
tion, extrapolating it to drinking toilet water. However, public
approval is now becoming stronger due to the increasingly
common concerns about the environmental crises and burden
on natural resources, as well as more trust in technologies
capable of converting reused water into safe drinking water.’
Today, various efficient wastewater treatment technologies,
including membrane filtrations, i.e., microfiltration (MF), ultra-
filtration (UF), nanofiltration (NF), and reverse and forward
osmosis (RO and FO), membrane bioreactor (MBR) systems and
UV advanced oxidation process (UV-AOP), can be successfully
applied to treat water.®>*® Moreover, many other nature-based
emerging technologies can be used to purify water in a more
sustainable way." In the CE model, the excess amount of treated
wastewater can be further stored in a reservoir or artificial
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Fig. 8 Schematic of a possible sustainable CE model in the water context.

catchment to retain water for future use. For instance, 248 000 m?
of treated wastewater in Berlin is discharged into neighbouring
surface water lakes to recharge aquifers via artificial infiltration
ponds and bank filtration, providing non-chlorinated drinking
water to the city’s 3.4 million residents.® Sustainable wastewater
treatment systems in a CE operate beyond only purifying water
and aim to recover valuable materials and generate energy.
Various materials, including precious metals, nutrients (e.g.,
nitrogen and phosphorus), organic materials (e.g, mud and
proteins), and gas (e.g., methane), can be recovered mainly from
wastewater and sewage sludge.'® For this purpose, a zero liquid
discharge (ZLD) strategy for wastewater management that max-
imizes water usage efficiency and produces solid wastes should be
considered, although still expensive and energy-intensive.®® Was-
tewater treatment plants can also operate as energy factories by
converting the chemical energy available in wastewater to elec-
trical energy or heat. It has been reported that the energy
embedded in typical municipal wastewater surpasses the energy
required for treatment by a factor of nine.®” For instance, this
energy can be generated from the recovered biogas (methane)
through the anaerobic digestion process.”® Not only can the
recovered energy be used to supply the plant demand but it also
can be sold on grid,* transforming the plant’s energy-related
carbon footprint from positive to negative. To achieve the goals of
the CE, many plants are considering the co-digestion scenario, in
which the additional digestion capacity of the existing anaerobic
digesters is used to process external organic wastes such as FOG
(fats, oil, and grease) and agri-food wastes, converting the waste
into products such as biogas for energy generation.®® Ultimately,
no CE of water can be pursued without fully integrating such a
scheme within the management of the other global resources
necessary to modern society; for example to reach zero carbon
emission, carbon capture and utilization processes can and
should be integrated with wastewater treatment plants via single
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or multiple integrated approaches such as microbial electrolytic
carbon capture, microbial electrosynthesis, microalgae cultiva-
tion, constructed wetlands and biochar production.®” A possible
example of such a holistic water CE model is shown in Fig. 8.

Yet, the WCE faces several fundamental barriers, slowing its
widespread implementation. One major issue is the lack of
awareness and understanding among individuals, commu-
nities, industries, and governments. It is impossible to effec-
tively promote and adopt WCE approaches without a
comprehensive knowledge of the concept and its benefits.
Societal attitudes and behaviours, including resistance to
change, social norms, and cultural practices, additionally ham-
per the adoption of WCE. The transition to a WCE is further
complicated by institutional and regulatory challenges, where
existing frameworks and regulatory systems may not support or
incentivise the concept. Technological limitations on water
treatment, recycling, resource recovery and economic consid-
erations related to costs associated with implementing circular
water systems also pose a barrier to the WCE, particularly in
less developed regions. But perhaps the most severe drawback
towards the implementation of a global WCE is still the wide-
spread assumption that water is an unlimited resource; quite in
contrast with this idea, it is becoming increasingly clear that
the planetary boundary of freshwater change has already
passed the safe operating space, particularly concerning green
water.®?

Conclusions

The only possible mechanism by which a long-lasting and
sustainable management of water can take place in a growing
world with limited resources must operate according to a
circular model where each individual drop of water is reused,

This journal is © The Royal Society of Chemistry 2024
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recycled, reclaimed, recovered and restored, and where water
losses are simultaneously reduced from the very beginning,
that is, functioning according to the 6Rs principle.>*® However,
establishing a circular economy of water as a self-standing
grand design is likely to fail unless it is appropriately integrated
into a broader global approach that also addresses the manage-
ment of other essential resources on which humanity depends.
For example, reduction of water stress alone, or increase in
water use efficiency, may not be sustainable targets if these
come at the cost of increased greenhouse gas global emissions,
which calls for the continuous development of more efficient
and sustainable water treatment technologies. Even the use of
clean and renewable energies to achieve this task may present
unexpected drawbacks that require careful consideration. The
LCA case study analysed in this work demonstrates, for exam-
ple, that replacing fuel or gas-based energy supply for water
purification technologies with cleaner, renewable solar energy
can have unintended side effects such as terrestrial ecotoxicity,
freshwater ecotoxicity, and urban land occupation. These find-
ings highlight the importance of meticulously designing renew-
able energy systems to ensure the transition to clean water
using clean energy, free from deleterious implications or
impacts on other planetary boundaries. If this is done correctly,
however, even energy-intense water treatment technologies such
as reverse osmosis desalination may become a valid and sustain-
able approach in water treatment. Alternatively, combustion-
enabled strategies integrated within the water cycle converting
sludge and organic biomass into energy may be inevitable, and
should be perceived as valid solutions, provided measures to
reduce or capture associated CO, emissions are duly implemen-
ted. Ultimately, global freshwater use and management represent
only one of the planetary boundaries which humanity is asked to
correctly manage for a sustainable future, and this can only be
achieved via a holistic global approach integrating water among
the other key resources needed for our existence.

Methods

For calculating the WCEI, scores were assigned to countries for
each indicator on a scale of 0 to 1, based on available data
published by FAO,"? where 1 corresponds to the highest (best)
value and 0 corresponds to the lowest (worst) value. However, for
water stress and the proportion of hydrological basins showing
high surface water extent changes (i.e. adverse indicators), the
scoring is reversed, with 0 assigned to the highest (worst) value
and 1 assigned to the lowest (best) value. The overall WCEI for the

) , where n

n 1 rii
J-country was then calculated as WCEI; = Z—( i

i M \Ti-Best
is the number of indicators, r; is the value of the indicator i for
country j and rypes is the best value scored by any country for
indicator i. The average WCEI for each continent ¢ was calculated

1
as: WCEI, = ;Z P; x WCEI,, where P is the total population of
J

that continent, P; and WCEI; are the populations and individual
WCEI of each country j on that ¢ continent, respectively.
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LCA

The LCAs were performed using the 1S014040/44 standard”®
and were attributional and prospective for the energy consump-
tion of water treatment (Table S4, ESIt). The functional unit
was the treatment of 1 Mm? of water. The Ecoinvent 3 database
served as the source of the life cycle inventory (LCI), and
SimaPro v.9.3.0.3 was used to generate life cycle models. In
the LCI, electricity production, natural gas, combined cycle
power plant (Cut-off, U, CH) and electricity production from
photovoltaic systems in an open ground installation, using
multi-Si technology (Cut-off, U, RoW) were considered. The
ReCiPe midpoint and endpoint were used to calculate the life
cycle impact assessment (LCIA) for a wide range of environ-
mental impact categories.
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