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The way in which humansociety
uses water is continuously evolving.
The present challenges related to
clean water availability require

the development of sustainable
technologies and infrastructure.
Furthermore, astronger and wider
appreciation of water inequalities
andinjustice demand anadequate
transformation of water governance
atlocal and global scale. We have
asked nine expertsin various
sectors of water-related research to
share their views on how water and
sanitation science, technology and
governance must evolve to meet
therequirements of a healthier
relationship between water and
society.

AnnaM. Michalak: Safeguarding the planet’s
water quality in the face of climate change

‘Water, water, every where, nor any drop to
drink. This line from Samuel Taylor Coleridge’s
TheRime of the Ancient Marineris spokenbya
sailor adrift at sea. But it could equally well be
aperson whose water supply is contaminated
and basementis flooded following a hurricane
supercharged by climate change.

Human welfare and ecosystem health are
inextricably linked to water. Water sustain-
ability,inturn, is predicated on the availability
of the right amount of water (not too much,
not too little!) of the right quality. The ‘right’
quantity and quality depend on whether you
areafish,atree,abasement, orahumanbeing.
But, regardless of who you are, both the quan-
tity and quality of water are changing and will
continue to do so.

Arichand growingliterature has quantified
how theamount of water available is changing
in response to global change'. More nascent
literature is working to do the same for water
quality*? for the world’s lakes, reservoirs,
estuaries, rivers, aquifers and coastal zones.
Understanding the impacts of global change
onwater quality across abroad set of systems
ischallenging because water quality outcomes

aretheresult of acomplexinterplay between
humanactionatscales ranging from the local
(for example, land management, water treat-
ment) to the global (that is, climate change)®.
This means that both impacts and solutions
may occur across a cascade of scales.

In addition, long-termin situ water quality
monitoring has been limited and heterogene-
ous. Some systems have been studied exten-
sively, but water quality in most water bodies
around the world is not regularly monitored.
Also, whereas satellite observations are effec-
tive at augmenting in situ observations for
parameters such as precipitation, the sameis
less true for metrics of water quality beyond
basic characteristics based on colour.

Quantifying impacts across systems glob-
ally will necessarily come at the expense of
the level of detail and site specificity; how-
ever, perhaps counterintuitively thisshould be
embraced rather than avoided. For example,
while understanding phytoplankton popula-
tion dynamics may be possible for systems
that have benefited from long-term monitor-
ing and research, deriving general principles
across entireregions or continents will neces-
sarily require afocus onlarge-scale emergent
properties.

Climate affects water quality both because
itimpacts the water bodies themselves (for
example, water temperature, and stratifica-
tion) and because it impacts upstream land
(for example, precipitation and temperature
impactsonnutrient runoff). Therelative roles
of these two primary pathways are poorly
understood. For example, the National Lakes
Assessment® monitored nutrient concen-
trations in thousands of lakes in the United
States; these concentrations result fromamul-
titude of climate-sensitive processes within
and upstream of each lake.

Morebroadly, we know very little about how
global change is impacting the co-variability
of water quantity and quality outcomes. For
example,insome systems drought canreduce
the intensity of harmful algal blooms, while
in others it can exacerbate them, amplifying
the challenge to sustainability. Documenting
historical co-variability between trends and
extremes in quantity and quality is a neces-
sary first step, followed by their attribution
tokeydrivers.

Designing effective strategies for water
quality management in the face of global
change will also require us to move beyond
pitting the environment against economic
activity. For example, much of the increases
innutrient pollutionin the United States over
the past 30 years are due primarily to climate
variability rather than land use intensification,
buttheleverage we have totackle this problem
may nevertheless be predicated onrethinking
land management.

Lastly, just as both quantity and quality
must be considered to understand water sus-
tainability, potential trade-offs between water
security, food security, energy security, and
climate change mitigation mustalso be recog-
nized’. The idea of taking a systems approach
to environmental impacts is not new, but the
scope and scale of the systems that we need
to consider are growing. In doing so, we need
toremember that win-win solutions are often
possible and we should not shy away from
the challenge.

Jun Xia: Toward water systems science and
technology

Water security is one of the major challengesin
oursociety. Water stress and its effect on water
supply, extreme climate events like floods and
droughts, poor water quality due toincreasing
pollution andloss of biodiversity are all inter-
connected problems that require sustainable
solutions®’. To find such solutions, water sci-
entists and practitioners must operate along
two fronts. First, it is essential to understand
the complex behaviour of water systems at all
scales, fromglobal toregional and evenurban
and how these systems are affected by natural
andsocial processes. Second, itis necessary to
develop new ways, through science and tech-
nology, to manage water resources.

To understand how water resources are
affected by natural and social phenomena
in a changing environment, hydrological sci-
ence must evolve from traditional physical
hydrology centred on natural water cycles to
anew water systems science and technology
that blends natural hydrology, social hydrol-
ogy and systems science'’. Studies on the
mechanisms of coupled human-water sys-
tems evolution will facilitate better planning,
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water exploitation, and managing water for
climate, environment, economy, and society.
The application of systems science to water
systems entails understanding the interac-
tions and feedback between hydrology and
society, building advanced multi-source
monitoring and information systems, devel-
oping integrated modelling systems, and
facilitating systematic decision-making for
integrated water planning and management.
For example, based on water systems science
and applied technology, Chinais developing
the Yangtze River Simulator, which aims to
achieve smart management of the Yangtze
River through an integrated system that pro-
vides multi-dimensional strategies for water
utilization, biodiversity and eco-environment
protection, climate change adaptation and
sustainable development".

A systematic multi-source and multi-scale
monitoring network is essential to better
understand the spatiotemporal dynamics of
water systems and to further assist decision-
making. Current monitoring approaches pri-
marily include manual sampling, laboratory
time-decoupled analysis and sensor-based
monitoring. New monitoring techniques have
emerged with the development of satellite
systems and advanced artificial intelligence
technology. The latest monitoring systems
cover air-based, space-based, and ground-
based networks, with the ability to sense water
systems at multiple spatiotemporal scales.
High-resolution remote sensing, drone tech-
nology and ground sensors (for example,
radar, thermal infrared and video) allow for
real-time acquisition of spatiotemporal data,
extending the scope and accuracy of moni-
toring. Going forward we can also expect
that mobile communication, the Internet of
Things, multi-source heterogeneous data
fusion and artificial intelligence will enable
automatic processing as well as real-time
transmission and visualization of data.

Integrated modelling of water systems
should decipher and represent both the
natural and societal hydrological processes,
focusing on the dynamic links and feedback
between hydrology and society at the water-
shedscale. Since the last century, researchers
have developed many models, from simple
structure-based lumped models to compo-
nent-based spatially-distributed models.
However, hydrological modelling of the
interactions between connected systems has
mainly been conducted by considering each
system separately. As a result, the complex
water systems’ behaviours have not been well
captured. The next-generation water systems

models are expected to provide a platform
for simulating natural-societal water cycling
processes based on data from the systematic
monitoring network. Such models would then
help to better understand the co-evolving
characteristics of interconnected natural-
societal processes and to project the changes
inhydrology and society under future climate
scenarios.

To support regional sustainable develop-
ment, watershed planning and management
will rely heavily on intelligent technologies
capable of processing massive information
from monitoring, simulations and optimiza-
tion phases. Previous studies show that the
correlations between sustainable develop-
ment levels and environmental footprints
(for example, water, carbon and ecologi-
cal footprints) satisfy the Environmental
Kuznets Curve', which explores the potential
inflection points of resources consumption
along with the structural transformation of
economies. For sustainable watershed plan-
ning and management, these relationships
should beintegrated into the water-environ-
ment-economy systems. This will increase
our ability to build a smart framework, that s,
instrumented, interconnected, intelligent and
capable of tackling all the complexities of dif-
ferent nature discussed above. Digital twins,
intelligent water affairs and other innovative
technologies may also be integrated into a
general social-hydrology scheme for holistic
monitoring, processing massive information,
analyzing the current situation, predicting
future changes, enabling quick responses and
optimizing troubleshooting solutions.

Damir Brdjanovic: Therise of non-sewered
sanitation

For more than a century, urban sanitation
research has been dominated by sewer-based
approaches, carried out by research groups
from high-income industrialized countries,
embracing chemistry, microbiology, physi-
cal and bioprocess engineering, mathemat-
ics and modelling®. Such a situation has led
to remarkable technological advances in
activated sludge sewage treatment which, in
turn, hasfacilitated environmental protection,
closing cycles and the recovery and reuse of
energy, water and chemicals'". However,
the launch of the United Nation’s Millennium
(and later Sustainable) Development Goals
drew attention to the fact that more than half
of the people on Earth do not have access to
safely managed sanitation, with the vast major-
ity of these living in low- and middle-income
countries (LMICs) where sewer-based sanita-
tion is unfeasible, impractical, or simply too
expensive's.

Partly due to this, since the turn of this cen-
tury, we have seenachangein attitude towards
non-sewered sanitation research, which has
become highly relevant, and necessary and
has started to be published in scientific jour-
nals. The decision by the Bill & Melinda Gates
Foundation to invest in non-conventional
approaches to sanitation (for example, The
Reinvent the Toilet Challenge) has also been
instrumentalinincreasing the visibility of non-
sewer-based sanitation research; it has trig-
gered the curiosity of many research groups
and mobilized the scientific community to

nature water

Volume 1| January 2023 |10-18 |11

CREDIT: PHIRIYA PANUTHAI/MOMENT/GETTY


http://www.nature.com/natwater

Viewpoint

BOX1

The contributors

AnnaM. Michalak is the Director of the
Department of Global Ecology at the
Carnegie Institution for Science and a
Professor (By courtesy) in the Departments
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at Stanford University. Her research
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characterizing feedbacks between the
global carbon cycle and climate. She is

the lead author of the U.S. Carbon Cycle
Science Plan and a member of the National
Academies of Sciences, Engineering, and
Medicine Committee on Earth Sciences and
Applications from Space.

Jun Xia is an Academician of Chinese
Academy of Sciences (CAS) on hydrology,
and Chair Professor & Director of the
Research Institute for Water Security (RIWS)
and State Key Laboratory of Water Resources
and Hydropower Engineering Science,
Wuhan University, China. His research
focused on nonlinear hydrological theory
and integrated water system management
as an engine for sustainable social and
economic development in the world. He has
served in various leadership positions, such
as being the President of International
Water Resources Association (IWRA,
2009-2012).

Damir Brdjanovic is a Professor and
Head of the Citywide Inclusive Sanitation
research group at IHE Delft Institute for
Water Education, The Netherlands. He is
an Endowed Professor at Delft University
of Technology and Director of the Global
Sanitation Graduate School. His research
interests cover many aspects of urban

engage more actively. Non-sewered sanita-
tion hasbecome the topic of specialized faecal
sludge management conferences and dedi-
cated scientific journals, and innovations for
onsite sanitation have started appearing, as
well as global network alliances and educa-
tionand research programs and scholarships.
The recently introduced Citywide Inclusive
Sanitation (CWIS) approach”, whichembraces
both sewered and non-sewered sanitation,

sanitation. In 2018, he received the IWA

Publishing Award, in 2021 the IWA Water and
Development Award, and in 2022, he was co-
awarded the IWAP Best Scientific Book Prize.

Aimée-Noél Mbiyozo is a Senior Migration
Researcher with the Institute for Security
Studies, Africa. Over the past decade, she
researches the intersection of migration
with other prevailing issues such as

climate change, gender, asylum law,

human smuggling, violent extremism

and citizenship. Her work has focused on
high-risk and fragile environments in Africa
and across west, central and south Asia.

She has authored dozens of intelligence,
policy-oriented and research reports and
participates in multiple forums and networks
to inform migration policies and enhance
understanding of complex migration themes.

David Sedlak is the Plato Malozemoff
Professor in the Department of Civil &
Environmental Engineering at the University
of California, Berkeley, USA. He is also the
Director of the Berkeley Water Center and the
Lead Cartographer for the US Department

of Energy’s National Alliance for Water
Innovation (NAWI).

Thalappil Pradeep is an Institute Professor
and Professor of Chemistry at the Indian
Institute of Technology Madras, Chennai
6000386, India. He works on affordable

clean water using advanced materials

and several of his technologies have been
commercialised. He conceptualised and
built the International Centre for Clean Water.
For his work on water, he was awarded one of
the VinFuture Prizes of 2022.

and focuses on public services in an equita-
ble, well-planned, properly managed, safe,
sustainable, responsible, accountable and
inclusive manner, is also gaining popularity
amongresearchers from different disciplines,
realizing that technical solutions alone are in
principle insufficient to address sanitation
challenges, in particular in LMICs.

During the last few years, leading
research groups on wastewater and sludge

Upmanu Lall is the Alan & Carol Silberstein
Professor of Engineering, and the Director
of the Columbia Water Center, at Columbia
University in the City of New York, USA.

He has broad interests in hydrology,
climate dynamics, water resource

systems analysis, risk management

and sustainability. He is motivated by
challenging questions at the intersection
of these fields, especially where they

have relevance to societal outcomes or

to the advancement of science towards
innovative application.

Nitya Rao is Professor Gender and
Development at the School of International
Development, University of East Anglia,
Norwich, UK. Her research interests include
fine-grained gender analyses of agrarian
relations and livelihoods in the context of
climatic variability and economic precarity.
She is Director of the Norwich Institute for
Sustainable Development, a Member of the
Steering Group of the High Level Panel

of Experts to the Committee on World

Food Security and Commissioner,
EAT-lancet 2.0.

Joyeeta Gupta is a professor of Environment
and Development at the University of
Amsterdam and IHE-Delft Institute for

Water Education, co-chaired UNEP’s Global
Environment Outlook-6 (2016-2021), is
presently co-chair of the Earth Commission
(2019-2022), and is a Commissioner in the
Global Commission on Water Economics. In
2022, she was awarded the 2022 Piers Sellers
Prize for her climate research and impact;
and won in 2021 a European Research
Council Advanced Grant.

management have started showing interest
in non-sewered sanitation and, in particular,
in faecal sludge management. Besides the
traditionally well-established global north-
southcollaboration betweenresearch groups,
south-south cooperation is also steadily
becoming more prominent. This in turn has
facilitated the transfer of knowledge from
more than a century of experience with acti-
vated sludge-based sewage treatment to a
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rather juvenile domain of non-sewered sani-
tation, and to some extent vice versa. It has
also clarified that we cannot simply adopt
solutions from centralized, sewer-based
treatment, or assume that sewage or urban
wastewater characteristics are similar to those
of faecal or septic sludge™.

One of the forthcoming research areas in
non-sewered sanitationis the prediction of the
characteristics and quantities of accumulated
faecalsludge, understanding the correlations
tosource populations, and eventually building
areliable database of faecal sludge charac-
teristics. This also includes further develop-
ment and verification of methods for faecal
sludge analysis, as well as standardization of
the experimental procedures used in faecal
sludgeresearch. Another focal areais abetter
understanding of the microbial and physico-
chemical processes taking place in onsite sani-
tation containment and treatment systems to
predict the characteristics and degradation
of faecal sludge. In addition, the research on
pathogeninactivation and destruction, reduc-
tion of volume of faecal sludge, safe reuse of
end products, and treatment in the context of
the circular economy and sustainability will
continuetoattract theinterest of researchers
inthe coming years.

Future research will combine smart sani-
tation technologies and medical research,
resulting in crossover innovations, such as
medical toilets, that could revolutionize the
public health sector in both high-income
countries (for example, preventive cancer
detection) and LMICs (for example, pre-
diagnosis of tropical diseases) by longitudinal
monitoring of users’ health and early detec-
tion of epidemics'. Furthermore, the recent
COVID-19 pandemicrevealed the potential of
datamining from sewage to monitor and pre-
dictthe spreading of the virus. This approach
could be used to expand the public health-
relevant data collection to non-sewered
sanitation areas (via, for example, medical
toilets) as a step towards the development
of acommunity-wide system for early detec-
tion of epidemics. Finally, more researchinto
emergency sanitation will be necessary to sup-
port humanitarian WASH (water, sanitation
and hygiene) activities.

We should also remember that onsite sani-
tation services provision is closely related to
the necessities of the users, arguably more
than is the case for sewer-based sanitation.
Advancing this field will therefore require
substantial consideration of social aspects,
gender-based aspects of sanitation and in
particular the needs of women, behavioural

change and advocacy, cultural and religious
aspects as well as business and financial
aspects. Undoubtedly, non-sewered sani-
tation allows for a wide spectrum of both
inter-and trans-disciplinary researchanditis
expected that the most impactful results will
be obtained from unconventional combina-
tions of expertise and skills.

Aimée-Noél Mbiyozo: Water is at the heart
of climate mobility

The amount of available water — whether too
little or too much —is a core driver of forced
displacement and immobility, particularly
among vulnerable groups in fragile commu-
nities and countries. Locally-driven water
solutions to avert, minimize or address forced
displacement and immobility among vulner-
ablegroups are extremely important but often
overlooked.

Water scarcity is a primary factor driving
climate mobility and immobility in Africa.
High water stress affects about 250 million
people®. These numbers are projected to
increase with population growth combined
withrising temperatures, longer and recurrent
drought periods, and diminished river flows.
Flood-related disasters also cause high lev-
els of displacement; however, water scarcity
pushes five times more migration.

Like climate change, lack of water is a fra-
gility amplifier that intersects with socioec-
onomic stressors and exacerbates existing
vulnerabilities. Marginalized people are more
vulnerable because they have less access to

the financial and social assets needed to
cope, such as land tenure, social and legal
services, political participation, paid liveli-
hoods, governance, and infrastructure. This
includes gender inequality. For example, in
Sub-Saharan Africa, women are responsible
for 80% of food production, and more than
60% of all employed women work in agricul-
ture, yet they rarely own the land®. Similarly,
water-related challenges disproportionately
affect women due to gender inequalities in
roles and responsibilities’>. Women carry a
disproportionate unpaid work burdenandrely
more on natural resources and water-sensitive
sectors for their livelihoods. Water access
forms a core element of daily activities and
household labour, including cooking, wash-
ing, and caring for theill, children and elderly.
Globally, women and girls spend almost 200
million hours daily collecting water”. Inwater-
scarce situations, girlsand women must travel
further tofind it. This restricts their access to
education, livelihoods and safety and exposes
themtoincreased risks of violence, including
sexual violence*. Travelling longer distances
also increases exposure to potential water
contamination.

Many poor people who depend on climate-
vulnerable resources such as agriculture or
aquaculture are at risk of involuntary immo-
bility. The most vulnerable people have the
fewest human, financial and social capital
required to migrate as an adaptation strategy.
Aswater scarcity reduces cropyields, they face
diminishing returns, their resources deplete
further, and they become even less mobile.
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This is a dangerous cycle. Some of the most
vulnerable people will be left behind in ‘the
poverty trap.” In many cases, working-aged
men are the first to depart and leave behind
women, children, the elderly, and the disabled.

Water availability also impacts other fragile
situations, such as transhumance and urban
settings. Changes in seasonal rain patterns
and droughts affect access to arable land and
grazing, altering traditional patterns and tim-
ing and even causing conflict. Water scarcity
incitiesimpacts sanitation, accessto drinking
water, and the provision of essential social
services and healthcare systems®. Unplanned
urbanization can prevent proper draining and
causefloods, particularly ininformal settings.

Water interventionsandinfrastructure play
a crucial role in helping to prevent or mini-
mize forced displacement or immobility and
inpreparing areas toreceive climate migrants.
Solutions should be context-specific, flexible,
adaptable and engage local leaders and com-
munity membersin their design. Projects that
provide water and sanitation, livelihoods and
economic development, and protective cli-
mate-resilient water infrastructure and alter-
natives, such as nature-based solutions, are
necessary and should factor in mobility and
immobility considerations.

David L. Sedlak: The next stage of the reverse
osmosis revolution

Over the past three decades, reverse osmosis
(RO) has become one of the most attractive
ways to overcome water scarcity. Each day
about 60 million cubic meters of seawater
is turned into drinking water in coastal cit-
ies while thousands of smaller communities
use RO technology to desalinate brackish
groundwater?®. Early adopters, like Singa-
pore and Orange County, California use RO
to turnanother million cubic meters per day
of municipal wastewater into drinking water.
The impact of RO extends beyond wealthy,
water-stressed places: small-scale systems
are being used by people in low-income
countries to purify tap water that otherwise
would be unsafe to drink. If current trends
continue, over half a billion people may
be consuming RO-treated drinking water
by 2030.

Despite such positive developments,
numerous challenges remain. Research is
needed to understand and reduce the poten-
tial risks that RO and related desalination tech-
nologies might pose to human health and the
environment. Further technological advance-
ments also are needed to lower costs and make

advanced water technologies accessible to
more people”.

The main human health concern of RO is
related to the fact that RO-treated water is
essentially free of any ions, including some
that have health benefits. In recognition of
the tendency of ion-free (‘aggressive’) water
to damageinfrastructure, calcium hydroxide
(that is, lime) is usually added back into RO-
treated water at the end of the desalination
process. Although the addition of calcium
and pH adjustment helps, the near absence
of other ions can lead to the mobilization of
geogenic toxins like arsenic when aquifers
are recharged with RO-treated water?®. Fur-
thermore, without careful management, the
chemical composition of RO-treated water
could alter mineralsin water distribution sys-
tems, enhancing the release of toxic metals
like lead or creating conditions that are con-
ducive to the colonization of pipes by unde-
sirable microbes. Finally, the near absence of
beneficial ions that people would normally
obtain from their water supply, such as mag-
nesiumand fluoridein RO-treated water, may
contribute to health problems®. Beyond the
assessment of the risks associated with the
use of RO-treated water, there is a need for
research thatleads to cost-effective technolo-
gies for adding key ions back to water at the
end of the treatment process.

The main risk to the environment from RO
treatment is related to the waste produced
when ions are removed from water. In the
case of seawater and brackish water desalina-
tion, the waste is a salty brine. RO treatment
of wastewater also produces a salty waste,
referred to as concentrate, that contains
relatively high concentrations of nutrients,
metals and organic chemicals. Until recently,
engineers assumed that dilution of brine and
concentrate by mixing wastes into seawater
would be sufficient to protect the environ-
ment. However, it is becoming clear that in
regions where multiple desalination plants
discharge brine into shallow coastal waters,
salinity can approach levels of concern. Fur-
thermore, the discharge of RO concentrate
could contribute to hypoxia, ocean acidifica-
tion and compromise the health of aquatic
organisms. For these reasons, it may become
necessary to treat concentrates from waste-
water recycling projects prior to discharge
or avoid the discharges altogether®. For RO
plants lacking coastal access, the current
generation of brine and concentrate manage-
ment technologies, such as deep well injec-
tion, evaporation ponds, zero liquid discharge
(ZLD) or near zero-liquid discharge (NZLD)

greatly increase the overall cost of water puri-
fication. To enable further spread of RO tech-
nologies, researchis needed to lower the costs
of selectively removing trace constituents and
dewateringbrine and concentrate to decrease
the volume of liquid produced.

Innovations in materials science and pro-
cess engineering could lower the cost and
energy consumed by ZLD and NZLD systems,
but the current approaches for managing
residual salts (for example, landfill disposal)
are not sustainable. Valorization of the solid
or highly saline wastes produced in these
processes could result in the production of
useful products like sulfuric acid, caustic, gyp-
sum and other commodity chemicals from
desalination brines. With more selective sepa-
rations, it also could be possible to develop
cost-effective approaches to recover nutri-
ents, metals and organic matter from con-
centrate from brines created by water reuse”.
Thus, wastes generated from RO treatment
could provide a means of supporting a more
circular economy.

Ifresearchers canresolve some of theissues
identified above, desalination and water
reuse — technologies that already are seeing
large investments in a handful of wealthy,
water-stressed locations — could play amuch
greater role in humanity’s efforts to overcome
water scarcity.

Thalappil Pradeep: Circularity in water and
the role of nanotechnology

Circularity in water hasemerged asaresponse
to the unsustainable linear water model of
‘harvest, use, and waste’. In a robust circu-
lar water (CW) economy, the entire cycle of
water harvest and recovery can be repeated
endlessly without the loss of water, and the
contamination caused in the process can act
as raw material or fuel for other valuable pur-
poses. Historically, ‘circular economy’ was
introduced in 1990 (ref. '), and it was later
extended to multiple sectorsincluding water
and waste management, food production, and
sustainable design and construction.
Incremental innovations to improve treat-
ment efficiencies, long-distance conveyance
of freshwater, and resource-intensive seawa-
ter desalination are unlikely to move towards
acarbon-neutral CW ecosystem. Thus, there’s
adireneed to augment the existing water flow
networks with disruptive water-reuse tech-
nologies to maximize circularity. It is possible
toevaluate the circular and non-circular water
footprintsindividually and focus on minimiz-
ing the non-circular portion. We may assume
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that circular water consumption has negligi-
ble environmental impacts, or the extent of
the impact may be considered as a deviation
from circularity. Given the rapid evolution of
nanoscience around clean water challenges
in the past two decades, it is natural to won-
der what role can nanotechnology play in
the transformation from a linear to a circular
water economy.

It is possible to approach CW by adopt-
ing nine strategies: rethink, avoid, reduce,
replace, reuse, recycle, cascade, store and
recover®’. The loop of CW has several entry
points (surface water and groundwater extrac-
tion, rainwater and humidity harvesting and
desalination), and exit points (wastewater dis-
charge, leakage, evaporation and overflows
from storage tanks). Points, where water is
returned to the hydrological cycle, are not cov-
ered in the strategies, as they do not retain
water in the CW loop.

The sustainability of any technology is usu-
ally assessed by estimating its environmental,
social, and economic performance. Sustain-
able nanomaterials are required to cross
thresholds in the aspects of safety, stability,
regeneration, reuse, and disposal. Sustain-
ability metrics, such as mass intensity, solvent
or water intensity, carbon footprint, and life
cycle assessment, and tools like GUIDEnano-
tool, LICARA nanoSCAN, and Fuzzy-Delphi
method may be applied to assess the sus-
tainability of materials and technologies™®.
Moreover, large-scale deployment of loT-ena-
bled nanosensors, data analytics, machine
learning, and artificial intelligence, with the
support of governments and industries will

contribute to the transition of the emerging
technologiesinto a CW ecosystem ataglobal
level. Thisis essential as water is also aglobal
resource, just like air. Measurement becomes
central to sustainability as global warming
reminds us.

The strategies followed to achieve CW may
be supported by the implementation and
adoption of emerging water treatment tech-
nologies. Among such technologies, those
based on nanomaterials are attractive for their
potential in several ways. For example, nano-
enabled filters and membrane separators,
the use of nano-catalysts asareplacement for
metal catalysts, the development of advanced
reverse osmosis membranes for desalination
and nanostructured atmospheric water har-
vesters can all contribute to increasing water
availability. In terms of water delivery and con-
sumption, nanofluids could replace freshwa-
ter in geothermal operations and hydraulic
fracturing, self-healing nano-coatings could
be used to prevent leakages in distribution
networks and to realize water-efficient cool-
ing technologies for thermoelectric power
generation. Finally, the development and
deployment of affordable nanosensors can
ensure real-time water quality monitoring to
tackle potential challenges related to water
management. For instance, nanotubes and
nanowires with large surface area-to-volume
ratio could produce enhanced signal-to-noise
ratios for ultra-trace detection.

Naturally, beyond the development of
advanced water technologies, a complete
transition to a CW economy will require sup-
port from the local governments, tailoring

the existing norms, and availability of easy-to-
implement technologies which are compliant
with the existing water infrastructure as well
as appropriate policy guidelines.

Upmanu Lall: The future of America’s water
security

America’s water infrastructure — dams, levees,
conveyance, and treatment systems — set the
global standard in the 20th century for miti-
gating drought and flood risk, and providing
water and wastewater services. Today, America
is challenged by a deteriorating water infra-
structure due to decades of deferred mainte-
nance and under-investment. It faces climate
change, fragmented governance, socio-eco-
nomic inequity, and environmental impacts
from failinginfrastructure. Similar challenges
are experienced worldwide.

Recognizing theimpacts of lead in waterin
Flint, Michigan, and PFAS contamination else-
where, President Biden and the US Congress
approved US$15 billion for lead pipe replace-
ment and US$5 billion to address PFAS con-
tamination. However, whether this is the best
way to address the projected US$1 to US$2
trillion needed for failing water infrastructure,
recognized but notaddressed by four previous
administrations, remains to be seen.

Public health concerns focus on contami-
nation and motivate responses like Biden’s.
However, conveyance and storage account for
70-80% of the costs of traditional designs. The
USA experiences over 300,000 main pipe fail-
ures per year, up from 850 in the 1950s. Each
incidentisaccompanied by aboil water notice,
service disruption, and potential pathogen
exposure. The USA has over 90,000 dams with
amedian age of 67 years (beyond the nomi-
nal designlife)**. The condition of most dams
owned by municipalities is unknown or poor.
Decadal droughtsinthe Western USA have led
to empty reservoirs, depleting groundwater
and supply restrictions.

Investmentis needed in water systems that
minimize climate and pollutionrisks, and are
affordable, efficient, reliable, and suited to
local demographic, physiographic, economic,
ecological, and climate conditions. The tradi-
tionalapproachledtolarge (often oversized),
centralized treatment and conveyance infra-
structure. As it aged, it was difficult to main-
tain and expensive to replace.

The lead-in-water example for Flint high-
lights a different problem. Water quality at
the treatment plant may meet standards, but
notwater delivered at the tap, asit is not regu-
larly tested. Worse, the list of contaminants is
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ever-growing, and concern over higher treat-
ment costs has blocked efforts to add more

contaminants to the regulated list. Exposure
todrinking and cookingis aprimary concern.
This is a very small fraction of urban water
use. Increasing drinking water quality viola-
tions® havedrivenanincrease in bottled water
sales®®,

Perhaps point-of-use treatment systems
and sensors could be used to assure the qual-
ity of water for these uses, thus enabling a
decentralized architecture® that integrates
water supply, stormwater, and wastewater
control and reuse. Digital architecture would
provide system control even in areas with
limited technical and financial capacity. The
reduction in storage and conveyance costs
would pay for higher treatment and digital
water quantity and quality monitoring costs.
Managed aquifer recharge with treated
wastewater and stormwater would provide
storage and address groundwater depletion.
Infrastructure could be integrated with neigh-
bourhood parks and green spaces to limitland
requirements. The ‘optimal’ economic scale
of decentralization would be determined by
local factors, such as population/building
density, soils, climate, roads, and condition
of existing infrastructure, and offer dramatic
costreductions®’,

Water treatment research has focused
largely on a one-contaminant-at-a-time strat-
egy. Given the plethora of man-made and
geogenic contaminants and pathogens, this
ischallenging. Today, membranefiltrationand
electrochemical technologies can comple-
mentbiological treatment methodstoachieve
dramatic reductions in a broad spectrum of
contaminants, while providing materials and
energy resource recovery. The rapid growth
andreductioninthe cost of point-of-use filtra-
tion devices demonstrate growing consumer
adoption. Point of use water quality assurance
is stillan open question.

The financial, technical, and social con-
ditions are ripe for a water transformation.
Climate change and ageing, failing infrastruc-
ture can be accelerants to a resilient future,
especially for underserved populations that
currently face the biggest challenges.

Nitya Rao: Water is agendered human right

Water is critical for life on Earth. For humans,
water security is essential for food and nutri-
tionsecurity*’, The Sustainable Development
Goal (SDG) 6 provides aframework for ensur-
ing water and sanitation availability and sus-
tainable managementbutit does not explicitly
recognise how power and wealth imbalances

mediate access and rights to water. Water
scarcity is not just physical, but also experi-
enced through socio-political processes of
inclusion and exclusion®. It does not address
issues like why itisacceptable for ruralwomen
towaitseveral hours or walk long distances to
access water, for the urban poor to be deprived
of legal connections, or for one state to deny
another its share of water.

Equity and justice are central to research-
ing water access, distribution and use, and
areindicators of resource-sharing at different
scales, from the household and communities
to markets and states. Patterns of socio-eco-
nomic inequalities shape the mechanisms
through which not just overconsumption
by some and under-consumption by others
are justified, but also how different uses of
water are prioritised. Intensification of these
inequalities often leads to conflicts.

Genderrelations and theintersectingiden-
tities of class, race, ethnicity, marital status
and age underpin the unequal power relations
thatset up false dichotomies between the uses
of water for production or domestic purposes,
associating men with the former and women
with the latter*”. Not just does reproduction
underpin the productive economy*, but in
a majority of small landholder households,
water-related divisions of labour overlap due
to the interlinkages between ecology (land
use), embeddedness of food production and
consumption systems within these ecologies,
andthe gendered labour use patterns therein.
Women usually play central roles in farming
andirrigation, alongside household reproduc-
tion. Byignoringwomen’s work, both ‘produc-
tive’ and ‘reproductive’, costs of labour are
shifted from the paid to the unpaid economy,
and the inequities that reproduce male privi-
lege are further strengthened.

In a context of persistent drought and cli-
mate variability, gendered labour relations
impact health and wellbeing. In pastoralist
Kenya, men are moving further away from
theirhomesinsearch of pastures and water**,
and those without cattle migrate to nearby
cities and towns to diversify household liveli-
hoods. Women, though differentiated by their
marital status, land ownership and the num-
ber of cattle owned, acutely feel the impact
of water scarcity, most confronting trade-offs
between water costs, time availability for col-
lection and the health impacts of the same.
Shortagesimply either purchasing or walking
long distances for safe water. As the responsi-
bility for accessing water and ensuring water
quality is privatized and placed onindividual
households and women within them®, these
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trade-offs get sharper, leading to declines in
consumption alongside a rise in workloads.
Where these cannot be managed one findsan
increasein water-borne diseases, poor health
and nutrition, and rising mortality. Economic
advantages and disadvantages are bound to
social and cultural advantages and disad-
vantages in relation to the value attributed
to different activities*®, with women denied
decision-making and control in water manage-
mentinstitutions.

Water researchneedsintegration of women
and genderissues into mainstreamagendas to
ensure material wellbeing but also the trans-
formation of these agendas toreflect strategic
gender interests related to increased say in
decision-making, recognition of reproduc-
tive needs as legitimate, and an equal share
ofbenefits. Water, like land, isboth a physical
asset and a source of meaning, so correcting
the invisibility of gendered power relations
here can also contribute to the larger goal of
gender equality.

Joyeeta Gupta: Water Justice is essential for
life within the planetary boundaries

The current water crises related to poor
water access, over-abstraction, pollutionand
extreme weather events —result frominequi-
table, unsustainable and failing governance.
If justice is not central to direct and indirect
water policy at all levels, it will be impossible
to live within the water, climate and nutrient
planetary boundaries.

There are three main issues related to water
justice. First, scholars propose water bounda-
ries to maintain water system stability, which
require drastic reductions in water use, con-
straining water supply. Even without this con-
straint, many cities are reaching ‘day zero’ (or
when there is no fresh water available for city
consumption) and many basins are ‘closed’ (as
demand exceeds supply and nomore water can
be extracted from the basin). Water shortage
raises the price of water beyond the reach of the
poor affecting and exacerbating existing prob-
lems of water, sanitation and hygiene (WASH)
access, and shifts water from uses with low but
necessary (forexample, drinking water) to high,
but not quite so necessary, returns on invest-
ment (for example, golf courses, biofuels). This
requires redistributing water.

Second, declining water quality, whether
because of sewage, pharmaceutical, plastic,
nutrient, or pesticide pollution results from
the ability of users to externalize pollution.
Thisraisesissues suchaswhois polluting, how,

where, inrelation to production forwhom, or
questions of liability (who is liable) and redis-
tribution (how can pollution be reduced by
restructuring production, distribution and
consumption processes).

Third, extreme weather events (droughts,
floods, cyclones) affect lives, livelihoods,
infrastructure, and redistribute risks in
society, especially in the global South. Such
events are in line with climate models and
will rise in the future. Sadly, the costs of
such damages are not fairly distributed. To
put things in context, we should consider
that Hurricane lan caused more than US$75
billion worth of damage to Florida*, while
only US$100 billion was promised annually
to the entire developing world for adapta-
tion, much of whichis not being provided or
provided as commercial loans*®. Although
at COP27, countries came to an agreement
to finance loss and damage already caused
to other countries, given the history of cli-
mate change finance, it is likely that this will
be no more than a symbolic gesture. Dam-
age caused to other countries, to the extent
caused by greenhouse gas emissions should
in principle be borne by those who emitted
those gases*’. However, if finance is provided
through loans it may lead to a spiralling debt
crisisin the developing world.

All three issues raise distributive and correc-
tivejustice points. Challenges toredistributive
justiceincludea) past (colonial) and institution-
alized inequitable water property rights and
quasi-property rights in permits/concessions
and contracts that cannot easily be expropri-
ated without compensation®; b) the direct link
betweenwater use and GDP encouraging water
use to enhance GDP and the Jevon’s paradox
where increased water efficiency ironically
leads to higher water use; c) water overuse and
‘water grabbing’ by rich people andinvestment
funds®; d) the externalization of local to global
pollution (forexample, Coca Colasells200,000
plastic bottles aminute, much of whichends up
as plastic soup, that is, plastic pollution in the
ocean®; e) the unwillingness to take responsi-
bility for damage caused and pay compensa-
tion; f) the fact that some companies that use
large quantities of water, directly or indirectly,
avoid paying taxes (for example, Starbucks®®)
whichreduces country revenues for reinvesting
inpublicgoods.

Proposed solutions often institutionalize or
exacerbate existing inequities. In the market-
based system, the rich (whether countries,
companies or people) benefit from actual
and virtual water uses while externalising

damage®, they create rules that favour them,
and prevent, avoid or evade rules that regu-
late them or require them to pay taxes. The
poor pay the final bill as their water resources
are expropriated (for example, indigenous
populations®¢) and often polluted (for exam-
ple, communities near dams and mines), and
cannotaffordrising water prices for drinking
or irrigation or the bankable loans to adapt
to extreme weather events. The situation
can be summarized by considering that as of
2021, 2.3 billion people live in water-stressed
areas, 1.8 billiondrink polluted water,and 2.8
billion people suffered from floods between
2001-2018.

The questionis: Iswater justice neededtolive
within water boundaries? | would argue that
further denying the poor drinking water and
sanitation services will only exacerbate health
problems with spillover effects on society, and
denying them adaptation services will expose
them to extreme weather events that will dis-
place millions beyond borders; all of which will
have repercussions onthe Earthweshare. Ifwe
want to live within planetary boundaries, we
have to engage in redistributive justice.
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