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Abstract

Considerations including water scarcity in arid and semi-arid re-
gions, water security concerns in areas where water demand
exceeds water availability, and rigorous and costly requirements
to remove nutrients and emerging contaminants from effluent
discharge to surface waters have driven water reuse as an
alternate water supply in some parts of the world. However, the
potential of reusing treatedwastewater has not yet been exploited
in many areas. A transition to a circular economy could create
significant synergies for the wide adoption of water reuse as an
alternate water supply. This paper therefore examines opportu-
nities and risks with the transition to such an economy. Findings
show that although many of the barriers water reuse is facing,
ranging from public perception to pricing and regulatory chal-
lenges, could be addressed more effectively through a wider cir-
cular economy perspective, care must be taken with regulating
and monitoring levels of contaminants in the recycled water ac-
cording to its use. A review of existing reuse schemes and regu-
lations across the world, found variation, demonstrating the need
for assessing benefits and risks on a case by case basis. Recy-
cling and reuse are central to a circular economy approach and
offer a strategy to improve water supply by managing wastewater
better. Such strategy should alsoensure the safety ofwater reuse,
and therefore apply water quality standards appropriate to the
specific use, but also ensure adequate and reliable operation of
water reuse systems and appropriate regulatory enforcement.
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Introduction
Water is essential for human survival and well-being and
plays an important role to many sectors of the economy.
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However, water resources are irregularly distributed in
space and time, and they are under pressure due to
human activity and economic development [34]. Accel-

erated urbanization and the expansion ofmunicipal water
supply and sanitation systems also contribute to the rising
demand [72]. Furthermore, climate change scenarios
project spatial and temporal variations of water cycle dy-
namics, which exacerbate the discrepancies between
water supply and demand [31,72].Water for irrigation and
food production constitutes one of the greatest pressures
on freshwater resources, with agriculture accounting for
over 70 per cent of global freshwater withdrawals and up
to 90 per cent in some fast-growing economies [72].
Projections for biofuel production indicate that if by 2030,

5 per cent of road transport is powered by biofuels (the
EU target is 10 per cent by 2020 [23]), this would amount
to at least 20 per cent of the water used for agriculture
globally [7]. Industry is also a major water user, account-
ing for between 10 per cent (Asia) and 57 per cent
(Europe) of total water consumption [32]. Water (avail-
ability/scarcity/management) is one of the top global risks
according to aWorld Economic ForumGlobal Risk Report
[81]; estimating a 40 per cent shortfall in water supply
globally at 2030, if no changes are made in how water is
managed.

Apart from being an essential requirement for human
survival and a fuel for economic development, water is
also fundamental for sustainable ecosystem services [71].
The Earth’s ecosystems could not function without
adequate supplies of water of suitable quality. However,
every time humans access, develop, transport or utilise

water resources, they leave an impact that may degrade
the service provided by the river, lake, wetland or
groundwater aquifer supplying the water [46]. By
increasing the concentration and the ecological effects of
pollutants, water scarcity is a key stressor in many river
ecosystems as it tends to exacerbate the detrimental ef-
fects of other stressors [58].

Water scarcity is particularly important in semi-arid re-
gions such as the Mediterranean area [29,48], but also in
other regions where water demand approaches or even

exceeds, water availability. This includes large areas of
Europe, as presented in the Water Exploitation Index
(WEI), defined as the ratio of all annual abstractions over
inter-annual resources [4,29]. Two thirds of the world’s
population currently live in areas that experience water
scarcity for at least one month a year, meaning that about
500million people live in areas where water consumption
www.sciencedirect.com
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exceeds the locally renewable water resources by a factor
of two [73].

The availability of water resources is also intrinsically
linked to water quality, as the pollution of water sources
may prohibit different type of uses. Increased discharges
of untreated sewage, combined with agricultural runoff
and inadequately treated wastewater from industry, have

resulted in the degradation of water quality around the
world [19]. If current trends persist, water quality will
continue to degrade over the coming decades, particularly
in resource-poor countries in dry areas, further endan-
gering human health and ecosystems, contributing to
water scarcity and constraining sustainable economic
development [73]. In all but the most highly developed
countries, the vast majority of wastewater is released
directly to the environment without adequate treatment
with detrimental impacts on human health, economic
productivity, the quality of ambient freshwater resources,

and ecosystems [73].

As freshwater supplies become more limited and eco-
nomic development comes with increasing water
demand, technologies such as desalination and water re-
use are often recognised as solutions with a great poten-
tial in reducing the gap between availability and demand
[41]. However, on a larger scale, brine released from
desalination plants includes chemical residues that
negatively affect coastal ecosystems [14]. Furthermore,
although desalination may solve the problem of water

scarcity in water stressed areas, there still lies the prob-
lem of associated wastewater management and the costs
involved [41]. Continued failure to address wastewater as
a major social and environmental problem would also
compromise other efforts towards achieving the 2030
Agenda for Sustainable Development [73].

The ability to reuse water, regardless of whether the
intent is to augment water supplies or manage nutrients
in treated effluent (also a factor leading to water reuse),
has positive benefits that are also the key motivators for
implementing reuse programs [21]. These benefits

include improved agricultural production; reduced
energy consumption associated with production, treat-
ment, and distribution of water; and significant environ-
mental benefits, such as reduced nutrient loads to
receiving waters due to reuse of the treated wastewater
[33]. In Europe, the implementation of the Urban Waste
Water Treatment Directive (91-271-EEC) has already
contributed to obtain treated wastewaters of quite high
quality that could be reused for certain applications or
improved by polishing steps for uses with higher quality
requirements [24].

Even though reclaimed water reuse is currently imple-
mented in many countries, its potential has not yet been
exploited inmany areas, and the proportion ofwater reuse
in total wastewater generation is still small. However, this
www.sciencedirect.com
is changing. Global water reuse capacity was estimated to
have risen from 33.7 GL/day in 2010 to 54.5 GL/day in
2015, with the largest growth inChina, theUnited States,
Middle East, North Africa, Western Europe, and South
Asia [8]. With a transition to a Circular Economy this rise
would further accelerate. This emerging worldview that
considers that a third industrial revolution is underway,
supported by the age of the internet that facilitates the

exchange of ideas at a pace never seen before, sees many
states beginning to use their financial and regulatory ca-
pacity to kick-start a circular economy that could create
significant synergies for the wide adoption of water reuse.
The concept has emerged in response to drawbacks of the
conventional ‘take-make-consume and dispose’ model of
growth and the shift towards sustainable development.
This paper therefore examines water reuse from a circular
economy perspective and investigates opportunities
and risks for water reuse with the transition to such an
economy.
Wastewater treatment and water reuse
Conventional sewage treatment (Fig. 1) starts with
preliminary screening and grit removal, intended to
remove the larger floating and suspended materials that
could interfere with the treatment process [38]. Primary
sedimentation follows and removes approximately 55
per cent of the suspended solids and because some of
these solids are biodegradable the biochemical oxygen

demand (BOD) is typically reduced by 35 per cent.
Then, secondary treatment usually involves a biological
process. Microorganisms in suspension (in the “acti-
vated sludge” process), attached to media (in a “trick-
ling filter” or one of its variations), or in ponds or other
processes are used to remove biodegradable organic
material. In the activated sludge process the majority of
biological solids removed in the secondary sedimenta-
tion tank are recycled (returned sludge). The feedback
of most of the cell yields from the sedimentation tank
encourages rapid adsorption of the pollutants in the

incoming settled sewage and also serves to stabilize the
operation over a wide range of dilution rates and sub-
strate concentrations imposed by fluctuations in the
flow and strength of the wastewater. Secondary treat-
ment processes can remove up to 95 per cent of the
BOD and suspended solids entering the process, as well
as significant amounts of heavy metals and certain
organic compounds which could otherwise cause the
deterioration of chemical and ecological quality of
receiving waters [10,53]. Conventional wastewater
treatment usually ends with secondary treatment which

cannot efficiently remove all the different compounds
found in sewage and therefore treated effluents are one
of the main sources of persistent micropollutants in the
environment [1,62].

For water reuse, tertiary treatment is needed to provide
additional removal of contaminants such as microbial
Current Opinion in Environmental Science & Health 2018, 2:32–45

www.sciencedirect.com/science/journal/24685844


Fig. 1

Conventional two stage biological wastewater treatment and potential options for wastewater reuse.
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pathogens, particulates, or nutrients, and advanced
treatment processes are employed when wastewater is
to be reclaimed for reuse, depending on the type of use

and quality requirements [49]. Pharmaceutical sub-
stances are also often detected in sewage effluents as
well as receiving waters in many parts of the world [44].
Various treatment options, including engineered and
managed natural treatment processes, exist that
could mitigate microbial and chemical contaminants in
reclaimed water, facilitating the process to meet specific
water quality objectives [55]. Advanced treatment pro-
cesses are capable of also addressing contemporary water
quality issues related even to potable reuse involving
emerging pathogens or trace organic chemicals [55].

Overall, reusing water requires physical and chemical
treatment processes, pipelines, waste disposal mecha-
nisms, and other systems [77]. The level of treatment
will depend on the water quality needed for the pro-
posed use (Fig. 2).
Water reuse as an emerging solution
Many cities are running out of options, and they are

realising that high grade urban water reuse is much
cheaper than the alternatives [56]. Although it is water
scarcity and water supply demands in arid and semi-arid
regions that have driven reuse as an alternate water
supply; there are still many water reuse programmes, for
example in the US, that have been initiated in response
to rigorous and costly requirements to remove nutrients
(mainly nitrogen and phosphorus) from effluent
Current Opinion in Environmental Science & Health 2018, 2:32–45
discharge to surface waters that could potentially also
include emerging contaminants and micropollutants,
when the receiving waters are intended for potable use

[68]. Environmental concerns over negative impacts
from increasing nutrient discharges to coastal waters are
resulting in mandatory reductions in the number of
ocean discharges in Florida and California in the US but
also numerous sites in the UK and Europe as well [13].
By eliminating effluent discharges for all or even a
portion of the year through water reuse, a municipality
or a water company may be able to avoid or reduce the
need for costly nutrient removal treatment processes or
maintain wasteload allocations (consents on effluent
discharges) while expanding capacity [22].

Treated wastewater provides an alternative source of
water, particularly in areas where water is scarce. From
irrigation to industrial uses to potable supply, waste-
water treated to the right quality can replenish water
supplies and reduce the demand/availability gap [41]. In
Europe (Fig. 3), the practice of using wastewater for
irrigating crops is growing and is particularly well
established in Mediterranean countries such as Spain,
Italy, Cyprus and Greece [5,51]. For islands and coastal
regions, water recycling allows extended and thus more

efficient use of freshwater by avoiding discharge to the
sea. The contribution of water recycling to meeting
agricultural water demand can be substantial [29]. In
Gran Canaria, for example, 20 per cent of water used
across all sectors is supplied from treated wastewater,
including the irrigation of 5000 ha of tomatoes and
www.sciencedirect.com
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Fig. 2

Flows of water (closing the loop) with potential applications of direct and indirect water reuse.
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2500 ha of banana plantations [51]. In Cyprus, the reuse
targets for 2014 equate to about 28 per cent of the
agricultural water demand in 2008 [29,78].

However, in the UK, only 0.16 per cent of the
335,191,033 m3 of wastewater treated each year is
reused (in industry and for golf course irrigation).
Considering that 22 billion m3 of water is abstracted
each year, 52 per cent from rivers and lakes, 11 per cent
from groundwater and about 37 per cent from tidal
waters (mainly used for cooling) [18], the potential of
water reuse has been largely unexplored.
The transition to a circular economy
The circular economy offers a new way of looking at the
relationships between markets, customers and natural
resources, promoting sustainable and resource-efficient
policies and practices. A business model that enables
the economy to grow, while minimising the amount of

virgin resources that are extracted. As many states and
corporations are moving away from linear towards circular
models of production and consumption, there is ample
www.sciencedirect.com
evidence that shows the need for policy and regulations to
enable this, to help economies break away from a
polluting economic trajectory andmove to a ‘clean’ one. A

transition to a circular economy will encourage a more-
efficient use of water, combined with robust incentives
for innovation, can enhance an economy’s ability to
handle the demands of the growing imbalance between
water supply and demand [47]. Although water reuse
faces numerous barriers, ranging from public perception
to pricing and technological, safety and regulatory chal-
lenges [83], geographical and sector-wide strategies that
underpin the circular economy are emerging, and have
the potential to transform some of the main barriers to
water reuse.

Technical considerations
Microfiltration followed by reverse osmosis are the two
principal technologies normally employed for the potable
reuse of wastewater [16]. The two principal issues
associated with direct potable reuse are pathogens and
residual organic constituents that pass through conven-
tional and advanced wastewater treatment systems and
Current Opinion in Environmental Science & Health 2018, 2:32–45
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Fig. 3

Examples of water reuse programmes around the World.
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are of potential health concern [54]. Themost important
concerns stem from the presence of priority pollutants,
endocrine disrupting compounds, pharmaceutically

active compounds, or other unregulated trace pollutants
[60]. Residual organic compounds in reclaimed water
originate from anthropogenic organic compounds added
by consumers, natural organic matter already present in
drinking water, and soluble microbial products generated
Current Opinion in Environmental Science & Health 2018, 2:32–45
during the wastewater treatment process due to the
decomposition of organic material [42]. Advanced
membrane treatments are able to achieve low total

organic carbon concentrations in their product water
prior to often dilution with native groundwater [55].
The most rapid growth in global water use is in
manufacturing. While many industries are still misman-
aging water and waste, others have become showcases of
www.sciencedirect.com
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a circular economy with promising advances in good
water stewardship in the manufacturing chain (e.g. ‘from
field to fashion’ in the textile industry), not least among
small-to-medium size enterprises (SME’s). Some in-
dustries have demonstrated the ability to recycle and
reusewater to achieve zero netwater consumption, while
others are striving to demonstrate a zero-pollution record
[65].
Economic considerations
From a circular economy perspective, water reuse is a
winewin option. The full cycle of wastewater manage-

ment is a critical component of the cycle from source
through distribution, collection (sewered and onsite
sanitation systems) and treatment to disposal and reuse
(Fig. 2), including water, nutrients and energy recovery
[65]. Circular economy initiatives aim at closing resource
loops and extending the lifespan of resources and mate-
rials through longer use, reuse and remanufacturing [6].
Resource recycling and reuse can help close the resources
loop, providing a sustainable alternative to extracting
virgin resources. However, if resources are cheap, the
incentive to run a throw-away society is higher, with no

reason for such synergies to take place.

Water is often free, although increasingly abstraction
charges signal the scarcity value of water, reflecting its
potential benefits to different users and for different
purposes, and the opportunity cost entailed in using it for
one purpose (e.g. agriculture) rather than for something
else (e.g. urban or hydropower generation). The charge
rates can be different between surface and ground water
users (e.g. if local rivers were very low, or aquifers falling
rapidly), but often apply to both since these two resources

are inter-dependent and should be managed in a unified
way [80]. Charges also vary by season, depending on the
availability of water. The level of abstraction charges de-
pends on hydrological estimates, demand projections,
alternative uses, the cost of developing alternative water
sources, etc. [30]. The important principle is to confront
abstractors with a cost associated with their water use,
which is large enough to figure in their calculations, and
which is a factor in their decisions [35].

Whether water reusemakes sense for a region depends, in

part, on its cost compared with the costs of other feasible
water management alternatives (e.g. new supplies,
expanded conservation efforts) and the cost of not pur-
suing any water management changes [55]. With a wide
variety of treatment processes potentially incorporated
into a reuse system tomeet specificwater quality goals for
intended uses and to address local site-specific con-
straints, it is difficult to make general statements about
the cost of water reuse. Whether reclaimed water is used
for non-potable or potable uses, there are several factors
that affect the costs of a water reuse program [20]. These
include the location of a reclaimed water source (i.e., the
www.sciencedirect.com
wastewater treatment facility), treatment infrastructure,
plant influent water quality, customer use requirements,
transmission and pumping, timing and storage needs,
energy requirements, concentrate disposal, permitting,
and financing costs [55].

Social considerations
Non-potable and potable (principally in-direct potable)
water reuse initiatives in the United States have
faced increasing public opposition. Several high-profile
initiatives have been halted after several years of plan-

ning and significant expenditure. Five principles have
emerged from the learning process [37]: 1. Manage in-
formation for all; 2. Maintain individual motivation and
demonstrate organizational commitment; 3. Promote
communication and public dialog; 4. Ensure fair and
sound decision making and decisions; 5. Build and main-
tain trust.

The public are becoming more environmentally concer-
ned, and as a result recycling water is increasingly
perceived as natural as any other recycling, and more

environmentally friendly than big dams, diverted rivers,
and desalination. Public perception comes down to how
much people trust governments to make sure their
drinking water is safe [43]. People need to understand
where water comes from, and all the things that already
ultimately get filtered out. The Singaporean government
(Fig. 3) had a publicity campaign for the NEWater
scheme. There was community concern that it would
mean ‘drinking toilet water’. In the end, in Singapore,
they didn’t wait to win over the publicd they just did it.
However, when NEWater entered potable supply, it only

represented 1 per cent of total daily water consumption
(11.4million litres per day) rising to less than 2.5 per cent
today, with the majority of it for non-potable applications
[59]. Furthermore a few studies have also demonstrated
that the real barrier to water reuse is often not public
perception but the authorities’ perception of public
perception [15].
Water quality risks
The potential promotion of water reuse from a circular
economy perspective could also pose some significant
risks, in particular with regards to water quality and
human health. There are many concerns and unknowns
about the impact of the quality of the recycled water
depending on its use. For example, water quality issues
can create real or perceived problems in agriculture
including nutrient and sodium concentrations, heavy
metals [9], and the presence of contaminants such as
human and animal pathogens, pharmaceuticals [45] and

endocrine disruptors [50], when irrigating with water
reused [69]. Social attitudes to the use of crops that
have been irrigated with recycled waters and the
resulting impact on market value of crops are also a
major consideration [69].
Current Opinion in Environmental Science & Health 2018, 2:32–45
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A review of existing reuse schemes and regulations on
the level of treatment required (Table 1) and allowable
levels for contaminants in reclaimed water across the
world (Table 2) found considerable variation. Most
regulations are limited around the necessary water
quality for different end uses, with some regulations
written years ago and now need to be updated in order to
reflect the current water crisis, while also considering

the technologies of today.

Reuse systems, particularly in potable applications,
should include a multi-barrier treatment framework
composed of advanced unit processes, and they should
incorporate resiliency (i.e., ability to adjust to upsets),
redundancy (i.e., backup systems), and robustness (i.e.,
features that simultaneously address multiple contami-
nants) in order to succeed [55]. Recycling and reuse
offer a strategy to improve water supply by managing
wastewater better and while in a circular economy

context they could be promoted through policy in-
struments such as charges and tariffs, increasing their
cost effectiveness and acceptability, care must be taken
with addressing real and perceived water quality issues
[52]. The overall viability of water reuse is a vital
consideration in the transition to a circular economy.
Discussion
The ‘circular economy,’ a term perhaps unfamiliar just a
few years ago, is taking shape as a viable, practical
alternative to the current linear economic model [81]. It
refers to an economy’s ability to grow while resource use
is declining; the decoupling of economic growth from

resource consumption and pollution. The business case
for a transition to a circular economy is compelling both
in terms of economic outputs and jobs, and although this
creates the right conditions for the widespread appli-
cation of water reuse, water quality issues real or
perceived remain the main barriers to this.

In Europe, over abstraction of water from surface and
groundwater bodies is a significant pressure in some
areas, while in most densely populated areas, the water
abstracted is purified, used by people or industry and

then collected and treated at a municipal wastewater
treatment plant before discharged (as effluent) back
into a river, only to be abstracted a second (or subse-
quent) time further downstream [63]. The water sector
continues to face challenges relating to water quality
and the reduction of chemical pollutants, which can
poison aquatic organisms, accumulate in the ecosystem,
damage habitats and threaten human health. As a result,
installing advanced (and expensive) treatment tech-
nologies at sewage treatment works may be necessary.
For example, water companies are striving to reduce the
levels of nitrates and pesticides such as metaldehyde in

the water that are often the result of run-off from
farmland, through catchment initiatives with farmers or
Current Opinion in Environmental Science & Health 2018, 2:32–45
advanced treatment of water for potable use. For
example, over 12.5 million people live within the
catchment of the River Thames in southern England,
each using approximately 200 L of water per day pro-
ducing wastewater collected and treated by 352 waste-
water treatment plants, all of which discharge their
effluents into the main body of the river, or its tribu-
taries [79]. The flow of some of these tributaries (if they

have major treatment works on them) can consist pri-
marily of effluentda value of over 90 per cent is reached
for some stretches in times of low or no rainfall, and even
the main river is effluent dominated [67]. It is in these
areas, that the presence of “contaminants of emerging
concern,” a broad category of water pollutants e such as
pharmaceuticals and chemicals e that are not removed
by traditional wastewater treatment, will soon require
advance treatment to remove these from wastewater,
making the case for direct potable reuse, in comparison,
viable [36]. The introduction of environmental regula-

tions that require effluent quality delivered by advanced
wastewater systems that remove emerging contami-
nants such as EDCs and other organic micropollutants
would make direct water reuse more profitable in com-
parison to discharging the effluent to a lower quality
receiving water body only to abstract and clean again
later [73]. In addition, in terms of public perception, the
case could be made that it is better to reuse directly and
treat water with advance methods, rather than continue
with indirect reuse, but where the water is not treated
to the same quality [61]. Similar could be the case for

‘indirect reuse’, occurring when wastewater gets diluted
but still remains a dominant component of surface water
flows used for irrigation [70].

In comparison to conventional source waters, potable
reuse is often scrutinized more carefully by the water
industry, held to higher water quality standards by
water regulators, and tested for a wider range of
chemical and microbial contaminants. Despite an
inevitably higher level of initial contamination, these
systems may provide a greater level of public health
protection than many of the water sources treated with

conventional drinking water processes supplying our
tap water today [55].

Water reuse offers the potential to transform the linear
human water cycle (abstract, treat, distribute, consume,
collect, treat and dispose) into a circular flow by closing
the loop, but also potentially decoupling municipal water
consumption from the depletion and pollution of water
reserves [73,75]. Its role in addressing water resources
problems needs careful investigation and the consider-
ation of technical, economic, social, environmental and

also legal aspects through a coherent analytical frame-
work [64]. For example, treating wastewater for reuse
(diverted from wastewater treatment plant discharge)
may have an impact on river flow levels, which could
affect both the ecology and water availability for
www.sciencedirect.com

www.sciencedirect.com/science/journal/24685844


Table1

Types of treatments for reclaimed water as regulated by various international authorities.

Use of water Regulators/Guideline providers

USA (EPA)a Australian guidelines
for water recyclingb

EU Guidelinesc Mediterranean
(UNEP)d

Californiaa Nevadaa Washingtona WHO Guidelinese

Direct contact with
food or food
contact surfaces
or the public

Food crops eaten
raw and not
processed:
Secondary
treatment (sludge
treatment, trickling
filters, rotating
biological
contractors)
Filtration (pass
through soils)
Disinfection (UV,
ozonation,
chemical etc.)
Food crops
commercially
processed:
Secondary
Disinfection
Urban reuse with
public exposure:
Secondary filtration
disinfection

Household use
(non-potable)
Secondary treatment
Coagulation
Filtration
Disinfection
Membrane filtration
UV light
Municipal use
(watering public
spaces)
Secondary treatment
Coagulation
Filtration
Disinfection
Membrane filtration
UV light
Food crops eaten
raw:
Advanced treatment
to achieve total
pathogen removal
required (eg
secondary, filtration
and disinfection)
Food crops that do
not come into
contact with water
or have a skin
Secondary treatment
with >25 days lagoon
detention and
disinfection

Class A: food
consumed raw
Secondary
treatment, filtration,
and disinfection
(advanced water
treatments)
Class B: food
consumed raw
without skin
Secondary
treatment, and
disinfection
Class C: food
consumed raw
without skin watered
straight into the
ground
Secondary
treatment, and
disinfection

Category I*
Secondary
treatment+
filtration+
Disinfection
Category II**
Secondary
treatment or
equivalent+
filtration+
disinfection
or
Secondary
treatment or
Equivalent+either
storage or
well-designed
series of
maturation ponds
or
infiltration
percolation

Non restricted
recreational
impoundments:
� Secondary
� Coagulation
� Clarification
� Filtration
� Disinfection

Food crops and
urban use:
� Secondary
� Coagulation
� Filtration
� Disinfection

Restricted urban
reuse:
Secondary
treatment
Disinfection
Agricultural reuse
(food crops):
Secondary
treatment
Disinfection

Restricted urban
reuse:
Oxidised
Disinfected
Agricultural reuse
(food crops):
Oxidised
Coagulated
Filtered
Disinfected

Concerns use in
agriculture:
- General:
- Wastewater
treatment

- Health and
hygiene promotion

- Excreta treatment
- Chemotherapy
and immunisation

Consumers of
food: produce
restriction
- Waste application/
timing

- Depuration
- Food handling and
preparation

- Produce washing/
disinfection

- Cooking foods

Workers and local
communities:
- Access control
- Use of personal
protective
equipment

- Disease vector
control

- Intermediate host
control

- Access to safe
drinking water

- Reducing vector
contact (nets etc.)

(continued on next page)
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Table1. (continued )

Use of water Regulators/Guideline providers

USA (EPA)a Australian guidelines
for water recyclingb

EU Guidelinesc Mediterranean
(UNEP)d

Californiaa Nevadaa Washingtona WHO Guidelinese

No direct contact
with food or food
contact surfaces

Non-food crops:
Secondary
disinfection

Municipal use
(restricted public
access)
Secondary treatment
Disinfection

Class D: non-food
crops: Secondary
treatment, and
storage, stabilization
ponds or constructed
wetlands.

Category III***
Secondary treatment
or equivalent+a
few days storage
or
Oxidation pond
systems
Category IV****
Pretreatment as
required by the
irrigation technology,
but not less than
primary sedimentation

Food crops (no
contact with
edible portion)
fish hatcheries,
restricted
recreational use:
� Secondary
� Disinfection

Pasture, cleaning
roads, non-food
crops: Coliform
limits:
� Secondary
� Disinfection

Irrigation of fodder,
fibre and seed
crops or where
irrigation is straight
into the ground
� Secondary

Agricultural reuse
(non- food crops):
Secondary
treatment
Disinfection

Agricultural reuse
(food crops):
Oxidised
Disinfected
Industrial reuse:
Oxidised
Disinfected

Correctly label all
other water
depending on
whether it is grey
water, waste water,
reclaimed water,
green water or
drinking water.

*Direct contact with the public likely.
**Direct contact with food crops.
***Irrigation but not direct contact with food.
****Direct to floor irrigation.
a U.S. EPA [74].
b NRMMC [57].
c Alcalde Sanz etal. [2].
d Bahri and Brissaud [3].
e WHO [82].
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Table 2

Allowable levels for contaminants in reclaimed water as regulated by various international authorities.

Use of water Guideline provider/regulator

Mediterraneana Australiab USA – EPAc EU Guidelinesd Nevadac Texasc Washingtonc Californiac WHO Guidelinese

Direct contact with
the public and
food

Category I*
Intestinal nematode
�0.1 eggs per litre –

fortnightly
Faecal Coliforms or
Escherichia coli
�200 colony
forming units/100 ml
– twice weekly
Physical/Chemical
suspended solids
�10 mg/L – weekly

E. coli
Not detected in
100 Ml
Monitored weekly
Turbidity
<1 NTU (95%)
<5 NTU (max)
Monitored
continuously online
pH
6.5–8.5
Monitored
continuously online
Disinfection
Chlorine:
0.2–2.0 mg/L
residual
Monitored
continuously online

Food crops eaten raw
and not processed:
- pH – 6–9 test weekly

- BOD – �10 mg/l test

weekly

- Turbidity – �2 NTU test

continuous

- Coliform – No

detectable test daily

- CL2 residual – 1 mg/L

residual minimum test

continuous

- Set back 15 m from

potable water wells

Food crops
commercially
processed:
- pH – 6–9 weekly

- BOD – �30 mg/l test

weekly

- TSS – �30 mg/l test

daily

- Coliform – <200 faecal

coliform/100 ml test

daily

- Cl2 residual – 1 mg/L

residual minimum test

continuous

- 90 m from potable

supply wells

- 30 m from public access

if spray irrigation

Class A: food
consumed raw
E. coli – �10 colony
forming units/100 ml
Test once a week
BOD – �10 mg/l
Test once a week
TSS – �10 mg/l
Test once a week
Turbidity – �5NTU
Test daily

Agricultural reuse
(food crops):
BOD: 30 mg/L
400 faecal coliform/
100 ml (max)

Agricultural reuse
(food crops):
BOD: 5 mg/L
75 faecal coliform/
100 ml (max)

Agricultural r se
(food crops):
BOD: 30 mg/
23 total colifo /
100 ml (max)

Non restricted
recreational
impoundments and
food crops and
urban use: coliform
limits: �2.2/100 mL
�23/100 mL in more
than one sample in
any 30-day period
240/100 mL

Unrestricted
irrigation
E. coli per 100 ml
Root crops �1000
Leaf crops �10,000
Drip irrigation, high-
growing crops
�100,000
�1 helminth eggs
per litre

Indirect contact with
food and
restricted public
access

Category II**
Intestinal nematode
�0.1 eggs per litre –

fortnightly
Faecal Coliforms or
E. coli
�1000 colony
forming units/100 ml
– weekly

– Urban reuse with public
exposure:
pH – 6–9 test weekly
BOD – �10 mg/l test
weekly
Turbidity – �2 NTU test
continuous
Coliform – No detectable
test daily

Class B: food
consumed raw
without skin
E. coli – �100
colony forming
units/100 ml
Test once a week
BOD – �25 mg/l
Test once a month

– – – Food crops (no
contact with edible
portion) fish
hatcheries,
restricted
recreational use:
coliform limits:
�2.2/100 mL
�23/100 mL in more

Restricted irrigation
Labour-intensive,
high-contact
agriculture
E. coli per 100 ml
�10,000
Highly mechanized
agriculture
�100,000

(continued on next page)
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Table 2. (continued )

Use of water Guideline provider/regulator

Mediterraneana Australiab USA – EPAc EU Guidelinesd Nevadac Texasc Washingtonc Californiac WHO Guidelinese

Physical/Chemical
suspended solids
�20 mg/L
(�150 mg/L for
stabilisation ponds)
- weekly

CL2 residual – 1 mg/L
residual minimum test
continuous
Set back 15 m from
potable water wells

TSS – �35 mg/l
Test once a month
Turbidity – Do not
test

than one sample in
any 30-day period

�1 helminth eggs
per litre

Agricultural and
urban use, lower
contact with food
and the public

Category III***
Intestinal nematode
�1 eggs per litre –

monthly
Faecal Coliforms or
E. coli
No test required –

twice monthly
Physical/Chemical
suspended solids
�35 mg/L
(�150 mg/L for
stabilisation ponds)
- monthly

E. coli
<10 cfu/100 mL
Monitored monthly
Turbidity
<5 NTU (95%)
Monitored
continuously online
pH
6.5–8.5
Monitored
continuously online
Disinfection
Chlorine:
0.2–2.0 mg/L
residual
Monitored
continuously online

Urban reuse (toilets,
landscaping, vehicle
washing):
pH 6–9 (test weekly)
�10 mg/L biochemical
oxygen demand (BOD)
(test weekly)
�2 Turbidity units (NTU)
(continuous testing)
No detectable faecal
coliform/100 mL (test
daily)
1 mg/L Chlorine residual
minimum (continuous
testing)

Class C: food
consumed raw
without skin watered
straight into the
ground
E. coli - �1000
colony forming
units/100 ml
Test once a week
BOD – �25 mg/l
Test once a month
TSS – �35 mg/l
Test once a month
Turbidity – Do not
test

Restricted urban
reuse:
BOD: 30 mg/L
240 faecal coliform/
100 ml (max)

Restricted urban
reuse:
BOD: 20 mg/L
800 faecal coliform/
100 ml (max)

Restricted urban
reuse:
BOD: 30 mg/L
240 total coliform/
100 ml (max)

Pasture, cleaning
roads, non-food
crops: Coliform
limits:

� �23/100 mL

� �240/100 mL in

more than one

sample in any 30-

day period

–

No contact with food
or the public
(possible use in
irrigation with
direct to floor
methods)

Category IV****
Does not require
testing

– Non-food crops and
pasture:
pH 6–9 (test weekly)
�30 mg/L BOD (test
weekly)
�30 mg/L total suspended
solids (test daily)
200 faecal coliform/
100 mL (test daily)
1 mg/L Chlorine residual
minimum (continuous
testing)

Class D: non-food
crops:
E. coli - �10,000
colony forming
units/100 ml
Test once a week
BOD – �25 mg/l
Do not test
TSS – �35 mg/l
Do not test
Turbidity – Do not
test

Agricultural reuse
(non- food crops):
BOD: 30 mg/L
400 faecal coliform/
100 ml (max)

Industrial reuse:
BOD: 20 mg/L
800 faecal coliform/
100 ml (max)

Industrial reuse:
240 faecal coliform/
100 ml (max)

No limits for fodder,
fibre and seed crops
or where irrigation is
straight into the
ground

–

*Direct contact with the public likely
**Direct contact with food crops
***Irrigation but not direct contact with food.
****Direct to floor irrigation.
a Bahri and Brissaud [3].
b NRMMC [57].
c U.S. EPA [74].
d Alcalde Sanz et al. [2].
e WHO [82].
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downstream abstraction. The impact, if any, of a water
reuse scheme would be specific to the individual project.
Therefore, the impact of the reuse scheme on the local
hydrological regime (and therefore on the environment
and dependent users) should be assessed on a case-by-
case basis in advance of project development. Taking
ecosystem services into account and valuing them
properly [76], could further facilitate this.

One of the key aspects of planning and designing a water
reuse scheme is the quality (and the variation in the
quality) of the influent wastewater (secondary efflu-
ents), the quality requirements of the purpose of use
and reliability of operation. Design and implementation
of an under-performing treatment system could lead to
unacceptable or unreliable water quality for water reuse
purposes (defeating the object of improved resilience
and water security). For example, appropriate treatment
selection should be based on the best available tech-

nology, standards, legislation and sound knowledge,
keeping in mind that even an advanced treatment could
pose a higher risk than the use of treated wastewater
with a lower treatment (e.g. discharge of disinfection by-
products such as trihalomethanes). In any case, planning
and designing a water reuse scheme should be informed
by risk assessment, to identify the potential benefits and
any potential drawbacks and so help make better de-
cisions on whether to introduce that scheme and, if so,
help improve its design. It is also important to note that
many benefits and risks will be specific to local cir-

cumstances and, therefore, need to be determined on a
case by case basis.
Conclusion
Addressing humanity’s ever-increasing demand for re-
sources, water, energy and food, will require a combi-

nation of approaches including water conservation,
recycling, and treatment of impaired water from non-
traditional resources to “create” new water [39]. Recy-
cling and reuse are central to a circular economy
approach and offer a strategy to improve water supply by
managing wastewater better. Water reuse faces
numerous barriers, ranging from public perception to
pricing and regulatory challenges that could be
addressed more effectively though a wider circular
economy perspective. An integrated, interdisciplinary
and holistic approach would facilitate the application of

water reuse as part of an integrated water management
strategy that could be significantly accelerated in the
context of a circular economy. Such strategy should also
ensure the safety of water reuse, and therefore apply
water quality standards appropriate to the specific use,
but also ensure adequate and reliable operation of water
reuse systems and appropriate regulatory enforcement.
Conflict of Interest
Nothing declared.
www.sciencedirect.com
Acknowledgement
This work has been supported by the European Communities 7th
Framework Programme Funding under Grant agreement no. 603629-ENV-
2013-6.2.1-GLOBAQUA and the NERC funded project Multimodal
characterisation of nanomaterials in theenvironment, NERC Reference:
NE/N006402/1.

References
1. Al Aukidy M, Verlicchi P, Voulvoulis N: A framework for the

assessment of the environmental risk posed by pharmaceu-
ticals originating from hospital effluents. Sci Total Environ
2014, 493:54–64.

2. Alcalde Sanz L, Tavazzi S, Gawlik BM: Development of mini-
mum quality requirements at EU level for water reuse in agri-
cultural irrigation and aquifer recharge. JRC Technical Report.
2016.

3. Bahri A, Brissaud F: Guidelines for municipal water reuse in the
Mediterranean Countries. World Health Organization, Regional
Office for Europe, Mediterranean Action Plan. 2002.

4. Barcelo D, Sabater S: Water quality and assessment under
scarcity: prospects and challenges in Mediterranean water-
sheds. J Hydrol 2010, 383:1–4.

5. Bixio D, Wintgens T: Water reuse system management manual
Aquarec. Brussels, Belgium: Office for Official Publications of the
European Communities, European Commission; 2006.

6. Busch J, Dawson D, Roelich K: Closing the low-carbon material
loop using a dynamic whole system approach. J Clean Prod
2017, 149:751–761.

7. Comprehensive Assessment of Water Management in Agricul-
ture: Water for food, water for life: a comprehensive assessment
of water management in agriculture. London/Colombo: Earthscan/
International Water Management Institute; 2007.

8. Chen Z, Ngo HH, Guo W: A critical review on the end uses of
recycled water. Crit Rev Environ Sci Technol 2013, 43(14):
1446–1516.

9. Chon H-S, Ohandja D-G, Voulvoulis N: Implementation of EU
Water Framework Directive: source assessment of metallic
substances at catchment levels. J Environ Monit 2010, 12(1):
36–47.

10. Chon H-S, Ohandja D-G, Voulvoulis N: Assessing the relative
contribution of wastewater treatment plants to levels of
metals in receiving waters for catchment management. Water
Air Soil Pollut 2012, 223(7):3987–4006.

13. Davidson K, Gowen RJ, Harrison PJ, Fleming LE, Hoagland P,
Moschonas G: Anthropogenic nutrients and harmful algae in
coastal waters. J Environ Manag 2014, 146:206–216.

14. Dawoud MA, Al Mulla MM: Environmental impacts of seawater
desalination: Arabian Gulf case study. Int J Environ Sustain
2012, 1(3):22–37.

15. Dolnicarm S, Hurlimann A, Grün B: What affects public accep-
tance of recycled and desalinated water? Water Res 2011,
45(2):933–943.

16. Drewes JE, Reinhard M, Fox P: Comparing microfiltration-
reverse osmosis and soil-aquifer treatment for indirect
potable reuse of water. Water Res 2003, 37(15):3612–3621.

18. Environment Agency: Water for people and the environment:
water resources strategy for England and Wales. Bristol: Envi-
ronment Agency; 2009. http://publications.environment-agency.
gov.uk/pdf/GEHO0309BPKXE-E.pdf.

19. Environmental Performance Index: Water resources. 2017.
Available at: http://archive.epi.yale.edu/our-methods/water-
resources [Accessed 3 October 2017].

20. EPA: Water recycling and reuse: the environmental benefits.
1998. Water Division Region IX - EPA 909-F-98-001.

21. EPA: 2012 guidelines for water reuse. 2012.

22. EPA: Case studies on implementing low-cost modifications to
improve nutrient reduction at wastewater treatment plants. 2015.
Current Opinion in Environmental Science & Health 2018, 2:32–45

http://refhub.elsevier.com/S2468-5844(17)30019-3/sref1
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref1
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref1
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref1
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref2
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref2
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref2
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref2
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref3
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref3
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref3
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref4
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref4
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref4
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref5
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref5
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref5
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref6
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref6
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref6
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref7
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref7
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref7
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref7
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref8
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref8
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref8
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref9
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref9
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref9
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref9
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref10
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref10
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref10
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref10
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref13
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref13
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref13
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref14
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref14
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref14
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref15
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref15
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref15
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref16
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref16
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref16
http://publications.environment-agency.gov.uk/pdf/GEHO0309BPKXE-E.pdf
http://publications.environment-agency.gov.uk/pdf/GEHO0309BPKXE-E.pdf
http://archive.epi.yale.edu/our-methods/water-resources
http://archive.epi.yale.edu/our-methods/water-resources
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref20
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref20
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref21
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref22
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref22
www.sciencedirect.com/science/journal/24685844


44 Wastewater and reuse
23. European Commission: DIRECTIVE 2009/28/EC OF THE EU-
ROPEAN PARLIAMENT AND OF THE COUNCIL on the pro-
motion of the use of energy from renewable sources and
amending and subsequently repealing Directives 2001/77/EC and
2003/30/EC. 2009.

24. European Commission: Pollutants in urban waste water and
sewage sludge. 2001.

29. European Environmental Agency (2012) EEA report no 12/2012.
European Environmental Agency; 2012. Climate change, impacts
and vulnerabily in Europe — an indicator-based report.

30. European Environmental Agency: Assessment of cost recovery
through water pricing EEA. Technical report No 16/2013. 2013.

31. Evans TE: The effects of changes in the world hydrological
cycle on availability of water resources. In Global climate
change and agricultural production. Direct and indirect effects of
changing hydrological, pedological and plant physiological pro-
cesses. Chistester, England: John Wiley & Sons Ltd.; 1996.

32. FAO: Irrigation water requirement and water withdrawal by
country [FAO AQUASTAT Reports]. 2012.

33. Fatta-Kassinos D, Dionysiou DD: Advanced treatment technolo-
gies for urban wastewater reuse (the handbook of environmental
chemistry). Springer; 2016.

34. Forslund A, Malm Renöfält B, Barchiesi S, Cross K, Davidson S,
Ferrel T, Korsgaard L, Krchnak K, McClain M, Meijer K, Smith M:
Securing water for ecosystems and human well-being: the
importance of environmental flows. Swedish Water House Report
24. 2009.

35. Global Water Partnership: Pricing for water and water services
(C7.01). 2017. Available: http://www.gwp.org/en/learn/iwrm-toolbox/
Management-Instruments/Economic-Instruments/Pricing_for_
water_and_water_services/ [Accessed 1 October 2017].

36. Gonzalez O, Bayarri B, Acena J, Perez S, Barcelo D: Treatment
technologies for wastewater reuse: fate of contaminants of
emerging concern. In Fatta-Kassinos D, et al. Advanced treat-
ment technologies for urban wastewater reuse. The handbook of
environmental chemistry, vol. 45; 2015:5–38.

37. Hartley TW: Water reuse: understanding public perception and
participation. 2003.

38. Henry JG, Heinke GW: Environmental science and engineering.
Englewood Cliffs, N.J.: Prentice-Hall; 1989. p. 728.

39. Hinkebein T: Desalination: limitations and challenges. National
Research Council (US). In Water and sustainable development:
opportunities for the chemical sciences: a workshop Report to the
chemical sciences roundtable. Washington (DC): National Acad-
emies Press (US); 2004.

41. IWA: Alternative water resources: a review of concepts, solutions
and experiences. 2015.

42. Jarusutthirak C, Amy G: Understanding soluble microbial
products (SMP) as a component of effluent organic matter
(EfOM). Water Res 2007, 41(12):2787–2793.

43. Jones AQ, Dewey CE, Dore K, Majowicz SE, McEwen SA,
Waltner-Toews D, Henson SJ, Mathews E: Public perception of
drinking water from private water supplies: focus group an-
alyses. BMC Publ Health 2005, 5(129).

44. Jones OA, Green PG, Voulvoulis N: Questioning the excessive
use of advanced treatment to remove organic micro-
pollutants from wastewater. Environ Sci Technol 2007a, 41(14):
5085–5089.

45. Jones OA, Voulvoulis N, Lester JN: The occurrence and
removal of selected pharmaceutical compounds in a sewage
treatment works utilising activated sludge treatment. Environ
Pollut 2007b, 145(3):738–744.

46. Kaaya, L.T. and Lugomela, G.V. (2015) Local Pressures and
Drivers of aquatic ecosystem change in: Ecosystem Services and
River Basin Ecohydrology by Luis Chicharo and Felix Müller,
Springer.

47. Kearney MS, Harris BH, Hershbein B, Jácome E, Nantz G: In
times of drought: nine economic facts about water in the United
Current Opinion in Environmental Science & Health 2018, 2:32–45
States. 2014. Available at: https://www.brookings.edu/wp-content/
uploads/2016/06/nineeconomicfactsaboutuswaterkearneyharris.
pdf [Accessed 2 October 2017].

48. Ludwig R, Roson R, Zografos C, Kallis G: Towards an inter-
disciplinary research agenda on climate change, water and
security in southern Europe and neighboring countries. En-
viron Sci Pol 2011, 14:794–803.

49. Malik O: Primary vs. Secondary: types of wastewater treatment.
2014. Available at: http://archive.epi.yale.edu/case-study/primary-
vs-secondary-types-wastewater-treatment [Accessed 2 October
2017].

50. Martin OV, Voulvoulis N: Sustainable risk management of
emerging contaminants in municipal wastewaters. Philos
Trans R Soc A Math Phys Eng Sci 2009, 367(1904):
3895–3922.

51. MED-EUWI (MEDITERRANEAN COMPONENT of the EU water
initiative): Strategic partnership on water for sustainable develop-
ment. 2007. Available at: http://www.twrm-med.net/southeastern-
europe/regional-dialogue/framework/med-euwi/MED-EUWI_
Brief_EN_Mar12-1.pdf [Accessed: 5 October 2017].

52. Molinos-Senante M, Hernandez-Sancho F, Sala-Garrido R: Tar-
iffs and cost recovery in water reuse. Water Resour Manag
2013, 27(6):1797–1808.

53. National Research Council: Use of reclaimed water and sludge in
food crop production. Washington D.C: National Academy Press;
1996.

54. National Research Council: Issues in potable reuse: the viability
of augmenting drinking water supplies. Washington D.C: National
Academy Press; 1998.

55. National Research Council: Water reuse: potential for expanding
the Nation’s water supply through reuse of municipal wastewater.
Washington D.C: National Academy Press; 2012.

56. Newcombe R: Municipal water reuse market set for explosive
growth. 2009. Available at: http://www.prweb.com/releases/water/
reuse/prweb3009814.htm [Accessed 1 October 2017].

57. NRMMC, E., (2006). Australian Guidelines for Water Recycling:
Managing Health and Environmental Risks (Phase 1). In Natural
Resource Management Ministerial Committee, Environment Pro-
tection and Heritage Council, and the Australian Health Ministers’
Conference, Australia.

58. Petrovic M, Ginebreda A, Acuna V, Batalla RJ, Elosegi A,
Guasch H: Combined scenarios of chemical and ecological
quality under water scarcity in Mediterranean rivers. Trac
Trends Anal Chem 2011, 30:1269–1278.

59. Public Utilities Board Singapore: Singapore water story. 2017.
Available at: https://www.pub.gov.sg/watersupply/
singaporewaterstory [Accessed 3 October 2017].

60. Raghav M, Eden S, Mitchell K, Witte B: Contaminants of emerging
concern in water. Arroyo: Water Resources Research Center Col-
lege of Agriculture and Life Sciences, University of Arizona; 2013.

61. Rodriguez C, Van Buynder P, Lugg R, Blair P, Devine B, Cook A,
Weinstein P: Indirect potable reuse: a sustainable water
supply alternative. Int J Environ Res Publ Health 2009, 6(3):
1174–1209.

62. Rowsell VF, Tangney P, Hunt C, Voulvoulis N: Estimating levels
of micropollutants in municipal wastewater. Water Air Soil
Pollut 2010, 206(1–4):357–368.

63. SEPA: An economic analysis of water use in the Scotland river
basin. Summary Report. Edinburgh: Scottish Environment Pro-
tection Agency; 2004.

64. Serageldin I: Toward sustainable management of water re-
sources. 1995. Available at: http://documents.worldbank.org/
curated/en/382391468173052349/Toward-sustainable-
management-of-water-resources [Accessed 3 October 2017].

65. SIWI: World Water Week. Water and waste: reduce and reuse.
2017.

67. Sumpter JP: Protecting aquatic organisms from chemicals:
the harsh realities. Philos Trans R Soc A 2009, 367(1904).
www.sciencedirect.com

http://refhub.elsevier.com/S2468-5844(17)30019-3/sref23
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref23
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref23
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref23
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref23
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref24
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref24
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref30
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref30
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref31
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref31
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref31
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref31
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref31
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref32
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref32
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref33
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref33
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref33
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref34
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref34
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref34
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref34
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref34
http://www.gwp.org/en/learn/iwrm-toolbox/Management-Instruments/Economic-Instruments/Pricing_for_water_and_water_services/
http://www.gwp.org/en/learn/iwrm-toolbox/Management-Instruments/Economic-Instruments/Pricing_for_water_and_water_services/
http://www.gwp.org/en/learn/iwrm-toolbox/Management-Instruments/Economic-Instruments/Pricing_for_water_and_water_services/
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref36
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref36
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref36
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref36
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref36
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref37
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref37
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref38
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref38
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref39
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref39
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref39
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref39
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref39
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref41
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref41
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref42
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref42
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref42
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref43
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref43
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref43
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref43
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref44
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref44
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref44
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref44
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref45
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref45
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref45
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref45
https://www.brookings.edu/wp-content/uploads/2016/06/nineeconomicfactsaboutuswaterkearneyharris.pdf
https://www.brookings.edu/wp-content/uploads/2016/06/nineeconomicfactsaboutuswaterkearneyharris.pdf
https://www.brookings.edu/wp-content/uploads/2016/06/nineeconomicfactsaboutuswaterkearneyharris.pdf
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref48
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref48
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref48
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref48
http://archive.epi.yale.edu/case-study/primary-vs-secondary-types-wastewater-treatment
http://archive.epi.yale.edu/case-study/primary-vs-secondary-types-wastewater-treatment
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref50
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref50
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref50
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref50
http://www.twrm-med.net/southeastern-europe/regional-dialogue/framework/med-euwi/MED-EUWI_Brief_EN_Mar12-1.pdf
http://www.twrm-med.net/southeastern-europe/regional-dialogue/framework/med-euwi/MED-EUWI_Brief_EN_Mar12-1.pdf
http://www.twrm-med.net/southeastern-europe/regional-dialogue/framework/med-euwi/MED-EUWI_Brief_EN_Mar12-1.pdf
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref52
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref52
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref52
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref53
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref53
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref53
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref54
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref54
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref54
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref55
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref55
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref55
http://www.prweb.com/releases/water/reuse/prweb3009814.htm
http://www.prweb.com/releases/water/reuse/prweb3009814.htm
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref58
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref58
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref58
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref58
https://www.pub.gov.sg/watersupply/singaporewaterstory
https://www.pub.gov.sg/watersupply/singaporewaterstory
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref60
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref60
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref60
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref61
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref61
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref61
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref61
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref62
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref62
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref62
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref63
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref63
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref63
http://documents.worldbank.org/curated/en/382391468173052349/Toward-sustainable-management-of-water-resources
http://documents.worldbank.org/curated/en/382391468173052349/Toward-sustainable-management-of-water-resources
http://documents.worldbank.org/curated/en/382391468173052349/Toward-sustainable-management-of-water-resources
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref65
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref65
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref67
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref67
www.sciencedirect.com/science/journal/24685844


Water reuse from a circular economy perspective Voulvoulis 45
68. Tao W, Sauba K, Fattah KP, Smith JR: Designing constructed
wetlands for wastewater reclamation [Editorial Manager]. 2016.

69. Toze S: Reuse of effluent water—benefits and risks. Agric
Water Manag 2006, 80(1):147–159.

70. Thebo AL, Drechsel P, Lambin E, Nelson K: A global, spatially-
explicit assessment of irrigated croplands influenced by
urban wastewater flows. Environ Res Lett 2017, 12(7):20.

71. UNEP: Water security and ecosystem services the critical
connection. Nairobi, Kenya: A Contribution to the United Nations
World Water Assessment Programme (WWAP); 2009.

72. UN: The United Nations world water development Report 2017.
2017.

73. UN: Wastewater: the untapped resource. The United Nations
World Water Development Report 2017. 2017.

74. U.S. Environmental Protection Agency: Guidelines for water
reuse, EPA/600/r-12/618. Cincinnati, OH: U.S. Environmental
Protection Agency, Center for Environmental Research Informa-
tion; 2012.

75. Voulvoulis N: Water and sanitation provision in a low carbon
society: the need for a systems approach. J Renew Sustain
Energy 2012, 4(4).

76. Voulvoulis N: The potential of water reuse as a management
option for water security under the ecosystem services
approach. Desalination Water Treat 2014, 53(12):3263–3271.
www.sciencedirect.com
77. Wang H, Wang T, Zhang B, Li F, Toure B, Bosire Omosa I,
Chiramba T, Abdel-Monem M, Pradhan M: Water and waste-
water treatment in Africa – current practices and challenges.
Clean - Soil, Air, Water 2014, 42(8):1029–1035.

78. WDD (2008) Addressing the challenge of water scarcity in
Cyprus’, presentation by Charis Omorphos at Global Water Effi-
ciency 2008. International Conference and Exhibition, 27–28,
November 2008, Limassol, Cyprus.

79. Williams RJ, Keller VD, Johnson AC, Young AR, Holmes MR,
Wells C, Gross-Sorokin M, Benstead R: A national risk
assessment for intersex in fish arising from steroid estro-
gens. Environ Toxicol Chem 2008, 28:220–230, https://doi.org/
10.1897/08-047.1.

80. Winter T, Harvey JW, Franke OL, Alley WM: Ground water and
surface water: a single resource. U.S. Geological Survey Circular.
1998. p. 1139.

81. World Economic Forum: Global risks 2015. 2015.

82. World Health Organization. Guidelines for the safe use of
wastewater, excreta and greywater, vol. 1. World Health Organi-
zation; 2006.

83. WWI: Overcoming the global barriers to water reuse. 2017.
Available at: http://www.waterworld.com/articles/wwi/print/
volume-25/issue-4/editorial-focus/water-reuse/overcoming-the-
global-barriers-to-water-reuse.html [Accessed 28 September
2017].
Current Opinion in Environmental Science & Health 2018, 2:32–45

http://refhub.elsevier.com/S2468-5844(17)30019-3/sref68
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref68
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref69
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref69
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref70
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref70
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref70
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref71
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref71
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref71
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref72
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref72
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref73
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref73
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref74
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref74
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref74
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref74
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref75
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref75
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref75
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref76
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref76
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref76
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref77
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref77
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref77
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref77
https://doi.org/10.1897/08-047.1
https://doi.org/10.1897/08-047.1
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref80
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref80
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref80
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref81
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref82
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref82
http://refhub.elsevier.com/S2468-5844(17)30019-3/sref82
http://www.waterworld.com/articles/wwi/print/volume-25/issue-4/editorial-focus/water-reuse/overcoming-the-global-barriers-to-water-reuse.html
http://www.waterworld.com/articles/wwi/print/volume-25/issue-4/editorial-focus/water-reuse/overcoming-the-global-barriers-to-water-reuse.html
http://www.waterworld.com/articles/wwi/print/volume-25/issue-4/editorial-focus/water-reuse/overcoming-the-global-barriers-to-water-reuse.html
www.sciencedirect.com/science/journal/24685844

	Water reuse from a circular economy perspective and potential risks from an unregulated approach
	Introduction
	Wastewater treatment and water reuse
	Water reuse as an emerging solution
	The transition to a circular economy
	Technical considerations
	Economic considerations
	Social considerations

	Water quality risks
	Discussion
	Conclusion
	Conflict of Interest
	Acknowledgement
	References


