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Abstract: All around the world, water supplies are coming under increasing pressure as population growth, climate change,
pollution, and changes in land use affect water quantity and quality. To address existing and anticipated water shortages, many
communities are working to increase water conservation and are seeking alternative sources of water. Water reuse—the use of
treated wastewater, or “reclaimed” water, for beneficial purposes such as drinking, irrigation, or industrial uses—is one option
that has helped some communities significantly expand their water supplies. This review summarizes the main findings of the
literature. The paper provides an overview of the options and outlook for water reuse in the world, discusses water treatment
technologies and potential uses of reclaimed water, and presents a new analysis that compares the risks of drinking reclaimed
water to those of drinking water from traditional sources. Involved technologies in wastewater treatment plant for drinking water
purpose should be furnished with highly performant methods such as membrane processes (nanofiltration, reverse osmosis) and
advanced oxidation processes (H,O,, Os, etc.). Treating efficiently wastewater at its source is the best “barrage” against

pollutants diffusion through the nature as chemicals of emerging concern are detected in tap water.
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1. Introduction

For developing country planners and decision makers,
water will be the key resource and political consideration in
the coming 50 years. In many of these nations and regions,
how water is managed will make the difference between peace
and conflict; poverty and prosperity [1-9]. Across the globe, 2
out of 10 people do not have access to safe drinking water, and
in the US, many states face water shortages and droughts [10].
As an example, it was reported that Americans use 90 litters of
water each day to flush their toilets [11]. As the global
population continues to grow and climate change results in
more water crises, finding enough water will be harder.

In the US, billions of dollars are spent in treating water to
drinking water quality when only 10% of it is used for
drinking and cooking, and then flush most of the rest down the

toilet or drain. So the growing use of recycled wastewater for
irrigation, landscaping, industry and toilet flushing, is a good
way to conserve our fresh water resources. Recycled water is
also used to replenish sensitive ecosystems where wildlife,
fish and plants are left vulnerable when water is diverted for
urban or rural needs. In coastal areas, recycled water helps
recharge groundwater aquifers to prevent the intrusion of
saltwater, which occurs when groundwater has been over
pumped.

The use of recycled water for drinking, however, is less
common, largely because many people are repelled by the
thought of water that’s been in our toilets going to our taps.
But some countries like Singapore, Australia and Namibia,
and states such as California, Virginia and New Mexico are
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already drinking recycled water, demonstrating that purified
wastewater can be safe and clean, and help ease water
shortages. The term “toilet to tap,” used to drum up opposition
to drinking recycled water, is misleading because recycled
water that ends up in drinking water undergoes extensive and
thorough purification. In addition, it is usually added to
groundwater or surface water for further cleansing before
being sent to a drinking water supply where it is again treated.
In fact, it has been shown to have fewer contaminants than
existing treated water supplies.

There are a number of technologies used to recycle water,
depending on how pure it needs to be and what it will be used
for [12-15]. At the Point Loma Wastewater Treatment plant in
San Diego, the city is currently studying the feasibility of
recycling water for drinking. Sewage [16, 17] first goes
through advanced primary treatment in which water is
separated from large particles, then enters sedimentation tanks
where chemicals are used to make primary sludge settle to the
bottom and scum rise to the top. Once the water is separated
out, 80% of the solids have been removed, and the wastewater
is clean enough to be discharged to the nature [18-21]. In
secondary treatment, bacteria are added to the wastewater to
ingest organic matters, producing secondary sludge that settles
to the bottom [18, 20, 22]. Tertiary treatment filters the water
to remove whatever solids remain, disinfects it with chlorine,
and removes the salt [23, 24]. In California, tertiary-treated
water is called “recycled water” and can be used for irrigation
or industry.

For indirect potable reuse, recycled water that eventually
becomes drinking water, tertiary-treated water undergoes
advanced water technology, and then spends time in
groundwater or surface water, such as a reservoir, before being
sent to drinking water supplies. Advanced water technology
first involves microfiltration that strains out any remaining
solids [25]. Next, reverse osmosis, which applies pressure to
water on one side of a membrane allowing pure water to pass
through, eliminates viruses, bacteria, protozoa, and
pharmaceuticals. The water is then disinfected by ultra violet
light (UV) or ozone and hydrogen peroxide. Finally, it is
added to groundwater or surface water reservoirs where it
stays for an average of 6 months to be further purified by
natural processes. This is done mainly to assuage public
anxiety about drinking recycled water. Once drawn from the
groundwater or reservoir, the recycled water goes through the
standard water purification process all drinking water
undergoes to meet US Environmental Protection Agency
standards [22, 26].

Singapore, with no natural aquifers and a small landmass,
has struggled to provide a sustainable water supply for its
residents for decades. In 2003, it opened the first plants to
produce NEWater, recycled drinking water purified by
advanced membrane techniques including microfiltration,
reverse osmosis and UV disinfection. After treatment, the
water is added to the reservoirs. NEWater, which has passed
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more than 65,000 scientific tests and surpasses World Health
Organization drinking water standards, is clean enough to be
used for the electronics industry and to be bottled as drinking
water.

Namibia, the most arid country in southern Africa, has been
drinking recycled water since 1969. The water reclamation
plants produce 35% of the water for Windhoek, the capital city.
To date, there have been no negative health impacts connected
with the consumption of recycled water [22].

Researchers examined the potential human health
implications of “chemicals of emerging concern” (CECs) such
as pharmaceuticals, pesticides, and industrial chemicals, in
recycled water [27]. Anderson et al. [27] reviewed
epidemiological and other studies of recycled water from the
last 40 years. While some early studies reported the presence
of chlorine disinfection by-products (DBPs), they noted that
treatment methods at that time were less sophisticated.
Current methods have been refined and DBPs have decreased.
More recent studies of recycled water found no adverse health
effects in populations using recycled water. Though the
scientists acknowledged that the effects of long-term exposure
(over generations) to CECs and to substances that have not yet
been detected are unknown, they concluded that there was
“robust evidence that recycled water represents a source of
safe drinking water.”

This review summarizes the main findings of the literature
concerning water reuse. The paper provides an overview of
the options and outlook for water reuse in the world, discusses
water treatment technologies and potential uses of reclaimed
water, and presents an analysis that compares the risks of
drinking reclaimed water to those of drinking water from
traditional sources.

2. Water Reuse

Water reuse offers an opportunity to significantly expand
supplies of freshwater in communities facing water shortages.
Coastal areas of the United States, for example, discharge 45
billion litters of wastewater into estuaries and oceans every
day—an amount equivalent to six percent of the country’s
total daily water use. Reusing this water would directly
augment the nation’s total water supply [7-9, 11, 28-30].

In conventional municipal water systems, water from a river,
lake, or aquifer is treated to meet drinking water standards
before being distributed for all uses. After the water is used,
the community’s wastewater—the water that flows down the
drain or is flushed down the toilet—is treated to remove
pollutants before it is discharged into downstream water
bodies [11].

Water reuse is the use of treated wastewater for beneficial
purposes (Figure 1), which increases a community’s available
water supply and makes it more reliable, especially in times of
drought [7-9, 11, 28, 29, 31-35].
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Figure 1. Schematic representation of the pilot station. A. The primary treatment occurred in an anaerobic septic tank. The yellow arrows show the gravity flow.
The resulting treated water was reused by gravitational flow to irrigate a field with crops and trees. B. Visual observation of wastewater samples collected at
different point as depicted by the pipes 1, 2, 3 and 4. C. Phenotypical and morphological aspects of agronomical and commercial species developed in the
subsurface irrigation field during the eight-year trial [9].

Figure 2 presents a summary of some other advanced reuse milestones is presented [36].
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Figure 2. Salient milestones in advanced reuse applications [36].

Where applicable, systems run a dual piping system to keep
the recycled water separate from the potable water [37-39].
The main reclaimed water applications in the world are shown
in Table 1 [6-9, 33, 37, 40-47].

3. Water Reuse Types and Applications

Most of the uses of water reclamation are non-potable uses
such as: washing cars, flushing toilets, cooling water for
power plants, concrete mixing, artificial lakes, irrigation for
golf courses and public parks, and for hydraulic fracturing.

Table 1. Main reclaimed water applications in the world [6, 9, 37, 40, 41].

Categories of use Uses

Irrigation of public parks, sporting facilities, private gardens, roadsides; Street cleaning; Fire protection systems;
Vehicle washing; Toilet flushing; Air conditioners; Dust control.

Food crops not commercially processed; Food crops commercially processed; Pasture for milking animals;

Urban uses

Agsemil Fodder; uses Fibre; Seed crops; Ornamental flowers; Orchards; Hydroponic culture; Aquaculture; Greenhouses; Viticulture.

Industrial Processing water; Cooling water; Recirculating cooling towers; Washdown water; Washing aggregate; Making concrete; Soil
compaction; Dust control.

uses

Recreational Golf course irrigation; Recreational impoundments with/without public access (e.g. fishing, boating, bathing);

uses Aesthetic impoundments without public access; Snowmaking.

Environmental Aquifer recharge; Wetlands; Marshes; Stream augmentation; Wildlife habitat; Silviculture.

uses

Potable uses Aquifer recharge for drinking water use; Augmentation of surface drinking water supplies; Treatment until drinking water quality.
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4. Assessing the Risks of Potable Water
Reuse

Researchers [11] conducted an analysis that compares the
estimated risks of drinking water from two potable reuse
projects to a de facto reuse scenario in which five percent of
the source water comes from wastewater discharged upstream
after secondary treatment [5, 7-9, 28, 37]. The assumed de
facto reuse conditions of Scenario 1 are likely typical in many
places and are generally perceived as safe. In Scenario 2,
treated wastewater is allowed to filter slowly through surface
soils into an aquifer (also called soil aquifer treatment) before

Scenario 1

a)
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potable reuse [37]. In Scenario 3, advanced treatment
techniques including microfiltration, reverse osmosis, and
advanced oxidation are employed before the water is injected
into an aquifer and used as a source of drinking water [11].
Figure 3 illustrates all three Scenarios.

The analysis compared the risks of exposure to four
pathogens  (adenovirus, norovirus, Salmonella, and
Cryptosporidium) and 24 chemical contaminants including
pharmaceuticals, personal care products, natural hormones,
industrial chemicals, and by-products from water disinfection
processes. The graph in Figure 4 shows only the four
pathogens [11].
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Figure 3. Summary of Scenarios examined in the risk exemplar. Scenario 1: a conventional water plant drawing from a source that is 5 percent treated
wastewater in origin. Scenario 2: a deep well in an aquifer fed by reclaimed water via a soil aquifer treatment system. Scenario 3: a deep well drawing from an
aquifer fed by injection of reclaimed water from an advanced water treatment plant [11].
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Figure 4. Relative risk, shown on a logarithmic scale, posed by selected pathogens in a typical de facto reuse Scenario (1), compared to two potable reuse
Scenarios (2, 3). The smaller the number, the lower the relative risk. For example in Scenario 2, the risk of illness due to Salmonella is estimated to be less than
1/100th of the risk due to Salmonella in Scenario 1. Overall, the results indicate the risk of exposure to these pathogens from drinking reclaimed water does not
appear to be any higher than the risk experienced in at least some current drinking water treatment systems [11].

The results suggest that the risk of exposure to certain
microbial and chemical contaminants from drinking reclaimed
water does not appear to be any higher than the risk experienced
in at least some current drinking water treatment systems and
may, in fact, be orders of magnitude lower. The analysis
revealed that carefully planned potable water reuse projects
should be able to provide a level of protection from waterborne
illness and chemical contaminants comparable to (and, in some
cases, better than) the level of protection the public experiences
in many drinking water supplies across the nation. However,
researchers [11] pointed out that the analysis was presented as
an example and should not be used to endorse certain treatment
schemes or to determine the risk at any particular site without
site-specific analysis [7, 9, 11, 33, 48-53].

5. Cost of Water Reuse Projects

Investing in a water reuse system is a complex decision with
both costs and benefits that extend many years into the future.
Generally, water reuse is more expensive than drawing water
from a natural freshwater source, but less expensive than
seawater desalination. In many cases, lower-cost water
sources are already being used, so the cost of water reuse
should be compared with the cost of any available new water
sources. The costs of water reuse vary greatly from place to
place depending on location, water quality requirements,
treatment methods, distribution system needs, energy costs
[54], subsidies, and many other factors [11, 28, 50].

Potable reuse systems can be more or less expensive than
non-potable reuse systems. Non-potable reuse may require
less treatment, depending on the intended use of the reclaimed
water, and can also reduce the peak demand on a potable
system, which can be a huge factor on water use in arid
locations. However, non-potable reuse also typically requires

a separate piping system, which can be a significant expense
depending on where and how far the non-potable water must
be distributed [11].

Water managers should also consider non-monetary costs
and benefits of reuse projects, such as increased water supply
reliability in times of drought, greenhouse gas emissions, and
ecological impacts, to determine the most socially,
environmentally, and economically feasible water supply
option for their community [11, 50].

6. Public Preferences and Acceptability

The public is a major stakeholder in any water management
decision, and community members often play an important
role in making decisions about water reuse projects. As with
any water project, the success or failure of a proposed reuse
project can ride on public perceptions of how the project
relates to public health, public finance, taste and aesthetics,
land use, environmental protection, and economic growth [9,
11, 55, 56].

Humans have a natural revulsion to water that is perceived
to be contaminated, and sometimes that feeling can translate
into opposition to reusing treated wastewater, even when
reclaimed water is shown to be of high quality. In some cases,
people may even prefer lower-quality water from a source
perceived as “natural” over higher-quality water coming from
an advanced wastewater treatment facility. Reclaimed water’s
history as wastewater causes a psychological barrier for many
people that can be hard to overcome [11, 56-60].

However, when communities are actively engaged in
discussions about water reuse, the technologies and science
behind it, and the overall context of water management, both
the public and water managers are better equipped to engage
in meaningful dialogue [11, 56].
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In Redwood City, California, for example, a proposed water
reclamation project was temporarily stalled by opposition
from a small citizens’ group in 2002. In response, a task force
was established that brought the two sides together to discuss
the project, review reliable sources of information, and weigh
alternative options. A modified reuse project was eventually
approved that was widely supported by the community. As the
Redwood City experience demonstrates, frequent and open
communication among water managers, citizens, and
governments can be critical for communities to address the
concerns of the public and make informed decisions about

Increasing Trends Towards Drinking Water Reclamation from Treated Wastewater

existing indirect potable reuse facilities indicate that available
technology can reduce chemical and microbial contaminants to
levels comparable to or lower than those present in many current
drinking water supplies. Notwithstanding the demonstrated
safety of using highly-treated reclaimed water for indirect potable
reuse, there are areas of research that could further advance the
safety, reliability, and cost-effectiveness of indirect potable reuse
and more clearly determine the acceptability of direct potable
reuse as it relates to public health protection. Other future
research needs may be related to new or alternative treatment unit
processes or treatment trains that are proposed, regulatory

water reuse [11].

7. Future Research Needs

There are several existing potable reuse projects in the United

requirements (e.g., constituent limits, monitoring, and analytical
techniques), public acceptance, and other factors [50, 61].

Researchers [5] identified several key research needs
related to both non-potable and potable reuse, which are
summarized in Table 2.

States and abroad [5, 29]. Past research and operational data from

Table 2. Research needs related to both non-potable and potable reuse [5].

Research needs related to both non-potable and potable reuse

Need #1 Quantify the extent of de facto (unplanned) potable reuse through all the world

Need #2 Address critical gaps in the understanding of health impacts of human exposure to constituents in reclaimed water.

Need #3 Enhance methods for assessing the human health effects of chemical mixtures and unknowns.

Need #4 Strengthen waterborne disease surveillance, investigation methods,
governmental response infrastructure, and epidemiological research tools and capacity.

Need #5 Quantify the non—mone.ti.zed costs and benefits of potable and non-potable water reuse compared with other water supply sources to enhance
water management decision-making.

Need #6 Examine the public acceptability of engineered multiple barriers compared with environmental buffers for potable reuse.

Need #7 Develop a better understanding of contaminant attenuation in environmental buffers and wetlands.

Need #8 Develop a better understanding of the formation of hazardous transformation products during water treatment for reuse and ways to minimize
or remove them.

Need #9 Develop a better understanding of p.atl.logen removal efficiencies and the variability of performance in various unit processes and multi-barrier
treatment, and develop ways to optimize these processes.

Need #10 Quantify the relationship between polymerase chain reaction detections and infectious organisms in samples at intermediate and final stages.

Need #11 Develop improved techniques and data to consider hazardous events or system failure in risk assessment of water reuse.

Need #12 Identify better indicators and surrogates that can be used to monitor process performance in reuse scenarios and develop online real-time or
near real-time monitoring techniques for their measurement.

Need #13 Analyze the need for new reuse approaches and technology in future water management.

Figure 5. Shows suggested water recycling treatment and uses [6].
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Figure 5. Suggested water recycling treatment and uses [6].
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8. Conclusions

As mentioned by Cho [10], Dr. Shane Snyder, Professor of
Environmental Engineering at the University of Arizona and a
member of the science advisory panel [27], studied public
perception of recycled water and found that “if they trust the
utility, the majority of people understand that recycling water is
unavoidable.” The truth is that all water is being recycled over
and over—no water on earth is truly pristine. Snyder concluded
“We are going to drink recycled water one way or another,
whether it comes from downstream flow or groundwater. |
strongly believe we should to do it through engineered systems
where we can actively control the process” [10].

Water reuse is becoming highly recommended through the
entire world for strategical, environmental, technological and
economic reasons. Comparatively to desalination option, in
terms of economic considerations, water reuse is attracting
more interest. Involved technologies in wastewater treatment
plant for drinking water purpose should be furnished with
highly performant methods such as membrane processes
(nanofiltration, reverse osmosis) and advanced oxidation
processes (H,0,, Os, etc.). Future water treatment super-plants
should be greatly sophisticated to treat both surface water and
wastewater at the same elevated level of purity, since surface
water is increasingly becoming polluted as wastewater
microbiologically and chemically. Treating efficiently
wastewater at its source is the best “barrage” against
pollutants diffusion through the nature as CECs are detected in
tap water.
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