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Potable reuse treatment trains throughout the world
Daniel Gerrity, Brian Pecson, R. Shane Trussell and R. Rhodes Trussell

ABSTRACT
Potable reuse is becoming an increasingly common strategy for bolstering water resource portfolios
in water-scarce regions. Each application poses unique challenges, whether related to treatment
goals, regulatory requirements, or political and public acceptance, and these issues have a signiﬁcant
impact on the ﬁnal treatment train selection. This review describes the various potable reuse
frameworks and illustrates the importance of environmental buffers as a treatment barrier and as a
distinction between ‘indirect’ and ‘direct’ potable reuse applications. This review also highlights more
than 20 potable reuse treatment trains currently in operation or under construction throughout the
world. The unit processes in each train are identiﬁed and a brief summary of their advantages and
limitations in relation to alternative processes is included.
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LIST OF ABBREVIATIONS
AOP

Advanced oxidation process

SRT

Solids retention time

BAC

Biological activated carbon

TOC

Total organic carbon

BACT

Best available control technology

TOrC

Trace organic contaminant

BOD

Biochemical oxygen demand

TSS

Total suspended solids

CDPH

California Department of Public Health

UF

Ultraﬁltration

CEC

Contaminant of emerging concern

US

United States

COD

Chemical oxygen demand

UV

Ultraviolet

DOC

Dissolved organic carbon

WHO

World Health Organization

DPR

Direct potable reuse

EBCT

Empty bed contact time

INTRODUCTION

EPA

Environmental Protection Agency

FAT

Full advanced treatment

GAC

Granular activated carbon

Rapid population growth often occurs in areas with increas-

MF

Microﬁltration

ingly stressed water supplies resulting from arid conditions,

NDMA N-nitrosodimethylamine

climate change, and natural variability (US Department of

NF

Nanoﬁltration

the Interior ; Asano et al. ). As a result, there is

NL

Notiﬁcation level

an increasing global trend toward more efﬁcient use of

NRC

National Research Council

water resources in both urban and rural communities. In

O&M

Operations and maintenance

addition to innovative water management and acquisition

PAC

Powdered activated carbon

strategies, such as water transfers, banking, and trading,

RO

Reverse osmosis

municipalities are turning to water reuse in a variety of con-

RWC

Recycled water contribution

texts to bolster their water portfolios. The beneﬁts of water
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reuse are generally more pronounced in arid and semi-arid

technologies. Although conservatism is critical to the

regions, but these beneﬁts can also be experienced by

safety of potable reuse, the recent emphasis on CECs may

coastal communities faced with saltwater intrusion or any

be leading to the overdesign of treatment facilities, which

region where the quantity or quality of the water supply

reduces their cost effectiveness. This is illustrated by the
high ‘margins of exposure’ or ‘margins of safety’ linked to

may be compromised.
Reuse systems, particularly in potable applications,
include a multi-barrier treatment framework composed of

potable reuse treatment trains in recent toxicological assessments (Bull et al. ; NRC ).

advanced unit processes, and they often incorporate resi-

In general, there is a lack of regulatory guidance related

liency (i.e., ability to adjust to upsets), redundancy (i.e.,

to potable reuse, and the urgent need for new water supplies

backup systems), and robustness (i.e., features that simul-

often outpaces traditional planning and public discourse on

taneously

(National

the topic. For example, the Western Corridor Recycled

Research Council (NRC) ). In comparison to conven-

Water Project in Australia involved a nearly $2 × 109 (US)

tional source waters, potable reuse is often scrutinized

investment to rapidly construct three advanced treatment

more carefully by the water industry, held to higher water

plants in the midst of an intense drought (Freeman et al.

quality standards by water regulators, and tested for a

). Due to a lack of political and public support, the

wider range of chemical and microbial contaminants.

facilities were only used for industrial applications, and

Despite an inevitably higher level of initial contamination,

more recently, there has been discussion of shutting the pro-

these systems may provide a greater level of public health

ject down entirely due to a reprieve in drought conditions

protection than many common water sources treated with

coupled with the facilities’ high operational costs. Similar

conventional drinking water processes, as illustrated by

situations are unfolding in Texas where water agencies are

the ‘risk exemplar’ developed by the United States (US)

urgently developing direct potable reuse systems to help

National Research Council (NRC ).

municipalities cope with water shortages.

address

multiple

contaminants)

Each reuse application poses unique challenges related

The intent of this paper is to aid such agencies by provid-

to ﬁnancial constraints, treatment objectives, regulatory per-

ing a ‘toolbox’ that summarizes potable reuse systems

mitting, and public acceptance. Water reuse treatment trains

throughout the world and identiﬁes the advantages and

may be dictated by one or more variables (e.g., regulations)

limitations of the major potable reuse paradigms. In

in some instances, while other applications may allow for a

addition, this paper increases familiarity with the concept

wide variety of treatment options. This is reﬂected in the

of potable reuse, which is critical to improving public per-

diversity of potable reuse treatment trains throughout the

ception and garnering support for such projects (Marks

world, many of which have been operating successfully for

; Marks et al. ; Rock et al. ).

years or even decades. This diversity may be attributed to
the site-speciﬁc challenges described above or simply the
time period in which the project was implemented. Certain

INDIRECT POTABLE REUSE

treatment technologies have experienced cycles of popularity over the past few decades (e.g., ozone) (Oneby et al.

For several decades, most reuse projects were limited to non-

; Gerrity & Snyder ), and other technologies have

potable applications, such as municipal and agricultural irri-

become more technologically or economically feasible in

gation and industrial reuse, but diminishing water supplies,

recent years (e.g., reverse osmosis (RO)). Attention has

dramatic population growth, historic drought conditions,

also shifted to new classes and groups of contaminants as

the high cost of parallel infrastructure, and a greater accep-

analytical methods have improved (Vanderford & Snyder

tance and understanding of reuse have led to more potable

) and bioassays have become more useful and reliable

applications as well. In recent years, the most notable appli-

(Macova et al. ). Some of these contaminants of emer-

cation has been ‘indirect’ potable reuse (IPR) through the

ging concern (CECs) are better addressed by speciﬁc

augmentation of a community’s raw water supply with

technologies

treated wastewater followed by an environmental buffer

or

the

synergism

between
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(Environmental Protection Agency (EPA) ), as illustrated

often considered the standard treatment train for potable

by pathway B in Figure 1. Prior to adopting this formal deﬁ-

reuse, its widespread implementation is hindered by a

nition, many drinking water treatment plants had been

number of sustainability issues, including high capital and

withdrawing their water supply downstream of wastewater

operations and maintenance (O&M) costs, high energy con-

discharges. Recognizing that such projects were engaging in

sumption, practical limits on water recovery, and the need to

reuse despite the fact that they were not ofﬁcially recognized

discharge concentrated brine streams. As a result, a number

nor permitted as reuse projects, the NRC () adopted the

of ozone-based alternatives are increasing in popularity

term de facto reuse – a term originally proposed by Asano

throughout the world.

et al. (). The concept of de facto reuse is illustrated by
pathway A in Figure 1.
Despite these seemingly straightforward deﬁnitions,
there are countless variations of IPR and de facto reuse

THE CASE FOR DIRECT POTABLE REUSE

throughout the USA and the world. The concept of de
facto reuse often involves substantial dilution factors when

All de facto reuse and IPR systems share at least one critical

treated wastewater efﬂuent is discharged into large surface

trait: environmental buffers via groundwater replenishment

waters, but there are also scenarios where the treated waste-

or surface water discharge. Recent discussions among

water efﬂuent may constitute a majority or even the entirety

water reuse experts have questioned whether these environ-

of a water body, particularly during periods of drought in

mental buffers are actually necessary or whether it is more

semi-arid environments (NRC ). In dedicated or

appropriate to transition to engineered storage buffers in

‘planned’ IPR systems, treatment ranges from conventional

some situations (Leverenz et al. ). In such ‘direct’

wastewater treatment, which includes the headworks, pri-

potable reuse (DPR) applications, the product of a conven-

mary clariﬁcation, and a secondary biological process, to

tional or advanced wastewater treatment train is either

‘full advanced treatment’ (FAT), a term introduced by the

discharged into a raw water source immediately upstream

California Department of Public Health (CDPH) that

of a drinking water treatment plant, blended with the pro-

encompasses microﬁltration (MF), RO, and an advanced

duct water from a drinking water treatment plant, or

oxidation process (AOP) (CDPH ). Although FAT is

immediately introduced into a potable distribution system.

Figure 1

|

Summary of potable reuse paradigms.
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These emerging paradigms are illustrated in pathway C in

). However, it is unlikely that engineered storage buffers

Figure 1.

could provide the same long-term storage capacity provided

DPR is a controversial topic, but there are a number of

by most IPR systems due to practical size limitations.

attributes that warrant its implementation over non-potable

In IPR applications, reintroduction of the puriﬁed water

reuse, IPR, and conventional source waters. The develop-

into the environment allows the public to reframe its under-

ment of non-potable reuse applications, while requiring

standing of the water, thereby eliminating the mental

less treatment than IPR or DPR, requires a substantial

association with its wastewater origin. While environmental

investment in urban infrastructure in the form of dual distri-

buffers provide a valuable treatment barrier when used in

bution systems for non-potable and potable supplies

conjunction with some treatment trains (e.g., tertiary ﬁl-

(Leverenz et al. ; NRC ). Tertiary recycled water

tration, disinfection, and soil aquifer treatment (SAT)), this

used for irrigation may cost up to $1.70/m3, while potable

is not necessarily true in all applications. With environ-

3

reuse ranges from $0.60–$1.00/m (Leverenz et al. ).

mental discharge, there is always a possibility for water

For IPR systems, the transport of the ﬁnished product to

quality degradation due to agricultural, industrial, munici-

the environmental buffer may also involve signiﬁcant costs

pal, or even natural contaminants (Leverenz et al. ). In

and energy consumption. In Las Vegas, for example, treated

some scenarios, the spreading of FAT product water – essen-

wastewater efﬂuent ﬂows by gravity to Lake Mead, but the

tially RO permeate – may lead to signiﬁcant leaching of

water must then be pumped over mountains before being

organic carbon or toxic metals, such as arsenic, from the

treated and returned to the consumer as a potable supply.

soil (Drewes et al. ). After considering each of these

In San Diego’s proposed IPR system, FAT product water

elements, DPR has the potential for higher water recovery,

will be pumped more than 20 miles, discharged into the

a higher quality product, and lower treatment costs since

San Vicente Reservoir, and then allowed to ﬂow back into

the water is of local origin and can theoretically be treated

the metropolitan area. In some conventional water systems,

at a single facility with a single collection and distribution

including Arizona and California, source water is pumped

system (Leverenz et al. ; NRC ).

hundreds of miles to meet the demands of burgeoning
urban areas. After accounting for the life cycle costs and
energy consumption of imported water supplies, IPR, or

POTABLE REUSE TREATMENT TRAINS

desalination, the advanced treatment trains required for
DPR may be a more cost and energy efﬁcient alternative

With the exception of the system in Windhoek, Namibia

(Leverenz et al. ).

(described later), the concept of DPR is relatively novel so

Despite the costs, environmental buffers in IPR systems

the suitability of existing IPR treatment trains for DPR appli-

provide several beneﬁts that would be lost or reduced in the

cations is currently being debated. In this emerging

transition to DPR. For example, they allow for the storage of

paradigm, the principal question is whether existing treat-

recycled water when excess is available (i.e., in the fall and

ment trains should include additional unit processes to

winter) and consumption of recycled water when there is

replace the treatment and time beneﬁts provided by environ-

excess demand (i.e., in the spring and summer). Environ-

mental buffers. To this end, the NRC () proposed to

mental buffers also provide ample time to identify and

eliminate the distinction between indirect and direct appli-

respond to operational breakdowns prior to distribution of

cations and focus on potable reuse as a single concept.

a potentially contaminated water source. However, engin-

Within this framework, potable reuse treatment trains

eered storage buffers in DPR systems could be designed to

must simply demonstrate speciﬁed levels of chemical and

satisfy a speciﬁed response or buffer time (Leverenz et al.

microbial contaminant removal (based on initial loadings

; Tchobanoglous et al. ). The NRC reported that

in the raw sewage or secondary efﬂuent) and satisfy estab-

the need for storage between the point of production and

lished drinking water regulations (e.g., US Environmental

the point of use will actually diminish as technologies for

Protection Agency (EPA) Primary Drinking Water Stan-

attenuation and monitoring continue to improve (NRC

dards). Treatment trains are assembled accordingly, and
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environmental buffers, if applicable, are treated as unit pro-

the associated ﬂows as discrete packets of chemical and

cesses. When environmental buffers are included, regulatory

microbial contaminants with potential temporal variability

compliance is often demonstrated without consideration of

(Ort et al. ). Once the wastewater sources and antici-

any downstream drinking water treatment processes. There-

pated contaminant loads have been characterized, it is

fore, the descriptions provided below generally exclude the

possible to determine the total removal required for various

associated drinking water treatment facilities and focus on

contaminants, identify appropriate treatment trains, and

the conventional and advanced wastewater treatment

ultimately satisfy public health criteria.

trains in benchmark potable reuse systems throughout the
world.

De facto reuse with conventional wastewater
treatment

Wastewater treatment plant service area and
catchment

De facto reuse involves the discharge of treated wastewater
from an upstream community into the source water of

The ﬁrst step in determining the efﬁcacy and expected water

downstream communities. In these scenarios, the down-

quality of a potable reuse treatment train involves the

stream communities have little control over the quality of

characterization of the service or catchment area for the

water received at their intakes. In the USA, National Pollu-

wastewater treatment plant (Dominguez-Chicas & Scrim-

tant Discharge Elimination System (NPDES) permits, which

shaw ). This includes estimates of the average daily

are mandated by the US EPA Clean Water Act (CWA),

ﬂow and diurnal variations in addition to the relative contri-

necessitate some degree of contaminant mitigation primarily

butions of municipal, industrial, and agricultural sources.

to ensure the environmental waters are ﬁshable and swim-

The general quality of domestic wastewater may be pre-

mable. Making the water suitable as a drinking water

dicted under normal ﬂow conditions, but there are still

source is not the primary goal, although protection of this

signiﬁcant variations for some contaminants as use patterns

beneﬁcial use is enabled under the CWA legislation and

and loadings shift throughout the day, between weekdays

has been implemented in some jurisdictions (NRC ).

and weekends, and between seasons. Recent studies have

In the USA, the Mississippi River, the Trinity River in

shown that the concentrations of some trace organic con-

Texas, and the Schuylkill River in Pennsylvania are

taminants (TOrCs) can exhibit considerable temporal

examples of de facto reuse. The Mississippi River receives

variability in domestic wastewater ( Joss et al. ; Takao

wastewater discharges from 10 different states at various

et al. ; Plosz et al. ; Gerrity et al. b; Nelson

locations along the river, and many of those states also des-

et al. ; Postigo et al. ) – even on time scales as

ignate the river as a domestic water supply. In 2006, there

short as 1 minute (Ort et al. ).

were 803 total NPDES permits for sewerage (257) and

Intermittent contributions from agricultural runoff, live-

industrial (546) discharges into the Mississippi River (NRC

stock runoff, or slaughterhouses may also cause spikes in

). Although these dischargers are required to meet cer-

nutrients, parasites (e.g., Cryptosporidium), and veterinary

tain water quality objectives based on their NPDES

pharmaceuticals (Sim et al. ). Furthermore, hospital dis-

permits, the NPDES primarily targets ‘conventional pollu-

charges may contribute more concentrated and diverse

tants’, such as biochemical oxygen demand (BOD), total

mixtures of pharmaceuticals (Sim et al. ), and industrial

suspended solids (TSS), fecal coliforms, oil and grease,

discharges may contain organic compounds and other

pH, and a list of 126 ‘priority pollutants’ established in

materials that are typically absent in domestic wastewater.

1977. These requirements largely ignore TOrCs, which

The levels of enteric pathogens – the primary acute risk

have received increased attention in recent years (NRC

associated with potable reuse – may also vary during the

). Due to the tremendous ﬂows of the Mississippi

day and throughout the season, depending on the level of

River, the wastewater discharges are often highly diluted,

enteric disease in the community. Therefore, it is important

but this is not necessarily the case in all de facto reuse sys-

to account for all potential wastewater sources and consider

tems. The Trinity River, which is a major source water for

Downloaded from https://iwaponline.com/aqua/article-pdf/62/6/321/400641/321.pdf
by guest

326

D. Gerrity et al.

|

Potable reuse treatment trains throughout the world

Journal of Water Supply: Research and Technology—AQUA

|

62.6

|

2013

the Houston Metropolitan Area, is almost entirely waste-

source water in an effort to augment its water resource port-

water efﬂuent under base-ﬂow conditions (NRC ).

folio. In such systems, water and wastewater treatment

After 2 weeks of travel time and wetlands treatment, the

agencies have the opportunity to collaborate to improve

river eventually empties into Lake Livingston where it is

the quality of the wastewater efﬂuent, source water, and ﬁn-

stored for an additional year prior to withdrawal by drinking

ished drinking water in an effort to protect public health.

water treatment plants in Houston.

The wastewater treatment trains may be similar to those of

There are numerous examples of de facto reuse through-

de facto reuse, although there are countless modiﬁcations

out the world, and each system offers unique challenges for

that have been implemented to improve the quality of the

downstream communities due to the range of treatment pro-

ﬁnal efﬂuent. With respect to conventional wastewater treat-

cesses and operational conditions employed at the upstream

ment, many of these modiﬁcations relate to the secondary

facilities. The aforementioned efﬂuent discharge require-

biological process, including increased solids retention

ments

control

times (SRTs) and the addition of microbial selectors to

technologies (BACTs), but compliance can generally be

achieve nitriﬁcation, denitriﬁcation, and/or biological phos-

achieved with preliminary treatment (i.e., bar screens), pri-

phorus removal. Chemical addition to improve particle

mary treatment (i.e., primary clariﬁers), and secondary

settling or phosphorus removal is also common. These treat-

treatment (i.e., biological treatment and secondary clari-

ment trains generally include some form of tertiary

ﬁers). The secondary biological process in a conventional

treatment (i.e., ﬁltration with granular media or membranes)

wastewater treatment plant generally consists of trickling ﬁl-

and ﬁnal disinfection with chlorine, chloramine, germicidal

ters, rotating biological contactors, aerated lagoons, or

UV light, or ozone, as illustrated in Figure 2(b).

are

often

based

on

best

available

conventional activated sludge processes. Some systems

Tertiary wastewater treatment supplemented with ﬁnal

have implemented tertiary treatment and/or ﬁnal disinfec-

disinfection can be effective in reducing the concentrations

tion with chlorine, chloramine, ozone, UV, or other

of many TOrCs and microbial pathogens. However, the

disinfectants, but there are also facilities that discharge

level of reduction varies considerably depending on the con-

immediately after secondary treatment (Figure 2(a)). As a

taminant of interest (e.g., bacteria, viruses, or parasites;

result, there is potential for adverse human health impacts

naproxen, carbamazepine, or meprobamate), the SRT in

unless downstream drinking water treatment facilities are

the secondary biological treatment process (Gerrity et al.

designed with robust, multi-barrier treatment trains.

), and the ﬁnal disinfection process. Chloramines are
moderately effective for the inactivation of bacterial patho-

Potable reuse with conventional wastewater treatment

gens, and free chlorine is effective for both bacterial and

and surface water discharge

viral pathogens (Crittenden et al. ). However, ozone
and UV disinfection have been identiﬁed as more robust dis-

‘Planned’ potable reuse involves the intended discharge of

infection alternatives when targeting parasites as well,

treated wastewater from one community into its own

although

Figure 2

|

ozone

even

has

limited

efﬁcacy

against

Conventional wastewater treatment (worst-case) for (a) de facto reuse and (b) ‘planned’ potable reuse. The environmental buffer for de facto reuse applications is almost
exclusively surface water discharge, while ‘planned’ potable reuse involves both surface water discharge and groundwater replenishment. Groundwater replenishment
applications often rely on the spreading of disinfected tertiary efﬂuent and subsequent soil aquifer treatment (SAT) to ensure that the water is safe for consumption.
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Cryptosporidium (Crittenden et al. ). Ozone is also effec-

in 1994 during which more than 100 people were infected

tive for TOrC mitigation, while the other disinfectants have

and approximately 20 deaths were reported (EPA ).

limited efﬁcacy (Westerhoff et al. ; Snyder et al. ).

Although the source of the outbreak was never deﬁnitively

After ﬁnal disinfection, the ﬁnished efﬂuent is discharged

identiﬁed, evidence suggests that the exposure may have

to the environment, which provides further contaminant

occurred through drinking water consumption, and some

attenuation through a variety of physical (e.g., adsorption

people attribute the contamination to the upstream waste-

and solar photolysis) and biodegradation pathways.

water efﬂuent discharge in Las Vegas Bay (Goldstein et al.

The Las Vegas Metropolitan Area is an example of pota-

). As a result, the drinking water facilities in the Las

ble reuse with conventional wastewater treatment optimized

Vegas Metropolitan Area were equipped with ozonation to

5

3

for nutrient control. The 2.3 × 10 m /d City of Las Vegas

provide an additional barrier against Cryptosporidium

Water Pollution Control Facility, the 3.8 × 105 m3/d Central

oocysts. Coincidentally, the outbreak of cryptosporidiosis

Plant of the Clark County Water Reclamation District, and

in Milwaukee in 1993, which led to more than 403,000

the 1.5 × 105 m3/d Kurt R. Segler Water Reclamation Facility

infections and 100 deaths, occurred under similar con-

in the City of Henderson service most of the metropolitan

ditions (MacKenzie et al. ). The source of the

area, and they discharge a large percentage of their treated

outbreak was never conﬁrmed, but an upstream wastewater

efﬂuent to the Las Vegas Wash, which eventually feeds

discharge was suspected of contaminating the drinking

into Lake Mead. These facilities target varying levels of nitri-

water intake during an extreme runoff event that resulted

ﬁcation, denitriﬁcation, and phosphorus removal to reduce

in sewer overﬂows. Similar to Las Vegas, the Milwaukee

the likelihood of algal blooms in Lake Mead, and they

drinking water treatment facilities were subsequently

also employ granular media ﬁltration and ﬁnal disinfection

equipped with ozonation, and the South Milwaukee Waste-

with chlorine or UV. The Clark County Water Reclamation

water Treatment Plant was equipped with UV disinfection to

District, which is the major contributor to the ﬂows in the

reduce the likelihood of future outbreaks.

Las Vegas Wash, will soon be employing ultraﬁltration

Although these two outbreaks indicate the potential for

(UF) and ozone to further reduce phosphorus discharges,

adverse human health effects, they are isolated cases over

improve disinfection, and reduce estrogenicity and TOrC

decades of potable reuse, and it is important to reiterate

concentrations in the ﬁnal efﬂuent.

that the outbreaks were never deﬁnitively linked to the

Prior to these agencies implementing a stringent phos-

wastewater discharges. In response to the outbreaks of cryp-

phorus removal plan, Lake Mead was affected by a

tosporidiosis, the wastewater and drinking water treatment

signiﬁcant algal bloom in 2001 during which chlorophyll

trains in both Las Vegas and Milwaukee were upgraded

3

A concentrations exceeded 1,000 mg/m (Nevada Division

with more robust forms of disinfection (i.e., UV in waste-

of Environmental Protection (NDEP) ). For context,

water and ozone in drinking water), and the risk of future

3

are indicative of

waterborne disease outbreaks was clearly reduced. There-

highly eutrophic conditions (NDEP ). The bloom was

fore, potable reuse systems that are speciﬁcally designed to

attributed to a ‘perfect storm’ of events, including low reser-

address excess pathogen loads may actually have lower

concentrations exceeding 40 mg/m

voir levels, high rainfall and subsequent runoff, and

health risks than some conventional source waters (NRC

wastewater-related nutrient loadings (NDEP ). Most of

).

the problems resulting from this bloom were related to
recreation and the aesthetic quality of the reservoir.

Potable reuse with conventional wastewater treatment

Although there can be potential public health concerns

and soil aquifer treatment

due to cyanotoxins associated with certain types of algae
(Carmichael et al. ), there were no public health impacts

Particularly in California, the use of conventional waste-

associated with this particular bloom.

water treatment followed by groundwater replenishment

Prior to the algal bloom, the Las Vegas Metropolitan

(Figure 2(b)) has been a successful potable reuse model for

Area was also affected by an outbreak of cryptosporidiosis

decades. This approach relies on the efﬁcacy of SAT to
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ensure that the ﬁnal product water is safe for human con-

trains. Excluding FAT, the most common advanced treat-

sumption. A prime example of SAT is the Montebello

ment trains include some combination of membrane

Forebay Groundwater Recharge Project in California. This

ﬁltration, ozonation, and/or biological activated carbon

system, which involves the spreading of disinfected tertiary

(BAC). These unit processes have a number of synergistic

efﬂuent, is operated by the Sanitation Districts of Los

beneﬁts that make them competitive with RO-based treat-

Angeles County and the Water Replenishment District of

ment trains. Namely, the combination of ozone and BAC

Southern California and has been in operation since 1962.

allows for signiﬁcant transformation of efﬂuent organic

Long-term epidemiological studies were conducted to evalu-

matter, TOrC oxidation, and more efﬁcient biodegradation

ate the safety of this system, and they identiﬁed no

of bulk and trace organics, including potentially toxic oxi-

signiﬁcant health impacts, such as adverse birth outcomes,

dation byproducts (Stalter et al. ). The primary

cancer rates, mortality, and infectious disease, after nearly

limitations of this treatment paradigm include the potential

four decades of water consumption (Sloss et al. , ;

formation

NRC ). A similar groundwater recharge system mana-

(NDMA) during ozonation (Hollender et al. ), the

ged by the Inland Empire Utilities Agency in California

inability to reduce total dissolved solids, and practical

combines stormwater, imported water, and recycled water

limits on total organic carbon (TOC) removal. A variety of

and has been in operation since 2005.

treatment train examples (critical unit processes only) are

Particularly in the case of California reuse regulations,
SAT is a critical factor in achieving log removal require-

of

bromate

and

N-nitrosodimethylamine

illustrated in Figure 3 and are described in greater detail
below.

ments for pathogens. CDPH requires 12-10-10-log removal

The Upper Occoquan Service Authority in Fairfax

for viruses, Cryptosporidium, and Giardia, respectively. Con-

County, Virginia services the Washington DC Metropolitan

ventional wastewater treatment, ﬁltration, and disinfection

Area and has been operating since 1978. The 2.0 × 105 m3/d

account for at least 6 logs of virus credit. Agencies are

Regional Water Reclamation Plant employs preliminary

then awarded an additional 1 log of virus credit for each

treatment, primary treatment, and secondary treatment

month that the water is retained underground. The Crypto-

with conventional activated sludge targeting high SRTs

sporidium and Giardia requirements can essentially be

(16–20 days), nitriﬁcation, and partial denitriﬁcation. Fol-

waived with 6 months of storage coupled with speciﬁc ﬁl-

lowing the conventional wastewater treatment train, the

tration and disinfection requirements. SAT is also an

facility is supplemented with lime softening for phosphorus

effective treatment barrier for the removal of bulk organic

removal, two-stage recarbonation and clariﬁcation, multime-

matter and TOrCs. For example, a tertiary efﬂuent spreading

dia ﬁltration, granular activated carbon (GAC) with a 22-

operation in Arizona achieved greater than 75% removal of

min empty bed contact time (EBCT), and chlorination/

dissolved organic carbon (DOC) – comparable to surface

dechlorination (Figure 3(a)). This treatment train produces

waters in the region – and nearly complete removal of a

a ﬁnished efﬂuent that meets all US EPA drinking water

wide range of TOrCs with 6 months of travel time (Amy &

standards. The facility is also equipped with its own

Drewes ). Similar results were observed during a

carbon regeneration facilities (to primarily target GAC

research study in the aforementioned Montebello Forebay

instead of BAC), which are operated one to two times per

with only 2 months of travel time (Laws et al. ).

year to reactivate approximately 2 × 106 kg of carbon. The

Potable reuse with membranes, ozone, and biological

chemical oxygen demand (COD) of 10 mg/L and TOC con-

activated carbon

centration of approximately 3 mg/L. This level of removal of

48 GAC contactors are operated to achieve an efﬂuent

efﬂuent organic matter is possible due to the consistent
Although conventional wastewater facilities with tertiary ﬁl-

regeneration of the carbon media, which restores its adsorp-

tration and disinfection can provide reliable source waters

tive capacity. Without regeneration, it might be necessary to

for potable reuse, the risk of adverse human health effects

implement ozonation to optimize the process for biodegra-

can be reduced even further with advanced treatment

dation (Lee et al. ). The facility discharges the ﬁnished
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Potable reuse with membrane ﬁltration, ozone, and/or activated carbon. (a) Fairfax County, Virginia, USA (includes lime softening). (b) EI Paso, Texas USA (includes PAC in
secondary process and lime softening); Regensdorf, Switzerland (includes biologically active sand ﬁltration instead of BAC). (c) Gwinnett County, Georgia, USA (includes lime
softening); Caboolture, Queensland, Australia (includes pre-ozonation between secondary and tertiary treatment). (d) Gwinnett County, Georgia, USA (includes lime); Reno,
Nevada, USA (pilot; excludes ﬁnal ozone step); Las Vegas, Nevada, USA (excludes BAC and ﬁnal ozonation). (e) Landsborough, Queensland, Australia. (f) Gerringong, New South
Wales, Australia. (g) Melbourne, Victoria, Australia (not used for potable applications).

efﬂuent into Bull Run Creek and ultimately the Occoquan

media ﬁltration, ozone disinfection (∼5 mg/L), BAC with a

Reservoir, which is the source water for the Fairfax

16-min EBCT, and chlorination prior to aquifer recharge

County Water Authority that services some of the suburbs

(Figure 3(b)). Recharge is accomplished through a combi-

of the Washington DC Metropolitan Area. The ﬁnished

nation of injection wells and spreading basins. The PAC is

efﬂuent generally comprises about 5% of the total inﬂows

added to achieve existing analytical reporting limits for regu-

into the Occoquan Reservoir, but the percentage can

lated herbicides and pesticides, and the lime softening

approach 90% during prolonged periods of dry weather.

process targets heavy metal removal and viral inactivation.

Despite this potentially high recycled water contribution

With respect to the BAC process, the carbon has only

(RWC), there have not been any adverse human health

been replaced twice in 27 years of operation, although 2 ×

effects associated with the treated wastewater in more

103–4 × 103 kg of carbon are added each year to replenish

than three decades. Similar to Las Vegas and Milwaukee,

the amount that is lost in the underdrains and during back-

the downstream drinking water treatment facility has been

washes. According to historical data from the facility, the

equipped with ozonation, and it also employs GAC.

minimum, average, and maximum efﬂuent TOC concen-

5

3

The 4.5 × 10 m /d Fred Hervey Water Reclamation

trations in 2011 were 1.8, 3.2 and 5.2 mg/L, respectively.

Facility is operated by El Paso Water Utilities in El Paso,

This facility also complies with all US EPA drinking water

Texas. The facility employs activated sludge supplemented

standards. A similar full-scale facility, albeit with biologi-

with powdered activated carbon (PAC), lime softening,

cally active sand ﬁltration instead of BAC, was constructed
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in Regensdorf, Switzerland to target TOrC mitigation prior

30-min EBCT was also piloted at the Reno-Stead Water Rec-

to discharge to the Furtbach Creek (Hollender et al. ).

lamation Facility in Reno, Nevada (Figure 3(d) without ﬁnal

Stalter et al. () highlighted the importance of the biologi-

ozonation; Gerrity et al. a). As mentioned earlier, the

cal sand ﬁltration process in removing potentially toxic

Central Plant operated by the Clark County Water Recla-

oxidation byproducts. Despite its efﬁcacy, the ozone

mation District in Las Vegas, Nevada will soon be

system in Regensdorf has since been decommissioned due

upgraded with UF and ozone for improved phosphorus

to decreased regulatory emphasis on TOrC mitigation in

removal, oxidation of estrogenic compounds and other

Switzerland.

TOrCs, and microbial inactivation (Figure 3(d) without

The F. Wayne Hill Water Resources Center in Gwinnett

BAC or ﬁnal ozonation).

County, Georgia is one of the largest UF wastewater treat-

There are also ozone-BAC facilities in Landsborough,

ment plants in the world. The facility treats approximately

Queensland, Australia (Reungoat et al. ); Gerringong,

2.3 × 105 m3/d with multiple liquid treatment trains, all of

New South Wales, Australia (Reungoat et al. ); and Mel-

which include the following processes: preliminary screen-

bourne, Victoria, Australia. The Landsborough facility is

ing and grit removal; primary clariﬁcation; conventional

equipped with UV disinfection downstream of the ozone-

activated sludge (SRT ¼ 11 days) with full nitriﬁcation, deni-

BAC processes (Figure 3(e)), and the Gerringong facility is

triﬁcation, and biological phosphorus removal; secondary

equipped with both MF and UV disinfection downstream

clariﬁcation; and lime softening. One treatment train con-

of the ozone-BAC processes (Figure 3(f)). These post-BAC

tinues with recarbonation and tri-media ﬁltration (sand,

treatment steps are important for addressing the potential

anthracite, and garnet), while another treatment train con-

for bacterial regrowth during biological ﬁltration (Gerrity

tinues with strainers and UF. The beneﬁts of UF include

et al. a). They also provide additional barriers against

signiﬁcant removal of nearly all pathogens and potential

protozoan parasites and other pathogens, and the UV pro-

reductions in the concentration of efﬂuent organic matter

cess serves as a barrier against NDMA. The EBCTs for the

at the ozonation point, thereby reducing the required

BAC processes in Landsborough, Caboolture (described in

ozone dose. Both trains recombine for pre-ozonation at a

the previous paragraph), and Gerringong are 9, 18, and

dose of 1.0–1.5 mg/L, BAC with a 15-min EBCT, and ﬁnal

45 min, respectively. The Caboolture and Landsborough

ozone disinfection at a dose of 1.0–1.5 mg/L. Therefore, a

facilities will soon be decommissioned due to decreased

portion of the ﬂow is exempliﬁed by Figure 3(c), while the

demand for reuse water in the region. The Eastern Treat-

remaining ﬂow is exempliﬁed by Figure 3(d). The media in

ment Plant in Melbourne is currently being upgraded with

the BAC process has never been replaced or regenerated

multiple ozone processes, BAC (13-min EBCT), chlorine,

so its adsorption capacity is likely exhausted, thereby isolat-

and UV (Figure 3(g)), but the high quality efﬂuent will

ing

only be used for non-potable uses.

the

biodegradation

mechanism.

The

efﬂuent

is

discharged through a 32-km pipeline to the Chattahoochee
River. After years of litigation, Gwinnett County also has a

Potable reuse with soil aquifer treatment and UV/H2O2

permit to discharge the highly treated efﬂuent directly into
Lake Lanier, which is the Atlanta Metropolitan Area’s pri-

The 1.9 × 105 m3/d Prairie Waters Project, which was dedi-

mary drinking water source.

cated in 2010, is operated by Aurora Water in Colorado

A similar train is operated at the South Caboolture

and relies heavily on biological ﬁltration as part of its potable

Water Reclamation Facility in Queensland, Australia

reuse train. This system differs from the previous IPR

(Figure 3(c)), but this treatment train includes a third ozona-

examples in that the advanced treatment occurs downstream

tion step between the secondary biological process and the

of the environmental buffer, but its novelty warrants

tertiary sand ﬁltration process (van Leeuwen et al. ;

inclusion in this summary. The facility treats a wastewater-

Macova et al. ; Reungoat et al. ; Reungoat et al.

impacted source water with riverbank ﬁltration, aquifer sto-

). A treatment train composed of UF, ozone/H2O2

rage and recovery, softening, UV/H2O2, media ﬁltration,

(H2O2 added for bromate mitigation), and BAC with a

and BAC (Schimmoller ), as illustrated in Figure 4.
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Potable reuse in the Prairie Waters Project.

Potable reuse with microﬁltration, reverse osmosis, and

UV/H2O2, the UV component is primarily intended for

UV/H2O2

NDMA mitigation, while the addition of H2O2 – 3 mg/L

The treatment train that some would consider a potential

cant TOrC oxidation. In the past, CDPH regulations

standard for potable reuse is composed of MF, RO, and

required direct injection applications to demonstrate 1.2-

UV/H2O2 prior to stabilization and groundwater replenish-

log destruction of NDMA and 0.5-log destruction of 1,4-

ment (Figure 5(b)). As mentioned earlier, this is deﬁned as

dioxane. Recent revisions allow for alternative measures of

full advanced treatment (FAT) by CDPH and is the only

regulatory compliance, but the treatment goals are still simi-

treatment train currently permitted for groundwater injec-

lar (CDPH ). Another critical requirement of the CDPH

tion applications in the State of California (CDPH ).

regulations is the aforementioned 12-10-10 log removal

Despite the high capital costs, O&M costs, energy consump-

requirement (from raw wastewater to compliance point)

tion, and brine disposal problems associated with these

for viruses, Cryptosporidium, and Giardia, respectively.

in California – achieves AOP conditions capable of signiﬁ-

advanced unit processes, RO-based trains provide substan-

The benchmark MF-RO-UV/H2O2 system is Orange

tial removal of bulk organic matter (TOC < 0.5 mg/L),

County Water District (OCWD)’s 2.6 × 105 m3/d Advanced

nearly complete TOrC removal, and signiﬁcant reductions

Water Puriﬁcation Facility, which is part of the larger Ground-

in total dissolved solids. When operating as designed, the

water Replenishment System. Due to the success of this system,

combination of MF, RO, and UV/H2O2 also provides a

OCWD is now constructing a 1.1 × 105 m3/d expansion to

nearly absolute barrier against pathogens. With respect to

increase the capacity to 3.8 × 105 m3/d. In addition to the

Figure 5

|

Potable reuse with microﬁltration or ultraﬁltration, reverse osmosis, and UV or advanced oxidation. (a) Los Angeles, California, USA (microﬁltration); Singapore (microﬁltration);
Perth, Western Australia, Australia (ultraﬁltration; under construction). (b) Orange County, California, USA; San Diego, California, USA; Queensland, Australia. (c) Scottsdale,
Arizona, USA. (d) EI Segundo, California, USA. (e) Los Angeles, California, USA (pilot).
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potable reuse application, subsurface injection of the product

considered safe to drink by the PUB (PUB ). In the

water serves as an effective seawater intrusion barrier. Until

USA, the Water Replenishment District of Southern Califor-

recently, the West Basin Municipal Water District in California

nia currently employs an MF-RO-UV train at its Leo

operated a 1.1 × 105 m3/d facility with the same treatment train.

J. Vander Lans facility for groundwater replenishment and

There are also several variations to this treatment

as a seawater intrusion barrier, but the facility is being

scheme. The City of San Diego operated an MF-RO-UV/

expanded and upgraded with UV/H2O2 to comply with

H2O2 demonstration facility to validate the process for reser-

CDPH regulations. A UF-RO-UV facility is also anticipated

voir augmentation in California. The demonstration facility

to be in operation by 2015 in Perth, Western Australia.

was necessary because California has only implemented

The Scottsdale Water Campus in Arizona, which is cur-

groundwater injection or spreading applications to date,

rently being expanded to 7.6 × 104 m3/d, employs ozone-MF-

and there are currently no regulations addressing the reser-

RO-UV prior to stabilization and groundwater replenish-

voir augmentation alternative. The concept, which has

ment (del Pino & Durham ) (Figure 5(c)). The ozone

received conditional approval from CDPH, would involve

process was recently added for bulk organic matter trans-

pumping of product water 35 km prior to discharge into

formation and additional TOrC mitigation. Similarly, West

the drinking water reservoir. The City of San Diego recently

Basin Municipal Water District’s Edward C. Little Water

published the results from its Water Puriﬁcation Demon-

Recycling Facility in El Segundo, California was recently

stration Project, and all parameters were well below their

upgraded with ozonation to supplement its existing MF-

respective notiﬁcation levels (NLs) and in compliance with

RO-UV/H2O2 treatment train (H2O2 included to comply

US EPA drinking water standards (City of San Diego

with CDPH requirements) (Figure 5(d)). The ozone units

(CSD) ).

were installed immediately upstream of MF in an effort to

Queensland, Australia initiated a massive infrastructure

reduce membrane fouling (Stanford et al. ) and to

improvement project to augment its water portfolio in the

increase the capacity of the plant. The ozonation step will

wake of severe drought conditions in the early 2000s. The

also provide ancillary beneﬁts in the form of reduced patho-

Western Corridor Recycled Water Project includes three

gen and TOrC loadings to the RO membrane, which will

MF-RO-UV/H2O2 facilities (Luggage Point, Bundamba,

ultimately improve the quality of the RO concentrate that

and Gibson Island) with a combined design capacity of

is discharged to the ocean (Pisarenko et al. ).

5

3

2.3 × 10 m /d (Solley et al. ). As mentioned earlier,

In the USA, recent revisions to the CDPH Groundwater

these facilities have been used exclusively for industrial

Replenishment Reuse regulations now allow for the possi-

applications as a result of insufﬁcient political and public

bility of replacing UV/H2O2 with ozone/H2O2 (H2O2

support. The intent was to divert ﬂows to a reservoir for

added to induce ozone conversion to OH radicals) in FAT

potable reuse in the event of future water shortages (i.e.,

applications (Figure 5(e)). Speciﬁcally, compliance has tran-

total reservoir storage <40%), but the facilities may be

sitioned from a 1.2-log removal requirement for NDMA to a

shut down entirely due to their high operational costs and

notiﬁcation level of 10 ng/L. Therefore, ozone/H2O2 may be

reduced demand for alternative water supplies.

a viable alternative when chloramine-induced NDMA for-

Due to uncertainty in long-term water availability, the

mation upstream of the RO process can be controlled

Public Utilities Board (PUB) in Singapore also developed

without downstream UV photolysis. This alternative was

a potable reuse network composed of ﬁve total facilities

recently tested at pilot-scale at the Donald C. Tillman

(four in operation). In these facilities, secondary efﬂuent is

Water Reclamation Plant in Los Angeles, California.

treated with MF-RO-UV (no H2O2) and is then stabilized

Based on this preliminary testing, ozone/H2O2 appears to

prior to industrial reuse or discharge to a drinking water

be a viable and more energy efﬁcient alternative to UV/

reservoir (Figure 5(a)). Although ‘NEWater’ is discharged

H2O2 (Tiwari et al. ). Future treatment trains may also

to the reservoir and then treated at a separate drinking

employ nanoﬁltration (NF) as an alternative to RO since

water facility, the MF-RO-UV product satisﬁes all World

NF provides signiﬁcant reductions in bulk organic matter,

Health

pathogens, and divalent ions (e.g., calcium and magnesium).

Organization

(WHO)

requirements
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Potable reuse without environmental buffers (or direct

GAC; UF; chlorination; and stabilization with sodium

potable reuse)

hydroxide (du Pisani ; Tchobanoglous et al. )
(Figure 6(a)). As mentioned earlier, the terms ‘biological’

Potable reuse has generally included some type of environ-

and ‘granular’ refer to the dominant mechanisms in each

mental buffer, but conditions in certain areas have created

process (i.e., biodegradation and adsorption for BAC and

an urgent need for more direct alternatives. The classic

GAC, respectively). Adsorptive capacity in the GAC process

example is Windhoek, Namibia. This system has been blend-

is restored through regeneration of the carbon media.

ing treated wastewater with raw water sources since 1968,

As with the previous potable reuse examples, the con-

although the treatment train has been upgraded several

sumption of drinking water from the Windhoek system

times since its inception (Tchobanoglous et al. ). The

has not been directly associated with any adverse human

initial barrier in this system involves extensive source con-

health impacts. The conclusions from this absence of data

trol in which industrial contributions to the potable reuse

are also supported by scientiﬁc studies. One paper reported

facility are minimized (du Pisani ). In addition, the

that the advanced treatment train eliminated all viruses from

potable reuse contribution rarely exceeds 35% of the total

the feed water (Nupen ), although the sensitivity of virus

supply – similar to the RWC concept in California (CDPH

detection methods has increased since the study’s publi-

) – and extensive testing of the wastewater source is

cation in 1970.

also employed to identify unexpected spikes in contaminants (du Pisani ). The treatment train is equipped

Currently, there are two examples of potable reuse without

environmental

buffers

in

the

early

stages

of

with multiple barriers for a variety of contaminant classes,

implementation in the USA. The ﬁrst example is Cloudcroft,

such as microbes, chemicals, and aesthetic parameters,

New Mexico, where dramatic weekend increases in popu-

and standby processes, such as PAC, are available in the

lation make it difﬁcult for the mountain community to

event of contaminant surges or operational inefﬁciencies

meet potable water demands strictly with its spring and

(du Pisani ). The quality of the ﬁnal product water is

well supply (Tchobanoglous et al. ). As a result, the com-

evaluated against several sets of drinking water guidelines,

munity developed a 379 m3/d potable reuse system.

including the Namibian guidelines, US EPA, European

Cloudcroft can essentially be described as an advanced

Union, WHO, and Rand Water in South Africa (du Pisani

wastewater treatment train and an advanced drinking

; Lahnsteiner & Lempert ). If the water does not

water treatment train separated by a blending step. On the

meet established ‘target’ criteria, monetary penalties are

wastewater side, the treatment train consists of a membrane

enacted against the manager of the facility (du Pisani

bioreactor (MBR), RO, and UV/H2O2. The water is then

), and if the water fails to meet ‘absolute’ criteria, it is

blended with >51% spring or well water and stored for

not pumped into the distribution system (Tchobanoglous

2 weeks in a covered storage tank (i.e., the engineered

et al. ). Although the system does not include a formal

storage buffer). On the drinking water side, the water is sub-

engineered storage buffer, the extensive monitoring and

sequently treated with UF, UV disinfection, GAC, and

critical control points provide a similar outcome – a buffer

chlorination prior to potable distribution (Tchobanoglous

with sufﬁcient storage time to allow for on-line and off-line

et al. ). This treatment train is illustrated in Figure 6(b).

water quality testing, analysis, and relevant decision-making.

The second US example is the 9.5 × 103 m3/d system in

Treated efﬂuent from the Gammams Wastewater Treat-

Big Spring, Texas, which is the ﬁrst project implemented

ment Plant is initially blended with raw water from the

by the Colorado River Municipal Water District as part of

Goreangab Dam. The blended water is then treated at the

a larger reuse initiative (Tchobanoglous et al. ). The

New Goreangab Water Reclamation Plant with PAC (if

Big Spring system essentially follows the California model

necessary); pre-ozone; coagulation/ﬂocculation with acid,

in that FAT is implemented on the wastewater side, the pro-

ferric chloride, and polymer; dissolved air ﬂotation; rapid

duct is blended with a diluent water (RWC < 15%), and the

sand ﬁltration with potassium permanganate and sodium

water is ﬁnally treated at a conventional drinking water

hydroxide; ozone with downstream H2O2 addition; BAC;

treatment facility. This system is scheduled to begin
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Potable reuse treatment trains without environmental buffers (or direct potable reuse). (a) Windhock, Namibia. (b) Cloudcroft, New Mexico. (c) Big Spring, Texas.

operation in 2013 after careful review by the Texas Commis-

and leaching of substances from the environment. Product

sion for Environmental Quality (Tchobanoglous et al. ).

water stabilization also provides an opportunity to improve

The system also includes a bypass conﬁguration if any criti-

the taste of the product water by adjusting mineral concen-

cal control points fail to satisfy speciﬁed operational criteria

trations based on customer preferences. Therefore, potable

(e.g., turbidity in the disinfection tertiary efﬂuent, turbidity

reuse has the potential to offer a ‘bottled-water experience’

in the MF ﬁltrate, conductivity in the RO permeate, and

in a more affordable and sustainable manner, despite

UV intensity within the UV/H2O2 reactor). Direct potable

being traceable to its wastewater origin.

reuse systems are being considered in other parts of Texas
as well.

While overlooked in many discussions of potable reuse,
it is important to highlight the potential problems associated
with the distribution system. Although the potable reuse

Distribution systems

treatment train is essentially capable of removing all contaminants of concern to undetectable levels, a poorly

One of the critical elements of any RO-based treatment train

maintained distribution system compromises that high

is product water stabilization. Product water stabilization is

level of quality and creates conditions conducive to opportu-

the augmentation of hardness and alkalinity with chemical

nistic pathogens and pathogen intrusion (Wingender &

additions, such as lime, calcium hydroxide, calcium carbon-

Flemming ; Biyela et al. ; Buse et al. ). With

ate, or calcium chloride, to prevent corrosion of pipelines

the exception of corrosivity issues with RO permeate, it is
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unclear whether potable reuse would pose any unique chal-

increasingly important, energy efﬁciency must be taken

lenges compared to conventional potable distribution

into consideration when selecting a treatment train. It is

systems, but it is an issue that should be considered in the

clear that many of the treatment trains described above con-

development of public health criteria.

sume a signiﬁcant amount of energy, and this is compounded
by the overall O&M and capital costs associated with
advanced treatment. Despite these limitations, urban com-

CONCLUSION

munities cannot thrive without sufﬁcient water supplies so
these investments are certainly warranted in many situations.

Potable reuse is becoming an increasingly common strat-

Furthermore, preliminary evidence indicates that some appli-

egy for bolstering water resource portfolios in water-

cations will either be comparable or potentially more cost

scarce regions. Each application poses unique challenges,

and energy efﬁcient than traditional water importation

whether related to treatment goals, regulatory require-

(Leverenz et al. ; Sloan ).

ments, or political and public acceptance, and these

Advanced treatment trains are technically capable of

issues have a signiﬁcant impact on the ﬁnal treatment

transforming raw sewage into a higher quality product

train selection. This is evident in the wide range of treat-

than those produced by many traditional sources and con-

ment trains described above. Ultimately, public health is

ventional treatment. However, there is always potential for

the most critical factor in characterizing the success of a

process breakdowns and/or surges in contaminant loadings.

particular paradigm or treatment train. Due to the focus

Robustness, resiliency, and redundancy are integrated into

on conservative designs and redundancy in early projects,

existing trains to address this concern, but the industry

proper operation and maintenance of advanced systems

also needs improved technologies for on-line monitoring

has been sufﬁcient to ensure public health even when

and process control. With respect to pathogens, standard

using raw sewage as a source water for direct potable

microbiological methods are unable to reliably identify the

reuse applications.

presence of infectious agents within a desired timeframe.

Signiﬁcant emphasis has been placed on the ubiquity of

Although engineered storage buffers address this issue to

TOrCs in wastewater, but it is likely that only a small

some degree, technologies that accomplish such goals in

number of recalcitrant contaminants (e.g., NDMA) will con-

real-time would be a tremendous asset to the industry and

trol the design of advanced treatment facilities in the future.

would provide further protection of public health. In the

In many cases, pathogen removal requirements will drive

meantime, the potential for failure can be minimized by

unit process selection and integration, and in other cases, tra-

included extra redundancy. The industry has begun to

ditional disinfection byproducts, such as trihalomethanes

develop an effective framework for potable reuse, but

and bromate, may dictate the required level of treatment.

there are still issues that need to be addressed to further vali-

With the elimination of environmental buffers and the shift

date the suitability and safety of the concept.

toward closed-loop water systems, inevitable increases in
total dissolved solids may necessitate some degree of highpressure membrane ﬁltration (i.e., NF or RO). However, the
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