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Net-zero water (NZW) is a new vision for municipal water management, in which significant water is nei-

ther imported to, nor exported from the service area, i.e. local water independence. While such a system

has long been possible in areas of sufficient water supply and/or sparse population, it is now becoming

possible and economical for municipal systems in virtually any modern watershed, through the use of

emerging direct potable reuse (DPR) technology. In fact, current implementations are producing design

and operating data. Moreover, distributed NZW systems recycling at a high rate are projected to be capable

of energy-positive operation, saving more domestic hot water energy than is consumed in treatment.

However, NZW and DPR approaches vary widely in terms of source water, source segregation, treatment,

and recycling rate. In this study, a workshop was convened to assemble and synthesize a broad cross-

section of current NZW and DPR experience, to develop recommendations for water management plan-

ning. It was concluded that technology is currently emerging to support widespread NZW management.

Recommendations included the introduction of NZW systems into new construction, to be supported by

controlled demonstration projects over periods of two years or more; development of supporting regula-

tory structure with public engagement; development of real-time water quality monitoring devices; and re-

tention of the term “net-zero water” to signify a new water management vision to advance water and en-

ergy autonomy.

Introduction

Current municipal water management often involves whole-
sale transfers of water among geographic areas, for single use
and disposal, frequently to saltwater bodies or to freshwater
sources. This reliance on conveyance and disposal evolved
during times of small populations and limited water treat-
ment capability, when basic sanitation and the protection of
public health eclipsed the need for water and energy use effi-
ciency. Today, more sustainable paradigms, such as net-zero
water (NZW) management, are needed to address water short-
ages such as those that have plagued the Western US, and
the energy demands deriving from conveyance of water and
the disposal of wastewater containing domestic hot water
thermal energy.
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Water impact

Net-zero municipal water management, in which significant water is neither imported nor exported from the treatment plant service area, is now being
shown capable of saving more energy (in domestic hot-water) than is used in treatment, through the use of emerging, economical direct potable water
reuse technology to achieve high water and energy recycling rates.
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A NZW system can be defined as a water and wastewater
management system that neither withdraws nor releases sig-
nificant flows of water outside of its service area, which area
might range from a single residential lot to a large urban wa-
ter district. NZW management implies that high-population,
high-demand urban areas no longer consume water needed
by downstream regions, nor depend on upstream regions for
supply. In rural areas, for example, NZW management may
involve simple harvest of rain or ground water, with reuse of
wastewater and/or excess water for irrigation/aquifer re-
charge. More generally, municipal NZW management can
now be realized in essentially any modern catchment basin,
through use of direct potable reuse (DPR) water treatment
systems. DPR systems are those in which recycled water is in-
troduced directly into a potable water supply distribution sys-
tem or into the raw water supply immediately upstream of a
water treatment plant, without passage through an environ-
mental buffer such as a reservoir or aquifer. Such systems
have been shown capable of economically producing potable
water from comingled municipal wastewater.1–4

Motivations for net-zero municipal water management are
compelling: in addition to avoidance of water shortages, it is
now projected that a DPR NZW system can be significantly
energy-positive, retaining and saving more hot-water thermal
energy in the water than is used for treatment.5 In addition,
available data indicate that water conveyance currently re-
quires four times the energy required for treatment, on aver-
age in the US.6,7 Therefore, even without consideration of sav-
ings in residential hot water energy, a significant reduction
in water conveyance energy (e.g., pumping to/from central
treatment) can be realized through the implementation of
distributed systems. Further rationale for recycling water
within the service area includes (a) use of treated municipal
wastewater effluent meeting 87 of 93 numerical primary
drinking water standards on average across South Florida
without further treatment,8 and (b) avoidance of the disposal
of such treated wastewater to open marine waters and simi-
larly unconfined, saline groundwater aquifers so as to elevate
the level of total impurities by a factor of ∼100.

Currently there are three known systems designed explic-
itly for NZW management, those being located on the Inter-
national Space Station; at the Bullitt Center in Seattle, WA;
and at the University of Miami (UM). The former serves a
crew of six, with segregated, air-conveyed fecal disposal (on
earth), and rotary-vacuum distillation-based DPR of urine
and cabin condensate,9 at astronomical cost. The Bullitt Cen-
ter system employs non-potable reuse (NPR) of greywater for
irrigation, composting toilets, and rainwater harvesting for
potable use.10 The UM NZW research and demonstration fa-
cility11 is a DPR system serving a four-bedroom, four-bath
residence hall apartment with biological treatment, aeration–
precipitation/coagulation/filtration, and advanced oxidation
treatment of comingled wastewater. Over 18 months of recy-
cle operation, the plant converted nearly 100% of comingled
apartment wastewater to drinking water, with discharge of
15% of the treated water (eventually to be used for irrigation),

and make-up with 15% rainwater, while mineralizing or-
ganics, including hormones, pharmaceuticals and personal
care products, to below detection (0.7 mg L−1) in terms of
chemical oxygen demand. So far, compliance with all drink-
ing water standards has been shown in short-term tests.
Moreover, while the Bullitt Center potable use component
awaits permitting, the other two systems have been success-
ful in terms of consumer health.

Previously there have been two historical NZW implemen-
tations, as well as implicit examples. First, biological treat-
ment/ion-exchange-based DPR systems were installed and
maintained by the Pure Cycle Corp., for DPR treatment of
comingled wastewater at single dwellings, from 1976 to
1982 in Colorado.12 Second, in the Biosphere 2 closure exper-
iment, eight researchers lived under a transparent 12 700 m2

(3.14 acre) dome containing an artificial ecosystem from
1991 to 1993, with air conditioning condensate supplying
source water for drinking, and remaining wastewater being
treated anaerobically for NPR as irrigation water.13,14 Finally,
in rural areas where groundwater migration is minimal, sep-
tic tank/leachfield/well systems may be considered NZW
management by indirect potable reuse (IPR), i.e., by return of
treated wastewater to an environmental buffer for subsequent
potable reuse. All of these various NZW system types, when
properly managed, have been successful in terms of public
health,13,15 with Pure Cycle customers being given permis-
sion by the State of Colorado to continue operation indepen-
dently after the company exited the business.

As illustrated by previous implementations, several ap-
proaches to NZW management present themselves, particu-
larly in terms of the use of DPR, IPR, and NPR; of wastewater
segregation or co-mingling; and of treatment technology.
These approaches vary widely in terms of their ramifications
for recovery of materials and energy, their costs, and their
amenability to centralized regulatory oversight. Moreover, ex-
perience is becoming available with both DPR and NZW sys-
tems, which can provide basis for reconsideration of the
structure and function of future municipal water and energy
management systems, in light of current demands.

The purpose of this paper is to present a synthesis of cur-
rent experience with NZW and DPR municipal water manage-
ment, including a cohesive set of conclusions and recom-
mendations as to how best to move forward in light of
current challenges at the intersection of water and energy. To
this end, a workshop was convened on May 29–30, 2014, at
the University of Miami, Coral Gables, FL, with participation
representing a broad spectrum of current expertise and expe-
rience regarding DPR and NZW systems. The state-of-
knowledge was presented and discussed, including current
experience with partial NZW (<50% recycle) public utility
plants in Big Spring and Wichita Falls, TX, and Windhoek,
Namibia; experience with the full NZW research installation
at the University of Miami; and results of economic modeling
studies and related projects. Four groups, each having repre-
sentation across backgrounds and stakeholder groups, in-
cluding academic and consulting engineers, equipment

Environmental Science: Water Research & Technology Perspective
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manufacturers, regulators, architects, technology develop-
ment investors, and public utility professionals (Appendix)
were assembled to develop conclusions and recommenda-
tions. Group output, knowledge, and recommendations were
then synthesized by participants with expertise in each of six
topical areas, and assembled for review and revision by all
participants. Discussion of systems relying on composting
toilets was outside the scope of this work, due to current lack
of acceptance of such systems in urban settings.16

State of technology

To date, considerable experience with NZW and DPR systems
has been acquired, including an understanding of global
drivers, an appreciation of regulatory issues, and recognition
of the advantages of DPR in comparison with indirect water
reuse (IPR).17,18 Advantages of IPR may include (a) elimina-
tion of the need for environmental buffer (potentially subject
to site-specific catchment regulations and/or geological limi-
tations), (b) decreased energy and costs of water conveyance
and dual pipe installation, and (c) diversification of a utility's
total water portfolio. However, needs are pressing for DPR-
enabling legislation, and a clear and effective strategy for
DPR implementation.

The practice of withdrawing water from inland areas,
transporting it to urban population centers, treating it, using
it once, and discharging it to the coastal waters, e.g. as cur-
rently practiced in California, Florida, and other coastal re-
gions is now seen to be unsustainable. In contrast, the value
of potable water, resources, and energy will propel municipal
water management developments in the 21st century. As a re-
sult, future treatment plant design will need to consider
modification of raw wastewater characteristics, flow equaliza-
tion for improved process efficiency, elimination of untreated
return flows, alternative end points for biological process de-
sign, and improvements in monitoring technology. One ex-
ample is the success of the NPXpress® process19 in reducing
energy requirements associated with nutrient reduction in
biological wastewater treatment.

Water shortages in Namibia and Texas have already moti-
vated the implementation of DPR plants, and experience is
demonstrating success. In particular, the Goreangab DPR
plant in Windhoek, Namibia,1 was commissioned in 1968
and upgraded in 2002. This operating publically-owned water
treatment plant has demonstrated success in reuse of ca.
20% of Windhoek wastewater while meeting water quality
goals, addressing the severe lack of available freshwater in
the arid region (Fig. 1).

In Texas, the stark difference between projected water de-
mand in the year 2060 of 27.1 × 109 m3 (22.0 million ac-ft),
and the corresponding projected water supply of 18.9 × 109 m3

(15.3 million ac-ft), has motivated public entities to implement
alternative water supplies. According to the 2012 State Water
Plan, reuse will account for about 10 percent (1.23 × 109 m3

915600 ac-ft) of all new water supplies in 2060. In addition, the
Texas Water Development Board has supported 14 water reuse

projects for total of US $2034760 ; an operating emergency DPR
plant in Wichita Falls (taken off-line July 2015); a project in El
Paso currently involving pilot tests; and a proposed DPR plant in
Brownwood (on hold). Moreover, a $13 million biological/
microfiltration/reverse osmosis/advanced oxidation-based DPR
plant is already in operation in Big Spring, TX. Texas microbio-
logical permit requirements are evaluated on a case-by-case ba-
sis, in terms of log-reductions from levels measured in treated
wastewater effluent. For planning purposes, utilities assume 8-
or 9-log virus, 6-log Giardia, and 5.5-log Cryptosporidium as the
minimum inactivation requirements, with final requirements
determined based on actual measurements of source water
loading. These may be compared with requirements of the
California Department of Public Health (now Division of
Drinking Water), which require 12-log virus, 10-log Giardia,
10-log Cryptosporidium inactivation relative to the raw influ-
ent wastewater, and the recommendations of an independent
expert panel convened for the WateReuse Research Founda-
tion, which proposes 12-log enteric virus, 10-log Cryptosporid-
ium (Giardia implied), and 9-log bacteria inactivation, also
relative to untreated wastewater.20 Also of note is the water
supply for the Solaire Building in New York City, which recy-
cles up to 94.6 m3 d−1 (25 000 gal d−1) for toilet flush water,
cooling tower make-up, and rooftop garden irrigation.

The UM research and demonstration project has included
design, construction, and operation from January 2013
through December 2014 of a NZW DPR treatment system;
study of psycho-social motivations for and against NZW liv-
ing; and development of real-time water quality risk detection
technology. Operating data on the system (Fig. 2) document
the reduction in chemical oxygen demand to below the detec-
tion limit (0.7 mg L−1), and reduction in nitrate/nitrite to be-
low drinking water standards, with finished water turbidity
and pH lower than county tap water, and a steady state value
of ∼500 mg L−1 total dissolved solids in the mineral water
produced.5 Initial compliance with all Florida drinking water
standards was shown in July 2014. Moreover, modeling stud-
ies indicated that (a) the cost of such a NZW system is

Fig. 1 The Goreangab DPR plant completed in 2002 in Windhoek,
Namibia.
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already competitive with conventional water/wastewater tech-
nology,4 at plant sizes as small as 100 households per plant.3

Finally, it has so far been found that environmental and pro-
science attitudes, risk-seeking, and past exposure to recycled
water are negatively associated with disgust; disgust was the
most important predictor of willingness to use recycled wa-
ter; and participants given information about recycled water
reported significantly lower disgust.21

Cost and energy footprint

The cost of NZW and DPR technology depends on the popu-
lation density and the scale of the facilities involved. Gener-
ally an additional treatment stage, or advanced water treat-
ment facility (AWTF), is needed, to serve as an additional
treatment barrier and an added factor of safety for DPR. One
example on which to base cost estimates for AWTFs with a
capacity of at least 5 MGD is the Orange County Water Dis-
trict (OCWD) IPR system. This system includes water impor-
tation, and is therefore not NZW, but also includes injection

of treated wastewater to the primary water supply aquifer
within the service area boundaries, following additional treat-
ment by AWTF. Based on this experience, the addition of
AWTF with RO would add a total of $0.70–$2.21 per m3

($2.65–$8.36 per 1000 gal) to the cost of water and wastewater
management, with higher costs driven primarily by the cost
of concentrate management and conveyance.22

For an advanced oxidation-based DPR plant, the principal
additional treatment stage comprises advanced oxidation ca-
pable of mineralizing COD, e.g. to below typical detection
limits (0.7 mg L−1).1,5 For the peroxone advanced oxidation
process, the additional cost for a 5 MGD plant has been esti-
mated at $1.15 per m3 ($4.70 per 1000 gal), including annual-
ized capital at 5% real interest (interest minus inflation), op-
eration, and maintenance,23 and costs for UV-hydrogen
peroxide advanced oxidation may be similar.5,24 However,
high recycling rates can be achieved with such systems and,
as explained next, these costs may therefore be offset in dis-
tributed systems by up to $1.70 per m3 ($6.47 per 1000 gal)
savings in energy to heat water (assuming an average US en-
ergy cost of $0.12 per kW h). Moreover, chemical and micro-
bial constituents are destroyed permanently, addressing envi-
ronmental degradation in the vicinity of the service area.

Of note, a 2300 m3 d−1 onsite DPR NZW system with insu-
lated pipes achieving an 85% water recycling rate, possible
e.g. in South Florida and whenever landscape irrigation re-
quirements can be satisfied onsite, is projected in initial esti-
mates to be capable of also recycling (retaining in the treated
water) 69% of the energy required to provide hot water in
buildings. In the US this savings may represent 14.2 kW h
m−3 water service (7.1 kg CO2e m−3), 60% more than the en-
ergy required to operate the NZW treatment system (assum-
ing peroxone advanced oxidation with RO treatment of 15%
rainwater makeup and anaerobic biological treatment; meth-
ane generation represents additional energy savings not
accounted for here; RO- and peroxone-based systems with
aerobic biological treatment are also projected capable of
energy-positive operation). Accordingly, after accounting for
the additional energy of treatment, such treatment systems
are projected to have an energy footprint as negative as −4.0
kW h m−3 water service.5 In addition, distributed small-scale
NZW plants require less energy for conveyance of water and
wastewater and, as mentioned, US conveyance energy aver-
ages four times the energy of treatment. On the other hand,
IPR systems and DPR systems achieving low recycling rates
dissipate hot water thermal energy to the environment. In
that case, the energy footprint of centralized systems having
a capacity of 5 MGD or greater can be estimated to range
from 0.86–1.06 kW h m−3 (3.25–4.00 kW h per 1000 gal, or
0.43–0.53 kg CO2e m

−3), based on experience with the OCWD
RO-based AWTF.22

Motivations and drivers

There is perhaps no more precious commodity than water,
and while water is plentiful in many regions of the earth,

Fig. 2 The UM net-zero water treatment system, 85% recycle rate:
(upper panel) below-grade septic tank, membrane bioreactor, and cis-
tern, and (lower panel) UV-hydrogen peroxide advanced oxidation
(aerated precipitation/aluminum electrocoagulation/vacuum ultrafiltra-
tion not shown).
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clean and energy-inexpensive water is not. Recent drivers of
water shortage and increasing demands for clean water and
energy include rapid population growth, industrialization, en-
vironmental deterioration, and climate change worldwide.
Hence the grand challenge in terms of water: a new genera-
tion of sustainable water management in a resource-
constrained world. NZW municipal water management repre-
sents a paradigm shift from centralized single use and dis-
posal, to overall energy-positive water/wastewater treatment
and energy-minimal conveyance. Additional drivers emerging
as opportunities include recovery of nutrients; ecological and
human health protection through the destruction of hor-
mones, pharmaceuticals, personal care products, and other
micro-constituents; and avoidance of the need to treat drink-
ing water industrial hazardous waste releases, pesticides, and
nitrate fertilizers. Also, the awareness that comes with the
knowledge that household wastewater is recycled may impart
a higher level of accountability for what is disposed to the
drain.

In general, NZW can now be implemented in areas of high
population density, e.g. high-rise buildings, and/or water of
limited supply or poor water quality, and appropriately low-
tech implementations are available for use in rural areas
where water and nutrient recycling can be accomplished lo-
cally. Nonetheless, development and implementation of NZW
treatment and management faces several challenges, includ-
ing general principles and guidance for process design, cur-
rent lack of regulatory structure and public acceptance, and a
need for economic and performance data.

Conceptual system design

Fundamental goals inherent to the conceptual design of a
NZW system are the reliable and resilient compliance with
appropriately-high water quality standards, the satisfaction of
quantity requirements for the intended use, and the attain-
ment of these objectives at reasonable cost and with broad
public acceptance. In that light, key questions were identified
that can significantly influence design, including:

1)Is it imperative, for regulatory protection of public
health, that recycled water meet all applicable drinking water
standards at the point of plant discharge, or can point-of-use
(POU) treatment systems, such as sink and shower filters, be
considered to treat a small stream of water for drinking and
bodily contact, alleviating the need to treat large volumes of
water to drinking water standards?

2)Recognizing that an advanced oxidation-based plant de-
sign can allow a high degree of water recycling without gener-
ation of concentrate or brine,11 is it imperative that organic
compounds be mineralized in such systems to below detec-
tion in terms of chemical oxygen demand (COD) or total or-
ganic carbon (TOC)? Alternatively, what level of oxidation
would ensure compliance with standards for disinfection
byproducts, pesticides, and other emerging organics, while
reducing system complexity and cost, particularly if improved
monitoring technology is developed?

3)How can nitrogen and phosphorus be recovered from
NZW systems, considering life-cycle and economic benefits
and costs?

While further research is needed to address the questions
just presented, principal findings regarding NZW system con-
ceptual design can be summarized as follows. First, mass
and energy balance analyses, more fundamental than are
performed for design of conventional treatment technology,
must be undertaken as the basis for NZW design. The mass
component of the analysis must balance water, chemical ad-
ditives, solids, contaminants, and nutrients. The energy com-
ponent must balance principal demands including domestic
hot water, pumping/conveyance, and aeration. Second, based
on the mass and energy balances conducted, a design ap-
proach must be selected that involves either treatment of a
comingled wastewater stream, or individual treatment of
source-separated urine, fecal, and/or greywater streams. The
latter approach, while perhaps more complex and energy-
intensive in terms of material conveyance, particularly in dis-
tributed or centralized systems, is being studied as a way to
facilitate nutrient recovery, because a majority of the nitrogen
and phosphorus are contained in the urine while greywater
accounts for the majority of the wastewater volume.

Following identification of the design approach, appropri-
ate unit processes must be selected to address destruction,
removal, and/or recovery of a suite of varied target constitu-
ents. Special attention must be paid to pathogen inactivation,
along with the formation of disinfection byproducts (DBPs),
the mitigation of emerging constituents such as pharmaceuti-
cal and personal products (PPCPs) and antibiotic resistance
genes (ARGs), and the removal or recovery of nutrients. Fur-
ther, aesthetic design and user integration play an essential
role in a successful NZW project, particularly when a NWZ
system, including e.g. storage tanks, is integrated into a
home. These aspects are tightly associated with public accep-
tance. Moreover, user-friendly operation and maintenance of
a NZW system should be considered a part of the design pro-
cess, as is expected in the design of other “home machines”
including heating, ventilating, and air conditioning systems
for which simple on/off control and periodic filter change
may represent typical user requirements.

Two general approaches to conceptual NZW design were
articulated, dependent upon the regulatory structure
adopted. The first would be consistent with current regula-
tions requiring treatment of all municipal treated water to
meet all potable water standards. The second would assume
two or more levels of treatment, e.g. separate standards for
drinking and bathing water, and for other domestic water.
This latter approach would allow for a higher and more
energy-intensive and costly treatment of drinking and wash
water, such as reverse osmosis or granular activated carbon.
Also important to consider in the conceptual design phase is
the development of improved failure response and monitor-
ing systems. That is, the ultimate reliability of the conceptual
design will result from the interaction of components of the
design with monitoring and control elements. Finally,
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rainwater storage and utilization is an important design con-
sideration. In particular, appropriate water sources should be
identified to compensate for water loss, however small, and
to provide dilution. In fact, if adequate storage is available,
rainwater supply may be a sufficient sole-source of water, and
required treatment may be minimal.

Selection of unit treatment processes

In selecting NZW unit processes, system reliability is para-
mount, and therefore the use of redundant equipment to cre-
ate multiple barriers to guard against the failure of individual
components is important. Moreover, design must maximize
such reliability while minimizing routine operation and
maintenance, particularly in small and decentralized/distrib-
uted treatment plants. These competing objectives may be
achieved through the incorporation of remote monitoring
and process control systems, and provision of adequate
equalization of the highly variable flows of water and individ-
ual constituents characteristic of small systems.

While many aspects of NZW unit process selection may be
general, several site-specific aspects must be considered.
First, the appropriate scale of treatment, whether on-site, dis-
tributed, or centralized, must be evaluated in terms of eco-
nomics, energy, and life-cycle impacts. Currently little infor-
mation is available on which to base these decisions.
However, recent modeling studies indicate that on-site sys-
tems and plants serving <100 households are considerably
more expensive in terms of total capital, operating, mainte-
nance costs,3 than plants designed at larger scales. Very small
treatment plants may also be larger in terms of plant foot-
print per unit of water produced, and may require automated
monitoring and remote process control, for centralized over-
sight. However, plants serving 100–10 000 households were
indicated to be lowest in cost, and such distributed systems
are much smaller than are currently built in populated areas.
Also, small systems are less energy intensive due to the abil-
ity to efficiently retain domestic hot water thermal energy in
the treated water.

The rural or urban nature of the site is another important
consideration. Rural systems may include below-grade anaer-
obic digesters, with gas collection to provide fuel e.g. for in-
home lamps, and distribution of liquid effluent to agricul-
tural plots for water and nutrient reuse; or in some cases sim-
ple sept tank/leachfield/well systems. In districts with suffi-
cient rainfall and/or acceptance of compost toilets, a
combination of rainfall harvesting and treatment, greywater
recycling, and irrigation reuse, such as used at the Bullitt
Center in Seattle, WA, may be employed for municipal water
management.

In urban areas, consideration of the use of additional and/
or higher-technology unit processes, and their interactions,
may be required. Alternatives for treatment of raw wastewater
include sedimentation, and aerobic and anaerobic biological
treatment, with or without the integrated tertiary filtration of
a membrane bioreactor. At this initial treatment stage, the

use of anoxic and anaerobic treatment processes can provide
removal of a significant fraction of the biodegradable carbon
with minimal energy and material input. Also, because waste-
water typically contains much more nitrogen than can be
absorbed by vegetation within the treatment plant service
area, nitrogen removal from either comingled or source-
separated wastewater, and from sludge, is important. Alterna-
tives include conventional biological nitrification/denitrifica-
tion (conversion of nitrogen species to nitrate and further to
nitrogen gas for release to the atmosphere), and the
anammox biological process,25 which bypasses nitrification
and therefore the typical need for alkalinity addition. How-
ever, production of nitrogen fertilizer from atmospheric ni-
trogen by the Haber–Bosch process is highly energy-intensive,
and phosphorus is a non-renewable resource in limited sup-
ply. Moreover, while this nutrient load can be returned to ag-
ricultural areas for fertilization, return of the treatment
sludge traditionally containing much of the nutrients may be
energy-intensive or costly. Therefore, methods for the sustain-
able recovery of nutrients, through precipitation of struvite or
otherwise, are needed.

Treatment to drinking water standards typically requires
either reverse osmosis or advanced oxidation treatment. Re-
verse osmosis must be preceded by ultrafiltration or equiva-
lent pretreatment, may require chemical addition to reduce
fouling, and typically requires blending of product water to
reduce corrosion. Moreover, concentrate representing per-
haps 15–25% of the influent, depending on the process con-
figuration, must be disposed of continuously. Partly as a re-
sult, recycling rates have been limited to less than 50%.
Another alternative is the use of advanced oxidation to re-
duce organic constituents to an acceptable level (Englehardt
et al. 2013). In particular, the UV-hydrogen peroxide process
can mineralize organics without production of bromate, a
byproduct of the oxidation of natural bromide in ozone-
based processes, and aluminum coagulant can remove the
bromide precursor. Alternatively, an ozone-based process
such as ozone–hydrogen peroxide can be used, if a small RO
unit is permitted for the point-of-use removal of bromate
from a minor drinking/bathing-water stream.

The UM project demonstrated that conversion of 85% of
the raw wastewater to potable water is possible, and projected
that such advanced oxidation-based, non-RO systems can
achieve significantly energy-positive operation by avoiding
the discharge of hot water thermal energy to the environ-
ment. In particular, the addition of 15% rainwater, and dis-
posal of 15% treated drinking water, was sufficient to result
in a steady-state total dissolved solids value of ∼500 mg L−1,
relatively low for a mineral water (though high for a tap wa-
ter). Thus a mineral water was produced, mimicking a living
system. In such systems, the addition of minerals including
metal salts for coagulation should be minimized. Therefore
the UM system uses an aerated aluminum electrocoagulation
process, termed aluminum-mediated aeration, to precipitate
excess minerals, including bromide, and aid in low-energy
vacuum ultrafiltration.
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The management of process residuals is a final key con-
sideration, particularly in the case of small NZW systems. In
particular, reverse osmosis- and ion exchange-based systems
produce a continual and significant stream of concentrate or
brine, disposal of which may have environmental ramifica-
tions. In addition, a biological sludge, perhaps including
trash screened from raw wastewater, undigested primary and
secondary solids, and backwash water, is generated in all
known systems which must be disposed occasionally. Dis-
posal of any residuals to a centralized sewer would require
maintenance of a separate centralized wastewater collection
and treatment system, and therefore is not sustainable. In
large systems, sludge disposal alternatives may include anaer-
obic digestion for recovery of methane and struvite. In on-
site systems, sludge accumulated e.g. in a septic tank may re-
quire pumping and disposal every 1–2 years. Spent activated
carbon and excess storm water may also require occasional
disposal in some systems.

Operation, maintenance, and water
quality monitoring

Superior process control, maintenance, and monitoring of
NZW systems are critical to process reliability, in turn funda-
mental to public acceptance.26 In that light, field and pilot
tests of commercial equipment available for filtration, reverse
osmosis, UV-hydrogen peroxide, and other treatment pro-
cesses have demonstrated that quality equipment can
produce high quality potable water from wastewater.27,28

Moreover, numerous indirect potable reuse (IPR) projects, in-
cluding the long-term indirect potable reuse effort by the Or-
ange County Water District29 and several direct potable reuse
programs, have confirmed that product water can exceed
drinking water standards (in fact, as mentioned, RO product
water is so devoid of contaminants as to be corrosive). In ad-
dition, the long-term reliability of DPR without RO has been
demonstrated at the Windhoek plant.

Given the emerging nature of long-term experience, NZW
projects may be permitted in the US only after formal opera-
tion and maintenance protocols are developed and docu-
mented. Operation and maintenance protocols are expected
to include clear and detailed manuals, procedures, and
supporting electronic databases, and schedules for routine
replacement of chemical feeder pump elements, ultraviolet
light bulbs, filter membranes, ozonator and oxygen concen-
trator parts, and other components of the system. Detailed
plans will be required such that the failure of a pump, mem-
brane, control system, or other electronic component can be
managed without impacting system integrity or public health.
The design life of some equipment may be effectively short-
ened to ensure protection of public health. Documentation of
maintenance and replacement will be required as a part of
routine regulatory reports, at least in the initial stages as fa-
cilities are brought on-line. In addition, regulatory agencies
and the general public will expect ongoing, continual moni-
toring of equipment functions and water quality parameters.

Although electronic sensors are routinely used in water
and wastewater treatment systems today, sensor reliability
was recently identified as the principal current barrier to im-
proving operational quality assurance.30 Today such sensors
send signals to programmable logic controllers (PLCs), to
transmit data on to control systems and operations staff in
large facilities. However, such systems will likely be required
in NZW systems of all sizes, to monitor process performance
and collect continuous water quality data for each process. In
larger systems, sensor signals may provide input to SCADA
systems that control the process and advise operations staff
of issues requiring attention. As a result, the algorithms used
by the control system to deal with process failures will be-
come essential elements of a stable and reliable system.
These algorithms will need to be refined with experience,
and will be important considerations in terms of regulatory
permitting.

Remote monitoring and control is expected to result in
more reliable systems, because performance can be tracked
through an analysis of trends in time series data. The use of
cloud-based data management and control algorithms may
further assist in the detection of process deviations, and al-
low a condition to be corrected in real-time before process
failure occurs. However, sensor-based control systems will re-
quire operator expertise in computer programming and elec-
trical component maintenance, at least until such systems
are further developed. Moreover, because the scope of NZW
treatment covers wastewater and drinking water treatment to-
gether, certification of utility operators in both subject areas
will be important.

Risk management and regulation

Managing the risks of DPR and NZW technology will involve
a combination of automatic, remote, and/or real-time process
control and monitoring technology as just discussed, along
with research and regulation. In that regard, continuing re-
search is needed to better establish the efficiencies of re-
moval, oxidation, and/or inactivation of fecal pathogens and
organic constituents by advanced oxidation, membrane filtra-
tion, and other unit processes. Pathogens suggested for mon-
itoring and control in current guidelines include virus, proto-
zoan cysts and oocysts, and total coliform, and organics
include perfluorooctanoic acid, perfluorooctane sulfonate,
perchlorate, 1,4-dioxane, ethinyl estradiol, 17-β-estradiol, co-
tinine, primidone, phenyltoin, meprobamate, atenolol, carba-
mazepine, estrone, sucralose, tris (2-carboxyethyl phosphine)
hydrochloride, n,n-diethyl-metatoluamide, and triclosan.22

Such work can inform regulation, currently the principal im-
pediment to technological development by industry.

While NZW and DPR systems are not as yet permitted in
most areas of the US, extreme water scarcity is changing this
situation in communities in California, Texas, and other
areas of the US and the world, and these pressures are in-
creasing with population pressures and the effects of global
warming. From an engineering and water resources
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perspective, IPR and DPR are considered viable options to in-
crease water supply, with substantial environment benefits,31

and a reasonable record of research and field data supporting
the fact that reliable technology exists. Nevertheless, valid
public health and regulatory concerns will motivate regula-
tions to ensure the appropriate application of NZW and DPR
technology.

In Florida, for example, the Florida Department of Envi-
ronmental Protection (FDEP) is responsible for administering
water and wastewater programs, including water reuse, and
while FDEP was not able to permit the UM experiment, the
project was allowed for research purposes. According to
FDEP, Florida encourages and promotes reuse of reclaimed
water and water conservation. Sections 403.064 and 373.250
of the Florida Statutes establish the promotion and encour-
agement of reuse and water conservation as formal objec-
tives, and state that reuse is in the public interest. FDEP rules
and regulations on reuse and reclaimed water are contained
in Florida Administrative Code Chapter 62-610, and Part V of
which contains rules regarding IPR and groundwater re-
charge. Currently no Part V-reuse systems operate in Florida,
though several proposed projects may be permitted in the
near future.

The FDEP does not currently have rules regarding DPR;
however, based on input received regarding Florida Senate
Bill 536, the agency recognizes this lack of regulatory frame-
work. The Department is therefore expected to begin the pro-
cess of adopting rules to establish clear procedures and
criteria for implementing DPR, considering both wastewater
and drinking water aspects. In the case of on-site systems,
rules will need to establish what party, homeowner or regula-
tor, will be responsible for monitoring and compliance. This
process will involve assembling a technical advisory commit-
tee to assist in developing rule revisions, utilizing DPR re-
search conducted to date, and learning from the experience
of other states such as Texas that have established regula-
tions for DPR. Meanwhile, the Department will consider per-
mitting of proposed projects on a case-by-case basis.

Clearly engineering, utility, regulatory, and academic
stakeholder groups should work together from the start on
development of integrated regulations addressing municipal
water and wastewater management, including operator certi-
fication and training. In addition, standards developed
should be adaptable to changes in technological capability.
Controlled NZW and DPR demonstration projects should be
permitted for the purpose of collecting data and providing
basis of regulations to be developed. The safety of such pro-
jects can be ensured through the provision of remote moni-
toring programs.

While the purpose of the workshop was not to reach con-
sensus on the details of NZW and DPR regulation, several
specific suggestions were made for consideration in the pro-
cess of developing regulations. First, in light of potential cost
savings, it was suggested that consideration be given to the
establishment of separate standards, and terminology, for (a)
drinking water, and (b) water for other uses, to be termed

“purified” or “domestic” water. In that case, such “purified”
water should be required to be free of acute risk, with less
than a 10−5 risk of critical effect following one shower per
day for 70 years. Further, it was suggested that a third cate-
gory, intermediate to those for drinking and flushing, might
also be considered for domestic washing and bathing. How-
ever, with technological improvements, such dual standards
may become less important. It was also suggested that regu-
lation of municipal water and wastewater management
should be integrated, perhaps with regulation of power.

From the perspective of officials charged with protection
of public health, the concept of DPR remains challenging. In
fact, from this viewpoint, DPR may currently be considered
for permitting by regulators only in cases of severe water
shortage. In these cases, sophisticated engineering controls
and real-time monitoring capability may be mandated, to in-
crease the level of public health protection and address pub-
lic confidence and acceptance. Even then, federal, state, and
local regulatory communities may have legitimate concerns
related, but not limited, to treatment process reliability and
redundancy, monitoring requirements, and any proposed dis-
tinctions between potable and “purified” water. Only sustain-
able and targeted research and demonstration efforts can
help reduce and/or eliminate these concerns, and provide ba-
sis for public outreach and acceptance.

Public acceptance

To achieve broad public acceptance, NZW management will
require effective public education and transparent engage-
ment. Fundamentally, these tasks will require the temporary
but reasonably long-term permitting of public NZW and DPR
demonstration projects, to include reporting and dissemina-
tion of monitoring results. More generally, consumer confi-
dence in public water and power utilities is generally driven
by several factors, including knowledge of associated con-
straints and needs; cost to consumers; concern for doing the
right thing; the ‘cool factor’; and the self-protection instinct.
In these regards, there is already a growing understanding of
the limits to water supply. Hence, for example, water restric-
tions in Florida, California and elsewhere have been accepted
by the public for several decades. In fact, in California,
recycling of water for use in irrigation is already required for
new construction in several districts,32,33 and is currently an
essential aspect of new community planning.

Public acceptance of household or neighborhood water
purification may follow the path of the growing acceptance of
developments and homes that are off-the-energy-grid, e.g.
through domestic solar and wind energy generation. In fact,
there is a perceived demand to introduce NZW into such
‘green’ developments, as an ‘amenity’ like solar panels. Given
that community-scale implementation may be more
economically-attractive than on-site implementations, new
community utility districts are already a vehicle for manage-
ment of such small scale utilities. In fact, one can imagine
eager acceptance of small-scale water provision and recycling
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in underserved communities around the world. However, in
the US and elsewhere, and similar to energy generation, equip-
ment costs must be brought into line with customer ability-
and willingness-to-pay, and the reliability of such systems
must be established. Further, some provision should be made
for local water supply in case of distributed system failure.

Unlike previous experience with the acceptance of off-grid
energy, acceptance of off-grid water has historically been hin-
dered by a disgust reaction sometimes called the ‘yuck fac-
tor’ experienced in some populations. This instinctual reac-
tion can be answered through public education regarding the
de facto water reuse that occurs in conventional systems
through discharge of treated wastewater to water supply bod-
ies. However, in light of this additional challenge, a more in-
timate model than distributed energy systems in terms of
change in residential development might be the experience
of the New Urban communities that are now thriving at
twenty and thirty years old.34,35 In these communities, the
utility of the automobile was intended to be replaced by alter-
nate modes of mobility – transit, bicycling, walking – and this
approach has resulted in enthusiastic acceptance, notably
with the automobile not entirely removed but greatly reduced
in use, through the availability of alternatives.

The path of acceptance of the New Urbanism, similar to
that of reduced water consumption in Florida, followed a
three-step development. First, the prospect of a changed envi-
ronment was made appealing (in terms of the aforementioned
drivers of change – knowledge, cost, ethics, the ‘cool factor’,
and protection of self and family). The early New Urban com-
munities such as Seaside, FL are beautiful and charming
places that have enabled the public to experience a walkable
daily life.36 Second, the regulatory impediments were removed
to enable early adopters to lead implementation and encour-
age development of the technology. Throughout the country,
zoning codes had to be changed to allow the compact mixed-
use walkable communities that were virtually out-lawed by the
regulations. And third, with the growth of public acceptance
through the experience of the first two steps, regulators were
better prepared to make changes in standards. Now, there are
jurisdictions with zoning codes that require all new commu-
nity design to follow the principles of the New Urbanism.

Similarly to the acceptance of new-urbanist development,
NZW supply might be first accepted by households and
neighborhoods, when there is an informed consumer, when
it is a choice that is made by the user, and when there is a
fallback supply of conventional municipally treated water.
Such an example, made appealing, can support the next steps
of reducing regulatory impediments, and the eventual regula-
tory framework that requires the cycle of water-usage to be lo-
cal and iterative. In fact, while regulators' response reflects
prioritization of their responsibility for public safety, the re-
sponse also reflects the state of public acceptance of poten-
tial change. This may vary by region; in Tampa, water pro-
duced by desalination is a long-accepted response to
shortage, whereas in Miami-Dade County, discussion of alter-
nate water sources is still nascent. It is worth noting that the

UM experiment produced a positive, and indeed enthusiastic,
response by the students who chose to reside in the apart-
ment using the system.

Conclusions and recommendations

The net-zero water concept presents a new vision for munici-
pal water management which, while currently unique to a few
implementations, is now becoming practical and technologi-
cally feasible for a wide variety of water reuse applications
through the use of emerging DPR technologies. Motivations in-
clude step changes in the municipal demand for water and en-
ergy. In these regards, the University of Miami residence hall
experiment/pilot project in particular may accomplish for DPR
NZW projects what pilot programs of previous decades have
achieved for other groundbreaking and innovative water recla-
mation and recycling concepts, including the indirect potable
reuse “experimental” program in Orange County, CA, originally
dubbed Water Factory 21. That is, the UM project has demon-
strated the technical feasibility, economy, safety, and sustain-
ability of urban, energy-positive, NZW management in the
field. Even if funding is not continued, the project will have
served further to show that this innovative water and energy
recycling system can operate without routine discharge of re-
siduals, while destroying endocrine-disrupting and other
emerging organics in wastewater permanently.

Despite successes, current NZW implementations may not
be easily duplicated in the near term, particularly outside of re-
search and demonstration settings in which full disclosure and
experimental protocol are subject to oversight. To move forward,
policies, regulatory standards, and commercialized (e.g., off-the-
shelf) technologies are required to pave the way for wider adop-
tion. While a regulatory structure will require time to develop,
and this structure will be crucial to the development of cost-
effective commercial equipment, nevertheless the value of water,
and its perception among the general public, is increasing. As a
result, public acceptance of potable reuse of all types is increas-
ing along with its perceived inevitability. For example, the accep-
tance and enthusiasm displayed by students living in the Net
Zero Water Project residence hall apartment is testament to the
evolving acceptance of younger generations and the general
public towards new technologies—even those providing such in-
timate and essential life-sustaining elements as water. In fact,
society will demand this new technology, as drought, global cli-
mate change, and population growth, particularly in arid re-
gions, drive water needs higher.

Several needs became clear in this work, and the following
recommendations are made, in approximate order of chrono-
logical need:

1. Net-zero water systems should be distinguished from
greywater systems and irrigation-based systems, by emphasiz-
ing the level of energy and water independence that can be
achieved, without need for point-of-use treatment. Additional
development of this approach in terms of reliability and
monitoring features is suggested to achieve these goals in
general practice;
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2. Although, strictly, zero off-site water withdrawal and re-
lease may not be within reach in the foreseeable future, the
term ‘Net-Zero Water” should be retained to signify a goal, a
vision, and a system that goes beyond previous water man-
agement systems in terms of water and energy autonomy;

3. Regulations should be developed in the short term to al-
low the construction and operation of NZW demonstration
projects and direct potable reuse projects on appropriate
scale, as a first step;

4. Support is needed for controlled NZW demonstration
projects, operated in part to provide data and operating expe-
rience over periods of two years or more, to demonstrate
long-term feasibility and provide basis for regulation of NZW
and DPR in general. This work should include development
of data on the cost and performance of non-reverse osmosis
(e.g., advanced oxidation-based) treatment systems;

5. Research facilities capable of demonstrating energy-
positive NZW technology, including the existing UM plant and
others as they become available, should be supported and
maintained for a period of years as regional test-beds for
emerging technologies (nutrient recovery, emerging constituent
and microbiological control, sensors, remote operation, auto-
mation, and alternative treatment technologies), to allow fur-
ther process innovations, improvements and modifications;

6. Support should be found for the development of im-
proved water quality monitoring devices, including devices
capable of detecting potential microbiological and chemical
health risk in drinking and other water in real time;

7. Research should also be supported regarding treatment
process resiliency, system integrity, process monitoring and au-
tomation, fail safety, public education and community engage-
ment, and the place of DPR in the wider context of Integrated
Water Resources Management37 and environmental sustainabil-
ity, balancing concerns of utilities, regulators, and communities;

8. Ultimately, complete risk-based regulations should be
developed, with fundamental consideration of regulatory
structure including permitting of comingled and segregated
streams; and

9. Along with pathways to permitting, marketing demon-
stration projects (builders' shows, building managers confer-
ences) are needed to educate and increase public acceptance,
to allow advancement of the technology and associated safety
aspects through evolving examples. Such an exposition of a
likely future – the way solar collectors gained traction – per-
haps coordinated by non-governmental organizations such as
the WateReuse Association and the National Water Research
Institute, would thus advance water and energy goals without
compromise in terms of public health.

Appendix
Workshop participants

James D. Englehardt, Ph.D. (Chair), University of Miami
Tingting Wu, Ph.D. (Co-Chair), University Alabama in Huntsville
Fred Bloetscher, Ph.D., Florida Atlantic University, Boca
Raton, FL

Yang Deng, Ph.D., Montclair State University, Montclair, NJ
Piet du Pisani, City of Windhoek, Namibia
Sebastian Eilert, Architect, Miami, FL
Samir Elmir, Ph.D., Florida Department of Health in Miami-
Dade County, Miami, FL
Lucien Gassie, University of Miami, Miami, FL
Bertha Goldenberg, Miami-Dade County Water and Sewer Dept.
Ken Groce, Cherokee Engineering, Miami, FL
Tianjiao Guo, University of South Florida, Tampa, FL
Carlos Hernandez, Miami-Dade County Dept. Environ. Resources
Management, Miami, FL
Joe Jacangelo, Ph.D., MWH Global
Mark LeChevallier, Ph.D., American Water, Voorhees, NJ
Harold Leverenz, Ph.D., University of California, Davis
David MacNevin, Ph.D., Tetra Tech, Inc., Miami, FL
Erika Mancha, Texas Water Development Board, Austin, TX
Kara Nelson, Ph.D., University California, Berkeley
Will Perego, GreenTech Endeavors, LLC, Miami, FL
Elizabeth Plater-Zyberk, University of Miami
Anthony Sacco, Spartan Environmental Technologies,
Beechwood, OH
Reza Shams, Ph.D., BioMicrobics, Inc., Shawnee, KS
Bahman Sheikh, Ph.D., Consulting Engineer, San
Francisco, CA
Eva Steinle-Darling, Ph.D., Carollo Engineers, Inc., Austin, TX
George Tchobanoglous, Ph.D., University California, Davis
Melissa Velez, Carollo Engineers, Ft. Lauderdale, FL

Acknowledgements

The workshop reported in this paper was supported as part of
US National Science Foundation project EFRI-SEED: Design
for Autonomous Net-Zero Water Buildings, grant no. 1038257,
2010–2015, supported jointly with US Environmental Protec-
tion Agency. Workshop participants (Appendix) not appearing
as authors are sincerely thanked for substantial input to this
work. Miguel Pirela is thanked for his hospitality.

References

1 P. du Pisani and J. G. Menge, Direct Potable Reclamation in
Windhoek: A critical review of the design philosophy of new
Goreangab Water Reclamation Plant, Water Sci. Technol.:
Water Supply, 2013, 13(2), 214–226.

2 R. Raucher and G. Tchobanoglous, The Opportunities and
Economics of Direct Potable Reuse, Report no. 14-08-1,
WateReuse Research Foundation, Alexandria, VA, 2014.

3 T. Guo, J. Englehardt and H. Fallon, Economic Feasibility of
Large-Scale Direct Potable Water Reuse: A Case Study, Water
Environ. Res., DOI: 10.2175/106143015X14473578749910.

4 T. Guo and J. Englehardt, Principles for Scaling of
Distributed Direct Potable Water Reuse Systems: A Modeling
Study, Water Res., 2015, 75, 146–163.

5 T. Wu and J. Englehardt, Energy-Positive Urban Net-Zero Wa-
ter Management: Field Experience with an Advanced
Oxidation-Based System, Water Res., under revision.

Environmental Science: Water Research & Technology Perspective



260 | Environ. Sci.: Water Res. Technol., 2016, 2, 250–260 This journal is © The Royal Society of Chemistry 2016

6 ICF Consulting Water and sustainability: U.S. Electricity
consumption for water supply & treatment—the next half century,
EPRI, Palo Alto, CA, USA, March, 2002, Report No.: 1006787.

7 R. Cohen, B. Nelson and G. Wolff, Energy down the drain: The
hidden costs of California's water supply, Natural Resources
Defense Council, Pacific Institute, Oakland, CA, USA, 2004.

8 F. Bloetscher, J. Englehardt, D. Chin, J. Rose, G.
Tchobanoglous, V. Amy and S. Gokgoz, Comparative
Assessment of Municipal Wastewater Disposal Methods in
Southeast Florida, Water Environ. Res., 2005, 77(5), 480–490.

9 D. L. Carter, “Status of the regenerative ECLSS Water
Recovery System”, Paper No. 2009-01-2352. NASA Marshall
Space Flight Center, Huntsville, AL, in: 39th International
Conference on Environmental Systems, Savannah, GA. 2009,
Jul 12–16.

10 “Bullitt Center: The Greenest Commercial Building in the
World”, http://www.bullittcenter.org/, Bullitt Foundation,
Seattle WA, 2013, accessed July 11, 2015.

11 J. Englehardt, T. Wu and G. Tchobanoglous, Urban Net-Zero
Water Treatment and Mineralization: System Modeling and
Design, Water Res., 2013, 47(13), 4680–4691.

12 M. Harding, Personal Communication, Pure Cycle Corp.,
Denver, CO, 2009.

13 M. Nelson, M. Finn, C. Wilson, B. Zabel, M. Thillo, P. Hawes
and R. Fernandez, Bioregenerative recycling of wastewater in
Biosphere 2 using a constructed Wetland: 2-year results,
Ecol. Eng., 1999, 13, 189–197.

14 W. F. Dempster, Biosphere 2 engineering design, Ecol. Eng.,
1999, 13, 31–42.

15 S. Dix, Onsite wastewater treatment: A technological and
management revolution part 1, Water Eng. Manage.,
2001, 148(9), 24–26.

16 C. Anand and D. Apul, Composting toilets as a sustainable
alternative to urban sanitation - A review, Waste Manage.,
2014, 34(2), 329–343.

17 G. Tchobanoglous, H. Leverenz, M. Nellor and J. Crook,
Direct Potable Reuse: a Path Forward, WateReuse Research
Foundation, Alexandria, VA. 2011.

18 National Research Council Water Reuse: Potential for
Expanding the Nation's Water Supply through Reuse of
Municipal Wastewater. Committee on the Assessment of
Water Reuse as an Approach to Meeting Future Water Supply
Needs, National Research Council, Washington, DC. 2012.

19 J. Wen, Y. Liu, Y. Tu and M. LeChevallier, Energy and
chemical efficient nitrogen removal at a full-scale MBR water
reuse facility, AIMS Environmental Science, 2015, 1(2), 42–55.

20 NWRI Examining the Criteria for Direct Potable Reuse, a
National Water Research Institute Independent Advisory
Panel: Final Report, prepared for Trussell Technologies under
WateReuse Research Foundation. 2013, Project No. 11–02.

21 J. Wester, K. Timpano, D. Çek, D. Lieberman, S. Fieldstone
and K. Broad, Psychological and social factors associated
with wastewater reuse emotional discomfort, J. Environ.
Psychol., 2015, 42, 16–23.

22 WateReuse Research Foundation, American Water Works
Association, Water Environment Federation, National

Water Research Institute. Framework for Direct Potable
Reuse, WateReuse Research Foundation, Alexandria, VA.
2015, 170 pp.

23 T. Guo, J. Englehardt and T. Wu, Review of Cost versus
Scale: Water and Wastewater Treatment and Reuse
Processes, Water Sci. Technol., 2014, 69(2), 223–234, DOI:
10.2166/wst.2013.734.

24 M. Plumlee, B. Stanford, J.-F. Debroux, D. C. Hopkins and S.
Snyder, Costs of Advanced Treatment in Water Reclamation,
Ozone: Sci. Eng., 2014, 36(5), 485–495.

25 B. Kartal, J. G. Kuenen and M. Van Loosdrecht, Sewage
Treatment with Anammox, Science, 2010, 328(5979), 702–703.

26 D. McCarthy, Overcoming Global Barriers to Reuse as Part of
an Integrated Water Portfolio, White Paper Draft for Black &
Veatch's Reuse Roundtable Series, Black and Veatch, Kansas
City, MO. 2010.

27 F. Bloetscher, D. Stambaugh, J. Hart, J. Cooper, K. Kennedy,
L. S. Burack, A. P. Ruffini, A. J. Cicala and S. Simenello,
Evaluating membrane options for aquifer recharge in
southeast Florida, IDA J., 2011, 2, 28–39.

28 F. Bloetscher, D. Stambaugh, J. Hart, J. Cooper, K.
Kennedy, L. Sher, A. P. Ruffini, A. Cicala and S. Cimenello,
Use of lime, limestone and kiln dust to stabilize reverse
osmosis treated water, J. Water Reuse Desalin., 2013, 3,
277–290, DOI: 10.2166/wrd.2013.093.

29 E. M. Sloss, S. A. Geschwind, D. F. McCaffrey and B. R. Ritz,
Groundwater Recharge with Reclaimed Water: An
Epidemiologic Assessment in Los Angeles County, 1987– 1991,
RAND, Santa Monica, CA, 1996.

30 J. Jacangelo, “Reuse: Water Sector Perspectives,” presentation
and ensuing audience discussion, AWWA 2014 Council
Summit: Exploring Total Water Solutions, Reuse, Denver CO,
Oct 6, 2014, AWWA, Denver, CO.

31 D. Chin, Water-resources engineering, Pearson Prentice Hall,
Upper Saddle River, N.J, 2nd edn, 2006.

32 Technical Information for Dual Plumbed Sites, San Diego
Water Authority, http://www.sdcwa.org/sites/default/files/files/
water-management/recycled/dual_plumbed_sites.pdf, accessed
August 15, 2015.

33 K. Galimberti, San Francisco to Require Water Recycling
Systems in New Construction Projects as Drought Persists,
AccuWeather.com, http://www.accuweather.com/en/weather-
news/water-recycling-graywater-san/49876402, July 9, 2015,
accessed August 15, 2015.

34 E. Talen and J. Koschinskya, Compact, Walkable, Diverse
Neighborhoods: Assessing Effects on Residents, Hous. Policy
Debate, 2014, 24(4), 717–750.

35 L. Sobel, W. Anderson and J. Shipman, Market Acceptance of
Smart Growth, U.S. Environmental Protection Agency, Report
no. EPA 231-R-10-001. 2011, February.

36 Seaside “Seaside: A Simple, Beautiful Life”, Seaside®, FL, http://
www.seasidefl.com/history/community/page/7/, accessed August
15, 2015.

37 Integrated Water Resources Management in Practice: Better
Water Management for Development, ed. R Lenton and M.
Muller, Earthscan, New York, 2009.

Environmental Science: Water Research & TechnologyPerspective

View publication statsView publication stats

http://www.bullittcenter.org/
http://www.sdcwa.org/sites/default/files/files/water-management/recycled/dual_plumbed_sites.pdf
http://www.sdcwa.org/sites/default/files/files/water-management/recycled/dual_plumbed_sites.pdf
http://www.accuweather.com/en/weather-news/water-recycling-graywater-san/49876402
http://www.accuweather.com/en/weather-news/water-recycling-graywater-san/49876402
http://www.seasidefl.com/history/community/page/7/
http://www.seasidefl.com/history/community/page/7/
https://www.researchgate.net/publication/289500602

	crossmark: 


