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Decision making for implementing non-traditional water
sources: a review of challenges and potential solutions
Hunter Quon 1 and Sunny Jiang 1✉

The effects of climate change, population growth, and future hydrologic uncertainties necessitate increased water conservation,
new water resources, and a shift towards sustainable urban water supply portfolios. Diversifying water portfolios with non-
traditional water sources can play a key role. Rooftop harvested rainwater (RHRW), atmospheric and condensate harvesting,
stormwater, recycled wastewater and greywater, and desalinated seawater and brackish water are all currently utilized and rapidly
emerging non-traditional water sources. This review explores the status and trends around these non-traditional water sources, and
reviews approaches and models for prioritizing, predicting, and quantifying metrics of concern. The analysis presented here
suggests that understanding the challenges of location specific scenarios, socioeconomic knowledge gaps, water supply
technologies, and/or water management structure is the crucial first step in establishing a model or framework approach to provide
a strategy for improvement going forward. The findings of this study also suggest that clear policy guidance and onsite
maintenance is necessary for variable water quality concerns of non-traditional sources like harvested rainwater and greywater. In
addition, use of stormwater or reuse of wastewater raises public health concerns due to unknown risks and pathogen levels, thus
rapid monitoring technologies and transparent reporting systems can facilitate their adoption. Finally, cost structure of desalination
varies significantly around the world, largely due to regulatory requirements and local policies. Further reduction of its capital cost
and energy consumption is identified as a hurdle for implementation. Overall, models and process analyses highlight the strength
of comparative assessments across scenarios and water supply options.
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INTRODUCTION
As population growth continues around the world, so does the
need for potable water sources and infrastructure that can ensure
its availability. Climate change, which includes extreme weather
events and natural disasters, further exacerbates water stress due
to its impacts to water quantity, quality, and local shortages1,2.
Future climatic and hydrologic uncertainties that continue to
widen the gap between water resource supply and demand have
motivated water management decision-making towards increased
conservation, technological advancements around water treat-
ment, and a shift towards diversifying urban water portfolios with
non-traditional, decentralized, or more “sustainable” sources3. The
water supply and treatment paradigm must handle and prepare
for current and future impacts of climate, populations, and
disease.
To date, it is most common in urban areas and developed

countries around the world to depend on centralized drinking
water systems that draw from traditional surface and groundwater
sources. These systems provide clean water for consumers and
abide by standardized environmental waste disposal require-
ments. Therefore, improvements to the system with regards to
population growth and climate change are more difficult and tend
to focus on infrastructure retrofitting for increased flows and to
support larger populations. It is questionable whether this remains
economically and environmentally feasible in the years to come,
especiaslly in water-stressed areas4. Conversely, onsite, and
decentralized water systems remain the standard in many rural
regions around the world, for water collection, storage, treatment,
and use. For example, rooftop harvested rainwater (RHRW),
cisterns, and water recycling are well-established practices and

methods in rural areas and developing countries, globally.
However, these non-traditional water supplies vary in quality,
health risks, maintenance, and may be more impacted by natural
disasters and disease agents than centralized infrastructure.
Quantity, quality, and accessibility of water resources and
treatment are complex challenges and a better understanding
across non-traditional water resources and treatment designs is
needed to ensure widespread availability and safety of the water
supplies.
Non-traditional water sources come with unique implementa-

tion challenges and benefits of use. Future water supply security
requires these challenges and benefits to be understood and
researched for sustainable water management Fig. 1. Sustainable
water management is the use of water in a way that provides
adequate quality and quantity and addresses unique social and
ecological needs while ensuring that these needs and standards
will also be met in the future. Specific challenges depend on
regional and socioeconomic factors, such as cost, land use, and
differing perspectives on water governance and technology
adoption. Water governance has been defined as the range of
political, social, economic, and administrative systems in place to
develop, manage, and deliver water resources at different levels of
society5. The water industry in the U.S. is highly fragmented, with
nearly 150,000 entities registered with the EPA Safe Drinking
Water Information System (SDWIS) as drinking water providers6.
Therefore, the decision to adopt new water sources or invest in
technology is region specific, and dependent on local governance
and conditions. As environmental and climatic factors exacerbate
water issues, the effect is compounded on areas and communities
that are at higher risk, such as semi-arid regions or areas of varying
urbanization that lack the infrastructure to provide reliable, clean
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water. Therefore, there is no “one-size-fits-all” technology or
approach to sustainable water management. Planning and design
beyond the current systematic approaches and policies is
necessary to begin to account for climate change, population
growth, and water quantity and quality concerns across all groups
and locations.
Analytical tools and models are useful in planning and design

by allowing researchers to pinpoint and highlight critical areas.
Many existing and emerging quantitative models, frameworks,
and approaches can be used to identify challenges of a specific
non-traditional water source to develop frameworks or models to
a process for comparison against established benchmarks or
measurements for water resource decision-making. Drawing such
comparisons can guide policymakers and researchers towards
better implementation strategies, intervention, and uncertainties
as future research areas and data collection.
Identification of technological or socioeconomic knowledge gaps

for non-traditional water sources provides the motivation for this
review, and is the first step to ensuring a more adequate and
equitable water future. This paper explores the status and trends
around non-traditional water sources, identifies challenges, and
reviews approaches for prioritizing, and quantifying priority metrics.
Current and emerging non-traditional water sources are tabulated
and described. In parallel, examples of the most demonstrated
models for each non-traditional water source are explored,
identifying areas of priority application. Finally, a summary of key
areas of future research is provided. The analysis suggests that
understanding the challenges of scenarios and water technologies
is the crucial first step in establishing a framework or model to
provide a strategy for improvement. The multifaceted nature of
decision-making for water management makes it important to
compare, contrast, and weigh options for a sustainable water future.
Therefore, this review is unique in that it defines and analyzes both
a list of the major non-traditional water sources available and the
methods for enumerating quantity and quality metrics to compare
across sources. These approaches provide a toolbox for decision-
makers, stakeholders, and researchers to better understand trends
and applications for more diverse water supply portfolios.

Non-traditional water sources
Non-traditional, or alternative, water sources are defined as
sustainable methods of providing water from sources besides
fresh surface water or groundwater that reduce or offset the
demand for freshwater7. Non-traditional water could mean onsite
treatment and storage or larger-scale recycling or treatment to
supplement existing water supplies. A list of the non-traditional
water sources focused on in this paper and their definitions is
provided in Table 1.
A notable difference between existing water supplies and non-

traditional sources is the source-to-tap cost (aka, pipe-parity8). The
cost of non-traditional water sources can range from 1.5 to 4 times

higher than traditional water supplies (Fig. 2). Desalinated
seawater has the highest cost with an upper end at U.S. $3.3
per m3. While seawater desalination can provide a virtually
limitless supply of freshwater, its cost and energy requirements
pose a significant hurdle for many stakeholders and municipalities.
In addition, seawater desalination is only a feasible option for
coastal regions, thus it is not readily accessible to landlocked
countries experiencing water shortages (e.g., Jordan9, Mongolia10,
and Nepal11). Water quality, health risk, treatment technology, and
energy status of these water sources are the major knowledge
gaps that require comparative quantification through models and
simulations for better understanding of their origins, impacts, and
management strategies for moving forward with water resource
decisions. A summary of various water quantity and quality
challenges is included in the Supplementary Information.

Assessments and modeling frameworks for non-traditional
water sources
The sections below review examples of modeling frameworks that
are potentially useful for non-traditional water source adoption
decisions, followed by case studies of their application in various
sources of non-traditional water in sections “Rainwater”, “Munici-
pal wastewater”, “Desalinated water”, and “Condensate capture
and atmospheric water harvesting”. These examples are by no
means inclusive but simply emphasize the role of the assessment;
there are many other models and assessment tools beyond the
examples provided in this review.

Techno-economic assessment (TEA). Techno-economic assess-
ment (or analysis), commonly known as TEA, integrates a process
with a cost model to ultimately estimate the capital cost and
operating costs of the given process. Beginning with a process
flow diagram, a process is outlined by the treatment unit.
Previously established cost curves are useful in estimating the
requirements and costs for units based on sizing, such as the
volumetric flowrates needed for water treatment technologies, or
the chemical addition needed based on the flow. Spreadsheets or
process simulators, such as the Water Technoeconomic Assess-
ment Pipe Parity Platform (WaterTAP3) based in Python, are most
utilized for TEA12. Once the process model is successfully
implemented including all sizing and cost requirements, the final
total capital cost, operating costs, and energy requirements can be
summarized and compared between processes or locations13.
Documentation and github access to WaterTAP3 is available
online at https://www.nawihub.org/water-tap3/.

Cost-benefit analysis (CBA). Simply, CBA is a systematic approach
to weighing the benefits, such as benefits to the environment,
with the costs of a process or policy. Unlike TEA, CBA can include
benefits that are intangible or nonmonetary. In recent years, the
externalities or environmental benefits are given a “shadow price”
to establish a monetary value to such aspects that have no market
value. A simple net profit equation can then be used to calculate
the difference between the costs and priced benefits such as
NP ¼ P

Bi �
P

Ci , where NP is the net profit, B is the benefit
value of item i and C is the cost of item i, as outlined by Molinos-
Senante et al., (2010) for wastewater treatment14. As with TEA, a
series of costs and values can be established for various processes,
treatments, or pollutants and a CBA can be conducted and
compared across different layouts or facilities. CBA is a useful tool
in the decision-making process, particularly in adopting non-
traditional water sources. The Harvard Business School outliness
the steps and necessary approaches for CBA online https://
online.hbs.edu/blog/post/cost-benefit-analysis.

Life cycle analysis (LCA) and life cycle cost (LCC). LCA and LCC
analysis are two additional tools for quantifying the costs and

Rainwater harvesting 

Desalinated water

Recycled wastewater

Fig. 1 Common non-traditional water sources as sustainable
water supply. The arrows and inserts indicate their potential uses.
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impacts of a system. LCA is a combination of the “inputs, outputs,
and potential environmental impacts of a product system
throughout its life cycle,” also referred to as its impacts from
“cradle to grave.” Hellweg and Milà i Canals15 outlined LCA in four
steps: (1) defining the goal and scope including the system
boundaries such as resource extraction to end-of-life disposal of
materials; (2) inventory analysis to compile all inputs, resources,
and emissions; (3) impact assessment, or categorizing and
converting impacts/emissions to a common unit such as CO2eq;
and (4) interpretation of results, such as finding that a proposed
water treatment technology has higher environmental impacts
than the current system in place15. Therefore, LCA is useful for
assessing carbon footprint and emissions associated with non-
traditional water sources. LCC extends the framework of LCA,
which assesses the total impact of a system, to the costs
associated with a system. LCC accounts for “all costs of acquiring,
owning, and disposing of a building or building system.”16 One
area of uncertainty and challenge in utilizing TEA, LCC, CBA, and
LCA is a lack of a strict framework or methodology, resulting in
models and approaches that are specific to individual case studies.
There are many LCA tools and software available online, such as
the open source Open LCA: https://www.openlca.org/.

Quantitative microbial risk assessment (QMRA). One of the most
useful quantitative tools and frameworks for estimating health risk
is the quantitative microbial risk assessment (QMRA). QMRA is a
framework outlined by the National Academy of Sciences and
often utilized by the U.S. EPA for evaluating microbial health risks
of drinking water and water supply systems17. The framework is
comprised of five main components: hazard identification,
exposure assessment, dose–response assessment, risk character-
ization, and risk management. First, a particular pathogen or toxin
is identified as the hazard of concern for a modeled scenario of
interest. Next, a specific exposure pathway and scenario is defined
and modeled, such as drinking untreated water or eating produce
which has been irrigated with recycled wastewater. This exposure
assessment uses a quantitative model and/or behavioral data to

estimate a dose of the pathogen one may be exposed to during a
given scenario event. Then, a best-established dose-response
model is utilized to calculate a probability of a response (such as
illness or death) due to the range of possible exposed doses.
Clinical dose-response data is useful in this endeavor and fitted to
a model. Finally, the total risk of response is estimated, quantifying
a daily, annual, or otherwise risk based on all inputs to provide the
best course of action (risk management) going forward. QMRA is
often utilized by the US EPA to establish or improve regulatory
measures and monitoring practices. The central online resource to
find target pathogens and respective dose-response data for
QMRA is the QMRA wiki site https://qmrawiki.org/.

RAINWATER
Rooftop-harvested rainwater
Rooftop-harvested rainwater (RHRW) is defined as rainwater
collected from the runoff of building rooftops and stored in
engineered structures such as a rain tank or an underground
cistern18,19. In comparison with rainwater that falls on the ground
that can collect pollutants from the road, RHRW has relatively
fewer contaminants and may serve as a good source of
supplemental water for existing supplies18,20,21. In regions where
rainfalls are plentiful, RHRW is a well-established water supply
system with mandatory installation in countries such as Spain and
Belgium22. The U.S. Virgin Islands has legal precedents in place,
with building codes stating that buildings must consist of a “self-
sustaining water supply system” such as a well or rainwater
collection area and cistern (V.I. Code tit. 29, § 308). In addition,
drier countries such as Australia have utilized RHRW in part due to
increased environmental awareness and mandatory water restric-
tions in urban areas23. South Africa has utilized RHRW for
generations, and tens of thousands of households use rainwater
as their main water source24. Most RHRW is used for domestic
purposes by individual households or apartment buildings,
namely showering, toilet flushing, clothes washing, and outdoor
watering (Fig. 3). One of the main benefits of installation of RHRW

Fig. 2 Comparison of cost and energy requirements of traditional water sources with that of non-traditional water sources. a Total cost
ranges per cubic meter (in 2015 dollars) water produced, and b energy consumptiond for traditional (blue)a,b and non-traditional (orange)c

water supply sources (aSurface water cost138, bGroundwater cost139, cNon-traditional source cost109, dEnergy consumption110).
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systems is the reduced dependence on centralized water supplies.
A secondary benefit of RHRW systems is to reduce the peak of the
hydrograph during major storm events, thus, reducing stormwater
runoff and surface water contamination24.
The water quality of RHRW varies with system design, level of

treatment, and local factors such as climatic conditions and
regulation. Several studies have linked RHRW use with disease
outbreaks and health risks for both drinking and household
use25–27. A suite of pathogens has been identified in RHRW, with
origins of dry deposition, wet deposition, and wildlife19. Rainwater
may contain E. coli, Legionella spp., Salmonella spp., Mycobacterium
avium, and Giardia, according to limited investigations on water
quality25,28,29. Formation of natural biofilm and regrowth of
bacteria in the rain tank are also major water quality concerns
of RHRW30,31.
RHRW has the potential to act as a potable source of water,

however further levels of treatment are generally required to
ensure that the supply meets potable quality standards, as
determined by a review of recent developments in RHRW
technology and management practices32. For example, a study
by Fuentes-Galván et al.33 in Guanajuato, Mexico, concluded that
further treatment was required before consumption. Keithley
et al.34 found activated carbon filtration followed by chlorination
produced high quality potable water. Therefore, on-site testing
and maintenance of RHRW collection and storage systems is
suggested before recommending strategies for safe non-potable
and potable water use or consumption.

Water quality and quantity estimation of RHRW. Quantitative
models are useful for RHRW design and implementation. The
design criteria are a balance of quantity of RHRW with water
demand. A balance of these two variables results in optimal
storage and design recommendations for a RHRW system. Two
possible approaches for this objective are based on empirical
observations35,36 or stochastic rainfall analysis37,38. Water demand
and use dynamics are highly variable and more difficult to
accurately capture and model. Socioeconomic factors have a large
impact on water use, even in similar areas or regions, as the
demand and use can vary at the household level. Studies have
been conducted to model water use and associated RHRW design
based on empirical data and system configurations39,40. However,
predicting water demand at the household level requires further
research especially in the effects of various socioeconomic factors
on water use and perceptions surrounding water quality and
system maintenance. Mathematical models have also been
implemented in water quantity analysis for the purposes of
analyzing design and operational costs and optimal configura-
tions40,41. Morales-Pinzón et al.41 compared the deployment of
three economic and environmental models: Plugrisost, AquaCycle,
and RainCycle for anyslsis of RHRW systems, and found that the

urban scale being modeled (such as residential scale or
neighborhood scale) is a critical factor. While RHRW is a relatively
simple technological system, its implementation and quantity
challenges rely on understanding of local water use and rainfall
dynamics, socioeconomic factors, and a balance between supply
and demand for optimal system design41. Accounting for the cost,
footprint, and carbon emissions of constructing such systems has
also been modeled and estimated. Hofman-Caris et al.42 modeled
six scenarios of rainwater collection with various treatment
methods specifically for potable use in the Netherlands and
found impacts of 0.002–0.004 kg CO2eq m−3, as compared with
around 1.16 kg CO2eq m−3 for a centralized, traditonal water
supply. Non-potable systems that do not implement treatment
methods such as reverse osmosis or UV disinfection, inherently
would have even smaller carbon footprints to operate, which is
the case for many countries.
Surveys and case studies that accommodate water analysis and

modelling efforts can play a key role in identifying the impacts of
location-specific and socioeconomic factors. Collection of informa-
tion and data regarding income, water use, perception of water
quality, and attitude towards treatment technologies is suggested
and has proven successful. Such efforts were performed in Pakistan
for RHRW, finding that the residents, especially the women, believed
they could benefit from RHRW systems to improve their lives, but
supported government subsidization as the income levels were
generally low43. Surveys in the U.S. Virgin Islands after disastrous
hurricanes in 2017 revealed that access to clean water was more
limited for lower income groups. Higher income groups used
bottled water mostly to replace RHRW during this time of crisis, and
there was a disparity in the local perception of water safety that is
divided by income group. However, all groups felt that the
government should have intervened further and provided better
access to clean water during this time44. These analyses, one in a
water-stressed country and one in a tropical region, both
demonstrated the benefits and acceptance of RHRW, but highlight
the impacts of socioeconomics and local perception on their water
use and access. Since RHRW is a non-traditional water source used
at the single household level, socioeconomics and public accep-
tance are critical factors regarding its use and implementation.
In terms of water quality, QMRA is a useful tool for understanding

health risk of RHRW. One example would be quantifying the annual
risk of infection by either Legionella or Mycobacterium avium
complex while showering using RHRW44,45. Based on the available
data and probabilistic results, risk management strategies can be
recommended to reduce or mitigate future health risk. Many QMRA
studies have been conducted on RHRW as a water supply for
consumption26, gardening46, showering47, and toilet flushing and
faucet use48. QMRA was also carried out for environmental
exposures such as at a water park setting49. As such, the forefront
of models for quantifying quality and health risk for RHRW are
based on potable consumption and non-potable exposure through
aerosolization50. Quantifying risk thresholds is the first critical step in
recommending proper disinfection, maintenance strategies and
water quality criteria for RHRW. Opportunistic pathogens in premise
plumbing have been identified as a critical future research area.
Pathogen levels are often difficult to predict and measure, especially
when RHRW storage and treatment is variable and seldom
monitored. Impacts due to seasonality, presence of animals, and
extreme weather events can all impact pathogen level, and bacterial
growth and regrowth even with treatment interventions44,51.

Harvested stormwater
Stormwater, or surface runoff collected from the ground and in
the storm drains, can become a non-traditional source of water
with multiple benefits: (1) mitigating impacts to receiving surface
water quality due to pollutants carried in stormwater runoff; (2)
reducing risk of flooding in urban areas; and (3) increasing non-

Showering

Roo�op Catchment System
Toilet 

Flushing
Clothes 
Washing

Outdoor
Watering

Rainfall

Storage Tank
or CisternPump

Fig. 3 Rooftop harvested rainwater system. Diagram illustrates
rooftop catchment system, rain storage system, and rainwater
applications for domestic use.
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potable water supply when collected and managed appropri-
ately52. Therefore, stormwater harvesting has gained attraction
from an integrated urban water management perspective in
recent years. Without duplication of previous reviews on the
benefits of stormwater harvesting for surface water quality
protection and flood mitigation52–54, this review will focus on
models used to determine the suitability of harvested stormwater
as a non-traditional water supply.
Stormwater harvesting (SWH) is similar to RHRW, the distin-

guishing factor being RHRW is rainfall only from rooftops and
stormwater is collected from drains, gutters, waterways, or
engineered permeable infrastructure. SWH systems can comprise
of various methods for collection and conveyance such as
traditional drains and gutter systems or green infrastructure. A
diagram illustrating integrated SWH in an urban setting is shown
in Fig. 4. Green infrastructure includes constructed systems,
defined as “the range of measures that use plant or soil systems,
permeable pavement or other permeable surfaces or substrates
for stormwater harvest and reuse, or landscaping to store,
infiltrate, or evapotranspirate stormwater and reduce flows to
sewer systems or to surface waters,” by the Water Infrastructure
Improvement Act (H.R. 7279). Notably, common types of green
infrastructure for stormwater harvesting are bioswales, biofilters,
and permeable pavements.
The quality and quantity of the stormwater runoff is critical in

designing infrastructure and in determining management strate-
gies for stormwater non-potable reuse. Treatment is critical for
reuse, and the type of treatment depends on the reuse application.
Stormwater that is collected in urban settings can contain a variety
of contaminants, with many origins such as rainfall, irrigation and
agricultural runoff, and car washes. The potential pollution sources
for stormwater runoff could then be from vehicle oil and fuel55,
organic matter56, pesticides and fertilizers57, heavy metals58, and
pathogens59. While SWH is useful in diverting these streams to
prevent surface water contamination, water quality becomes the
main concern when targeting stormwater for reuse and environ-
mental applications. Some methods of stormwater capture such as
biofiltration provide treatment of the stormwater but quantitative
modeling should be done on a case-by-case basis to evaluate
treatment needs and to determine the best method for removing
pollutants and pathogens from the stormwater.

Quantity and quality estimation of harvested stormwater. Model-
ing for harvested stormwater can be conducted for simulating

stormwater and hydrological movement for a watershed, or for
predicting pollutants and quality metrics. Much like modeling for
RHRW, the quantity modeling is highly dependent on rainfall
patterns. However, when not using rain tanks, the subsequent
runoff of stormwater must be modeled hydrologically. Many models
for urban stormwater have been established in the field of
hydrology, including the Storm Water Management Model (SWMM)
(https://www.epa.gov/water-research/storm-water-management-
model-swmm), and HEC-HMS (https://www.hec.usace.army.mil/
software/hec-hms/), and are reviewed by Zoppou (2001)60. Few
approaches focused on modeling the capture and storage of the
stormwater for use as a non-traditional water source. For example,
MUSIC (Model for Urban Stormwater Improvement Conceptualiza-
tion) developed by Fletcher et al.61 was used to model various
scenarios of implementing SWH in urban settings. Their results
showed that urbanization and pervious land coverage impact
stormwater flow and runoff quality, and implementation of SWH
and reuse regimes can address these impacts.
In addition to the benefits as an alternative water resource,

stormwater-capture often utilizes “green infrastructure.” As urban
sustainability becomes more focused on carbon emissions and
footprint, green infrastructure can provide carbon offsets in the form
of carbon sequestration. A LCA by Kavehei et al.62 compared across
the literature the carbon sequestration potential of various storm-
water infrastructures. They found that rain gardens had the smallest
net carbon footprint (carbon footprint – carbon sequestration) at
−12.6 kg CO2eq m− 2 followed by bioretention basins, stormwater
ponds, and vegetated swales, at 28.7, 108.9, 10.5 kg CO2eq m−2 over
a 30-year life, respectively. However, they did not account for the net
footprint per volume of water treated or captured in this study.
Benefits of SWH for surface water quality improvements were

quantified recently by Zhang et al.63 using a sensitivity analysis.
Results showed clear benefits in pollution reduction. A simulated
runoff model using a stormwater tank with real-time control for
capture and storage on a college campus64 highlighted the benefits
of SWH for water supply and flood risk reduction based on rainfall
event prediction, precipitation, and tank size simulation.
As with RHRW, SWH quality for reuse has been approached based

on modeling human health risk from exposure. Ma et al.65 analyzed
SWH pollutants based on hazard indices for drinking and swimming
to create a hierarchy of hazard control for stormwater management.
Murphy et al.66 followed QMRA methodology to establish risk
benchmarks for various stormwater harvesting scenarios and
consumer uses and found that current (as of 2017) guidelines were
inadequate for mitigating risk of Campylobacter. Risk-based QMRA
was used by Schoen et al.67 to find targets for reduction of various
pathogens in water sources, including stormwater for domestic use.
These targets provide clear recommendations and standards for
microbial risk and act as guidelines for disinfection and treatment of
harvested stormwater for non-potable reuse.
Water quality, health risk, and quantity modeling of SWH is

regional and scenario specific and is difficult to model for general
cases. QMRA and risk-based modeling are critical for establishing
treatment methods, guidelines, and regulations for SWH non-
potable reuse. Hydrologic modeling and rainfall simulation play an
important role in designing catchment and storage size require-
ments for SWH, and scenario models have shown that SWH systems
are effective in reducing flood risk and improving surface water
quality when using systems such as biofilters and bioswales to
mimic the natural treatments.

MUNICIPAL WASTEWATER
Reclaimed municipal wastewater
Reclaimed, or recycled, municipal wastewater (or sewage) is
becoming an increasingly popular source of both non-potable and
potable water. Partially treated wastewater from a sewage

Runoff

Rainfall

(a)

(b)

(c)

(a) Gu�ers  (b) Rain gardens; bioswales; planter boxes(a) Gu�ers  (b) Rain gardens; bioswales; planter boxes
(c) Pervious pavement  (d) Storm drain; conveyance(c) Pervious pavement  (d) Storm drain; conveyance

(d)

Fig. 4 Stormwater harvesting in an urban setting. Diagram
illustrates surface stormwater collection system including (a) gutters,
(b) biofilters, (c) pervious pavement, and (d) underground con-
veyance. The arrows indicate the direction of water flow.
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treatment facility that is normally discharged into the ocean, lakes,
or rivers can be further treated for non-potable uses. Reclaimed
non-potable reuse water is most often piped separately and used
for irrigation and agriculture and other municipal purposes68. Non-
potable reuse is especially valuable in arid and semi-arid regions
where rainfall is less common, and recycled water for irrigation
and agriculture can reduce the demands on the conventional
water supply. Water production for non-potable reuse only
requires additional disinfection processes beyond traditional
wastewater treatment for surface discharge. Potable reuse of
wastewater requires additional advanced treatments to meet
potable drinking water standards. The finished water is often used
to recharge groundwater aquifers or supplement surface drinking
water reservoirs, which is referred to as indirect potable reuse.
Direct potable water reuse of advanced treated wastewater is less
common, but is in consideration in highly water-stressed regions
(i.e., California). So far, most of the wastewater reclamation plants
in the U.S. are large, centralized municipal wastewater treatment
utilities. The production of water for potable purpose often
employs processes of biological treatment, microfiltration, ultra-
filtration, reverse osmosis, UV disinfection, and advanced oxida-
tion69. Therefore, it is much more costly in comparison with non-
potable water reuse. Large-scale wastewater reuse is still
emerging, often hindered by complex social and economic factors
and management practices70. The most noteworthy successful
implementations of wastewater reuse worldwide are in the United
States71, Israel72, Singapore73, Australia74, and Namibia75.
One example of successful municipal wastewater reuse

implementation is at the Groundwater Replenishment System
(GWRS) in Southern California. The purified reclaimed wastewater
is infiltrated into local groundwater aquifers to increase water
storage and for better public perception of the treated water
through blending with the natural groundwater before withdrawn
for drinking water treatment76. The GWRS allows for a reduced
need for imported water sources to the local area, which were
shown to cost more than water produced at the GWRS. In this
case, the community involvement and transparency of treatment
process, costs, and demonstration of good quality of the produced
water led to a successful addition to the local water portfolio. The
GWRS is highly costly as it requires expensive treatment processes,
piping, pumping, and regulated pathogen log-removal. As defined
in the State of California, under Title 22, full advanced treatment is
the treatment of wastewater using a reverse osmosis (RO) and an
oxidation treatment process. Therefore, the high cost of water
purification limits the broader implementation of wastewater as a
non-traditional source of water supply in low economic regions
outside California. Moreover, the application of reclaimed waste-
water for domestic use can come with negative perception, often
referred to as the “yuck factor.” Duong and Saphores76 explored
this qualitative obstacle and found that it is one of the main
reasons why purified wastewater is often not directly used to
supplement drinking water supplies. This factor requires public
outreach efforts in addressing for public acceptance.
Wastewater treatment plants have been identified as a hotspot

for enriching antibiotic resistance and the transmission of
antibiotic resistant bacteria (ARB) and antibiotic resistant genes
(ARG) into the environment77. Reuse of treated wastewater to
flush toilets, irrigate parks, golf courses, and agriculture, may
expose human directly to ARB and ARG78. There is concern that
reclaimed wastewater could facilitate the spreading of ARB and
ARG and pose a threat to human health. Several studies have
begun to look into ARB in reclaimed water and distribution
systems79,80 but it is noted that further exploration is needed to
establish better monitoring and a better understanding of the
magnitude of ARB and ARG challenge in water reuse
applications81,82.
At the individual building level, sewage can also be recycled

and used for toilet flushing. This design concept for “green

buildings” has been around for decades, for example in urban
Japanese cities83. Large office buildings, skyscrapers, or apartment
complexes with an onsite wastewater treatment system can treat
and recycle wastewater, and separately pipe and distribute it back
through the building. Due to the treatment technology and nature
of municipal wastewater, the main challenges faced for decisions
to adopt this non-traditional water source are cost considerations
of treatment implementation and public perception of water
quality and health risks associated with wastewater. Therefore, a
combination of quantitative modeling and public outreach for
approval is critical in increasing the capacity and utilization of
reclaimed wastewater as a water source.

Quantity and quality estimation for reclaimed wastewater. Many
of the challenges associated with reclaimed wastewater involve
the impacts of residual wastewater constituents on human health
either by direct exposure or indirectly through consuming food
products irrigated by recycled water, or contamination of
groundwater supply. Thus, quantitative modeling of reclaimed
wastewater has tended to focus on economic analysis, risk
assessment, and fate and transport models.
Human exposure to wastewater that is reclaimed and reused for

irrigation of agriculture can be through direct (inhalation or
ingestion near an irrigation source) or indirect exposure (consum-
ing irrigated produce). QMRA has been applied to wastewater
reuse for inhalation risk, due to pathogens such as Legionella,
which has been shown to experience regrowth in distribution
networks and in biofilms84. For consumption, Shahriar et al.85

modeled the fate of various pharmaceuticals in reclaimed
wastewater irrigated crops based on biodegradation of the
organic compounds in the soil, uptake by crops, and bio-transfer
from the plant (alfalfa) to cattle. Based on this fate, a risk
assessment was conducted to quantify the human exposure via
consumption of the cattle. There have been other similar models
including direct consumption of reclaimed wastewater irrigated
lettuce86, of irrigated rice paddy87, and of kale, coriander, and
spinach88. Various combinations of transport models and Monte
Carlo methods of risk assessment were deployed for the studies,
which is in line with the assessments conducted for other water
supplies.
The tradeoffs of implementing wastewater reuse are most often

quantified through cost-benefit analysis (CBA). Regional cost,
reuse standards, and climatic factors play important roles in
determining the outcomes of such operations and are necessary
data inputs for CBA modeling. For example, semi-arid regions with
less rainfall may benefit differently from reclaiming wastewater for
irrigation than an area where rainfall is plentiful year-round.
Specific case studies of CBA for wastewater reuse are in Italy89,
Beijing90, Spain91, and the semi-arid regions of the Mediterra-
nean92. These models are process-based and data-driven, as
opposed to the more probabilistic methods of risk assessment in
this area.

Greywater reuse
Greywater, a sub-portion of municipal wastewater, is defined and
characterized differently around the world. Generally, it is defined
as wastewater from all non-toilet plumbing fixtures in the home,
including kitchen, bath, and laundry wastewater93. In some cases,
dishwasher, kitchen sink, and laundry wastewater are excluded
from greywater classification because wastewater from these
sources generally has a higher pollutant load than greywater from
bathing and hand washing94. In comparison with municipal
sewage discussed in the previous section, greywater collection
requires dual plumbing to separate the wastewater streams, which
are generally installed at the household and single-building scale.
Blackwater, which includes but is not limited to toilet water, is
generally piped by sewer lines to centralized municipal
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wastewater treatment plants, while greywater is harvested and
treated on-site for reuse95. Greywater classification, treatment
requirements and standards, and separation from blackwater are
highly dependent on local policy and laws.
Greywater recycling and reuse represents a significant oppor-

tunity for water savings for a domestic residence and follows the
same basic principle and paradigm as reclaimed wastewater.
Unlike the large-scale municipal wastewater reuse approach,
greywater reuse is decentralized and more like RHRW in design
and implementation. The decentralized and on-site approach to
greywater reuse has been referred to as a “closed-loop concept.”94

The most common reuse purposes of greywater are replacing
potable water for irrigation and toilet flushing in the household.
Widespread greywater reuse towards toilet flushing in urban
households and multi-story buildings can achieve a reduction of
up to 10–25% of urban water demand96.
Greywater treatment technologies vary in performance and

complexity and may include direct reuse such as diversion for
toilet flushing, or treatment by physical, chemical, or biological
processes for short term storage. Filtration and disinfection are
commonly employed on-site treatments. For filtration, sand or
membrane filters are often used, and disinfection is achieved
using chlorine tablets or ultraviolet (UV) light. Biological treatment
such as anaerobic sludge blankets97, sequencing batch reactors98,
and membrane bioreactors99 are also implemented in some cases.
Greywater can be diverted and drained to outdoor irrigation
systems after filtration, and some systems divert the greywater to
a constructed wetland for additional treatment before
disinfection100.
When used for irrigation, some larger size pathogens (e.g.,

helminths) are of less concern since they are easily filtered out
through soil infiltration. However, bacteria and viruses are more
problematic. For example, E. coli, Salmonella, Shigella, Legionella,
and enteric viruses have been found in greywater sources and
irrigated soils101, and Legionella can be spread by aerosolization
through spray irrigation45. Further research on greywater patho-
gen monitoring and health risks is recommended for advancing
and improving its utilization and implementation as a water
supply. Greywater as a water supply can significantly alleviate
household water demands on traditional sources and provide a
sustainable water management option.

Quantity and quality estimation for greywater reuse. The quality
concerns with reusing greywater are like other alternative water
supplies. Therefore, modeling efforts follow the same principles.
For health concerns related to irrigation, priority is given to
quantifying the health risks of consuming fresh produce that has
been irrigated with greywater41 and in human exposure to
greywater that is airborne from irrigation sprinklers67,102,103 or
toilet flushing104. While these models have many exposure
parameters such as physical transport and exposure distance
and time, the most sensitive parameter is most often the number
of pathogens being consumed or inhaled, and therefore the
number of pathogens in the water source. Therefore, the quality of
the recycled greywater and the type and thoroughness of
treatment are all critical in minimizing risk.
The primary metrics for quantitative analyses are cost, energy

requirements, and the water supply-and-demand relationship.
Studies using LCA and LCC models have quantified the require-
ments and tradeoffs of greywater reuse against demand for basic
water use activities in households105, airports106, and schools104.
Results demonstrate the benefits of utilizing greywater production
to alleviate some domestic water demands to provide both water
and financial savings.
Economic analysis is valuable for quantifying the cost of

investment in a greywater reuse system. Cost is an important
metric for stakeholders and investors particularly in the urban
sector, such as for multi-story residential buildings where the

systems cover many units and residents and would therefore be
more expensive due to larger flows and distribution needs.
Friedler & Hadari96 performed a CBA on such a scenario with
estimations for capital investment and operation and mainte-
nance costs, as well as annual savings (or benefit) of reusing
greywater to reduce water demand. Their model found that a
rotating biological contactor proved to be economically feasible
for a building of 28 or more stories, versus a membrane system
requiring 37 stories. This type of economic analysis is typical for
estimating costs and potential savings of water supply systems
and depends on capacity, energy requirements, treatment train,
and process specifications such as chemical additions, and local
subsidies, incentives, and interest rates. While costs and benefits
differ by location and system, one of the takeaways by Rodríguez
et al.107 was that socioeconomic factors, feelings of improved
quality of life, and a better understanding of societal roles should
be considered when quantifying impacts and decision-making
around sustainability, water savings, and ecological systems.

DESALINATED WATER
Desalinated water is brackish water or seawater from which the
dissolved minerals, salts, and other contaminants are removed by
purification processes. Brackish water is water with more salt than
freshwater, but less than seawater. These waters are found where
saltwater and freshwater mix, such as estuaries or in some
groundwater aquifers. Typical salinity for seawater is around
35,000 ppm but can range between 10,000 and 50,000 ppm.
Brackish water salinity covers a range of around 1000 ppm to
30,000 ppm, but is typically 1000 to 10,000 ppm. Reverse osmosis
(RO) desalination has replaced traditional thermal-based technol-
ogies to dominate the world desalination market due to a
significant reduction in energy demand108. Desalination is
typically designed to produce purified potable water for drinking
water supplies. The treatment infrastructure and energy cost for
desalination are still higher than that of other non-traditional
water resources109,110.
The use of seawater and brackish water as non-traditional

sources of potable water has become an increasingly attractive
and viable long-term solution for water scarcity, particularly in
semi-arid and coastal regions. Over the past 30 years, significant
advances have been made, including a twofold reduction in
energy requirements for seawater RO (SWRO)8. The state-of-the-
art for SWRO plant installation includes three major engineering
processes: pretreatment, reverse osmosis, and post-treatment. A
typical SWRO treatment train is illustrated in Fig. 5. Seawater
desalination in general recovers ~50% of inflow as freshwater,
discharging the other 50% with twice the salinity of seawater as
reject brine. As brackish water salinity is much lower than
seawater, the recovery is higher, up to 75–85%111.
In addition to the energy concern of desalination, brine

management is also a critical component of the desalination
process. Brine is usually discharged back into the ocean as it is the
least expensive option, but this raises concerns of impacts to
marine life due to salinity, toxic substances, and temperature112. In
addition to a salinity and temperature differences, brine can also
include chemicals from antiscalants, coagulants, and even heavy
metals from corrosion113. Inland desalination facilities have the
added challenge of brine management without the option of
ocean discharge. Common methods of inland brine management
in the United States include evaporation ponds, zero liquid
discharge systems involving evaporators, crystallizers, and spray
dryers, and deep well injection114. Some methods and approaches
are beginning to utilize recovery of salts to offset the high total
costs of desalination, in which brine disposal could account for
5–33%115.
Since seawater and brackish water are less contaminated than

other alternative water sources, acute illnesses such as microbial
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infections or CEC are less of a concern. Ultrafiltration membranes
and RO membranes with pore sizes down to 0.0001 μm have been
shown to significantly remove pathogens, and it is suspected that
even viruses are significantly reduced due to adsorption onto
particles116. In 2011, the World Health Organization issued a report
on desalinated water health with major points of recommending
virus inactivation and disinfection after primary (RO membrane)
treatment, and noting the challenge of maintaining microbial
water quality during storage and distribution. Neither of these are
unique to desalination and are general challenges for treating and
delivering potable drinking water in a traditional centralized
manner117.

Water quality and quantity estimation for desalinated water
To address the concern of cost and energy requirements in
desalination technologies, modeling efforts have focused on TEA
with the aim of minimizing costs and comparing across designs. In
addition, TEA can assess the use of renewable energy sources (e.g.,
wind power) or co-location of desalination with power plants, for
reducing cost. The latter reduces the overall cost, since the
warmer source seawater collected from power plant discharge
usually requires less energy for membrane separation than using
ambient temperature seawater8.
The most prevalent modeling software for cost and energy of

desalination is The International Atomic Energy Agency’s Desali-
nation Economic Evaluation Program (IAEA DEEP). The DEEP
model can be utilized for different configurations and power
supplies for desalination processes and has been updated
regularly since its creation118. Another method of understanding
cost and energy requirements for different desalination technol-
ogies used the cost database approach based on collating and
correlating data from over 300 desalination plants worldwide119.
As introduced in the "Techno-economic assessment (TEA)" section,
WaterTAP3 created by the National Alliance for Water Innovation
(NAWI) can be used for user-created processes and treatment train
configurations and water quality parameters (i.e., salinity or boron
concentration) to assess techno-economics of different options12.
In addition, simulation models have been used to optimize
specific treatment processes. Oh et al.120 simulated RO membrane
performance based on solution-diffusion and fouling mechanisms
to model permeate flux and recovery. Models such as these have
been valuable in improving desalination performance over the last
few decades including enhancing boron rejection by membrane

process. A discussion on boron and other low-rejection ions in
membrane desalination is presented in the Supplementary
Information.
Applications of the TEA have offered significant insights to

desalination implementation. For example, Quon et al.121 con-
ducted a baseline cost and energy analysis on several SWRO
desalination plants and found that economy of scale plays a
significant role in SWRO, with levelized cost of around U.S.
$1–1.35 m−3. Actual costs are highly variable, made apparent by
the $1.61 m−3 cost of SWRO in Carlsbad, CA, USA versus the
$0.53 m−3 cost of SWRO in Ashkelon, Israel, despite the two
facilities being nearly identical in design.
The recognition of the impact of local factors to the cost and

adoption of water technologies and supplies is of great
significance for desalination. Economic analyses often lack the
ability to properly capture externalities and local factors related to
construction, permitting, financing, market regulations, and
government subsidies, which have been identified as challenges
of note in California122. The risks associated with these areas and
the economic feasibility of weighing them against the predicted
costs of the facility (modeled through TEA, for example) are
lacking based on the current state of knowledge and demonstra-
tions. For example, the study by Quon et al.121 suggested that
future cost savings are most dependent on local factors and
consistent plant operation; large RO seawater desalination plants
with state-of-the-art technology have similar energy costs while
total capital and operational costs vary. A similar conclusion was
drawn by a TEA on thermal desalination by Zheng & Hatzell123,
who stated that “we cannot ignore many other factors that can
affect the siting selection, such as local government subsidies,
transportation fee of facilities, local land prices.”
In addition, the sociopolitical challenges of desalinating waters

have been reviewed and explored124. For example, studies have
highlighted the disparities and vulnerabilities of border areas
regarding water rights, namely at the Mexico-USA border125 and
between Israel and Jordan126. On one hand, increased water
security shared between countries and the collaborative process is
achievable126 while on the other it may increase tensions125. Such
factors that ultimately affect the timelines and amenability of
desalination are difficult to include from a modelling and design
perspective and require further qualitative study and location-
specific dives into how they inevitably impact the costs and
benefits of including desalination in water portfolios.

Pre-treatment

Filtration
Intake

Reverse Osmosis Membranes

Post-treatment

Pre-treatment

Product Water 
Storage

Potable Water 
Distribution

Outfall

Energy
Recovery

Pumps

Brine
Concentrate

Permeate

Fig. 5 A coastal seawater reverse osmosis desalination plant. Diagram illustrates nearshore intake, pretreatment by filtration, high-pressure
reverse osmosis system, permeate post-treatment, and storage before distribution. The seawater is shown in dark blue and the desalinated
water is in the light blue color. The energy recovery from concentrated brine and brine discharge through ocean outfall is shown in gray. The
arrows indicate the direction of water flow.
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CONDENSATE CAPTURE AND ATMOSPHERIC WATER
HARVESTING
Condensate capture and atmospheric water harvesting (AWH) are
additional methods to provide non-traditional water. Captured
condensate is the collection of condensate water generally from
air conditioning cooling coils, rather than traditionally draining the
condensate to sewer lines. Much like RHRW and SWH, it therefore
relies on diverting and storing a previously wasted source of
freshwater, making it a generally untapped water source,
particularly in hot, humid regions. Captured condensate can be
used for non-potable uses such as toilet flushing, irrigation, and
cooling tower make up water127. Atmospheric water harvesting
(AWH) is the use of a device to extract water vapor directly from
the air by condensation technology, adsorption based technology,
and cloud seeding/fog collection128,129. Condensation technology
for AWH requires a power source for cooling in order to condense
the air to vapor. Adsorption technology can be designed to utilize
day and night cycles, ambient temperatures, and solar heat for
capturing and condensing vapor. Therefore, it is less energy
intensive, but the yield of water harvested is less than with
condensation technology128. Cloud seeding is a form of weather
modification to induce and collect rain, but only where water
abundant clouds have gathered, thus it is difficult to perform in a
routine and predictable manner. Fog collection is simply the
capture of droplets on mesh-like material perpendicular to fog
and wind. It has demonstrated a water production ability up to
3–7 kg day−1 m−2 but is best utilized in high elevations where fog
and wind are regular130,131.

Water quality and quantity estimation for captured
condensate and AWH
Both sources of water are promising to alleviate water stresses on
traditional sources, but research and efforts for their quantitative
modelling and design are fewer than for the other sources
outlined earlier. Currently, modeling has been conducted focusing
on estimating theoretical yield (water quantity) of condensate
based on thermodynamic principles and climate conditions132,133.
Regions around the world identified as having high potential for
implementing condensate collection are the Arabian Peninsula,
Sub-Saharan Africa, South Asia, and the Southeastern United
States132,134. Hassan and Bakry133 found that for 1 ton of
refrigerant, the condensate recovery for a year of operation and
typical weather conditions was highest in Singapore with 35.33 m3

followed by 30.69 m3 in Kuala Lumpur, Malaysia. Captured
condensate as an onsite water supply offsets conventional water
demand, similar to onsite greywater reuse, thus reducing the
overall demand and footprint associated with potable water
treatment. Khan135 estimated a reduction of 0.54 kg CO2eq per
kWh used for pumping of the conventional water supply
associated with the implementation of captured condensate in
residential buildings in Dubai, UAE. Conversely, atmospheric water
harvesting was estimated to have a reduction of 0.3–0.35 kg
CO2eq per kWh based on the average footprints of traditional
water sources in the United States and Middle East136. For water
quality modeling, Loveless et al.137 conducted water quality
testing on captured condensate systems throughout Saudi Arabia
and found high quality, with all samples under the U.S. EPA
recommended quality values. Based on their climate model and
water quality findings, the authors suggested that industrial
application of captured condensate could lead to cost savings and
reduced impact on operations which already require highly pure
water, and simple post-treatment methods could make the
collected water drinkable.

SUMMARY OF KEY AREAS FOR FUTURE RESEARCH
In this paper, several non-traditional water sources were described
and compared, with a focus on the methods and approaches in
place for estimating their respective quantity and quality metrics
for implementation and water management. Computer modeling
and analytical tools serve to pinpoint and predict metrics
regarding capacity, cost, energy, microbial quality, and health
risk. As each non-traditional water source varies in water quality,
operation, size, and treatment level, there are still key areas that
require further research to improve their use and management.
This applies at all levels of society and water management, from
the household scale of water use to the planning of government
policy and regulatory measures. Below are the key areas identified
in this study for each of the water sources explored.

● Rooftop harvested rainwater: RHRW has highly variable water
quality and microbial contamination concerns, therefore a
clear and more uniform policy on onsite maintenance and
upkeep for water quality concerns is needed in areas where
RHRW is implemented or required.

● Stormwater harvesting: Due to the nature of stormwater and
the variable effects of weather on its abundance and water
quality, there are health concerns with utilizing it for reuse
purposes. Further research is recommended in understanding
the impacts of weather on stormwater quality and on the
health risks of human exposure and consumption when using
it as a non-potable water source.

● Reclaimed municipal wastewater: In general, reclaimed
municipal wastewater is a more reliable source in terms of
quantity in comparison with RHRW and stormwater for the
local community. It is mostly used for non-potable purposes,
but recent advancements have demonstrated that direct
potable reuse is possible. However, it is not readily accepted
and there is a lack of policy for its implementation and
regulation. Therefore, more research on potable reuse
technologies in terms of cost and treatment capabilities is
necessary, particularly in comparing RO with alternative
treatment technologies. The health concerns with non-
potable reuse due to aerosolization and the uncertainty
around viral pathogens must be explored and compared to
further develop an understanding of pathogen removal in
wastewater reuse. In addition, the occurrence of ARB in
wastewater treatment plants has created concerns about their
spread, prevalence, and subsequent effects on human health
through non-potable exposure. A lack of sufficient ARB and
ARG prevalence data in reclaimed wastewater calls for future
efforts to better characterize their concentrations, information
on antibiotics, and a reassessment of treatment criteria and
regulation for possible associated health risks. These health
concerns apply to the variable water quality and pathogen
levels in raw wastewater and in treated wastewater effluent
that is used as a non-traditional and non-potable water
source.

● Greywater reuse: The possible health risks and concerns of
onsite greywater recycling, such as for toilet flushing and
irrigation, continue to pose a hurdle for its wider spread
implementation. Uniformed treatment requirements and
regulatory policies are recommended to facilitate the broader
implementation.

● Desalination: High costs and concerns of how to properly
manage brine waste hinder its development and acceptance
in the United States. More research is recommended on the
origins of cost discrepancies in a comparative manner across
desalination facilities around the world, including local costs
and legal requirements. The effects of offshore brine discharge
must continue to be studied, as well as other methods of brine
waste processing and handling for inland desalination
facilities.

H. Quon and S. Jiang

10

npj Clean Water (2023)    56 Published in partnership with King Fahd University of Petroleum & Minerals



● Condensate capture and AWH: These methods can be used to
reduce the dependence on traditional, centralized water
sources, but a better understanding of the quality require-
ments is suggested. The benefits are region-specific due to the
pivotal impacts of temperature and weather, which should be
well understood before any design and implementation. The
design cost of post-treatment for potable water use is a key
requirement and must be considered.
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