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ABSTRACT

Large regions of the United States (and the world) face “situational scarcities” of water that arises from energy extraction and use, 
agricultural practices, expanding urban populations, and poorly integrated water policies.

Creating “fit-for-purpose” water from suboptimal sources will require new materials and a new understanding of the separation of 
contaminants from complex aqueous media.

We review here scientific, technological, and societal challenges at the nexus of energy, water, and food. We focus on specific examples of 

energy and water stress in the southwestern United States and technological routes to new sources of water. Situational scarcities of water are 

increasing worldwide because of the reliance on uncertain water sources, coupled with expanding populations, expanded agricultural uses of 

water, and water and energy use policies that have not always been effectively integrated. This review is framed using the outcomes of recent 

National Science Foundation workshops focusing on the Energy/Water/Food Nexus and from other recent U.S. Department of Energy workshops 

focused on the Energy/Water nexus. Water-stressed regions, even after extensive conservation measures, may need new supplies of water that 

come from less than optimal sources. A basic understanding of the separation of water from complex aqueous solutions along with new materials, 

distributed and publically accepted technologies and unit operations, underpin the future production of “fit-for-purpose” water. Regional test 

beds are required that are small and provide for simultaneous control of a number of variables, yet large enough to approximate real communities. 

Solutions to these problems represent opportunities for innovation and creation of economically viable, resilient communities.
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Introduction—The origins of energy/water stress
Production of secure and sustainable sources of energy, 

clean (“fit-for-purpose”) water, and food for expanding U.S. 
and world populations, may be our most significant challenges 
in the 21st century and beyond. Meeting these challenges will 
require new understandings of complex interconnections: energy 
production and energy use; water availability, water storage, 
water use and reuse; and food production. New energy-efficient 
water purification/reuse technologies and water use policies 
are predicted to be the centerpiece of U.S. and worldwide initia-
tives that sustain and enhance economic activity, human health, 
and quality of life.

Our most important energy, food production, and water dis-
tribution systems were developed over the last 200 years with 
varying degrees of technological, operational, and policy isola-
tion, sometimes with an assumption of unlimited energy and 
water resources.1–11 Figure 1 demonstrates that this approach 
may not be sustainable. Here Global (Energy) Generation Units 
Associated with Water Stress are mapped and color-coded.12–15 
This map is one of many that provide visualization of the inter-
dependence of energy generation and water usage for govern-
ment agencies and commercial entities, and would be even 
more dramatic if power plants below 100 MW had been consid-
ered. Such “stress maps” (e.g., those created by the World 
Resources Institute)15,16 increasingly factor into the strategic 
thinking of a variety of regional and global businesses, and local 
and regional governments. These are entities involved in energy 
extraction and energy usage/delivery to large constituencies. 
The continued profitability of these companies, and the respon-
siveness of governments to their citizens, depends on precise 
management of all resources, most particularly water.

The recently released Climate Science Special Report further 
amplifies on the likelihood of projected water shortages under 
different scenarios by the middle to end of the 21st century, 
differentiating between “meteorological drought” (precipi-
tation deficit), “agricultural drought” (soil moisture deficit),  
and “hydrological drought” (deficit in runoff),17 Each of these 
water deficits impact different constituencies, in different geo-
graphical regions and over different time and distance scales. 

Of particular note, however, is that almost all global regions are 
predicted to experience declines in soil moisture, critical for 
agriculture and for direct consumption by humans, even though 
some global regions are projected to see enhanced precipita-
tion. Increases in average annual temperatures, which increases 
rates of evapotranspiration, are likely to offset moisture gains 
in regions with higher precipitation, and regions that show 
adequate soil moisture presently may see significant water 
stress. Thus, no region of the world is exempt from some of the 
situational scarcities associated with increased climate variabil-
ity coupled with population growth, growth of energy use, and 
the growth of modern agriculture.1,3,6,10 Without some signifi-
cant changes in our collective approach to the Energy/Water/
Food nexus, maps like those in Fig. 1, and the reality they reflect 
may be even more dramatic by 2050.

Worldwide energy usage is predicted to increase at least 40% 
by the year 2050 relative to 2010 usage, coupled with growth in 
world population to approximately 9 billion people.7–9,13 For 
the United States alone, the Energy Information Administration 
(USEIA) predicted in 2016 that electricity generation (a signifi-
cant fraction of our energy use portfolio, ignoring transporta-
tion fuels) would increase to approximately 5 × 1012 kilowatt 
hours (kW h) per year by mid-century (Fig. 2). This represents 
an increase in electrical energy generation of approximately 
20% relative to present levels despite the fact that the efficiency 
of energy use has been increasing steadily in the last 40 years.14 
In the last two decades, energy usage in the United States appears 
to be only weakly coupled to increases in gross domestic prod-
uct.18 There is every expectation, however, that enhanced 
economic activity and population growth will continue to drive 
energy consumption upward. It is not clear that the energy 
needed for massive levels of water purification/reuse, the subject 
of this review, has been factored into these energy use estimates 
by USEIA and other agencies. Thus, the mid-century energy 
projections shown in Fig. 2 may be too low.

From Fig. 2, we can infer the relative contributions of each 
energy source in the Extended Policies USEIA projections for 
the year 2040: coal (approximately 15%), natural gas (approxi-
mately 40%), nuclear (approximately 10%), and renewable energy 
sources such as wind and solar (approximately 35%). Unless 
zero- or low-carbon-footprint energy technologies are more 
widely adopted in the United States, water-intensive carbon- 
based energy sources may still provide more than 50% of the 
U.S. electrical energy portfolio by 2050.14

Carbon-based fuels, however, increasingly have to compete 
on the basis of cost and practicality with lower climate impact 
renewable energy sources.6,10,13,19 In another 2017 report, USEIA 
compared the levelized cost of electricity (LCOE) and the 
levelized avoided cost of electricity (LACE) for electricity gen-
erating technologies entering service in 2019, 2022, and 
2040.20 It has been posited that comparing LACE with LCOE, 
projected over the lifespan of the generating technology, pro-
vides a means of deciding which technology platform provides 
the best economic value. Comparisons of LACE and LCOE for 
power plants entering operation in 2022 show that solar PV and 
wind generation, in some regions, will be able to compete with 

DISCUSSION POINTS
	•	 �Situational scarcities of water and energy/water stress result 

from combinations of extreme climate variability, water-intensive 
energy and food production/food processing, reliance on 
energy-intensive water transport, and increasing populations.

	•	 �These challenges can be addressed with combinations of 
enhanced water and energy use efficiencies coupled with new 
materials, new technologies, and decentralized, energy-efficient 
unit operations that provide “fit-for-purpose” water.

	•	 �Innovative solutions may underpin new water-centric economic 
expansion, complementing the emerging economies of renewable 
energy.
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even natural gas generation for economic value, and are signifi-
cantly better value than electricity generated from coal and 
nuclear energy. This difference becomes even more pronounced 
when projected to 2040. These projections would have been 
unlikely ten years ago, but the costs of solar PV and wind- 
generated electricity are dropping at dramatic rates as efficiencies 

continue to increase. Thus, the projected data in Fig. 2 may be 
somewhat pessimistic if costs of solar and wind energy continue 
to decrease. Disruptive changes in how our energy is produced, 
with significantly lower carbon utilization and water stress, is 
the clear goal of many of our worldwide G-20 partners and even 
some individual states within the United States.21,22

No matter what percentage of the U.S. energy portfolio 
shown in Fig. 2, carbon-based or nuclear energy sources are 
placing stress on existing water supplies.1,2,23 Water is needed 
for extraction of energy-dense materials, e.g., coal, oil, shale 
gas, and uranium, and for processing these materials prior to 
use in power plants. Power plant cooling is also water inten-
sive.23–27 Recent reviews have tabulated the water consumption 
(in liters per gigajoule—L/GJ) for worldwide production of carbon- 
based and nuclear fuels: (i) traditional oil (3–7 L/GJ); (ii) oil from 
oil sands (70–1800 L/GJ); (iii) conventional natural gas (minimal 
water use); (iv) shale gas (36–54 L/GJ); (v) coal (5–70 L/GJ); and 
(vi) uranium (4–22 L/GJ).23–29 The water use for extraction of 
energy-dense fuels from sands and shales are especially striking 
and are of increasing importance as our dependence on these 
fuels increases. Processing of these materials to get them ready 
for use in power plants and electricity production can further 
double the water costs. The water costs for electricity produc-
tion from both wind energy and conventional solar photovoltaics, 
while not zero, are typically a factor of up to 100× lower than 
for these other energy sources.23–29 Even for generation of 

Figure 2.  Projections for U.S. electricity generation by fuel as a function of 
year, in the Reference and Extended Policies cases, 2000–2040 (billion kilowatt 
hours)—Electricity generation by fuel in the Reference and Extended 
Policies cases, 2000–2040: AEO2016 National Energy Modeling System, 
runs REF2016.D032416A and TAXTENDED.D051216A. Source: Ref. 14.

Figure 1.  Global Generation Units with Water Stress—yellow, orange, and red correspond with medium, high, to extremely high stress levels. Notes: Includes 
thermal and hydro plants. For visualization purposes, plants with design capacity less than 100 MW are not shown. Source: Platts UDI Database 2012 and WRI 
Aqueduct data. Over 26,000 units are in areas of medium to extremely high water stress (from: Ref. 12 “Resilience: Global Imperatives for 2013 and Beyond.” 
Sources: Peter C. Evans, Ph.D., Vice President at Center for Global Enterprise, General Electric; https://www.slideshare.net/Oxford99/mesh-evans-
april-25-2013); See also Ref. 3: https://energy.gov/sites/prod/files/2014/09/f18/2014-09-05_Energy%20Water%20Nexus_SEAB%20Presentation.pdf, and 
Refs. 13–15.
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electricity from concentrated solar thermal and photovoltaic 
energy conversion systems, water use can be minimized if closed 
loop operations are used.

Food production is also consequential for local and regional 
water supplies and can be extremely energy intensive. Challenges 
to food production have been among the most visible recent 
examples of water stress in arid and semi-arid environments.30–32 
Plants use water to transport nutrients; however, large percent-
ages of water are lost to evaporation or transpiration in outdoor 
crops. Thus, there are significant efforts to breed new varieties of 
food crops that use less water and are more draught-tolerant.30–33

Recent reviews have tabulated the amount of water and energy 
needed for food commodities, basic food products, and pro-
cessed foods using today’s agricultural and food industry prac-
tices.30 Example water and energy costs are shown in Fig. 3, 
adapted from the data compiled in Ref. 30. Not surprisingly, the 
more complex the food source organism (e.g., animal versus 
plant-based sources), and the more highly processed that food 
becomes before consumption, the more significant the energy 
and water costs are to produce food products. The fact that up to 

30% of food in the United States is wasted makes these assess-
ments even more sobering.6,9,30

Emerging segments of our agricultural economy may offer 
some relief from the energy/water costs to producing food. 
Controlled-environment agriculture (CEA—greenhouse agri-
culture) provides a much lower water and energy cost alternative 
to food production. CEA increasingly provides for production of 
segments of our food supply, often in sites that might be unten-
able for conventional agriculture.34–36 Whether food can be 
produced at massive scale using this approach, displacing large 
segments of conventional agriculture has to be proven. There is 
substantial optimism that CAE can be an important and energy/
water efficient source of food for expanding populations.

Enhanced efficiencies for water use and reuse throughout 
the energy/water/food nexus, and especially by humans in large 
and small communities,7–9,37 could make a significant impact 
on energy and water consumption and mitigate the periodic 
scarcities that are increasing. In the case of water use, only rela-
tively isolated approaches have been taken until recently to pro-
vide “fit-for-purpose” water targeted to a particular function. 
For example, waste water streams have rarely been integrated 
into energy extraction, energy production, food production pro-
cesses and have been rarely used for human consumption.23,37 
This lack of integration arises in part because of geographic iso-
lation of each process (e.g., agriculture is rarely co-located with 
energy extraction and energy production). The problem is 
further exacerbated by policy isolation where integrated use of 
resources may not be the primary consideration.38–43

Understanding and optimizing the nexus of energy, water, 
and food is therefore at an acute stage in the U.S. funding and 
research-supporting agencies, such as the National Science 
Foundation (NSF), the U.S. Department of Energy (DOE), the 
U.S. Department of Agriculture (USDA), and the Bureau of 
Land Management (BLM), have initiated programs designed to 
produce an integrated approach to addressing these challenges. 
Recent workshops conducted on behalf of these agencies have 
shaped our perspective in this review.1–5 The ongoing chal-
lenges facing the southwestern regions of the United States, 
specifically California, Arizona, New Mexico, and Texas, con-
taining nearly 70 million inhabitants, also guide our approach.40 
This region of the United States has large municipalities that 
have grown significantly over the last 75 years, most of which 
are now experiencing some degree of “water stress.”41–43 The fact 
that robust agricultural economies have developed in the same 
region enhances the impact of this water stress. These agricultural 
enterprises require sometimes-unreliable surface and subsurface 
water sources and water sources transported long distances, often 
uphill. At the same time, this region has extraordinary low-carbon, 
low water use energy potential and an abundance of conventional 
energy sources, including nuclear energy, which could be used to 
mitigate some of this water stress. As will be discussed further 
below, the challenges and opportunities faced by this region of the 
United States are paralleled in other developed and developing 
countries, where situational scarcities, coupled with popula-
tion growth and climate variability are contributing to a changing 
landscape at the nexus of Energy/Water/Food.

Figure 3.  (a) Estimated water requirements for food commodities (m3/kg); 
(b) energy needed to produce typical foods (kW h/lb). Processing to form 
other more refined food products increases the water and energy costs even 
higher. Data used to construct this figure from Ref. 30.
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We also note the recent policy debates outside the United 
States surrounding the challenges and opportunities at the 
Energy/Water/Food nexus. These debates have resulted in 
complementary research initiatives in both developed and 
developing nations. Current discussions among the G-20 coun-
tries,21,22 for example, are likely to dictate worldwide approaches 
to providing secure and reliable energy and water sources. 
These discussions will incentivize policies that ensure that 
some countries will take the technological lead in addressing 
these challenges. Our global economies are tightly intercon-
nected. Thus, changes to existing energy portfolios, and the 
development of new energy and clean water technologies in any 
of the G-20 countries will be guaranteed to have worldwide 
impact. These changes, whether we subscribe to the policies 
developed by the rest of the world or not, will therefore affect 
the competitiveness and readiness of the United States to 
address the challenges needed to ensure secure supplies of 
energy, water, and food. To reap the economic rewards of some 
of the technology and system-level solutions summarized 
below, the United States must remain engaged in these policy 
debates.21,22

Transporting water: an energy-intensive solution to 
situational scarcities

It could be argued that proximity to fresh water sources prior 
to the late 20th century was a strong determinant for popula-
tion growth in certain regions of the globe and for economic 
and lifestyle vitality. In recent decades that correlation has 
weakened as urban populations have grown at the expense of 
rural communities.44 An intriguing study by Kummu et al. 
recently provided a granular global analysis of proximity to 
fresh water. The problem is described in terms of land distance 
to fresh water (dwland), population distance to fresh water 
(dwpopulation), and the ratio of these two terms. This analysis 
shows that the southwestern United States, parts of northern 
and central Africa, parts of Central and South America, and 
parts of the Middle East are experiencing stress brought about by 
combinations of increased population density and the intrinsic 
distance to reliable water sources for human consumption, agri-
culture, etc. Transport of fresh water from distant sources can 
mitigate some of these scarcities in important ways, but with 
considerable energy costs.40,41,43,45,46

Two large and well-known U.S. responses to regional water 
scarcities, the California State Water Project (CSWP) and the 
Central Arizona Project (CAP—Fig. 4),47 are mega-projects that 
have underpinned some of the significant economic growth of 
the southwestern United States in the last 50 years.40,41,43,45,46 
Stresses experienced recently by both projects are typical of the 
stresses being felt in most regions employing long distance 
water transport.48–50 Dramatic population increase and increased 
agricultural water use in this region have been coupled with 
decreasing reliability of CSWP and CAP water sources brought 
about by increases in climate variability. Initial water use poli-
cies at the genesis of these projects may have underappreciated 
the complex relationships between energy production and 

energy usage; the real energy and water costs of food produc-
tion; and the costs of acceptable water availability and purity for 
human consumption in (“Sunbelt”) regions where growth is 
still a significant policy driver.27,30,40–43,45,46,51,52

As is typical for a number of mega-water projects worldwide, 
both CWSP and CAP involve pumping water uphill over long 
distances. CWSP pumps water from northern to southern 
regions in California, with an elevation gain and loss of approx-
imately 2000 feet.45,53 The CAP pumps water uphill from the 
Colorado River, over 320 miles to the Phoenix and Tucson met-
ropolitan areas, and to agricultural and Native American com-
munities in between.54 The CAP system has a total elevation 
gain of approximately 1600 feet from source to endpoint.43,55

Simple estimates for the energy needed to lift one acre-foot 
of water (approximately 326,000 gallons; 1238 m3) by one foot 
suggest that approximately 1 kW h of electrical power will be 
required for each foot of elevation gain, assuming 100% pump-
ing efficiency.56 This suggests a minimum 1600 kW h for trans-
port of one acre-foot of water along the CAP route and 2000 kW h 
per acre-foot for the CSWP. 2004 estimates for transporting 
water in the CSWP were actually 3000 kW h per acre-foot.53 At 
that time, it was estimated that water transport to southern 
California from northern California accounted for approxi-
mately 1/3 of the total household electrical power usage for that 
region of the state. Increases in pumping efficiencies may miti-
gate some of this energy usage, but water transport over long 
distances remains extremely energy intensive.

Figure 5 is a summary of more realistic estimates for energy 
usage in both pumping and water treatment in California in kW h 
per million gallons of water and is considered to be typical of 

Figure 4.  Map of the CAP that provides water supplies to central/southern 
Arizona from the Colorado River, whose flow levels are dependent upon snow 
pack and precipitation in the entire Colorado River Basin. The CAP pumps 
water uphill over 320 miles to the Phoenix and Tucson metropolitan areas, 
and to agricultural and Native American communities in between, with a 
total elevation gain of approximately 1600 ft (from Ref. 47: http://www.
cap-az.com/about-us/system-map).
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energy consumption for movement and treatment of comparable 
water supplies.45,57–59 This study shows that the biggest con-
sumption of energy comes first from water transport and second 
from the purification of water sources with high total dissolved 
solids (e.g., desalination of ocean water, see below).

Unlike CSWP, approximately 90% of the electrical energy 
required for the CAP to pump water across the state of Arizona 
currently comes from essentially one source: the Navajo Gener-
ating Station (NGS) in northeastern Arizona,60 making it easier 
to understand the energy cost of transporting water. At present, 
nearly 3 million mega-watt hours (MW h) of NGS-generated 
electricity are used each year to pump approximately 1.6 M 
acre-feet of water from the Colorado River to central and south-
ern Arizona.41 NGS consists of 3 coal-fired plants producing 
approximately 2250 MW at peak power, burning approximately 
8 M tons of low-sulfur coal (from the Kayenta Mine 78 miles 
from the power plants), emitting as much as 20 M metric tons of 
CO2 and other “greenhouse gases” per year. In addition, NGS 
uses approximately 32 M m3 of water per year for power plant 
cooling.23,29,60 In various studies, it has been estimated that 
NGS is one of the top-10 producers of CO2 emissions in the 
United States. The Kayenta Mine providing the fuel to that 
plant also uses a significant allotment of groundwater from the 
Navajo Aquifer as part of the coal mining process.

In light of the availability of alternate energy sources, it has 
been debated whether NGS operation makes sense economi-
cally and environmentally.55 The same amount of energy will 
still be required to pump water across Arizona, but natural gas-
fired power plants, or renewable energy sources, closer to the 
CAP, may provide the energy required. As a complication, in 
this region of the United States, there has always been a close 
and extremely sensitive link between local and regional needs 
for water and energy and Native American communities. Some 
of these communities are dependent upon the revenue and 
jobs from coal mining, coal transport, and its use. The societal 

impact on these communities is likely to be severe if NGS closes, 
as seems likely, and coal from the Kayenta mine is no longer 
needed. Economic and environmental drivers, however, may 
make closure of NGS inevitable.

There are increasing questions about the sustainability of 
these large water transport projects in general. Both the CSWP 
and the CAP were initiated when snow pack in the mountains of 
California, Wyoming, Colorado, Utah, and New Mexico were at 
high levels, producing reservoir and Colorado River average 
water levels that seemed more than adequate to supply expand-
ing urban and agricultural uses in regions far from these water 
sources. California and Arizona aquifers at this time were robust 
and offered adequate supplies of subsurface water to support 
growth of vibrant municipalities and robust agricultural 
enterprises.29,41,42,55

It is increasingly clear that the sources for water to be trans-
ported long distances in the western United States may not 
be as sustainable as once thought.40,49,50,61 Recent prolonged 
drought conditions have impacted water sources in large seg-
ments of the western United States. Whether the climate varia-
bility that underpins these droughts has been enhanced by the 
energy use and CO2 emissions associated with transporting 
water long distances will be a point of debate for some time to 
come. If extreme situational scarcities of water occur in our 
future, however, they will impact both urban and agricultural 
economies, and human health and well-being in general.40,61–65

The United States is not alone in developing long distance 
water transport to alleviate situational scarcities in large regions. 
The most striking recent example is the South–North Water 
Transport Project (SNWTP) in China, which has just become 
operational. SNWTP transports up to 44 km3 of water per year 
from the Yangtze River Basin to the Yellow River Basin, over dis-
tances of up to 2000 km.48 As in the CSWP and CAP, the Eastern 
and Western Routes for SNWTP involve pumping water uphill; 
the most extreme elevation gains required are in the Western 
Route, and it can be surmised that this part of the SNWTP will 
be the most energy intensive. At present, most of that energy 
comes from carbon-based fuels, with all of the attendant envi-
ronmental, public health and increased climate variability con-
sequences of using that fuel source.66

Conservation: energy-efficient alternatives to water 
transport and water reuse/purification

Communities that have resorted to energy-intensive water 
transport solutions to water scarcity will need to couple techno-
logical solutions to water purification/reuse with much stricter 
conservation of existing water supplies. Careful management of 
scare resources will be far less energy (and water) intensive, and 
more easily implemented in the short term than some of the 
technological solutions summarized below. New water use poli-
cies, coupled with significant conservation practices, may miti-
gate some of these problems without unduly affecting quality of 
life or economic vitality.41,62

The 2014 United Nations Report on Water and Energy67 pro-
vides a striking assessment of water usage (liters per capita per 

Figure 5.  Typical energy intensities for water treatment and pumping 
operations in California (kW h per million gallons)—these are energy 
intensities considered to be typical for many water distribution/delivery 
systems. Source: Ref. 57 (Fig. 6): Primary reference: California Energy 
Commission, “California’s Water-Energy Relationship, Final Staff Report, 
CEC-700-2005-011-SF”, November 2005.
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day L.p.c.d.) for a range of developing and developed countries. 
This report shows that water consumption in general increases 
with affluence. Not surprisingly, average water consumption in 
the United States (approximately 650 L.p.c.d.) is as much as a 
factor of 10× higher than the water usage of less developed 
countries.

There is growing proof, however, that water consumption 
does not need to increase with economic GDP. For example, 
municipalities such as New York City reduced their water con-
sumption by more than 40% in the period from 1980 to 2010, 
with a considerable accompanying savings in energy and overall 
cost. Similar trends have been observed in Asian cities such as 
Singapore, Hong Kong, and Guangzhou where strict conserva-
tion measures are enforced. The fact that per capita water con-
sumption in cities such as Tokyo and Osaka is nearly the same 
as in cities such as Shanghai, even though GDP per person is a 
factor of 7× higher for these large Japanese municipalities, sug-
gests that water conservation need not be associated with lower 
standards of living and can significantly reduce energy costs for 
both water transport and water reuse and purification. Conser-
vation will undoubtedly be the first tool of choice, and the most 
easily implemented, in the quest to provide expanded sources of 
water.

Materials, technologies, and unit operations 
associated with water reuse/purification

Even if strict conservation measures are adopted, large new 
water sources will still be needed for much of the United States, 
coupled with extremely energy efficient, economical, and publi-
cally acceptable water reuse/purification technology platforms. 
The workshops and reports referenced above1–3,5 all have 
recommended basic (molecular level) understandings of water 
purification/reuse and the development of new technologies 
and systems that can mitigate water and energy stress and pro-
vide “adaptive capacity” to ensure a sustainable future.68 We 
summarize here some of the best developed purification/reuse 
technologies and the challenges and knowledge gaps that must 
be addressed to enhance their effectiveness.

Figure 6 schematically summarizes some of the water sources 
and water uses that can be interlinked through systems and unit 
operations designed to provide fit-for-purpose water, either at 
large scale, or for “point-of-use” operations.69–72 This figure is 
organized to reflect the anticipated need for modularity in the 
purification strategies used. Depending upon the water source 
and the intended use, not all technologies may be needed for 
water purification, especially if high impurity levels can be 
tolerated in the end use. Comprehensive and detailed reviews of 
current water treatment technologies and unit operations are 
extensively covered in Refs. 69–72.

Water sources can include: primary and secondary munici-
pal effluent (including runoff from storm surge and catastrophic 
weather events); seawater (coastal communities); agricultural 
runoff and wastewater from manufacturing and mining; 
“produced waters” from energy extraction processes; and dis-
charged water from power plants.69,72–74 Depending upon the 

water source, initial purification stages may involve combinations 
of aerobic and anaerobic digestion, sedimentation, coagulation, 
and filtration of particulates and larger solids. This may generate 
water sources adequate for certain types of cooling in power 
plants, manufacturing, and certain agricultural applications.70

Enhanced water purities are clearly needed for impurity- 
sensitive manufacturing, irrigating food crops; raising animals 
for food, and human consumption. In those cases, combina-
tions of sorption, reverse osmosis (RO), forward osmosis (FO), 
microfiltration, ultrafiltration, and nanofiltration (NF), mem-
brane distillation (MD), and bioremediation [e.g., algae biore-
actors (ABRs)] may be productively used, once the water supply 
has reached “secondary effluent” quality.69,70,72,75 For potable 
water production, these steps are increasingly followed by 
advanced treatment (oxidation) processes (AOPs), which fur-
ther degrade emerging contaminants in water streams to levels 
deemed acceptable for human consumption.

Significant energy can be required to drive these purification 
and reuse processes; however, these energy costs are often much 
less than required for long distance transport of equivalent 
amounts of other water sources.76 Thus, water that might have 
been discharged in the past may now become a desirable new 
water source. This also means that concentrated waste streams 
will be collected, which might previously have been discharged in 
more dilute form. Considerations for environmentally responsible 

Figure 6.  Modular approaches to water reuse/purification (creation of 
“fit-for-purpose” water). Water sources and types of contaminants are 
shown at left (excluding water that has been stored/treated in aquifers, 
see text) and the intended uses to the right. Different combinations of 
conventional and nonconventional water purification systems may be 
required, including aerobic and anaerobic digestion, sedimentation/
filtration, RO/FO, NF, MD and various forms of processing with biological 
systems (e.g., algae) which can take suboptimal water and produce fuels, 
food, and/or cleaner water. Advanced treatment (AOP) will be needed to 
degrade micropollutants to create water acceptable for human consumption. 
Decentralization, integration with low-carbon-footprint energy sources, and 
sensing networks will be a key feature of new approaches to create water for 
resilient communities.
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waste disposal will become a feature of these new purification/
reuse modalities, and in some cases, recovery of strategic mate-
rials from waste streams.77,78 This concept has been increas-
ingly extended to what is termed “zero-liquid discharge” in 
industrial processes which attempt to capture and reuse their 
water streams.79

Water treatment and storage in aquifers

Before the application of the treatment modalities in Fig. 6, 
many water sources are being stored (and to some extent reme-
diated via sorption processes) in aquifers, thus potentially 
becoming important secondary water sources.80 Waters pro-
duced from oil and gas extraction processes, from storm surge 
water, and water transported from sources with compositions 
that vary significantly from local sources can be deposited into 
partially or fully depleted aquifers before repumping to the sur-
face for further treatment and use.63,80–82 Equilibration with the 
aquifer soils may take up some of the unwanted contaminants 
via sorption and adjust pH and total dissolved solid levels.63

There is significant uncertainty in the hydrology and the 
interfacial chemical processes that can be expected when using 
aquifers for storage and remediation. There is equal uncertainty 
as to how sustainable this practice is on a large scale and over 
long times.81–84 It is recognized that adsorption and desorption 
interfacial chemistries of contaminant molecules and ions, in 
complex aqueous environments, is poorly understood.2,63 We 
note that there is likely to be considerable overlap in the funda-
mental problems that underpin water remediation, and storage 
in aquifers, and new sorption, filtration and permeation-based 
purification technologies, especially for increasingly complex 
aqueous environments (see below).2

Recent studies have also predicted that energy consumption 
associated with moving water from impure sources to these 
aquifers for mitigation of contaminants may be excessive unless 
the recharge aquifer is lower in elevation than the contaminated 
water source.82 There will be clear trade-offs between energy 
use for aquifer storage and remediation, and energy use for 
immediate purification, as described below, without the long-
term storage option.

Reverse osmosis

Membrane separation processes are well-recognized water 
purification technologies,16,72,85–88 and rely upon thin film 
(hybrid) materials whose average pore diameters, and pore size 
distribution, control the size selectivity for rejection of contam-
inants. RO is the most visible technology because of its use with 
salt and brackish water purification (desalination), at scales that 
have transformed the water landscape of several water-stressed 
regions throughout the world.16,85,86

It has been estimated that more than 18,000 RO plants  
are operating in 150 countries, annually producing roughly 
38 billion m3 of purified water with an annual consumption of 
approximately 75 terawatt-hours of electricity.16,67,85,86,89 In 
California alone, the largest RO desalination plant in the United 
States (Carlsbad, Ca.) recently came online with a capacity of 

190,000 m3 [56,000 acre-feet (AFY)] per year and a median cost 
of approximately $2100 to $2500 per acre-foot, approximately 
2× to 4× the cost of other water sources in that same region.45,90 
The amount of either seawater or inland brackish waters to be 
treated by large-scale RO plants worldwide is expected to grow 
to at least 54 billion m3 per year by 2030.72,85 There are clear 
economic opportunities for countries and individual compa-
nies that develop the materials, technologies, and systems to 
handle water purification on this scale.

RO membranes control permeate flow and impurity (e.g., salt) 
rejection via solute diffusion in the free volume areas of the 
membrane. The volumetric f lux (Jw) of water through nonpo-
rous membranes can be approximately described as

	 ( )= ∆ − ∆πJ A Pw ,� (1)

where A is the water permeability coefficient, an intrinsic prop-
erty of the membrane controlled by composition; median pore 
size and distribution in pore size, and by membrane thickness; 
ΔP is the applied trans-membrane pressure gradient; Δπ is the 
opposing osmotic pressure difference across the membrane. 
Impurities are concentrated on the side of the membrane where 
ΔP exceeds Δπ and volumetric flow rate is directly related to the 
pressure differential.16,72,85–88 The energy required to achieve 
purification via RO (considering only the membrane itself) is a 
complex relationship between A, Δπ, and ΔP. Achieving realis-
tic flows of permeate is determined by the composition of the 
feed solution [for salt water a total dissolved solid concentration 
of approximately 32,000 ppm (NaCl) is assumed], and the 
desired volume recovery percentage of purified water versus 
total intake volume. For seawater desalination, the energy 
required by early embodiments of RO technologies was exces-
sive. Energy costs for RO have come down dramatically in the 
last two decades because of improvements in both membrane 
materials and system energy costs (e.g., implementation of 
centralized pumping and adoption of energy recovery devices). 
Primary energy costs for seawater desalination (SWRO—the most 
energy-intensive form of RO) have dropped from approximately 
16 kW h/m3 to 2 kW h/m3 (for approximately 50% recovery of 
purified water), where the “thermodynamic limit” for seawater 
RO is assumed to be approximately 1 kW h/m3.16,72,76,85–88 
System-level costs may bring the total energy cost to 3–4 kW h/m3.

To further reduce energy costs of seawater desalination novel 
RO operation modes, such as closed circuit desalination (CCD), 
and hybrid systems like osmotically assisted desalination, have 
emerged.91–94 In contrast to conventional RO that operates con-
tinuously and at fixed pressure, CCD operates in batch modes 
and the pressure continuously increases to follow the increase in 
osmotic pressure. CCD processes reduce energy consumption 
by up to 35% compared to conventional RO.

Dilution of a highly concentrated saline solution (such as 
seawater) with a low concentration saline solution (e.g., treated 
wastewater effluent) is the basis of osmotically assisted desalina-
tion. When a high salinity solution is separated from a low salinity 
solution via a semipermeable membrane, water spontaneously 
crosses the membrane from the feed solution to the draw solution, 
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following the spontaneous osmotic pressure gradient. This pro-
cess is called forward osmosis (FO).95 In pressure retarded 
osmosis (PRO), water passes through the membrane in the same 
direction as FO, but the high salinity solution is pressurized. 
As water crosses the membrane, it is moving from atmospheric 
pressure to an elevated pressure, effectively turning the chemical 
potential difference between the solutions into potential energy. 
Depressurizing the high salinity solution across a turbine can be 
used to generate electrical power from that potential energy.96

The augmentation of RO with FO and PRO has been shown 
to offer a promising route to water purification when colloca-
tion of desalination plants with wastewater treatment is  
possible.91,94,97,98 FO can be used as a pretreatment step to 
dilute seawater with water from the treated wastewater source, 
effectively reducing the osmotic pressure (and thus the energy 
requirement) of the RO feed water. In addition to reducing the 
energy requirement of seawater desalination via beneficial reuse, 
an FO–RO system provides two membrane barriers between the 
wastewater effluent and product water. This reduces fouling in 
the RO membrane because of dilution and lower required applied 
pressure. Similarly, if PRO is implemented after RO, the con-
centrated brine from RO is diluted to recover energy, which is 
then used to prepressurize the RO feed water.91,94

As RO and related membrane separation processes grow in use, 
enhanced energy efficiency, without loss of either permeation 
rates or selectivity, will be critical. As Figs. 1 and 2 attest, in the 
most desirable scenarios, the energy needed for large-scale water 
purification and reuse should come from low-carbon-footprint 
technologies that don’t further exacerbate the effects of climate 
variability and the creation and expansion of water scarcities.16,72 
Interestingly, current debate now appears to center on whether 
improvements in membrane permeability or improvements in 
membrane selectivity are preferred. These improvements are 
critical both to enhance efficacy of the treatment and to enhance 
overall energy efficiency. It has been hypothesized that higher 
permeabilities enable higher flow rates and lower energy costs 
for systems operating at scale. Improvements in selectivity 
(for water) enable enhanced rejection efficiencies for impuri-
ties.85–87,99 Recent studies show that increases in RO membrane 
permeability, however, may produce only small increases in 
energy efficiency. Improvements in membrane selectivity appear 
to have a bigger impact on process efficiency.85,86 As more varied 
water sources are considered and end uses appear that require 
reliable rejection of contaminants, it is likely that membrane 
selectivity enhancements will be the primary target of materials 
research.

Further improvements in RO selectivity and energy effi-
ciency will require a molecular-scale understanding and control 
of permeation, in scalable platforms, that is just beginning to 
emerge.85,88,100 Future membrane materials will require opti-
mized pore diameters/volumes and pore size distributions and 
will need to be extremely thin and mechanically robust. Design 
rules will need to be created to achieve molecule–scale interac-
tions that optimize transport of the desired permeate (water) 
and rejection of impurities, without sacrifice in f low rates or 
energetic efficiencies.

Figure 7 provides a schematic view of some of the innovations 
that have been envisioned to achieve high levels of selectivity in 
emerging membrane materials.88 Many of these innovations 
involve introduction of nanometer-diameter pores with tailored 
internal chemical composition and electrostatics. These are 
designed at these length scales to reject selected impurities and 
pass water with reasonable flow rates.100 If the source water is a 
complex mixture of impurities, a series of such tailored nano-
channel membranes, modular in nature to fit the water sources, 
may be required.

The most well established RO membranes principally use 
materials that present hydrophilic pores for the separation pro-
cess. More recent studies have shown that there are advantages 
in creating hybrid materials that present hydrophobic cores, or 
mixtures of hydrophilic and hydrophobic regions. As an exam-
ple, new composites of polymeric and carbon nanotubes and/or 
graphene oxide “dopants,” or just graphene membranes alone, 
appear to provide for both high permeabilities and good selec-
tivities for water purification.85,87,99,100

The fouling of these membranes by nucleation/growth of 
salt deposits, and protein and lipid films, appears to be inev-
itable. Periodic backwashing and membrane reactivation is 
required, accompanied by additional energy consumption.85 

Figure 7.  Schematic view of water purification from varied sources using 
membrane filtration and osmosis. Reprinted from Ref. 88, Lee et al., 
Environmental Science: Water Research & Technology Royal Society of 
Chemistry, 2015, by permission.
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Improvements in membranes to mitigate these fouling pro-
cesses will require a more detailed understanding of the inter-
face science of these materials, especially in contact with 
complex solutions. A significant effort to develop new RO mem-
brane materials, with precise nanometer design parameters and 
an increased resistance to fouling, is ongoing.86–88,99,101

Filtration/nanofiltration

Filtration is often used in conjunction with RO purification 
systems or as a stand-alone method for water treatment.85,102–104 
The overall challenges are much the same as for RO processes: 
rejection of impurities while sustaining high permeabilities and 
flow rates. Water permeability is controlled by solution viscos-
ity, the pressure (and added energy) applied to drive water 
through the membrane, and the morphological, topological, 
and interfacial characteristics (e.g., formation of charged func-
tional groups within the membrane nanopores—Fig. 8).85,88 As the 
size of solutes being rejected gets smaller, porosity, pore radius in 
the membrane, pore size distribution, and membrane thickness 
become increasingly important. Along the walls of the nanopore, 
formation of interfacial excesses of ionic groups can impart ion-
exchange-like properties to the membrane. In turn, this affords 
control over selectivity via changes in pH and ionic strength.86,100

Original models for membranes designed to selectively purify 
water via filtration were developed for physically homogeneous 
membranes and presume uniform pore diameters throughout. 
Several different groups have recently shown that there may be 
distinct advantages to creation of anisotropic membranes, with 
pore sizes and selectivities that vary smoothly across the 

membrane.85,88 Ideally, selectivities and permeabilities can be 
tuned and tailored for specific separations using rational design, 
and reasonable flow rates can be maintained.

Membrane distillation

Membrane distillation (MD) was the dominant water purifica-
tion strategy prior to the widespread adoption of pressure-driven 
membrane purification processes.16 Distillation technologies 
typically use arrays of hydrophobic polymer fibers which separate 
the feed (impure) water stream and the distillate (product) 
stream, using a temperature gradient (ΔT) between the two 
aqueous phases; i.e., the membrane constitutes an “interphase 
boundary.”105–108 The temperature differences between the feed 
(hot flow) and pure water (cold flow), and the temperature differ-
ence between the much thinner boundary layers on both the hot 
and cold sides of the membrane, control the vapor pressure differ-
ential for water across the membrane. The overall flux of pure 
water across the membrane is ultimately determined by these 
temperature differences, and the effective pore diameters and 
pore size distribution within the hydrophobic membrane.105–107

Finding waste heat sources that can reliably produce large tem-
perature gradients across the membrane remains a challenge. 
Energy generation and water purification at scale need to be 
co-located, and intermittency of the heat source is problem-
atic.105,108,109 Nevertheless, there are several emerging opportuni-
ties to couple the waste heat from future energy conversion systems 
(e.g., concentrator photovoltaic or photothermal energy con-
version systems) that could be effectively integrated with water 
purification, especially for point-of-use applications.108,110,111

Figure 8.  Schematic views of proposed nanochannels that might be introduced into emerging membranes for water purification, enabling unprecedented 
degrees of selectivity in these separation technologies. Key compositional, structural, and topological (interfacial) features that provide exceptional selectivity are 
achieved by molecular-scale control of the size and internal pore chemistry and electrostatics of these channels, with diameters typically well below 10 nm. 
Reproduced from Ref. 85, Werber et al. Nature Reviews Materials, 2016, by permission.
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One particularly intriguing example is the recent demon-
stration of the use of MD for water purification on parts of the 
Navajo Tribal Lands in Arizona.112 Nearly 40% of the people in 
this region lack easy access to potable water. MD purification of 
brackish ground water sources in remote locations, which may 
not be tied to electrical grids, appears to be a particularly 
important first demonstration of the integration of renewable 
energy conversion systems and water purification.

Bioreactors and scalable biological systems

There are concerns that some of the proposed technological 
solutions to provide fit-for-purpose water may be too energy 
intensive for many large-scale 24/7 water treatments. Intrigu-
ing alternative routes to food or biofuels involve the growth of 
micro-algae in contaminated water sources in either closed bio-
reactors (ABRs) or in open ponds.113–117 Micro-algae can be 
grown in less than optimal secondary eff luent, or brackish 
waters. Depending upon the strain of algae used and the types of 
contaminants to be removed, ABRs can be used for the creation 
of high-grade fuels (high lipid content products that can be con-
verted to energy-dense fuels),113–117 or high carotene content 
products that can be used as food for fish or shrimp. There is 
also increasing evidence that certain algae strains can be used 
to effectively sequester and/or degrade micropollutants, heavy 
metals, and anions/cations of concern from agricultural run-
off.117,118 Urban wastewaters and agricultural runoff are par-
ticularly appealing for use in low-cost, easily scaled ABRs. The 
ability of micro-algae to remove “micropollutants” (small 
molecules with molecular weights below 300 gr/mole, not easily 
removed by osmosis or filtration/sedimentation), and to sequester 
heavy metals, is an increasingly attractive attribute for these 
biological systems. They are potentially self-perpetuating 
and have low energy costs to achieve reasonable levels of 
water purity.115

Advanced water treatment (AOPs)

Traditional water purification technologies, and even some 
of the more advanced membrane separation technologies, may 
not fully remove micropollutants to levels that are acceptable 
for human consumption or for use in industrial and agricultural 
processes that require high water purities.119–124 Micropollutants 
include low molecular weight, low polarity pharmaceuticals, 
personal care products, industrial compounds, pesticides, hor-
mones, and low molecular weight surfactants used in energy 
extraction. Their identities and concentrations vary substan-
tially depending upon the water source. Several different AOPs 
have been developed over the last 20 years using extremely 
oxidizing reactants and are designed to degrade both residual 
pathogenic microorganisms and micropollutants.70,119–126 The 
desired outcome is degradation of the contaminant to a product 
which can be easily removed, and for which there are no health 
consequences. The less desired outcome, which may arise as 
new chemically stable micropollutants emerge in our water 
systems, is the difficult-to-remove degradation products, which 
have risks to health and safety, are created.119,122,127,128

AOPs typically involve generation of the strongest possible 
oxidizing conditions and use combinations of hydrogen perox-
ide (H2O2), ozone (O3), and ultraviolet (e.g., 254 nm) illumi-
nation (UV), to generate hydroxyl radicals (OH˙). Hydroxyl 
radicals easily cleave the most labile bonds in most small mole-
cules and ideally degrade these molecules to smaller, and hope-
fully benign, molecular fragments.119,126–128 The mechanisms for 
small molecule degradation are complex second-order chemi-
cal reactions (first order in OH˙, short-lived, and first order in 
the target molecule and degradation products). High concen-
trations of OH˙ must be sustained. The intermediate degradation 
products must remain near the oxidizing environment, which 
can be challenging to achieve. Ozone has limited water solubility 
and there are significant limitations in getting sufficient fluence 
of UV illumination into large-scale water flows; thereby further 
limiting the efficiency of the multistep reactions required for 
micropollutant degradation to a benign product.

Recent studies have selected key “surrogates” for a wide 
array of micropollutants and quantitatively evaluated the extent 
of their degradation through a variety of advanced treatment 
processes.119,122 For example, Lee et al.119 evaluated the extent 
and energy consumption required for micropollutant abate-
ment, using combinations of O3, H2O2, and UV illumination 
with encouraging results (Fig. 9). Energy consumption required 
to achieve between 80 and 100% degradation of low concen-
trations of these small molecules appear to be in the range 
0.1–0.2 kW h/m3, i.e., approximately a factor of 10× lower than 
for SWRO, but only slightly lower than RO energy consumption 
for water sources with lower total dissolved solids.129

Figure 9.  Estimates of micropollutant abatement, energy consumption 
(kW h/m3) to achieve that abatement, for complementary approaches using 
combinations of (i) low pressure UV illumination and H2O2; (ii) ozone (O3) 
and H2O2; (iii) O3 followed by UV illumination; and (iv) O3/H2O2 followed by 
UV/H2O2 treatment, for 5 typical micropollutants of possible concern in 
municipal effluent [diclofenac, carbamazepine, atrazine, primidone, and 
N-nitrosodimethylamine (NDMA)]. Possible issues with bromate formation  
or lack of control of NDMA are also shown in the comments. A total of 16 
micropollutants were examined with comparable results for abatement, in  
10 different secondary wastewater effluents. Reprinted from Ref. 119, Lee 
et al. Environ. Sci. Technol., 2016 American Chemical Society by permission.
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There are real opportunities to simultaneously improve the 
efficacy of AOPs and their energy efficiency. Electrochemical or 
photoelectrochemical processes can involve suspended photo-
active metal oxide particles [e.g., TiO2—Fig. 10(a)] or mono-
lithic high surface area photoactive metal oxide electrodes 
[e.g., Figure 10(b)].130–133 Illumination of a metal oxide “anode” 
with blue/UV light (with energy above the oxide band gap 
energy) leads to formation of spatially separated electrical 
charges (holes and electrons). Hole capture can lead to OH˙ (or 
other strongly oxidizing species), whereas electron capture can 
lead to O2 reduction to form super oxide radicals (O2

−˙). Either 
these reactive species, or their coupled products, can then assist 
in the degradation of micropollutants.133,134

We note that the formation of OH˙ arises in electrochemical 
reaction pathways on the way to solar-assisted water splitting to 
form O2.131 When the goal is to create O2 from H2O, OH˙ is an 
expected (often adsorbed) intermediate but not the desired 
final product. In AOPs, adsorbed OH˙ is known to have the 
highest oxidative reactivity. Its effective concentration can be 
controlled by composition and energetics at the oxide/water 
interface.131,135 It is conceivable that some of the most effective 
photoactive AOP catalysts, driving oxidation of micropollut-
ants, will come from hybrid material sets previously explored in 
solar-assisted water splitting processes. Small adjustments to 
composition may yield large changes in both dark and photocat-
alytic oxidation chemistries.128,136,137

Sorption as an alternative to membrane-based or 
AOP-based water treatment

An alternative approach to advanced water treatment is sorp-
tion on high surface area activated carbon (or activated bio-
char) and related biomimetic dispersions of materials with high 
affinities for heavy metals and/or small molecules (emerging 

contaminants) and degradation products from AOPs that are 
not fully degraded to benign states.138–141 Production of acti-
vated carbon sources, with high surface area, can be quite 
energy intensive at scale, but the sorptive properties of these 
materials are compelling. Surface functional groups introduced 
as a result of activation have high affinity for heavy metals, and 
organic contaminants like those discussed above are retained by 
a combination of pore-filling, partitioning, and electrostatic 
and dispersive force interactions, with extremely good removal 
efficiencies for these contaminants. As with any sorption pro-
cess, however, including sorption processes for water stored 
and treated in aquifers, sorption capacity is determined by the 
surface area of the activated carbon source, and saturation can 
be quickly reached, especially with extremely contaminated 
water sources. Reactivation of the high surface carbon source is 
possible, but energy intensive. Cheaper precursors to activated 
carbon, e.g., bio-chars are being explored, and may be the pre-
ferred approach to creation of potable water in certain regions.138

Sensor networks, smart (big) data, and system 
controls

Energy production, manufacturing, mining, and agricultural 
processes which attempt to reuse water have relatively straight-
forward sensing and system control problems to solve.142–144 
The contaminants to be removed before reuse are typically well 
characterized. Their concentrations typically vary temporally 
or geographically in predictable ways. Specific sensors with the 
requisite sensitivity, selectivity, and reliability can be integrated 
into a control network that can optimize both the process in 
question and the decision making needed to sustain that pro-
cess for long periods.

Centralized water distribution systems that deal with only a few, 
predictable water sources have also implemented continuous 

Figure 10.  (a) Schematic views of pathways for photogeneration of reactive oxygen species, including OH˙, at the surface of a high band gap metal oxide 
catalyst, targeted for degradation of micropollutants. Following photoinduced charge separation, both oxidation and reduction can occur at the photocatalyst 
to generate OH˙ and related reactive species, to attack the most labile bonds in small molecule pollutants, ideally degrading them to environmentally benign 
products; (b) A schematic view of one of several proposed photocatalytic platforms; this one is based on bifacial thin film oxides, illuminated on one side, capable 
of generating highly reactive (oxidizing) species on both faces of the monolith. Source: Figure a is reprinted from Ref. 130 (Nosaka et al., Chemical Reviews 
2017, American Chemical Society by permission). Figure b is from Ref. 136 (ACS Appl. Mater. Interfaces, 2015, American Chemical Society by permission).
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monitoring processes and data management. This affords deliv-
ery of reliable water supplies to large urban and rural popula-
tions.144 Quite often, these centralized water treatment facilities 
have instituted both in-line sensing for specific contaminants 
and routine laboratory analyses that use combinations of chro-
matography, mass spectrometry, and atomic spectroscopies to 
quantify contaminant levels for both source and product waters 
where temporal fluctuations are of lesser significance.

When widely varied water sources must be reused and puri-
fied significantly, greater challenges may arise in both sensing 
contaminants and in forming integrated sensor networks. 
These challenges are linked to decision-making and water use 
policy.145,146 A multitude of inexpensive lab-on-chip sensing 
platforms have been developed and targeted to specific analytes 
using quite selective and sensitive transducer layers142; how-
ever, there are relatively few examples where such sensors have 
been integrated into widely dispersed networks which are capa-
ble of round-the-clock monitoring of contaminants which range 
from disease-causing microorganisms, heavy metals, surfactants 
from energy extraction, to small molecule contaminants that 
may be found in urban and agricultural water sources.123,124 
Sensor platforms in these complex water systems will need to 
provide for selective detection of perhaps 10–25 contaminants 
simultaneously and will need to be designed to resist fouling 
which leads to loss of both sensitivity and selective responses. 
They will also need to be networked (e.g., RF or optical telecom-
munications) into data centers capable of analyzing and curat-
ing data from >103 to 104 sensors simultaneously.142,143,146 That 
data needs to be presented in formats that provide for ease of 
decision making and crisis management.146 Such networks will 
be part of the push to form “precision communities.” Public 
services, now provided in various hybrids of analog and digital 
data and controls, are predicted to be parts of feedback loops 
which automatically optimize energy and water availability and 
consumption.68

Policy/public acceptance
Public perceptions of the quality and availability of water 

being produced from these disparate sources will be critical to 
the adoption of new water management, reuse, and purification 
strategies. New technologies may be developed that produce 
high purity water for human consumption with more than 
adequate sensing technologies and networks. If these devel-
opments are not accompanied by new understandings of how 
public perception of water quality and reliability are formed, 
they may not be adopted at all.4,146,147

There have been significant studies of risk perception in 
water supplies, especially for urban consumption.68,147 In some 
communities, such as Singapore, which has no reliable clean 
water source, considerable progress has been made both practi-
cally and theoretically in providing clean water from municipal 
waste and in creating public confidence in that “NEWater” 
source.148 In the near future, an equal effort is likely to be needed 
on a massive scale in a number of other developed or developing 
societies, including the United States. Understanding and 

affecting public perception of reused/purified water will need 
to be tightly coupled to basic and applied research in water 
treatment, storage, and fit-for-purpose purification.

Regional test beds
The outcomes of several of the recent NSF- and DOE-sponsored 

workshops have consistently pointed out the need for regional 
test beds where new water purification and energy conversion/
storage technologies and unit operations could be tested in an 
integrated fashion, in some cases, coupled to food production.1 
An example of such a test bed is the Water, Energy, and Sustain-
able Technology (WEST) Center at the University of Arizona 
(http://west.arizona.edu/). WEST arose from an unusual part-
nership between UA, Pima County, and the City of Tucson 
Waste Water Treatment and Research Facilities. WEST provides 
an open environment where new water purification technolo-
gies are compared, both with regard to degree of water purity 
produced and with respect to energy consumption required to 
achieve a desired purity. Water purification occurs with f low 
volumes that make it possible to evaluate technologies operat-
ing at scales that can be extrapolated to facilities that need to 
operate at massive scales.

CEA platforms as described above provide another straight-
forward means to control energy creation and energy con-
sumption,149–153 water reuse and purification, and quantitative 
assessments of crop yield and food purity and quality, and several 
examples are appearing world-wide which successfully integrate 
these new modalities.34,150,154

A large step above conventional greenhouse agriculture, 
entities such as Biosphere 2, near Tucson, Arizona (Fig. 11) are 
of interest as mesoscale test beds. Biosphere 2 was originally 
created to determine whether human life could be sustained for 
up to two years in an otherwise sealed environment.155 All of the 
energy, water, and food requirements for several humans were 
provided, either grown inside the large sealed environment 
with several different microclimates, or through the use of con-
joined and quantifiable energy and water sources. The scientific 
mission for Biosphere 2 would likely be approached differently 
today, but it has become clear that entities like Biosphere 2 have 
the potential to address some of the big questions summarized 
in this article. Biosphere 2 has all the complexities of large 
human habitats, sized and isolated enough to allow for optimi-
zation of energy, water, and environmental variables that would 
otherwise be impossible to control.

The most prominent recent example of what can be done in 
experimental environment of this type is the NSF-funded Land-
scape Evolution Observatory (LEO).156–158 Inside a portion of 
the Biosphere environment, three identical sloped landscapes 
have been created (30-m length, 11-m width, 1 m depth) filled 
with 500 metric tons of pristine proto-soil (crushed basalt), sub-
jected to “weather-like” events over a period of up to 10 years. 
Approximately 1800 embedded sensors provide round-the-clock 
monitoring of water chemistry, carbon levels, and energy cycling 
processes. The physical and chemical evolution of the land-
scape is monitored at submeter to mesoscopic length scales, as 
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the landscape evolves and plant life is introduced. We can easily 
imagine the extrapolation of projects such as this to quantify 
the exact energies needed to sustain fit-for-purpose water and 
human-consumable plant and animal life at scales that matter.

Summary and conclusions
Accommodating up to 11 billion people on this planet by 

mid-century will be critically dependent upon our ability to miti-
gate climate variability and the energy/water stress that has arisen 
from increased energy use, especially from water-intensive 
energy sources. We must understand the origins of water stress 
and the links between energy production and use, food produc-
tion and consumption, and pathways to create fit-for-purpose 
water with distributed, energy-efficient technologies. To do this 
nationally and globally will require the integration of science 
and technology, public acceptance, and policy/decision mak-
ing, on a scale that we have yet to collectively achieve. After con-
sideration of the features of the Energy/Water/Food nexus 
summarized above the anticipated 2040–2050 U.S. energy 
usage summarized in Fig. 2 (and by inference global energy use) 
may be underestimated. Given the energy consumption currently 
needed to produce “clean” water from suboptimal sources, and 
given that suboptimal water sources are going to be (or already 
are) a primary source of water for a large segment of the U.S. 
(and world) populations, we may collectively need even more 
energy by mid-century than initially projected. This will certainly 
exacerbate the water stress already present in the production 
and use of that energy.

Thus, there will be clear advantages to enhanced conserva-
tion measures (our first line of attack) and in developing and 
adopting only the most energy-efficient means to create suita-
ble water sources. These are likely to be the desired policy direc-
tion which are economically most sound and are likely to lead to 
enhanced security of our energy, water, and food sources. As has 

been the case for the development of low-carbon-footprint energy 
conversion technologies, extraordinary levels of innovation will 
be required. This level of innovation, no matter where in the 
world it originates, will yield new avenues for economic devel-
opment and resilient communities.
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