
Overview

Water, food, and energy security:
scrambling for resources or
solutions?
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Anthropogenic-induced climate changes and population growth projected by
2050, combined with global economic growth driven by emerging markets, suggest
that greater stress will be placed on water, food, and energy resources in the
future. These resources are interdependent and are linked in a complex global
network of trade. As pressures on the three resources grow, three-way interactions
arise so that a solution to address scarcity in one cannot be achieved without
impact on the others. The water security, food security, and energy security
trilemma creates a multidimensional web that is a structurally complex network
with dynamic links among resources that vary in both weight and direction.
Because structure affects function, characterizing the network anatomy that
links the resources in three-way interactions is helpful when setting goals to
meet resource security. We argue that water plays a central role in shaping
interactions and that the main scarcity issues occur with trade-offs between
thermoelectric power generation and agriculture, between hydroelectric power
generation and agriculture, and between biofuel production and food production.
Three illustrations—the Apalachicola–Chattahoochee–Flint River Basin in the
southeastern United States, the island nation of Sri Lanka, and Brazil—capture the
main three-way interactions that we have identified. Although the problems that
strew the path to global sustainability are massive, we suggest alternatives along
both technological and nontechnological paths to meet future needs. © 2013 Wiley
Periodicals, Inc.
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INTRODUCTION

There has been much noise made in recent years
about water security, food security, and energy

security. These terms do not carry precise definitions
and, in fact, often mean different things to different
people. Water security carries connotations of an
adequate supply of clean fresh water to support
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humans, including an assessment of the risks of
failure.1 Recent work on securing resources has
shown the value in successfully integrating cultural,
political, and behavioral norms with technological
and physical solutions,2 but there is no commonly
accepted definition.3 Food security, in the context of
global policy issues, is defined as ‘a situation that
exists when all people at all times have physical,
social, and economic access to sufficient, safe, and
nutritious food to meet dietary needs and food
preferences for an active and healthy life.4 Energy
security is perhaps the most complicated idea of
the three. Broadly speaking, energy security refers
to the ideal of providing adequate and affordable
energy to human populations. Climate change adds
an element of uncertainty to energy security; failure
to account for the environment has the potential to
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result in large economic and social costs,5 as well
as environmental costs. Thus, the details of how to
characterize energy security are far from trivial.6 With
the global population expected to reach 9 billion by
the middle of this century, it has become obvious that
the interdependencies among water, food, and energy
must be considered when assessing security issues.

Recent increases in demand for water, food, and
energy highlight the complex network threading these
resources together and expose resource insecurities. In
exploring water–food–energy networks it is important
to capture the dynamics of the resources and how
each of the resources links to the others. Two-way
interactions between resources are well established
and intuitive. Water is withdrawn and consumed
throughout the life cycle of most primary and
secondary energy sources.7,8 Energy is consumed
for acquisition, distribution, and end-use of water
resources.9,10 Water in streams and in groundwater
aquifers (blue water) and rainfall that sustains crops
and terrestrial ecosystems (green water) are vital in
sustaining agricultural yields. Energy is a fundamental
input for increasing crop yields and maintaining food
security.11,12 These two-way interactions help us to
understand the links between resources, but they do
not explain how the resources interact to affect the
security of resources. For instance, water security
is influenced both by its two-way interactions with
energy and its two-way interactions with food.

The water security, food security, and energy
security trilemma creates a multidimensional web
that is a structurally complex network with dynamic
links among resources that vary in both weight and
direction. Anthropogenic-induced climate changes
and population growth projected by 2050, combined
with global economic growth driven by emerging
markets,13 suggest that greater stress will be placed on
water, food, and energy resources. Equally important,
but often overlooked, political opposition and social,
behavioral, and cultural norms can limit access to
resources, playing an important role in securing
resources. The dynamic links are influenced by
external factors, such as stressors (e.g., growth)
and limiters (e.g., norms, spatial and temporal
distribution).

In times when resources are abundant and
reliable (i.e., secure), the interrelationships (i.e.,
links) among water, food, and energy are defined
clearly. The three-way interactions among resources
are often overlooked; two-way interactions appear
to be independent of the third resource because
the third resource does not directly influence the
function of the network. As resources encounter
stressors and limiters, the links between them become

intertwined—affecting function—and it becomes
obvious that all three resources are codependent
(Figure 1). Because structure affects function,14

characterizing the network anatomy that links water,
food, and energy three-way interactions is helpful
when setting goals to meet resource security.

In this article, we explore three-way interactions
that affect water security, food security, and energy
security. Two-way interactions are important, and we
do not dismiss their place in resource management,
but in our article we focus on three primary ways
of water–food–energy interactions: water security
for public supply and its competition with the
agricultural and thermoelectric sectors; food security
and its competition for water with the hydroelectric
sector; and achieving energy security through the
development of biofuels and its competition for water
and land with food resources. We acknowledge that
there are many other interactions that influence water,
food, and energy security, but we are most interested
in exploring water’s role in the intersection among
these three resources and understanding the trade-offs
involved in meeting water, food, and energy security
goals. Therefore, we begin this overview by framing
water, food, and energy security in the context of the
complex network that links the resources together. We
then explore water’s role in the network; three case
studies are used to help illustrate this theme. Finally,
we conclude the article with opportunities to manage
better water, food, and energy resources.

RESOURCE SECURITY AND NETWORK
FUNCTION

Water Security
Water security (Figure 1(a)) has two components—
quantity and quality—both influencing its interactions
with food (Figure 1(b) and (c)) and energy (Figure 1(h)
and (i)). Water is needed for a variety of human
and ecosystem purposes, including growing food
crops and producing energy. Estimates of blue water
withdrawals and consumption, although fraught
with uncertainty because of a paucity of available
measurements, indicate that large quantities of water
are required for energy and for agriculture15–18

(Table 1). Globally, about 70% of freshwater
withdrawals are used for agriculture13,19 and almost
10% are used for energy13; water consumption by
irrigation is one third of all blue water withdrawn
globally.20

Demand for water from both sectors is expected
to increase with population and economic growth.
Urban environments are home to more than half of
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FIGURE 1 | Water–food–energy interactions: (a) water resources, (b) water contamination from agricultural residue runoff, (c) blue and green
water for irrigation, (d) food resources, (e) energy for fertilizers, pesticides, and farming equipment and machines, (f) agricultural land and resources
for biofuels, (g) energy resources, (h) water for fuel cycle, electricity generation, and inland transportation of energy, (i) energy for acquisition,
conveyance, treatment, and end-use of water, and water contamination from energy, (j) competition-driven interrelationships, trade-offs, and
insecurities among (a) water, (d) food, and (g) energy. In times when resources are abundant and reliable (i.e., secure), the links among water, food,
and energy are defined clearly. The three-way interactions among resources are often overlooked; two-way interactions [e.g., (h) water for energy]
appear to be independent of the third resource because the third resource does not directly influence the function of the network. As resources
encounter stressors (e.g., economic growth, population growth, weather, and climate) and limiters (e.g., political opposition; social, behavioral, and
cultural norms; and spatial and temporal distribution), the links between them become intertwined and it becomes obvious that all three resources
are codependent (j).

TABLE 1 Global Blue Water Use (km3/year) for Energy and for
Agriculture

Water for Energy Water for Agriculture

Blue Water

Use

Thermo-

electric

Hydro-

power Biofuels Food Crops
Withdrawal 5681 — 442 29003

Consumption 251 501 162 12003

Water use for energy sector activities not shown are much smaller in
magnitude than those included.
1Median values reported.18 Refer to notes b and c for nuances associated
with water requirements for thermoelectric power and hydropower.
2Consumption was calculated assuming the same fractional value as that
reported for all irrigated agriculture. Although direct use of biomass dwarfs
biofuels16 and water consumption is correspondingly large, we assume that
biomass for burning is not irrigated and therefore is not part of a blue water
accounting. Data from Ref 16.
3Data from Ref 17.

the world’s population, and this fraction is likely
to grow.13 Industrialization and urbanization are
likely to change resource demand patterns. In the
United States, for instance, agricultural withdrawals
(∼35%) rank second to the thermoelectric sector

(∼50%), and the public sector accounts for over
10% of withdrawals.21 Urbanization can increase
domestic water withdrawals and consumption, as well
as wastewater, even with efficiency gains.

Food and energy resources affect the quality of
water resources, and the quality of water resources
affect food and energy production. Fertilizer and
biocide residues in runoff from agricultural fields can
cause hypoxia and contaminate surface water and
groundwater, respectively;22 feedlot runoff increases
microbiological risks.23 Poor cropland management
can result in high soil erosion rates, leading to
sedimentation and high turbidity in surface waters.24

Drilling for oil and gas wells produces contaminated
groundwater if not treated properly, and coal mining
can lead to acid drainage if not managed properly.
Thermoelectric plants can, during low flows, ther-
mally pollute rivers.25 Water quality also affects the
quality of food and the efficiency of energy produc-
tion. Furthermore, water contaminated with organic
and inorganic trace elements may require treatment
prior to use, and this treatment requires energy.
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Food Security
Global food resources are highly dependent on water
and energy inputs (Figure 1(c)–(e)). Irrigation, fertil-
izers, and biocides, powered mechanical farm equip-
ment, land-crop intensification, improved germplasm
and genetically modified organisms, and landless live-
stock farming all have contributed to increased yields
over the past three centuries.26,27 Intensification of
crop and livestock production has spared expansion
of agricultural land, but ecosystems are affected from
the concentrated outputs from food systems (i.e., non-
point pollution).27 Thus, there is a an additional
feedback relating water, food, and energy: blue and
green water are needed to maintain crop and livestock
production, and fertilizer, biocide, sediment, and col-
iform residues from crop and livestock production
detrimentally impact water quality, thus necessitating
additional energy to treat the water.

As a result of increased growth in population,
income, and urbanization, food demand is projected
to double in the next 50 years. In emerging markets
diets and the overall quality of life will change with
affluence.13 Food waste is a serious concern and,
unfortunately, is most prevalent on a per capita basis
in developed countries.28 As wealth increases, diets
will diversify and demand will increase for processed
food, meat, and dairy. Over the past three decades,
consumption patterns in Asia have moved away from
cereals and toward animal protein.29 Diversifying
food portfolios to incorporate more livestock and
less cereal is both water and energy intensive.30 For
example, between the 1960s and early 2000s, China’s
per capita water requirement for food production
increased by a factor of 3.4 as a result of increased
meat consumption.31 Globally, the agricultural sector
accounts for 22% of greenhouse gas emissions, and
nearly 80% of these emissions are attributed to
livestock production.26 Growth in food demand,
combined with stress from anthropogenic climate
change, will intensify competition for both water and
energy resources.

Energy Security
As developed countries work to maintain energy
security, but shift toward a low-carbon energy future,
demand for biofuels is growing.32 Mandates in the
United States (US) and European Union (EU) have
driven production of biofuels.33 The EU Biofuels
Directive requires member countries to realize a
10% share by biofuels in the liquid fuels market
by 2020, and the US Renewable Fuel Standard calls
for production of 26 billion gallons of biofuels by
2022, with 21 billion gallons from second-generation

(cellulosic) processes.a Despite the mandates and the
increased production of biofuels over the past decade,
the generally accepted view is that biofuels may have
a limited place in the world, and that care needs to be
taken to avoid impacts on water and food.32,34 Thus,
the use of biofuels to achieve energy security lends
itself to a three-way interaction among energy, food,
and water (Figure 1(f)–(h)).

The importance of biofuels for energy security
and for reducing emissions of greenhouse gasses
has been debated.32,35,36 In theory, biofuels can
be produced with lower life cycle greenhouse gas
emissions than fossil fuels and with little competition
to food production,37 but the current generation of
biofuels requires significant land, water, and energy
resources22,32 and can even result in large carbon
debts.36 In a global context, there is reason to question
whether growth in the biofuels market can occur
without resulting in food shortages over the next
several decades.38 Although land resources may also
become scarce in the future,39 the main way that
stress manifests itself in the current energy security
discussion is through water.40

The water footprint of transportation could
increase by a factor of 10 by 2030.41 Biofuel impacts
on water resources include both quantity and quality
of water.22,42 Energy is needed to pump groundwater
and power large-scale irrigation systems, and water
is needed to produce the energy for these processes.
Fertilizers increase the productivity of plants used for
biofuels, but fertilizers are energy intensive and can
contaminate groundwater and surface water.39,43,44

Thus, the requirements of water for biofuels may
add significantly to the already vexed issue of
providing food for a growing global population while
maintaining water of adequate quantity and quality
to preserve ecosystem services.45 The impacts of
land conversion must also be weighed, in terms of
greenhouse gas emissions as well as displacement of
arable land away from food production.46,47

WATER’S ROLE IN THREE-WAY
INTERACTIONS
We argue that water scarcity typically is the proximate
cause of competition in the water–food–energy
security arena. Increasing nonagricultural demands
on water, growing food demands, changing food
preferences, and demands for biofuels all place
increasing pressure on water resources.12

Economic policy makers have acknowledged
that water resources, and adequate management of
these resources, play a vital role in national economies
but are largely unaccounted for in planning.48
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FIGURE 2 | Water withdrawals51 (y-axis) by demand-side sector (x-axis) for each of the rivers in the Apalachicola–Chattahoochee–Flint (ACF)
River Basin. Colors correspond to the rivers in the basin; that is, blue circles represent Apalachicola River withdrawals, red circles represent
Chattahoochee River withdrawals, and green circles represent Flint River withdrawals. Circle sizes correspond to the percent demand each sector
withdrawals within its corresponding river compared to the total demand of all sectors within the corresponding river. Public supply and
thermoelectric withdrawals are the dominating sectors in the Chattahoochee River. The Apalachicola primarily supports thermoelectric power and the
Flint River Basin primarily supports the agricultural economy in Georgia.

Underpinning all aspects of development, water links
together food and energy and is central to green
growth, sustainable economies, and reliable resource
supply. As noted by UNECSO,49 ‘it is the only medium
that links sectors and through which major global
crises can be jointly addressed’. We use three case
studies to explore water security, food security, and
energy security three-way interactions and show how
water drives the interrelationship among the three
resources.

Apalachicola–Chattahoochee–Flint (ACF)
River Basin
The ACF River Basin is located in the southeastern
United States. The Chattahoochee River begins in
northeastern Georgia and is impounded by dams
operated by the US Army Corps of Engineers. One
of the important upstream reservoirs, Lake Sidney
Lanier, provides flood control and recreation, as well
as residential and commercial water for Atlanta’s
metropolitan area. The upstream demands often limit
downstream flow and, concomitantly, thermoelectric
powerb and hydropower generation (Figure 2). The
Flint River Basin primarily supports the agricultural
economy in Georgia. The Chattahoochee and Flint
rivers meet and flow into Florida’s Apalachicola River
and Bay, where the preservation of reliable flow
is critical for navigational purposes and ecological
services. The Apalachicola Bay is home to one of
the world’s most biodiverse conservation sites and
supports a multibillion-dollar fishing industry.52

The ACF River Basin experienced positive
population growth from 2000 to 2010. The Atlanta-
Sandy Springs-Marietta metropolitan area population
increased by more than 90,000 from 2010 to
2011—the seventh largest increase in population in
the United States.53 As a result of this urban growth,
the portfolio of freshwater withdrawal has changed
over the past three decades. In 2005, public supply
withdrawals from the ACF River Basin accounted
for more than 30% of total withdrawals; in 1970,
public supply withdrawals were less than 10%, which
is comparable to the national proportion of public
supply freshwater withdrawals over the past 35 years
(Figure 3). Although public supply withdrawals are
returned to the system and available for other uses,
discharge is treated (requiring energy) before it is
released back into surface water systems. Wastewater
discharge increased by more than 80% between 1990
and 2005, primarily as a result of urban growth within
the ACF and extensions of service outside the basin.51

In addition to significant urbanization in the
past three decades, the river basin has experienced
numerous multiyear droughts,54 and drought-related
stresses are projected to become more severe over
the next century. The National Climate Assessment
and Development Advisory Committee55 identified
the southeast as a region ‘exceptionally vulnerable’
to climate variability and change. Drought events
intensify water scarcity, and this stress increases the
strength of the links among water resources and
food and energy resources, transforming traditionally
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FIGURE 3 | Changing freshwater withdrawal (surface water and
groundwater) demand patterns from (a) 1970 to (b) 2005. The outer
circles show freshwater withdrawal21 percentages by sector for the
United States. The inner circles show freshwater withdrawal51

percentages by sector for the Apalachicola–Chattahoochee–Flint (ACF)
River Basin. In 2005, total withdrawals in the United States increased by
approximately 10% 1970 values, and total withdrawals in the ACF River
Basin increased by approximately 35% 1970 values.

two-way interactions into three-way interactions. In
years when rainfall is plentiful, there is likely to
be enough water to satisfy demands placed by the
urban population, the food and energy sectors, and
ecosystem services. In drought years, however, choices
must be made. Downstream users need adequate water
in-stream, but upstream users withdraw and consume
water for their needs. When this spatial dimension of
water is juxtaposed with the temporal component of
supply and demand, management of water resources
gets complicated. The agricultural sector is most likely
to irrigate crops during the summer months, the same
time that Apalachicola Bay oysters are in need of
fresh water56 and thermoelectric and hydroelectric
plants are running at full production to satisfy the
demand for air conditioning. Droughts in the ACF
cause competition for water, but only a regional stress
on water resources that also affects only regional
food and energy production; there are no substantial
implications for communities outside the basin. In
fact, as a result of the global market that operates
for a developed country, regional food security is not
affected very much by drought in the ACF.

Conventional management of the ACF River
Basin has focused on infrastructure solutions to
increase supply of water resources. This approach
often fails to gain widespread acceptance. Stake-
holders most worried about the environment are
not often involved in decision-making meetings56

and involving them in the future may be politically
infeasible if there is a preexisting political conflict.

This not only causes distrust among competitive water
users but also overlooks the strong link between
ecosystem services and economic vitality.57–59

Feldman56 suggests taking actions that are reversible
and experimental in nature so that the parties
involved can learn from mistakes and incrementally
improve policy. Because tensions have escalated
in the ACF during drought conditions, another
challenge is to define specific plans to account for
time-variable conditions, but at present, few water
agreements include clauses for temporal changes in
flow, intensifying conflicts during drought events.60

One part of a path to determining the extent of stress
on water during drought in the future will be choices
about how electricity is supplied to the ACF.61,62

Overall, an integrated water-energy management
approach that involves a range of stakeholders is
recognized as necessary to resolve water disputes in
the ACF.54,63

Sri Lanka
The current picture of Sri Lanka—a nation that
is heavily reliant on agriculture to self-sufficiently
maintain food security but which is rapidly developing
and expanding its urban infrastructure—is not
uncommon within the region or among developing
nations throughout the world. Sri Lanka is a tropical
island nation of some 66,000 km2 with plentiful water
availability on average; the mean annual rainfall of
almost 2000 mm is unevenly spatially distributed, with
a large ‘dry zone’ covering much of the arable land
of the country. Sri Lanka’s population has increased
modestly and is expected to continue to increase at
about a 1% growth rate per year for the next few
decades.64,65

Agricultural production is a heavily prioritized
sector in Sri Lanka, with national self-sufficiency
in rice production a food security goal and with
a strong cultural connection to paddy farming.
Agriculture accounts for only about 15% of total
GDP, yet it covers about 40% of total land area
and incorporates more than 25% of the labor
force.66 Rice production has increased dramatically
over the past several decades, in large part owing
to a government resettlement program that opens
land to paddy farmers in the dry zone through
provision of irrigation water. This resettlement effort
continues under a plan to develop urban centers in
the Southern, Eastern, North Central, and Northern
provinces that will expand access to electricity and
piped water to a population that is projected to
reach 25 million by 2030.67 Historically, more
than 90% of Sri Lanka’s electricity was produced
through hydropower, but this percentage dropped
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FIGURE 4 | Electricity generation in Sri Lanka. Hydropower supplied over 90% of the total in the early 1990s but supplies only about 40%
currently.64,69

to about 45% in 2010.64 Total hydropower output
has increased only gradually since 1990, because
new sites for development are now limited.68 In
1990, hydroelectric power plants supplied about 3100
gigawatt hours (GWh) to the national grid and there
was a tiny amount of electricity generated by oil-fueled
thermal power plants; in 2007, hydropower supplied
3950 GWh and thermal plants supplied 5900 GWh.68

The increased reliance on thermal power generation
notwithstanding, hydropower still represents a very
important source of electricity (Figure 4).

The process of making decisions about alloca-
tion of water between irrigation and hydropowerc,70

in Sri Lanka is complex; allocation of water takes
into account seasonal precipitation projections and
includes a wide range of stakeholders. Traditionally,
irrigation–hydroelectricity trade-offs are a matter of
timing; that is, the conflict is more about setting the
discharge schedule so that it either meets peak elec-
tricity demand or peak agricultural demand. In Sri
Lanka, however, the decision has a strong spatiotem-
poral component because both systems are gravity
dependent. The reservoirs and their releases are set at
a high elevation. The potential energy of water can
be either used to divert water into a canal for water-
intensive flood irrigation that produces twice as much
output in the north than in the east or to maintain
the natural flow of water, producing twice as much
hydroelectricity in the east than in the north. There-
fore, even in years when rainfall is plentiful, there
is an uncertainty component that results from the
spatial and temporal distribution of water. The cor-
relation between rainfall and both paddy production
and hydropower generation for the country suggests
that trade-offs are currently being made (Figure 5).

Current drought events have highlighted Sri
Lanka’s water vulnerabilities and the trade-offs
present in managing its water resources. Countries
suffering from water scarcity often import water-
intensive goods so that they can focus their limited
resources on those that will result in a net benefit or a
comparative advantage in production. This concept of
water embedded in products, including its application
to food and crops, is referred to as virtual water.71–73

Sri Lanka endured back-to-back drier than normal
monsoon seasons in the late 1990s. As a result, the
country rose to the top of the global virtual water
importers during those years,74 allowing them to
secure their people with food. Research looking at the
role of virtual water to achieve food security and other
national goals suggests that focusing on virtual water
alone will not be sufficient in determining optimal
policies.75,76 In the short term, it is recognized that
the globalization of virtual water prevents conflicts
and increases food security.74,77

In the future, government policies supporting
domestic rice production and a strong historic and
cultural attachment to paddy irrigation suggest that
the agricultural sector is likely to be preferred.
Nevertheless, the government’s current emphasis on
economic growth hints that priorities may change.
Addressing problems of agricultural water shortage
is already a consideration in Sri Lanka as farmers
have adapted to drought. A variety of measures have
proved to be at least partially successful, including
using drought tolerant crops, adopting new irrigation
technologies, and engaging in collective activities
to minimize extreme impacts to individuals.78,79

Additional actions will be required in the future,
however.
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FIGURE 5 | Trade-off frontiers between hydropower and irrigation. The annual rainfall at Kothmale Dam,64 a large reservoir at the headwaters of
the Mahaweli system, is used as a proxy for water availability in the system; annual rainfall is plotted as red circles and labeled. The blue curves are
stylized trade-off frontiers for annual rainfall of 100, 150, 200, 250, and 300 cm. For high rainfall (e.g., 300 cm), the hypothesis is that there is enough
water that high levels of both paddy production and hydropower are possible—there is little trade-off. For low rainfall (e.g., 150 cm) the hypothesis is
that trade-offs are significant; for example, a change in hydropower from about 2200 to 3100 GWh results in a drop in paddy production from
5 × 106 to 1.5 × 106 metric tons (paddy production and hydropower generation data are at the national level). The data is not perfect (e.g., the
actual annual rainfall outlier represented by 213 cm), but a general trade-off trend is noticeable.

Urbanization and economic growth are rooted
in increased energy production, also increasing water
demands. Significantly more water might be used
to generate hydropower if farmers were convinced
to change their behavior with regard to irrigation,
but achievement of this goal may be socially,
politically, culturally, or economically infeasible.80 As
Manthrithilake and Liyanagama81 state, ‘The water
allocation process within this ‘‘water–food–energy
nexus’’ with its complex interconnections is a difficult
task and has a significant impact on the social and
economic life of the country’. The use of the authors’
simulation model in a participatory process suggests
that informed decision making may play an important
role in achieving food and energy security for Sri
Lanka.81

Brazil
Despite some pessimism about the overall feasibility
of having biofuels play a large role in a sustainable
global water–food–energy framework, is it possible to
have regional exceptions? Brazil is a country that has
made very significant investments in the development
of a biofuel industry that began several decades ago.82

In 1975, Brazil established a program, Proalcool, to
convert sugar to ethanol. The move came 2 years
after the 1973 oil crisis, but the program was really
aimed more at shoring up the sugar cane industry

than producing renewable energy. In 1979, following
the Iran–Iraq war, however, the Brazilian government
explicitly moved ahead with ambitious biofuel plans as
the main goal of meeting energy security needs. Brazil
is now a major exporter of ethanol. According to
the US Energy Information Administration,83 Brazil
produced about 23% of the total biofuels globally
in 2011, and it supplied about 20% of internal
production of liquid fuels (Figure 6).

Brazil is a country with abundant water and
land resources.d A direct effect of biofuel production
on water resources within the country is not expected,
but there are concerns, as with all intensive crop
growth, that water quality could be adversely affected
owing to application of fertilizers and pesticides.85

The expansion in land clearing, its potential impact
on biodiversity,86 and the potential of biofuels to take
over cropland are of concern. Land-use change for
sugar cane production to produce ethanol, to date,
has been mainly through displacement of pasture
land and has not been at the cost of deforestation.87

Nevertheless, a concern remains for the future. The
proximity of the cane-growing areas to the remnants
of the Atlantic Forest poses a potential threat to
that fragile ecosystem.86 Indirect land-use changes
could threaten the Amazon rainforest, for example,
by expansion of soy farms.88 The current ban on
expansion of soy farming into the Amazon forest
has been successful, and it is important to maintain

56 © 2013 Wiley Per iodica ls, Inc. Volume 1, January/February 2014



WIREs Water Water, food, and energy security

FIGURE 6 | Biofuel (biodiesel plus bioethanol) production in Brazil. Biodiesel feedstock is primarily soybeans (77%) with animal tallow second
(16%).83

it.85,89 Currently, water and land resources in Brazil
appear adequate for expansion of both biofuel and
food production,90 so a three-way competition among
water, food, and energy within the country itself is
unlikely to manifest in the next few decades. Concern
that food prices affected by ethanol production in
Brazil may impact food security in other countries has
also not been evident to date.91 This is not to say
that there are no problems and that finding solutions
to them is not critically important. The recommended
actions to promote sustainability include adopting
measures to control erosion, controlling nitrogen
runoff, protecting riparian ecosystems, and promoting
productivity growth on existing agricultural land to
avoid expansion into natural ecosystems.85,92

Water as the Driving Force
The distribution of water, food, and energy resources
is uneven; supplies and demands vary in both
space and time. Water and energy reserves do
not respect political boundaries,93 but water has
additional dimensions of complexity—it is a finite,
mobile resource.94 Water available as groundwater
can be consumed faster than reserves are maintained
and is often nonrenewable on human time scales.
Water available as surface water has upstream and
downstream users, is prone to variability in flow, and
usually is considered renewable.

Because of the temporal and spatial dimensions
of water supply (i.e., weather is chaotic), water
disputes can occur even in areas where water is
plentiful on average. The ACF is an illustrative
example of how multiple, competing demand-side
sectors, combined with population and urban growth,

extreme drought events, and lack of collective
action, can cause tensions over water resources in
a traditionally water abundant area.

Upstream and downstream users often have
conflicting needs; some users consume, withdraw, or
divert water, whereas others use the water in situ. Sri
Lanka’s choices involving food and energy security
are a descriptive example of trade-offs resulting from
stressors and limiters.

The Brazil case study examining biofuel
production highlights the importance of water in
driving three-way interactions. In the absence of
water stress, there is less competition for water
and fewer trade-offs to be made; consequently,
water–food–energy interrelationships are limited to
two-way interactions.

As mentioned above, we believe that water
occupies a special niche in our discussion. Food and
energy are private goods and sold in the global market
as commodities. Water, on the other hand, is both
a public and private good; there are human needs
for water (e.g., drinking and bathing),95 but there are
also human demands for water as a commodity (e.g.,
landscaping and car washing).94 Nevertheless, water
is undervalued96 and rarely priced as a commodity.
Although water does not have substitutes, at least not
in the traditional sense, food and energy resources
are often transported over large distances, and both
resources have substitutes. It is not economically
feasible to move water over large distances because
of its weight,94 so communities with water deficits or
with a comparative disadvantage in water resources
strategically import virtual water—that is, water
embedded in commodities.71,73,75
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Virtual water embedded in various products
(e.g., grain) is often underpriced, so the importing
economies get a subsidized bargain, while meeting
their water needs without confronting the underlying
issue of water scarcity.71 Although virtual water trade
can help achieve food security for communities that
are faced with immediate food and energy trade-offs
(e.g., Sri Lanka in the late 1990s), there are potential
drawbacks of global reliance on strong networks.
D’Odorico et al.97 suggest that long-term reliance
on the global trade of virtual water reduces societal
resilience; in times of extreme water scarcity, there are
fewer options available. Thus, ‘land grabbing’, or the
acquisition of arable land in developing countries, is a
recent trend among water-deficient regions hoping to
gain some control of virtual water. Land grabbing not
only allows governments to increase food security but
also provides opportunities for biofuel production.98

Therefore, it is no surprise that the ‘land grabbing’
phenomenon is associated with the acquisition of
freshwater resources associated with the purchased
land, as much as it is associated with the acquisition
of the land itself.99

The water requirements for biofuels often put
biofuels at odds with food and energy security, but this
is not the case for Brazil. It is not surprising, therefore,
that almost 5% of the total global grabbed land is
in Brazil, accounting for approximately 20 billion m3

of grabbed green water.99 If water stress did strike
Brazil, it may be likely that countries dependent on
Brazil’s virtual water exports (i.e., crops and biofuels)
will be affected, but the in-country impact likely will
be small.

Water holds great cultural and spiritual
significance, and, therefore, political trade-offs and
trans-boundary trade-offs are laden with more
than simple economic concerns. Water is a
symbolic resource,94,100 adding an additional layer
of complexity, as illustrated by our Sri Lanka case
study—agriculture is an important dimension not only
in food security but also in rural livelihood. With
growth and projected climate change, Sri Lanka will
be faced with making trade-offs: water for energy
and economic growth or water for agriculture, food
security, and cultural preservation.101 This trade-off
between water for food and water for energy is not
unique to Sri Lanka or countries in south Asia. ‘There
is a broad agreement . . . that there will be significantly
increasing water scarcity that will turn ‘‘water’’ into
a key, or the key, limiting factor in food production
and livelihoods generation for poor people in . . . rural
Asia and most of Africa, with particularly severe water
scarcity in the bread baskets of northwest India and
northern China’.3

A LOOK TO THE FUTURE
Under current global pressures, solutions to overcome
scarcity in a way that meets all demands are
sought. We have argued that water resources drive
water–food–energy three-way interactions, but we
recognize that solutions need to be all encompassing:

A number of international organizations highlight
the water–food–energy nexus as illustrating the most
difficult choices, risks and uncertainties facing policy-
makers today. Examples abound of the various
intended or unintended consequences of favouring
one pillar over the other (e.g. food security versus
energy security). A key challenge is to incorporate
the complex interconnections of risks into response
strategies that are integrated and take into account
the many relevant stakeholders.48

Doom and Gloom?
The issues that we have reviewed in this article can
seem to present overwhelming obstacles to reaching
goals for water, food, and energy security for a
global population expected to reach 9 billion by the
middle of this century. Concerns that the human
population may face threat of collapse in the absence
of efforts to conserve resources have been expressed
for a long time and have been addressed even
recently in the scientific literature.102–106 The view is
essentially Malthusian—populations tend to consume
resources and catastrophically collapse at some point.
Analyses of historical (local) population collapse and
mathematical modeling of populations do not offer
much comfort that a catastrophe can be avoided.107

There is room for optimism—that human populations
will be stabilized,102 that technology will assist in
the move toward global sustainability,103 and that
‘green economies’ will emerge.108 Nevertheless, even
the optimistic view that economic and technological
advances will come to the rescue and avert a global
crisis is suspect when considered carefully.105,109,110

Essentially, all serious analysts indicate that
finding solutions to our local to global water,
food, and energy security problems will require
significant action, either through institutional and
behavioral paths (i.e., nontechnological actions) or
technological and infrastructural paths (Table 2).
Of course, it is overly simplistic to think that
technological and nontechnological solutions for
water, food, and energy security can be pursued
independently. For example, it is essentially certain
that the amount of food produced in the world will
have to increase substantially to meet the needs of the
global population in 2050. The trick is to increase
accessibility and increase the amount produced while
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decreasing the energy consumption and impact on the
environment and on water resources in particular; that
is, a mixture of technological and nontechnological
water–food–energy interrelated approaches will be
needed.111

Opportunities for Water, Food, and Energy
Security
To understand better the opportunities, it is important
to understand first the context of resource scarcity.
Problems of water, food, and energy scarcity can
be framed in two ways—economic scarcity and
physical scarcity. Economic scarcity occurs when
there is a lack of investment in resources and the
resources’ infrastructure; communities with sufficient
resources but limited infrastructure to access the
resources face economic scarcity. Physical scarcity,
on the other hand, relates to the absolute measure
of the amount of the resource; it occurs when
supply does not meet human and environmental
demands, even after accounting for future adaptive
capacity.3,29 Using these definitions, we note a divide
between developed and developing worlds; developed
countries often have sufficient infrastructuree and
capital to investment in infrastructure to relieve
their resource scarcity problems, whereas developing
countries do not.

For example, malnutrition exists in Central
Africa, a region with abundant water resources
relative to water use; the lack of human, institutional,
and financial capital limit access to the water and, thus,
create an economic scarcity of water that translates
to food insecurity.29 This economic scarcity of water
is reflected in recent land and water grabs. Africa
accounts for 47% of the global grabbed area, and
many countries within the continent exhibit high
grabbed to cultivated area ratios, suggesting that
the area was not previously cultivated.99 Land and
water grabbing provides economic opportunities for
rural farmers and can support technology transfers,98

but inadequately managed foreign investments in
agricultural land can lead to political instability
and unsustainable practices.98 The core argument in
favor of land grabbing is that foreign investments
can overcome economic scarcity and benefit the
developing country and the resulting exports of virtual
water can benefit the developed country.

In addition to placing water, food, and energy
in the context of physical and economic scarcity,
opportunities to meet water, food, and energy security
can be framed according to two paths forward—a
soft path and a hard path. An essential part of a path
toward sustainability in the future is improvement

in the efficiency with which water, food, and energy
goods and services are produced and used. In an
ideal case, we could match the needs of users
without seeking sources of new supply.113 This is
the foundation behind the concept of the soft path
in water,113,114 an ideal that originates from the
energy sector,115,116 and can also be applied to food;
there is a finite amount of local resources and a
soft-path approach focuses on reducing demand by
providing water, food, and energy services more
efficiently with a smaller physical quantity. Water,
food, and energy policies that focus on the soft path
concentrate less on increasing supply through large
engineering feats and more on maintaining service
at a modified consumption rate.117 Thus, the soft
path to water, food, and energy security is less
about the quantity of the resource and more about
the productivity and efficiency of the resource or
ensuring that all demand-side sectors can effectively
provide services and goods in a way that maintains or
improves the lifestyle of society. Gleick113,114 and
Lovins115,116 combine elements of technology and
behavior, ultimately defining their soft path as flexible,
polymorphous solutions focused on the quality of
services and their hard path as inflexible, monolithic,
solutions focused on the quantity of resources.

Both the context of scarcity and the paths
forward complicate the analysis of opportunities.
Although it may appear that a hard path, such as
nuclear-powered desalination, would address physical
scarcity by manufacturing large quantities of fresh
water, this solution is limited by economic scarcity
(i.e., the investment in desalinization infrastructure
and maintenance). An intuitive soft-path solution,
such as conservation, appears to address economic
scarcity by reducing demand so the equilibrium
point moves farther down the supply curve, but
water is not a private good and typically is not
adequately priced.118 Conservation will play a vital
part in maintaining resource security in developed
countries, where economic scarcity is not a dominant
problem and people are more disconnected from their
resources.

Opportunities for Overall Security
Although there are opportunities specific to each
of the resources, there are also opportunities with
technological and nontechnological options that
would reduce the stressors and limiters on all three
resources (Table 2, A): reproductive education and
services, increased equity and equality, and climate
change actions. Paths forward must address both
aspects of scarcity and take into account trade-offs
and constraints.119
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TABLE 2 Technological and Nontechnological Opportunities to Meet or Maintain Water, Food, and Energy Resource Security

Resource Nontechnological Technological

(A) All resources Enhance reproductive education Improve access to birth control and reproductive health
services

Improve equality through institutional transparency and
promoting representation

Improve access (supply) and control (storage) of
resources through financial (e.g., microfinance) and
infrastructural (e.g., desalinization plants, carbon
capture, and storage) investments

(B) Water Encourage behavioral changes to conserve energy and
food

Use energy-efficient or water-efficient energy
technologies (e.g., dry and hybrid cooling, reclaimed
water); build reliable transportation and energy
infrastructure (e.g., roads)

Encourage behavioral changes to consume less water Encourage efficient and diverse water-use technologies
(e.g., rainwater harvesting and storage)

Implement strict building standards for water use

(C) Food Encourage best management practices in irrigation
(e.g., no till, reduce excessive fertilizer use)

Use efficient irrigation technologies (e.g., drip irrigation,
reclaimed water, capture nutrients, and recycle)

Encourage behavior changes for sustainable diet (e.g.,
vegetable-based diets and lower calorie consumption)

Use genetically enhanced plants and animals

Implement consumer awareness campaigns to reduce
food waste

Build reliable transportation and energy infrastructure
(e.g., roads and refrigeration systems)

(D) Energy Encourage behavioral changes to conserve water and
food

Use energy-efficient or water-efficient water
technologies (e.g., rainwater harvesting and storage,
dual flush toilets); build reliable transportation and
energy infrastructure (e.g., roads and refrigeration
systems)

Encourage behavioral changes to consume less energy Use efficient and diverse energy portfolios with clean
and renewable energy sourcesImplement strict building standards for energy

There are opportunities that reduce the stressors and limiters on all three resources (A), in addition to opportunities that reduce the stressors and limiters on,
specifically, (B) water, (C) food, and (D) energy. Many opportunities cut across the nontechnical and technical spectrum, as well as the water, food, and energy
categories.

Demand for resources is driven in part by
the size of the population. The question posed by
Ehrlich and Ehrlich,104 ‘Can a collapse of global
civilization be avoided?’, is rhetorical, but emphasizes
that the growth of the human population cannot
go unabated if demands for resources are to be
controlled. Despite the fact that a reliable estimate
of the Earth’s carrying capacity for humans cannot
be calculated,120 it is clear that the population
growth rate must continue to decline to stabilize
total population. The issue is particularly serious
in the poorest countries where water, food, and
energy security concerns are greatest. Support for
voluntary family planning programs is seen as the most
promising policy approach,121,122 an approach that
includes reproductive education, as well as reducing
gender inequality through institutional transparency
and promoting representation. Access to birth control
methods and access to reproductive health services
are limited by economic capacity, so economic
investments will be necessary.

Regardless of efforts undertaken now, effects
will not be immediate. In the meantime, institutional
and behavioral changes, such as reducing social-class
and gender inequality and supporting adaptation
to climate change, can be encouraged. On the
technological side, efforts can be made to improve
access and control of water, food, and energy
through financial and infrastructural investments and
to promote mitigation of climate change. Realistically,
many of these opportunities are crosscutting and will
involve both nontechnical and technical elements.

Opportunities for Meeting Water Security
We have argued in this article that water plays a
preeminent role in the water–food–energy nexus. It
follows that water will also be a very important
ingredient in solutions to problems. Projections
of resource needs over the next several decades
are a source of very significant concern for
water managers.45 The emerging globalization of
water resources, however, argues that international
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cooperation and collaboration will be necessary
in the future.48 Analyses of previous efforts at
international water management, orchestrated by
developed countries, are not very encouraging,123 so
there is much work to be done.

Solutions on the technology and infrastructure
side focus on improving financial and infrastructural
investments,124 as well as installing energy- or water-
efficient technologies10,125 (Table 2, B). In California,
for instance, regulated energy utilities spent 3 billion
dollars in 2010–2012 promoting energy efficiency; as
part of this campaign, utilities focused on reducing
hot-water use and encouraging water conservation
through home appliances. The energy utilities were
interested in the full lifecycle of water ‘because this
information could allow them to claim credit for
saving energy by saving water in addition to the energy
required for direct heating that they already claim’.126

On the nontechnological side, there are opportunities
to encourage behavioral changes to conserve water,
as well as food and energy.

Opportunities for Meeting Food Security
Garnett127 identifies three conceptualizations of the
food security problem: a socioeconomic component,
involving global institutions and the economy;
a production component; and a consumption
component, which involves diets and population.
We add a fourth viewpoint to these—food wastage
(Table 2, C).

Technological solutions to increasing food
production have been dominant to date. Crop
production grew by 28% between 1985 and 2005,
with 25% attributed to yield increases.111 The
yield increases occurred by virtue of a doubling
of irrigated area and a 500% increase in fertilizer
application.111 Part of the increase in food production
may be attributable to genetically modified plants and
animals, allowing plants to overcome environmental
pressures and animals to develop more quickly,
but this has not been demonstrated clearly.128,129

Nevertheless, within the next century, more radical
genetic manipulations and enhancements may be
feasible,130 and future technological advances will
be necessary to address global food security issues.
Spiertz131 notes that agronomists need to continue
to improve crop properties to improve efficiency of
water and nutrient use, including developing varieties
to adapt to climate change.

Overall, food production has helped increase
food security, but it is just one piece of the puzzle.
Opportunities for agricultural intensification to close
the yield gap (the difference between what is produced,
especially in underdeveloped countries, and what

could be produced with best practices) must be
pursued.132 Farmers could switch from traditional
crop rotations and traditional crop varieties that are
likely to suffer from climate change—corn, soybeans,
and cotton—to new patterns and crops better suited
for the changing climate conditions.55

Much of the focus on future forecasts of food
demand has been to extrapolate the increasing demand
for meat protein, a trend that is acknowledged
to exacerbate the stress on water and energy
resources. For example, the water footprint for
vegetables is about 300 L/kg and for beef is about
15,000 L/kg.133 Although growth in animal protein
in the diets of people in the developing world is
almost certain to occur, there is growing recognition
that the dietary preferences of people need to be
shifted.106 Changes in eating habits will be an
essential ingredient in achieving food security in the
future. Behavioral changes, despite the problematic
nature of determining how to develop them, will
be necessary.134 At a basic level, analysis indicates
that absolute food availability, in terms of calories
and protein available to humans, can be enhanced
by shifting cereal production away from feedstock
and energy crops.111 It is also clear that human
health outcomes can be improved if diets are shifted
away from meat and toward more grains, fruits, and
vegetables.106,127

Recognizing that roughly one third of the
world’s food produced is wasted indicates that there
are steps that can be taken to conserve these resources.
Food is wasted along the entire supply chain, from
agricultural production through consumption. In
developed countries, much food is wasted by con-
sumers, presumably because they can afford to do so.
Raising public awareness through education is a neces-
sary step to reduce such waste.135 In developing coun-
tries, fresh produce is often lost preretail because of
poor food-chain infrastructure, including processing
and distribution, or the lack of investment in cold stor-
age. Public investment in transportation infrastruc-
ture, combined with increased capital for things such
as refrigeration are important for reducing waste and
securing food resources.130 Development of farmer
organizations to promote resilience and avoid prema-
ture harvesting and development of market coopera-
tives to promote efficient distribution of food are other
ways to minimize waste in developing countries.135

Part of the solution also involves eliminating waste
at the retail and postretail stages (i.e., discarding
food because of cosmetic reasons).106,127,130 Changing
the perspective of people and improving international
institutions is far from an easy task, but arguably one
that must be engaged. Ehrlich and Ehrlich104 suggest
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that, to avoid a collapse of global civilization ‘inter-
national negotiations will be needed, existing interna-
tional agencies that deal with them will need strength-
ening, and new institutions will need to be formed’.

Opportunities for Meeting Energy Security
Despite continued warning signs that climate change
impacts may become severe over the next several
decades, we have yet to see much in the way of a
real commitment to a more environmentally benign
energy path. Again the issues are complex, and it is
apparent that economic, social, and political levers are
needed to move the world in the right direction, and
that a substantial change in how nation states view
security may also be a prerequisite.136 Considering
the following statistics, it is patently obvious that
advances will be needed along both technological and
nontechnological sides (Table 2, D) in the energy
security sphere to avoid water and food conflicts.

• Between 2000 and 2010, total world generation
of electricity went from about 14,600,000 GWh
to about 20,200,000 GWh, an average annual
growth rate of about 3.3%.137

• Between 2000 and 2010, world generation of
electricity from hydropower went from about
2,600,000 GWh to about 3,400,000 GWh, an
average annual growth rate of about 2.9%.137

• The growth in demand for electricity to 2035 is
forecast to increase at a rate of about 1–2% per
year.138

• Between 2000 and 2011, world production of
biofuels rose from a little over 300,000 barrels
per day to almost 1,900,000 barrels per day, an
average annual growth rate of almost 18%.138

The technological advances to manage water in
the context of thermoelectric power generation have
complex interactions among cost, energy efficiency,
and water savings.139 Once-through cooling systems
withdraw large amounts of water but return most of
it to rivers or lakes, albeit at a higher temperature,
whereas closed-loop cooling systems withdraw less
water but consume more of it.140 Dry cooling
systems reduce water withdrawal and consumption
significantly, but there is an energy penalty—that is,
less electricity is generated per unit of fuel consumed
with dry cooling than with wet cooling.139 The
option of construction of large hydroelectric dams
has well-documented environmental downsides, but
the potential for generating electricity is large and
the benefits, especially in developing countries, can
be large as well. Technological advances that have

been put forward are the development of small-scale
hydroelectric installations, which are distributed
and may have significant advantages in countries
that do not have a modern electrical grid. These
small-scale installations have been touted as avoiding
the majority of the adverse environmental impacts
associated with large dams, but analyses indicate that
this may not be the case.141

The technology-related advances for biofuels
revolve around further development of second-
generation methods, that is, those that do not use
food crops as feedstock. Provided that production
of biofuels from cellulosic materials can be made
economically feasible, the use of marginal lands in
the United States (and elsewhere) may prove to be
beneficial.142 Nevertheless, the challenge of managing
land for energy production, as well as food production
and biodiversity conservation, is huge. Policies will
have to resolve trade-offs involving food, renewable
energy, biodiversity conservation, and environmental
pressures from intensive agriculture.143 There have
been many research efforts directed at use of cellulosic
material as feedstock144 and at using algae to produce
biofuels.145 Not everyone agrees that development
of biofuels represents a high priority goal, but
regardless of viewpoint, it is clear that the social and
environmental impacts of biofuel production must
be evaluated.146 There is considerable debate about
whether first-generation biofuels improve energy
security,32 and certainly, there is much that remains
unknown about how and if second-generation fuels
will in fact prove to be a panacea.

CONCLUSION

Where Do We Go from Here?
In the abstract, resolving the conflicts surrounding
resource scarcity can be viewed as an optimization
problem of allocating scarce resources to maximize
utility. For instance, scholars tend to agree that water
is a common-pool resource, but there are many
theories about the management of common-pool
resources. Some scholars recommend a coercive
force from outside the users’ domain, government
ownership, or marketable permits. Others suggest
self-organization or a more collaborative approach
among resource stakeholders.2,147 All resource prob-
lems present different challenges, and stakeholder
preferences and perceptions vary across the problem
sets. Thus, there is no single solution for our
local or global resource problems. Each problem is
unique and requires special attention to its specific
social-ecological system.147
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The challenge to make a transition to sustain-
ability in the world is daunting, especially when it
is clear that coordinated international cooperation is
required. But there are clear, concrete steps that can
be taken to mitigate the water–food–energy collision,
a few of which we presented above (Table 2).
These and other measures15,118,148,149 can form a
comprehensive approach that incorporates soft and
hard paths to managing the risks that face humanity
with respect to physical and economic water, food,
and energy security. Impacts may be regional and
global, but solutions need to be localized and take into
account cultural norms, economic development, and
geographic environmental features. Different man-
agement options need to be evaluated systematically
to understand the costs and benefits150 associated
with the people, the planet, and global prosperity.
Achieving water, food, and energy security will
require many different techniques at various scales,
incorporating the full range of stakeholders involved.

NOTES
a In January 2013, a federal appeals court vacated the
US EPA stipulation regarding cellulosic biofuels.
b The distinction between water that is consumed
and water that is withdrawn is not trivial,

especially with regard to thermoelectric plants.
Recirculating systems consume twice as much water
as once-through facilities, but once-through facilities
withdraw significant amounts of water that are later
returned at an increased water temperature, often
causing thermal pollution.8,50

c Although hydropower often is considered to be
nonconsumptive in terms of water, an analysis of large
hydroelectric dams worldwide indicates that the blue
water consumption from hydropower dams amounts
to about 10% of the blue water consumed by crops.70

d This case study does not include dams, hydroelec-
tricity, or the Amazon River specifically. Three-way
interactions among water, food, and hydroelectricity
do occur in Brazil, but because we cover similar three-
way interactions in the two previous case studies, we
use Brazil to explore the water–food–biofuel nexus.84

e For the most part, it is true that developed
countries are not plagued by economic resource
scarcity. By definition, developed countries have more
stable economies and governments than developing
countries, as well as more advanced technologies and
infrastructure. Nevertheless, even developed nations
like the United States are subject to continual
requirements to invest in infrastructure.112

ACKNOWLEDGMENTS
The work was partially supported by an EPA STAR Fellowship (DP) (EPA FP917358) and by a grant from
the National Science Foundation (GMH) (NSF-EAR 1204685). We thank Amanda Carrico, Leslie Duncan,
Jonathan Gilligan, and David Hess for commenting on a draft of this manuscript.

REFERENCES
1. Bakker K. Water security: research challenges and

opportunities. Science 2012, 337:914–915.

2. Ostrom E. A general framework for analyzing
sustainability of social-ecological systems. Science
2009, 325:419–422.

3. Rijsberman FR. Water scarcity: fact or fiction. Agric
Water Manage 2006, 80:5–22.

4. FAO. State of food insecurity. Available at: http://
www.fao.org/docrep/012/i0876e/i0876e00.htm.
(Accessed February 13, 2003).

5. Turtona H, Barreto L. Long-term security of energy
supply and climate change. Energy Policy 2006,
34:2232–2250.

6. Sovacool BK. Evaluating energy security in the Asia
pacific: towards a more comprehensive approach.
Energy Policy 2011, 39:7472–7479.

7. US Department of Energy. Energy demands on water
resources: report to congress on the interdependency
of energy and water. 2006.

8. Gleick PH. Water and energy. Annu Rev Energy
Environ 1994, 19:267–299.

9. Sanders KT, Webber ME. Evaluating the energy
consumed for water use in the United States. Environ
Res Lett 2012.

10. Cohen R, Wolff G, Nelson B. Energy Down the Drain:
The Hidden Costs of California’s Water Supply. 2004.

11. Zilberman D, Sproul T, Rajagopal D, Sexton S,
Hellegers P. Rising energy prices and the economics of
water in agriculture. Water Policy 2008, 10:11–21.

12. Rosegrant MW, Ringler C, Zhu T. Water for agricul-
ture: maintaining food security under growing scarcity.
Annu Rev Environ Resour 2009, 34:205–222.

Volume 1, January/February 2014 © 2013 Wiley Per iodica ls, Inc. 63

http://www.fao.org/docrep/012/i0876e/i0876e00.htm


Overview wires.wiley.com/water

13. The World Economic Forum Water Initiative. Water
Security: The Water-Food-Energy-Climate Nexus.
Washington, DC: Island Press; 2011.

14. Strogatz SH. Exploring complex networks. Nature
2001, 410:268–276.

15. de Fraiture C, Wichelns D. Satisfying future water
demands for agriculture. Agric Water Manage 2005,
97:502–511.

16. de Fraiture C, Giordano M, Liao Y. Biofuels and
implications for agricultural water use: blue impacts
of green energy. Water Policy 2008, 10:67–81.

17. Doll P. Vulnerability to the impact of climate
change on renewable groundwater resources: a
global-scale assessment. Environ Res Lett 2009;
doi:10.1088/1748-9326/4/3/035006.

18. Davies EGR, Kyle P, Edmonds JA. An integrated
assessment of global and regional water demands
for electricity generation to 2095. Adv Water Resour
2013, 52:296–313.

19. World Bank. Annual freshwater withdrawals,
agriculture. Available at: http://data.worldbank.org/
indicator/ER.H2O.FWAG.ZS/countries?display=
graph. (Accessed March 4, 2013).

20. Vorosmarty CJ, Leveque C, Revenga C, Bos R, Caudill
C, Chilton J, Douglas EM, Meybeck M, Prager D,
Balvanera P, et al. Fresh water. In: Rijsberman F,
Costanza R, Jacobi P, eds. Ecosystems and Human
Well-Being: Current States and Trends. Millenium
Ecosystem Assessment Report. Washington, DC:
Island Press; 2005.

21. Kenny JF, Barber NL, Hutson SS, Linsey KS, Lovelace
JK, Maupin MA. Estimated use of water in the United
States in 2005. U.S. Geological Survey Circular 1344,
2009.

22. National Research Council. Water Implications of
Biofuels Production in the United States. Washington,
DC: National Academies Press; 2008.

23. Hutchison ML, Walters LD, Avery SM, Munro F,
Moore A. Analyses of livestock production, waste
storage, and pathogen levels and prevalences in
farm manures. Appl Environ Microbiol 2005, 71:
1231–1236.

24. Bossio D, Geheb K, Critchley W. Managing water
by managing land: addressing land degradation to
improve water productivity and rural livelihoods.
Agric Water Manage 2010, 97:536–542.

25. Gleick PH, Allen L, Cohen MJ, Cooley H, Christian-
Smith J, Heberger M, Morrison J, Palaniappan M,
Schulte P. The World’s Water Volume 7: The Biennial
Report on Freshwater Resources. Washington, DC:
Island Press; 2012.

26. McMichael AJ, Powles JW, Butler CD, Uauy R.
Food, livestock production, energy, climate change,
and health. Lancet 2007, 370:1253–1263.

27. Cassman KG. Ecological intensification of cereal
production systems: yield potential, soil quality, and

precision agriculture. Proc Natl Acad Sci U S A 1999,
96:5952–5959.

28. Gustavsson J, Cederberg C, Sonesson U, Otterdijk
Rv, Meybeck A. Global food losses and food waste.
2011. Available at: www.fao.org/docrep/014/mb060e/
mb060e00.pdf, (Accessed october 24, 2013).

29. Comprehensive Assessment of Water Management in
Agriculture. Water for Food, Water for Life: A Com-
prehensive Assessment of Water Management in Agri-
culture. London/Colombo: Earthscan/International
Water Management Institute; 2007.

30. Hoekstra AY. The hidden water resource use behind
meat and dairy. Anim Front 2012, 2:3–8.

31. Liu J, Yang H, Savenije HHG. China’s move to higher-
meat diet hits water security. Nature 2008, 454:397.

32. Walker DA. Biofuels-for better or worse? Ann Appl
Biol 2010, 156:319–329.

33. Hertel TW, Tyner WE, Birur DK. The global impacts
of biofuel mandates. Energy J 2010, 31:75–100.

34. Phalan B. The social and environmental impacts of
biofuels in Asia: an overview. Appl Energy 2009,
86:S21–S29.

35. Farrell AE, Plevin RJ, Turner BT, Jones AD, O’Hare
M, Kammen DM. Ethanol can contribute to energy
and environmental goals. Science 2006, 311:506–508.

36. Fargione J, Hill J, Tilman D, Polasky S, Hawthorne
P. Land clearing and the biofuel carbon debt. Science
2008, 319:1235–1238.

37. Tilman D, Socolow R, Foley JA, Hill J, Larson E,
Lynd L, Pacala S, Reilly J, Searchinger T, Somerville
C, et al. Beneficial biofuels—the food, energy, and
environment trilemma. Science 2009, 325:270–271.

38. Nonhebel S. Global food supply and the impacts of
increased use of biofuels. Energy 2012, 37:115–121.

39. Lambin EF, Meyfroidt P. Global land use change,
economic globalization, and the looming land scarcity.
Proc Natl Acad Sci U S A 2011, 108:3465–3472.

40. Gerbens-Leenes W, Hoekstra AY. The water footprint
of sweeteners and bio-ethanol. Environ Int 2012,
40:202–211.

41. Gerbens-Leenes PW, Lienden AR, Hoekstra AY, Meer
TH. Biofuel scenarios in a water perspective: the global
blue and green water footprint of road transport in
2030. Glob Environ Chang 2012, 22:764–775.

42. National Research Council. Sustainable Development
of Algal Biofuels in the United States. Washington,
DC: National Academies Press; 2012.

43. Dawson CJ, Hilton J. Fertiliser availability in a
resource-limited world: production and recycling
of nitrogen and phosphorus. Food Policy 2011,
36:S14–S22.

44. Kemp WM, Boynton WR, Adolf JE, Boesch DF,
Boicourt WC, Brush G, Cornwell JC, Fisher TR,
Glibert PM, Hagy JD, et al. Eutrophication of

64 © 2013 Wiley Per iodica ls, Inc. Volume 1, January/February 2014

http://data.worldbank.org/indicator/ER.H2O.FWAG.ZS/countries?display=graph
www.fao.org/docrep/014/mb060e/mb060e00.pdf


WIREs Water Water, food, and energy security

Chesapeake Bay: historical trends and ecological
interactions. Mar Ecol Prog Ser 2005, 303:1–29.

45. Vaux H Jr. Water for agriculture and the environ-
ment: the ultimate trade-off. Water Policy 2012,
14:136–146.

46. Melillo JM, Reilly JM, Kicklighter DW, Gurgel
AC, Cronin TW, Paltsev S, Felzer BS, Wang
X, Sokolov AP, Schlosser CA. Indirect emissions
from biofuels: how important? Science 2009, 326:
1397–1399.

47. Rathmann R, Szklo A, Schaeffer R. Land use
competition for production of food and liquid biofuels:
an analysis of the arguments in the current debate.
Renew Energy 2010, 35:14–22.

48. World Water Assessment Programme. United Nations
world water development report 4: managing water
under uncertainty and risk. 2012.

49. UNESCO Media Services. Global water resources
under increasing pressure from rapidly growing
demands and climate change, according to new UN
World Water Development Report. Available at:
http://www.unesco.org/new/en/media-services/single-
view/news/global_water_resources_under_increasing_
pressure_from_rapidly_growing_demands_and_
climate_change_according_to_new_un_world_water_
development_report/. (Accessed March 13, 2013).

50. Macknick J, Newmark R, Heath G, Hallett K.
A Review of Operational Water Consumption
and Withdrawal Factors for Electricity Generating
Technologies. Golden, CO: National Renewable
Energy Laboratory; 2011.

51. Marella RL, Fanning JL. Water withdrawals,
wastewater discharge, and water consumption in the
Apalachicola-Chattahoochee-Flint river basins, 2005,
and water-use trends, 1970–2005. U.S. Geological
Survey Scientific Investigations Report 2011–5130,
2011.

52. Ruhl J. Water wars, eastern style: divvying up
the Apalachicola-Chattahoochee-Flint river basin. J
Contemp Water Res Educ 2005, 131:47–54.

53. United States Census Bureau. Census estimates show
new patterns of growth nationwide. Available at:
http://www.census.gov/newsroom/releases/archives/
population/cb12-55.html. (Accessed February 22,
2013)

54. National Research Council. Summary of a Workshop
on Water Issues in the Apalachicola-Chattahoochee-
Flint and Alabama-Coosa-T allapoosa (ACF-ACT)
River Basins. Washington, DC: National Academies
Press; 2009.

55. National Climate Assessment and Development Advi-
sory Committee. Third National Climate Assessment.
Chapter 17: Southeast and the Caribbean, 2013. Avail-
able at: http://ncadac.globalchange.gov/download/
NCAJan11-2013-publicreviewdraft-chap17-
southeast.pdf. (Accessed October 24, 2013)

56. Feldman DL. Barriers to adaptive management: lessons
from the Apalachicola-Chattahoochee-Flint compact.
Soc Nat Resour 2008, 21:512–525.

57. Costanza R, Wilson M, Troy A, Voinov A, Liu S,
D’Agostino J. The Value of New Jersey’s Ecosystem
Services and Natural Capital. Burlington, VT: Gund
Institute for Ecological Economics; 2007.

58. Costanza R, d’Arge R, Rd G, Farber S, Grasso M,
Hannon B, Limburg K, Naeem S, O’Neill RV, Paruelo
J, et al. The value of the world’s ecosystem services
and natural capital. Ecol Econ 1998, 25:3–15.

59. Loomis J, Kent P, Strange L, Fausch K, Covich
A. Measuring the total economic value of restoring
ecosystem services in an impaired river basin: results
from a contingent valuation survey. Ecol Econ 2000,
33:103–117.

60. Jagerskog A, Phillips D. Human development
report 2006: managing trans-boundary water for
human development. Available at: http://hdr.undp.
org/en/reports/global/hdr2006/papers/jagerskog%20
anders.pdf. (Accessed February 26, 2013).

61. Macknick J, Sattler S, Averyt K, Clemmer S, Rogers
J. The water implications of generating electricity:
water use across the United States based on different
electricity pathways through 2050. Environ Res Lett
2012; doi:10.1088/1748-9326/7/4/045803.

62. Clemmer S, Rogers J, Sattler S, Macknick J, Mai T.
Modeling low-carbon US electricity futures to explore
impacts on national and regional water use. Environ
Res Lett 2013; doi:10.1088/1748-9326/8/1/015004.

63. Thabrew L, Ries R, Hornberger G. Chapter
13: Transdisciplinary framework for trans-boundary
watershed management. In: Madu C, Kuei C, eds.
Handbook of Sustainable Management. London:
Imperial College Press; 2012, 271–290.

64. Central Bank of Sri Lanka. Economic and social
statistics of Sri Lanka 2011. Available at: http://www.
cbsl.gov.lk. (Accessed February 23, 2013).

65. National Physical Planning Department. National
physical planning policy and plan Sri Lanka 2011-
2030 project proposals. Available at: http://www.
nppd.gov.lk/index.php?option=com_content&view=
article&id=71&Itemid=2&lang=en. (Accessed
September 30, 2013).

66. Department of Census and Statistics - Sri Lanka.
Available at: http://www.statistics.gov.lk. (Accessed
28 August, 2013).

67. National Physical Planning Department. National
physical planning policy and plan. Available
at: http://www.preventionweb.net/files/15417_
nationalphysicalplanningpolicyplan.pdf. (Accessed
October 24, 2013)

68. Sri Lanka Sustainable Energy Authority. Sri Lanka
Energy Balance 2007. Bauddhaloka Mawatha,
Colombo 7: Sri Lanka Sustainable Energy Authority;
2007.

Volume 1, January/February 2014 © 2013 Wiley Per iodica ls, Inc. 65

http://www.unesco.org/new/en/media-services/single-view/news/global&uscore;water&uscore;resources&uscore;under&uscore;increasing&uscore;pressure&uscore;from&uscore;rapidly&uscore;growing&uscore;demands&uscore;and&uscore;climate&uscore;change&uscore;according&uscore;to&uscore;new&uscore;un&uscore;world&uscore;water&uscore;development&uscore;report/
http://www.census.gov/newsroom/releases/archives/population/cb12-55.html
http://ncadac.globalchange.gov/download/NCAJan11-2013-publicreviewdraft-chap17-southeast.pdf
http://hdr.undp.org/en/reports/global/hdr2006/papers/jagerskog%20anders.pdf
http://www.cbsl.gov.lk
http://www.nppd.gov.lk/index.php?option=com&uscore;content&amp;view=article&amp;id=71&amp;Itemid=2&amp;lang=en
http://www.statistics.gov.lk
http://www.preventionweb.net/files/15417&uscore;nationalphysicalplanningpolicyplan.pdf


Overview wires.wiley.com/water

69. Energy Information Agency. International energy
statistics. Available at: http://www.iea.org/stats/
graphresults.asp?COUNTRY_CODE=LK.
(Accessed March 16, 2013).

70. Mekonnen MM, Hoekstra AY. The blue water
footprint of electricity from hydropower. Hydrol
Earth Syst Sci 2012, 16:179–197.

71. Allen JA. Virtual water: a strategic resource, global
solutions to regional deficits. Groundwater 1998,
36:545–546.

72. Allen JA. Water Policy: Allocation and Management
in Practice. London: Chapman and Hall; 1996.

73. Allen JA. Fortunately there are substitutes for
water otherwise our hydro-political futures would
be impossible. In: Priorities for Water Resources
Allocation and Management. London: Overseas
Development Administration; 1993, 13–26.

74. Allan JA. Virtual water—the water, food, and trade
nexus: useful concept or misleading metaphor. Water
Int 2003, 28:4–11.

75. Wichelns D. Do the virtual water and water footprint
perspectives enhance policy discussions? Int J Water
Resour Dev 2011, 27:633–645.

76. Wichelns D. The role of ‘virtual water’ in efforts to
achieve food security and other national goals, with
an example from Egypt. Agric Water Manage 2001,
49:131–151.

77. Hoekstra AY, Hung PQ. Virtual water trade: a
quantification of virtual water flows between nations
in relation to international crop trade. Value of Water
Research Series No. 11, 2002.

78. Gedara KM, Wilson C, Pascoe S, Robinson T. Factors
affecting technical efficiency of rice farmers in village
reservoir irrigation systems of Sri Lanka. J Agric Econ
2012, 63:627–638.

79. Niranjan F, Jayatilaka W, Singh NP, Bantilan M.
Vulnerability to climate change: adaptation strategies
& layers of resilience—mainstreaming grassroots
adaptation and building climate resilient agriculture
in Sri Lanka (Policy Brief No. 20). 2013.

80. Molle F, Jayakody P, Ariyaratne R, Somatilake HS.
Irrigation versus hydropower: sectoral conflicts in
southern Sri Lanka. Water Policy 2008, 10:37–50.

81. Manthrithilake H, Liyanagama BS. Simulation model
for participatory decision making: water allocation
policy implementation in Sri Lanka. Water Int 2012,
37:478–491.

82. Cordonnier VM. Ethanol’s roots: how Brazilian
legislation created the international ethanol boom.
William Marry Environ Law Policy Rev 2008,
33:287–317.

83. EIA (Energy Information Administration). Brazil
analysis brief. Available at: http://www.eia.gov/
countries/cab.cfm?fips=BR. (Accessed March 14,
2013).

84. International Rivers. Amazonia viva. Available at:
http://www.internationalrivers.org/campaigns/
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