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Abstract: The current accelerated growth in demand for energy globally is confronted by 

water-resource limitations and hydrologic variability linked to climate change. The global 

spatial and temporal trends in water requirements for energy development and policy 

alternatives to address these constraints are poorly understood. This article analyzes 

national-level energy demand trends from U.S. Energy Information Administration data in 

relation to newly available assessments of water consumption and life-cycle impacts of 

thermoelectric generation and biofuel production, and freshwater availability and sectoral 

allocations from the U.N. Food and Agriculture Organization and the World Bank. 

Emerging, energy-related water scarcity flashpoints include the world’s largest, most 

diversified economies (Brazil, India, China, and USA among others), while physical water 

scarcity continues to pose limits to energy development in the Middle East and small-island 

states. Findings include the following: (a) technological obstacles to alleviate water scarcity 

driven by energy demand are surmountable; (b) resource conservation is inevitable, driven 

by financial limitations and efficiency gains; and (c) institutional arrangements play a pivotal 

role in the virtuous water-energy-climate cycle. We conclude by making reference to 

coupled energy-water policy alternatives including water-conserving energy portfolios, 

intersectoral water transfers, virtual water for energy, hydropower tradeoffs, and use of 

impaired waters for energy development. 
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1. Introduction 

Globally, increasing demand for energy continues to outpace rates of population and economic 

growth [1]. The quest for sustainable energy futures will depend significantly on water-resource 

availability and quality impacts associated with energy development [2,3]. Both energy and water are 

inextricably linked to climate change, which tends to heighten the use of both resources [4] while 

increasing the variability of water availability for energy development, other human uses, and ecosystem 

processes. Drought and water scarcity in particular have direct effects for energy development [5,6], 

principally electrical power generation [7] but also the rapidly expanding production of biofuels [8]. The 

nexus between energy and water—both the water needed for energy development as described in this 

paper and energy for water pumping, conveyance, treatment, and other operations [9]—has important 

implications for climate change. For example, energy development and use generate greenhouse gases 

that significantly contribute to global warming. Additionally, adaptation to the effects of climate change [10] 

and mitigation of its anthropogenic causes are fundamentally centered on the use and management of 

energy and water—separately as resources and increasingly in tandem as the water-energy nexus [11]. 

Climate change and variability are now firmly linked to anthropogenic drivers via greenhouse gas 

emissions, in particular, carbon dioxide from a range of human activities including electricity generation 

and land use, the two processes we are concerned with in this paper. Policy-makers are increasingly 

called on to adopt and incentivize programs that mitigate CO2 while at the same time adapting to the 

effects of climate change [12]. In this context, the water-energy nexus plays a critical role in resource-use 

policy [13]. The availability and quality of water resources greatly influence energy options, and 

conversely, water management has an appreciable impact on CO2 emissions [14]. 

Water is required for a range of energy development processes. The environmental quality impacts 

of fossil-fuel development, e.g., petroleum, coal, and natural gas, are increasingly being factored into 

water-energy nexus assessments [15]. Here we focus on water use for: (a) hydroelectric and 

thermoelectric power generation, and (b) biofuel production (chiefly feedstock irrigation but also other 

life-cycle processes). Even with the technological shift from once-through cooling to evaporative 

cooling of thermoelectric generation, water consumption (depletion through evaporation) per unit of 

power generated represents an increasing demand on water resources. Additionally, irrigation is required 

for biofuel feedstocks (e.g., sugarcane or corn for ethanol and soy or rapeseed for biodiesel), and 

consumes significant amounts of water although some feedstocks are raised under rainfed conditions.  

In river basins with physically stressed water resources or in locations where water is allocated for other 

human uses (often with secure water rights) or environmental flows, energy demands for water are of 

growing concern [16,17]. 

Several regional and national assessments of water requirements for energy development have been 

published [9,18–21]. Yet, limited work has addressed key components of the water-for-energy challenge 

at the global scale [8,22,23]. Most recently, Spang et al. [8] developed a metric for water consumption 

for energy production portfolios including various fuel types, then used it to calculate the  
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water-for-energy footprint for 158 countries. These data were normalized based on several other 

indicators in order to rank countries according to different metrics [24]. While useful for developing a 

comprehensive assessment of the consumptive use of water for a given country’s energy sector, such 

analyses are thus far temporally limited, providing a snapshot of water consumption for a given year. 

They should be augmented with current energy production trends including biofuels, analyses of 

technological innovation, and policy alternatives to address water-resource constraints. In order to 

develop a more complete picture, this paper quantitatively evaluates physical and sectoral (allocative) 

water scarcity resulting from thermoelectric generation and biofuels production trends at the global scale 

using current data, and identifies and assesses policy options to address these challenges. The goal of these 

analyses is to highlight current and future challenges with meeting water demands for energy generation. 

This paper is organized as follows. Above, we have briefly framed the need to consider water and 

energy interlinkages in the context of climate change. While an increasing number of studies are 

available, most are constrained by regional or local focus or they are temporally limited. Next, we present 

our approach and methods for a global assessment of time-series trends of the water-resource use 

implications of electrical energy and biofuel feedstock irrigation. In the discussion section that follows, 

we consider the implications of climatic trends plus adaptive management and technological options to 

address these challenges. We identify and discuss “flashpoint” countries that are expected to face 

increasing constraints of water availability for energy development. Finally, we conclude with an 

assessment of policy alternatives for expanding energy requirements while also accounting for climate 

change and variability. 

2. Methods and Data 

The mapping and coupled energy-water resource analyses presented here are based on robust global 

datasets, specifically, 2010 electrical power and biofuel production and trends to 2020 from the U.S. 

Energy Information Administration [25], and freshwater availability and sectoral allocations from the 

U.N. Food and Agriculture Organization [26] and World Bank [27]. Newly available data on water 

consumption and life-cycle impacts of electrical generation [28] and biofuel production were also 

incorporated [29–31], including projections to 2020 for ethanol and biodiesel for several countries [32].  

The cooling tower process for thermal electricity generation requires approximately 45 times lower 

withdrawals than once-through cooling [22]. Because cooling type for individual power plants globally 

is not widely reported, we estimated annual freshwater withdrawals for combined thermal and nuclear 

electricity based on both cooling tower and once-through technologies. We recognize that once-through 

cooling continues to be used in electricity generation, e.g., in some European countries, Canada, and 

U.S. (where once-through cooling has become less common since 1970). However, the results reported 

here for all countries are based on assumed cooling tower technology, which we derived by multiplying 

EIA generation values by a median withdrawal intensity of 3.8 m3 per MWh. This assumption results in 

estimates of freshwater withdrawals that are lower than actual, i.e., if data existed to accurately account 

for once-through cooling. 

Projected future energy generation was based on compound annual growth rates (CAGR) (Equation 1) 

where V(t0) is the earliest available electricity generation value and V(tn) is the most recent value within 
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the period 2000–2010. No CAGR was calculated for lack of adequate data if fewer than five years of 

generation data were available for a given country. 

CAGR (t0, tn) = (V(tn)/V(t0))^(1/(tn-t0)) – 1 (1)

Irrigation water applied for ethanol feedstock production was calculated by multiplying EIA ethanol 

production data by country-specific irrigation quantity coefficients for ethanol-producing nations 

obtained from de Fraiture et al. [33]. We also sought to include estimates of life-cycle water use 

associated with specific ethanol and biodiesel feedstocks. However, there is no robust global database 

on water use for the cultivation and processing of the many different biofuel feedstocks, although some 

estimates of “water consumption for energy production” [8] and life-cycle water use [29] have been 

derived for a few feedstocks. Use of water coefficients for biofuel production is further complicated by 

the fact that water consumption of biofuel feedstocks varies widely depending on the particular feedstock 

and climatic conditions [34]. For example, while soybeans under rainfed conditions consume no “blue water” 

as irrigation [34], in locations where they are irrigated, water consumption estimates can reach up to  

844 m3/GJ [8]. Additionally, while some biodiesel feedstocks are grown under rainfed conditions, water 

is still used in the total life cycle during the processing stage. Because robust data on life cycle water 

usage for the various biodiesel feedstocks are not available, we assumed a minimum 0.031 l/MJ of water 

for biodiesel processing of all feedstocks under all climates of using the estimate reported in Spang et al. [8]. 

This represented biodiesel production using feedstocks grown under rainfed conditions, imported from 

other countries (as in the United Kingdom and South Korea), or from sources such as recycled cooking 

oils that are not primarily produced via large-scale agricultural production. Because the USA’s soybean 

feedstocks for biofuels are increasingly produced under irrigated conditions, a higher coefficient of  

21.71 L/MJ was used for USA biodiesel [29]. Utilizing water use coefficients obtained from Mulder  

et al. [29] and Spang et al. [8], we assumed ethanol feedstocks (corn and sugarcane) were irrigated, with 

the exception of Canada. For Brazil and the USA, we present a range of values (discussed below).  

The derived estimates of sectoral withdrawals for combined thermal and nuclear electricity generation 

and for biofuels production (from EIA data) were then taken as a percentage of total available freshwater 

for the industrial and agricultural sectors, respectively, found in FAO and World Bank databases, just a 

year apart from EIA energy data. Electricity generation, water withdrawal and availability, and biofuel 

production data were compiled into a GIS geodatabase for mapping. 

3. Results 

3.1. Spatial and Temporal Trends in Energy Generation 

Presenting multiple dimensions of energy-generation analyses in a single graphic each for 

thermoelectric generation and biofuels production results in figures that require some explanation. 

Recent (2000–2010) growth rates in total electricity production comprising conventional thermoelectric, 

non-hydropower renewables, hydropower, and nuclear generation for 199 countries are presented in 

Figure 1, which also shows projected increases for the period 2010–2020 in total thermal electricity 

generation. Additionally, the percentage mix of fuel ethanol to total biofuel production for those 

countries producing more than 5000 barrels (795,000 liters) of biofuels per day in 2010 is shown in 

Figure 2, which also shows recent (2000–2010) growth rates in total biofuel production. 
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Figure 1. Growth in electricity generation by country (total, nuclear, hydropower,  

non-hydropower renewable, and conventional thermal), 2000–2010; and percentage increase 

in conventional thermal electricity generation, 2010–2020. 

The water requirements for current and future thermoelectric generation and biofuels production, as 

detailed in the Methods section above, are presented here. Hydropower was not assessed due to inherent 

methodological difficulties in attributing evaporative losses resulting solely from power generation by 

multi-purpose reservoirs [35]. Additionally, non-hydropower renewables such as solar and wind energy, 

use minimal quantities of water (with the exception of concentrated solar and geothermal using steam 

cycles) and were not explicitly assessed here. Thus, our analysis focuses on water requirements for 

conventional thermal and nuclear generation.  

Finally, water demand for biofuels was attributed to feedstock production (with irrigation volumes 

for sugarcane and ethanol reported separately by major producing countries), in addition to water for 

processing associated with life cycle and consumptive water use analyses. Based on figures reported by 

de Fraiture et al. [33], fuel ethanol feedstocks were assumed to be irrigated except in the case of Canada, 

where corn and wheat are not typically irrigated; instead we applied an estimate of the non-irrigation 

water use for corn ethanol from Mulder et al. [29]. However, because the amount of water used for corn 

cultivation for ethanol varies widely from state to state in the USA [36], and between the major sugarcane 

growing regions in Brazil [37], we present a range of estimates for water consumption for ethanol 

feedstocks for those two countries that included lower bounds of zero irrigation (Table 1). Although not 
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all sugarcane cultivation is irrigated in Brazil, the percentage is increasing, especially in the northeast 

region [37] and particularly as a result of drought and related climate effects. Because robust  

country-level data are not available for biodiesel feedstocks, we assumed a minimum amount of water use 

for all biodiesel processing for all countries except for irrigated soybeans in the USA [38] as mentioned. 

 

Figure 2. Share of ethanol in total biofuel production, 2010; and growth in total biofuel production. 

3.2. Growth in Thermal Electrical Production 

With increasing energy development comes increasing water demand. Results shown in Figure 1 

indicate that most industrialized Western nations have exhibited low or flat growth rates in conventional 

thermoelectric power generation along with concurrent rapid growth in the development of non-hydropower 

renewable energy. This is especially true, for example, in Western European countries, consistent with 

renewable energy targets adopted in EU directives and individually by EU member states [39]. Most of 

the recent growth in thermoelectric power generation at the global level has come from countries in the 

Middle East, East and Southeast Asia, and South America. The BRIC countries show diverse energy 

portfolios; Brazil, Russia, India, and especially China show positive growth rates in all four categories 

of electricity generation. At 3595.5 billion kWh in 2011, China is orders of magnitude greater than most 

other countries (data not shown). While China and USA currently have comparable total net electricity 

generation, USA has a CAGR of only 1% based on the period 2000–2010. By contrast, the CAGR for 

Chinese thermoelectric generation is 11.4%.  
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Table 1. Water withdrawals for thermoelectric and nuclear power generation as fractions of 

industrial water withdrawals; and total water withdrawals for energy (thermoelectric and 

nuclear power generation, and biofuels feedstock irrigation), 2010 and 2020. Water withdrawals 

are defined as diversions from freshwater bodies (FAO AQUASTAT) [26], not depletion 

through evaporation. Color coding shown at bottom of table.  

Country 

Current Thermo & 

Nuclear Water 

Withdrawal/ 

Industrial Water 

Withdrawal  

[%, Fraction], 

2010 

Future Thermo & 

Nuclear Water 

Withdrawal/ 

Industrial Water 

Withdrawal  

[%, Fraction], 

2020 

Current Irrigation 

Withdrawals for 

Ethanol/ 

Agricultural 

Water 

Withdrawals  

[%, Fraction], 

2010 * 

Current Thermo & 

Nuclear Water 

Consumption + 

Lifecycle Water 

(Ethanol & 

Biodiesel)/Total 

Internal 

Renewable Water 

[%, Fraction], 

2010 ** 

Future Thermo & 

Nuclear Water 

Consumption + 

Lifecycle Water 

(Ethanol & 

Biodiesel)/Total 

Internal 

Renewable Water 

[%, Fraction], 

2020 ** 

Australia 32.6% 37.3%   0.1% 0.1% 

Brazil 2.8% 6.2% 0%–7.7% 0.01%–0.3% 0.02%–0.4% 

Canada 2.7% 2.8% 0%–8.9% 0.0% 0.0% 

China 10.0% 28.4% 0%–1.6% 0.4% 2.2% 

Egypt 11.8% 24.2%   15.7% 32.3% 

India 17.1% 29.1% 0%–0.2% 0.1% 0.3% 

Mexico 10.7% 14.8%   0.1% 0.2% 

Pakistan 15.7% 22.4%   0.2% 0.4% 

S. Korea 57.4% 101.4%   1.7% 3.8% 

Saudi Arabia 113.2% 202.5%   20.1% 35.9% 

South Africa 120.4% 148.9% 0%–0.1% 1.2% n/a 

Thailand 18.6% 30.6% 0%–4.7% 0.2% 0.6% 

Turkey 12.9% 21.3%   0.1% 0.2% 

UK 28.9% 28.2%   0.5% 0.5% 

USA 6.3% 6.8% 0%–11% 0.42%–0.8% 0.6%–1.1% 

Venezuela 21.6% 40.1%   0.0% 0.0% 

[Value: ] >10% >10% >10% >10% >10% 

[Value: ] >30% >30% >30% >30% >30% 

* Lower values assume no irrigation of ethanol feedstock. Upper values assume some irrigation based on 

estimates reported by de Fraiture et al. (2008) [33]. ** Lower values for Brazil and USA assume water 

consumption for ethanol processing but no irrigation of feedstock. 

3.3. Increasing Water Demands for Conventional Electricity Generation  

This anticipated global increase in electricity generation from conventional, i.e., non-renewable, 

sources will be accompanied by greater water demands. But while these nations are all expected to 

expand conventional thermal electricity generation capacity, they differ in the amount of overall 

industrial water usage that can and will be devoted to such development. The results shown in Table 1 

indicate that all major countries with the exception of the UK are projected over 2010–2020 to increase 

the fraction of industrial water withdrawn for use in nuclear and conventional thermoelectric power 
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generation. For example, in China, in 2010 water withdrawn for nuclear and conventional thermoelectric 

power generation accounted for an estimated 10.0% of all industrial water withdrawals and is projected 

to increase to 28.4% by 2020. India may also increase from 17% to almost 30% of its industrial water 

supply for conventional thermal electricity by that same future date. In contrast, water withdrawals for 

these same uses only account for 2.8% of Brazil’s total industrial water withdrawals in 2010 and are 

expected to increase to about 6% by 2020. This is related to the significant contribution of hydropower 

to Brazil’s overall portfolio. 

Of the 16 major energy-producing nations included in Table 1, all but Brazil, Canada, and USA were 

devoting at least 10% of total industrial water available to nuclear and conventional thermoelectric power 

generation, with four using more than 30%, and South Africa and Saudi Arabia each over 100%. In this 

context, it should be noted that seawater used for cooling is not included in the current definition of 

industrial withdrawals of (fresh) water. Nevertheless, use of seawater and other waters not suitable for 

irrigation or other human purposes, e.g., inland brackish water, “produced” water from oil and gas 

development, effluent, etc., will increasingly need to be used in energy generation and other  

industrial processes. 

3.4. Growth Trends in Water for Biofuel Production 

The major fuel ethanol producing countries as shown in the map—USA and Brazil at 889.9 and 527.1 

thousand BPD, respectively—were by far the largest producers of total biofuel (fuel ethanol and 

biodiesel) in 2010. At least 76% is fuel ethanol, not biodiesel. The next highest is China at 43.0 thousand 

BPD. For the purposes of this analysis, our results quantify the relative proportions of agricultural water 

withdrawals used to irrigate ethanol feedstocks. In Table 1 we report the current (2010) withdrawals for 

irrigation for ethanol as a percentage of total agricultural water withdrawals for each country. None of 

the countries is above 10% (one of our thresholds) except for the USA, the world’s largest ethanol producer, 

where large volumes of irrigation water are used for corn production as an ethanol feedstock [40], 

especially in more arid western states [36]. Irrigation requirements for corn per liter of ethanol produced 

vary widely geographically, from 5 L L–1 in Ohio to 2138 L L–1 in California [36]; thus, the relative 

share of agricultural water devoted to corn may be much lower at a state or regional scale. The second 

largest producer of biofuels, Brazil, applies less water than the USA, 7.7%, for irrigating energy 

feedstocks because sugarcane is largely rain-fed. While growth in biodiesel production has been rapid 

in recent years in Brazil, ethanol still comprises by far the larger share of total biofuel production.  

We also estimated the future amount of total agricultural water devoted to ethanol crop production 

based on recent trends. These estimates assume that total agricultural water withdrawals do not begin 

increasing. This is based on data showing that total freshwater withdrawals for agriculture have remained 

steady or have not increased appreciably during the period 2002–2011 for the countries shown in Table 2, 

with the exceptions of India and Saudi Arabia. We also assume that the recent rates of expansion of 

energy crop acreage requiring irrigation continue. While in 2010 the irrigation requirements for ethanol 

feedstock production were relatively low, fuel ethanol production in these major producing countries 

has increased although less rapidly than in earlier decades. For example, in USA the contribution of 

ethanol to the renewable fuels standard is near its maximum while other biofuel feedstocks do not yet 

have appreciable market share. Additionally, the European Union has cut back its demand for biofuels 
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in order to minimize impacts on developing countries. With uncertainty in energy security coupled with 

climate change impacts on energy demand and water availability, however, these feedstocks may demand 

a markedly greater proportion of the total water available for agriculture. Applying a 10% reduction in 

total water available for agriculture due to effects of climate change while assuming the percentage of 

all available agricultural water applied for ethanol feedstock cultivation remains the same, Canada and 

the USA would devote 10% and 12% of all agricultural water to ethanol feedstock cultivation, respectively. 

If we apply a further reduction due to allocative scarcity (i.e., other sectors adapting to water scarcity by 

reallocating water currently used in agriculture), totaling 25% reduction, the percentage of all 

agricultural water applied for ethanol feedstock production in the USA increases to 15%, Canada to 12%, 

and Brazil to 10%. It should be noted that drought conditions in California and Australia, for example, 

exemplify how reductions in water allocated to agriculture frequently result in such drastic cuts. 

Table 2. Increases in carbon dioxide emissions, agricultural freshwater withdrawals, and 

irrigation freshwater withdrawals based on reported data (FAO AQUASTAT) [26]. Color 

coding shown at bottom of table.  

Country 

CO2 Emissions 

Increase [%/yr], 

1999–2009 

Total Freshwater 

Withdrawals 

Increase [%/yr], 

2002–2011 

Agricultural 

Freshwater 

Withdrawals Increase 

[%/yr], 2002–2011 

Industrial  

Freshwater 

Withdrawals Increase 

[%/yr], 2002–2011 

Australia 2.1% 0.0% 0.0% 0.0% 

Brazil 1.4% –0.2% –1.6% –0.5% 

Canada 0.0% 0.0% 0.0% 0.0% 

China 8.8% 0.6% –1.4% 3.7% 

Egypt 5.6% 0.0% 0.0% 0.0% 

India 5.6% 2.5% 2.3% 6.1% 

Mexico 1.6% 1.1% 1.0% 0.8% 

Pakistan 4.9% 0.7% 0.6% –9.6% 

S. Korea 2.5% 0.0% 0.0% 0.0% 

Saudi Arabia 6.7% 3.7% 3.5% 15.6% 

South Africa 3.0% 0.0% 0.0% 0.0% 

Thailand 3.3% 0.0% 0.0% 0.0% 

Turkey 3.5% –0.5% –0.7% 0.5% 

UK –1.2% –2.0% –0.2% –5.6% 

USA –0.4% 0.1% –0.2% 0.4% 

Venezuela 0.7% 0.0% 0.0% 0.0% 

[Value: ] >1% /yr >1% /yr >1% /yr >1% /yr 

[Value: ] >3% /yr >3% /yr >3% /yr >3% /yr 

We also combined 2010 water consumption for nuclear and thermoelectric electricity generation with 

lifecycle water use for all biofuels for each country and report as a percentage of total internal renewable 

water (Table 1). Egypt and Saudi Arabia are highlighted as already using a relatively high percentage 

(>10%) of freshwater resources. As shown in the far right column of Table 1, assuming growth rates 

continue, these two countries, with Thailand and USA added, project to withdraw an increasing 

percentage of freshwater for these combined purposes. 
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4. Discussion 

It is evident that water withdrawals for energy production are increasing, a challenge that poses 

difficult policy questions for climate adaptation and carbon mitigation, as well as for the water-energy 

nexus as a management tool to meet future demands for these resources. While our analysis presents 

conservative estimates of water withdrawals, it is evident is that: (a) water demands for energy are 

increasing, (b) few robust estimates exist, (c) climate impacts are expected to exacerbate current and 

future trends, and (d) water and energy planners have taken little notice of these trends at least until very 

recently. We compare the results reported here to previous related work and then briefly demonstrate 

the implications of these results for several “flashpoint” countries. 

4.1. Climate Adaptation in the Water and Energy Sectors 

The principal climate-change processes that are projected to intensify globally—warming temperature 

and increasing variability of precipitation resulting in drought and flood extremes [12]—drive increased 

demand for energy and water separately as resources, and via nexus effects that each exerts on the other. 

Urban adaptation to climate change, for example, tends to raise electricity requirements for  

(a) air-conditioning resulting from warming, (b) pumping and infrastructure management under 

conditions of both drought and flooding, and (c) redundant power supplies in transportation, emergency 

response, and medical systems planned for under conditions of power-grid tripping or more catastrophic 

failure. Cities are also implementing a range of green-infrastructure interventions to address urban heat 

island effects of warming, e.g., urban water bodies and landscaping vegetation, which tend to raise water 

diversions and consumption. In agricultural systems, climate change has a multiplier effect for water and 

electricity demand as well as adaptive response—that is, warming temperatures significantly increase 

water requirements for crop growth that can be met through increasing irrigation applications, which in 

turn can increase power demand for pumping and reduce hydropower generation from storage reservoirs 

as infrastructure operators are forced to decide on tradeoffs among multiple uses of water. Alternately, 

as considered above, agriculture may experience allocative water scarcity, resulting in lower yields, 

reduced area planted, and in general, loss of output, financial returns, and farm labor.  

Perhaps more significant, however, are the carbon implications of conventional fossil fuel-based 

generation of electricity. The first column in Table 2 shows rapidly escalating CO2 emissions at the 

country and global levels, for which a leading cause is the rising demand for electricity. The IPCC [12] 

indicates that economic growth is a more potent driver than population growth alone. Heightened 

emissions in turn translate into warming and a speeding up of the hydrological cycle with greater 

variability in drought and flood cycles. Carbon-mitigation efforts aiming to decarbonize economic 

activity and future growth consider alternative fuels, including hydropower and biofuels among other 

sources—all of which portend future increases in water consumption. 

4.2. Relevance to Other Estimates of Intensity of Water Demand for Energy 

As Spang et al. [8] point out, there is a global shortage of detailed estimates of the water consumption 

of energy generation. Still, to interpret the results reported here on geographic water availability on a 

per-country basis, it is helpful to consider how they relate to recent work in a similar vein. In particular, 
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Spang et al. [8] developed the first country-level comparison of water consumption for fuels and 

electricity production using a derived metric of ‘water consumption for energy production’.  

They calculated water consumption for production of various sub-types of fossil, nuclear, and biomass 

fuels and then applied them to the global scale, generating national energy portfolios for 158 countries. 

In their companion paper [24], they normalized these earlier per-country water consumption results by 

various other indicators (GDP, population, total energy production, and regional water availability).  

The results reported here expand on this approach, using more recent data as inputs (2010) and by 

examining temporal trends—in the form of compound annual growth rates—rather than a single snapshot 

in time, as was done in other previous studies [20,21,41,42]. Based on the results described above,  

we have identified several flashpoint countries that warrant further discussion.  

4.3. Comparative Analysis of Flashpoint Countries 

We observe increasing water demands for conventional and nuclear electricity generation at alarming 

levels for several countries. As shown, at least 13 countries are already using a relatively high  

percentage—10% or more—of the total industrial water withdrawals for these purposes. Many of the 

very countries projected to increase thermoelectric generation are arid and already using relatively high 

amounts of freshwater resources for these power sources. Surprisingly, we find that a few countries, e.g., 

Saudi Arabia and South Africa as shown above, already appear to be diverting more water for 

thermoelectric and nuclear power generation than the total reported industrial water withdrawals. Our 

analysis does not account, however, for dry cooling systems, e.g., for coal-based generation as 

increasingly implemented in South Africa. The results for Saudi Arabia may seem counterintuitive,  

but Spang et al. [24] made a similar observation that both the United Arab Emirates and Qatar were 

using over three times the total amount of water naturally internally available in those countries. 

We find a rapid expansion in recent years of irrigation of ethanol crops in the U.S. and associated 

water use. Upper bound estimates place Brazil, Canada, and the USA at close to 10% of total agricultural 

water applied to ethanol crop production. If recent growth rates in ethanol crop production under 

irrigation were to continue, the associated water withdrawals would escalate to unrealistic levels. 

Therefore, planted acreage will not increase indefinitely. However, even a more modest gradual increase 

would be accompanied by an increase in the use of irrigation to intensify production in certain regions, 

depending on climatic conditions. This appears to be the case for Brazilian sugarcane production. 

Additionally, while we assumed soybean production for Brazilian biodiesel was cultivated under rainfed 

conditions, FAO (AQUASTAT) [26] reports that 624,000 ha were irrigated in 2006; 11.7% of all 

irrigated cropland. Increases in the production of biofuels based on irrigated feedstocks are highly 

concerning because, as others have pointed out, biofuel feedstock cultivation is the most water-intensive 

compared to other fuel sources [8]. Chiu et al. [36] observed that the continued expansion of corn cultivation 

for ethanol in the Great Plains and Western USA is likely to exacerbate the expected water challenges 

in those regions. Mulder et al. [29] analysis of water use efficiency led them to conclude that  

“the development of biomass energy technologies in scale sufficient to be a significant source of energy 

may produce or exacerbate water shortages around the globe and be limited by the availability of  

fresh water.”  
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5. Conclusions 

We have assessed current and future trends in energy production, specifically electricity generation 

and biofuel feedstocks and processing, in relation to the consumption of water under changing climatic 

conditions. Despite ongoing energy diversification, fossil fuels remain the principal energy source and 

will for some time to come. Policy options to address these challenges can be difficult and complex [43] 

and are often overlooked in sectorally focused planning [44]. Technology enhancement and the means 

to spur innovation are crucial choices [45]. Technological change tends to be most dynamic in countries 

with low installed capacity, which can allow for leap-frogging in the adoption of technologies. However, 

access and cost to new technologies can be formidable challenges that the global community must 

address, through funding of adaptation tied to verifiable benchmarks. Particularly for gains in efficiency, 

technology substitution has already resulted in progress. While this allows for better input-output 

conversions, e.g., reducing the coefficient values used and cited above, rebound and take-back effects [46] 

that tend to increase, instead of limiting resource use, must be explicitly addressed through programmatic 

interventions, incentives for conservation tied to efficiency, and low-carbon adaptive strategies. 

Adaptation of water use under climate change and the implications this holds for energy demand are 

often not explicitly considered in climate or energy policy. Various coupled energy-water policy 

measures have been identified. These include water-conserving energy portfolios as described, e.g.,  

in the United States by Scott et al. [13]. Such options will be increasingly adopted, given the financing 

and public-resistance pressures against large, new energy and water infrastructure. We have referred 

above to allocative water scarcity, yet intersectoral water transfers can be used to enhance energy production 

while intensifying agriculture (invariably the source of water transferred) and assuring food security. 

The long-distance conveyance of energy through electricity grids allows for generation that can be 

distant from the location of acute water scarcity—an example of virtual water for energy. Policy-makers 

must be cognizant the reverse does not occur, i.e., locations with adequate water for power generation 

must not convey electricity from generation sources in water-scarce locations, even though financial 

advantages for such virtual exchange may exist. The use of impaired waters (effluent, saline and brackish 

waters) for energy production will become increasingly common, just as seawater is used for thermoelectric 

cooling. Finally, hydropower is a unique water-energy nexus technology and policy domain in which 

tradeoffs must be explored [47] and rights and regulations must be explicitly accounted for [48]. As with 

the other options discussed above, integrating technology and policy options to address water, energy, 

and climate challenges in an integrated manner is above all a question of institutional arrangements. 
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