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Abstract.  The Renewable Fuel Standard (RFS) is the among the cornerstone policies used to increase U.S. 
energy independence using biofuels.  Though greenhouse gas emissions have played a role in shaping the RFS, 
water implications are little understood.  We demonstrate a spatial, life cycle approach to estimate water 
requirements of transportation fuel scenarios, including a comparison to current water use and drought incidence 
by state.  Water use and land footprint of six scenarios are compared to the RFS, including shale oil, coal-to-
liquids, shale gas to liquids, corn ethanol, and cellulosic ethanol from switchgrass. The corn scenario is the most 
water and land intense option and is weighted towards drought-prone states.  Fossil options and cellulosic ethanol 
require significantly less water and it is consumed in states with lower drought incidence.  Coal-to-liquids is an 
exception, where water use is partially weighted towards drought-prone states.  Results suggest there may be 
considerable water and land impacts associated with meeting energy security goals through using only biofuels.  
Ultimately, water and land requirements may unintentionally constrain energy security goals without careful 
planning, indicating a need to better balance trade-offs.  Our approach provides policymakers with a tool to 
integrate federal policies with regional planning over various temporal and spatial scales. 
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1. Introduction 

Energy security has been a longstanding concern to policy makers in the United States since the oil 
crisis of the 1970s.  In 2010, net imports represented almost 50% of total petroleum consumption, 
continuing to raise questions about the economic consequences of energy imports and the vulnerability 
to politically-motivated energy supply disruption.  The most recent manifestation of the desire to 
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achieve energy security was the March 2011 U.S. Presidential goal of reducing the ten million barrels of 
oil imported a day by a third by 2025.1  A mix of policies, including increasing the efficiency of the 
vehicle fleet, increased electrification, increased domestic petroleum production are expected to 
contribute toward this goal, and substitution of petroleum-based fuels by biofuels.  Among the most 
prominent policies to date is the Renewable Fuel Standard (RFS), passed under the Energy 
Independence and Security Act of 2007.   The RFS mandates an increase in the use of biomass-based 
fuels from 9 billion gallons in 2008 to 36 billion gallons by 2022.2,3,4,5,6 Out of those 36 billion gallons, 
no more than 15 billion are meant to be produced with corn grain, with the remaining 21 billion to be 
produced from ‘advanced biofuels’ (no less than 16 billion of which should come from cellulosic 
biofuels, mainly from switchgrass and crop residues).7  The adequacy of this policy has been questioned 
because of uncertainties associated with lifecycle greenhouse gas emissions and with the speed of 
technological change.8,9  While they are often discussed in policy due to their perceived environmental 
benefits, biofuels are not the only alternative for meeting US energy security goals.  Recent increases in 
shale oil and gas reserves have changed the outlook for America’s energy system, switching focus from 
importing crude oil and liquefied natural gas to increasing domestic supply. Natural gas can be 
converted to gasoline or used in compressed natural gas vehicles (CNG).10  Increasing the electric 
vehicle fleet can also significantly reduce demand for imports.  Though technologically viable, the 
compressed natural gas and transport electrification options necessitate changes in the vehicle fleet 
and/or distribution infrastructure.11 We do not include an investigation of improved fuel economy, 
though our analysis does rely on the EIA’s Annual Energy Outlook 2011, which does include 
improvements in fuel economy in their scenarios.  More recently, a standard has been introduced which 
will result in an increase of fuel economy to the equivalent of 54.5 mpg for cars and light-duty trucks by 
Model Year 202512.  While not included in this analysis, it should be noted that this standard would 
reduce oil consumption by 2 million barrels per day, compared to 12 million barrels a day imported in 
2011.   
 
In this paper, we address the regional water and land-use implications of reaching corn and cellulosic 
ethanol goals stated in the RFS and compare them to the implications of other liquid-fuel alternatives for 
reducing oil imports.  Of the alternatives for reducing oil imports, we examine liquid transportation fuel 
options that can be used without large changes to the fleet and to distribution infrastructure.  These 
alternatives include: (1) a baseline corn to ethanol scenario that assumes that the RFS is not 
implemented, that corn ethanol contributes 10% of transportation fuel demand in 2022 and that any 
additional oil required for growth is imported;  (2) a business as usual scenario where the RFS is not 
implemented, no oil is imported and domestic shale oil is produced instead of the RFS; (3) a scenario 
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where cellulosic and corn grain ethanol goals of the RFS are met; (4) a scenario where cellulosic ethanol 
is not commercial and the RFS standards are met only with ethanol from corn grain; (5) a switchgrass to 
ethanol scenario that assumes that breakthroughs in switchgrass conversion technologies will enable 
rain-fed switchgrass crops to meet both the corn and switchgrass RFS goals; (6) the RFS is not 
implemented and coal-to-liquids are produced instead of the RFS, and (7) a shale gas to gasoline 
scenario that meets the demand that will otherwise be met with the RFS.  To the best of authors’ 
knowledge, there is not yet any in-depth examination of the consumptive water use for shale oil and 
shale gas transportation fuel options. To understand the regional water use implications of each 
scenario, we make estimates of future water consumption for extraction/farming and conversion at the 
state-level, and compare it to industrial and agricultural withdrawals and to drought incidence.   
 
Previous work related to increased U.S. biofuel production was limited to evaluating the economic and 
job creation impacts of large increases in the role of biofuels reducing U.S. oil dependence,13,14 and thus 
did not focus on water and land-use implications.  Other studies have quantified current direct average 
water intensity (defined as consumption and withdrawal) related to the production of various types of 
transportation fuels in the United States,15 but did not use scenarios or spatially-resolved information to 
estimate potential impacts of policies promoting those fuels of regional water use.   The lack of 
integration of spatial data has been identified not only as a key limitation to LCA more generally,16,17 
but more specifically for biofuels.  Indeed, the incorporation of spatially-resolved information was one 
of the seven grand challenges in LCA of biofuels identified by in meetings of the Life-Cycle Program of 
the Energy Biosciences Institute at the University of California, Berkeley.18 Other recent work compares 
water footprint of gasoline from conventional oil and oil sands with that of first generation and 
cellulosic ethanol and identifies what fraction of current water consumption takes place in drought-
prone areas.19  While the Scown et al. (2011) use a drought index to indicate what fraction of current 
corn to ethanol, cellulosic ethanol from miscanthus, oil sands to gasoline, and crude oil to gasoline 
comes from drought prone areas, it does not make estimates about the impacts of a prominent policy 
into the future or discuss how these impacts may be mitigated with other possible alternatives to reduce 
oil imports (e.g., coal-to-liquids, shale gas-to-liquids and shale oil-to-liquids).  Using current designs, 
we estimate the amount of motor vehicle fuels that can be displaced using gallon of gasoline equivalents 
(GGE).  As a result, we include GGE of gasoline, ethanol and diesel.  We use this approach to be 
consistent with policy for replacing motor vehicle fuels.  Previous studies have characterized water use 
for different liquid fuels in terms of intensity; though none have characterized shale gas and shale oil 
specifically and it is important to understand total water use to place potential impacts in a regional 
perspective.   



 4 

 
 

2. Methodology 
This work focuses specifically on the extraction and conversion phases of the life cycle of fuel 
production technologies with a process-based life cycle approach in order to focus on the integration of 
spatially resolved data into LCA methodology.  For reasons stated in King and Webber,13 in this 
analysis we also neglect water usage to: (1) transport the feedstock from mines or farms to refineries; 
(2) transport of refined fuel to the point of sale to consumers; and (3) the water embedded in the 
manufacture and installation of physical equipment. 
 
As we detail in the description of the assumptions made for each scenario, the projected spatial 
allocation of water consumption is based on most the likely evolution of extraction and farming and 
conversion facilities given the information available today.  While it is clearly impossible to predict how 
the scenarios would unfold given changes in cost and political realities, the general trends reported are 
meaningful in that they provide a sense of where the largest water stresses are likely to be (and, 
approximately, how large they may be) depending on what fuels are considered to replace oil imports in 
an RFS context.  Water withdrawal is defined as the amount of water removed from the ground or diverted 
from a water source for use, while water consumption refers to the amount of water that is evaporated, 
transpired, incorporated into products or crops, or otherwise removed from the immediate water 
environment.  We quantify consumptive water use for each scenario rather than withdrawal.  Water 
consumption for each scenario is then normalized to water withdrawals for irrigation and for industrial 
use.  Recent consumption data is not available from the U.S. Geological Survey (USGS); therefore we 
use water withdrawals to obtain conservative estimates for the relative change in water use.  
 
 
For each scenario, a variety of assumptions were used to characterize the expected regional fuel 
production and its corresponding land use and water use.  The RFS would require an additional 3.0 
billion gasoline gallon equivalents (GGE) of corn ethanol and 10.8 billion GGE of cellulosic ethanol, if 
cellulosic ethanol were commercial, amounting to a total of 13.8 GGE.  In our RFS scenario, we 
examine the maximum amount of cellulosic ethanol to be produced.  For the scenarios that incorporate 
corn ethanol production, corn yields and irrigation by state were derived from USDA data.20  It was 
assumed yields increase at a rate of 1% per year up to 2022, which is consistent with historical increases 
in yield.21  In the supplementary information, we test the sensitivity of the results by varying the crop 
yield from -4% to 4%.  Dry milling, which accounts for 80% of corn ethanol production in the U.S. 
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today, was assumed to be the key conversion process.  Water use for corn conversion was allocated by 
state according to the current location of corn biorefineries as per data from the Renewable Fuels 
Association.22  Corn crops are expected to replace soy, which is currently not used for fuel production, 
with the expansion of the biofuel industry.23 The difference between the water used per acre of soy and 
the water used per acre of corn is used for displaced crops.24 Water was allocated to co-products (dried 
distillers grain) on a mass basis.25 
 
As a lower bound for water use of ethanol production, rain-fed switchgrass was used for the cellulosic 
ethanol case.   The amount of land available for rain-fed switchgrass by state was used to determine the 
spatial distribution of production. The allocation of switchgrass crop by state was based on POLYSYS 
model results from a 2006 study from the University of Tennessee12 in which they estimated the 
feasibility of a vision to produce 25% of U.S. motor vehicle fuels and 25% of U.S. electric power by 
2025 with biomass. POLYSYS provides annual estimates of changes in land-use resulting from the 
demand generated by bioenergy industries (including switchgrass production), and changes in economic 
conditions that affect adjustment costs. Conversion factors from switchgrass to gallons of ethanol (or 
equivalent) for biochemical and thermochemical pathways were taken from Wu et al (2009).26  
Biochemical conversion relies on either acids or enzymes to break down the lignins followed by 
fermentation.  Thermochemical conversion typically relies on gasification followed by Fischer-Tropsch 
processes to convert the syngas to liquids, but may also involve a combination of pyrolysis, 
hydrotreating and hydrocracking.27 28 
 
We estimate natural gas (NG) production is equivalent to approximately 3 tcf/year is required to 
produce 13.8 gallons of gasoline. Natural gas data on drilling and production were extracted from HPDI, 
an oil and gas database.29  Future production of shale gas by play is assumed to grow proportionally to 
current production by play.  The water use by year was calculated using the number of wells drilled 
thereby assuming the timing of water used in hydraulic fracturing is related to well completion and re-
fracking is minimal in comparison.  In shale gas development, the vast majority of water use per well 
takes place in the first 2 weeks of drilling.  There is a clear downward trend at the play level in the water 
intensity of shale gas production over time after plays come online, likely driven by improved recovery 
through learning as well as the accumulation of producing wells and subsequent increases in cumulative 
production that do not depend on large injections of water.  To determine the amount of water used for 
shale gas extraction in 2022, the intensity was projected using the trend of the Barnett shale, which is 
the oldest active shale play and is expected to have significant growth.  Between 20% and 50% of the 
water used for hydraulic fracturing was assumed to be re-used.  Literature values we found ranged from 
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5%30 to 45%31, but we chose an aggressive range to demonstrate improvements in water re-use and 
recycling that may occur moving forward.  In addition, this analysis relies on relative order of 
magnitude estimates, diminishing the need for detailed sensitivity analyses, as the conclusions will not 
be changed.  Land use was quantified for extraction, but that used for building natural gas-to-liquids 
(GTL) plants was assumed to be negligible.  Land footprint was estimated per well from an existing 
study32 and converted to an annual spatial requirement for the natural gas production required to meet 
the scenario.  Three different configurations of Fischer Tropsch processes were used to estimate 
potential water use for the GTL conversion, where water is used primarily in steam methane reforming 
and in the water gas shift reaction. 33  It was assumed that water for the GTL process was consumed in 
the Petroleum Administration for Defense District (PADD) in which the natural gas was extracted.  The 
water was then allocated to states according to current refining capacity in each state based on the 
underlying assumption that building plants near refineries would provide access to various types of 
infrastructure, for both process inputs and gasoline distribution.   
 
The study’s coal-to-liquids (CTL) scenario projected coal production equivalent to 330-380 million 
additional tonnes of coal mined per year to produce 13.8 gallons of gasoline.  Bituminous and 
subbituminous coal mining data reported by the U.S. Energy Information Administration (EIA) was 
used to characterize coal production by state.  The water use by year for coal mining was calculated 
using previous estimates of the water intensity of coal.34  Land use was quantified for extraction, but 
that used for CTL plant was assumed to be negligible.  Four different configurations of the Fischer 
Tropsch process were used to estimate potential water use for CTL conversion, where water is used 
primarily in autothermal reforming and the water gas shift reaction.28 Three of four CTL designs 
considered utilize bituminous coal while the last design considered utilizes subbituminous coal.  For the 
scenario used in the geospatial analysis, the current proportion of bituminous and subbituminous coal 
production in 2010 was used for projecting the type of coal produced.  The average of the three designs 
was used for the bituminous coal, with the underlying assumption that each would be as economically 
viable as the other.  It was assumed that water for conversion was consumed in the PADD in which the 
coal was mined.  The water was then allocated to states based on refining capacity based on the same 
reasoning used in the GTL case.   
 
The study’s shale oil scenario estimates 2022 oil production equivalent to 0.45 billion bbls/year 
allocated by states to produce 13.8 billion gallons of gasoline equivalent.  Data were extracted from 
HPDI on drilling and production.  Similar to shale gas case, the water use by year was calculated using 
the number of wells drilled annually, assuming the timing of water used in hydraulic fracturing is 
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related to well completion and re-fracking is minimal in comparison. Trends for the water intensity of 
shale oil from the main plays (Bakken, Eagleford, Bone-Spring and Monterey)35 did not show a steady 
downward trend as with shale gas.  As a result, water intensity was calculated as the average water 
intensity of shale oil extraction over the past decade for all of the plays considered.  The same amount of 
water recycled for shale gas was assumed for shale oil extraction.  The methodology for allocating water 
used in refining was similar to that of GTL, by assuming water is consumed in the PADD in which the 
oil is extracted, then allocated to states by refining capacity.36  Water is allocated to co-products by on 
an energy basis, based on the average product slates from 2010-2011 in the refinery yields provided by 
the EIA.37 The amount of land disturbed per shale oil pad was assumed to be the same as that for shale 
gas per well27 and intensity was determined using annual oil production to meet the scenario’s goals as 
the same infrastructure is required and the operations are similar. 
 
To place the water use in perspective, water consumption of each scenario was compared to USGS data 
on water withdrawals of industrial and agricultural sectors by state38 using a simple ratio.  Since USGS 
data for consumption is not available for recent years, water withdrawals are used as a conservative 
comparison as withdrawals are always higher than consumptive use.  Increases in water consumption 
are less likely to be problematic in areas where water is abundant than in areas where water availability 
is constrained.  Due to the limited amount of integrated, large-scale spatial data on water flow and 
demand at the local level, we employ a simpler approach by using drought incidence by state as a 
proxy.17   Data on the Palmer Drought Index from 2000-2010 were downloaded by state.39  It is well 
known that available technology and science has limited ability to forecast specific drought 
beyond a few months in advance for a region.40  Rather than using longer or older datasets, we 
chose the last decade to capture more recent trends.  We do not aim to predict drought occurrence or 
severity, but rather provide an indication recent drought incidence.  Drought incidence was calculated as 
the percentage of time that a state experienced severe, extreme, or exceptional drought.  These data were 
then exported to ArcGIS to create a shapefile where maps were created overlaying future water 
consumption for each scenario divided by current water withdrawals (industrial and agricultural) and 
drought by state.   
 
The sensitivity of the results to changes in switchgrass conversion technologies, CTL and GTL 
configurations was tested as well as the effects of varying water recycling and reuse in the recovery of 
hydrocarbons from shale gas and oil formations.   With the exception of switchgrass, these sensitivity 
analyses were typically not found to result in substantial changes in the results.  An additional suite of 
scenarios was developed to test the sensitivity of the results to the total overall production of oil 
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substitutes.  These scenarios can be found in the supporting information, where we examine the water 
and land implications of reaching the goal of reducing U.S. oil imports by a third by 2025 that President 
Obama outlined in March 2011 using the conventional oil substitutes considered. 

3. Results  

 
Figure 1. U.S. consumptive water use of each scenario in billion gallons in 2022.  For clarity, the scenarios are presented in the following 
order: baseline, renewable fuel standard (RFS), switchgrass using biochemical conversion (SG BC), switchgrass using advanced 
biochemical conversion (SG AdvBC), switchgrass using thermochemical conversion (SG TC), corn using dry milling (Corn), shale oil, 
four configurations of coal-to-liquids options (CTL 1-4), and three configurations of natural gas to liquids (GTL 1-3). The error bars show 
the variation in estimates from recycling of water, demonstrating little change in the overall magnitude. 

As shown previously,20 corn ethanol produced using dry milling has significantly greater water 
consumption than other liquid transportation options, primarily due to the irrigation of crops (Figure 1). 
If cellulosic ethanol becomes commercial, it can have much lower water use particularly if it is 
produced using rain-fed switchgrass in concert with thermochemical conversion, reaching water 
consumption levels on the order of those of fossil fuel options.  A key finding is that the baseline option, 
using anticipated growth in 2022, uses 1-2 order of magnitudes more water than the fossil fuel 
scenarios.  
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Figure 2. Land use for each scenario in million acres.  The scenarios are presented in the following order: baseline, renewable fuel 
standard, switchgrass using estimates for improved yields (SG1) and current yields (SG2), corn ethanol (CE), shale oil, four configurations 
of coal-to-liquids (CTL 1-4), and three configurations of natural gas to liquids (GTL 1-3).   Fossil fuel options are orders of magnitude 
smaller than biofuel options. 
The land use of fossil fuels was found to be negligible in comparison to biofuels (Figure 2).  The direct 
land use of shale oil and gas is four orders of magnitude smaller than that of the biofuel options.  When 
analyzing the impact of the scenarios on land use by state, we focus on the biofuel scenarios as they 
have a much more significant direct land requirement.  In the supporting information, we provide the 
percentage of land required by state for each scenario and demonstrate that to fulfill the goals of the 
RFS using only first generation biofuel technologies (e.g., corn fermentation), 10-30% of the land in 
several states would be required under our assumptions.  The yield of switchgrass is currently low, 
resulting in land requirements in cellulosic ethanol scenarios that are greater than those of the corn 
ethanol scenarios.  We show that with aggressive breeding programs, yields may reach levels where 
land requirements of switchgrass crops may be less than that of corn.   
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Figure 3. The ratio of annual water consumption for each scenario in 2022 to industrial water withdrawals by state in 2005 is depicted by 
the circles. To demonstrate the relative magnitude of the ratio by state, we include a legend for reference.  Drought incidence is shown for 
each state with darker colours demonstrating a higher percentage of time spent in drought. 

  Figure 4.   The ratio of annual water consumption for each scenario in 2022 to industrial water withdrawals by state in 2005 is depicted by 
the circles. To demonstrate the relative magnitude of the ratio by state, we include a legend for reference.  Drought incidence is shown for 
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each state with darker colours demonstrating a higher percentage of time spent in drought.  It should be noted that WV has very low water 
withdrawals for irrigation, resulting in a seemingly high ratio.  
 
Figures 3 and 4 demonstrate the regional water consumption of each scenario compared to the drought 
incidence by state.  We compare water consumption in all scenarios to industrial water use (Figure 3) 
and to irrigation water use (Figure 4).  We discuss the normalized consumptive water use by scenario to 
current industrial water withdrawals, unless indicated otherwise.  Consumptive water use is also 
normalized to irrigation water withdrawals for the biofuel scenarios for a more relevant comparison.  
Given the water intensive nature of corn, it is not surprising that the increases in water use by state in 
the corn scenario are significant.  What should be noted is the high increase of water use in drought-
prone states, particularly in the Rockies and in California.  Idaho, Wyoming, New Mexico and Arizona 
would see increases in water use compared to industrial use ranging from a factor of 2.1 for Idaho to a 
factor of 6.3 for Arizona, with the rest falling within this range.  When we compare new water use for 
corn by state to irrigation in these states, the difference is less significant.  Of the drought prone states 
identified above, water use in the corn scenario would result in an increase in the ratio of consumptive 
water use to water withdrawals ranging from 0.3% in WY to 3% in Arizona.  The corn scenario results 
in very large increases compared to irrigation in some states that are not prone to drought; for example, 
in South Dakota the increase in water consumption is fourfold compared to current irrigation 
withdrawals and in Iowa, it is on the order of 50.  Though not a drought-prone state, these large 
increases in water consumption may result in water constraints and an inability to reach these levels of 
production.   
 
The GTL scenario decreases water consumption by an order of magnitude compared to water 
consumption under the baseline scenario.  It would also result in water consumption in states that are 
less drought-prone.  Using Arizona as an example, the baseline scenario and the RFS increases water 
consumption by 1.1 and 1.4 times the current industrial withdrawals respectively, while GTL uses none.  
In Texas, GTL increases water use by 4% compared to current industrial water use while there is a 5% 
increase under the baseline scenario and 6% increase in meeting the RFS.  In New Mexico, GTL results 
in significantly less water use compared to the baseline and the RFS scenarios.  The GTL scenarios 
result in a 14% increase over current industrial water withdrawal while the latter two scenarios increase 
by over 80% when compared to withdrawals.   
 
Water use in the CTL and shale oil scenarios, while also on the same order as the GTL scenario, is more 
heavily weighted towards drought-prone areas.  We focus on the comparison to industrial water 
withdrawal for this scenario.  CTL would represent a decrease in water consumption when compared to 
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baseline.  The largest increases in water consumption compared to withdrawals occur in drought-prone 
states.  In Arizona, California and Idaho, CTL has significantly less water consumption in comparison to 
the baseline and RFS scenarios.  The most significant difference is in Arizona, where the baseline and 
RFS resulted in an approximate increase of 1.1 and1.4 times the current industrial water withdrawal 
respectively, while the CTL scenario resulted in a much smaller increase of 2%.  CTL can result in a 
significant increase in water use for drought-prone areas, however.  In Wyoming, the baseline and RFS 
scenarios resulted in increases of 0.4 and 0.5 times, respectively, while CTL resulted in an over sixfold 
increase in water consumption compared to 2005 industrial water use.  While the baseline and RFS 
scenarios require no additional water use in Montana using current assumptions, the CTL scenario 
would result in an increase in water use of approximately 30%.   The key findings for the CTL case is 
that, though the water consumption is relatively low when compared to withdrawals, the largest 
increases are in areas more prone to drought. 
 
The switchgrass and shale oil scenarios were found to be the least likely to affect drought-prone states.  
Switchgrass only represents a 6% increase with respect to industrial water use in Wyoming.  Most 
notably in the Corn Belt, but also in many drought-prone states, significant water increases result from 
the corn scenario if cellulosic technologies are not commercial, emphasizing the fact that rain-fed 
switchgrass to ethanol provides a significantly less water intense alternative.  The shale oil scenario 
results in small water consumption when compared with the other cases as more fuel can be produced 
with less water.  The only drought-prone state where this scenario has a significant increase is in 
California with an increase of 21%, though this is still lower than baseline increase of 44% when 
compared to industrial water withdrawals.   
 

4. Discussion 
This life cycle framework, which compares the relative change in water use with drought data from a 
regional standpoint, can be used to estimate the possible water implications of federal policies and 
alternatives to those policies.  We demonstrate this analytical tool using seven scenarios of possible fuel 
alternatives.  This framework addresses the need to incorporate spatially resolved information within 
life cycle assessment of water resource impacts. Using the scenarios presented in this study, water 
impacts of the RFS were examined in comparison to alternative options for reducing oil imports for the 
transportation sector.  This can inform policy-makers with a strategic overview of regional impacts of 
the RFS and its alternatives.  Supporting previous findings, corn ethanol from dry milling was found to 
have significantly greater overall water consumption than other liquid transportation options, primarily 
due to crop irrigation. In the corn scenario, we show high increases of water use in drought-prone states.  



 13 

The largest increases are in states that are not drought-prone but have a magnitude so great that there 
may be limitations regardless.  From the broadest perspective, cellulosic ethanol can have significant 
water benefits particularly if produced using rain-fed switchgrass in concert with thermochemical 
conversion, with levels similar to fossil fuel options.  The fossil options were found to have the lowest 
water footprint, though water use of CTL was weighted towards drought-prone states. Shale oil and 
GTL scenarios could increase water consumption in some drought-prone states; however, the general 
trends for these two scenarios are that they are weighted towards states that experience lower levels of 
drought. 
 
Limitations to this analysis include the need to improve methods for quantifying land impacts, the 
exclusion of cumulative effects and growth of other resource uses, and the uncertain nature of reserves, 
technological deployment, and commercialization.  First, there is a need to improve methods used in 
quantifying land impacts of energy alternatives.15 For example, the land footprint of natural gas may 
appear small but may also result in extensive habitat fragmentation.41  We include a scenario in the 
supporting information, which demonstrates there are likely to be limitations to land availability if oil 
imports are reduced by a third solely relying on biofuels.  Second, cumulative effects of the growth of 
different sectors of the economy on overall water consumption and land use are not considered, as the 
water consumption of each scenario is compared with 2005 water withdrawals.  Uncertainties that are 
not fully explored in our analysis include the commercial availability of cellulosic technologies, the 
location of deployed GTL and CTL plants, and technological improvements, for example in shale gas 
and shale oil extraction.  Water use for all conversion technologies that are not demonstrated 
commercially in the United States (e.g., GTL and CTL) is estimated using engineering models rather 
than data on actual commercial production facilities. Finally, the discovery of new reserves, particularly 
in the area of shale oil, could result in significant changes to the distribution of water use for each 
scenario.  It should be noted that whether shale oil in California can be extracted economically is still to 
be determined – this play is currently purported to have significant reserves,30 yet production is still low.  
As the reserves in the Bakken play are highly uncertain, we include a scenario where production by play 
in 2022 is proportional to production by play today (as opposed to estimated reserves) in the supporting 
information. 
 
Topics for future research include refining temporal and spatial resolution, applying constraints to 
scenarios, and applying similar methods to alternative transportation options not considered in this 
analysis.  While finer scale assessments will be an important component for regional planning, the 
analysis presented here does serve to highlight areas where in-depth regional planning is likely to be 
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warranted under each scenario.  As spatial datasets for water availability and consumption improve, this 
approach can provide a powerful tool to more precisely identify areas where there could be potential 
bottlenecks for water availability at smaller spatial scales.  An initiative is currently underway that will 
develop a GIS dataset representing water budgets by watershed.42  Using such data, constraints to 
energy resource development can be better quantified at smaller scales, better connecting different 
levels of governance.  A recent study examined six scenarios for cellulosic ethanol from Miscanthus, 
where life cycle greenhouse gases were quantified under economic, land and water constraints.43  
Finally, options requiring large changes to the vehicle fleet or distribution infrastructure may reveal 
additional limitations or opportunities for the future of transportation fuels.  Future research could 
examine how water use in these scenarios compares with other options to power the transportation 
sector, such as electric vehicles and compressed natural gas.  Compressed natural gas will rely only on 
upstream water use in hydraulic fracturing, which is small relative to other options.  Electrification, 
while it has been found to have water consumption similar to that of shale oil to liquids, can have water 
withdrawals on the same order of magnitude as biofuels.14  A more detailed analysis of electrification 
should focus on both withdrawals and consumptive use and include and examination of the trend to 
heavier reliance on combined cycle gas turbines for electricity generation.  Fuel economy is naturally a 
significant portion of increasing energy security and will continue to play a large role in policy heading 
into the future.   
 
Our approach is an improvement over aspatial models as it provides policymakers with a tool for 
planning over various temporal and spatial scales, facilitating a better integration between federal 
policies with regional planning.  For example, those advising the legislative branch should produce such 
analyses to assist policy makers in strategically managing the regional implications of their policies.  
While we do not claim these results predict the exact regional outcome of federal policies, this tool can 
be used to develop inter- and intra-state strategies to attenuate impacts; for example, strategic placement 
of new capacity, inclusion of more flexibility in fuel choice to meet policy targets, or use of improved 
technologies.  Future scenarios should be run in concert with federal agencies such as the Department of 
Energy and the Environmental Protection Agency, and state water managers to determine how to 
manage regional trade-offs associated with federal energy policy.  Informative conclusions can be 
drawn using current assumptions which can be used to shape the future of fuel production such that 
stress to water supply can be minimized.  Water managers in drought-prone states with large expected 
increases in water consumption could apply restrictions based on in-stream flow needs.  As the spatial 
resolution of datasets on water budgets improve, this framework can provide increasingly significant 
strategic insight into the possible local impacts inherent to different energy choices, whether or not 
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policy goals can be achieved, and the way in which societal goals can be attained by designing or 
modifying a policy.   
 
Results of our analysis suggest there may be significant consumptive water and land use impacts 
associated with energy security goals relying on liquid fuel substitutes relying on biofuels.  Due to the 
inherently local nature of land and water impacts, policy goals must move towards incorporating spatial 
and temporal considerations at increasingly finer scales.  While our framework provides policymakers 
with a consistent approach for understanding the possible regional water- and land-use impacts of a 
policy, it does not answer the question of how to weigh in different environmental factors (e.g., 
greenhouse gas emissions versus water use versus water quality), which is more of a political decision.   
The overall goal should be to recognize not only the global goals of attenuating climate change but also 
to recognize the trade-offs with impacts more local in nature, such as those to water and land resources. 
Water and land requirements may ultimately constrain energy security goals if based on biofuels, 
indicating a need to better understand and balance environmental trade-offs. Our approach provides one 
piece of the puzzle and can allow policy makers to strategically shape the implementation of future 
transportation fuel production to minimize regional effects.   
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