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Abstract

Background: To mitigate climate impacts associated with energy consumption, renewable fuel policies have
been established in the USA that encourage production and use of corn ethanol. Current fuel usage of corn
ethanol is approximately 15 billion gallons/year (57 billion liters/year), with nearly all of this in the form of
E10 (10% blend in gasoline). There is now interest in increasing fuel ethanol usage to achieve nationwide
levels of E20 or greater. Due to lack of capacity and poor economics, cellulosic ethanol cannot contribute
significantly to increased fuel ethanol production in the near term. Thus, rapid growth of fuel ethanol usage
implies expansion of corn ethanol beyond current levels. The objective of this study was to assess the
potential water requirements of expanding corn ethanol to provide for nationwide E20 fuel by 2025.

Methods: A simple modeling approach was used to assess the water requirements for producing 12.5 billion
gallons (47.3 billion liters) corn ethanol in the baseline year of 2013 and 24.3 billion gallons (92.0 billion liters)
in three future year scenarios of 2025. Irrigation water and process water were considered but not natural
rainfall. Baseline inputs regarding corn acreage, crop yields, and irrigation patterns were obtained from the
USDA’s National Agricultural Statistics Service (NASS) for each of the 29 corn-producing states in the USA.
The three future year scenarios differed in how the required expansion of corn cropping was allocated
across the states, thereby resulting in different irrigation patterns.

Results: As a consequence of differing irrigation requirements, the water intensity of corn ethanol (L water/L
ethanol) varied by approximately two orders of magnitude over the 29 corn-producing states. In the 2013
baseline, the water intensity of corn ethanol in Iowa (with 1% irrigated corn acreage) was 5.5 L/L, while that
in neighboring Nebraska (with 56% irrigated corn acreage) was 427 L/L. All three future year scenarios result
in substantial increases in total volumetric water requirements—from 62 to 161% compared to the 2013
baseline.

Conclusions: Increasing ethanol blend fuels from E10 to E20 in the near future will require significant
expansion of corn cropping in the USA, which will increase irrigation demands. The amount of increased
water usage will depend upon the geographic distribution of the cropping expansion. Expansion into already
water-stressed areas will exacerbate existing water concerns.

Keywords: Biofuel, Ethanol, E20, Irrigation, Water intensity, Corn agriculture
* Correspondence: Kent.Hoekman@dri.edu
Desert Research Institute, 2215 Raggio Pkwy, Reno, NV 89512, USA

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

http://crossmark.crossref.org/dialog/?doi=10.1186/s13705-017-0121-4&domain=pdf
mailto:Kent.Hoekman@dri.edu
http://creativecommons.org/licenses/by/4.0/


Liu et al. Energy, Sustainability and Society  (2017) 7:18 Page 2 of 13
Background
For reasons of greenhouse gas (GHG) mitigation, energy
security, and domestic energy supply, greater use of
biofuels is being promoted in many countries throughout
the world [1–4]. While the increase in biofuels is meant to
realize these benefits, it is recognized that adverse re-
source and environmental impacts are also possible and
should be mitigated [5]. For example, the US Environmen-
tal Protection Agency (EPA) has prepared a detailed re-
port to Congress that discusses a wide variety of concerns
associated with the two dominant biofuels used in the
USA: biodiesel and ethanol [6]. In addition to water avail-
ability, these concerns include water quality, impacts on
soils and ecosystems, air pollutant impacts, and other
factors. A recent National Research Council (NRC) report
has also focused on water implications of biofuels [7].
While these impacts and concerns are reasonably well
understood and documented for the levels of biofuels
being used today, there are serious questions about the
implications of large increases in future amounts of bio-
fuels. This study addresses the specific issue of increased
water requirements necessary to support a doubling of
ethanol fuel usage in the USA by 2025.

Biofuel regulatory requirements
The 2007 US Energy Independence and Security Act
(EISA) required the EPA to revise the existing
Renewable Fuel Standard (RFS) program to increase the
volume of renewable fuels included in the total US
transportation fuel pool to 36 billion gallons per year
(136 billion liters/year) by the year 2022 [8]. This so-
called RFS2 program established volumetric require-
ments for four categories of renewable fuel: (1) conven-
tional biofuel, (2) biomass-based diesel, (3) advanced
biofuels, and (4) cellulosic fuels. Of these four, conven-
tional biofuel has dominated, with most of this being
ethanol produced via fermentation processes using corn
starch as feedstock. According to EISA, the maximum
volume of conventional biofuel contributing to the RFS2
volumetric requirements is limited to 15 billion gallons
per year (57 billion liters/year) from the year 2015 on-
ward. Current production of corn ethanol is approaching
this statutory limit, with 14.8 billion gallons (56 billion
liters) being produced in 2015 [9].
Today, essentially all US gasoline contains 10% ethanol

(E10), with the ethanol component being produced
nearly exclusively from corn. With total US gasoline
consumption at just under 140 billion gallons per year,
the demand for ethanol to satisfy nationwide E10
requirements is about 14 billion gallons per year. Add-
itional corn ethanol is used to produce the relatively
small amounts of E15 and E85 that are used in the USA.
Although the RFS2 program originally anticipated
substantial volumes of cellulosic ethanol to enter the
marketplace between 2012 and 2022, this has not
materialized. In recent testimony before the US House
Committee on Energy and Commerce, the Deputy
Administrator of the US Energy Information Adminis-
tration (EIA) indicated that “the RFS2 program is not
expected to achieve the legislated target that calls for
36 billion gallons of renewable motor fuel use by
2022,” and that “virtually all of the projected shortfall
is in the category of advanced biofuels, which in-
cludes cellulosic biofuels” [10]. Also, a recent report
by the US Government Accountability Office (GAO)
stated that “Current production of cellulosic biofuels
is far below the statutory volumes and, according to
experts, there is limited potential for expanded pro-
duction to meet higher targets” [11]. As indicated in
the 2016 Annual Energy Outlook forecast, the EIA
now expects cellulosic ethanol to total less than 0.005
quadrillion BTUs by 2025, which translates to about
1.3 million gallons (4.9 million liters) [12]. This repre-
sents less than 0.1% of the cellulosic biofuel volume
that was originally expected when the EISA was
enacted in 2007.
Recently, there have been calls to consider higher

ethanol fuel blends, such as E20 and above, for pur-
poses of improving fuel economy and reducing GHG
emissions [13–16]. Due to the immature status of
cellulosic ethanol production and projections of very
little additional cellulosic ethanol entering the market
by 2025, any large, near-term increase in fuel ethanol
in the USA would require expansion of the current
corn ethanol industry. Along with this expansion,
water requirements, and other well-recognized natural
resource, environmental and social concerns might
also be expected to increase [5, 6].

Current water requirements for corn ethanol
Although water usage of corn-ethanol production plants
is rather modest overall, this can still represent a signifi-
cant additional demand in a local region. For example, it
is estimated that a typical corn-ethanol plant (capacity of
100 mg/year; 378 ml/year) uses as much water as a
community of 5000 people [17]. However, much more
significant is the additional water required for crop
irrigation, which exacerbates the general concerns about
water availability in many regions [18]. A recent NRC re-
port concluded that as of 2008, biofuels were a marginal
additional stress on water supplies at the regional to
local scale, but that significant acceleration of biofuels
production could cause much greater water quantity
problems, depending on where the crops are grown [7].
As shown in Fig. 1, production of corn (and corn

ethanol) is concentrated in the Midwestern region of the
USA. Although much of this corn is grown by rain-fed
agriculture, a significant fraction utilizes irrigation. A



Fig. 1 Corn production by county in 2015. Taken from USDA-NASS: https://www.nass.usda.gov/Charts_and_Maps/Graphics/CR-PR-RGBChor.pdf

Liu et al. Energy, Sustainability and Society  (2017) 7:18 Page 3 of 13
concern is that dramatic increases in corn production
would entail greater use of irrigation, both by agricul-
tural intensification in existing corn-growing areas and
by expansion of corn cropping into drier areas.
Several studies have been conducted to quantify the

amount of water required to produce corn-ethanol on a
life-cycle basis [19]. One of the first comprehensive
studies was published in 2009 and showed that water re-
quirements varied drastically over the 19 corn-growing
states that were investigated—from a low of 5 l of water
per liter of ethanol (L/L) in Ohio, to a high of 2138 L/L
in California [20]. The average value (weighted by 2007
ethanol production) was 142 L/L, although as the
authors pointed out, national average values are not
relevant in understanding bioethanol’s water implica-
tions at a local scale. Also in 2009, Wu et al. published
a life-cycle report confirming that crop irrigation is
the most important factor determining total water
consumption in providing corn ethanol in the USA
and demonstrating the large regional variability of ir-
rigation requirements [21]. Results showed that 70%
of the corn used to produce ethanol in 2009 was
grown in regions that required 10–17 L/L; whereas
19% of the corn was grown in regions that required
over 300 L/L. Expressing water intensity in a different
way, Dominguez-Faus et al. reported that the life
cycle water consumption of ethanol produced from ir-
rigated corn in Nebraska was equivalent to 50 gal per
mile driven (118 L/km) by a typical light-duty vehicle
[22]. Scown et al. determined the average water
requirement of US corn ethanol to be 6.0 gal/mile
traveled (14.1 L/km), while a “high water use sce-
nario,” which included additional irrigation, had a
water requirement of 79 gal/mile (186 L/km) [23].
Similarly, other researchers have investigated water
requirements of ethanol derived from sugarcane
grown in Brazil [24, 25].
The 2011 NRC/NAS report, Renewable Fuel Standard:

Potential Economic and Environmental Effects of U.S.
Biofuel Policy, summarized the consumptive water use
(on a life-cycle basis) of corn ethanol compared to
gasoline as reported in several research publications [5].
Because these life-cycle studies involved a number of
different assumptions, a range of results was reported,
rather than a single value. Results taken from five recent
life-cycle assessment (LCA) studies are summarized
graphically in Fig. 2 [21, 26–29]. As shown here, the
consumptive water use of corn ethanol in the USA is 1–
2 orders of magnitude higher than that of petroleum-
based fuels.
A different way to assess water requirements of bio-

fuels is based on the concept of water footprint (WF),
which is defined as the total volume of freshwater used
to produce goods and services for consumption [30–33].
The WF of a biofuel is dominated by the agricultural
stage of the life cycle and consists of three components:
(1) “green water,” which refers to rainwater that is lost
via evapotranspiration during crop growth; (2) “blue

https://www.nass.usda.gov/Charts_and_Maps/Graphics/CR-PR-RGBChor.pdf


Fig. 2 Life-cycle consumptive water use of corn-ethanol and petroleum-derived gasoline
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water,” which refers to irrigation water (surface and
groundwater) that is evaporated during crop growth;
and (3) “gray water,” which refers to water that becomes
polluted during crop production (e.g., runoff and leach-
ing of fertilizer).
While the WF concept is useful in fully understan-

ding water requirements of different crops, climates,
and locations, the blue water component require-
ments are of greatest interest in addressing the issue
of increased corn cropping for ethanol production. A
fundamental question is how much more irrigation
water is necessary to grow sufficient corn to enable
doubling of ethanol fuel usage, while continuing to
meet the current food and feed demands for corn.
Because much of the future corn expansion is
expected to occur on land that requires irrigation, the
water consumption of marginal corn ethanol will
increase [34]. The question of where this additional
irrigation occurs is critical, as more severe water
stresses exist in some locations than others.
Simple LCA-derived metrics regarding the average

water requirements to produce 1 gal of ethanol are
not very useful for decision-making because they lack
detailed location-specific information needed to fully
understand local impacts. Additional tools and
metrics are needed to relate the total water use with
relevant environmental impacts. Pfister et al. have de-
veloped and applied the concept of water stress index
(WSI) to weight water consumption in a particular
location as a function of water scarcity in that loca-
tion [35, 36]. Other researchers have also attempted
to apply various metrics for characterizing water scar-
city, water stress index, and environmental flows to
assess the environmental significance of ethanol’s
water requirements [37, 38]. While assessing location-
specific impacts of biofuel production is important
for policy decisions, this is beyond the scope of the
present study, where we focus only on the volumetric
water requirements of expanded corn cropping in the
USA. Our objective is to determine bounding esti-
mates of volumetric water requirements that would
be associated with increasing corn ethanol production
to provide nationwide E20 fuel by 2025.

Methods
To produce substantially more corn ethanol in the USA
will require increased water usage. The magnitude of
this increase depends largely on where the additional
corn is grown and the extent of irrigation needed to
support this growth. To assess the potential water
requirements of increased corn ethanol production, we
conducted simple modeling exercises, utilizing data
available from USDA’s National Agricultural Statistics
Service (NASS) [39]. This work did not involve calcula-
tion of water footprints or formal LCA modeling of
detailed scenarios, but rather, explored a range of corn
expansion scenarios to provide insights into potential
water requirements of increased ethanol fuel.
The year 2013 was chosen as the baseline because

this is the most recent year for which NASS includes
reasonably complete irrigation data. In 2013, the total
amount of corn ethanol produced in the USA was
12.5 billion gallons (47.3 billion liters). The water re-
quirements to produce this ethanol were assessed by
state, both in the 2013 baseline case and in three
future-year scenarios. All three future scenarios were
for the year 2025 and assumed a total ethanol pro-
duction of 24.3 billion gallons (92.0 billion liters),
which is approximately double the value in 2013. This
amount of ethanol is estimated to be sufficient to
provide nationwide E20 fuel in 2025. The value of
24.3 billion gallons represents 20% (by volume) of the
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total motor gasoline projected by EIA in their most
recent Annual Energy Outlook report [12]. It is im-
portant to recognize that doubling of corn ethanol
does not imply doubling of corn acreage, as only a
fraction of the total corn crop (~40%) is used to pro-
duce ethanol. In all scenarios, the amount of corn
needed to satisfy current demands for food and feed
is held constant.

Scenario definition
The NASS database includes information about corn
production on irrigated and non-irrigated land in 29
corn-growing states. In the 2013 baseline case, the 12.5
billion gallons of corn ethanol was assumed to be pro-
duced from each state in proportion to that state’s corn
production. This assumption is not strictly correct, as a
greater fraction of the corn crop is used to produce
ethanol in some states than in others. The three future-
year scenarios are described below.

2025 scenario A This scenario utilizes “uniform expan-
sion” of corn in all 29 states. The amount of corn grown
in each state is simply scaled up so that total corn pro-
duction is sufficient to generate 24.3 billion gallons of
ethanol in 2025. In each state, corn is grown on both ir-
rigated and non-irrigated land, in the same proportion
as in 2013. This may be regarded as a “business as usual”
growth plan to satisfy the increased ethanol demand.
However, with respect to water requirements, this sce-
nario is probably overly conservative, as the large expan-
sion of agricultural areas necessary to support this
additional corn cropping is likely to encompass drier
areas that will require increased irrigation.

2025 scenario B This scenario utilizes “50% expanded
irrigation” to grow additional corn needed to provide
11.8 billion gallons more ethanol than in 2013. It is as-
sumed that both the original 12.5 billion gallons and the
additional 11.8 billion gallons of ethanol are produced in
the 29 corn-growing states, in proportion to their 2013
production amounts (as in scenario A.) In this case,
however, it is assumed that 50% of the additional corn is
produced on irrigated land, while the other 50% is
Table 1 Description of scenarios investigated in this study

Scenario Year Total ethanol,
billion gallons

Non-irrigated acres for
ethanol (million)

Baseline 2013 12.5 23.9

A—uniform
expansion

2025 24.3 38.7

B—50% expanded
irrigation

2025 24.3 30.9

C—Midwest
expansion

2025 24.3 37.0
produced on non-irrigated land. This may be regarded
as a “worst case” scenario, as it assumes very large in-
creases in irrigation will be required to grow the re-
quired amount of corn.

2025 scenario C This scenario assumes that all ex-
panded corn growth to produce the additional 11.8 bil-
lion gallons of ethanol by 2025 occurs in the top 12
corn-growing states. This “Midwest expansion” scenario
also assumes that irrigated acreage in each of the 12
states is increased by 10 percentage points over the irri-
gated acreage in the baseline case. For example, 10% of
the corn acreage in South Dakota was irrigated in 2013;
thus, in the Midwest expansion scenario, it is assumed
that 20% of South Dakota’s corn acreage is irrigated in
2025. This may be regarded as a “middle ground” or
“most likely” scenario. The vast majority of total US corn
is already grown in these 12 states (>85%), largely be-
cause their soils and climates are most suitable. Thus, it
is reasonable to intensify corn agriculture in these areas
to satisfy the additional ethanol demand. However, such
intensification is likely to require at least a modest in-
crease in irrigation; hence, the 10 percentage point in-
crease in irrigated acres assumed in each of these 12
states.
The three future-year scenarios described above are

summarized and compared with the 2013 baseline in
Table 1. This shows that while the total acreage expan-
sion is similar in all three future scenarios, the amount
of additional irrigation is quite different among the
three. The increase in irrigated acres is least in scenario
A (14% of additional acres are irrigated) and greatest in
scenario B (59% of additional acres are irrigated). Be-
cause of this, total water requirements are also expected
to be least in scenario A and greatest in scenario B.

Input assumptions and datasets
Total corn production and irrigation data for all
corn-producing states in 2013 were collected from
the NASS database. These data were used to compute
water intensity (gal/gal) and total water requirements
(gal/y) of ethanol production in each of the 29 corn-
growing states in the 2013 base case. All water used
Irrigated acres for
ethanol (million)

Total acres for
ethanol (million)

% of additional acres
on irrigated land

4.1 28.0 –

6.6 45.4 14.4

14.4 45.4 59.2

8.5 45.5 25.1
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to irrigate corn acreage is attributed to the ethanol
produced from this corn. Several other important as-
sumptions were made in the calculation process to
assess future-year scenarios:

� The productivity of corn agriculture (bushels/acre)
is steadily improving in the USA [40]. We
assumed a 1.0% increase in corn yield per year
from 2013 to 2025.

� The efficiency of ethanol production (gallons/
bushel) in commercial corn ethanol plants is steadily
improving [40]. We assumed a linear increase from
2.8 gal/bushel in 2013 to 3.0 gal/bushel in 2025.

� The efficiency of water usage within corn ethanol
plants is steadily improving. We assumed that the
average water usage of 2.70 gal water/gal ethanol in
2013 [41] is linearly reduced to 2.43 gal/gal by 2025
(10% reduction).

� Corn yield (bu/acre) is known to vary between
irrigated and non-irrigated land. However, the NASS
database does not include separate yields for many
states of interest. For the 2013 baseline scenario, we
used statewide average corn yields, which include ir-
rigated and non-irrigated production. Future yields
were scaled up by 1% per year, but no adjustments
were made to account for variations in yield due to
increased irrigation.

The key model input parameters of corn yields, etha-
nol yields, and ethanol plant water usage are summa-
rized in Table 2.
Model calculations
Because each scenario has different assumptions about
the percentage of irrigated cropland and other model in-
puts, the calculation of corn production and water use is
somewhat different for each of the four scenarios. The
calculation process is described below in detail for the
baseline scenario, and differences for future scenarios A,
B, and C are briefly explained.
Table 2 Model input parameters used in baseline and
future-year scenarios

Parameter 2013 2025

Corn ethanol volume, bg 12.5 24.3

Corn yield, bushels/acrea X 1.12 X

Ethanol yield, gallons/bushel 2.8 3.0

Ethanol plant water usage rate, gal water/gal ethanol 2.70 2.43
aCorn yields for each state are obtained from NASS database
Baseline scenario
To determine the amount of ethanol produced by state,
the percentage of total corn production in each state is
first calculated by dividing that state’s corn production
by total national corn production:

Corn produced by state %ð Þ
¼ Corn production by state bushelsð Þ

Total US corn production bushelsð Þ
The amount of ethanol allocated to each state is calcu-

lated by multiplying the state’s corn percentage by 12.5
billion gallons:

Ethanol produced by state million gallonsð Þ
¼ Corn produced by state %ð Þ � 12; 500 million gallonsð Þ

As only a fraction of the corn crop is used to produce
ethanol, it is necessary to determine the corn acreage in
each state that is attributed to ethanol production. To
do this, the amount of corn required to produce the
specified amount of ethanol for a given state is calcu-
lated as follows:

Corn produced for ethanol million bushelsð Þ
¼ ethanol produced million gallonsð Þ � ethanol yield

gallons
bushel

� �

Then, the amount of corn cropland required to produce
a given state’s amount of ethanol is calculated as follows:

Corn cropland for ethanol corn acresð Þ
¼ corn produced for ethanol million bushelsð Þ �

corn yield
bushels
acre

� �

It is assumed that ethanol is produced from corn grown
on both irrigated and non-irrigated land in each state. The
total water applied to corn that is used to produce ethanol
comes from irrigation of specific cropland. The acreage of
irrigated land in a given state is calculated as follows:

Percentage of irrigated land %ð Þ
¼ Irrigated corn cropland acresð Þ

Total harvested corn cropland acresð Þ
Irrigated land for ethanol corn acresð Þ
¼ Percentage of irrigated land %ð Þ �
corn cropland for ethanol corn acresð Þ

The amount of water used to irrigate corn is reported
in the NASS database as acre feet per acre. One acre
foot of applied water is equivalent to 325,900 gal
(1.234 × 106 L). Thus, the total water applied for growing
corn that is used to produce ethanol in each state is cal-
culated as follows:
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Total water applied gallonsð Þ ¼ water applied acre‐feetð Þ

� 325; 900
gallons
acre‐ft

� �
� irrigated cropland acresð Þ

The water intensity of corn ethanol that is attributed
to feedstock production within each state is defined as
the amount of irrigation water used per gallon of ethanol
produced in the state.

Water intensity for feedstock
gallon water
gallon ethanol

� �

¼ Total water applied gallonsð Þ
Total ethanol produced gallonsð Þ

Note that this study focuses on water applied by irriga-
tion (blue water), while water provided by rainfall (green
water) is not considered. Therefore, this assessment does
not provide a complete water footprint, as commonly
defined [30, 31, 42].
Finally, the total water intensity of ethanol in each

state is calculated as the sum of the water intensity for
feedstock production and the water intensity for ethanol
production. For ethanol fuel production, the national
average of 2.70 L/L (in 2013) was used [41].

Scenario A: “uniform expansion”
In scenario A, the total corn ethanol amount was
increased from 12.5 billion gallons to 24.3 billion
gallons. For each year beyond 2013, the corn yield in
each state was increased by 1.0% of the 2013 yield
(not compounded). Thus, by 2025, the corn yield was
12% higher than the 2013 yield in each state. Also,
the ethanol yield was increased linearly from 2.8 gal
ethanol/bushel in 2013 to 3.0 gal/bushel in 2025.
Finally, the amount of water used within corn ethanol
production plants was linearly reduced from 2.7 L/L
in 2013 to 2.43 L/L in 2025.

Scenario B: “50% expanded irrigation”
In scenario B, the calculation process for the first 12.5
billion gallons of corn ethanol is identical to that used in
scenario A. For the additional 11.8 billion gallons of corn
ethanol, it is assumed that 50% of the additional corn
comes from irrigated cropland and 50% comes from
non-irrigated cropland. The total water use in each state
is the sum of the water used to produce the first 12.5
billion gallons of ethanol (from both irrigated and non-
irrigated land in each state’s 2013 pattern) and the water
used to produce an additional 11.8 billion gallons of
ethanol (from both irrigated and non-irrigated land in a
50/50 pattern). Lastly, the water intensity of ethanol pro-
duced in a given state is calculated by dividing the total
water use by the ethanol production in that state.
Scenario C: “Midwest expansion”
In scenario C, the calculation process for the first 12.5
billion gallons of corn ethanol is identical to that used in
scenarios A and B. All corn required for the additional
11.8 billion gallons of ethanol is assumed to be produced
from cropland in the top 12 corn-producing states. It is
also assumed that the fraction of irrigated corn acreage
in each of these 12 states will increase by 10 percentage
points. Thus, the water intensity of corn ethanol will
increase in each state in accordance with the extent of
irrigation. The water intensity of the remaining 17 corn-
growing states is unchanged from the baseline scenario.

Results and discussion
Before discussing the modeling results, three caveats re-
lated to corn yields should be mentioned. First, the
state-specific corn yields in the baseline case represent a
weighted average of yields from irrigated and non-
irrigated land. Because the NASS database does not
provide separate yields for irrigated and non-irrigated
cropland for most states, the same average yields (with
escalation) were used in the future-year scenarios, re-
gardless of changes in irrigation patterns. Second, it is
generally accepted that corn is currently being grown on
lands that are best suited for maximum yields. Thus, ex-
pansion of corn cropping into other areas (including
Conservation Reserve Program (CRP) lands) would be
expected to reduce yields. Third, the demand for add-
itional corn ethanol is expected to increase the practice
of continuous corn cropping and decrease rotational
cropping that is currently most common. There is evi-
dence that overall corn yields will decline with greater
use of continuous cropping [43]. The net effect of these
three factors is unknown, though perhaps not very large,
as they partially offset each other. Higher yields might
be expected with greater use of irrigation, but lower
yields would be expected from continuous corn cropping
and expansion into less productive lands. Overall, these
limitations are not considered so great as to prevent
achievement of our primary objective, which is to inves-
tigate potential water requirements of expanding corn
ethanol to provide for nationwide E20 fuel by 2025.

Water intensity and total water use—baseline scenario
In the baseline scenario, it is assumed that the water use
efficiency is the same in all ethanol plants, namely, 2.7
L/L [44]. Thus, differences in the overall external water
requirements of corn ethanol among the states (ignoring
natural precipitation) are determined solely by variations
in irrigation intensity. Crop production, ethanol produc-
tion, and water use data for each of the 29 corn-growing
states included in the 2013 baseline scenario are pre-
sented in Table 3. Similar data for all four scenarios are
provided in the Additional file 1.
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Graphical summaries of water intensity and total water
usage for corn ethanol in the top 12 corn-growing states
under the baseline scenario are shown in Fig. 3. The
total water requirements in these states vary by over two
orders of magnitude. It is also seen that in general, the
trends of water intensity and total water usage among
these 12 states are similar. Two states stand out because
of their dramatically higher water use—Nebraska (NE)
and Kansas (KS). This results from the high percentage of
corn acreage that is irrigated in these two states: 56% in
NE and 38% in KS. Two other states (not included in the
top 12) having high irrigation percentages are Texas (TX)
and Colorado (CO), at 41 and 59%, respectively. This leads
to corn ethanol water intensity values of 536 L/L in TX,
and 937 L/L in CO (see Table 3). The state with the high-
est corn ethanol water intensity is California (CA), at
1635 L/L, although very little corn is produced in CA.
To assess the reasonableness of our baseline water

intensity estimates, we compared these results with
values published in the literature [20, 33]. As shown
in Table 4, most of our results are in good agreement
with those of Chiu et al., generally being within 20–
30% of each other. Similarly, good agreement is noted
with the “blue water” results from Mekonnen and
Hoekstra. Inconsistencies of the magnitude seen in
Table 4 are expected due to differences in agricultural
data sources, time periods, simplifying assumptions,
and calculation methods. The overall good agreement
between our water intensity results (which were cal-
culated using a relatively simple approach) and those
of Chiu et al. and Mekonnen and Hoekstra (which
were derived using more sophisticated modeling ap-
proaches) provides confidence that our baseline sce-
nario is reasonable.
The total water intensity of corn ethanol consists of

two components: feedstock production and fuel produc-
tion. The relative contributions of these two components
in the baseline scenario for the top 12 corn-growing
states are depicted in Fig. 4. This illustrates that in states
Fig. 3 Water intensity (gal/gal) and total water use of higher ethanol blend
with considerable irrigation—such as NE and KS—al-
most all of the water intensity is attributable to feedstock
production. In states where very little irrigation is
used—such as Iowa (IA) and Ohio (OH)—the total water
intensity is more evenly divided between feedstock pro-
duction and fuel production. These data also suggest
that improving irrigation efficiency is a more effective
way to reduce the total water requirements of corn etha-
nol than is improving water efficiency within corn etha-
nol plants.

Water intensity and total water use—future scenarios
Water intensity results for each of the 29 corn-growing
states were calculated for the three future-year scenarios
defined above. Complete numerical results are available
in the Additional file 1 that accompanies this paper.
These results are also presented in Fig. 5a, in the form
of “heat maps,” to illustrate the differences among the
four scenarios. For the top 12 corn-growing states, these
water intensity results are also depicted in Fig. 6a.
Comparing scenario A (uniform expansion) with the

baseline shows a reduction in water intensity of approxi-
mately 16% in each state. This is a consequence of the
assumed increase in corn yield and decrease in bio-
refinery water usage between the baseline year and 2025.
However, total volumetric water usage in scenario A in-
creased by 908 billion gallons (3.44 × 1012 L), or 62%.
Due to the assumption of “uniform expansion” in sce-
nario A, the water increase was largest in states that
already had significant irrigation in the baseline case,
notably NE, KS, TX, CO, and SD.
In scenario B (50% expanded irrigation), water inten-

sity increased significantly in nearly every state, with the
exception of those where a large fraction of the corn
acreage was already irrigated in the baseline case (NE,
KS, TX, CO, AR, CA, and WA). This can be seen in
Fig. 5a, where most states (other than the aforemen-
tioned exceptions) show a darkening in color under sce-
nario B, indicating an increase in water intensity. [The
for top ten corn-producing states—baseline scenario



Table 4 Comparison of current study baseline (2013) water
intensity (L/L) with literature values

State Current study
baseline (2013)

Chiua

(2007)
Mekonnen and
Hoekstrab (1996–2005)

IA 5 6 4

MN 17 11 10

NE 427 501 445

IL 17 19 13

IN 19 17 16

SD 69 96 39

OH 3 5 0

ND 62 59 53

WI 30 26 8

KS 443 528 618

MI 53 47 32

MO 87 57 64

CO 937 1176 829

KY 8 7 5

TN 28 10 9

GA 148 128 166

CA 1635 2138 1027
aWater embodied in ethanol (We) values from Chiu et al. [20]
bBlue water values from Appendix III of Mekonnen and Hoekstra [33]
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high water intensities (dark color) shown in CA and
Washington (WA) are accurate, but somewhat decep-
tive, as the total amounts of corn produced in these
states are very small.]
The water intensities of the top 12 corn-producing

states shown in Fig. 6a clearly illustrate the increased
values in scenario B compared to baseline in most cases
but show a sharp decline for NE. This is because the
baseline scenario includes 56% irrigated land in NE.
Thus, scenario B, in which 50% of the additional corn is
grown on irrigated land, actually represents a water
reduction case in NE.
Fig. 4 Water intensity distribution between feedstock production and fuel
The total water volume required in scenario B in-
creased substantially in every state, as shown by the
darkening colors of Fig. 5b, with a total increase of 2366
billion gallons (8.96 × 1012 L), or 161% as compared to
baseline. This consistent increase in total water require-
ment for each of the top 12 states under scenario B is
also clearly seen in Fig. 6b. Particularly sharp increases
in water usage are seen in states that have very little irri-
gation under the baseline scenario—such as IA, IL, MN,
and OH. This is because under scenario B, 50% of the
additional ethanol in 2025 is derived from corn grown
on irrigated acreage.
In scenario C, all increased corn production (and in-

creased irrigation) was restricted to the 12 Midwestern
states. The water intensity values were found to increase
significantly in most of these states, with the exception
of NE and KS, which already had high water intensities
in the base case (see Fig. 6a). For the remaining 17
states, modest decreases in water intensity are seen, as
in scenario A, due to the assumed increase in corn yield
and decrease in bio-refinery water usage. However, the
total water volume requirement of scenario C increased
by 1195 billion gallons (4.52 × 1012 L), or 82% as com-
pared to the baseline, due to the assumed 10 percentage
point increase in irrigated acres in each of the 12
Midwestern states. As shown in Fig. 6b, these water
increases are especially large in NE and KS, although
significant increase are also seen in all the other states.
While we have defined and investigated the potential

water requirements of three future-year scenarios invol-
ving increased ethanol production, it is not clear that
any of these scenarios accurately represents future devel-
opments. However, taken together, these scenarios
present a likely range of possibilities. Of these three, sce-
nario A predicts the smallest increase in total water re-
quirements, while scenario B predicts the largest
increase. However, scenario C, which presents a “middle
ground” approach, may be more likely, as it reasonably
assumes that most of the additional corn needed to
production—2013 baseline scenario



Fig. 5 a Water intensity of corn ethanol production and b total water required for increased corn ethanol production

Fig. 6 a Water intensity of corn ethanol in the top 12 corn-growing states. b Total water use attributed to corn ethanol in the top 12 corn-growing
states. Comparison of 2013 baseline and three 2025 scenarios
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produce 24.3 billion gallons of ethanol in 2025 will come
from Corn Belt states.
From the standpoint of water policy and manage-

ment, it is important to understand the environmental
and ecological impacts of these increased water re-
quirements. For example, withdrawing and consuming
a given quantity of water is likely to have greater im-
pacts in Kansas than in Ohio. Assessing these impacts
is beyond the scope of this study. However, our re-
sults do suggest reasons for concern, in that a signifi-
cant increase in ethanol demand is likely to result in
expansion of corn cropping into water-stressed areas,
such as those serviced by the diminishing High Plains
Aquifer.
Conclusions
Our modeling exercise revealed several insights into the
potential water impacts of projected higher ethanol
blend fuels in the USA. First, the water intensity of corn
ethanol depends heavily on where the corn is grown.
Ethanol produced in regions requiring significant irriga-
tion has water intensity values two orders of magnitude
higher than ethanol produced in non-irrigated areas.
Secondly, to produce significantly larger volumes of
ethanol in the future will increase the water intensity in
most states and will increase total water usage amounts
everywhere. Water usage is especially high in top corn-
producing states that require substantial irrigation. In
the three future-year scenarios explored here, it was de-
termined that expanding corn ethanol production from
12.5 billion gallons in 2013 to 24.3 billion gallons in
2025 would increase total water requirements between
62% (scenario A) and 161% (scenario B). Finally, to
minimize water demands associated with higher corn
ethanol production, expanded corn production should
be concentrated in areas requiring little irrigation, and
efforts should be taken to improve irrigation efficiency.
Additional file

Additional file 1: Table S1. 2013 Baseline scenario—state-by-state corn
production, ethanol production, and water use. Table S2. 2025 scenario A
(uniform expansion)—state-by-state corn production, ethanol production, and
water use. Table S3. 2025 scenario B (50% expanded irrigation)—state-
by-state corn production, ethanol production, and water use. Table S4. 2025
scenario C (50% Midwest expansion)—state-by-state corn production, ethanol
production, and water use. (DOCX 48 kb)
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