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ABSTRACT: Middle distillate (MD) transportation fuels,
including diesel and jet fuel, make up almost 30% of liquid fuel
consumption in the United States. Alternative drop-in MD and
biodiesel could potentially reduce dependence on crude oil
and the greenhouse gas intensity of transportation. However,
the water and land resource requirements of these novel fuel
production technologies must be better understood. This
analysis quantifies the lifecycle green and blue water
consumption footprints of producing: MD from conventional
crude oil; Fischer−Tropsch MD from natural gas and coal;
fermentation and advanced fermentation MD from biomass;
and hydroprocessed esters and fatty acids MD and biodiesel from oilseed crops, throughout the contiguous United States. We
find that FT MD and alternative MD derived from rainfed biomass have lifecycle blue water consumption footprints of 1.6 to
20.1 Lwater/LMD, comparable to conventional MD, which ranges between 4.1 and 7.4 Lwater/LMD. Alternative MD derived from
irrigated biomass has a lifecycle blue water consumption footprint potentially several orders of magnitude larger, between 2.7 and
22 600 Lwater/LMD. Alternative MD derived from biomass has a lifecycle green water consumption footprint between 1.1 and 19
200 Lwater/LMD. Results are disaggregated to characterize the relationship between geo-spatial location and lifecycle water
consumption footprint. We also quantify the trade-offs between blue water consumption footprint and areal MD productivity,
which ranges from 490 to 4200 LMD/ha, under assumptions of rainfed and irrigated biomass cultivation. Finally, we show that if
biomass cultivation for alternative MD is irrigated, the ratio of the increase in areal MD productivity to the increase in blue water
consumption footprint is a function of geo-spatial location and feedstock-to-fuel production pathway.

■ INTRODUCTION
Efforts to reduce dependence on crude oil and to mitigate the
impact of transportation on the environment have motivated
research on alternative fuels in the United States (U.S.).
Alternative drop-in middle distillate (MD) transportation fuels,
including diesel and jet fuels that are chemically similar to
conventional petroleum-derived MD, and biodiesel, are of
particular interest because MD fuels make up almost 30% of
liquid fuel consumption in the U.S.1 Unlike ethanol, alternative
drop-in diesel and biodiesel are compatible with existing diesel
trucks, automobiles, railroad locomotives and agricultural
machinery, and alternative drop-in jet fuel is compatible with
turbojet and turboprop aircraft engines.2,3 (We note that
biodiesel is not usable in aviation, and is not compatible with
existing pipeline infrastructure due to contamination concerns.)
Alternative MD technologies may hold promise in terms of

reduced lifecycle greenhouse gas (GHG) and air quality-
degrading emissions compared to conventional MD.4−6

However, while the overall environmental impacts of biofuel
technologies have been studied,7−14 the water and land

resource requirements of novel alternative MD production
technologies have not been quantified. Alternative MD
production technologies are distinct from other biofuels in
terms of the unit processes and efficiencies of feedstock-to-fuel
conversion. Both of these factors are determinants of alternative
MD fuels’ environmental impact. Furthermore, despite
uncertainty about their environmental impacts, production of
alternative MD fuels is expected to grow: the International Air
Transport Association (IATA) has a goal of 10% alternative
fuel use for aviation by 2017,15 and the U.S. Federal Aviation
Administration (FAA) has a goal of one billion gallons of
alternative fuel consumption by 2018.16 Additionally, the U.S.
Renewable Fuels Standard 2 (RFS2) mandates 36 billion
gallons of alternative fuel production by 2022, 21 billion gallons
of which could be alternative MD or biodiesel.17
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Water used within the MD production lifecycle comes from
precipitation, soil moisture, surface and underground sources.
Fresh water from precipitation and soil moisture is categorized
as green water, fresh water from surface and underground
sources is categorized as blue water, and polluted water is
categorized as gray water.18 Water that exits a defined system
boundary via direct consumption or evapotranspiration, and is
no longer available for use, is considered consumed and may be
either green or blue water.19 This analysis encompasses both
green and blue water consumed during the MD lifecycle. We
perform additional analysis with respect to blue water
consumption because it has a relatively higher opportunity
cost than green water,20 and alternative MD production may
compete with other anthropogenic uses for blue water
resources.13,21 We note that there is gray water associated
with all of the fuel pathways investigated, but that gray water is
beyond the scope of our analysis.
The MD production pathways considered in this analysis

include
• Conventional MD production
• Fischer−Tropsch (FT) MD from natural gas and coal
• Fermentation and advanced fermentation (AF) MD from

sugar cane, corn, and switchgrass
• Hydroprocessed esters and fatty acids (HEFA) MD from

soybean, rapeseed and jatropha
• Biodiesel from soybean, rapeseed and jatropha.
Conventional MD was included in this study for the

purposes of comparison, and the alternative MD pathways
were selected for feasibility of large-scale production in the
near-term: FT and HEFA fuels have already been certified
under ASTM D4054; AF (specifically alcohol-to-jet fuel) is
expected to be among the next to be certified;22 and in 2011,
almost 1 billion gallons of biodiesel were consumed for ground
transportation in the U.S.23

Although alternative MD and ethanol production pathways
use similar biomass feedstocks, MD production technologies
are distinct in terms of the unit processes employed for fuel
production, and the mass efficiency of feedstock-to-fuel
conversion. Therefore, the water footprint of alternative MD
production will vary significantly from that of other biofuels. An
analysis of the lifecycle water footprint of MD fuel production
is absent from the literature because previous studies have
focused exclusively on ethanol and biodiesel. Additionally,
previous work has generally presented results as a range to
capture variability and uncertainty in the input parame-
ters.10,11,13,24 Studies that have geo-spatially disaggregated
results have done so at a coarse resolution,7 or only at the
regional scale.25 This analysis is the first to calculate the water
consumption footprint of alternative MD production pathways,
geo-spatially disaggregated for the contiguous US at a county-
level resolution, and to quantify the trade-offs between the
water and land requirements of alternative fuel production.

■ MATERIALS AND METHODS
The green and blue water consumption footprint of each
feedstock-to-fuel pathway is calculated on a lifecycle basis,
taking into account the consumption of green water during
biomass cultivation, and of blue water in each lifecycle step. In
order to understand the drivers of variability in these results,
the AF and HEFA pathway results are geo-spatially
disaggregated at a county resolution for the contiguous U.S.
Biodiesel results are not geo-spatially disaggregated because

they agree with the HEFA results within ±6% for each county
due to similar feedstock-to-fuel process water requirements and
conversion efficiencies. Marginal resource requirement curves
are constructed for the AF and HEFA pathways, ranked by the
blue water consumption footprints and land requirements of
MD production, and we test three different assumptions to
quantify the trade-offs between blue water consumption and
land use requirements for 10 billion liters per year of MD
production from each pathway. Ten billion liters is used for
comparison because, given the constraining assumptions, it is a
volume of fuel that could be produced by each AF and HEFA
MD pathway. Finally, the areal productivity benefit of irrigation
is calculated on a county basis to quantify which regions of the
contiguous U.S. will realize the greatest benefit from biomass
irrigation for AF and HEFA MD production.

Lifecycle Methodology. In order to compare water
consumption across pathways, we adopt a lifecycle method-
ology consistent with the principles described in Allen et al.,26

and employed for previous sustainability assessments of
alternative MD fuel production.6 This analysis includes, when
applicable, biomass cultivation, recovery and transportation;
feedstock extraction, recovery and transportation; feedstock-to-
fuel conversion; and transportation and distribution of MD.
Water vapor released to the atmosphere during MD
combustion is beyond the system boundary.
For green water we assume that the only lifecycle step of

interest is the cultivation of biomass for alternative MD
production, during which precipitation and soil moisture is
consumed via evapotranspiration.
For blue water, two types of consumption are accounted for

within the system boundary: (i) direct blue water consumption,
which exits the system boundary during MD production; and
(ii) indirect blue water consumption due to the blue water
consumption footprints of the material and energy inputs to
MD production. Blue water is consumed directly during
biomass feedstock cultivation if surface or groundwater is
applied for irrigation. We assume that no significant direct blue
water consumption is associated with the transportation of the
biomass and fossil fuel feedstocks, or fuel products, of any
pathway, consistent with previous studies on the water
footprint of transportation fuels.11 For indirect blue water
consumption, the quantities of primary energy carriers
associated with transportation, such as coal, natural gas, and
refinery products, were obtained from the default assumptions
in GREET 2011.27 The blue water consumption of: coal is
taken from Gleick19; natural gas is calculated using a weighted
average of conventional and shale gas extraction methods from
Gleick19 and King & Webber10; and crude oil products is
calculated using the iterative procedure described in the
Supporting Information (SI).
The material and energy outputs of each MD production

pathway include products (e.g., diesel, jet fuel, and biodiesel),
and coproducts (e.g., animal feed, electricity and non-MD
fuels) or wastes. Water consumption is allocated among
nonfuel coproducts according to market allocation: at the
point where the fuel-destined product stream is physically
separated from the coproduct streams, water consumption is
allocated among the process streams in proportion to their
relative market values.28 The remaining water consumption is
allocated among all fuel products according to their relative
energy contents,28 and results are reported in terms of liters of
water consumed (either green or blue) per liter of MD
produced [Lwater/LMD]. These allocation methods are con-
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sistent with previous sustainability assessments of alternative
MD production pathways.6

Results are reported for each pathway in terms of green water
and blue water, under assumptions of rainfed and irrigated
biomass cultivation, where applicable. A range of low, mid, and
high results does not represent uncertainty, but rather
variability in the assumed locations of biomass cultivation,
fossil fuel extraction methods, feedstock-to-fuel conversion
efficiencies, and process water requirements. The mid value is
calculated from the combination of assumptions most
representative of the technology on the basis of engineering
assumptions and empirical data. These assumptions are detailed
in the SI.
Conventional MD. The conventional MD pathway lifecycle

includes crude oil recovery, crude oil transportation, refining of
crude oil to MD, and MD transportation and distribution.
The process of crude oil recovery consumes blue water as

water or steam is injected into geological formations to
maintain reservoir pressure.24,29 The blue water consumption
of crude oil extraction varies mainly according to the produced
water reinjection technologies employed in each Petroleum
Administration Defense District (PADD). An average of 3.3 L
of blue water consumption per liter of crude oil produced is
estimated for the U.S.24

Refining separates crude oil into its constituent hydro-
carbons, removes impurities, and increases marketable fuel
yields. The process consists of fractional distillation, mercaptan
oxidation or hydrodesulphurization, and hydrotreatment. This
analysis assumes a product slate that is 22.9% MD fuels,30 and
that 1.5 L of blue water is consumed per liter of crude oil
refined, 96% of which is consumed for steam and cooling
operations.24 Variability in the results for the conventional MD
pathway is due to assumptions regarding the blue water
consumption of crude oil recovery and extraction in the
different PADDs from Wu et al.24 We expand on the blue water
consumption footprint of MD reported by Wu et al.24 by
including indirect blue water consumption from transportation
and material and energy inputs, and by allocating results among
refinery fuel products.
FT MD from Natural Gas and Coal. The FT MD pathway

lifecycle includes natural gas (NG) or coal feedstock recovery,
feedstock transportation, feedstock-to-fuel conversion, and MD
transportation and distribution. The blue water consumption of
natural gas from conventional and shale deposits (produced
using hydraulic fracturing) is assumed to be 0.109 and 0.134
Lwater/MJNG, respectively.

19,10 Coal from open pit and under-
ground coal mining operations, including washing to remove
contaminants, is assumed to have blue water consumption
intensities of 0.161 and 0.169 Lwater/MJcoal, respectively.

19

The FT feedstock-to-fuel conversion process consists of two
steps. During gasification or steam reforming, the feedstock is
partially oxidized into synthesis gas (syngas) containing carbon
monoxide and hydrogen, which is then purified to remove
impurities such as sulfur. FT synthesis then takes place, which is
a polymerization reaction of carbon monoxide in the presence
of hydrogen and an iron- or cobalt-based catalyst.6 For the
purposes of this analysis, it is assumed that the 70% of the fuel
product of the FT process is MD by energy.31 Blue water is
consumed for electricity production, cooling processes, the
water−gas shift reaction, and steam reforming of natural gas to
hydrogen. Variability in the results for the FT MD pathways is
due to assumptions regarding the feedstock extraction process,
lower heating value (LHV) conversion efficiency, and the direct

process water use, from Bao et al.,32 Matripragada,33 and
Stratton et al.6

AF MD Production from Sugar Cane, Corn and
Switchgrass. The AF MD pathway lifecycle includes biomass
cultivation and transportation, feedstock-to-fuel conversion,
and MD transportation and distribution. The feedstocks
considered for the AF MD pathway are sugar cane, corn, and
switchgrass.
Once at the AF facility, three steps are required for

conversion of the feedstock to MD: monomer sugar is
extracted from the feedstock via pretreatment and hydrolysis;
the sugar is metabolized by an engineered microorganism to
produce a platform molecule; and the platform molecule is
upgraded to drop-in fuel. The process parameters associated
with feedstock-to-fuel conversion, such as electricity, natural
gas, and fresh water makeup requirements; feedstock-to-fuel
conversion efficiencies; and the quantity of coproducts
produced, are calculated from the literature.34−53 Variability
in the results for the AF MD pathways is due to the choice of
feedstock, feedstock-to-fuel conversion process parameters, and
the assumed location of biomass and fuel production.

HEFA MD and Biodiesel from Soybean, Rapeseed,
and Jatropha. The HEFA MD and biodiesel pathway
lifecycles include biomass cultivation and transportation,
vegetable oil extraction and transportation, vegetable oil to
MD or biodiesel conversion, and fuel transportation and
distribution. The feedstocks considered for the HEFA MD and
biodiesel pathways are soybean, rapeseed and jatropha.
Vegetable oil is extracted from the biomass by pressing the

oilseeds and introducing an organic solvent, such as hexane.47

In the case of soybean and rapeseed, the meal separated from
the oil has a high protein content with commercial value as an
animal feed. In the case of jatropha, the husks, shells and meal
from most varieties are toxic to humans, so it is assumed that
the coproducts are combusted to produce electricity.6 At a
HEFA MD facility, the vegetable oil is hydrodeoxegenated and
isomerized to drop-in fuel, approximately 91% of which is MD
by energy content.44 In the process used in this analysis, 89% of
direct fresh water consumption is for boiler feedwater makeup
due to steam generation and cooling losses.44 Alternatively, at a
biodiesel facility, the vegetable oil is transesterified to
biodiesel.47 Variability within the HEFA MD and biodiesel
pathway results is due to the choice of feedstock; biomass
growth, oil extraction and oil yield assumptions; and the
assumed location of biomass and fuel production.

Global Agro-Ecological Zones (GAEZ) Model. For the
pathways that use biomass feedstocks, the green and blue water
consumption footprints of feedstock cultivation were taken
from the GAEZ v3.0 model. GAEZ calculates geography and
climate specific crop water balances to estimate evapotranspira-
tion, crop water deficit during the growth cycle, and maximum
attainable biomass yields. GAEZ also accounts for year-to-year
average climatic and soil moisture variability and yield losses
due to disease, water stress, soil workability, and early or late
frosts. Evapotranspiration and biomass yields, under inter-
mediate input conditions and for rainfed and irrigated
conditions, were extracted from GAEZ for all six biomass
feedstocks of interest, at a 5 arc-minute and 30 arc-second
resolution. The data was used to calculate green water
consumption, blue water irrigation requirements, and maximum
attainable irrigated and rainfed yields. This was calculated for
each county in the contiguous U.S. which GAEZ determines is
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suitable, given soil and climatic conditions, for cultivation of the
crop of interest.54

■ RESULTS AND DISCUSSION
Results are reported as a range of low, mid, and high values for
the lifecycle green and blue water consumption footprints of
each MD production pathway. The results are geo-spatially
disaggregated for the AF and HEFA pathways to quantify the

effect of the assumed location of biomass feedstock cultivation
and MD production on the results. The trade-offs between blue
water consumption footprint and areal productivity are also
quantified.

Results and Geo-Spatial Disaggregation. The results for
all pathways studied in this analysis are shown in Figure 1, and
are compared to the literature under assumptions of rainfed and
irrigated biomass cultivation.7,10,11,24 Because this is the first
analysis to calculate the green and blue water consumption
footprints of alternative MD production technologies, and
previous studies have focused primarily on conventional
petroleum fuels and ethanol, the results are compared to the
literature on the basis of the energy equivalent of a liter of
conventional diesel. The whiskers in Figure 1 indicate
variability in the results: for example, the low and high results
for the blue water consumption of the irrigated AF switchgrass
pathway are 6.2 and 5800 Lwater/LMD, respectively. These
correspond to the combinations of biomass feedstock
cultivation, and feedstock-to-fuel conversion parameter as-
sumptions that yield the lowest and highest results.
Comparison with the literature shows that our results are
congruent with the range of values previously reported for
other fuels. For example, Figure 1 shows that the low, mid and
high results for conventional MD (4.1, 5.1, and 7.4) lie in the
midst of results calculated by King & Webber,10 Scown et al.,11

and Wu et al.24

Figure 1a shows that the blue water consumption footprint of
rainfed biomass-derived and FT MD production ranges
between 1.6 and 20.1 Lwater/LMD. With the possible exception
of FT MD from coal, alternative MD production has a blue
water consumption footprint comparable to MD from
conventional crude under an assumption of rainfed biomass
cultivation. In contrast, Figure 1b demonstrates that under an
assumption of irrigated biomass cultivation, alternative MD
pathways that use biomass feedstocks have blue water
consumption footprints several orders of magnitude greater
than MD from conventional crude. For example, rainfed
soybean HEFA MD has a blue water consumption footprint of
2.1 Lwater/LMD, compared to conventional MD with 5.1 Lwater/
LMD under mid assumptions. However, irrigated soybean HEFA
MD has a blue water consumption footprint of 1407 Lwater/LMD
under mid assumptions. The large blue water consumption
footprints of the pathways in Figure 1b) are due to the water
requirements of irrigation. For example, the biomass cultivation
step accounts for 1405 Lwater/LMD, or 99.9%, of the total
lifecycle blue water consumption footprint for soybean HEFA
MD. The green water consumption footprint of biomass-
derived alternative MD pathways ranges between 1.1 and 19
230 Lwater/LMD. It should be noted that conventional and FT
MD fuels have no green water consumption footprint.
Figure 1 shows a range of values in order to capture

variability in the assumptions related to irrigation requirements,
feedstock-to-fuel process water requirements, and conversion
efficiency. We further disaggregate the AF and HEFA pathway
results to investigate the largest source of variability: the
assumed location of biomass feedstock cultivation and MD
production. Geo-spatial location determines the climate and
soil conditions, water consumption, and areal productivity of
biomass cultivation, and indirect blue water consumption
footprint of electricity in each county. The green and blue water
consumption of biomass cultivation is extracted from the
GAEZ model,54 and the indirect blue water consumption
footprint of electricity, at a county-level resolution, is from

Figure 1. Lifecycle water consumption of MD production via (a) FT
pathways and rainfed biomass cultivation, and (b) irrigated biomass
cultivation. The conventional MD pathway results are shown in both
instances for the purposes of comparison. Results shown are calculated
by this analysis unless otherwise cited. Blue water results are shown in
blue, and green water results are shown in green.

Environmental Science & Technology Article

dx.doi.org/10.1021/es4030782 | Environ. Sci. Technol. 2013, 47, 12557−1256512560



Strzepek et al.55 The green and blue water consumption
requirements of feedstock irrigation are associated to counties,
and lifecycle results are calculated for each pathway under the
assumptions of rainfed and irrigated maximum attainable
biomass cultivation. The areal productivity of MD production
is calculated using maximum attainable biomass feedstock yield
data from GAEZ, under assumptions of intermediate cultivation
inputs. The feedstock-to-fuel process water requirements and
conversion efficiencies are held constant at the mid assumption
parameters described in the SI. An example of the results for
the corn AF MD pathway is shown in Figure 2. The left side of
Figure 2 shows the green and blue water consumption
footprints under an assumption of rainfed and irrigated biomass
cultivation, respectively. The blue water consumption footprint
of MD production is higher under an assumption of irrigated
biomass, and increases as irrigated biomass cultivation occurs in
drier climates in the western states. Conversely, green water

consumption footprint decreases as biomass cultivation occurs
in drier climates. For example, the green and blue water
consumption footprints of irrigated corn AF MD production
are 2450 Lgreen water/LMD and 329 Lblue water/LMD in Robertson,
TN, and 1340 Lgreen water/LMD and 1960 Lwater/LMD in Dewey,
OK, respectively. This pattern demonstrates an inverse
relationship between green and blue water consumption
footprints. The increase in areal productivity of corn AF MD,
due to irrigated biomass cultivation, is shown in the bottom
right of Figure 2. Under an assumption of rainfed corn AF MD
production areal productivity is 1620 LMD/ha/year, and
increases to 1810 LMD/ha/year under an assumption of
irrigated corn AF MD production in Robertson, TN. Additional
results are reported in the SI.
In order to quantify the trade-offs between blue water

consumption footprint and areal productivity of large-scale
alternative MD production, marginal resource requirement

Figure 2. Lifecycle water consumption footprint and areal productivity of rainfed and irrigated corn AF MD production.

Figure 3. (a) Marginal blue water consumption of rainfed and irrigated corn AF MD production, counties ranked to minimize water requirements.
(b) Land requirements of rainfed and irrigated corn AF MD production, counties ranked to minimize land requirements.
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curves are constructed for the AF and HEFA pathways. We
rank the counties in the contiguous U.S. by the blue water
consumption footprint and land requirements of MD
production, and plot against the cumulative MD production
capacity of that county for each AF and HEFA production
pathway. The MD production capacity of each county is
calculated on the basis of agro-climatically maximum attainable

areal biomass productivity from GAEZ, and the calculated
feedstock-to-fuel conversion efficiency. Each county’s MD
production capacity is constrained by available harvested
cropland from the 2007 USDA Census of Agriculture,56 and
available fresh water resources, without inducing a water stress
index above 0.4, from the USDA Forest Service Water Supply
Stress Index (WaSSI).57 These constraints are applied only for
the analyses shown in Figures 3 and 5, and Table 1, because
they require an estimate of potential MD fuel production
volumes in each county. Examples of the marginal water and
land resource requirement curves for the corn AF MD pathway
are shown in Figure 3. Additional results are reported in the SI.
The marginal resource requirement curves are stacked to

minimize either blue water consumption or land footprint, and
they illustrate the trade-offs between blue water consumption
and land use. In order to quantify these trade-offs, the blue
water consumption footprint and areal productivity of the AF
and HEFA pathways are averaged over 10 billion liters of
cumulative MD production under three different assumptions:
rainfed cultivation; irrigated cultivation with blue water
consumption footprint minimized; and irrigated cultivation
with areal productivity maximized. The results are shown in
Table 1. Blue water consumption footprint and areal
productivity range from 1.8 to 1440 Lwater/LMD and 490 to
4200 LMD/ha/year, respectively.

Areal Productivity Bene�t of Irrigation. In order to
relate the blue water footprint and areal productivity character-
istics quantified in this analysis, we calculate the ratio of
increased areal productivity to increased blue water con-
sumption footprint, on a county basis, for the AF and HEFA
pathways. This value is defined asM = �Y/�W, whereM is the
areal productivity benefit of irrigation (1000 LMD/ha per Lwater/
LMD), �Y is the increase in maximum attainable areal fuel yield
due to irrigated (versus rainfed) biomass cultivation (1000
LMD/ha), and �W is the increase in blue water consumption
footprint due to irrigated (versus rainfed) biomass cultivation
(Lwater/LMD).

Table 1. Lifecycle Blue Water Consumption Footprint and
Areal Productivity, Averaged Over 10 Billion Liters of
Cumulative MD Production from Each Pathway, Under
Three Di�erent Assumptions

irrigated
biomass

cultivation,

irrigated
biomass

cultivation,

metric pathway

rainfed
biomass
cultivation

water use
minimized

areal prod.
maximized

sugar cane
AF

10.4 220 689

corn AF 5.2 16.6 1250
average water
footprint

switchgrass
AF

4.7 129 1440

lwater/lMD soybean
HEFA

2.1 50.0 1170

rapeseed
HEFA

1.8 2.0 811

jatropha
HEFA

2.1 20.9 455

sugar cane
AF

3.8 3.4 4.2

corn AF 1.2 1.7 2.0
average areal
productivity

switchgrass
AF

2.2 2.5 3.5

1000 lMD/ha soybean
HEFA

0.49 0.71 0.82

rapeseed
HEFA

0.99 1.1 1.3

jatropha
HEFA

2.1 2.2 2.4

Figure 4. Areal productivity benefit of irrigation, M, for corn AF MD production.
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The ratio M is calculated for each county in the contiguous
U.S. that GAEZ determines is suitable for cultivation of the
biomass feedstock of interest. A higher value ofM indicates that
the areal productivity to be gained from irrigation comes with a
relatively small increase in blue water consumption footprint.
Conversely, a low value of M indicates that there is little areal
productivity improvement to be realized, or that it comes at the
cost of a relatively large increase in blue water consumption
footprint. An example of the result of this calculation for the
corn AF MD pathway is shown in Figure 4.
In order to compare the potential for areal productivity

benefits from irrigation between the AF and HEFA pathways,
the results are ranked by the ratio M, and plotted against
cumulative MD production. This is shown in Figure 5. This
implies that at different scales of production, different

feedstock-to-fuel pathways have distinct areal productivity
benefits from irrigation.
Figure 6 shows which fuel pathway has the greatest value of

M under an assumption of irrigated biomass cultivation for
alternative MD production in each county in the contiguous
U.S. Relative to the other pathways, corn AF enjoys the greatest
areal productivity benefit in the Central and Southern Plains
States and the Mississippi Valley regions; switchgrass AF in the
Great Lakes and Northeast regions, and most of the western
U.S.; rapeseed HEFA in the Rocky Mountain and Western
States; and sugar cane AF enjoys the greatest benefit in the Gulf
Coast regions of Texas and Louisiana, and southern California
and New Mexico.
We note that the decision to irrigate in any particular

location depends on a number of additional factors, such as: the

Figure 5. Areal productivity benefit of irrigation for alternative MD production.

Figure 6. MD production pathway with the greatest areal productivity benefit from irrigation in each county.
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impacts of irrigation practices on local water stress and water
quality; agricultural profit-maximization; and, most importantly
for this analysis, the local price and scarcity of water and land
resources. Further research is required to understand these
additional impacts of large-scale alternative MD fuel
production.
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