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a  b  s  t  r  a  c  t

Transition  of  the current  gasoline-based  transportation  system  into  a  renewable  fuel-based  clean  vehi-
cle  system  has  the  potential  to reduce  greenhouse  gas  emissions  and  improve  national  energy  security.
However,  the realized  net  environmental  benefit  or energy  security  improvement  is tightly  linked  to the
electricity  fuel  mix  (for  electric  cars and  plug-in  hybrids)  and  fueling  strategy  (for cars  using  alternative
liquid  fuels).  In  addition,  different  types  of transportation  fuels  have  significantly  different  demands  on
land resources,  both  on  land  type  and quantity.  For  example,  biofuel  production  requires  large  quantities
of agricultural  land,  while  wind  farms  require  land  with  sufficient  wind  density.  Furthermore,  there  is  sub-
stantial regional  variation  in  the  quality  of  necessary  resources.  Regions  with  higher  wind  speeds  require
less land  to produce  the  same  amount  of  electricity  than  those  with  lower  wind  speed,  assuming  the  same
turbine  design.  Similarly,  regions  with  optimal  soil  conditions  and  climate  for  crop  cultivation  require
less land  to  produce  the  same  amount  of biofuel.  To enable  comparison  of  land  demand  among  different
fuel  choices  for  clean  vehicles,  this  research  provides  a  county-scale  assessment  of  land  demand  based
on  a “per-vehicle-mile-traveled”  basis.  Potential  clean  vehicle  fuels  assessed  in  this  study  include ethanol
produced  from  different  feedstocks  (corn  and  switchgrass),  biodiesel  from  algae  cultivated  in  open  ponds
and  closed  systems,  and electricity  produced  from  renewable  sources  (wind  and  solar).  Our  results  show
that, in  general,  engineered  systems  (wind  electricity,  solar  electricity,  and  biodiesel  from  closed-system
algae)  are more  land  efficient  than natural  systems  (corn  ethanol  from  corn  starch  and  stover,  switch-

grass  ethanol,  and  biodiesel  from  open-pond  algae).  Solar  electricity  is the  dominant  regional  optimal
fuel  choice  from  the land-use  perspective  for engineered  systems  while  lowland  switchgrass  ethanol  and
biodiesel from  open-pond  algae  are  the  major  optimal  choices  for  the natural  systems.  These  results  shed
light on  developing  both  federal  and state  level  policies  to  minimize  land-use  impact  for  the  development
of  a  clean  vehicle  system.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

A renewable fuel-based U.S. transportation system has the
otential to address climate change and energy security issues by
educing greenhouse gas (GHG) emissions and alleviating depend-

nce on foreign oil imports. In 2011 over 27 quadrillion Btu of
nergy, almost one-third of total U.S. energy consumption, was
ttributed to the U.S. transportation system (U.S. Department of

∗ Corresponding author at: 440 Church Street, Ann Arbor, MI  48109-1041, United
tates. Tel.: +1 734 764 1412; fax: +1 734 647 5841.

E-mail address: caih@umich.edu (H. Cai).

ttp://dx.doi.org/10.1016/j.resconrec.2014.12.008
921-3449/© 2014 Elsevier B.V. All rights reserved.
Energy EIA, 2013a). The current transportation system is highly
dependent on gasoline, with 93% of transportation energy sourced
by petroleum, making the transportation sector particularly vul-
nerable to disruptions in oil markets (Congressional Budget Office,
2012; U.S. Department of Energy EIA, 2013b). In addition, the trans-
portation sector is one of the major contributors for GHG emissions,
responsible for over 1800 million metric tons of CO2 equivalent
in 2011 (U.S. Department of Energy EIA, 2013b; U.S. EPA, 2013).
Various federal and state policies were enacted to facilitate renew-

able fuel production in order to change these trends. The policies
particularly driving this research are the updated national-level
Renewable Fuel Standard (RFS2) which was passed as part of the
Energy Independence and Security Act of 2007, and the various

dx.doi.org/10.1016/j.resconrec.2014.12.008
http://www.sciencedirect.com/science/journal/09213449
http://www.elsevier.com/locate/resconrec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.resconrec.2014.12.008&domain=pdf
mailto:caih@umich.edu
dx.doi.org/10.1016/j.resconrec.2014.12.008
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tate-level Renewable Portfolio Standards (RPS) (Congress, 2007;
REL, 2008; Schnepf and Yacobucci, 2010). The RFS2 mandates that

 minimum 36 billion gallons of biofuels be used in the U.S. trans-
ortation system by 2022, and includes specific requirements for
orn ethanol, cellulosic biofuels, and advanced biofuels (Schnepf
nd Yacobucci, 2010). RPS mandates vary by state but generally
equire a certain percentage of state energy to come from renew-
ble sources, like wind and solar electricity, by a certain year (DSIRE,
014). Although the RPS mandates are not limited to transportation
nergy, they will likely affect the electrical grid mix  and therefore
ill play a role in renewable energy development for clean vehicle

ystems.
Clean vehicles refer to vehicles that use alternative fuels instead

f gasoline or diesel. Promising renewable fuels for clean vehicle
ystems include bioethanol (e.g. from corn starch, corn stover and
witchgrass), biodiesel (e.g. from algae), and electricity generated
rom renewable sources (e.g. solar and wind). Depending on the
uel type and source, each fuel option has different advantages
nd disadvantages. Corn starch based ethanol can leverage exist-
ng fueling infrastructure and engines when blended with gasoline,
ut competes with food supply and may  not significantly reduce
et energy use and GHG emissions over the lifecycle of fuel pro-
uction and use (Geyer et al., 2013; Schnepf and Yacobucci, 2010).
thanol from cellulosic feedstock such as switchgrass is often con-
idered more promising because switchgrass maintains high yields
n a variety of growing conditions, including on marginal lands,
nd does not compete with food (Valentine et al., 2012). How-
ver, the cellulosic ethanol conversion process is still costly and
ighly uncertain, requiring significant research and investments
o reach the commercial scale (Gunderson et al., 2008; Schnepf
nd Yacobucci, 2010). Biodiesel extracted from algae boasts a high
nergy yield but will also require a considerable amount of research
o reach industrial-scale production levels and its production raises
oncerns about high water and nitrogen requirements (Quinn et al.,
012; Wigmosta et al., 2011). Renewable electricity from wind
nd solar has a better record for reducing energy use and GHG
missions with fewer environmental concerns, but its development
aces uncertainties with electricity storage/transmission and trade-
ffs related to high technology and infrastructure costs (Arent et al.,
011). Therefore, uncertainties and trade-offs exist with the devel-
pment of renewable transportation fuels. A better understanding
f the advantages and disadvantages of different fueling strategies
or a clean vehicle system is necessary to inform policy decisions
nd avoid negative unintended consequences.

In addition, large scale renewable transportation fuel produc-
ion could significantly impact natural resource demand, such as
ater (Cai et al., 2013; Chiu and Wu,  2012) and land (Elliott et al.,

014; McDonald et al., 2009). McDonald et al. (2009) estimate
hat the land-use intensity of biofuels will continue to be 10–20
imes more than that of conventional fossil fuels into the year
030, suggesting that the development of a clean vehicle system
ay  have a profound demand for land (McDonald et al., 2009).

he authors also estimate that to meet the RFS2 alone will require
pwards of 206,000 km2 of new land devoted to biofuel develop-
ent (an area larger than the state of Nebraska) (McDonald et al.,

009). The expansion of renewable fuel production can cause direct
nd indirect land-use change that potentially lead to increasing
eforestation, loss of biodiversity, and increased GHG emissions
Dunn et al., 2013; Lambin and Meyfroidt, 2011; Rathmann et al.,
010; Sarkar and Miller, 2014; Searchinger et al., 2008). Further-
ore, this impact could be more significant at the regional scale

ecause the land-use intensity (the amount of land required to pro-

uce one unit of fuel) of potential renewable transportation fuels

s not only significantly different depending on the fuel type, but
lso varies geographically due to climatic and topographical con-
itions. Because transportation infrastructure development is path
 and Recycling 95 (2015) 112–119 113

dependent, it is important for policy makers to consider potential
land-use impact when planning for fueling strategies for regional
clean vehicle system development. However, much of the current
literature regarding renewable transportation fuels focuses on net
energy use and life cycle GHG emissions of each individual fuel
(Fthenakis and Kim, 2009; Miller, 2010) and average land require-
ment based on different units (Cherubini et al., 2009; Fthenakis and
Kim, 2009; Geyer et al., 2013; Horner and Clark, 2013; Miller, 2010).
Little attention has been paid to regional fueling strategies from the
perspective of minimizing land-use impact. This research aims to
fill this gap by comparing land-use demand of different renewable
transportation fuels at regional scale and identify land-efficient
fueling options.

This research compares the direct land-use intensities of
different renewable fuels by assessing land-use on a “per-vehicle-
mile-traveled” basis. In other words, the amount of land required
to be occupied for a year to fuel a light-duty vehicle to travel one
mile (for simplicity, the unit of m2/VMT is used in this paper).
The land-use intensities are measured on a county-level basis
to assess regional variations for each renewable fuel, as well
as the regional variation in the optimal renewable fuel choice.
Understanding regional patterns of land-use intensities among
renewable fuel alternatives and the land demand to meet travel
demand on renewable fuels will aid implementation of policies
like the RFS2 and RPS by helping states develop better fuel-
ing strategies. Because transportation infrastructure development
is path dependent, fueling strategy decisions made today will
have impacts on regional resources and energy uses in the long
term.

2. Materials and methods

2.1. Land-use intensity and efficiency

In this study, land-use intensity is defined as the amount of land
needed to produce enough fuel in a year to power one mile of
vehicle travel (m2/VMT). Using one vehicle-mile-traveled (VMT)
as the reference unit is a common approach to enable compar-
ison of land-use demand of different renewable transportation
energy options (Choudhary et al., 2014; Geyer et al., 2013). The
system boundary includes only the land needed for crop cultiva-
tion or electricity generation. Indirect land demand (e.g. road for
fuel transportation, extraction or mining of raw materials) is not
accounted for because they are insignificant compared to direct
land-use for energy generation (Fthenakis and Kim, 2009). Land-
use efficiency is the complementary way  of describing land-use
intensity in this study. Higher land-use efficiency indicates lower
land-use intensity and vice versa. The renewable transportation
fuel options examined in this research include: (1) corn ethanol
(from both corn starch and stover), (2) lowland switchgrass ethanol,
(3) upland switchgrass ethanol, (4) biodiesel from open-pond algae,
(5) biodiesel from closed-system algae, (6) solar photovoltaic elec-
tricity, and (7) onshore wind electricity. These options were chosen
to represent the different categories of fuels mandated in the
RFS2 and the most common and promising renewable electric-
ity sources. This research studies county-level land-use intensity
of above mentioned fuels in contiguous states, including the Dis-
trict of Columbia. Spatial variations of productivity of each fuel
option impacted by factors including radiation, soil quality, tem-
perature, and wind speed, are incorporated in the analysis. We  use
0.35 kWh/mile vehicle fuel economy (DOE, 2013) and 0.88 charging

efficiency (Kelly et al., 2012) for electric vehicles. Corporate Aver-
age Fuel Economy (CAFE) standards of light-duty vehicles in 2011
at 30 mpg  for gasoline vehicles is used as the baseline for liquid
fuels (Bureau of Transportation Statistics, 2011; EPA, 2012). Fuel
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conomies of ethanol and biodiesel are modified based on heat
ontents relative to gasoline (116,090 btu/gal).

.1.1. Corn-derived ethanol
Ethanol can be produced from both corn grains and corn stover,

hrough different pathways. After harvested from the field, corn
rains are transported to ethanol plants where corn grains are
illed and the starch is fermented to produce ethanol (Wang

t al., 2011). Corn stover is the residual biomass from corn grain
arvest and is a type of cellulosic feedstock. Therefore, ethanol
roduction from corn stover is more complicated and requires
nzyme-catalyzed hydrolysis before fermentation (Spatari et al.,
005). However, not all corn stover is available for ethanol produc-
ion because complete removal of corn stover from the fields can
ause soil erosion, reduce soil carbon, and decrease corn yield (Liska
t al., 2014).

In this study, we used county level average corn grain yield data
eported by the United States Department of Agriculture (United
tates Department of Agriculture, 2011) and production efficiency
f 2.8 gallons of ethanol per bushel of corn (Oak Ridge National
aboratory, 2011) to calculate ethanol production from corn starch.
ecause corn-soybean rotation is a common practice in the field,
he real world yield data already reflect the impact of crop rota-
ion on corn yield. Corn stover derived ethanol is estimated based
n a harvest index (weight of grain to the total weight of grain
nd stover) of 0.5 (Spatari et al., 2005), a minimum requirement of
.3 dry ton/acre corn stover to maintain soil organic carbon (Pioneer
gronomy Sciences, 2011), and an ethanol production efficiency
f 340 L/dry ton (Sheehan et al., 2003). If corn stover yield is less
han 2.3 dry ton/acre, then no corn stover will be removed from the
eld in that region for ethanol production. Ethanol produced from
oth corn grains and stover is combined to calculate land-use inten-
ity for corn ethanol using ethanol energy density of 76,330 btu/gal
Alternative Fuels Data Center, 2012).

.1.2. Switchgrass-derived ethanol
There are two ecotypes of switchgrass: lowland and highland.

he lowland ecotype generally grows taller, thicker, and is found
n wetter southern habitats. The upland ecotype is shorter, thin-
er, and is more tolerable for drier and cold weather (Gunderson
t al., 2008; Thomson et al., 2009). Biomass yield depend on not
nly the ecotypes but also the climate, soil type, etc. (Tulbure
t al., 2012). Switchgrass yields by county measured in Mg/ha for
oth upland and lowland ecotypes were obtained from a predictive
odel, developed by Oak Ridge National Lab, based on the relation-

hip between observed yields and climatic conditions (Gunderson
t al., 2008). Areas with yield less than 1 Mg/ha were consid-
red unsuitable for switchgrass ethanol development and were
xcluded (Gunderson et al., 2008; Jager et al., 2010). The predicted
ields represent a theoretical upper limit under regional climate
onditions with no additional irrigation and nutrient application.
n the real world, while irrigation and nutrients can be applied,
egional field data and results from other projections are com-
arable to these values (Jager et al., 2010; Thomson et al., 2009).
and-use intensity of switchgrass based ethanol was  calculated
ased on an ethanol yield of 380 L/ton of switchgrass (Thomson
t al., 2009), and ethanol energy density of 76,330 btu/gal.

.1.3. Biodiesel produced from algae
Algae as a biofuel feedstock can be cultivated in both

pen-ponds and closed-systems (i.e. photobioreactors). While
losed-systems can protect algae growth from invasive species,

educe water loss due to evaporation, and maintain higher tem-
erature during cold weather, open-ponds are generally more
conomically feasible (Wigmosta et al., 2011). Annual average
iodiesel yields (in L/ha) from algae cultivated in open-ponds
 and Recycling 95 (2015) 112–119

were obtained from a Pacific Northwest National Lab (PNNL) study
that estimated potential biofuel production using physics-based
biomass growth and pond temperature models with location-
specific meteorological and topographic data (Wigmosta et al.,
2011). Areas determined to be unsuitable for open-pond algae (e.g.
land with steep slope), as well as areas containing open water,
were excluded. Annual average biodiesel yields from algae cul-
tivated in photobioreactors (closed-system algae) were obtained
from Quinn et al. (2012), which were estimated using a model of
microalgae growth combined with thermal models of the photo-
bioreactor system and historical weather data (Quinn et al., 2012).
Land-use intensities of both biodiesels were calculated assuming
an algae biodiesel energy density of 121,000 btu/gal.

2.1.4. Solar photovoltaic electricity
Annual average daily total solar resource in kWh/m2/day from

1998 to 2009 for the contiguous U.S. was  obtained from the National
Renewable Energy Laboratory (NREL, 2012). The solar resource was
averaged over surface cells of 10 km resolution at tilt equal to lati-
tude. Land-use intensity of solar electricity was calculated based
on a 9% module efficiency (Geyer et al., 2013; Kim et al., 2012;
Masters, 2004), 0.7 performance ratio (Fthenakis et al., 2011; Kim
et al., 2012), 0.2 land occupation ratio (ratio of actual occupation
of solar panels to total land footprint) (Castro et al., 2013), and 10%
transmission and distribution losses (Delucchi and Jacobson, 2011).

2.1.5. Wind electricity
Annual average wind resource potential for the contiguous U.S.

was also obtained from the National Renewable Energy Labora-
tory (NREL, 2011). The data represent wind power class at 50 m
height above surface with 25-km resolution. Areas with wind
power classes 1 and 2 were excluded due to unsuitability for wind
power development. Wind power density of 5 MW/km2 (Lopez
et al., 2012) and capacity factors of 0.32, 0.36, 0.41, 0.44, and 0.46
for wind class 3–7 respectively (Black & Veatch Corporation, 2012)
are used to calculate land-use intensity. Transmission and distribu-
tion losses of 10% are included (Phillips and Middleton, 2012). This
research only considers onshore wind because offshore wind does
not compete with other alternative fuels for land resources.

2.2. Regional optimal choices selection

The optimal renewable fuel choice in each county was  selected
by identifying the fuel option with the lowest land-use intensity
value among all options examined in this study. Because wind data
have a finer resolution than county, for areas in which wind energy
is available, the area of wind energy was used for comparison rather
than the county area.

2.3. Sensitivity analysis

To test the sensitivity of regional optimal choices to the land-
use intensity of each fuel option, we  examined the optimal choice
change in response to land-use efficiency change for each of the
fuel choices at both the aggregated level and the county level.
At the aggregated level (national), we used the percent of land
area having each fuel option as the optimal choice as an indica-
tor to analyze which fuel option can more significantly change the
composition of optimal choices when land-use efficiency changes
by ±50%. The range of efficiency change tested in the sensitivity
analysis is based on a survey of potential factors that may  impact

land-use intensity of examined fuel options (Table SP-1). At the
county level, we inspected the optimal choice of which counties is
more sensitive to land-use efficiency change. The counties that are
more sensitive means that the land-use efficiency advantage of the
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ptimal choice is limited and the competing fuel option should also
e considered.

. Results and discussion

.1. Land-use intensity

County-level land-use intensities of each renewable fuel option
re presented in Fig. 1a–g. Biodiesel produced from algae, solar elec-
ricity, and wind electricity clearly show lower land-use intensities
han that of corn and switchgrass ethanol. In other words, these
uel options generally use land more efficiently and therefore need
ess land to fuel the same amount of VMT. Maps with scales specific
o each fuel option are included in the Supplemental Information
Figure SI-1a–g).

Corn ethanol was the least land-efficient fuel choice on aver-
ge. The land-use intensity of corn ethanol ranged from 0.14 to
.33 m2/VMT, with a weighted average of 0.56 m2/VMT (weighted
y area). Land-use efficiency tends to be higher in the Midwestern
tates and lowest in parts of Texas and Oklahoma. The gray color in
ig. 1a indicates areas where either corn is not grown or the data are
roprietary (data not available in the USDA report). Comparing to
he scenario using only corn starch for ethanol production, includ-
ng corn stover as feedstock can increase corn ethanol land-use
fficiency by 15% (in average) and up to 45%. Results for land-use
ntensity of corn starch ethanol are presented in the Supporting
nformation (Figure SI-2a and b).

In general, lowland switchgrass ethanol is more land efficient
han upland switchgrass ethanol (Fig. 1b and c). The land-use
ntensity of lowland switchgrass ethanol ranged from 0.13 to
.04 m2/VMT, with a weighted average of 0.44 m2/VMT. The

and-use intensity of upland switchgrass ranged from 0.19 to
.3 m2/VMT, with a weighted average of 1.71 m2/VMT. Both eco-
ypes are more land-efficient in the Eastern half of the country than
n the Western half. The gray areas indicate regions that are not
uitable for switchgrass ethanol.

The land-use intensity of biodiesel produced from open-system
lgae ranged from 0.1 to 0.37 m2/VMT, with a weighted average
f 0.2 m2/VMT. Land efficiency is the highest in states along the
outhern border of the country and lowest in parts of Montana,
daho, Wyoming, Colorado, Maine, Minnesota, and Michigan (Fig-
re SI-1d). Much of the Midwest and the northeast regions are not
uitable in the near term for large-scale open-pond algae cultiva-
ion due to lower temperature, shorter growth season, and lower
evel of radiation (Wigmosta et al., 2011).

Biodiesel produced from closed-system algae tended to be more
fficient than that of open-pond algae, with a land-use inten-
ity range of 0.047–0.117 m2/VMT, with a weighted average of
.079 m2/VMT. Land intensity values tended to be the lowest in
tates in the Southwestern region of the country and highest along
he Great Lakes and in portions of Colorado and Washington (Fig-
re SI-1e), also mainly due to the geological differences in solar
adiation intensities. Open-pond algae are especially vulnerable
o climate factors, with cold climate shortening growing season
ignificantly.

In general, solar electricity is the most efficient fuel choice
mong alternative fuel options examined in this study. The land-use
ntensity of solar electricity ranged from 0.013 to 0.031 m2/VMT,

ith a weighted average of 0.019 m2/VMT. Values tended to be
ower in the Southwestern portion of the country and highest in the
orthwest and Northeast parts of the country (Figure Fig. SI-1f).
The land-use intensity of wind electricity ranged from 0.023
o 0.031 m2/VMT, with a weighted average of 0.029 m2/VMT. The

ost efficient regions are found in patches on the Western side of
he country, including areas of California, Nevada, Utah, Colorado,
 and Recycling 95 (2015) 112–119 115

Montana, Idaho, Wyoming and New Mexico. States in the middle
of the country tend to have high values but high values were found
in patches throughout all other parts of the country as well. The
gray color on the wind map indicates areas that are not suitable for
wind power (Figure SI-1g).

3.2. Optimal choice at the county scale

To identify land-efficient fuel options at the regional scale, we
separate fuel options examined in this study into two groups: engi-
neered systems (wind electricity, solar electricity, and biodiesel
produced from closed-system algae) and natural systems (corn
ethanol, switchgrass ethanol, and biodiesel produced from open-
pond algae). Fuel options in the engineered system group collect
energy through engineered products (e.g. solar panel, wind tur-
bine, bioreactors), while those in the natural system group collect
energy through cultivation. Engineered systems in general require
less amount of land to produce the same amount of energy compar-
ing to natural systems whose land-use efficiencies depend more on
geographical locations and local land quality (e.g. soil quality).

For natural systems, biodiesel from open-system algae and low-
land switchgrass ethanol are more land efficient than corn ethanol
and upland switchgrass ethanol (Fig. 2a). Biodiesel from open-pond
algae dominates the Western, Central, and Southern portions of the
country, while lowland switchgrass ethanol dominates in the Mid-
west and Northeast. Corn ethanol and upland switchgrass ethanol
are optimal in only a handful of counties. For engineered systems,
solar is the most land-efficient option except in two counties in
Washington (Fig. 2b).

3.3. Sensitivity of regional optimal choice

Sensitivity analysis was performed for each of the natural sys-
tems and engineered systems to determine to which fuel option
the optimal choice is most sensitive. A percent increase in the land-
use efficiency for each option represents a percent decrease in the
amount of land needed to fuel one VMT  (land intensity).

3.3.1. Natural systems
At the aggregated national level, the composition of optimal

fuel choices is most sensitive to land-use efficiency of lowland
switchgrass ethanol (both land-use efficiency improvement and
efficiency decrease) and biodiesel from open-pond algae (efficiency
reduction). Because corn ethanol is relatively less land-efficient
and is only the optimal fuel option in very limited regions, fur-
ther reduction of land-use efficiency does not impact overall
optimal fuel choices while land-use efficiency improvement can
increase the percentage of area having corn ethanol as the optimal
choice slightly (Fig. 3a). The percentage of areas that has low-
land switchgrass ethanol as the optimal fuel option increases or
decreases linearly in response to land-use efficiency change of
lowland switchgrass ethanol (Fig. 3b). Assuming the land-use effi-
ciency of other fuel options stays the same, increasing land-use
efficiency of lowland switchgrass ethanol increases the percent-
age of land having lowland switchgrass ethanol as the optimal
choice and decreases that of biodiesel from open-pond algae. Simi-
larly, decreasing land-use efficiency of lowland switchgrass ethanol
(while assuming no change for other fuel options) decreases the
percentage of land with lowland switchgrass ethanol as the opti-
mal  choice and increases that of biodiesel from open-pond algae.
When all areas available for biodiesel from open-pond algae have
biodiesel from open-pond algae as the optimal choice (option sat-

urated), the percentage of land with upland switchgrass ethanol
as the optimal starts to increase, while that of lowland switch-
grass decreases. The percentage of land with upland switchgrass
ethanol as the optimal choice only significantly increases when its
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Fig. 1. Land-use intensity of different renewable fuel options. County-level land-use intensity measured in m2/VMT for different renewable fuel options: (a) corn ethanol,
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b)  upland switchgrass ethanol, (c) lowland switchgrass ethanol, (d) biodiesel prod
lectricity, and (g) wind electricity. All maps are presented on the same scale. The g
r  data are not available. (For interpretation of the references to color in this figure

and-use efficiency is higher than that of lowland switchgrass
thanol (Fig. 3c). Land-use efficiency improvement of biodiesel
rom open-system algae only has limited effects in increasing the
ercentage of land with algae biodiesel as the optimal choice
ecause of its unsuitability in certain regions (Figs. 1d and 3d).
hen the land-use efficiency of biodiesel from open-pond algae

ecreases, the area that has biodiesel from open-pond algae as the
ptimal choice gradually switches to favor lowland switchgrass
thanol (Fig. 3d).

In addition, we examined the geographic distribution of
egions whose optimal fuel choice is sensitive to land-use effi-

iency increase (reduction of land-use intensity) of different fuel
ptions. Efficiency improvement of lowland switchgrass ethanol
ill increase its favorability in Nebraska, eastern Colorado, New
exico, northern Texas and Louisiana, southern Missouri, Alabama,

ig. 2. Regional optimal renewable energy choices based on land-use intensity. (a) Natu
pland  switchgrass ethanol, lowland switchgrass ethanol, and biodiesel produced from op
b)  Engineered systems. Land-use intensities in m2/VMT were compared among wind 

etermine the optimal choice from the land-use perspective.
rom open-system algae, (e) biodiesel produced from closed-system algae, (f) solar
lor indicates areas where either the area is not suitable for the specific fuel option

d, the reader is referred to the web  version of this article.)

and South Carolina, and western Washington and Oregon (Fig. 4a).
Increasing land-use efficiency of upland switchgrass based ethanol
enables it to be the optimal choice in the northeast and mid-west
regions (Fig. 4b). However, at least 15% efficiency improvement
of upland switchgrass ethanol is required in most regions. Only
a handful of counties are sensitive to land-use efficiency improve-
ment of corn ethanol (Fig. 4c), indicating large disparity of land-use
efficiency of corn ethanol compared to other fuel options at the
county level. Regions that are most sensitive to land-use efficiency
improvement of biodiesel from open-pond algae are Oklahoma,
Kansas, Arkansas, northern Missouri and Alabama, eastern North

Carolina, and southern Nebraska (Fig. 4d). These are the regions
with relatively lower algae productivity due to a combination of
colder temperature, shorter growing seasons, and lower level of
solar radiation.

ral systems. Land-use intensities in m2/VMT were compared among corn ethanol,
en-pond algae to determine the optimal fuel choice from the land-use perspective.
electricity, solar electricity, and biodiesel produced from closed-system algae to
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ig. 3. Sensitivity analysis of regional optimal fuel choice for natural systems. Perc
and-use efficiency change of (a) corn ethanol, (b) lowland switchgrass ethanol, (c) 

.3.2. Engineered systems
For the engineered systems, the optimal fuel choice is only sen-
itive to the land-use efficiency change of wind and solar electricity
Fig. 5a and b). These two options are in competition with each other
nd land efficiency improvement in one will cause the other one
o be less favorable. Biodiesel produced from closed-system algae

ig. 4. Geographical sensitivity of the natural system optimal choice to land-use efficiency
witchgrass ethanol, (c) corn ethanol, (d) biodiesel generated from open-pond algae. Dar
mprovement is required to change the regional optimal fuel choice from the land-use pe
 of total area having different fuel options as the optimal fuel choice in reaction to
d switchgrass ethanol, and (d) biodiesel produced from open-pond algae.

is not as competitive as wind and solar electricity from the land
efficiency perspective.
Geographically, states in northern West and Midwest (Oregon,
Idaho, Montana, North Dakota, etc.) are more sensitive to land-use
efficiency improvement of wind electricity (Fig. 6). These results
indicate that developing wind electricity for clean vehicle systems

 improvement of individual fuel option: (a) lowland switchgrass ethanol, (b) upland
ker color means higher sensitivity to land-use efficiency change (i.e. less efficiency
rspective).
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Fig. 5. Sensitivity analysis of engineered systems. Percentage of total area having different fuel options as the regional optimal fuel choice in reaction to land-use efficiency
change of (a) wind electricity and (b) solar electricity.
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Fig. 6. Geographical sensitivity of engineered system

n these regions can be land-efficient with reasonable technology
mprovement (e.g. 15% efficiency increase). An efficiency improve-

ent of 20% for biodiesel produced from closed-system algae is not
ufficient to make it the optimal choice in any county.

.4. Limitations

This study demonstrates the need for considering regional fuel-
ng strategies to minimize the land-use impact of the emerging
lean vehicle system. It has several limitations that can be improved
n future studies. Firstly, this study limited each fuel option to one
pecific fuel type. For example, switchgrass is only analyzed for
thanol production while it can also be used to produce electric-
ty (a.k.a. bioelectricity) (Campbell et al., 2009; Choudhary et al.,
014; Clarens et al., 2011) for electric vehicles. The “blend wall”,
hich is the maximum amount of ethanol that can be blended into

asoline for the use of existing fleet (Qiu et al., 2014; Strogen et al.,
012), of using ethanol as transportation fuel is not considered.
econdly, dual land-use is not considered in this study. In certain
egions, wind energy production has the potential to be integrated
ith agriculture activities on farm and pasture land (Mulvaney

t al., 2013). Such dual land-use can potentially reduce the land-
se intensity of wind electricity and needs to further exploration.

e also assume stationary solar panels for solar electricity. Track-

ng panels can increase the output by 12–45%, depending on the
racking panel being 1-axis or 2-axis and the geographic locations
Drury et al., 2014; Lave and Kleissl, 2011). However, a cost-benefit
and-use efficiency improvement of wind electricity.

analysis will need to be conducted to evaluate the economic payoffs
of installing more expensive tracking panels. In addition, the effects
of indirect land-use change that occur from converting sensitive
or otherwise valuable land for renewable fuel production are not
included in this study. Future research could integrate land quantity
and land quality in the analysis. Furthermore, economic viability of
different fuel options at the regional scale should also be incorpo-
rated into future research. Lastly, this research is based on current
technologies. High uncertainties exist for clean transportation fuel
development. The change of yield due to climate change over time
and the uncertainties of future technology development are also
important to be addressed in future research.

4. Conclusions and policy implications

This study shows the importance of considering land-use effi-
ciency of different renewable transportation fuels and regional
variations when governments make decisions about developing a
clean vehicle system. In general, fuel options from the engineered
systems are more land efficient than those in natural systems;
and solar photovoltaic electricity has the lowest land-use inten-
sity among all options evaluated in this study, followed by wind
electricity. For biofuels, algae biodiesel is more land efficient than

corn and switchgrass ethanol. Depending on the geological loca-
tion, different regional fueling strategies could result significantly
different land-use demand to generate the same amount of energy.
These results shed light on developing both federal and state level
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