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virtually no capacity fade was observed. A slight
capacity loss after the first cycle is a characteristic
of a-FePQ materials {7, 21). When cycled at
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several cycles at rates from C/10 to 10C, the

original capacity was recovered, confirming stru<a n

tural stability (fig. S8B). Structural stability of
viral a-FePQSWNT hybrid nanostructures wasT
induced by materials-specific binding and stiff,
robust carbon nanotubes, leading to excellent r.
tention at a low SWNT content of 5 wt %. Be-
cause the density of SWNTs is 1.33 gica3),

d GHG Offsets from Bioelectricity
han Ethanol
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The quantity of land available to grow biofuel crops without affecting food prices or
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it would decrease the volumetric energy densiyreenhouse gas (GHG) emissions from land conversion is limited. Therefore, bioenergy shoulc
of the hybrid electrodes. However, although wehaximize land-use efficiency when addressing transportation and climate change goals. Biome
adopted SWNTs to show that we can achievgould power either internal combustion or electric vehicles, but the relative land-use efficiency
nanoscale wiring by genetic engineering, we eXhese two energy pathways is not well quantified. Here, we show that bioelectricity outperform:
pect that we could optimize the fraction of thexthanol across a range of feedstocks, conversion technologies, and vehicle classes. Bioelectric
conducting additives by using even betterproduces an average of 81% more transportation kilometers and 108% more emissions offsets f
conducting nanowires with high aspect ratinit area of cropland than does cellulosic ethanol. These results suggest that alternative bioenel

and higher density. pathways have large differences in how efficiently they use the available land to achieve
There have been efforts to electrically addresgansportation and climate goals.

electrode materials with poor electronic conduc-

tivity through nanoscale wiring of active materi- oncerns over petroleum prices and greeinterest in the use of agriculture lands to grow

als @, 29, 30). However, the wiring tools used so house gas (GHG) emissions are drivingnergy feedstocks for these alternative transporta-

far were functionalized for a single component, research investments into alternative trangen technologies. Two leading technology devel-

either active material$,(30) or conducting ma- portation technologies, but the preferred technadpments, cellulosic ethanol and electric vehicle

terials £9). The wiring did not completely ex- ogy is still being debated£Y). There is surging batteries, provide alternative pathways for bioenergy-
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based transportation. Biomass can be convertiedt not potential bioelectricity co-products,The vehicle-cycle inputs per hectare of cropland
into ethanol to power internal combustion vehiclesmcluding steam for heat and fly ash for cemen{costs to manufacture, maintain, and dispose of
(ICVs) or converted into electricity to power bat\Whereas new corn ethanol refineries may hatbe vehicle over its lifetime) are large for the bio-
tery electric vehicles (BEVs). Itis uncertain whichhigher efficiencies than those used in EBAMMelectricity case for two reason&/): First, the
pathway could reach technical and economid@9, 20), the cellulosic case provides a muclvehicle-cycle costs per hectare are calculated by
maturity first. The cellulosic ethanol pathwayhigher ethanol efficiency case for comparingcaling the lifetime vehicle costs by the gross dis-
benefits from commercially available flex-fuelethanol to bioelectricity (biomass is used to poweance traveled per hectare, and the gross distance is
vehicles but requires substantial investments the cellulosic ethanol conversion process). Béarger for bioelectricity than for ethanol. Second,
infrastructure as well as technology advancemerttause crop yield?(, 22) and land-use impacts the lifetime vehicle costs are larger for the BEV
to reduce costs for energy conversioh The (72) vary beyond those applied in the EBAMMthan the ICV because of the cost of the batteries. The
bioelectricity pathway shows promise in existingnodel, our analysis is best suited for a comparisaret transportation output per hectare is 56% greater
distribution infrastructure and emerging commenf these two pathways rather than quantificatiofor the bioelectricity pathway than the ethanol path-
cial offerings of BEVs that meet technology chalef the total land area needed for an individualay for this case of a switchgrass feedstock with
lenges of range, cost, and charging time. Electricipathway. Although burning kernels for electricitya small SUV driving on the highway.
produced from biomass is a near-term renewahite an unlikely pathway, the kernels of the corn The gross and net transportation outputs for a
energy source that can be implemented with biplant are harvested for energy use in the comnge of feedstocks and vehicle classes are shown
mass boilers, integrated gasification combineztenarios for comparison of the ethanol and Fig. 2. For the gross transportation distance,
cycle (IGCC) power plants, or co-combustiorioelectricity pathways2§). Detailed methods the bioelectricity output is, on average, 112%
with coal (¢, 8). and results are provided in the supporting onlingreater than the ethanol output for the full range
Although both of these bioenergy pathwaysnaterial. of feedstocks, energy conversions, and vehicle ©
have real potential to meet transportation goals, The net transportation output per hectare wfficiencies. For the net transportation distance,
their relative performance with respect to landarger for the bioelectricity case. With BEVs andgeveral of the corn ethanol cases result in neg- o

use efficiency is not well quantified. Given thdCVs of similar size, one can travel farther orative distances because the distance that could be

limited area of land that is available to growbiomass grown on a hectare of land when it isaveled with the net fuel-cycle inputs (petroleum )
biofuels crops without causing direct or indirectonverted to electricity than when it is converteglia ICV and electricity; coal and natural gas via E
land-use impact912), bioenergy applications to ethanol. To illustrate the transportation resultBEV) is greater than the distance that could be ©
should maximize the efficiency with which awe show the various inputs and outputs in Figraveled with the gross ethanol output. The aver- 2
given land area is used to meet transportation afidor the case of the switchgrass feedstock withage net transportation distance for the switch- %
climate change goals. In one study, the use emall sport utility vehicle (SUV) driving on the grass feedstock was 81% larger (SE = 21%) for ©
willow biomass for electricity was shown to havehighway. For this case, the gross transportatidsioelectricity than for ethanol. Whereas bio- GE)
greater transportation fuel displacement ammlitput per hectare is 85% greater for bioelectriciglectricity generally performed better than etha- 2
GHG offsets than corn ethandBj. A quantifi- than for cellulosic ethanol. This is largely due taol, the bioelectricity and ethanol pathways had .2
cation of the transportation output and GHGhe fact that the small SUV BEV has an electrisimilar results for highway driving with the small 8

offset per unit area of cropland, across a range wfotor that is 3.1 times as efficient as the internaglr and full-size SUV. The two BEVs tested by 2
feedstocks, energy conversion technologies, andmbustion engine of the small SUV ICV forthe EPA for these vehicle classes had particularly
vehicle types, is needed to assess the land-usghway driving £4). The fuel cycle and vehicle low highway efficiencies and low ranges (<166 km).
efficiency of these alternative energy pathwayscycle account for the energy inputs and co-producthis suggests that these specific BEVs were not
Here, we present a life-cycle assessment coufdring the production of the biomass, fuel, andesigned for highway driving, as opposed to the
paring the performance of bioelectricity and ethsehicles. Gross transportation output is convertedidsize car BEV and small SUV BEV, which
anol with respect to transportation kilometers ari net transportation output by subtracting thperform well for city and highway driving. A high-
GHG offsets achieved per unit area of biofueliuel-cycle and vehicle-cycle costs. Input costs wegdficiency case (hybrid ICVs, IGCC power plant,
cropland. The Energy and Resources Groupnverted from energy units (megajoules pexcluding low-range BEV) results in 95% greater
Biofuel Analysis Meta-Model (EBAMM) is hectare per year) to transportation distance uniist transportation output for bioelectricity than
used to consider scenarios that cover a range(&flometers per hectare per year) using the ICY6r ethanol £4). The relative efficiency of these
feedstocks and energy conversion technologiesficiency for petroleum inputs and the BEV effi-pathways may be altered in the future with new
including corn and cellulosic ethanal4f. A  ciency for coal, natural gas, and electricity inputqowertrain technologies)( heating co-products,
range of vehicle classes is evaluated with pub-
lished U.S. Environmental Protection Agencyig. 1. Transportation for ethanol A Ethanol B Bioelectricity
(EPA) efficiencies for highway and city driving (A) and bioelectricity] using the %0 | o
of ICVs and BEVs [5). The life-cycle assessmentswitchgrass feedstock with highw
includes accounting of the fuel-cycle energy (ersiriving in a small SUV. Electric input
ergy input needed to grow the feedstock anaccount for natural gas, coal, an
convert it to either electricity or ethanal¥(and ~ €lectricity used in the fuel cycle an
vehicle-cycle energy (energy input needed téehicle cycle. The liquid fuel input
manufacture and dispose of vehicle&jeys). aré accounted for as transportatio
Co-product credits in EBAMM favor the ethanoliMPut using the ICV efficiency, an
pathway by accounting for ethanol co-product{® €lectric inputs are accounted fc
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and electricity storage approach®g.(However, deliver more transportation and GHG offsetthe cost of petroleum, whereas the competitive-
on the basis of the efficiencies of deployed biowith a bioelectricity pathway than with an ethaness of biomass electricity depends on the cost of
electricity technologies and emerging cellulosinol pathway. These results provide further sumoal, wind, hydro, solar, and nuclear power. These

ethanol technologies, the bioelectricity pathway coport for general bioelectricity applications, whichresults do suggest, however, that alternative
sistently produces more transportation kilometegse already thought to have greater climate mienergy pathways have large differences in

bio-
how

than the ethanol pathway. igation benefits than ethana?6g28). Electric efficiently they use the limited available land to

The gross and net GHG offsets for a range dfansportation may also provide a bridge thahaximize transportation and climate benefits.
feedstocks and vehicle classes are shown in F@pnnects transportation to future renewable energy
2. For the switchgrass feedstock, the average rseiurces such as solar and wind power. Combining References and Notes
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